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Abstract: Differential RNA editing by adenosine deaminases that act on RNA (ADARs) has been 

implicated in several neurological disorders, including Parkinson’s disease (PD). Here, we report 

results of an RNAi screen of genes differentially regulated in adr-2 mutants, normally encoding the 

only catalytically active ADAR in Caenorhabditis elegans, ADR-2. Subsequent analysis of candidate 

genes that alter the misfolding of human α-synuclein (α-syn) and dopaminergic neurodegeneration, 

two PD pathologies, reveal that reduced expression of xdh-1, the ortholog of human xanthine dehy-

drogenase (XDH), is protective against α-synuclein-induced dopaminergic neurodegeneration. Fur-

ther RNAi experiments show that WHT-2, the worm ortholog of the human ABCG2 transporter and 

a predicted interactor of XDH-1, is the rate-limiting factor in the ADR-2, XDH-1, WHT-2 system for 

dopaminergic neuroprotection.  Proteomic analysis indicates that the editing of one nucleotide in 

wht-2 RNA leads to the substitution of threonine with alanine at residue 124 in the WHT-2 protein, 

changing its structure. Thus, we propose a model where wht-2, is edited by ADR-2 which promotes 

optimal export of uric acid, a known substrate of WHT-2 and a product of XDH-1 activity. In the 

absence of editing, uric acid export is limited provoking a reduction in xdh-1 transcription to limit 

uric acid production and maintain cellular homeostasis. In turn, elevation of uric acid is protective 

against dopaminergic neuronal cell death. These data indicate that modifying specific targets of 

RNA editing may represent a promising therapeutic strategy for PD. 
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1. Introduction 

Parkinson’s disease (PD) is the second most common neurodegenerative disorder, 

afflicting 1-2% of adults over age 65 worldwide [1]. PD is pathologically characterized by 

the progressive loss of dopaminergic neurons in the substantia nigra pars compacta (SNpc) 

accompanied by the misfolding of α-syn into beta sheets, forming Lewy bodies in the 

midbrain. Mitochondrial dysfunction is an important factor contributing to PD, occurring 

when there is an imbalance among reactive oxygen species (ROS) and antioxidants, re-

sulting in cellular stress. Inhibition of complex I in the mitochondrial electron transport 

chain induces enhanced ROS generation [2], ultimately inhibiting activity of the pro-

teasome, lysosomes, and mitochondria [3]. Further, enhanced cellular ROS promotes the 

misfolding of α-syn and perturbs protein clearance mechanisms, exacerbating disease [4]. 

Such pathologies have been found in the SNpc of PD patients [7,8].  
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Unfortunately, many hallmark symptoms of PD such as bradykinesia, tremor, and 

abnormal gait remain undetectable until a substantial amount of dopaminergic cell death 

has occurred [7]. Despite robust efforts to develop therapeutics for PD, treatment remains 

focused on the alleviation of symptoms rather than ceasing disease progression. Moreo-

ver, the exact pathology underlying the foundation of this disease remains unclear. To 

date, twenty genes have been deemed causative of PD, while genome wide association 

studies have identified 90 variants associated with PD risk [8]. However, the majority of 

PD cases are idiopathic with disease spurring from interactions between genetic networks 

and environmental factors [9].  

Adenosine to inosine (A-to-I) editing is the mechanism in which adenosine is con-

verted to inosine in regions of double-stranded RNA; this base change is catalyzed by a 

family of enzymes known as adenosine deaminases that act on RNA (ADARs) [10]. The 

chemical properties of inosine are similar to those of guanosine, so it is treated as guano-

sine by translational machinery [11]. RNA editing by ADARs profoundly increases tran-

scriptomic and proteomic diversity. ADARs are imperative for the healthy development 

and function of the nervous system [12], and ADAR protein dysfunction has been impli-

cated in a variety of neurological diseases including amyotrophic lateral sclerosis, epi-

lepsy, developmental epileptic encephalopathy, and Aicardi-Goutières syndrome, among 

others [13]. Furthermore, knockouts of ADAR genes in model organisms have exhibited 

profound neurological dysfunction. For example, ADAR2 knockout mice are prone to sei-

zures and have a shortened lifespan [14], and Adar mutant Drosophila display synaptic and 

neurotransmission defects [15]. Notably, a recent study in post-mortem brain tissue re-

vealed differential editing in mRNA of PD patients that succumbed to disease [16]. Thus, 

it is plausible that ADARs have a salient role in PD.   

The nematode roundworm, C. elegans, is an exceptional model organism to study 

progressive neurodegenerative diseases such as PD due to its hermaphroditic reproduc-

tion, large brood size, short generation time (~3 days) and ease of maintenance [17,18]. 

Additionally, the entire connectome of C. elegans has been delineated [19]. Thus, C. elegans 

provides researchers with the ability to rapidly analyze isogenic populations and pre-

cisely quantify neurodegeneration in individuals disadvantaged by α-syn, the central pro-

tein associated with dopaminergic neurodegeneration in PD.  In C. elegans, two ADAR 

genes with human orthologs have been identified, adr-1 and adr-2. Analyses of these genes 

indicated that both have distinct roles in RNA editing and are essential for normal nerv-

ous system function in C. elegans [20]. However, ADR-2 is the only active adenosine de-

aminase, as knockout of adr-2 abolishes all A-to-I RNA editing [21]. In contrast, ADR-1 

acts as a regulator of ADR-2 by facilitating the binding of ADR-2 to its targets [21,22]. Pre-

vious work on ADARs in C. elegans has resulted in the identification of genes that are both 

regulated and edited by ADR-2, including xdh-1 and wht-2, respectively [23]. 

Xanthine dehydrogenase (XDH) is an enzyme that is responsible for the catabolism 

of hypoxanthine to xanthine and xanthine to uric acid, the final two steps in the purine 

catabolic pathway [24,25]. Located intracellularly in peroxisomes and the cytosol, XDH 

has two subunits, each consisting of four redox center domains: a molybdopterin center, 

two iron sulfur centers, a flavin adenine dinucleotide (FAD) center, and two iron-sulfur 

subunits [26]. NADH and uric acid are produced as byproducts of XDH activity. Addi-

tionally, XDH can be converted to xanthine oxidase (XO) both irreversibly and reversibly 

via proteolysis or the oxidation of two cysteine residues, respectively. This interconver-

sion occurs in the presence of urea or when concentrations of guanidine hydrochloride 

are low. Oxygen is required for XO activity in lieu of NAD, yielding superoxide anion, 

hydrogen peroxide, and uric acid [26]. This difference in cofactors is attributed to the ca-

pacity for XDH to rapidly react with NAD and slowly with oxygen, while XO does the 

opposite [27]. This stems from the conformational change that results upon XDH to XO 

conversion—in simplest terms, the XDH has a higher binding affinity than XO [26]. As a 

result, XO is a major generator of ROS (superoxide anion and hydrogen peroxide), which 

significantly contributes to oxidative stress.   
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ATP binding cassette subfamily G member 2 (ABCG2), the human ortholog of worm 

WHT-2, is an efflux transporter containing a hydrophobic transmembrane domain and a 

nucleotide binding domain [28]. It can be found in various tissues such as the intestine, 

kidney and brain. Specifically, it is expressed on the apical side of endothelial cells in the 

blood brain barrier (BBB). It has also been shown to be located in mitochondrial cristae 

[29]. ABCG2 is a transporter of many endogenous substrates such as urate, steroids, and 

heme, as well as xenobiotic compounds. Importantly, it has been shown to be upregulated 

in response to oxidative stress as it is able to efflux substances that generate ROS [30]. 

