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ABSTRACT

Amyotrophic Lateral Sclerosis (ALS) is a progressive neurodegenerative disorder characterized
by motor neuron degeneration and progressive paralysis. Familial ALS, which accounts for 5-10% of
cases, remains largely uncharacterized, shown by the large variability in disease progression among
patients. Emerging evidence suggests that the disruption of DNA damage response (DDR) pathways
may contribute to genome instability, a feature implicated in neurodegeneration. In this study, the
model organism Caenorhabditis elegans is used to investigate how natural variation in DNA damage
checkpoint genes: mrt-2, hus-1, hpr-17, and atm-1, all of which interact with or participate in the 9-1-
1 DNA damage response pathway, predicts vulnerability to oxidative stress. RNA-seq expression data
from 208 genetically diverse C. elegans strains were normalized for sequencing depth (counts per
million) after filtering out low-count transcripts. Three of the four genes showed significant differences
in gene expression between the strains, with Apr-17 displaying the highest heritability. Cis-expression
quantitative trait locus (cis-eQTL) mapping was used to analyze hard-filtered variant information
from Caenorhabditis elegans Natural Diversity Resource (CaeNDR), revealing no strong local signal
after kinship correction, suggesting trans-regulation, rare-variant effects, or epigenetics as influences
of expression differences. To evaluate whether checkpoint gene expression predicts oxidative stress
vulnerability, paraquat sensitivity data were obtained from the CaeNDR Public Phenotype Database and
analyzed. The lower body length after paraquat exposure indicates greater sensitivity. Predictive models,
including Ridge regression and XGBoost, were then applied to test whether checkpoint gene expression
predicts sensitivity. Results suggest that variation in checkpoint expression does not predict oxidative
stress sensitivity; however, an exploratory genetic scan identified a locus near spr-17 that was associated
with paraquat response, survived kinship correction, and was independently replicated using a larger
imputed variant set, warranting further research to understand its direct effect on neuron health.
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of ALS is projected to increase significantly over the
coming years, with estimates suggesting a rise of more
than 10% in the United States before 2030 (3). Familial
ALS accounts for around 5-10% of ALS cases and
exhibits substantial variation in the age of onset and
progression rate amongst patients, even in patients
with the same causal mutation (4,5). This variability
suggests that additional genetic modifiers beyond the
primary mutations associated with disease onset play
a crucial role in directing disease trajectory. However,
these modifying factors remain poorly understood, and
the mechanisms underlying variability in ALS between
patients is still poorly characterized.

Emerging evidence suggests that disrupting the
DDR pathway contributes to neurodegeneration (6).
Post-mitotic neurons are especially vulnerable to
the accumulation of unrepaired DNA damage over
an individual’s lifetime, and dysregulated genome
maintenance has been proposed as a possible contributing
factor in ALS and other related neurodegenerative
disorders (7). A core component of DDR is the highly
conserved 9-1-1 DNA damage checkpoint complex,
which is composed of RAD9, RADI, and HUSI, which
are loaded onto damaged DNA by the RAD17-RFC clamp
loader (8,9). Together, these proteins play a crucial role in
detecting replication stress and double-strand breaks that
result in the halting of cell cycle progression, allowing
for these issues to be repaired, or triggering apoptosis in
cells when the damage is irreparable. The ATM kinase,
a central upstream regulator of DDR, responds similarly
to double-strand breaks and works to coordinate
checkpoint signaling in cells. In humans, the genes that
encode these proteins (RADI, HUSI, RADI17, ATM)
and their natural variation have been previously linked
to cancer susceptibility, aging, and neurodegeneration
(10). However, whether natural variation in checkpoint
gene expression influences cellular stress remains largely
unexplored.

C. elegans serves as a powerful model organism to
address this gap and to study ALS (11). The nematode’s
9-1-1 pathway is highly conserved, with mrt-2, hus-
1, and hpr-17, atm-1 all serving as direct orthologs of
RADI1, HUSI, RADI17, and ATM respectively (12).
Loss-of-function in mrt-2 and hus-I produces a well-
studied mortal germline phenotype, where failure of
DNA damage checkpoint signaling causes progressive
telomere shortening, chromosome end-to-end fusions,
and eventual sterility across generations (13). This
directly demonstrates the critical role of this pathway
in ensuring genome stability in proliferating tissues. In

recent years, the CaeNDR project has generated whole-
genome sequences and population-scale RNA-seq (RNA
sequencing) data for hundreds of genetically diverse wild
C. elegans strains along with a quickly growing set of
quantitative phenotypes (14). These resources provide an
opportunity to investigate how naturally occurring, non-
pathogenic variation in checkpoint gene expression and
genotype relates to organismal stress phenotypes that are
independent of the rare, high-impact mutations which are
traditionally studied in classical genetics.

Notably, a direct link between C. elegans DDR
biology and ALS is further supported by work on the C.
elegans orthologs of the ALS-associated RNA-binding
proteins TDP-43 and FUS. tdp-1 and fust-1, which are the
orthologs of TDP-43 and FUS in humans, interact with
DNA damage and proteostasis pathways that influence
stress resistance and genome stability (15). It has been
found that the loss of tdp-1 sensitizes worms to oxidative
stress, alters resistance to heat-shock-factor deficiency,
and modulates lifespan through the DAF-16/FOXO
pathway (16-19). Furthermore, both tdp-1 and fust-1
each exhibit temperature-sensitive, genome-stability-
linked phenotypes in combination with transcriptional
regulators (16, 20, 21). These findings suggest that
variation in checkpoint gene activity could influence the
same cellular stress response pathways that are often
implicated in ALS protein toxicity. However, no previous
study has examined whether naturally occurring
variation in checkpoint gene expression is directly linked
to ALS related stress phenotypes in C. elegans.

Prior work using this same CaeNDR wild-isolate
collection has shown that natural variation in telomere
length, a downstream result of the 9-1-1 pathway and
telomerase activity, is itself substantial across the various
nematode strains (22). However, telomere length was
not associated with the amount of offspring produced or
the lifespan of a nematode. Much of this variation was
instead explained by a coding variant in the telomere
binding gene pot-2, independent of checkpoint gene
expression. These results suggest that telomere length
and checkpoint gene activity are distinct biological
processes rather than interchangeable ways to measure
DDR function. Consequently, it remains unknown
whether natural variation in checkpoint gene expression
predicts  stress-related  phenotypes independently,
regardless of downstream telomere length.

