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Glycogen Storage Disease Type Il (GSDIII) is a rare genetic disorder caused by mutations in the AGL
gene, leading to a deficiency in the glycogen debranching enzyme. This results in the accumulation of
abnormal glycogen in various tissues, causing a range of symptoms, including liver enlargement and
hypoglycemia. Current animal models do not fully recapitulate the severe phenotypes observed in
patients, highlighting the need for improved model systems. To the best of our knowledge, this study
presents the first Caenorhabditis elegans model of GSDIII, which successfully exhibits disease-
relevant traits, including glycogen accumulation. Using this model, we developed a computational
approach based on high-throughput screening methods, enabling the identification of key genetic

modulators. Notably, we demonstrate that glycogen accumulation can be rescued by genetic and
pharmacological inhibition of CHK1, a gene involved in cell cycle regulation and DNA damage
response, in a variant-specific manner. These findings suggest that targeting CHK1 may represent a
promising therapeutic strategy for treating GSDIII, particularly when considering specific AGL

mutations.

Glycogen storage disease type III (GSD III, Cori disease, OMIM #232400) is a
rare inherited metabolic disorder caused by a deficiency in the glycogen
debranching enzyme (GDE), which leads to the accumulation of abnormal
glycogen in various tissues. It appears as a multi-systemic syndrome, with a
prevalence of 1/100,000 births"“ Loss-of-function mutations in AGL (locus:
1p21.2), the gene coding for the glycogen debranching enzyme (GDE), have
been identified in affected patients through a homozygous recessive
transmission™. Patients diagnosed with GSDIII disease have significant
hyperplasia of the liver, hypoglycemia, mental retardation, and myopathy'”.
The diagnosis is confirmed via GDE dosage, highly ketotic hypoglycemia, or
high levels of aspartate aminotransferase (AST) and alanine aminotransferase
(ALT) in the blood"*. The only treatment currently available is cornstarch,
which prevents hypoglycemia episodes in patients. Although several GSDIII
models (mouse, canine, and cell models) exist, these do not fully replicate the
phenotypes observed in patients, especially in the most severe cases, where
both glycogen buildup and decreased survival are observed®”. Hence, it is
essential to continue to generate patient-specific genetic models.

The nematode Caenorhabditis elegans (C. elegans) has proven
invaluable in advancing our understanding of the underlying mechanisms
of diseases, which is crucial for developing effective treatments'*"". In the
case of GSDIII, identifying genetic and pharmacological targets that play a
role in the pathogenesis is also an important step in elucidating the disease’s
molecular underpinnings.

In this study, we characterized specific mutations in CRISPR/
Cas9-edited C. elegans models. We performed high-throughput drug
screening and computational analysis, which led us to investigate the
unexpected role of the chk-1 gene, a key regulator of cell cycle and
DNA damage response, in the context of glycogen storage disease
type III. Our computational approach based on a high-throughput
pipeline demonstrates that genetic and pharmacological inhibition of
CHKI1 in C. elegans rescues disease-relevant phenotypes associated
with GSDIII, particularly glycogen accumulation. Our results suggest
that CHKI1 can be considered a novel actionable therapeutic target in
the context of GSDIIL
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Results and amylo-alpha-1,6-glucosidase activity'>"*. The rare W1099X point
agl-1/AGL mutants show significant glycogen buildup phenotype  mutation is a human pathogenic variant corresponding to a W1044X point
The C. elegans genome encodes for one orthologous gene (agl-1) to the mutation in C. elegans". S1514R is a variant of uncertain significance (VUS)
human AGL gene, which is well conserved with 43.48% identityand 62.41%  present in population databases aligning with S1444R in C. elegans'
similarity and predicted to have both 4-alpha-glucanotransferase activity ~ (Fig. 1A, B). As a loss-of-function model, we used a 6955bp complete
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Fig. 1 | Mutations in AGL cause glycogen buildup and glucose-induced
embryonic lethality in C. elegans models of GSDIII. A Location of the AGL
mutations in the glucosidase domain. B Evolutionary conservation of affected
residue in C. elegans AGL-1 ortholog (highlighted in yellow). Protein alignment was
done using MARVEL. C Imaging protocol for iodine staining from bright field to
image processing. From left to right: schematic of 3D printed pad used for staining,
an example of an acquired image after staining, and image processing using a macro
in Fiji software for quantification. Control and test worms are exposed to iodine
simultaneously. D Representative image of glycogen buildup visualized by iodine

staining in an agl-1 mutant compared to wild-type. E Iodine staining quantification
shows significantly increasing glycogen buildup in agl-1 mutants compared to wild-
type at day 1 of adulthood (1 = 30). F Glycogen quantification using a calorimetric
kit shows significantly increased levels of glycogen in mutants compared to wild-type
at day 1 of adulthood (N = 3). G and H Embryonic viability assay is significantly
decreased in mutants when exposed to 2% of glucose, with no significant differences
in brood size (n = 30). One-way ANOVA was performed for E (DF = 3;

F(3,97) = 1.380), F (DF = 3; F(3,41) = 1.058), G (DF = 3; F(3,350) = 18.85) and

H (DF = 3; F(3,8) = 1.513). Data are presented as mean + SEM.

deletion of agl-1. Available mutants are referred to as the following: Aagl-1
for agl-1(knu867), W1044X for agl-1(knu860), and S1444R for agl-
1(knu864).