Here, we show experimental evidence that reduction of functional XDH in dopamine 

neurons is protective against neurodegeneration attributed to oxidative stress induced by 

α-syn. Further, we propose a network in which ADR-2 edits WHT-2/ABCG2, altering its 

structure and, thus, its ability to export uric acid from the cell. In turn, XDH is downreg-

ulated to maintain homeostasis and prevent potential deleterious effects of excess uric 

acid.  

2. Materials and Methods 

2.1. C. elegans Strains 

All strains were maintained according to standard procedures [31]. For RNAi exper-

iments, UA49 [Punc-54::α-syn::GFP, rol-6 (baIn2)] and UA196 {sid-1(pk3321); Pdat-1::sid-1, Pmyo-

2::mCherry; Pdat-1 ::GFP, Pdat-1 ::α-syn} were used to knock down genes in aggregate or neu-

rons, respectively. Other strains used in this study include UA44 (Pdat-1 ::α-syn, Pdat-1 ::GFP), 

RB2379 (xdh-1((ok3134)), RB886 (adr-2(ok735)).  BY250 (vtIs7[Pdat-1::GFP], kindly provided 

by Randy Blakely, and  UA457 adr-2(ok735); Pdat-1 ::α-syn, Pdat-1 ::GFP, also referred to as 

UA44; adr-2(ok735), gifted by Heather Hundley, were also utilized in this investigation. 

Crosses to generate worm strains used in this study are summarized in Table 1.  

Table 1. Summary of crosses completed to generate new strains used in this study. 

Strain Genotype Strains Crossed 

UA455 
xdh-1(ok3134); baIn11[Pdat-1::α-syn, Pdat-

1 ::GFP] 
RB2379 x UA44 

UA456 xdh-1(ok3134); vtIs7 [Pdat-1::GFP] RB2379 x BY250 

UA457 adr-2(ok735); vtIs7[Pdat-1::α-syn, Pdat-1 ::GFP] RB886 x BY250 

2.2. RNAi and Analysis of Protein Misfolding 

RNAi by feeding was performed as described [32] and UA49 worms were scored 

semi-quantitatively for aggregate size and number two days post-hatch. For each gene, 

two replicates of forty worms each were immobilized with 2mM levamisole, transferred 

onto an agarose pad, and analyzed. The size of misfolded proteins was categorized as 

small, medium or large, and the number of aggregates was denoted as few, multiple or 

many. These categories were then quantified by multiplying by 1 for small or few, 2 for 

medium or multiple, and 3 for large or many to get a scaled score for size and number. 

These scores were added together to get an overall aggregate score, and the percent dif-

ference of each experiment compared to the empty vector control was determined.  

2.3. GO Term Analysis of Candidate Genes 

Gene enrichment analysis were performed to identify tissues, phenotypes, and gene 

ontology (GO) terms associated with the annotations of candidate genes. All analyses 

were performed using the WormBase enrichment suite. [32] 

2.4. RNAi and Analysis of Neurodegeneration 

RNAi by feeding was performed [33] and UA196 worms were scored for neuro-

degeneration on day 7 post-hatch. Three biological replicates of 30 worms each were im-

mobilized with 2mM levamisole, transferred onto an agarose pad, and analyzed. The four 
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CEP and two ADE neurons of each worm were analyzed for the presence of a cell body 

and intact axon process. Worms were grouped by the number of degenerated neurons. 

[34] 

2.5. Analysis of xdh-1(ok3134) Mutants for Neurodegeneration 

UA44 and UA455 [(Pdat-1::-syn and Pdat-1::-syn + xdh-1(ok3134), respectively] worms 

were grown on OP50-1 bacteria and were scored on day 7 post-hatch. Worms were trans-

ferred to fresh plates on days 4, 5 and 6 to ensure that only target worms were analyzed 

and not confused with progeny. Three replicates of 30 worms each were immobilized with 

2mM levamisole, transferred onto an agarose pad, and analyzed. The four CEP and two 

ADE neurons of each worm were analyzed for the presence of a cell body and intact axon 

process. Worms with all six neurons intact were considered wildtype, and those with one 

or more degenerated neurons were noted as degenerative. 

2.6. Transgenic line construction and analysis of neurodegeneration 

Worms overexpressing xdh-1driven by the dat-1 promoter were generated by inject-

ing both the Pdat-1:xdh-1 construct (kindly gifted by Atsushi Kuhara) and rol-6 co-injection 

marker at a concentration of 50 ng/μL each (100 ng/ μL total) into N2 worms. Three stable 

lines were created and then crossed to UA44.  Three replicates consisting of 30 worms of 

each of three stable lines were analyzed as described above (section 2.5), and the number 

of worms with wildtype and degenerated dopaminergic neurons was determined. Data 

from analysis of three replicates from each of the three stable lines (Figure A3) were aver-

aged and considered as one biological replicate for statistical purposes.  

2.7. Body Wall Muscle and Dopaminergic Neuron Image Acquisition 

Images of worm body wall muscles and dopaminergic neurons were obtained by 

placing worms in a 7 μL drop of 10 mM levamisole (dissolved in 0.5x S basal buffer) on a 

glass coverslip. The coverslip with the worms in levamisole was inverted and placed on a 

2% agarose pad attached to a microscope slide, paralyzing worms to allow for visualiza-

tion. Fluorescence microscopy was performed with a Nikon Eclipse E800 epifluorescence 

microscope equipped with an Endow GFP HYQ filter cube. Images were captured using 

a Cool Snap CCD camera (Photometrics) with Metamorph software (Molecular Devices). 

2.8. RT-qPCR of -syn expression 

Total RNA from UA44 and UA455 worms was isolated seven days post-hatching. 

