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Abstract

Alzheimer's disease (AD) is a neurodegenerative disorder representing a major burden on families and society. Some of the main pathological
hallmarks of AD are the accumulation of amyloid plaques (AB) and tau neurofibrillary tangles. However, it is still unclear how AR and tau
aggregates promote specific phenotypic outcomes and lead to excessive oxidative DNA damage, neuronal cell death and eventually to loss
of memory. Here we utilized a Caenorhabditis elegans (C. elegans) model of human tauopathy to investigate the role of DNA glycosylases in
disease development and progression. Transgenic nematodes expressing a pro-aggregate form of tau displayed altered mitochondrial content,
decreased lifespan, and cognitive dysfunction. Genetic ablation of either of the two DNA glycosylases found in C. elegans, NTH-1 and UNG-1,
improved mitochondrial function, lifespan, and memory impairment. NTH-1 depletion resulted in a dramatic increase of differentially expressed
genes, which was not apparent in UNG-1 deficient nematodes. Our findings clearly show that in addition to its enzymatic activity, NTH-1 has
non-canonical functions highlighting its modulation as a potential therapeutic intervention to tackle tau-mediated pathology.
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Introduction

Alzheimer’s disease (AD) is a progressive neurological disor-
der, characterized by AB plaques and neurofibrillary tau tan-
gle formation (1). The loss of synapses and synaptic plasticity
in AD is directly related to cognitive decline. The major risk
factors associated with AD include aging, genomic stress, and
mitochondrial dysfunction (1-3). The post mitotic neuronal
cells are more sensitive to oxidative stress, which is induced by
the elevated production of reactive oxygen species (ROS) (2).
Age-related oxidative stress exhibits a proportional increase
and is concomitant with mitochondrial impairments. Notably,
the brain affected by AD also manifests increased levels of
ROS, which actively contributes to the pathophysiology of
AD (2,4). Recently, it was demonstrated that the disruption of
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genome organization and stability by persistent DNA double-
strand breaks promotes the progression of neurodegenerative
diseases (5). However, the exact cause of age-associated ge-
nomic stress in AD remains elusive.

Base excision repair (BER) is a major DNA repair path-
way, which alleviates both endogenous and exogenous oxida-
tive DNA damage. The BER pathway is critical for genome
stability and human health. It is initiated by the recognition
and removal of the damaged DNA base by a DNA glycosy-
lase. This is followed by incision of the abasic site, replace-
ment and/or synthesis of the missing nucleotide(s), end pro-
cessing, and finally ligation of the nick (6). Previously, it was
shown by us, and others, that there are significant BER de-
ficiencies in AD patients due to limited DNA base damage
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processing by DNA glycosylases and reduced DNA synthe-
sis capacity by DNA polymerase B (7-9). Additionally, defi-
ciency of DNA polymerase {3, a crucial enzyme in the base
excision repair (BER) pathway, not only leads to neurodegen-
eration, but also exacerbates AD pathological features (10).
Thus, deficiencies in BER pathway proteins may worsen the
AD pathology. On the contrary, several reports suggest a po-
tential beneficial impact of BER pathway deficits. Indeed, a
study revealed that mice deficient in alkyladenine-DNA gly-
cosylase (AAG) were protected from alkylating agent-induced
DNA damage (11). Further supporting this notion, a recent
study by SenGupta et al. using C. elegans demonstrated that
deficiency of NTH-1 promotes neuroprotection in a nematode
model of Parkinson’s disease (12). Consequently, understand-
ing the role of BER imbalance on neurological function and
animal behaviour presents a challenging and important task.