In this study, population-scale RNA-seq, whole-
genome genotype data, and oxidative-stress phenotypes
from the CaeNDR wild-isolate collection were used to
investigate four hypotheses regarding the checkpoint
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genes mrt-2, hus-1, hpr-17, and atm-1. First, it is
hypothesized that these genes show significant and
heritable inter-strain variation in expression. Second,
this expression variation is hypothesized to be explained
primarily by common local (cis-acting) genetic variants.
Third, checkpoint gene expression is hypothesized to
correlate with telomere length, a downstream readout of
9-1-1 pathway and telomerase activity. Fourth, checkpoint
gene expression is hypothesized to predict nematode
vulnerability to oxidative stress, a proteotoxicity-relevant
phenotype linked to the protein dysfunction studied in
C. elegans ALS models. Oxidative stress vulnerability
was measured using paraquat response data from the
CaeNDR Public Phenotype Database, reported as the
control-normalized median C. elegans body length
after exposure to 250 uM paraquat (Data Sources and
Accession). Because paraquat impairs development,
lower values indicate shorter body length than expected
and therefore greater sensitivity to oxidative stress,
whereas higher values indicate greater resistance. Results
show partial support for the first hypothesis, with three
of the four genes showing significant heritable expression
variation, but no support for the second, third, or fourth.
It is therefore concluded that checkpoint gene expression
level does not predict oxidative stress sensitivity.
However, an exploratory genotype-based scan identified
a specific genomic region near hpr-17 with a robust,
replicable association with paraquat response, revealing
a candidate locus for further investigation.

METHODS AND MATERIALS

Data Sources and Accession

RNA-seq raw count data for 208 genetically diverse
wild C. elegans isotypes, 609 samples in total, were
obtained from the National Center for Biotechnology
Information’s Gene Expression Omnibus, accession
GSEI186719 (23). Whole-genome genotype data were
obtained from the CaeNDR, specifically the January
2021 release in two formats: a hard-filtered isotype
VCF (Variant Call Format) with 29,192 variants and
540 isotypes, and an imputed isotype VCF (2,919,294
variants and 540 isotypes). Telomere length estimates for
152 wild isotypes were obtained from Cook et al. (22).
Oxidative stress phenotype data were obtained from the
CaeNDR Public Phenotype Database (14), which was
measured as normalized median nematode body length
after exposure to 250 uM paraquat, a compound that
generates oxidative damage through redox cycling. This
trait is normalized based on each strain’s median body

length under non-paraquat control conditions, so that
the reported value reflects the paraquat-specific effect
on development after removing strain-level baseline
size differences. Lower, more negative values, indicate a
greater reduction in body length relative to control, and
therefore greater developmental impairment and more
sensitivity to oxidative stress. Higher, more positive
values, indicate a smaller reduction in body length
relative to control, and therefore greater resistance.
This direction is applied consistently throughout. Strain
grouping and isotype information were obtained from
Cook et al. (22).

Gene Identification, Transcript Extraction, and
Expression Normalization

Four target genes and their WormBase sequence names
were identified by querying the WormBase gene pages
from release WS276 (24). mrt-2 (WBGene00003417,
sequence name Y41C4A.14), hus-1 (WBGene00002042;
H26D21.1), hpr-17 (WBGene00001998; F32A11.2),
and atm-1 (WBGene00000227; Y48GIBL.2). The
annotated transcript isoforms corresponding to each
gene in the expression matrix were mrt-2 (Y41C4A.14.1,
Y41C4A.14.2), hus-1 (H26D21.1.1, H26D21.1.2), hpr-17
(F32A11.2.1, F32A11.2.2), and atm-1 (Y48GIBL.2a.l,
Y48G1BL.2a.2, YA8GIBL.2b.1).

Raw counts were normalized for library size using
counts per million (CPM). For each of the 609 samples,
the library size was calculated as the sum of raw counts
across all 65,330 transcripts, and each transcript count
was divided by that sample’s library size and multiplied
by 1x10¢. Low-expression transcripts were then removed,
keeping only those with CPM > 1 in at least 50% of the
609 samples, reducing the transcript set from 65,330 to
17,420. Library sizes were computed from the complete
unfiltered count matrix so that the normalization
denominator would not be affected by filtering. Gene-
level expression for each target gene was then calculated
by summing CPM values across that gene’s annotated
isoforms listed above, and the summed values were
log2(x + 1)-transformed. Biological replicates were
then averaged within each strain to generate a single
expression value per gene per strain, producing a final
208-strain x 4-gene expression matrix on the log2(CPM
+ 1) scale. All these analyses were performed in Python
3 with pandas, numpy, scipy, scikit-learn, and matplotlib.

Batch and Condition Metadata
Sequencing batch (pool) was not used as a covariate
in the expression analyses. An inspection of the deposited
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sample metadata showed that biological replicates from
194 of the 208 strains were distributed across two or
three distinct sequencing pools. This was consistent with
the original study’s experimental design of processing
replicates from each strain in separate batches to
minimize batch-strain confounding (23). The remaining
14 strains had all replicates sequenced within a single
pool and none of these strains were among the strains
highlighted in subsequent descriptive or predictive
analyses (N2, BRC20263, ED3040, JU1934).

The developmental stage and growth conditions
were standardized by the original experimenters: all
animals were synchronized to the young-adult stage
and harvested at a reproducible developmental point
(first embryo-laying event), verified computationally
via transcriptome-based age prediction (23). Growth
temperature (20°C), food source (E. coli OP50), and
culture medium (Nematode Growth Medium with Agar)
were held constant across all the strains. Since these
variables were either uniformly applied or deliberately
distributed across strains by design, additional batch
correction or condition adjustment was not performed in
this reanalysis.

Strain Harmonization and Dataset Intersection

Strain names were matched across the different
datasets by first extracting the isotype prefix from
each RNA-seq sample column. Then, only the strains
that appeared in all the required datasets were kept for
each analysis. This was done by computing pairwise
and multi-way intersections of strain sets across all
datasets. The main analysis set (expression, genotype,
paraquat phenotype) contained 99 strains, the telomere-
length analysis contained 120 strains (overlap between
expression and telomere data), and the full 4-way
intersection (all datasets) contained 59 strains. File SO1
from Cook et al. (22), which covers the older 2016 strain
collection, was not used since it was based on an older
strain collection and was found not to include many of
the newer ECA-series isolates that were found in the
2021 datasets.

