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Alzheimer’s disease affects a significant portion of the aging population worldwide. Despite extensive research over the years, a
comprehensive understanding of its underlying mechanisms and effective treatments remain elusive. Meanwhile, animal models,
such as mouse, zebrafish, Drosophila, and C. elegans, have proven invaluable in studying human diseases. In response, we have
developed DARG, a Database of Alzheimer’s disease-related genes in model organisms, designed to bridge the gap between
human geneticists investigating the molecular mechanisms of the disease and the model organisms that can be used to explore the
functions of disease-associated genes. DARG allows users to search and browse Alzheimer-related human genes from various
resources and datasets, identify orthologs in model organisms, and access data on their gene expression in mouse and Drosophila,
as well as the related phenotypes in Drosophila. This new resource will facilitate research projects to study the underlying

molecular mechanisms of Alzheimer’s disease using animal models.
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Introduction

The research of Alzheimer’s disease in animal models has sig-
nificantly advanced our understanding of its mechanisms. The
genetic manipulation to express human amyloid precursor pro-
tein (APP) and tau in various animal models, such as mouse,
zebrafish, Drosophila, and C. elegans, causes Alzheimer-related
features, including age-dependent amyloid-beta aggregation and
neurodegeneration, making them powerful systems for study-
ing disease pathogenesis' ™. For example, transgenic mouse
models, such as the APP/PS1, 3xTg-AD, and tauopathies, are
widely used to study key pathological features of Alzheimer’s
disease, including amyloid-beta plaque formation, tau tangles,
neuroinflammation, and cognitive decline™©, On the other hand,
Drosophila and C. elegans models remain as valuable tools in
Alzheimer’s research with different advantages, including a sim-
ple nervous system, well-characterized genetics, and the ability
to study aging and neurodegeneration in a short lifespan, despite
their simplicity compared to vertebrate models. These models
have also been used to explore genetic and environmental fac-
tors that contribute to Alzheimer’s disease. For example, studies
have shown that the manipulation of various genes, including
those involved in insulin signaling and autophagy, can modu-
late amyloid-beta toxicity and improve cognitive function in
Drosophila models.

In addition to studying disease mechanisms, animal models
are also valuable for drug screening to identify potential thera-
peutic compounds that reduce amyloid-beta toxicity or enhance
the clearance of amyloid plaques?1?. For example, curcumin
has been shown to alleviate Alzheimer’s disease by inhibiting

inflammatory response, oxidative stress in mouse model, sug-
gesting its potential as Alzheimer’s treatments -2,

Informatics resources have been built in the past such as
NIAGADS!3 AlzGene'* and AlzBase™ for users to search
Alzheimer’s related genes or data but the gene focused resources,
such as AlzGene and AlzBase are currently not accessible any-
more while NIAGADS is a data focused resource providing
the data related to human genetics researches. To fill in the
gap of gene focused resource as well as facilitate the research
of Alzheimer’s disease in model organisms, we built DARG
(Database of Alzheimer Related Genes), an integrated resource
collecting Alzheimer related human genes from various pub-
lic resources, and mapped the human genes to the orthologous
genes in model organisms. In addition, we also integrated the
age-dependent and/or tissue specific transcriptomic data as well
as phenotype annotation in nervous system from FlyBase and
MGI (Mouse Genome Informatics). We believe this is a valuable
resource for human geneticists investigating the disease’s molec-
ular mechanisms and researchers using the model organisms to
explore the functions of disease-associated genes.

Result

Alzheimer’s disease (AD) is a debilitating neurodegenerative
disorder characterized by symptoms such as memory loss and
cognitive decline. Its underlying mechanism involves a com-
plex interplay of molecular and cellular processes, including
amyloid-beta plaque formation, tau protein hyperphosphoryla-
tion, neuroinflammation, synaptic dysfunction, and oxidative
stress. Some of the key molecular pathways involved in AD,
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such as oxidative stress, are highly conserved across humans
and various model organisms, which can be studied based on the
orthologous genes directly in model organisms, whileas others
are less conserved, such as Tau pathology, which can be stud-
ied expressing the exogenous human counterpart in transgenic
animals (table 1). Different animal models offer distinct advan-
tages (table 2) and have been instrumental in studying specific
aspects of AD pathology. As a result, the research efforts using
these models have significantly contributed to our understand-
ing of disease mechanisms and the development of potential
therapeutic strategies.