RNA from 100 worms from three replicates of each group was isolated using TRI reagent 

(Molecular Research Center). Samples were rid of genomic DNA contamination with 1 μl 

of DNaseI (Promega) treatment for 60 minutes at 37 ̊C, then with DNase Stop solution for 

10 minutes at 65 ̊C. 1μg of RNA was used for cDNA synthesis using the iScript Reverse 

Transcription Supermix for RT-qPCR (Bio-Rad) following the manufacturer’s protocol. 

RT-qPCR was performed using IQ-SYBR Green Supermix (Bio-Rad) with the Bio-Rad 

CFX96 Real-Time System. Reactions consisted of 7.5 μl of IQ SYBR Green Supermix, 200 

nM of forward and reverse primers, and 5 ng of cDNA, to a final volume of 15 μl. Follow-

ing thermocycling, a melting curve analysis was performed using the default setting of 

CFX96 Real-Time System. Single melt peaks were observed for each targeted gene. The 

PCR efficiency for each primer pair was calculated from standard curves generated using 

serial dilutions: Eα-syn = 99.0%, Esnb-1 = 99.8%, Etba-1 = 99.5%, Eama-1 = 103.1%. The 

expression levels of α-syn were normalized to three reference genes: snb-1, tba-1, and ama-

1. No template control (NTC) and no reverse transcriptase control (NRT) exhibited no 

amplification. All reference genes used were analyzed by geNorm (genorm.cmgg.be) and 

passed for target stability. Three independent biological replicates, with three technical 

replicates each, were tested for both worm strains. Data analysis was executed using the 

“do my qPCR calculation” web tool [35]. 
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2.8. Quantification of ROS 

A DCF-DA assay was completed with N2 (wildtype), xdh-1(ok3134), UA44 [Pdat-1::-

syn]and UA455Pdat-1::-syn + xdh-1(ok3134)],  animals seven days post-hatch. An acety-

lated form of fluorescein that is able to diffuse into the cell was used; once in the cell, the 

acetate group of this fluorescein are removed by cellular ROS, producing a fluorescent 

end-product [36]. Worms were washed three times prior to the start of the experiment. 

The assay was completed using a microplate reader, shaking at 37 degrees. 50uL of M9 

and 50uL of 100uM DCF-DA were added to each sample, for a final concentration of 50uM 

DCF-DA. Plate spectroscopy readouts were recorded at an excitation of 485nm and an 

emission of 525 nm every 15 minutes for a total of 2.5 hours. Normalization of DCF-DA 

signal to cell population was conducted prior to the start of the assay. Three biological 

replicates and two technical replicates were completed for each worm strain.  

2.9. Proteomic analysis of unedited and edited wht-2 

Previously, two editing events in the wht-2 gene  (IV: 1147035 and IV: 11473419), cor-

responding to nucleotides that are edited by ADR-2,  were identified in mRNA from C. 

elegans neural cells [37]. To determine the impact of editing at these sites, adenosines were 

changed to guanosines since translational machinery treated inosines as guanosines. Us-

ing EMBOSS [38], the modified RNA sequence that reflects the impact of editing was 

translated in silico, and the edited and unedited amino acid sequences were aligned to 

determined differences between the two sequences. C. elegans wht-2 and human ABCG2 

were also aligned using EMBOSS to determine whether the identified editing site is con-

served in humans. AlphaFold [39] and ChimeraX [40] were used to visualize the impact 

of this amino acid change on the WHT-2 protein.  

2.10. Statistical Analysis 

For aggregate analyses, each worm was categorized as having either small, medium, 

or large, and either few, multiple or many aggregates. These categories were then quanti-

fied by multiplying by 1 for small or few, 2 for medium or multiple, and 3 for large or 

many to get a scaled score for size and number. These scores were added together to get 

an overall aggregate score, and the percent difference of each experiment compared to the 

empty vector control was determined. The top 14 hits were deemed candidates. For all 

neuronal analysis, the mean and standard error of the mean (SEM) were determined, and 

the data were analyzed via the Chi-Square test, unpaired T test, one-way ANOVA with 

Tukey’s post hoc test or two-way ANOVA with Sidak’s post hoc test (GraphPad Prism, ver-

sion 8.0.1). Values below 0.05 were considered significant.  

3. Results 

3.1. Genes Regulated by ADR-2 Alter α-syn Misfolding.   

169 genes were previously reported to be up- or downregulated in C. elegans mutant 

for adr-2; thus, expression of these genes is regulated by ADR-2 [25]. To identify presump-

tive effectors of the accumulation and misfolding of α-syn, genes regulated by ADR-2 with 

human orthologs were analyzed in an isogenic C. elegans strain in which α-syn and GFP 

are fused and co-expressed in the body wall muscle, the largest cell type in this species 

[41]. In such worms, misfolded α-syn is evident in the body wall and increases or de-

creases in aggregated α-syn can be easily evaluated. All genes with human orthologs were 

screened via RNAi in two-day old worms. 40 worms were subjected to RNAi in duplicate 

for each evaluated gene, and the body wall of individual worms were analyzed for aggre-

gate size and number (Figure 1). The fourteen genes that resulted in the greatest change 

in aggregation were considered strong candidates for further examination for their role in 

PD. Among these genes, only F52E1.2 and fmo-5 are upregulated in the adr-2 mutant—all 

other genes are downregulated.  
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Figure 1. RNAi of genes differentially regulated in adr-2 mutants alter protein misfolding. (A) Isogenic 

worm strain expressing α-syn::GFP in the body wall muscle cells of C. elegans were fed E. coli ex-

pressing candidate gene RNAi constructs and scored for aggregate size and number, which were 

combined to generate an overall aggregate score.  Synchronized worms were analyzed two days 

post-hatch, and a percent change for each gene was calculated in comparison to empty vector con-

trol. The top 14 genes that resulted in the greatest cumulative percent change in aggregation are 

shown in red. (B) RNAi of xdh-1 (bottom) in worms expressing α-syn::GFP in the body wall muscles 

under control of the Punc-54 promoter showed increased aggregate size and number in comparison to 

empty vector control (top). Examples of scoring criteria: A = small aggregate, B = medium aggregate, 

C = large aggregate, D = nuclei of body wall muscle cell. 