C. elegans, a simple model organism, is extensively utilized
in studies that focus on DNA damage response, human ag-
ing, and pathological conditions such as neurodegenerative
disorders (13). Several biological processes, including devel-
opment, neuronal function, behaviour, and aging, exhibit sim-
ilarities between humans and nematodes (14). In the context
of Alzheimer’s disease (AD) research, C. elegans models have
been widely employed due to their ability to mimic the mem-
ory loss observed in human patients (15). The short lifespan
and well-defined physiology of C. elegans facilitates it as a ver-
satile model system for investigating lifespan, cognitive func-
tion, and mitochondrial metabolism (13,14). Notably, the C.
elegans genome encodes only two DNA glycosylases, in con-
trast to mammalian cells which have 11 DNA glycosylases
(12). Consequently, C. elegans serves as a suitable model for
investigating the impact of DNA glycosylase deficiencies in
a tauopathy nematode model. The two glycosylases in C. el-
egans are UNG-1 and NTH-1. UNG-1 is a monofunctional
DNA glycosylase while NTH-1 is a bifunctional DNA glyco-
sylase, which excises oxidized DNA bases and incises the DNA
phosphodiester backbone 3’ to the AP site. It is worth noting
that NTH-1 is located in both the nucleus and mitochondria.
NTH-1 deficient animals display normal life span, embryonic
viability, and brood size (16-18).

Here, we investigated the role of DNA glycosylases on lifes-
pan and health span in a tauopathy C. elegans model. We
demonstrate that incomplete repair and gradual accumula-
tion of endogenous DNA base damage through DNA glyco-
sylase initiated BER, generates genomic stress during aging.
The observed improvements in AD pathological features and
enhanced mitochondrial activity in DNA glycosylase deficient
nematodes suggest that BER imbalance may exert modulatory
effects on neurodegeneration and AD pathophysiology.

Materials and methods

C. elegans strains

Standard C. elegans strain maintenance procedures were
followed. The nematode rearing temperature was 22°C for
UNG-1 strains and 20°C for NTH-1 related strains based
on our previous experiences with these models (19). The fol-
lowing strains were used in this study: N2: wild-type Bristol
isolate (herein called ‘N2’), GRU102: gnals2 [pyyo-2YFP;
Punc-i19Abetary],  nth-1(0k724);  gnals2  [pPyyo-2 YFP;
Punc-119Abetar ], EVL1372: [h1s84 [p,4.r.13POTau::GFP],
nth-1(0k724); 1h1s84 [p,ger.1 3POTau::GFP], ung-1(0k3593);
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Ih1s84 [p,ger-1 3POTau::GFP], PHX10: N2; Ex10[pjuyo-3 UNG-
1::mCherry; pRF4], BRS5270: byls161[p,.,-3F3AK280;
Pmyo-2mCherry]  (herein  called ‘BR5270°), BRS5271:
byIs162[p,u5F3AK280(1277P)(1308P);  pyyoomCherry]
(herein called ‘BR5271’), RB2581: ung-1(0k3593)III (herein
called ‘UNG-1°), RB877: nth-1(ok724)II1 (herein called
‘NTH-1’). Strains BR5270, BR5271, UNG-1 and NTH-1
were outcrossed for 6 generations into N2. Further, the out-
crossed BR5270, BR5271 strains were crossed with UNG-1
and NTH-1 to get homozygote UNG-1;BR5270, UNG-1;
BR5271,NTH-1;BR5270 and NTH-1;BR5271. These strains
were maintained in 35-mm Petri dishes with NGM-agar
seeded with Escherichia coli OP50 (an uracil-requiring
mutant).

C. elegans brood size and embryonic viability
assays

Individual late L4 staged worms were incubated in six sepa-
rate OP50 seeded NGM plates at 20, or 22°C overnight. The
next day, the worms were removed, and the number of eggs
laid were counted. Then, 24h later the number of unhatched
eggs were counted to access viability of these eggs.

Locomotion assays

10-15ul of M9 buffer were pipetted onto a glass slide, and
individual worms were picked into the M9. Body bends were
counted for 20s, with a complete left-right motion constituting
each body bend. 10 worms were assayed per strain, and body
bends for each worm were counted twice and averaged.