Descriptive Expression Analysis and Heritability
Estimation

Inter-strain expression variation was found by
computing per-gene median, mean, and coefficient of
variation (CV) across the 208 strains. Broad-sense
heritability (H?) was estimated for each gene using
a one-way Analysis of Variance (ANOVA) variance-
components approach:

2
O “between

H?= (Eq. 1)

0 *perween + O vithin
where 6%.een and 62,5, Were estimated from a one-
way ANOVA, using the mean squares for differences
between strains and differences among the replicates in
the same strain. Since the number of replicates differed
across the strains, an unbalanced-design approximation
using the weighted mean group size was applied. Before
estimating the heritability, CPM-normalized expression
values were transformed using logz(x + 1) in order
to reduce the effect of the very large values and make
the overall variance more stable (Gene Identification,
Transcript Extraction, and Expression Normalization).

Co-Expression Analysis

Spearman’s rank correlation was found between
each pair of the four genes using CPM-normalized,
logz-transformed average expression values for each
strain (Gene Identification, Transcript Extraction, and
Expression Normalization). This produces a 4 X 4
correlation matrix describing how strongly the expression
levels of the genes were correlated to one another across
all 208 strains.

Cis-eQTL Mapping

Cis-eQTL mapping was performed using the hard-
filtered isotype VCF file, including 204 strains that
contained both gene expression data and genotype data.
For each gene, the cis-region was defined as the body of
the gene plus 1 megabase (Mb) upstream and downstream
of the gene using gene coordinates obtained from
Wormbase WS276 (24): mrt-2 (111:11,746,766—11,750,175),
hus-1  (1:3,698,102-3,699,300), hpr-17 (11:13,153,464—
13,157,047), and atm-1 (1:183,364-208,468).

Genotypes were converted into dosage values, where
0/0 = 0, 0/1 = 1, and 1/1 = 2. Missing genotype values
were replaced using the mean allele dosage for each
variant. Variants with a minor allele frequency below 5%
were then removed. For each gene, linear regression was
used to test the association between expression level and
each variant within the cis-window. To determine the
significance, the strain expression labels were shuffled
1,000 times to create a null distribution, and then the
observed top-associated single-nucleotide polymorphism
(SNP) was compared to this null distribution.

To account for how genetically related the population
structure is, a genome-wide genomic relatedness matrix
(GRM) was found using 9,964 quality-passing variants
from the hard-filtered VCF. Principal component analysis
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was then performed, and the top 10 genetic principal
components were used to correct both gene expression
and the values of the genotype before proceeding to
association testing. Principal component 1 explained
18.7% of genetic variation in the 204-strain dataset. All
the reported cis-eQTL results gathered are from this
population-structure-corrected analysis.

Telomere-Independence Test

To test whether the checkpoint gene expression was
independent of the length of the telomere,the genomic
locations of the four target genes were compared to
the published pot-2 telomere-length QTL confidence
interval on chromosome II (12.9 to 15.3 Mb). This
was done to check whether any of the target genes
physically overlapped with the telomere-length region
that was reported by Cook et al. (22). Direct regression
of each gene’s log:-transformed expression level was
then compared with telomere length across the 120
strains with both expression and telomere data. Pearson
correlation and simple linear regression were used to test
whether higher or lower expression of each of the genes
was associated with longer or shorter telomeres.

Oxidative-Stress Vulnerability Modeling

The main analysis used 99 strains that had both
checkpoint gene expression and paraquat response data
(Data Sources and Accession; lower/more negative
values indicate greater oxidative stress sensitivity). Two
models were trained to predict paraquat response using
checkpoint gene expression through four features: the
CPM-normalized, log.-transformed expression values
of mrt-2, hus-1, hpr-17, and atm-1 (Gene Identification,
Transcript Extraction, and Expression Normalization).
These features were not additionally standardized
before model fitting, as all four genes were already on
a common log2-CPM scale following this normalization.
The first was a Ridge regression model (scikit-learn
RidgeCV) with the regularization parameter a selected
by internal cross-validation over 50 log-spaced values
from 1072 to 10° The second was a gradient-boosted
tree ensemble (XGBRegressor) with 100 estimators,
a maximum tree depth of 2, a learning rate of 0.05, a
subsample fraction of 0.8, and a fixed random seed of
42. All the remaining parameters were left at package
defaults. Both these models were evaluated by leave-one-
out cross-validation (LOOCYV), and performance was
assessed using LOOCV R?, mean absolute error (MAE),
and the Pearson correlation between the observed and
LOOCV-predicted values. Model performance was then

compared to a null baseline that predicted the cohort
mean for all strains. Feature attribution for the fitted
XGBoost model was found using Shapley Additive
exPlanations (SHAP) values via the SHAP Explainer
across all 99 training samples. Since the model did
not outperform the null baseline, these values are only
reported as a description of fitted-model behavior and are
not interpreted biologically.

Genotype-based association (exploratory). For each
of the four gene-region cis-windows (£l Mb), all SNPs
passing the MAF > 5% filter were directly tested for
their association with paraquat response using the same
vectorized linear regression and 1,000-permutation
significance threshold as the cis-eQTL analysis. Both
significant hits were then re-tested after applying the
same 10-principal-component kinship correction that was
used in Co-Expression Analysis, with the GRM derived
separately for the 99-strain subset (Principal component
1 = 32.3% variance explained). Finally, significant loci
hits from the hard-filter VCF analysis were re-tested
using the denser imputed VCF (2,919,294 variants) to
determine whether the association signal remained stable
at higher marker density and a finer genomic resolution.

Variant Annotation

Significant SNPs were annotated using the SnpEff
ANN field in the INFO column of the hard-filtered VCF
file. This annotation was used to determine whether each
of the SNPs was located in a gene, the intron, the exon,
or an intergenic region. To identify nearby genes, each
hit position was manually inspected in the WormBase
JBrowse2 genome browser with a 10 kb window around
the SNP.

