
	
	
	



Supplemental Materials

I. Supplemental Table 1
Supplemental Table 1. List of recent manuscripts that used Drosophila melanogaster to address clinically relevant questions. 212 human genes and 449 variants were studied using flies in 134 manuscripts published over the past ~4.5 years (2020-early 2024). See main text and Figure 1 legend for the method we used to select the papers to include in this analysis. *Clinical Relevance...New Disease Gene, Phenotypic Expansion, VUS Resolution, Known Disease Modeling **Drosophila Methods...L: Loss of function, H: Humanization, O: Overexpression, F: Fly analogous variant. ***Muller's Morphs...Amorph, Hypomorph, Hypermorph, Antimorph, Neomorph. Since Amorphic and strong Hypomorphic alleles often behave very similarly in genetic studies, we documented strong LOF alleles as 'amorph or strong hypomorph' when additional molecular/biochemical studies were not conducted.

II. Supplemental Text
1. Ortholog prediction using DIOPT and other methods
The DIOPT score for each ortholog candidate reflects how many bioinformatic algorithms or databases predicted that a certain gene pair is likely to be orthologous between species. In the latest version (version 9.1), 19 different databases such as OMA (Schneider et al. 2007), Domainoid (Persson et al. 2019), Phylome (Huerta-Cepas et al. 2014), OrthoDB (Kuznetsov et al. 2023), PANTHERanther (Mi et al. 2016) or other methods (e.g. manual curation for gene pairs with very low homology that are not identified as orthologs with current bioinformatic programs) are integrated to predict the potential orthologous relationship between different species. In theory, a high DIOPT score suggests that the two genes are likely to be orthologous with high similarity, while a low score suggests that these genes could be orthologous but may just be homologous genes that share limited sequences or features. While DIOPT can propose ortholog candidate genes, additional informatics analyses using sequence alignment tools such as NCBI BLAST (Camacho et al. 2009) or phylogenetic studies using tools like Clustl Omega (Sievers and Higgens 2021) should be conducted to identify the most likely orthologous gene(s) between the two species.
2. Navigating FlyBase
According to FlyBase (https://flybase.org/), ~117,600 mutant alleles have been generated as of July 2024. This includes alleles generated by random mutagenesis approaches such as irradiation (>5,700 alleles e.g. X-ray, gamma-ray), chemical mutagenesis (>21,000 alleles e.g. EMS and ENU), transposon integration (>30,000 alleles such as P-element, PiggyBac, and Minos), and site-specific mutagenesis approaches (>11,000 alleles e.g. Golic method, TALEN, CRISPR). FlyBase is the most comprehensive database of mutant phenotypes and genetic reagents for Drosophila research (Öztürk-Çolak et al. 2024). FlyBase also curates gene expression data from variety of sources, including individual research papers (e.g., RNA in situ hybridization, genetic reporters, protein trap lines, antibody staining) as well as high-throughput data based on microarray, bulk RNA-sequencing, and single-cell RNA-sequencing (scRNA-seq). Since each technology has different specificity and sensitivity, integrating information from multiple experimental approaches is recommended to gain a comprehensive view. While navigation of FlyBase may initially be tricky for researchers outside of the fly research field since one needs to be familiar with the genetic and phenotypic nomenclature and different types of tools in Drosophila research, mining all available information regarding a fly gene of interest allows experts to effectively select and design a set of appropriate experiments to characterize the function of a human variant of interest.
3. T2A-GAL4 and Kozak-GAL4 lines
T2A-GAL4 and Kozak-lines are gene-trap lines that have been generated through recombinase-mediated cassette exchange (RMCE) of transposon insertion lines and CRISPR-mediated homology-directed repair. Over 3,000 T2A/Kozak-GAL4 lines which are available from the Bloomington Drosophila Stock Center (BDSC) have been generated through the Drosophila Gene Disruption Project (GDP). Most T2A-GAL4 and all Kozak-GAL4 lines function as strong loss-of-function (LOF) alleles that also express the yeast transcriptional activator GAL4 in a spatiotemporal pattern that mimics the expression pattern of the endogenous fly gene. T2A-GAL4 lines are gene trap alleles that carries an artificial exon cassette comprised of an ‘splice acceptor + T2A sequence + GAL4 + transcriptional termination signal sequence’ that is inserted into an intron of the gene of interest flanking two coding exons. Kozak-GAL4 lines replace the entire coding sequence of the gene of interest with a Kozak translation initiation signal followed by the GAL4 protein coding sequence. GAL4 lines can be combined with UAS lines to induce gene expression (Brand and Perrimon 1993). For example, when T2A-GAL4 or Kozak-GAL4 lines are crossed to a UAS-driven fluorescent protein reporter line, the expression pattern of the gene of interest can be discerned by tracking the fluorescence of the reporter protein. Since the GAL4/UAS system functions as an amplifier of gene expression, expression of genes that are expressed at low levels that is below the detection threshold of antibody-based protein expression studies or scRNA-seq methods can be revealed using this system. 