In order to get in-depth understanding of locomotion de-
fect, NTH1-related worm locomotion was recorded by the
Wormlab software (MBF Bioscience) on OP50 seeded NGM
plate and captured at 15 frames per second rate. Synchronized
day 1 worms were recorded for 1min and the per frame move-
ment data was exported to excel and movement velocity was
evaluated by measuring the distance each worm moved and
graph was plotted using GraphPad Prism software.

Memory assays

Chemotaxis to volatile compounds was performed at room
temperature, on 9cm agar plates as described previously
(20). The chemotaxis index was calculated by subtracting
the number of animals found at the trap from the num-
ber of animals at the source of the chemical, divided by the
total number of animals subjected to the assay (20). The
resulting values were expressed as percentiles. For condi-
tioning to isoamyl alcohol, a droplet of Sul isoamyl alco-
hol was placed on the lid of a conditioning non-bacterial
seeded nematode growth medium plate. Animals were con-
ditioned to isoamyl alcohol for 90 min. Both naive and condi-
tioned animals were exposed for 90min to isoamyl alcohol
(IAA) (gradient sources: isoamyl alcohol, 1:100 dilution in
water). One-day-old and three-day-old adult hermaphrodites
were used in the behavioural assays. 3—4 biological experi-
ments, with 100-300 adults (for each strain) were scored per
assay.

C. elegans lifespan assays

Lifespan assays were conducted at either 22°C (UNG-1 set) or
20°C (NTH-1 set). A total of 100 worms were counted every
day and transferred to freshly seeded NGM-OPS50 plates for 1
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week, then every other day after that. Worms that desiccated
on the side of the plate, bagged from internal hatching, had
vulvar ruptures, or were otherwise missing were censored. For
each lifespan assay, 100 worms per condition were divided
evenly among five plates (>20 worms/plate) unless otherwise
noted. Lifespan was analysed and graphed using a Kaplan-
Meier plot in GraphPad prism.

For lifespan assays with treatments, drugs were prepared
fresh and applied in small volumes (100ul) to achieve indi-
cated concentration with respect to total media volume. Plates
were overlaid with desired drug solution concentrations and
allowed to reach equilibrium with total media for 30min—
1h. For menadione, worms were transferred to fresh drug-
equilibrated plates daily until their death. For cisplatin treat-
ment, L4 stage worms were treated with cisplatin for 24h and
then worms were transferred to fresh plates daily till the end
of their life span. Menadione (1ImM) and cisplatin (60pg/ml)
concentrations were selected based on previously reported as-
says (21,22). In UV treatments, synchronized late L4 stage C.
elegans strains worms were subjected to 75]/m? dose UVC on
unseeded 35mm plate and were transferred to seeded plates
after UVC treatment and scored, as described above.

RNA isolation and RNAseq data analysis

Each synchronized strain of C. elegans was grown on three
35mm NGM plates and harvested together as single data-
point for RNA isolation at day 1 stage of the life cycle. Worms
were collected from plates and washed with M9 buffer 5 times
through gravity. Approximately, 5000 worms per genotype
were collected. Total RNA was extracted using RNeasy RNA
extraction kits (Qiagen) and RNA integrity was measured by
the RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 sys-
tem (Agilent Technologies, CA, USA). cDNA library fragments
were purified with AMPure XP system (Beckman Coulter, Bev-
erly, USA) and quality was assessed on the Agilent Bioan-
alyzer 2100 system. The clustering of the samples was per-
formed on a cBot Cluster Generation System using TruSeq PE
Cluster Kit v3-cBot-HS (Illumia) according to the manufac-
turer’s instructions. The library preparations were sequenced
on an [llumina Novaseq platform and 150 bp paired-end reads
were generated. RNAseq reads were mapped to the C. ele-
gans genome (WBcel235, Ensembl annotation) using HISAT2
(23). Raw read counts were normalized and subjected to dif-
ferential expression analysis using the EdgeR library by Novo-
gene, USA. The statistical model used to calculate P-values
employed the negative binomial distribution method and the
Benjamini-Hochberg multiple hypothesis test corrections was
used to obtain false discovery rates. Differentially expressed
genes were determined by comparison to each glycosylase co-
hort’s N2 control worms, since the glycosylase strains were
cultured differently. The set of significantly differentially ex-
pressed genes were those which had counts >100, an absolute
value log, fold-change >1 and adj-P-value <0.05. The col-
lected genes were subjected to enrichment analysis using the
site at Wormbase, https://wormbase.org/tools/enrichment/tea/
tea.cgi/ (24,25).