Per-Strain Expression Comparison vs. N2

To provide descriptive context, the CPM-normalized,
logz-transformed expression of each checkpoint gene
in each of the 207 non-N2 strains were compared to
the corresponding expression value in the N2 reference
strain, and the direction and magnitude of the expression
difference were calculated. Since most of the strains were
represented by only 1-3 biological replicates, per-strain
variance could not be reliably estimated. Additionally,
formal statistical frameworks for differential expression
(e.g., DESeq2, edgeR) requires replicate structure and
experimental metadata (batch assignment per group,
sequencing depth per group) which are not available at
the per-strain level in this reanalysis. This comparison is
therefore reported as a descriptive ranking of expression
differences relative to N2, without a formal statistical
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test or significance threshold. Therefore, the differences
that are reported should not be interpreted as evidence of
statistically significant differential expression.

RESULTS/ANALYSIS

Significant Inter-Strain Expression Variation in
Three of Four Checkpoint Genes

After CPM normalization and low-count filtering
were performed (Gene Identification, Transcript Extrac-
tion, and Expression Normalization), three of the four
candidate genes showed significant expression differences
between strains based on one-way ANOVA (mrt-2: F =
1.92, p = 1.6x1078%; hus-1: F = 1.55, p = 1.2x107%; hpr-17: F
= 2.80, p = 5.8x107"). However, atm-/ did not reach the
statistical significance threshold and was then excluded
from subsequent gene-level interpretation, but kept in
the predictive models for completeness. Broad-sense
heritability estimates indicated that Apr-17 showed the
highest heritable component (H? = 0.381), followed by
mrt-2 (H?* = 0.239), hus-1 (H*> = 0.157), and atm-1 (H?
= 0.032). The three significant genes remained positively
co-expressed across the strains (Spearman r = 0.31 to
0.81; Table 2), which is consistent with coordinated

Inter-strain expression variation in DNA-damage checkpoint genes
(208 wild C. elegans isotypes, CPM-normalized)

n.s.

Expression per strain (log2 CPM + 1)
H
o

oo

o
2 o

mrt-2 hus -1 hpr—17 atm -1

Figure 1. Inter-strain expression distributions of mrt-
2, hus-1, hpr-17, and atm-1 across 208 wild C. elegans
isotypes. Boxes represent the interquartile range (IOR).
The horizontal line within the box indicates the median.
Whiskers extend to 1.5% IQR. The open circles indicate
outlier strains. Expression is shown on the log:(CPM+I)
scale after normalization. Although atm-1 ranks highest by
median expression, it did not show significant inter-strain
variation after normalization (Table 1).

Table 1. Descriptive statistics, one-way ANOVA results, and broad-sense heritability estimates for the four DNA damage
checkpoint genes across 208 wild C. elegans isotypes after performing library-size normalization (counts per million)
and low-count filtering (Gene Identification, Transcript Extraction, and Expression Normalization). Median and CV are
reported on the log: (CPM+1) scale. atm-1 did not reach the threshold for statistical significance after normalization (n.s.
stands for not significant).

Gene N strains Median (log2 CPM) Cv H? ANOVAF ANOVA p
mrt-2 208 4.341 0.053 0.239 1.92 1.6x10°8
hus-1 208 4.216 0.095 0.157 1.55 1.2x10*
hpr-17 208 5.564 0.048 0.381 2.80 5.8x107"
atm-1 208 6.239 0.044 0.032 1.10 0.217 (n.s.)

Table 2. Pairwise Spearman rank correlation coefficients for checkpoint gene expression across the 208 wild C. elegans
isotypes, computed on CPM-normalized, log2-transformed values. All pairwise correlations are positive and statistically
significant (Spearman’s p test, all p < 0.001).

Gene mrt-2 hus-1 hpr-17 atm-1
mrt-2 1.00 0.81 0.79 0.44
hus-1 0.81 1.00 0.70 0.31
hpr-17 0.79 0.70 1.00 0.59
atm-1 0.44 0.31 0.59 1.00
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regulation being important components of the same 9-1-
1 checkpoint complex. Together, these results support
the first hypothesis by demonstrating that three of the
four checkpoint genes exhibit significant, heritable inter-
strain expression variation.

As a descriptive comparison (Variant Annotation),
CPM-normalized expression of each checkpoint gene
in each of the 207 non-N2 strains was ranked by the
magnitude of its difference from the N2 reference
strain. No formal significance testing was performed,

Spearman Correlation of Checkpoint Gene Expression
Across 208 Wild Strains (CPM-normalized)

1.00

0.75

0.50

0.25

hus—1

0.00

Spearman r

hpr—=17 r—0.25
F—0.50

r—0.75

—- —1.00
mrt—2

hus -1 hpr—17 atm-1

Figure 2. Spearman rank correlation heatmap of the
checkpoint gene expression across 208 wild C. elegans
isotypes,  computed using CPM-normalized, log:
-transformed values. All six pairwise correlations are
positive (r = 0.31 to 0.81) and statistically significant,
which is consistent with the coordinated regulation
of genes that are participating in the conserved DDR
pathway. However, atm-1 shows a comparatively weaker
co-expression with the other three genes. The color

intensity indicates the Spearman r value.

given the limited per-strain replicate structure available
in this dataset. BRC20263 and ED3040 consistently
ranked among the strains with the largest positive
differences from N2 across multiple genes, while JU1934
consistently ranked among the strains with the largest
negative differences. These patterns provide descriptive
context, and are not evidence of statistically significant
differential expression.

No Significant Cis-eQTL After Kinship Correction

Cis-eQTL mapping was performed using windows
within 1 Mb on each of the four genes. This analysis
included 204 strains with both expression and genotype
data. After filtering variants containing a minor allele
frequency below 5%, each gene region contained
between 47 to 146 SNPs.

After correcting for population structure using
the top 10 principal components, it was found that no
gene showed a statistically significant local association
between the nearby genetic variants and gene expression.
The permutation p-values were 0.901 for mrt-2, 0.542 for
hus-1, 0.132 for hpr-17, and 0.622 for atm-1. Although
hpr-17 had the lowest p-value and showed the strongest
suggestive signal, it did not reach statistical significance
after permutation correction.

The top nearby SNP for Apr-17 had a kinship-
corrected nominal p-value of 0.0015, which suggests a
possible weak local genetic effect. However, since the
corrected permutation p-value was not significant, this
result should be interpreted only as a trend. Overall,
these findings indicate that the checkpoint gene
expression differences are not explained by common
nearby cis-variants. Instead, the expression differences
could be influenced more by distant regulatory variants,
rare variants that were not included after filtering, and
non-genetic factors. These results do not support the
second hypothesis that checkpoint gene expression is
primarily regulated by common cis-acting variants.