4. Using randomly induced mutants to study gene function in Drosophila
Some of the first techniques to proactively generate LOF lines in flies took advantage of the induction of random germline mutations using irradiation and chemical mutagens. These lines were then screened for specific phenotypes the researcher was interested in, mapped to a chromosomal locus using genetic techniques and placed into complementation groups, which correspond to specific genes. Once transposon-based gene manipulation became popularized, this technique was used to generate many lines in which a single transposon interrupts a gene sequence, occasionally functioning as a LOF allele. Imprecise excision of certain transposons such as P-elements can also be leveraged to generate stronger LOF alleles. Many of these fly lines are still publicly available today and have been utilized in human disease studies. 
It is important to note that mutant strains that are publicly available or newly generated in individual laboratories may carry second-site mutations, regardless of which technology was used. Fly geneticists often overcome this issue by studying multiple independent mutant alleles and looking for consistent phenotypes. Scientists can also prove specificity by using trans-heterozygous (compound heterozygous) combinations of multiple alleles to neutralize the impact of other random mutations and genetic variants that are present on the same chromosome. Importantly, one should be cautious when a study is performed using a single mutant allele. If only one mutant allele is available, the phenotype of interest must be rescued using a corresponding genomic rescue construct or a cDNA transgenic line to demonstrate specificity.
5. Benefit and caveats of RNAi and other reverse genetic approaches
RNAi driven by ubiquitous GAL4 drivers can be used to knock-down the gene in all/most tissues, which could be used to generate a hypomorphic allele. One added advantage of this system is that the level of knock-down can be further modulated by rearing the flies in different temperatures to modulate GAL4 expression/activity (ex. 29°C = higher expression, 18°C = lower expression). One can also restrict RNAi expression to specific developmental stages using temperature- (McGuire et al. 2004) or drug- (Barwell et al. 2017) sensitive GAL80 lines. This versatility and accessibility make RNAi a popular tool in the fly field.
One consideration to make when using RNAi lines is that they can have off-target effects, which may cause unrelated phenotypes that are due to other genes. While publicly available RNAi lines are designed to minimize off-target effects based on the reference genome sequence, unpredicted off-target events may occur due to genetic variations between fly stocks that are used in different laboratories. To obtain reliable results, one should verify that the RNAi is indeed knocking down the gene of interest, either at the transcript level using RT-qPCR or at the protein level using a western blot or immunohistochemistry. It is also important to utilize control RNAi lines (RNAi lines targeting exogenous genes such as Luciferase, GFP, mCherry, LacZ), ideally derived from the same genetic background as the RNAi line that targets the gene of interest. This is especially important when assessing phenotypes such as behavior and longevity that could be influenced by polygenic factors. In addition, multiple independent RNAi lines should be used whenever possible to demonstrate that the phenotype of interest is not caused by off-target effects. More recently, large libraries of guide RNA (gRNA) transgenic lines have been established to perform CRISPR-based conditional knock-out (a.k.a. somatic CRISPR) and knock-down (CRISPRi) studies. Similar consideration needs to be made when utilizing these reagents because inefficient knock-down/out and off-targeting events can occur.
6. Alternative fly gene ‘humanization’ methods
Humanization approach combining RNAi (ubiquitous or cell/tissue-specific knock-down) has also been frequently used to assess conservation of gene function and to study variants in coding regions of human genes (Dutta et al. 2022; Vissers et al. 2020; Chung et al. 2020; Aharoni et al. 2022; Gong et al. 2021; Ma et al. 2023; Paul et al. 2022; Wan et al. 2023; Li et al. 2023; Li et al. 2021). Another approach is to attempt to rescue the homozygous/hemizygous null (Li et al. 2021; Huang et al. 2020; Thomas et al. 2022), heterozygous null (Pineda et al. 2021; Lin et al. 2020), or hypomorphic alleles of the fly gene with UAS-human cDNA either ubiquitously or in specific tissues/cells. Such approach was used in a study of SMARCA5 variants (p.R592Q and an in-frame deletion allele) based on rescue of a LOF allele of Iswi (ortholog of human SMARCA5 as well as SMARCA1) with ubiquitous and neuron-specific GAL4 drivers (Li et al. 2021). An alternative strategy that has been utilized to humanize fly genes in a tissue-specific manner is by creating mutant clones with the UAS-FRT/FLP system (Stowers and Schwarz 1999) and rescuing a tissue-specific phenotype using UAS-human cDNA. One study mentioned earlier was able to show that morphological defects caused by LOF drosha (DROSHA ortholog) mutant clones in the fly eye can be rescued by the reference human DROSHA cDNA but not by the two disease-associated variants (p.D1219G and p.R1342W) (Barish et al. 2022). 