3.2. Modifiers of protein misfolding are associated with FAD and iron binding.  

To functionally analyze the fourteen identified candidates, a gene enrichment anal-

yses was performed to identify highly associated biological pathways, molecular mecha-

nisms, and phenotypes (Figure 2A). Of these, the two most significant terms were flavin 

adenine dinucleotide (FAD) binding and iron ion binding (Figure 2B)—four genes were 

affiliated with FAD binding, and three were connected to iron binding. Notably, FAD and 

iron are essential for the function of complex II of the electron transport chain. In this step, 

the citric acid cycle intermediate succinate is oxidized to form fumarate; FAD accepts two 

electrons from this reaction, which are then passed to iron-sulfur clusters and subse-

quently to coenzyme Q. It has been shown that reactive oxygen species (ROS) can be pro-

duced at this site if electrons are delayed in the iron-sulfur clusters, or if electrons move 

in the reverse direction, toward complex I [42,43]. ROS have been tied to oxidative stress 

as they prompt dysfunction of the ubiquitin-proteasome system as well as mito- and au-

tophagic-mechanisms, known contributors to PD [44]. Further, PD has been shown to be 

associated with increased expression of transferrin receptor 1 [45] and reduced expression 

of ferroportin-1 [46], leading to enhanced iron deposition. Moreover, α-syn has been 

shown to interact with genes associated with the import and export of iron, which detri-

mentally alters iron homeostasis in dopaminergic neurons [47]. 
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Figure 2. ADR-2-regulated candidate modifiers of α-syn misfolding are most highly associated with 

FAD and iron ion binding and impact dopamine neuronal health. (A) Graphical representation of 

biological processes (www.wormbase.org), molecular functions and cellular components associated 

with genes differentially regulated in adr-2 mutants and alter α-syn misfolding. (B) GO terms en-

riched in candidate genes (C) Candidate genes were knocked down in dopaminergic neurons of C. 

elegans expressing α-syn and GFP under control of the Pdat-1 promoter. Subsequent scoring of do-

paminergic neuronal health and worm population analysis indicate that RNAi of xdh-1, acdh-1, 

pho-1 and F52E1.2 were protective against α-syn induced dopaminergic neurodegeneration, while 

papl-1 knockdown enhanced dopaminergic neuronal death. Worms were analyzed as 7-day old 

adults. Chi-Square analysis was performed where each candidate gene knockdown value was com-

pared to EV and are represented by exact p values (three independent experiments, n = 30 per inde-

pendent groups; N=3; n=30). 

3.3. Select modifiers of protein misfolding impact neurodegeneration when knocked down in 

dopamine neurons 

Other significant processes connected to these candidates include function of the 

NADH dehydrogenase complex, ATP synthesis coupled electron transport, and respira-

some activity—all affiliated with the electron transport chain (Figure 2A). Since these 

genes are so strongly correlated with PD pathologies and altered protein-misfolding of α-

syn, it was hypothesized that they likely represent functional effectors dopaminergic neu-

rodegeneration. To determine the impact of the candidate genes on dopaminergic neu-

ronal death, RNAi of each candidate gene was performed in an RNAi-sensitive worm 

strain in which knockdown is delimited to only the dopamine neurons—these worms also 

overexpress WT human α-syn and GFP, independently, under the control of the dopa-

mine transporter (Pdat-1) promoter, and allow for age- and dose-dependent analysis of neu-

rodegeneration {34] Following treatment, the four cephalic (CEP) and two anterior deirid 

(ADE) dopaminergic neurons of all worms in each population were analyzed via fluores-

cent microscopy, and individual worms were subsequently categorized as having 0 de-

generated neurons, 1 degenerated neuron, 2 degenerated neurons, 3 degenerated neurons 

or 4-6 degenerated neurons. This experimental paradigm facilitated the examination of 

the neuronal health of the entire population of worms in each group (Figure 2C). Of the 

candidates, one gene, papl-1, enhanced neurodegeneration, while four, xdh-1, acdh-1, pho-

1 and F52E1.2 were protective when knocked down (Table 1). Of the four protective genes, 

xdh-1, the ortholog of human xanthine dehydrogenase (XDH), was the most significant. 

Further, all the genes in which a decrease in expression led to a neuronal phenotype have 

a role in enzymatic activity. Of the candidates which were neuroprotective on knock-

down, xdh-1 had the strongest protective effect. Additionally, RNAi of candidate genes 

was done in worms where knockdown occurs in all tissue types excluding neurons (Fig-

ure A1). xdh-1 was not protective in this strain, indicating that the protective phenotype is 

tissue specific, and a decrease in gene expression must occur in dopamine neurons for 

protection to result.  

3.4. Loss of XDH leads to neuroprotection through the reduction of ROS 

To further explore the relationship between xdh-1 and neuroprotection, worms over-

expressing GFP and α-syn under the control of the DA neuron-specific dat-1 promoter 

were crossed to xdh-1 mutants. xdh-1 mutants displayed substantial protection against α-

syn-induced neurodegeneration seven days post-hatch (Figure 3A-C). In fact, the number 

of xdh-1 mutants with six wildtype dopamine neurons was nearly double that of worms 

lacking the mutation. qPCR of α-syn was done to ensure that the observed neuroprotec-

tion was not due to silencing of the α-syn transgene (Figure A2). Additionally, xdh-1 mu-

tants were crossed to worms expressing GFP alone under control of the dat-1 promoter; 

these worms did not display enhanced dopamine neurodegeneration (Figure A3). Thus, 

knockout of xdh-1 is robustly neuroprotective against α-syn toxicity but is not detrimental 

to dopamine neuronal health in the absence of α-syn. To determine the impact of in-

creased xdh-1 expression on dopaminergic neuronal health, a transgenic worm strain in 
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which dopaminergic overexpression of α-syn, GFP and xdh-1 was generated and subse-

quently analyzed for neurodegeneration. These worms exhibited significantly more neu-

rodegeneration than worms only expressing α-syn and GFP in dopaminergic neurons 

four days post-hatch (Figure 3D-E).  

Although xdh-1 is translated to form XDH, it regularly interconverts post-translation-

ally to an alternate enzymatic product, xanthine oxidase (XO). This conversion may occur 

reversibly through the oxidation of cysteine to form disulfide bridges, or reversibly via 

proteolysis [26,48]. While the final product of purine catabolism by both XDH and XO is 

uric acid, XDH activity also generates NADH whereas XO function yields ROS (Figure 

3F). Thus, it is plausible that worms mutant for xdh-1 exhibit neuroprotective phenotypes 

due to a reduction of ROS production. To confirm this possibility, an assay to measure 

ROS in worms expressing and not expressing α-syn in dopamine neurons with wildtype 

and mutant xdh-1 was completed seven days post-hatch. Indeed, worms harboring a de-

letion knockout in the xdh-1 locus exhibited a substantial decrease in ROS, conceivably 

leading to neuroprotection (Figure 3G). The opposite was found in animals not expressing 

α-syn: xdh-1(ok3134) mutants displayed enhanced ROS in comparison to wildtype worms, 

implying that ROS reduction in the xdh-1 mutants is α-syn specific.  

Table 2. Summary of hits of RNAi screen. Genes that produced a phenotype upon RNAi in dopa-

minergic neurons include xdh-1, pho-1, F52E1.2, and papl-1. The gene name, human orthologs [49], 

differential expression in adr-2 mutant worms [25], change in protein misfolding upon RNAi (Figure 

1A), change in neurodegeneration upon RNAi (Figure 2C), and a general description of each gene 

are provided [50,51]. 