We collected Alzheimer associated genes from various pub-
lic resources such as OMIM™®. GWASZ and ClinVar'®, and
built DARG, a database for users to mine the list with ease (fig-
ure 1A). There are 2700 protein-coding genes in total collected
(supplementary table 1), and we assigned confidence based on
the number of resources as well as the publication counts if
the gene is linked to two or more publications of Alzheimer
focus. 388 (14%) genes from multiple resources are assigned
high rank, while 720 (27%) are assigned moderate rank (figure
1B). Studying the function of Alzheimer’s genes in animal mod-
els has proven to be important to advance our understanding
of the molecular mechanisms of Alzheimer’s disease'™. To
facilitate such studies, we also mapped the human Alzheimer
related genes to their orthologs in the major model organisms
using DIOPT'®. Ortholog mapping is both complex and criti-
cal. DIOPT combined the results from around twenty ortholog
prediction algorithms/resources, making it the most comprehen-
sive tool of its kind, providing a more sensitive and specific
mapping than any given resource could achieve. It used the
number of tools that predict a given ortholog pair as the mea-
surement of confidence. For example, using DIOPT mappings
with high or moderate confidence, 2,670 (99%) of the human
genes can be mapped to mouse orthologs, while 2,560 (95%)
can be mapped to zebrafish. In comparison, 2,070 (77%) and
1,997 (74%) of the human genes can be mapped to Drosophila
and C. elegans, respectively. As expected, a higher proportion
of gene conservation is observed between species that are genet-
ically closer to humans. Nonetheless, a substantial number of
genes can still be studied across all of these model organisms
(figure 1C), supporting their continued relevance in Alzheimer’s
disease research.

We examined the gene expression in Drosophila nervous
system based on transcriptome datasets available at FlyBase2?,
which were obtained from various samples of different devel-
opmental stages and/or genders, and observed that for 2047
human genes, the corresponding Drosophila ortholog is also
expressing in nervous system in at least one of the samples.
We included the average expression values of adult female and
male flies from Day 1, 4, and 20 days respectively, making it
possible to explore sex-biased expression in both young and
aged flies at DARG. In addition, the mutant alleles of more than

50% of these Drosophila orthologs for 1072 human genes were
also found to have abnormal neuroanatomy or neurophysiology
phenotype, making Drosophila a great model to study the func-
tion of Alzheimer genes. For example, the human ERC2 gene
was identified in two genome-wide association studies?122 put
its role in Alzheimer’s disease has not yet been investigated
in either human or mouse models. Drosophila ortholog of hu-
man ERC?2 is Brp (gene name: Bruchpilot), which is highly
expressed in the adult nervous system and has been extensively
studied in the context of neural function. Brp plays a critical role
in regulating calcium channel clustering and synaptic vesicle
release at the presynaptic active zone. Mutant alleles of Brp
exhibit both neuroanatomical and neurophysiological pheno-
types. Most importantly, in a Drosophila model of Alzheimer’s
disease, the expression of beta-amyloid was shown to cause
an age-dependent reduction in Brp levels, shedding light on
the mechanisms of synaptic impairment associated with beta-

amyloid accumulation3.

To evaluate the quality of the assembled list and understand
the biological context underlying this gene list, we performed
gene set enrichment analysis (GSEA) using PANGEA** with
the high rank Alzheimer genes in DARG. The top gene sets from
KEGG (Kyoto Encyclopedia of Genes and Genomes) annota-
tion>> that were highly over-represented included “Neurotrophin
signaling pathway”, “Apoptosis”, “Lipid and atherosclerosis”,
“Alzheimer disease”, while the top gene sets from gene group
annotation of HGNC (HUGO gene nomenclature Committee) 26
enriched are “Dopamine receptors”, “Neurotrophins”, “Cas-
pases”, “Apolipoproteins”, which are expected (figure 2). In
addition, the top gene sets from the GO (gene ontology) bi-
ological process annotation included “aging”, “protein matu-
ration”, “autophagy”, while the top GO cellular component
terms were “synapse”, “cell junction”, and “mitochondrion”%’
(figure 3). The GSEA results using the full list also showed sim-
ilar results with less significant p values/fold changes (data not
shown), which indicated that the functions of high rank genes in
Alzheimer’s are more extensively studied than moderate and low
rank genes in the current research literature. The GSEA results
were consistent with the existing knowledge of Alzheimer’s dis-
ease, particularly regarding the associated biological processes,
protein functions, and subcellular localizations.