Real-time quantitative PCR

Total RNA was prepared from frozen worm pellets of the
indicated genetic background, using Nucleozol (Macherey-
Nagel). Three populations of 150-200 worms were harvested
at day 1 of adulthood and analysed independently in each
experiment. Quality and quantity of RNA samples were
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determined using BioTek Cytation 5 reader (Agilent). Reverse
transcription was carried out with iScipt RT ¢cDNA Synthesis
KIT (Bio-Rad) and quantitative PCR was performed using
KAPA SYBR FAST Universal Kit (Kapa Biosystems) in the
QuantStudio 5 Real-Time PCR system (Applied Biosystems).
Relative amounts of mRNA were determined using the com-
parative Ct method for quantification and each sample was
independently normalized to its endogenous reference gene
(ama-1). Gene expression data are presented as the mean fold
change + SEM of all biological replicates relative to the indi-
cated control. Statistical analysis was performed as indicated
on each occasion. Primer sequences used for qRT-PCR are
as follows: ama-1_FW: 5'-GCTATGGTGCCGAGACAAC-3’
/ ama-1_RV: 5-CCAGGAATGATAAGCGAGAAGAC-3',
rmh-2_FW: 5'-TCAAAAGAAACAATGCCCACCTTC-
3/ rmh-2_ RV: 5-CGATTGGTCATTCGCCGATTC-3',
cin-4_FW: 5-CTTCCAAGCTGAAGGGCATC-3 / cin-
4 RV:  §5-GCACTATCGGCGATTTGATTCAC-3/,  rfs-
1_FW:  5-GAGCTTCAGGATTCTTTAACTCG-3,  rfs-
1_RV: 5'-CCACGCCAGTGTGTAATGTG-3’, NTH-1_FW:
5'-CTAATCGACTCGGCTGGATC-3’ / NTH-1_RV: 5'-
GAAGTCTCTTCAGTCTCGCTC-3', UNG-1_FW:  5'-
GGGAGGATTTGCTCATAAGAAGG-3 / UNG-1_RV:
5-TCGGGTTTCGACCGGAATTTTC-3'.

Comparison with human and mouse data from
Grubman et al. (26) and Ali et al. (27)

Gene set enrichment analysis pathways from BR5270 ver-
sus N2 were compared with pathways from single cell gene
set enrichment analysis from the human entorhinal cortex
AD versus control samples (from Figure 1 (26)). Out of the
314-consensus set of DE genes in BR5270, 305 could be
mapped to the human and mouse genomes using Worm-
base tool (https://wormbase.org//tools/mine/simplemine.cgi)
and Biomart (biomart.genenames.org). Differential gene ex-
pression results between human AD and controls were ob-
tained from pooling the single cell data from all cells from
Grubman et al. (26). Grubman defined DE genes as having an
FDR <0.01 and absolute log fold change greater than 0.5. We
defined DE genes as stated above. The DE gene list from Ali
et al. was derived from Ali et al (27) Supplementary Table S1
clusters and marker genes of Tg2576 Ad mice versus controls
and based on an FDR <0.05 and log, fold-change of 10.5l.