 

 

  

Gene 

Name 

Human 

Ortholog(s)  

Differential  

Expression in 

adr-2 Mutant 

Change in   

Protein   

Misfolding 

Change in 

Dopamine 

Neuron 

Degeneration 

Description  

xdh-1 XDH Downregulated +8.55% Protective  

(p = 0.0002***) 

Catalyzes the final two steps of 

purine catabolism; low oxidase 

activity toward aldehydes; pro-

duces ROS. 

pho-1 ACP2, 

ACPT 

Downregulated +10.92% Protective  

(p = 0.0198*) 

Converts orthophosphoric mo-

noesters to alcohol and phosphate 

via hydrolysis; role in 

dephosphorylation. 

F52E1.2 CLEC4A, 

CLEC4C,  

CLEC4D, 

CLEC4E, 

CLEC6A, 

ASGR1 

Upregulated +11.93% Protective  

(p = 0.0452*) 

Promotes carbohydrate binding 

activity; involved in cell signaling, 

adhesion, glycoprotein degrada-

tion and production, inflamma-

tion, immune response. 

 

papl-1 ACP7 Downregulated +9.195% Enhanced  

(p = 0.0361*) 

Promotes acid phosphatase activ-

ity; enables metal ion binding. 
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Figure 3. XDH-1 modulates neuroprotection by impacting ROS production. (A) C. elegans expressing α-

syn + GFP in dopaminergic neurons, wildtype, and mutant for xdh-1. Arrows represent wildtype 

dopamine neurons with a cell body and intact axonal process, and arrowheads represent degener-

ated dopamine neurons. The xdh-1 mutation confers protection against α-syn induced neurodegen-

eration. (B-C) Animals with wildtype or mutant xdh-1 were crossed to isogenic worms expressing 

α-syn + GFP in dopamine neurons. The four CEP and two ADE dopaminergic neurons were ana-

lyzed for the presence or absence of intact cell bodies and axonal processes in synchronized worms 

seven days post-hatch (three independent experiments, n = 30 per independent groups). Worms 

with the xdh-1(ok3134) mutation exhibit neuroprotection against α-syn. (B) The number of degener-

ated neurons in each individual worm of the total population. Chi-Square analysis was performed 

where α-syn + xdh-1(ok3134) was compared to α-syn alone and values are represented by exact p 

values (three independent experiments, n = 30 per independent groups; N=3; n=30). (C) The percent 

of worms with 6 normal dopaminergic neurons. Student’s t-test where α-syn + xdh-1(ok3134) was 

compared to α-syn alone and values are represented by exact p values (three independent experi-

ments, n = 30 per independent groups; N=3; n=30). (D-E) Worms overexpressing xdh-1 under control 

of the Pdat-1 promoter were crossed to worms expressing α-syn + GFP in dopaminergic neurons. Sub-

sequently, animals were synchronized and scored for neurodegeneration. Worms with increased 

xdh-1 expression in dopaminergic neurons showed decreased neuroprotection four days post-hatch. 
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(D) The number of degenerated neurons in each individual worm of the total population. Chi square 

analysis was performed where α-syn + Pdat-1::xdh-1 was compared to α-syn alone and values are 

represented by exact p values (three independent experiments, n = 30 per independent groups; N=3; 

n=30).    (E) The percent of worms with 6 normal dopaminergic neurons. Student’s t-test where α-

syn + Pdat-1::xdh-1 was compared to α-syn alone and values are represented by exact p values (three 

independent experiments, n = 30 per independent groups; N=3; n=30). (F) In the purine catabolic 

pathway, xanthine dehydrogenase (XDH) and xanthine oxidase (XO) catalyze hypoxanthine to xan-

thine and xanthine to uric acid. XDH and XO are interconvertible and are encoded by a single gene. 

For XDH activity, NAD is required as a cofactor, and NADH and uric acid are produced. In contrast, 

molecular oxygen is needed for XO to function, and uric acid and superoxide anions result. Reactive 

oxygen species (ROS) contribute to mitochondrial dysfunction, oxidative stress, and ultimately cell 

death. Created with Biorender.com. (G) Wildtype N2 worms, xdh-1(ok3134) worms, and worms ex-

pressing α-syn in dopaminergic neurons with and without the xdh-1(ok3134) mutant, were treated 

with a specialized fluorescein that moves into the cell and promotes the removal of acetate groups 

by cellular esterase. The product of this can be oxidized by ROS to form a fluorescent molecule to 

allow for quantification of ROS. Plate spectroscopy readouts were recorded at an excitation of 

485nm and an emission of 525 nm every 15 minutes for a total of 2.5 hours. Normalization of DCF-

DA signal to cell population was conducted prior to the start of the assay. Three biological replicates 

and two technical replicates were completed for all worm strains. After 2.5 hours, worms expressing 

α-syn and GFP in dopaminergic neurons that are mutant for xdh-1 produce lower ROS than worms 

without the mutation. Since ROS contribute to oxidative stress, mitochondrial dysfunction, and ul-

timately neuronal death, this decrease in ROS in the xdh-1(ok3134) mutant could contribute to neu-

roprotection. xdh-1 worms lacking α-syn exhibited enhanced ROS production at 2.5 hours, indicat-

ing that changes in ROS production due to XDH/XO activity is α-syn specific. Significance was ob-

tained using a One-way ANOVA with a Tukey’s post hoc test and are represented by exact p values 

(N= 3; n=30). 

3.5. A target of ADR-2 editing, wht-2, interacts in a network with xdh-1 to mediate PD-

associated pathologies. 

Although XDH-1 is downregulated in the absence of ADR-2 function, it is not edited 

[52]; thus, it is likely that the decrease in xdh-1 expression in adr-2 mutants is due to the 

interaction of XDH-1 with another protein that is a substrate of ADR-2. To determine 

which gene is edited by ADR-2 that interacts with XDH-1, a genetic interaction network 

that includes 18,183 predicted interactions in C. elegans [53] was cross-referenced with 

genes edited by ADR-2 [52]. Specifically, genes that interact with XDH-1 and are also tar-

gets of ADR-2 were identified. Only one gene, wht-2, encoding the worm ortholog of the 

human ABCG2 transporter, met these criteria. Consequently, wht-2 has previously been 

associated with gout [32], a condition that results from high levels of serum urate [54], an 

end-product of hypoxanthine or xanthine catabolism by XDH-1. Thus, wht-2 was deemed 

a promising link between ADR-2 and XDH-1.  