Table 3. Kinship-corrected cis-eQTL mapping results for the four checkpoint genes. Cis-windows are defined as the gene body +1
Mb. SNPs tested reflect variants that pass the MAF > 5% filter. Permutation p-values are based on 1,000 label permutations. There
is no gene that reaches significance after correction (permutation p < 0.05).

Gene SNPs tested Best SNP position Kinship-corr. nominal p Permutation p Significant?
mrt-2 98 111:12,277,604 0.056 0.901 No

hus-1 47 1:4,247,579 0.039 0.542 No
hpr-17 146 11:13,005,950 0.0015 0.132 No (suggestive)
atm-1 47 1:233,628 0.059 0.622 No
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Expression Variation is Independent of Published
Telomere-Length QTL

Direct regression of each gene’s expression was
tested against published TelSeq-derived telomere length
estimates from Cook et al. (22). The results revealed no
significant relationship for any of the genes (mr#-2: r =
=0.112, p = 0.222; hus-1: r = 0.018, p = 0.845; hpr-17: r
= 0.068, p = 0.461; atm-1: r = 0.119, p = 0.195). Notably,
hpr-17 is physically located within the published pot-2
telomere-length QTL confidence interval (chromosome
II, 12.9-15.3 Mb; 22), however, its expression shows
no significant correlation with telomere length. This
indicates that Apr-17 expression variation is not the
mechanism by which the pot-2 locus is able to exert its
effect on telomere length. The other three genes lie on
different chromosomes from the telomere QTL interval
and can be considered independent of that locus because
of their positions not physically overlapping with the

published telomere-length QTL region. These results
do not support the third hypothesis as checkpoint gene
expression does not correlate with telomere length for
any of the four genes.

Checkpoint Gene Expression Does Not Predict
Oxidative Stress Sensitivity

To test whether checkpoint gene expression could
accurately predict oxidative stress vulnerability,
predictive models were trained with the paraquat-induced
developmental impairment set as the outcome. The
99 strains that had both gene expression and paraquat
sensitivity data were used for the analysis. The four input
features were the log.-transformed expression levels of
mrt-2, hus-1, hpr-17, and atm-1.

Neither the Ridge regression model nor the XGBoost
ensemble model showed meaningful predictive
capabilities. The Ridge model explained essentially
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Figure 3. Checkpoint gene expression versus telomere length across the 120 wild C. elegans isotypes with both expression
and telomere data. The dashed line shows a linear regression fit. No gene exhibits a significant relationship (all p > 0.15). The
gene hpr-17 is physically located within the published pot-2 telomere-length QTL confidence interval (chril: 12.9-15.3 Mb),
but it demonstrates no expression and has no telomere correlation.
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no variation in paraquat sensitivity (LOOCV R? =
0.019, MAE = 21.08, Pearson r = 0.147, p = 0.147). The
XGBoost model performed worse than the null baseline
(R* = -0.037, MAE = 21.81, r = 0.197, p = 0.051). A
null baseline model, which predicted the cohort mean
for all strains, gave an MAE of 20.98. Overall, these

results indicate that checkpoint gene expression by itself
is unable to explain the differences in oxidative stress
vulnerability across strains. These results do not support
the fourth hypothesis, as checkpoint gene expression
does not predict oxidative stress sensitivity.

A Ridge (linear) B XGBoost
R2=0.019, corr=0.147 (p=0.147) R2=-0.037, corr=0.197 (p=0.051)
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Figure 4. LOOCYV predicted versus observed paraquat sensitivity for 99 wild C. elegans strains using CPM-normalized
checkpoint gene expression as the predictor variables. The dashed line represents the perfect prediction (y=x). Neither of the
two models exhibited meaningful predictive performance, with Ridge regression explaining little of the variation observed
(LOOCYV R? = 0.019) and XGBoost performing worse than the null model (LOOCV R?> = —0.037). These results show that the
natural variation in checkpoint gene expression is not predictive of paraquat-induced oxidative stress susceptibility across
wild C. elegans strains. Higher values on both axes indicate greater retained body length (relative resistance); lower values
indicate greater developmental impairment (relative sensitivity).
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Figure 5. SHAP feature-attribution values from the fitted XGBoost model across all 99 training strains using CPM-normalized
checkpoint gene expression features. Each point represents one strain, the x-axis shows the SHAP value (impact on model
output), and the color gradient indicates feature value (pink/red = high expression, blue = low expression). hpr-17 exhibits
the highest mean absolute SHAP value. However, because the underlying XGBoost model was unable to outperform the null
baseline (Table 4), these attribution values reflect the behavior of the fitted model rather than act as reliable biological feature
importance. Therefore, these results should not be interpreted as evidence that hpr-17 is a biologically important predictor of
oxidative stress susceptibility.
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Table 4. LOOCYV performance of Ridge regression and XGBoost models predicting paraquat response (N = 99 strains) using CPM-
normalized expression features. Neither model is able to explain meaningful variance relative to a null baseline, which predicted
the cohort mean for all strains. XGBoost hyperparameters match the original raw-count analysis exactly (100 estimators, max

depth of 2, learning rate of 0.05, and seed 42).

Model LOOCYV R? MAE Pearson r p-value Beats null?
Ridge regression 0.019 21.08 0.147 0.147 No
XGBoost —0.037 21.81 0.197 0.051 No
Null (predict mean) — 20.98 — — Reference

Exploratory Genotype Scan Identifies a Robust Locus
Near hpr-17

To test whether local genetic variants, rather than the
checkpoint gene expression levels, were associated with
oxidative stress response, SNPs detected within £1 Mb
of the target gene were tested for their association with
paraquat response. This analysis used 99 strains that had
both the genotype and paraquat phenotype data.