Immunohistochemistry and TUNEL assay

Day 1 synchronized strains of C. elegans were washed with
M9 buffer followed by milliQ water twice. Animals were
fixed on polylysin-coated slides (Thermo Scientific), and freeze
cracked using a coverslip on dry ice block. Worm slides were
fixed in acetone and methanol in 1:1 ratio for 10min at
— 20°C, washed in PBS-T (1 x PBS, 0.1% Tween-20) for 5
min, followed by 30min blocking in PBS-TB (1 x PBS, 0.1%
Tween-20, 0.5% BSA). For 8-0x0-dG staining, slides were in-
cubated with 8-0x0-dG antibody (1:200) overnight at 4°C.
The next day slides were washed three times for 10min in
PBS-T and then incubated with the secondary antibody (Alexa
Fluor 555-conjugated anti-mouse; 1:1500) at room tempera-
ture for 2h. Slides were mounted with prolong gold with DAPI.
For TUNEL assay, fixed worm slides were permeabilized by
proteinase K from the kit, followed by TdT and click-iT reac-
tion as instructed in the user guide. Click-iT® Plus TUNEL As-
say kit (Invitrogen) was used to perform TUNEL assay. Slides
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Figure 1. Loss of DNA glycosylases rescues brood size deficiency in AD worm. Brood size of day 1 adult worm (A) wild type (N2), UNG-1, BR5270,
UNG-1;BR5270, BR5271 and UNG-1;BR5271 and (B) N2, NTH-1, BR5270, NTH-1;BR5270, BR5271 and NTH-1;BR5271 (n = 3-5 worms for each
replicate). Egg viability was measured 24h after brood size in (C) N2, UNG-1, BR5270, UNG-1;BR5270, BR5271 and UNG-1;BR5271 and (D) N2, NTH-1,
BR5270, NTH-1;BR5270, BR5271 and NTH-1;BR5271 worms. Brood size and viability statistical analyses were performed by one-way ANOVA followed
by Tukey's multiple comparison test. Data showing £ SEM, %P < 0.05, %P < 0.01, s*xP < 0.001 and s**xP < 0.0001. Three biological replicates were

performed.

were observed by Zeiss 980 LSM with Airyscan 2 confocal
microscope and analysed for fluorescence.

Mitochondrial potential staining

Worms were incubated on OP50 seeded NGM plates with
200nM tetramethylrhodamine ethyl ester (TMRE) overnight.
After overnight staining, the animals were washed with M9
buffer and transferred into a fresh NGM-OP50 plate for 90
min. Thereafter, worms were washed 3-5 times with M9
buffer to remove residual bacteria and placed into an un-
seeded plate. Worms were picked onto glass slides with a
3-5% agarose pad and immobilized by 50mM levamisole
before mounting. Glass slides were observed by Zeiss 980
LSM with Airyscan 2 confocal microscope and analysed for
fluorescence. As BR5270 and BR5271 have mCherry ex-
pression in the head region and have overlapping fluores-
cence with TMRE, the lower part of the worm body (below
vulva) was scored for TMRE intensity in all strains, to remain
consistent.

Statistical analysis

All statistical analyses were performed in GraphPad prism
software as indicated. Brood size and viability statistical
analyses were performed by one-way ANOVA followed by
Tukey’s multiple comparison test. Lifespan statistical analy-
ses were performed on Kaplan—Meier survival curves by Lo-
grank (Mantel-Cox) tests (Supplementary Table S1). Chemo-
taxis data was analysed by two-way ANOVA followed by
Tukey’s multiple comparison test. Unpaired #-test was used to
analyse 8-ox0-dG foci and TUNEL positive cells.