Abnormal glycogen buildup in several tissues is one of the main
symptoms of GSDIII" (Supplementary Fig. 1). Therefore, we sought to
perform glycogen quantification in our C. elegans agl-I-mutant strains
(Fig. 1C). Glycogen deposits are found in worms’ intestines, hypodermis,
and muscles'’. Our observations showed significant glycogen buildup in
W1044X, S1444R, and Aagl-1 mutant worms compared to wild-type, with
no significant difference between W1044X and S1444R mutants (Fig. 1D,
E). The Aagl-1 loss-of-function mutant showed the most glycogen accu-
mulation (Fig. 1E, F).

To evaluate the functional impact of agl-1 mutations and confirm the
biochemical disruption caused by mutations in agl-1, we performed a glu-
cose intolerance assay. Exposure to low concentrations of glucose sig-
nificantly increased embryonic lethality in W1044X, S1444R, and Aagl-1
mutant worms compared to wild-type, with no significant difference in
brood size between mutants and wild-type (Fig. 1G, H). These data suggest
that our patient-specific mutants replicate the abnormal glycogen pheno-
type of GSDIIL

C. elegans agl-1/AGL mutants display impairments in health
phenotypes

Though agl-1 mutants look superficially indistinct from wild-type worms,
further characterization showed a significantly decreased lifespan for the
point mutation and deletion mutants compared to wild-type (Fig. 2A). To
assess global health, we first measured the reproductive capacity through
progeny, and we observed significantly decreased offspring in mutants
compared to wild-type animals (Fig. 2B). Then, we categorized worms by
their larval stages to assess development. W1044X, S1444R, and Aagl-1
mutants exhibited a significant developmental delay compared to wild-type
animals (Fig. 2C)

Motility is also an important indicator of health in C. elegans and can be
assessed in both liquid and solid media. Using automated phenotyping at
Day 1 of adulthood, we detected significant differences in speed, wavelength,
and mean amplitude between mutant and wild-type worms (Supplemen-
tary Fig. 2). Among the mutants, the S1444R variant exhibited pronounced
impairments in liquid motility compared to wild-type controls (Fig. 2D). To
investigate whether these defects progressed with age, we assessed paralysis
on solid media and observed a significantly higher rate of age-dependent
paralysis in S1444R mutants (Fig. 2E). Together, these findings suggest that
agl-1 mutations contribute to general health impairments affecting both
developmental and aging phenotypes, including motility and lifespan. Since
these latter results show impairments in only one mutant, we decided to
perform further investigations in S1444R animals.

Distinct transcriptomic signature of agl-1/AGL C. elegans
mutants

To learn more about gene expression profiles in C. elegans models of
GSDIII, we performed RNA sequencing to understand the transcriptomic
profile of our mutants.

To gain deeper insight into the molecular mechanisms underlying the
GSDIII phenotype in C. elegans, we performed transcriptome-wide RNA
sequencing (RNA-seq) to characterize gene expression changes in agl-1
mutants. This approach allows for an unbiased, high-resolution analysis of

differential gene expression, enabling the identification of dysregulated
pathways associated with the disease model. Our analysis revealed sub-
stantial transcriptomic reprogramming in agl-1 mutants (Aagl-1, W1044X
and S1444R), with 20 downregulated genes and 1034 upregulated genes
(log, fold change (LFC) = 1), compared to wild-type controls (Fig. 3A,
Supplementary Fig. 3). Combined with enrichment analysis, these obser-
vations showed that several pathways are significantly mobilized in agl-1
mutants (Fig. 3B-F). One interesting result is the disrupted expression of
MSP genes (major sperm protein) in agl-1 mutants, consistent with the
observed progeny defects (Fig. 3C). MSP genes are integral to the motility
apparatus that drives the crawling movement of nematode spermatozoa, a
process crucial to successful fertilization'*”’. Consistent with the disease
phenotype of developmental delay and muscle weakness, larval and muscle
development pathways are suppressed in mutants (Fig. 3E, F). In contrast,
protein modification and phosphate metabolic pathways seem activated,
suggesting a compensatory mechanism (Fig. 3E, F). Despite these broad
transcriptomic changes, several top RNA-seq hits could not be validated by
qPCR (Supplementary Fig. 4), highlighting the need for additional valida-
tion and higher-resolution approaches such as single-cell transcriptomics.