While this alignment suggested that the assembled gene list
captured relevant aspects of the disease and reflected current
understanding, it did not by itself confirm the completeness or
specificity of the gene set. Proteins and genes usually do not
work alone, therefore, we also examined the protein complexes
enriched among the high-ranking Alzheimer genes using COM-
PLEAT? (figure 4). For example, the protein complex HC4886
is identified in this analysis, which is a protein complex of ten
members that positively regulates apoptosis, while HC8780, a
protein complex of five members, regulates neuronal synaptic
plasticity. The complex analysis results demonstrated the poten-
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Table 1 AD Pathways Across Model Organisms

AD Pathways Mouse zebrafish

Fly Worm

Conserved
Conserved
Conserved
Conserved
Conserved

Amyloid-beta pathway Moderate conserved
Tau pathology Moderate conserved
Neuroinflammation

Synaptic dysfunction
Oxidative stress/mitochondria

Conserved
Conserved

Low conservation, use transgenic
Low conservation, use transgenic
Moderate conserved  Limited, simplified immune system (conserved innate immune but no adaptive immunity)

Low conservation, use transgenic
Low conservation, use transgenic
Limited, lack glial cells and canonical immune cells
Conserved
Conserved

Conserved
Conserved

Table 2 Advantages and Disadvantages of Model Organisms

Advantages/disadvantages Mouse zebrafish Fly ‘Worm
Conservation high moderate low low
Easy/difficult to work with difficult moderate easy easy
Fertility low high high high
Lifespan long (1.5-3 year) long (3-5 year) short (40-60 day) short (2-3 week)
Genetic modification Moderate—Hard Easy-Moderate Very Easy Extremely Easy
Time for genetic modification months weeks—months 24 weeks 1-2 weeks
Cost for genetic modification/maintain high high low low

Most important advantage Present with AD-like pathology =~ Widely used in drug screen

‘Well annotated genome, established resources for genetic modification ~ Well-studied neuronal system

tial molecular mechanisms that underlie the related biological
processes for Alzheimer’s disease.

Discussion

The genes related to Alzheimer’s disease from different research
projects are scattered in many public resources, and there is an
unmet need to integrate the candidate genes into a single compre-
hensive database. On the other hand, research on Alzheimer’s
disease in various model organisms has provided valuable in-
sights into the molecular mechanisms underlying the disease
and has facilitated the discovery of potential therapeutic targets.
With this in mind, we developed an integrated database of human
Alzheimer candidate genes with the information of orthologous
genes in major model organisms. In addition, the transcriptomic
datasets from mouse and Drosophila nervous systems, as well as
the information on abnormal neuronal phenotype annotation in
Drosophila, are integrated. Users can easily obtain a comprehen-
sive list of candidate genes and identify the subset of genes that
can be further studied in Drosophila or other model organisms.

Despite their advantages, animal models cannot fully replicate
the complexity of Alzheimer’s disease in humans. For example,
all animals have anatomical and physiological differences from
humans, lacking some of the Alzheimer’s disease features ob-
served only in humans, while Drosophila and C. elegans models
have limitations due to their simpler nervous systems. However,
ongoing research continues to refine these models and use them
to better understand the molecular underpinnings of Alzheimer’s
disease, its genetic basis, and to screen for potential therapeutic
agents. We believe DARG will bridge the gap between human
geneticists studying the molecular mechanisms of the disease
and researchers working with model organisms to explore the
molecular functions of disease-related genes. Alzheimer’s re-
search is an ongoing effort, and as a result, the underlying source
databases are periodically updated to reflect new findings. The
DARG resource is scheduled for annual updates to incorporate

these changes.

Methods

Retrieve human Alzheimer related genes from public re-
sources

Alzheimer related genes were collected from public re-
sources of human disease annotation including OMIM
(An Online Catalog of Human Genes and Genetic Dis-
orders, https://omim.org/l® GWAS Catalog (An
online catalog of human genome-wide association studies,
https://www.ebi.ac.uk/gwas/!, ClinVar (a pub-
lic archive of reports of human variations classified for
diseases and drug responses, with supporting evidence,
https://ftp.ncbi.nlm.nih.gov/pub/clinvar/
gene_condition_source_id'¥, AGI (Alliance Genome
Resources, https://www.alliancegenome.org/?,
UniProt https://www.uniprot.org/?? and MalaCards
https://wwwmalacards.org/?! and BioLitMine
https://www.flyrnai.org/tools/biolitmine/
web /4. Information collection from various sources was
performed in January 2025.