Results

Loss of DNA glycosylases improves brood size and
lifespan of the tauopathy nematode model

DNA glycosylases play important roles in cell biology. Since
C. elegans only has two glycosylases, NTH-1 and UNG-1, we
examined their importance on tau-related pathology. While
AR pathology precedes tau, it is currently appreciated that
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tau deregulation is the driving force of cognitive dysfunc-
tion (28,29). Thus, understanding how DNA glycosylases are
associated with tau-related pathology is particularly impor-
tant. To examine the role of BER DNA glycosylases on tau-
pathology, we utilized the tauopathy worm models BR5270
and BR5271, which pan-neuronally express the tau-aggregate
F3AK280 and the anti-tau-aggregate fragments respectively,
and thus BR5270 is the AD model and BR5271 its control
(30). We first checked brood size and egg viability of the DNA
glycosylase deficient worms. BR5270 nematodes displayed re-
duced brood size, and both UNG-1 and NTH-1 depletion res-
cued this defect (Figure 1A and B). Moreover, BR5270 ani-
mals displayed a delayed development compared to UNG-1
or NTH-1 deficient BR5270 nematodes. Notably, we did not
detect any alteration in the brood size of BR5271, UNG-1 or
NTH-1 deficient nematodes as compared to wild type (N2)
animals (Figure 1A and B). Finally, we did not observe any
defects in embryo viability (Figure 1C and D).

Lifespan assays were conducted to evaluate the effect of
DNA glycosylase ablation on organismal physiology, AD fea-
tures and survival (Figure 2 and Supplementary Table S1).
We did not observe any differences in the median or max-
imum lifespan of UNG-1 (median lifespan 14 days) and/or
NTH-1 deficient nematodes (median lifespan 20 days) com-
pared to their wild type counterparts (14 and 20 days respec-
tively) (Figure 2A-D and Supplementary Table S1). However,
we observed reduced lifespan of BR5270 worms (median lifes-
pan 10 for UNG-1 set and 15 days for NTH-1 set) (Figure
2G and H). Previous studies have shown that tau-expressing
worms (BR5270) display impaired energy metabolism, re-
duced lifespan, and cognitive dysfunction (30,31). Interest-
ingly, genetic ablation of UNG-1 or NTH-1 significantly im-
proved the lifespan of tau-expressing nematodes (median lifes-
pan 12 for UNG-1 set and 19 days for NTH-1 set) (Figure 2G
and H). Taken together, our results suggest that both UNG-1
and NTH-1 DNA glycosylases contribute to tau-induced neu-
rotoxicity affecting development and lifespan.

Loss of DNA glycosylases improves neuroplasticity
in the tauopathy model

To assess whether loss of DNA glycosylases affect motor neu-
ron activity, we first examined the locomotion rate in the re-
spective genetic backgrounds (Figure 3A and B). Notably, nei-
ther UNG-1 nor NTH-1 depletion affected locomotion (Fig-
ure 3A and B). Moreover, tau-expressing nematodes displayed
unaltered locomotion even upon UNG-1 and NTH-1 genetic
ablation (Figure 3A and B). These results indicate that these
animals do not have any intrinsic movement defects and can
be used for chemotaxis assay to check their neuroplasticity.
Gradual cognitive and olfactory dysfunction are features
seen in AD patients (32-34). Thus, we used an aversive ol-
factory learning chemotaxis assay to assess memory perfor-
mance in the nematode model of tauopathy. In naive condi-
tions, worms move towards the taste cue (isoamyl alcohol -
TIAA) and we then associated this taste cue with starvation
(35). If the worms have good memory, they avoid this cue and
show a negative chemotaxis index as observed in the case of
wild type (N2) animals (Figure 3C and D). Neither UNG-1 nor
NTH-1 deficient worms presented any memory defect. On the
contrary, the tau-expressing BR5270 nematodes displayed se-
vere cognitive impairment, as has already been demonstrated
(31). Interestingly, memory loss was improved upon UNG-
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1 or NTH-1 depletion in the tau-expressing worms (UNG-
1;BR5270 and NTH-1;BR5270; Figure 3C and D). Notably,
wild type (N2) and DNA glycosylases depleted animals that
express an anti-aggregation fragment of tau (BR5271), do
not display any locomotion or cognition defects (Figure 3C
and D).