Two of the four gene-region windows showed
significant associations after permutation correction:
the mrt-2 window (strongest SNP at 111:11,013,892,
= 10.87, nominal p = 7.8x107°, permutation p = 0.005)
and the Apr-17 window (strongest SNP at 11:13,787,889,
B = 11.19, nominal p = 1.2x10™, permutation p = 0.016).
For both loci, strains carrying the alternate allele
showed substantially greater resistance to paraquat
than non-carriers, retaining more of their expected
body length under exposure: mean normalized length
residual +21.5 versus —0.2 (mrt-2 window, 36/99
carriers) and +23.5 versus +1.1 (hpr-17 window, 29/99
carriers). Since the phenotype is a control-normalized
length residual in which more negative values indicate
greater developmental impairment (Data Sources and

Accession), the positive effect sizes at both loci (f =
10.87 and 11.19) provide evidence that each additional
alternate-allele dose is associated with higher resistance
rather than increased sensitivity. The hus-I and atm-1
windows showed no significant association (permutation
p =0.237 and 0.991, respectively).

The two significant loci were then re-tested after
applying the same kinship correction used for cis-
eQTL mapping (top 10 Principal Components of an N
= 99 GRM; Principal Component-1 explaining 32.3%
of genetic variance). Both significant associations
remained after the correction: mrt-2 window
(corrected r = 0.287, p = 0.0040); Apr-17 window
(corrected r = 0.356, p = 0.0003). However, the signal
was weaker after the correction, suggesting that a part
of the association may be influenced by the genetic
similarities and relatedness among the strains. Since
the signal did not disappear and was also confirmed
using the denser imputed VCF dataset, the hpr-17
region appears as a promising and robust candidate
locus that is associated with oxidative stress response.
In hus-1 and the atm-1 regions, no significant
associations were identified.

Table 5. Genotype-paraquat response association results for all of the four gene-region cis-windows (£1 Mb, N = 99 strains). p is the
effect size in normalized paraquat length-residual units per alternate-allele dose; positive values indicate that the alternate allele
is associated with greater retained body length, which indicates a greater resistance to paraquat (Data Sources and Accession).
Only windows with a significant permutation p-value in the hard-filter analysis are shown with their full statistics. hus-1 and atm-
1 windows were not significant (permutation p = 0.237 and 0.991, respectively). Kinship correction applied through the top 10
PCs of the genome-wide GRM. Significant loci were subsequently evaluated in the denser imputed VCF with 2,919,294 variants to

evaluate positional consistency. n.s. indicates not significant.

Gene SNPs Uncorrected r Kinship-corr. Imputed best Imputed
) Best SNP p ..
window tested ) r (p) position perm. p
mrt-2 91 111:11,013,892 10.87 0.386 (0.0001) 0.287 (0.0040) 111:10,759,700 0.031
hus-1 42 — — — — — 0.237 (n.s.)
hpr-17 143 11:13,787,889 11.19 0.376 (0.0001) 0.356 (0.0003) 11:13,787,889 0.119
atm-1 37 — — — — — 0.991 (n.s.)

August 2026 Vol. 4 No. 4 American Journal of Student Research www.ajosr.org 781



DNA-Damage Checkpoint Variation and Oxidative Stress in C. elegans

hpr-17 Regional Association Plot: Paraquat Sensitivity
(chrll £1Mb window, N=99 strains, kinship-corrected)
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Figure 6. Regional association plot for the hpr-17 genomic window (chrll £1 Mb, N = 99 strains). Each point represents
one SNP that is tested for association with paraquat response, with —logie(p-value) on the y-axis. The light blue points show
uncorrected association and dark blue points show associations after kinship correction using the top 10 principal components
of the genome-wide genomic relatedness matrix (GRM). The red diamond marks the hit SNP (11:13,787,889; kinship-corrected
r=0.356, p = 3.0%107), which is independently replicated at the identical position inside the imputed VCF when the analysis
was repeated with the denser imputed variant dataset. The dashed horizontal line indicates the permutation-based significance
threshold (empirical p = 0.05, 1,000 label permutations). A small number of additional variants in the window also exceed
this threshold, and because these fall within the same associated interval as the lead SNP and have no functional annotation
that distinguishes them, only the hit SNP is reported and no independent secondary signal is reported. The gene track below
depicts the hpr-17 gene body position, and the red dashed vertical line marks the hit SNP position.

To assess the robustness and genomic localization
of the associations identified, the analysis was repeated
with the denser imputed VCF that contained 2,919,294
variants, providing a substantially greater marker
density compared to the hard-filtered dataset. The
hpr-17 hit replicated at the identical genomic position
(I1:13,787,889; permutation p = 0.119 in the imputed
analysis), confirming its positional stability across
variant sets separated by an approximately 85-fold
increase in marker density inside the tested window (143
versus 12,166 variants). The nominal p-value and effect
size were also unchanged (p = 11.19). However, the mrt-2
hit did not replicate at the original position under fine-
mapping. The strongest SNP shifted 254 kb away to

position 111:10,759,700 (permutation p = 0.031), placing it
987 kb from the mrt-2 gene body, near the outer edge of
the tested window. This shift results in the mrz-2 signal
being less convincing as a precisely localized local
association.

SnpEff functional annotation of the original hard-
filter hit positions showed that the mrt-2-window SNP
(I11:11,013,892) is an intronic variant located within an
uncharacterized gene (WBGene00012967; Y48A6B.6).
The hpr-17-window hit (I11:13,787,889) did not have any
transcript-level annotation, which is consistent with its
location in a gene-sparse intergenic region. No nearby
annotated gene containing a known DNA damage
response or oxidative stress function was found at either
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position.

Overall, the locus near the hpr-17 gene was the
strongest candidate signal discovered in this study
because it survived kinship correction, appeared at the
same genomic position in the denser, imputed dataset,
and lies within the same broader genomic region, making
hpr-17 a compelling candidate for follow-up research.
Since hpr-17 also showed the highest expression
heritability and a suggestive cis-eQTL trend, this region
may be a biologically relevant candidate to investigate in
future studies.

DISCUSSION

This study used population-scale genomic and
transcriptomic data from 208 wild C. elegans isotypes
to investigate whether natural variation in four highly
conserved 9-1-1 DNA damage checkpoint genes: mrt-
2, hus-1, hpr-17, and atm-1, predicts oxidative stress
vulnerability in relation to neurodegeneration and ALS
pathology. The findings support the first hypothesis:
checkpoint gene expression varies significantly for three
of the four genes and has a modest heritable component.
However, the second, third, and fourth hypotheses were
not supported, as gene expression was not explained by
local genetic variants, did not correlate with telomere
length, and did not meaningfully predict inter-strain
differences in oxidative stress sensitivity. Instead, an
exploratory genotype-level association analysis identified
a genomic region near Apr-17 that remained associated
with paraquat response after population-structure
correction and exhibited positional stability when
tested with a much denser imputed variant dataset. This
represents the strongest and most novel finding in this
study. Together, these results suggest that the mechanism
linking natural checkpoint gene variation to stress
vulnerability functions through coding or regulatory
variants that affect protein function rather than through
bulk transcriptional output, and identifies Apr-17 as the
highest-priority gene for future investigation.