To further elucidate the potential relationship between ADR-2, XDH-1 and WHT-2, 

RNAi of all three genes was performed in dopamine neurons and evaluated for neuro-

degeneration seven days post-hatch. xdh-1 knockdown was completed as proof of princi-

ple—as expected, roughly double the number of worms with decreased xdh-1 expression 

in dopaminergic neurons had six intact dopamine neurons seven days post-hatch than 

those in the control group (Figure 4A). However, knockdown of adr-2 in both models did 

not lead to a significant phenotype; this is surprising, since 169 genes are differentially 

expressed upon the loss of adr-2, including xdh-1. Further, it has been shown that loss of 

ADAR function in neurons is detrimental in other species; for example, ADAR2 null mice 

exhibit seizures and die prematurely [14]. To further explore this unexpected result, 

worms with GFP (Figure A4A) and those with α-syn and GFP (Figure A4B) expressed 

under the dat-1 promoter were crossed to adr-2 knockout worms. Upon analysis, it was 

confirmed that loss of ADR-2 is neither protective nor detrimental to dopamine neuron 

health in both the presence and absence of α-syn in C. elegans. Further, xdh-1 and adr-2 

were simultaneously knocked down in dopamine neurons, and worms showed the same 

level of neuroprotection as xdh-1 knockdown alone (Figure 4A). Additionally, simultane-

ous “double-knockdown” of xdh-1 and wht-2 in dopamine neurons mirrored that of wht-
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2 alone. These data suggest that adr-2, wht-2 and xdh-1 act in the same pathway to confer 

neuroprotection.  

This experimental paradigm was repeated in the protein misfolding assay with 

worms expressing α-syn and GFP in the body wall muscles. Knockdown of adr-2 did not 

alter protein misfolding (Figure 4B), while RNAi of xdh-1 and adr-2 + xdh-1 lead to com-

parable changes in protein misfolding. Similarly, knockdown of wht-2 and xdh-1 + wht-2 

had the same results. These data indicate that these genes comprise a regulatory network 

that impacts PD pathologies in a tissue-specific manner. Upon editing by ADR-2, the 

structure of WHT-2 is best suited for the export of uric acid, a product of purine catabolism 

by XDH. In contrast, in the absence of editing, the structure of WHT-2 limits uric acid 

export. As a result, there is a downregulation of XDH transcription to limit the amount of 

uric acid produced and maintain cellular homeostasis. However, the elevation of uric acid 

is protective against dopaminergic neuron cell death by increasing aggregated α-syn, the 

less cytotoxic form of this protein. 

 

Figure 4. xdh-1, wht-2 and adr-2 comprise a genetic regulatory network that affects PD pathologies 

in a tissue-specific manner. (A) Synchronized worms were scored for dopamine neurodegeneration 

seven days post-hatch. Knockdown of xdh-1 and xdh-1 + adr-2 indicate that adr-2 does not impact 

xdh-1 activity, while knockdown of wht-2 + xdh-1 indicate that xdh-1 does not regulate wht-2 activ-

ity. These experiments were completed via RNAi knockdown in dopaminergic neurons of C. ele-

gans expressing α-syn + GFP under control of the Pdat-1 promoter (three independent experi-

ments, n = 30 per independent groups; N=3; n=30). Significance was obtained using a One-way 

ANOVA with a Tukey post hoc test; ns >0.05. (B) The same experimental paradigm was performed 

in worms expressing α-syn and GFP in the body wall muscles. Synchronized two-day old worms 

were scored for aggregate size and number, which were combined to generate an overall aggregate 

score. The relation between adr-2, xdh-1 and wht-2 in the body wall match that shown in dopamin-

ergic neurons, implying that wht-2 is the rate-limiting member of this system (three independent 

experiments, n = 30 per independent groups; N=3; n=30). A One-way ANOVA with a Tukey post 

hoc analysis was employed, ns >0.05. 

3.6. A-to-I RNA editing of wht-2 is predicted to alter WHT-2 protein structure. 

To further analyze the impact of RNA editing on the interaction between WHT-2 and 

XDH-1, a proteomic analysis of unedited and edited WHT-2 was performed. Previously, 

two sites in the wht-2 gene were identified as targets of RNA edited by ADARs, located at 

IV: 1147035 and IV: 11473419 in the C. elegans genome [37]. Because inosine is treated as 

guanosine by translational machinery, the RNA sequence of the wht-2 gene at the identi-

fied sites was changed to guanosine to reflect editing. The resulting sequence was trans-

lated, and the non-edited and edited amino acid sequences were compared. While the 

impact of editing at the second site is synonymous, editing at the first site results in a non-

synonymous change from threonine to alanine at amino acid residue 124, located in the 

ABC-transporter domain of the protein (Figure 5A and 5B). This analysis agrees with the 

proposed model in which it is hypothesized that WHT-2 protein structure changes upon 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 March 2023                   doi:10.20944/preprints202303.0230.v1

https://doi.org/10.20944/preprints202303.0230.v1


 

 

editing, since threonine is a polar and alanine is non-polar. To determine whether the re-

gion of WHT-2 that is edited in C. elegans is conserved in humans, the DNA sequences of 

the two genes were aligned using EMBOSS Needle[38,55] . This analysis revealed that the 

genes are 41.7% homologous, and the region containing the editing site is highly con-

served (Figure 5C). AlphaFold [39] and ChimeraX [40] were used to visualize this amino 

acid change and determine the potential functional impact of RNA editing at this site. The 

switch from threonine to alanine at WHT-2 residue 124 modifies hydrogen bonds in the 

region of the protein, thus affecting the overall structure of the protein (Figure 5D-E). In-

triguingly, the substitution of threonine with alanine has been implicated in protein mis-

folding in the aggregation of proteins in PD and AD [56], in agreement with the results of 

wht-2 RNAi wht-2 in the worm body wall. These data further indicate that RNA editing 

impacts export of uric acid by WHT-2, and that this mechanism is likely present in human 

PD patients. Thus, we propose a model in which editing of wht-2 RNA leads to optimal 

uric acid export, the end-product of XDH-1 enzymatic activity. In contrast, in the absence 

of editing, uric acid cannot be efficiently exported, resulting in downregulation of XDH-1 

to maintain cellular homeostasis (Figure 6).  

   

 

Figure 5. RNA editing of wht-2 leads to a non-synonymous amino acid substitution that is predicted to alter 

protein folding.  (A) Editing sites in the wht-2 gene. wht-2 consists of 12 exons located at genomic 

position IV: 11470436 to IV: 11473419 in the C. elegans genome. Two bases in the coding mRNA are 

edited, with one resulting in an amino acid substitution upon translation. (B) Comparison of the 

wht-2 RNA and amino acid sequences in the presence and absence of editing at IV: 11470944. Key 

indicates AlphaFold model prediction confidence. (C) Pairwise alignment between C. elegans wht-2 

(top) and human ABCG2 (bottom) DNA sequences. The identified editing site, indicated in red, is 

(A) 
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located in a conserved region. (D) The complete structure of the unedited WHT-2 protein. Arrow 

indicates residue 124 where threonine is switched to alanine when RNA is edited, outlined in green. 