The collected information on associated genes was pro-
cessed. Both reported genes and mapped genes were ex-
tracted from GWAS catalogs. Different resources might use
different gene and protein identifiers; therefore, an ID map-
pingtoolhttps://www.flyrnai.org/tools/pangea/
web/gene_map/ 960 6|was used to map various identifiers to
Entrez GenelD, and then integrated. The information about the
number of publications co-citing both gene and Alzheimer’s
disease was retrieved from BioLitMine=Z. The genes supported
by multiple resources were ranked “high” while the genes from
a single resource with two or more publications with Alzheimer
focus were assigned “moderate” rank. All the other genes were
assigned “low” rank. We filtered out pseudo genes, ncRNAs,
etc. to focus on protein-coding genes.
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Fig. 1 Build the DARG database of Alzheimer genes. A.) workflow of database building and integrating the human genes related to Alzheimer’s
Disease from GWAS, OMIM and ClinVar supplemented with the genes annotated by MalaCards. Then the human genes were mapped to model
organisms using DIOPT. B.) High rank is assigned to genes from multiple sources, while moderate rank genes are obtained from one resource
with at least 2 papers co-cited with Alzheimer’s Disease based on BioLitMine. C.) Percent of genes conserved in various model organisms based
on DIOPT mapping with high or moderate confidence.

Map human Alzheimer related genes to model organisms ortholog prediction with more than twenty algorithms integrated

(eg. OrthoDB and Ensembl Compara), which uses the voting

The assembled gene list was compared with orthologous re-  score as the measurement of mapping confidence. We only se-
lationships predicted by DIOPT™, an integrated system for
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Fig. 2 Gene set enrichment analysis using PANGEA (https://www.flyrnai.org/tools/pangea/web/home/9606). Gene sets used are from A.)
KEGG annotation B.) HGNC gene group annotation. The gene sets enriched were selected based on a cut-off of P value ;0.05. The bar height
reflects fold enrichment, while the darkness reflects enrichment P value.
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Fig. 3 Gene set enrichment analysis using PANGEA (https://www.flyrnai.org/tools/pangea/web/home/9606). Gene sets used are from A.)
Biological process annotation of GO SLIM1 B.) Cellular component annotation of GO SLIM2. The gene sets enriched were selected based on a
cut-off of P value <0.05. The bar height reflects fold enrichment, while the darkness reflects enrichment P value.
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Fig. 4 Protein complex enrichment analysis using COMPLEAT https://www.flyrnai.org/compleat/|: examples of over-represented
protein complexes among high-ranking Alzheimer genes. The gene sets enriched were selected based on a cut-off of P value <0.05.

lected the predictions with high and moderate rank from DIOPT
and mapped Alzheimer genes to mouse, zebrafish, Drosophila,
and C. elegans. The orthologous genes with the highest DIOPT
score from each of the model organisms are reported at the
DARG site.

Retrieve tissue and stage specific transcriptomic data and
phenotype annotation about orthologous genes in model
organisms.

Tissue and stage specific RNA-seq datasets were
obtained from the FlyBase ftp site (FB2024.06)
https://ftp.flybase.net/releases/FB2024_06/

precomputed_files/). The datasets of the expression
levels of the head samples from 1-day, 4-day, and 20-day
adult flies were selected. The male and female datasets
from day 1, 4, and 20 were averaged respectively, as well
as combined and averaged at each time point. The genes
involved in abnormal neuroanatomy or abnormal neurophys-
iology phenotype were retrieved from FlyBase (FB2024_06)
https://flybase.org/vocabularies and integrated.
The datasets of gene expression in the brain for adult mouse
samples were retrieved from MGI (Mouse Gene Informatics) in

May 2025 https://www.informatics.jax.org/gxd

Gene set enrichment analysis (GSEA)

GSEA was performed using PANGEA?# | and the gene set anno-
tations selected were the KEGG pathway/disease annotation>,
HGNC gene group annotation?®, SLIM terms of biological pro-
cess, and cellular component annotation of gene ontology?’.
Protein complex enrichment was done using COMPLEAT?2,
The statistical cutoff to select enriched gene sets was P value

<0.05.

Database URL: https://www.flyrnai.org/tools/
AlzheimerGene
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