Expression Variation Without Cis-Genetic Drivers
Three of the four checkpoint genes (mrt-2, hus-1,
and Apr-17) exhibit significant inter-strain expression
variation, with ANOVA p-values being well below 0.01,
and broad-sense heritability estimates ranging from
H? = 0.157 to 0.381. atm-I did not show significant
inter-strain variation after CPM normalization (H?> =
0.032), which suggests that its apparent significance
under raw-count analysis was driven by sequencing-

depth artifacts rather than genuine variation in a
biological context; specifically, the failure mode that this
reanalysis was designed to detect. This establishes that
variation in the remaining three genes is not technical
noise, but reflects a detectable genetic component that
contributes to expression differences across strains.
However, the absence of any significant cis-eQTL after
kinship correction indicates that common local DNA
variants are unable to explain this heritable component.
The pattern identified, heritable expression variation
without a local genetic driver, is common in population
transcriptomics. Trans-regulatory variation (distal loci
affecting expression of multiple genes simultaneously)
frequently accounts for a larger proportion of expression
heritability than cis-variation in C. elegans wild isolates,
as consistent with the results in the original Zhang et
al. study from which the expression dataset used in this
study was obtained (23).

The strong positive co-expression among mrt-2, hus-
1, and hpr-17 (Spearman r = 0.70 to 0.81; Table 2) further
supports the idea that these genes may be regulated by
shared upstream mechanisms or coordinated processes
on the pathway level rather than by independent cis-
regulatory variants at each locus. In contrast, co-
expression involving atm-I was much weaker (r = 0.31—
0.59), consistent with its lack of significant inter-strain
variation. Future trans-eQTL mapping across the full
genome would be required to identify the specific distant
loci driving this coordinated expression variation.

The heritability estimates for the three significant
genes (H?> = 0.157 to 0.381) also help explain why
expression-based prediction of paraquat sensitivity
was weak. With only 16-38% of expression variance
in these genes attributable to stable genetic differences
among strains, the remaining variance likely reflects a
combination of environment, technical, and stochastic
biological factors that were not genetically determined
in this dataset. The poor predictive performance of the
expression-based models is therefore more consistent
with the limited predictive signal in the expression data
available, rather than with deficiencies in the specific
modeling methods used.

Expression Independence from Telomere-Length
Variation

The finding that checkpoint gene expression does not
correlate with telomere length is especially informative
for hpr-17, which is physically located within the
published pot-2 telomere-length QTL confidence interval
(22). This positional overlap could have suggested
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that Apr-17 expression mediates the effect of the pot-2
locus on telomere length. However, the absence of any
association between hpr-17 expression and telomere
length does not support this hypothesis. The pot-2 locus
was previously demonstrated to act through a specific
coding variant (F68I in the OB-fold domain of POT-2),
not through transcriptional variation (22). The expression
analysis conducted is consistent with this mechanism,
as the telomere QTL appears to function at the protein
level rather than through altered /pr-17 or nearby-gene
expression. This result also reinforces a broader point that
was established by Cook et al. (22), that telomere-length
variation in wild C. elegans does not correlate with
fitness traits such as offspring production or longevity of
the nematodes, and should therefore not be assumed to be
a substitute for general genomic instability or organismal
stress resistance in the nematodes. This study extends
this observation by providing further evidence that
checkpoint gene expression, the transcriptional output
of the pathway that controls telomere maintenance, is
equally uncorrelated with telomere length across strains.

Genotype Rather Than Expression Predicts Oxidative
Stress Response

The contrast between the negative expression-based
prediction results and the stronger genotype-based
association near Apr-17 is one of the major findings of
this study. Baseline checkpoint gene expression alone
was unable to meaningfully predict paraquat response,
with expression-based models showing little to no
predictive capabilities. In contrast, the genotype-based
association analysis identified a local variant near Apr-
17 that remained associated with paraquat response after
correction for population structure. Notably, the direction
of this association provides evidence that the alternate
allele could help worms resist paraquat damage, making
it a possible natural resistance variant.

These two findings are not contradictory to each other.
Expression level reflects the steady-state transcriptional
output of a gene that is averaged across tissues and
developmental stages in whole-animal RNA-seq,
therefore, it could miss detecting functional differences
that occur only in specific cell types, at certain times, or
after stress exposure. A genetic variant could also affect
stress response by altering protein functions, splicing,
or local regulation without resulting in a large change in
the overall transcript abundance. In that case, the variant
would only be detectable in a genotype-based association
test but undetectable in an expression-based prediction
model.

The hpr-17 region results are consistent with this
interpretation. The association found appears to reflect a
local genetic variant or a nearby linked variant, instead
of a difference in Apr-17 transcript abundance itself.
This pattern is also consistent with past findings in
human genetics, where disease-associated variants are
often not aligned with cis-eQTL signals for the gene
that is closest to it (25). Instead, they may act through
other mechanisms such as protein function, alternative
splicing, cell-type-specific regulation, or stress-
dependent effects that are unable to be captured by bulk
RNA-seq. Overall, these results indicate that natural
checkpoint gene variation in C. elegans can influence
oxidative stress response through local genetic effects
rather than only through baseline expression level.

The hpr-17-Region Locus: Robustness and Limitations

The hpr-17-region finding satisfies several criteria
corroborated in similar, past experiments, supporting
its robustness. The association remained significant
after kinship correction for population structure, it
independently replicated at the exact same genomic
position  (I1:13,787,889) when retested with an
approximately 100-fold denser genome-wide (2,919,294
versus 29,192 variants), and it is consistent with Apr-
17°s elevated heritability and suggestive cis-eQTL
signal across independent analyses. The convergence
of hpr-17 across multiple methods of analysis, the
highest heritability (Significant Inter-Strain Expression
Variation in Three of Four Checkpoint Genes), the
strongest cis-eQTL suggestive signal (No Significant
Cis-eQTL After Kinship Correction), physical location
within the telomere QTL interval (Expression Variation
is Independent of Published Telomere-Length QTL),
and the only robustly replicated genotype-paraquat hit
(Exploratory Genotype Scan Identifies a Robust Locus
Near hpr-17), is unlikely to be a result of coincidence and
suggests that the Apr-17 region is a compelling candidate
that should be prioritized for future research.