(E-F) Changes in protein structure at residue 124 when WHT-2 is not edited (D) versus edited (E). 

Hydrogen bonding (shown in green) and protein folding are altered because of editing. 

 

Figure 6. A proposed model of ADR-2, WHT-2 and XDH-1 activity. In the presence of ADR-2, WHT-2 

is edited which allows for optimal export of uric acid, a product of purine catabolism by XDH-1. In 

the absence of editing by ADR-2, the structure of WHT-2 is altered such that uric acid cannot effi-

ciently be exported out of the cell. To maintain cellular homeostasis, there is a downregulation of 

xdh-1 transcription. Created with Biorender.com. 

4. Discussion 

Despite the lack of complete understanding of the causative factors of PD, it is ac-

cepted that sporadic PD cases arise because of genetic and environmental factors. Indeed, 

rigorous work in both the clinical and laboratory settings have convincingly connected 

PD with processes such as oxidative stress and mitochondrial dysfunction. Moreover, nu-

merous studies in various cellular and organismal models have implicated ADARs in neu-

rological diseases, but few have directly correlated RNA editing with disease. Our present 

study builds upon this body of evidence by connecting ADARs to disease pathologies in 

multiple C. elegans models of PD, and by predicting the impact of editing at the protein 

level on α-syn protein misfolding and α-syn-induced neurodegeneration. 

We have demonstrated that several genes regulated by ADARs are involved in α-syn 

misfolding and dopaminergic neuronal cell death, two pathological hallmarks of PD. We 

have shown that knockdown of these genes altered the misfolding of α-syn, and such 

modifiers of protein misfolding were most highly associated with FAD and iron ion bind-

ing. When knocked down in the dopamine neurons of worms co-expressing α-syn and 

GFP under the control of the Pdat-1 promoter, four presumptive modifiers of protein mis-

folding altered neurodegeneration: xdh-1, acdh-1, pho-1, F52E1.2 and papl-1. All these genes 

were protective when knocked down except papl-1, which enhanced dopaminergic neu-

ronal cell death. Consistent with recent reports suggesting that monomeric and oligomeric 

α-syn is more cytotoxic than the aggregated form [57,58], the genes that were neuropro-

tective enhanced protein misfolding when knocked down. Further, we have shown that 

knockout of xdh-1, which conferred the strongest observed effect upon knockdown, was 

indeed protective in our neuronal PD model. Finally, we illustrate that WHT-2, which 

interacts with XDH-1 and is edited by ADR-2, appears to act in the same pathway as XDH-

1 to protect dopaminergic neurons from α-syn-induced neurotoxicity. Concurrent knock-

down of xdh-1 and wht-2 by RNAi indicates that the neuroprotection associated with loss 

or absence of xdh-1 is not contingent on adr-2 expression. Thus, we propose a model in 

which the absence of editing leads to ineffective WHT-2 export of uric acid, which is pro-

duced by XDH-1, in turn reducing the toxicity of α-syn and protecting dopaminergic neu-

rons from degeneration (Figure 6). 
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XDH, the human ortholog of XDH-1, is responsible for the breakdown of hypoxan-

thine to xanthine and xanthine to uric acid, the final two steps of purine catabolism. Uric 

acid has been associated with neuroprotection, as it serves as a scavenger of free radicals, 

in turn protecting against ROS. Notably, higher serum urate has been associated with 

lower risk of PD and slower progression of PD [59]. Additionally, it has been demon-

strated that uric acid inhibits ROS accumulation and improves mitochondrial function in 

rat hippocampal neurons [60]. Further, uric acid is a powerful iron chelator, and dysreg-

ulation with iron metabolism has been correlated with oxidative stress in PD [61]. Drugs 

that promote uric acid and iron accumulation have shown moderate success in clinical 

trials, but both strategies for treating PD have resulted in iatrogenic effects. For instance, 

uric acid accretion has resulted in kidney stones containing uric acid crystals [25,62] and 

iron chelation has propagated anemia [63]. Given that both iron and uric acid are associ-

ated with XDH activity, it is plausible that this enzyme is a promising therapeutic target 

for PD if its activity is regulated specifically in the SNpc.  

ABCG2, the human ortholog of C. elegans WHT-2, exports uric acid, among many 

other endogenous and xenobiotic substrates. Our study illustrates that RNAi of wht-2 

alone and wht-2 and xdh-1 simultaneously in dopamine neurons of worm expressing α-

syn and GFP leads to comparable levels of neuroprotection. Thus, it is possible that XDH-

1 activity is reduced to limit uric acid production when WHT-2 is dysfunctional, to avoid 

the deleterious effects of hyperuricemia. Both ABCG2 and XDH inhibition have been as-

sociated with hyperuricemia and gout, providing further evidence of our hypothesis that 

these proteins act in the same pathway. Moreover, simultaneous RNAi of both genes did 

not have an additive phenotypic effect in either of our PD models—additional affirmation 

of this conjecture.  

Reports have indicated that the 3’ UTRs of many genes are edited by ADARs, as these 

regions contain Alu elements [64]. ABCG2 is known to be regulated by various miRNAs, 

including at the 3’ UTR. One study in the S1 colon cancer cell line revealed that a miRNA 

binds to the 3’ UTR of ABCG2, thereby decreasing expression [65].  miRNAs are known 

to repress translation, through various modes of regulation including preventing transla-

tional initiation, which does not necessarily impact transcription of the target gene [66]. It 

is possible that editing by ADARs inhibits the binding of this miRNA to the 3’ UTR of 

ABCG2, leading to increased ABCG2 translation. Such events could lead to an increase of 

XDH activity, as more uric acid produced by XDH could be excreted out of the cell by 

ABCG2. However, in the absence of ADAR activity, the putative miRNA can bind to the 

gene encoding ABCG2, leading to reduced translation of ABCG2 and the dampening of 

uric acid transport out of the cell. This would potentially lead to a decrease in XDH ex-

pression to maintain cellular uric acid homeostasis (Figure 6). This prospective mecha-

nism would explain why xdh-1 is downregulated upon loss of adr-2 in C. elegans, while 

wht-2 mRNA levels are not altered [25]. Of course, this hypothesis must be validated ex-

perimentally.   