To investigate the potential influence of DNA glycosylases
on tau aggregation further, we have utilized a recently de-
veloped nematode model expressing the aggregation-prone
Tau(3PO) variant fused with GFP under the pan-neuronal
promoter rgef-1 (36). Interestingly, both NTH-1 and UNG-1
deficiency do not modify the rate of Tau(3PO) aggregate for-
mation in young (day 1) animals but increase Tau(3PO)::GFP
aggregates in old (day 5 and day 8) nematodes (Figure 4A
and B). However, it significantly improves their locomotion
defect (Figure 4C). These observations are in agreement with
theories suggesting a protective role for the formation of ag-
gregates but could also indicate that DNA glycosylases defi-
ciency protects form tau-induced pathological phenotypes by
ameliorating toxic effects that occur downstream of aggrega-
tion, or through the induction of independent compensatory
mechanisms. Moreover, we examined the impact of DNA gly-
cosylase deficiency on another Alzheimer’s disease nematode
model that expresses AB1-42 under the pan-neuronal pro-
moter unc-119 (37). Our findings indicate that the depletion
of NTH-1 improves the impaired locomotion rate of 3-day-
old nematodes expressing A 1-42 (Supplementary Figure S1).
Recently, we have demonstrated that NTH-1 deficiency en-
hances the survival of dopaminergic neurons in a Parkinson’s
disease nematode model (12). Collectively, these results un-
derscore the broad neuroprotective impact of inhibiting DNA
glycosylase activity against proteotoxicity.

Loss of DNA glycosylases differentially regulates
many genes in tau-expressing worms

To elucidate molecular mechanisms that may underly the neu-
roprotection and memory improvement in the context of tau
pathology, we performed RNA sequencing (RNAseq) analy-
sis to investigate the impact of DNA glycosylase depletion on
gene expression (Figure 5 and Supplementary Figure S2). First,
we show the loss of mRNA expression of the glycosylases
in the various strains, as determined by both RNAseq and
qRT-PCR (Figure SA and Supplementary Figure S3A and B).
Since the two glycosylase mutant strains were examined un-
der slightly different temperature conditions, see Methods, for
all subsequent analyses involving an N2, we compared each
genotype to its respective wild type (N2u or N2n) strain to de-
termine the level of gene expression changes. Note, the two N2
strains were originally derived from the same stock. Nonethe-
less, to remove genes that were changed due to differences in
the N2 backgrounds, any gene with more than two-fold dif-
ference between the two N2 strains (N2u versus N2n) were
removed from any comparisons to either N2, (276 DE genes
between them, Supplementary Table S2). DE genes were de-
fined as those with a log, fold-change absolute value >1 and
an adj-P-value < 0.05.

A summary of each pairwise comparison and the DE genes
that were up or down regulated is shown in Supplementary
Table S2. At a basal level, NTH-1 knockout worms had dra-
matically more DE genes (44 genes for UNG1 worms (UNG-
1_N2) compared to 2817 genes NTH1_N2 (Supplementary
Table S2)). Each glycosylase’s DE gene list was submitted to
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Figure 2. Loss of DNA glycosylases improves lifespan in tau-aggregation expressing worms. Lifespan of (A) all strains under UNG-1 deficiency, (B) all
strains under NTH-1 deficiency, (C) wild type (N2) and UNG-1 strains, (D) N2 and NTH-1 strains, (E) BR5271 and UNG-1;BR5271 worms, (F) BR5271 and
NTH-1;BR5271 worms, (G) BR5270 and UNG-1;BR5270 worms, (H) BR5270 and NTH-1;BR5270. Statistical analysis was performed on Kaplan-Meier
survival curves by Logrank (Mantel-Cox) tests (see Supplementary Table S1 for detailed P-value) %P < 0.05, %P < 0.01, x%%P < 0.001 and

sk P < 0.0001 (n = 20 worms/study; total of 100 worms).