However, there are several important limitations.
First, the hit SNP (11:13,787,889) falls around 634 kb
from the Apr-17 gene body itself, in an intergenic region
that is sparse in genes, includes no transcript-level
annotation, and no nearby gene with an established DDR
or oxidative-stress function. Therefore, the current data
are unable to confirm whether the SNP tags a causal
variant in or near Apr-17 through linkage disequilibrium,
which can be extensive in C. elegans wild isolates, or
whether it only represents a distinct nearby locus that
does not directly relate to hpr-17.

August 2026  Vol. 4 No. 4 American Journal of Student Research www.ajosr.org 784



DNA-Damage Checkpoint Variation and Oxidative Stress in C. elegans

Second, while the association survived the principal-
component-based kinship correction applied here, a full
linear mixed model (as implemented in cegwas2/rrBLUP)
would provide a more rigorous correction and should be
applied in follow-up studies. Third, there was no second
independent stress phenotype available for replication in
this dataset. If there were a second CaeNDR trait that
corroborates the same genomic region, the claim would
be strengthened greatly. Fourth, the sample size of 99
isolates is modest for a genetic association study, and
the effect sizes reported here (r = 0.36 after correction)
should be interpreted as an approximation until the
results are reproduced in a larger panel of strains.

In contrast, the mrt-2-region association should be
evaluated with more caution: its best-associated position
shifted 254 kb under fine-mapping with the imputed
VCF and now sits 987 kb from the mrt-2 gene, at the
outer boundary of the tested window. This positional
instability suggests that the original signal could reflect
residual population structure, a distal unrelated locus,
or a less precisely localized association rather than an
actual local mr¢-2 proximal effect.

Implications for ALS and DDR Biology

These results reframe the relationship between
checkpoint gene variation and ALS-relevant stress
biology in C. elegans. The original hypothesis, that
checkpoint gene expression level has the capabilities
to predict proteotoxic or oxidative stress sensitivity
analogous to what TDP-1/FUST-1 dysfunction causes in
previously established ALS models, was not supported
by the study. This suggests that the link between DDR
checkpoint variation and neuronal vulnerability, if it
exists, is not mediated through a simple expression-level
mechanism that could be detected in whole-animal bulk
RNA-seq. This is corroborated by biological evidence,
as motor neurons and germline cells, the tissues most
relevant to ALS and the Mrt phenotype, respectively,
represent a small fraction of the whole-organism
transcriptome, and tissue-specific effects are weakened
in this type of data.

The hpr-17-region genotype finding provides
a more specific and testable hypothesis for future
studies: that a coding or regulatory variant near hpr-17
controls oxidative stress tolerance, potentially through
methods such as altered RADI17 clamp-loader function,
checkpoint activation threshold, or an entirely separate
biological mechanism in an uncharacterized gene nearby.
The link between checkpoint gene biology and ALS-
protein toxicity is supported by prior work showing

that TDP-43/FUS interactomes are altered by DNA
damage (26), loss of tdp-1 increases the sensitivity of C.
elegans to oxidative stress, and that checkpoint-deficient
strains show temperature-sensitive fertility and genome-
stability phenotypes that parallel the stress-sensitization
seen in tdp-1/fust-1 mutants (16, 20, 21). This study adds
a new population genetics perspective by identifying a
reproducible candidate genomic region near hpr-17 for
future investigation.

CONCLUSION

This study provides the first population-scale
characterization of natural variation in 9-1-1 DDR gene
expression and genotype across 208 wild C. elegans
isotypes, testing whether this variation predicts oxidative
stress vulnerability as an indicator of ALS-relevant
neuronal sensitivity. Three of the four genes studied:
mrt-2, hus-1, and hpr-17, showed significant, heritable
inter-strain  expression variation with positive co-
expression across the panel (Spearman r = 0.31-0.81).
The gene atm-I did not show significant inter-strain
variation after normalization for sequencing depth.
No significant cis-eQTL was detected after kinship
correction, and expression level did not predict paraquat-
induced oxidative stress sensitivity in either the Ridge
regression or XGBoost models (LOOCV R? = 0). These
results indicate that bulk transcriptional variation in
checkpoint genes is not the primary process through
which natural DDR genetic diversity is able to influence
stress outcomes. However, an exploratory genotype-level
scan identified a locus near Apr-17 whose association
with paraquat response survived kinship correction
(r = 0.356, p = 0.0003) and independently replicated
at the identical genomic position under fine-mapping
with a 100-fold denser imputed variant set. Convergent
evidence across four independent analyses consistently
implicates hpr-17 as the highest-priority candidate for
follow-up studies, and this work establishes a foundation
for future fine-mapping, tissue-specific expression
profiling, and transgenic validation to determine whether
natural checkpoint gene variation directly influences
neurodegeneration-relevant stress biology in C. elegans
and possibly humans.

Several future projects would directly test and
potentially strengthen the conclusions of this study. Fine-
mapping of the hpr-17-region locus: using additional
variants, higher-resolution phenotyping, or conditional
analysis, would help localize the causal variant and
identify the responsible gene. Testing the association
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with a second independent stress phenotype available
in CaeNDR (e.g., heat-stress or juglone-sensitivity
traits) would provide independent replication evidence.
Introducing top candidate strains by /Apr-I7-region
genotype into established 7DP-43/FUS transgenic
backgrounds would directly test whether the genomic
region identified here contributes to ALS-protein-
driven neurodegeneration in a whole-organism system,
which can be potentially aided by CRISPR/Cas9-based
allele editing (27). Finally, single-cell RNA-seq across
representative  strains would allow tissue-specific
expression quantification, which has the potential to
reveal neuron or germline-specific expression differences
that are not observable in bulk whole-animal data.
Together, these further studies would extend the current
study’s statistical findings toward direct relevance to the
biology and mechanisms underlying ALS.
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