It is interesting that knockdown of xdh-1 and wht-2 lead to enhanced neuroprotection 

and increased protein misfolding. It is possible that the intracellular elevation in uric acid 

is protective against dopaminergic neuronal cell death by increasing the aggregation of α-

syn, the less cytotoxic form of this protein. However, whether increased misfolding is as-

sociated with enhanced or diminished disease progression remains controversial. It has 

been shown that soluble α-syn monomers and oligomers, which precede fibril formation, 

are more cytotoxic than larger inclusions due to their propensity to disrupt cell membrane 

permeability and promote neuroinflammation [57]. Further, analysis of post-mortem 

brain tissue has indicated that more monomers and oligomers are found in PD patients in 

comparison to age-matched controls [67]. Contrastingly, other researchers have associated 

increased protein misfolding with more  severe disease [68,69]. While our results suggest 

that enhanced misfolding of α-syn is commensurate to increased dopaminergic neuronal 

health, these data are due to gene expression in the body wall muscle. RNAi of xdh-1 was 

cell autonomous, and it is possible that RNAi exclusively in the body wall may yield dif-

ferent results. The generation of a model that expresses α-syn and GFP in the body wall 
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muscles and is RNAi sensitive solely in the body wall muscles, in addition to more studies 

on the role of α-syn misfolding in PD, have the potential to resolve this issue.  

Notably, loss of ADR-2 activity did not impact α-syn-induced neurodegeneration, 

especially due to supporting evidence that aberrant ADAR activity has detrimental neu-

rological effects across species, including C. elegans. For example, it has been shown that 

C. elegans that lack editing by ADARs exhibit reduced chemotaxis [23]. However, chemo-

taxis in C. elegans is regulated by ASE sensory neurons, not dopaminergic neurons [70]. 

Since dopamine neurons were the only neuronal cell type evaluated in our study, it is 

possible that aberrant ADR-2 activity does indeed impact the health of other neuronal cell 

types. Further, it is surprising that loss of ADR-2 did not impact aggregation of α-syn. 

This may be due to a lack of expression of adr-2 in the body wall—high levels of ADR-2 

activity have been reported in the C. elegans nervous system specifically [22,25], but ex-

pression patterns in other tissues have not been extensively studied. It is also possible that 

the absence of observable phenotypes attributable to adr-2 deletion in neurons and body 

wall muscles expressing α-syn may be an additive effect of changes in expression of all 

targets of ADARs—simply put, some genes may lead to enhanced neurodegeneration or 

misfolding, or vice versa, cumulatively leading to no net change.  

Here, we describe a relationship between ADR-2, WHT-2, and XDH-1 that impacts 

PD pathologies. Further, we identify precisely how RNA editing by ADARs affects the 

folding of the WHT-2 protein, presumably changing xdh-1 expression. While additional 

work is needed to further elucidate this mechanism, the targeting of ABCG2, the human 

ortholog of WHT-2, by ADARs may serve as a promising therapeutic strategy for the treat-

ment of PD. Because ADARs target many genes in different tissues, the targeted altering 

of editing or edited substrate proteins, opposed to a complete abolishment of editing, is 

presumably a better approach. Nonetheless, RNA editing represents an exciting area of 

enquiry with substantial implications for biomedical research. The foundational studies 

on ADAR function in C. elegans have established this system as an exceptional model for 

investigation of these transformative enzymes as putative modifying factors in neurolog-

ical diseases such as PD [20,71]. Moreover, the cost-effective application of C. elegans to-

wards translational goals is expanding as an outcome of the increasingly proven preclin-

ical utility of worm disease models [72–74].  
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Appendix A 

 

Figure A1. Analysis of neuronal health in worm populations upon RNAi of candidate genes in all tissue types excluding neurons. Candidate 

genes were knocked down in all cell types excluding neurons of C. elegans expressing α-syn and GFP under control of the Pdat-1 

promoter. Subsequent scoring of dopamine neuron health and worm population analysis indicate that RNAi of F52E1.2 was robustly 

protective. Knockdown of ugt-16 was substantially protective, while RNAi of folt-2, fmo-5 and acdh-1 were significantly protective 

against α-syn induced dopamine neurodegeneration. No genes enhanced dopamine neuron death when knocked down. Synchro-

nized worms were analyzed as 7-day old adults (three independent experiments, n = 30 per independent groups). Chi-Square anal-

ysis was performed where each candidate gene knockdown value was compared to EV and are represented by exact p values (three 

independent experiments, n = 30 per independent groups; N=3; n=30). 

 

 
 

Figure A2. qPCR of α-syn in worms independently expressing α-syn and GFP under control of the Pdat-1 promoter with and without 

functional xdh-1 seven days post-hatch. α-syn expression was normalized to three housekeeping genes: snb-1, tba-1, and 

ama-1. (Three independent experiments, n = 30 per independent groups, three technical replicates). Worms with the xdh-

1(ok3134) mutation did not show a difference in α-syn expression compared to those with wildtype xdh-1 in the α-syn 

background. mRNA data analyzed by Student’s t-test and presented as mean +/- SEM of three biological replicates, with 

three technical replicates each; at least 100 animals were used for each replicate. These data were normalized to the α-

syn control.  

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 March 2023                   doi:10.20944/preprints202303.0230.v1

https://doi.org/10.20944/preprints202303.0230.v1


 

 

 

Figure A3. Knockout of xdh-1 in Pdat-1 ::GFP worms does not impact dopaminergic neuron health. Animals with wildtype or mutant xdh-1 

were crossed to isogenic worms expressing only GFP in dopamine neurons under control of Pdat-1. The four CEP and two ADE 

dopaminergic neurons were analyzed for the presence or absence of intact cell bodies and axonal processes in synchronized worms 

seven days post-hatch (three independent experiments, n = 30 per independent groups). Worms with the xdh-1(ok3134) mutation do 

not show a change in dopaminergic neuronal health. Student’s t-test where GFP + xdh-1(ok3134) was compared to GFP alone (three 

independent experiments, n = 30 per independent groups; N=3; n=30); ns >0.05. 

 

 

Figure A4. Knockout of adr-2 does not impact dopaminergic neuronal health. (A) Animals with wildtype or mutant adr-2 were crossed to 

isogenic worms expressing GFP in dopamine neurons, and GFP + α-syn, independently, under control of the Pdat-1 promoter. The 

four CEP and two ADE dopaminergic neurons were analyzed for the presence or absence of intact cell bodies and axonal processes 

in synchronized worms seven days post-hatch (three independent experiments, n = 30 per independent groups). Worms with the 

adr-2(ok735) mutation do not show a change in dopaminergic neuronal health in both the absence (A) or presence (B) of α-syn. Stu-

dent’s t-test where GFP + adr-2(ok735) was compared to GFP alone (three independent experiments, n = 30 per independent groups; 

N=3; n=30) in the absence (A) or presence (B) of α-syn; ns >0.05. 
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