Pharmacological and genetic rescue of S1444R mutant
phenotypes

After two rounds of drug screening from ~ 4000 compounds, we identified
25 compounds significantly improving the swimming motility phenotype in
S1444R (Fig. 4A, Supplementary Fig. 5). To validate for an additional
relevant phenotype, we counter-screened those hits against glycogen
buildup. We identified pimozide and pramoxine HCl as compounds that
significantly decreased glycogen accumulation in S1444R (Fig. 4B, Sup-
plementary Fig. 6). Pimozide, an antipsychotic drug, is known to inhibit
dopamine receptors™*>. Pramoxine HCl, commonly used as a local anes-
thetic, blocks sodium channels, which could influence cellular signaling and
energy regulation®**. The discovery of these compounds highlights pro-
mising therapeutic avenues by linking their known pharmacological
activities to the reduction of glycogen accumulation, a hallmark of GSDIIL

In parallel to our pharmacological investigation, we developed a
computational approach to identify potential disease-relevant targets. Using
open databases with previously reported drug targets, we grouped com-
pounds from our drug screening analysis into clusters to highlight shared
biological pathways (Fig. 5A, Table S1). We selected and targeted 77 genes
through an RNA interference (RNAi) genetic screen (Fig. 5B, Supplemen-
tary Figs. 7-9). The initial screen revealed 13 genes that significantly altered
glycogen accumulation in S1444R mutants (Fig. 5C). Downregulation of
genes such as CYP-13A5, CYP-13A6, CYP-13B2, and ugt-23 significantly
increases glycogen accumulation in S1444R mutants. These genes are
orthologous to the cytochrome family of enzymes and glycosyltransferase
liver enzymes, which is consistent with the clinical involvement of the liver
in GSDIII patients™**. Knockdown of genes like gpa-15, erm-1, ant-1.1, chk-
1, tax-6, pkc-1, let-607, jmjd-1.2, and gnrr-1 significantly decreases glycogen
accumulation (Fig. 5C). Interestingly, the literature has previously shown
that pimozide decreases CHK1 levels, which suggests a promising avenue
for our approach™.

After multiple rounds of validation (Supplementary Fig. 8), we selected
two genes that significantly rescued glycogen buildup in S1444R mutants
compared to wild-type worms: chk-1 and pkc-1, which encode checkpoint
kinase 1 and protein kinase C, respectively. These genes were prioritized for
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Fig. 2 | Behavioral characterization of C. elegans GSDIII disease models shows
significantly impaired development and aging phenotypes. A agl-1 mutants show
significantly decreased survival compared to wild-type (n = 360). B All agl-1 mutants
have a significantly reduced number of offspring compared to wild-type animals
(n=30). C agl-1 mutants show significant developmental delay compared to wild-type
(n=300). D S1444R C. elegans mutant displays significantly impaired swimming

motility behavior at day 1 of adulthood (1 = 360). E S1444R mutants show greater
motility defects leading to paralysis on solid media compared to wild-type, W1044X,
and deletion mutants (1 = 360). Log-rank (Mantel-Cox) tests were used for A (DF = 3)
and E (DF = 1). A one-way ANOVA was performed for B (DF = 3, F(3,107) = 0.03231).
Two-way ANOVAs were performed for C (DF =4, F(4, 10)=137.1) and D (DF =3,
F(3,32) = 39.31). Data are presented as mean + SEM.

their high translational potential in clinical contexts. Notably, the reduction
in glycogen levels was specific to the S1444R mutant background, suggesting
a variant-dependent regulation of glycogen metabolism (Fig. 6A, B, Sup-
plementary Figs. 8, 10). Consistently, RNA sequencing data showed

significantly increased chk-1 in agl-1 mutants compared to wild-type, while
Ppkc-1 expression remained unchanged (Fig. 6C, D). To validate our findings
in another phenotype, we replicated the RNAi experiment on age-
dependent paralysis. We observed that only chk-1 downregulation
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Fig. 4 | Validation of lead compounds from secondary drug screen on glycogen
buildup phenotype. A Top 25 compounds from the secondary screen that sig-
nificantly improved mthe edian activity of the swimming motility behavior in
S1444R mutants. B Validation of top hits on glycogen buildup phenotype through

iodine staining. Pimozide and Pramoxine HCl significantly decreased glycogen
buildup in $1444R mutants compared to vehicle controls (n = 30). A one-way
ANOVA was used for B (DF =7, F(7, 304) = 2.454). Data are presented as
mean + SEM.

rescued the dysfunction in S1444R mutants (Fig. 6E, F, Supplementary
Fig. 9). To further confirm the specificity of CHKI inhibition in rescuing
impaired phenotypes, we opted for rabusertib compound, a selective CHK1
inhibitor”. Rabusertib treatment significantly rescued glycogen accumula-
tion and age-dependent paralysis phenotypes in S1444R compared to
vehicle control (Fig. 6G, H, Supplementary Fig. 10).