One drawback of the humanization strategy using the UAS/GAL4 system is that the level of human protein expression could be higher than the endogenous level, even when the experiment is conducted at low temperature since binary expression systems can function as an amplifier of transgene expression. Therefore, fly genes that are dosage-sensitive are much more difficult to humanize using this strategy. One alternative strategy that doesn’t utilize the GAL4/UAS binary expression system is to replace the fly gene with a human reference or human variant insert. This way, similar expression levels of the human proteins compared to its fly counterpart could be achieved. Another advantage to this system is the ability to test variants in a heterozygous state or in trans-heterozygous (compound heterozygous) combinations of different alleles. For example, knock-in of human PNPO cDNA into the fly sgll (PNPO ortholog) locus allowed the characterization of three variants in this gene that are associated with epilepsy, one of which (p.R95H) was found to be an antimorphic allele using this assay (Chi et al. 2022). In another study, a rare missense variant (p.P155L) in TM2D3 associated with late-onset Alzheimer’s disease was found to be deleterious based on rescue of previously isolated fly amx (TM2D3 ortholog) LOF mutants using a genomic rescue construct in which the open reading frame of this single exon fly gene was replaced by the human sequence (Yang et al. 2022; Jakobsdottir et al. 2016).
7. Additional methods to study the function of VUS in the context of the fly protein
Similar to the 'humanization approach’ discussed earlier, UAS-fly cDNA transgenic lines can be used to rescue phenotypes induced by mutants or RNAi. Missense variants in OGDHL found in individuals with Yoon-Bellen neurodevelopmental syndrome (OMIM #619701) were characterized based on the rescue of homozygous T2A-GAL4 mutants in fly Ogdh1 (orthologous to OGDHL as well as OGDH) (Yap et al. 2021). Out of the ten different UAS-fly cDNA transgenic lines (one wild-type and nine patient variants) the authors generated, only the wild-type (reference) allele could rescue the lethality, suggesting all nine variants are LOF alleles. They also conducted cell-type specific rescue experiments in neurons by performing neuron-specific knock-out of Ogdh1 via somatic CRISPR and further rescuing this with UAS-fly Ogdh1 transgenes. This assay allowed the authors to conclude that four variants were strong LOF alleles (amorph or strong hypomorphs, since they did not rescue the lethality caused by neuronal knock-out of this gene), whereas the remaining five variants were partial LOF alleles (moderate to weak hypomorphs, because they produced viable flies that show age-dependent bang sensitivity, a seizure-like phenotype). This example also highlights that information about allelic strength can be obtained using experiments performed in Drosophila.
UAS-fly cDNAs can also be used to study variants affecting conserved residues based on overexpression experiments (Figure 3C, 4B). For example, the nature and allelic strength of variants in MAP2K1 (a.k.a. MEK1, MAPKK1), one of the core components of the mitogen activated protein kinase (MAPK) pathway implicated in RASopathy, have been successfully performed in Drosophila using overexpression assays using wild-type or mutant mek (ortholog of MAP2K1 as well as several other human MAP2K genes) in the fly embryo and wing (Jindal et al. 2021). The authors were able to further rank the strength of GOF alleles according to the severity of the fly phenotypes induced by different variants, which is useful for understanding the genotype-phenotype relationship of this disorder in humans. Milder overexpression studies can also be conducted using genomic rescue constructs or via transgenic lines that express the fly cDNA under its endogenous regulatory elements. This approach could be useful for genes and phenotypes that are quite dosage sensitive. Experiments using transgenic lines that express fly cert (CERT1 ortholog) cDNA under its regulatory elements were used to study a missense (p.S132L) variant in human CERT1 found in a patient with neurodevelopmental phenotypes (Gehin et al. 2023). Animals that express fly Cert with the analogous missense (p.S149L) variant had smaller heads, decreased climbing ability, and increased sphingolipid levels compared to flies carrying the wild-type transgene, suggesting that this is a GOF (hypermorphic) allele. This conclusion was validated using cultured human cell-based studies and metabolomic assays, providing in vivo data to support its functional consequence.
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