To better understand the potential mechanisms by which chk-1 inhi-
bition rescues glycogen buildup in the S1444R mutant, we focused on AMP-
activated protein kinase (AMPK, aak-2), a key cellular energy sensor and
regulator of the cell cycle. AMPK modulates gene expression and maintains
energy homeostasis by promoting catabolic pathways and sensing glycogen
availability’ ™. In C. elegans, AMPK activity has been linked to glycogen
depletion and lifespan extension under high-glucose conditions™. However,
genetic knockdown of aak-2 did not alter glycogen levels or chk-1I expression
in S1444R mutants (Fig. 6L, ], Supplementary Fig. 10). These findings sug-
gest that CHK1 regulates glycogen metabolism in a variant-specific and
AMPK-independent manner, highlighting a distinct mechanism under-
lying the disease-relevant phenotype in GSDIIL

Discussion
To enhance our comprehension of disease mechanisms and identify
potential therapeutic targets for GSDIII, we investigated disease-associated
characteristics in our C. elegans mutants. Among the variants analyzed, only
the S1444R mutant exhibited swimming defects. While muscle weakness
has been reported in mouse models and in some patients, it is not a universal
feature across all GSDIII forms. The literature distinguishes several subtypes
(GSDIIIa, GSDIIIb, and GSDIIIc), in which glycogen accumulation and
clinical manifestations may occur in the liver, muscle, or both’. This raises
the possibility that the mutations we studied correspond to different GSDIII
subtypes, with motility impairment being specific to only one of them.
Our computational analysis led to the identification of chk-1I as a novel
potential genetic modulator of glycogen. Our findings suggest that down-
regulation of chk-1 might improve disease phenotypes in the C. elegans
S$1444R mutant. Our computational, genetic, and pharmacological valida-
tions have shown their potential to influence pathways relevant to GSD IIL
The advent of shared databases has facilitated the execution of computa-
tional analysis that can be validated at the biological level. The overlap
between the RN A-seq data and the drug screen GO analysis is depicted in
the pathway enrichment analysis, which highlights that phosphorylation-

related pathways are activated, consistent with the upregulation of proteins
such as PKC-1 and CHK-1*”. In contrast, pathways associated with larval
development appear to be suppressed, as reflected by differential expression
of genes including gpa-15, erm-1, tax-6, jmjd-1.2, ugt-23, and members of
the solute carrier family such as ant-1.1°°*'. These findings suggest that the
transcriptional changes observed in the S1444R mutant align with func-
tionally relevant pathways, linking altered gene expression to processes that
may also be targeted in the computational drug screen. These approaches
can potentially conserve a considerable amount of time and facilitate
extensive investigations.

While CHK1 is primarily recognized for its role in the DNA damage
response, it is becoming evident that it also has DNA damage response
(DDR)-independent functions. In C. elegans, the CHK1 ortholog has been
primarily characterized for its importance in germline cells, with its function
in somatic cells remaining less understood”. Our study provides evidence
for a potential role of CHK1 in somatic cells in the context of GSDIIJ,
warranting further investigation into its functions beyond the germline in C.
elegans.

It is worth noting that ATR/CHKI inhibitors are primarily used in
cancer therapy, exploiting the concept of synthetic lethality, where the
simultaneous mutation of two genes, such as CDC25A and WEEL1, leads to
cell death* ™. The non-specific CHK1 inhibitor drug UCN-01 was pre-
viously used in C. elegans, demonstrating extended lifespan, increased
hsp-4 expression, and enhanced thermal stress resistance”’. Furthermore,
studies on medulloblastoma cells showed that CHK1 inhibition mod-
ulates GSK-3 activity by changing its phosphorylation state, also known to
regulate glycogen metabolism*. These findings are consistent with our
results, showing that genetic and pharmacological inhibition of CHK1
improves health phenotypes in our GSDIII C. elegans model. CHK1
inhibition could have therapeutic benefits in the context of GSDII],
potentially by modulating glycogen metabolism and improving cellular
stress responses”’.

Previous studies have shown that CHK1 activity is regulated by USP1,
which is also involved in autophagy and proteasome activity’>*. Further-
more, research on AGL mutants has revealed increased ubiquitination of the
protein. Specifically, proteasomal inhibition has been shown to significantly
increase mutant AGL levels, leading to an increase in glycogen-like struc-
tures (polyglucosans) due to the expected compensatory activity of glycogen
synthase in response to AGL loss™*”". These findings highlight the role of
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Fig. 5 | Computational analysis leads to the iden-
tification of genetic targets potentially involved in
GSDIII. A Symmetrical heatmap representing tar-
get overlap between compounds. Compounds were
clustered based on the correlation of target overlap
scores between rows/columns (drugs).

B Description of our workflow based on drug
screening data to identify targetable genes. C First
round of RNAi targeting shows 13 genes that sig-
nificantly change glycogen buildup in S1444R
mutants (N = 1). One-way ANOVAs with Welch’s
correction applied when variances were unequal
were performed in D (F(13.00, 35.53) = 27.67)).
Data are presented as mean + SEM.

Primary and secondary drug screens
Computational based approach (Gene Ontology)
Target identified for each pathway (KEGG)

Orthologs in C. elegans

77 RNAI available

p=0.0001

p=0.0352

p=0.0017

p=00114

p=0.0167

p =0.0085

p=0.0082

p=0.0348

p=0.0030

p=0.0079
p<0.0001
p=0.0077

20— P=00239

100

% lodine staining

ubiquitination as a regulatory mechanism for AGL™™". These observations, molecule, known as a USP1 inhibitor, has also been shown to accelerate
combined with our findings, suggest a potential link between CHK1, ubi- CHKI degradation”*”. USP1 is a ubiquitin-specific protease that con-

quitination, and AGL regulation in the context of GSD III.

tributes to the deubiquitination of proteins. It participates in several

One interesting result is pimozide, which came out in several drug  mechanisms, such as cell cycle regulation, DNA repair, apoptosis, gene
screens in our previous work for neurodegenerative diseases™. This  expression, and cell motility™.
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Fig. 6 | Knockdown of chk-1 and pkc-1 shows A
. N 200 p=0.0071 p>0.9999 200
complete and partial rescue of dysfunctions in agl- p <0.0001 p = 0.8545
1 mutants. A Knockdown of chk-1 in S1444R C. > 1;2 ° :;Z
elegans mutant shows significant and specific rescue é o5 I§ 125
in glycogen buildup phenotype (n = 30); 5 100 g 100 —
**p =0.0071. B Knockdown of pke-1 in S1444R C. g 75 g 75
elegans mutant shows significant and specific rescue = 50 = 50
in glycogen buildup phenotype (1 = 30); 25 25
RH*p < 0.0001. C S1444R and Aagl-1 mutants show o T J T X B T ] )
. . . é ‘:\ Q,A \g.’\ *’é o’\ é o’\
significantly increased RNA expression of the chk-1 o G & & & & < &
Q2
gene (N'=3);%*p < 0.01. D W1044X, S1444R, Aagl-1 gt W & o 2 \f & o
mutants and wild-type have a similar expression of °© N 2 N
the pkc-1 gene. E chk-1 downregulation rescues the
progressive paralysis on solid media in S1444R c chk-1 D pke-1
mutant (n = 360); ¥***p < 0.0001. F pkc-1 knock- p=0.0019
down does not rescue the progressive paralysis
h in $1444R mutants. G Ph logical = p= 02751
phenotype in mutants. armacological 200 4000
inhibition of CHKI1 rescues glycogen buildup 650 ° 3900 .
(n = 30) and H paralysis phenotypes (n = 360); ‘g 600 . ‘g 3800
p=0.0433, ¥*¥*¥p <0.0001. I Knockdown of aak-2 g 550 § 3700 jArf o
in S1444R mutants shows no change in glycogen § 500 § 3600
buildup phenotype (# = 30) and (J) no changes in E 450 R g 3500 ® °
chk-1 expression (N = 3). One-way ANOVAs with 2 Zgg -+ 2 Zgg
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were performed for G (¢ = 2.347, DF = 65.20), g 50 .é 50]
I(t=1.480, DF =43.69), ] (= 1.059, DF = 3.324). T4 :|p <00001 B 40]
Data are presented as mean + SEM. : 30 5 30
207 o v 07 o ev
107 o chk-1 , 107 o pke-1
0 T T b A . | T T T T T 1 0 L A B B ‘l T T T T T 1
01234567 89101112 0123456789111
G Days of adulthood H Days of adulthood
200
175
2 150 °
g 125 & :Ip <0.0001
g 100 E
B 75 :
£ 50 ° —+ Wild-type
25 -e- DMSO
o —#- Rabusertib
0123456 78910112
Days of adulthood
| J
250 p =0.1461 o p = 0.3605
E’ 200 —T LR B4 % Ld
£ g a0
£ 150 T g
[} . 14
5 100 H D g
s . e 2
50 ¢ 1. 10 °
0 T T 0 T T
X dg«:rb b«b‘& »
Y °

Finally, recent research has shown that CHKI inhibition leads to
PARP-1 cleavage. Our previous work showing that PARP inhibition
reduces neurodegeneration is consistent with the overall health improve-
ments observed in our GSDIII disease worm model™. These findings suggest
a potential interplay between CHK1, USP1, and AGL, with ubiquitination as
a critical link. Further investigation into this relationship could provide

valuable insights into the molecular mechanisms underlying GSD III and
identify potential therapeutic targets.

Top candidate genes identified through RNA-seq could not be vali-
dated by qPCR, underscoring the limitations of bulk transcriptomic
approaches and the need for higher-resolution methods such as single-cell
RNA sequencing. As this study was conducted exclusively in C. elegans
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models of GSDIII, the conclusions are exclusive to the S1444R variant of agl-
I in this organism. Further investigations in mammalian models and
patient-derived cell lines need to be performed to confirm our findings in
phylogenetically higher species.

Methods

Amino acid alignment

Amino acid alignments were performed using BLAST sequences for the
AGL gene from Homo Sapiens (AGL; Gene ID: 178) and Caenorhabditis
elegans (agl-1; Gene ID: 175091) NCBI sequences and MARVELL software.

Nematode strains construction and maintenance

C. elegans were maintained under standard conditions, meaning 15 °C for
maintenance and 20 °C for assays™. NGM agar plates with E. coli OP50
culture were used as a living environment. Strains used for this study were as
follows: wild-type; N2, COP2004; agl-1(knu860), COP2008; agl-1(knu864),
and COP2012; agl-1(knu867) strains were provided by the CGC, which is
funded by NIH Office of Research Infrastructure Programs (P40
0D010440).

To confirm genotypes, PCR was performed for deletions. High-
resolution melting (HRM) and genome sequencing were performed for
point mutations. HRM MeltDoctor reagents (Applied Biosystems) and
HRM software (Applied Biosystems) were used before verification by
Sanger sequencing (Genome Quebec). Designed primers for PCR and
sequencing were: agl-1(knu860)-F: CGA CACTTGGCCATCTCAACT-
Csagl-1(knu860)-RATTCTGCGCACTGGATCCTC;  agl-1(knu864)-F.G
GTAAGTTAGCTAGAAATGCAACAAGG;agl-1(knu864)-R-GGAAT-
GAAGACCCTTGATCCAAC  AG,  agl-1(knu867)-F:AAGAAAGT-
CACGTTGCGCTGC and agl-1(knu867)-RTCTGAATATGAGG
GCATTATGACCC.

Liquid culture motility assay

Worms synchronized at day 1 and day 5 of adulthood were collected, rinsed
with M9 buffer, and placed into standard 96-well plates, each well con-
taining approximately 50-70 worms in 100 puL of M9 buffer. Their motility
was recorded over 10h using the WMicrotracker ONE device (Phy-
lum Tech).

Lifespan assay

A total of 40 synchronized L4-stage worms were placed on nematode
growth media NGM agar plates inoculated with E. coli OP50. They were
transferred to fresh plates every two days and monitored for their status:
alive, dead, or missing. Worms are considered dead when they no longer
react to external stimuli. This experiment was replicated three times.

Progeny assay

Thirty synchronized L4-stage worms were placed individually on NGM
agar plates containing E. coli OP50 (one worm per plate). Viable progenies
were considered as the offspring hatched by day 1 of adulthood. Each
condition was tested in triplicate, and the entire experiment was repeated
three times.

Development assay

Synchronized L1-stage C. elegans were placed on NGM agar plates seeded
with E. coli OP50. Worms were counted daily based on their developmental
stage until the N2 wild-type worms reached adulthood (day 1). Each con-
dition was tested in triplicate with ~100 worms per experiment, and the
experiment was repeated three times.

WormLab analysis

MBF Bioscience’s WormLab software (2020 version) was used to
quantify movement parameters such as speed, wavelength, and mean
amplitude. A 30s video of the worm’s movement was recorded, and
movement parameters were analyzed by manually selecting individual
worms. Data were exported and statistically analyzed with GraphPad

Prism 9 software. The experiment was repeated three times, with ~ 50
worms per experiment.

Paralysis assay on solid media

Thirty-five to 40 wild-type and mutant worms were placed on NGM plates
starting from day 1 of adulthood and observed daily over 12 days at 20 °C.
Worms were considered paralyzed if they did not respond to gentle prod-
ding with a worm pick. They were scored dead if they showed no head
movement upon nose prodding and had no pharyngeal pumping activity.
Each condition was tested in triplicate with ~120 worms per experiment,
and the experiment was repeated three times.

Glycogen quantification

lodine staining. To observe glycogen buildup, we exposed worms to
iodine crystals between 40 and 60 s before image acquisition with a Leica
S6E microscope. lodine was purchased from Sigma Aldrich (326143).
Quantification was performed using Fiji software by manually selecting
worm images processed using the following macro: (run(“Invert”);
run(“RGB Stack”); run(“8-bit”); run(“Stack to Images”); run(“Subtract
Background”... «” OK”);). The integrated density was used to calculate
the percentage of staining. Test conditions for each replicate were nor-
malized to their respective controls. Each condition was tested in tripli-
cate with ~25 worms per experiment, and the experiment was repeated
three times.

Calorimetric kit. Glycogen Assay Kit II (Calorimetric) was provided by
Abcam, Cambridge, UK (ab169558). The analysis was based on the
colorimetric method and was performed according to the manufacturer’s
instructions. Briefly, samples were prepared by homogenization in
ddH,0 and quantified at ~10 mg. The main steps are reagent prepara-
tion, standard curve preparation, sample preparation, positive control,
reaction mix, and measurement and calculation. Raw data was provided
from the plate reader (OD450). The final concentration of glycogen was
expressed in micrograms (ug). The experiment was repeated three times.

Embryonic viability and brood size assays

Embryonic viability and brood size assays were performed based on stan-
dard protocols”. Ten individual L4-stage hermaphrodites were transferred
into 0.2% glucose NGM plates and were allowed to self-fertilize and lay
progeny over three consecutive 24-h periods at 20 °C. Each worm was
transferred to a new plate daily (Days 1-3), and progeny from each time-
point were scored two days later (Days 3-5) for live larvae and unhatched
embryos. Unhatched embryos were considered nonviable, while unferti-
lized oocytes were excluded from analysis. The experiment was repeated
three times.

#live progeny

Embryonic viability was calculated using : Thlive progeny + Ftunhatched embryos x 100

X(#live progeny + #unhatched embryos) «

100
#parent hermaphrodites

Average brood size was calculated using :

Drug screening in C. elegans
Small-molecule libraries from the Prestwick Chemical Library, Sigma
Aldrich LOPAC Library, Microsource Drug Library, and the BML Natural
Products Library from Enzo Life Sciences (totaling 3942 molecules) were
used for primary screening. S1444R mutants were grown on compound
NGM plates until day 1 of adulthood, and the efficacy of the drugs on
motility was monitored using WMicrotracker ONE instruments (Phylum
Tech). Each compound was tested in triplicate (1 drug/well, [20 uM]).
Molecules were considered hits if they could increase the motility of
mutants.

The secondary screen was performed in quadruplicates on the top 150
hits from the primary screen. Robust Z scores were defined as
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(ActivitySample—Median(ActivityAll ~ within-plate
absolute deviation(ActivityAll within-plate samples).

Rabusertib (LY2603618) compound was purchased from Selleckchem
(#52626-5). Worms were treated with 20 uM in solid media.

samples))/Median

Computational analysis and target selection

We began with a list of compounds associated with the effects of a disease of
interest. This list was obtained through the Connectivity Map tool from the
Broad Institute (https://clue.io/command?q=/conn%20AGL). This data-
base provides pharmacological and genetic perturbagens about a specific
gene. This association could be based on gene expression experiments or
other experimental results. We then predicted targets for each compound in
this list of disease-associated drugs. An online machine learning application
called. Similarity ensemble approach or SEA was used to perform target
prediction. We filtered out compounds that do not have >4 targets pre-
dicted by SEA.

We then determined the overlap between predicted target sets for all
compound pairs. This overlap was calculated as the log-transformed quo-
tient of the number of shared targets between each pair of target sets divided
by the square root of the size of each set.

|AN B
VIAT- V1Bl

Target overlap =

These scores were used to calculate a symmetrical heatmap repre-
senting target overlap between all disease-associated compounds. The
compounds were then clustered based on the correlation of target overlap
scores between rows/columns (drugs). Specific clusters of compounds with
high target overlap were then selected for further analysis to reveal common
biological pathways.

For each analyzed cluster, a list of top targets (proteins) was identified.
Because some proteins were targeted much more often than others, we first
needed to calculate the baseline frequency for each target across the pre-
dicted target sets for all compounds in our library of 3449 drugs. Two
methods were used to calculate target enrichment using this baseline. The
first method (delta enrichment) uses the difference between a target’s
baseline frequency and its frequency in a cluster. In contrast, the second
method (ratio enrichment) is calculated as the quotient of these same terms.
Target rankings based on delta enrichment scores appeared biased towards
high-frequency targets, while the opposite bias was observed when using
ratio enrichment scores, so these rankings were combined to produce a
composite target enrichment score used to rank top targets for each cluster.

These lists of top enriched targets were then used to perform Gene
Ontology enrichment analyses (GOEA) for each analyzed cluster. The
protein IDs for each cluster’s top 30 human targets were converted to Entrez
gene IDs using Uniprot’s online mapping function (https://www.uniprot.
org/uploadlists). The Python library GOATools was then used to determine
which annotated biological processes were statistically enriched in each set
of top targets/genes relative to the expected frequency of these annotations
among all human protein-coding genes. The GOEA for each cluster pro-
duces confidence scores for each enriched annotation, allowing us to pro-
duce a ranked list of which biological processes are most significantly
enriched in each cluster of interest.

RNA interference experiments

All C. elegans RNAi experiments were carried out using the feeding method
based on standard protocols™. Ampicillin-resistant clones were in the
pL4440-DEST vector from the Ahringer RNAilibrary. The E. coli host strain
is HT115 (DE3). For all assays, synchronized L1 worms were placed on
RNAI plates seeded with either empty vector (EV) bacteria or bacterial
clones expressing double-stranded RNA targeting the gene of interest.
Worms were raised on RNAI plates, and the second generation was used for
the subsequent assays. All RNAi clones were sequence-verified.

RNA sequencing

Sample preparation and RNA extraction. Nematodes were homo-
genized in 1 ml of QIAzol buffer with 0.5 mm glass beads (Qiagen) on a
Precellys 24 (Bertin) at 6400 rpm for 2 x 10 s. Total RNA was extracted
using the miRNeasy micro kit on-column DNase (Qiagen) treatment
following the manufacturer’s instructions. The quantity of total RNA was
measured using a NanoDrop ND-1000 Spectrophotometer (NanoDrop
Technologies). Prior to library preparation, total RNA quality was
assayed on an Agilent TapeStation 4150 using High Sensitivity RNA
ScreenTape (Agilent Technologies). All samples had a RIN > 9.3.

Library preparation and sequencing. The NEBNext Ultra IT directional
RNA library prep kit for Illumina (New England Biolabs Inc., Ipswich,
MA, USA) was used to prepare mRNA sequencing libraries according to
the manufacturer’s instructions. Briefly, poly(A)+ mRNA was isolated
from 900 ng of total RNA for 12 samples using the NEBNext poly(A)
(New England Biolabs Inc., Ipswich, MA, USA) and was used as a tem-
plate for cDNA synthesis by reverse transcriptase with random primers.
The quantification was done using the QuBit 3.0 fluorometer (Ther-
moFisher Scientific, Canada). mRNA-seq libraries were sequenced for
paired-end 100 pb sequencing on NovaSeq 6000 at the Next-Generation
Sequencing Platform, Genomics Center, CHU de Québec-Université
Laval Research Center, Québec City, Canada. The expected mean cov-
erage/sample will be 16 M paired-end reads.

Quality control. Raw sequencing reads were subjected to quality control
using the FastQC tool (Galaxy Version 0.74) on the Galaxy platform
(Galaxy version 24.1.2.dev0). After adapter trimming, the sequencing
reads were of high quality (99.8% of reads > Q15, 100% of reads > Q12).

Mapping. High-quality reads were aligned to the C. elegans reference
genome (WBcel235/cell) using Spliced Transcripts Alignment to a
Reference (STAR) aligner (v2.7.11a) on the Galaxy platform. The fol-
lowing parameters were used for STAR mapping: --runThreadN 10,
genomeLoad, NoSharedMemory —genome Dir /data/db/data_managers/
rnastar/2.7.4a/cell/cell/dataset_6c12215f-bb36-4fb5-82cc-

With a BAM file output. The resulting BAM files were used for gene
quantification.

Quantification. Gene expression quantification was performed using
featureCounts (v2.0.3) with the following parameters: -T 8 -p -t exon -g
gene_id -a C. elegans annotation file (WBcel235.112.gtf) -Gene-ID “It”
read-count (MultiQC/DESeq2/edgeR/limma-voom compatible).

Differential expression analysis. Differential expression analysis was
conducted using DESeq2 (v1.42.1) in R (v4.3.3). Raw counts were nor-
malized using the DESeq2 normalization method, and differential
expression was assessed by fitting a negative binomial generalized linear
model. Genes with <10 counts were excluded, and those with an adjusted
p-value < 0.05 and a log2-fold change > 1 were considered significantly
differentially expressed.

Statistics

The data analysis was conducted using GraphPad Prism 9 software. To
evaluate statistical significance among multiple groups, we employed one-
way or two-way ANOVA followed by post hoc tests, specifically the
Bonferroni or Tukey tests. For comparisons between two groups, a two-
tailed Student’s ¢-test was used. To analyze paralysis and lifespan data, we
generated survival curves and assessed them using the Log-rank
(Mantel-Cox) test for survival curve comparison. Data are presented as
mean + SEM.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.
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Data availability
The data that support the findings of this study are available as “supple-
mentary data 1-3” files. RNA-Seq data were deposited into the NIH
Sequence Read Archive (SRA) under accession number PRJNA1378342
and are available at the following URL: https://www.ncbi.nlm.nih.gov/sra/?
term=PRJNA1378342.

Code availability
The code that supports the findings of this study is available upon request.
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