Wormbase enrichment analysis (24,25). Gene ontology terms
were considered significant if they had a g-value < 0.1. Due to
the short list of genes for the UNGT1 versus N2, no terms were
found to be enriched. In contrast, 63 terms were enriched in
the NTH1 versus N2 comparison and Supplementary Table S3
shows the full list of terms enriched in NTH-1 deficient
worms. Figure 5B shows the top 15 terms. Among the top

terms there were: DNA-directed RNA polymerase, splicing,
actin terms, and several terms related to muscle.

Because the worm’s behaviour is always compared mutant
to N2, we conducted an analysis to identify a consensus set
of genes consistently changed with tau-pathology relative to
N2. First, the two BR5270 versus their respective N2 DE gene
lists (NTH-1 set and UNG-1 set) were compared to the two
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Figure 3. Loss of DNA glycosylases improves neuroplasticity in tau-aggregation expressing worm. (A) Locomotion rate measured as body bends per 20
seconds in a droplet of M9 buffer for 1-day old wild type (N2), UNG-1, BR5270, UNG-1;BR5270, BR5271 and UNG-1;BR5271 animals (N = 3 biological
experiments (30 worms total). (B) Average body movement on OP50 seeded NGM medium for 1-day old N2, NTH-1, BR5270, NTH-1;BR5270, BR5271
and NTH-1;BR5271 animals. Locomotion was captured at 15 frames per second rate for Tmin (N = 3 biological experiments). (C) Chemotaxis assay in
naive and Isoamyl alcohol (IAA) conditioned N2, UNG-1, BR5270, UNG-1;BR5270, BR5271 and UNG-1;BR5271 worms (n = 150-300 total worms in
three biological experiments). (D) Chemotaxis assay in naive and Isoamyl alcohol (IAA) conditioned N2, NTH-1, BR5270, NTH-1,BR5270, BR5271 and
NTH-1;BR5271 worms (n = 150-300 total worms in three biological experiments). Locomotion analyses were done by one-way ANOVA followed by
Tukey's multiple comparison test. Chemotaxis data was analysed by two-way ANOVA followed by Tukey’s multiple comparison test. Data

showing 4+ SEM, *P < 0.05.

BR5271 versus N2 DE gene lists (Supplementary Figure S2A),
leading to the identification of 317 DE genes that were com-
mon among the BR5270s comparisons, but were not present
in the BR5271 lists. Out of these, 291 were up- and 26 were
downregulated (Supplementary Figure S2B). This consensus
list of DE genes was subjected to enrichment analysis. It re-
sulted in 34 significantly changed terms for the BR5270 ver-
sus N2 comparison and the top terms were largely related to
muscle and actin (Figure 5C and Supplementary Table S4).
Other significantly changed terms included: immune system
process, calmodulin binding, and cellular oxidant detoxifi-
cation. We attempted to do a similar analysis for BR5271,
but there were only seven genes conserved between the two
BR5271 strains and that is too few genes for enrichment anal-
ysis (Supplementary Figure S2A and Supplementary Table S5).

We then proceeded to evaluate each glycosylase KOjstau
strain double mutant relative to N2 as well, since this is the
way the behaviour analysis is done. To focus on BR5270
tau-pathology genes, we removed any DE genes that were

also DE in the corresponding glycosylase KO;BR5271 com-
parisons (Supplementary Figure S2C and D). The resultant
gene lists were then subjected to gene enrichment analysis
(Supplementary Tables S6 and S7). UNG-1;BR5270 versus
N2 (Supplementary Table S6) showed 15 terms, including de-
fence response, lytic vacuole, immune system process, and re-
sponse to axon injury. In comparison, NTH-1;BR5270 ver-
sus N2 (Supplementary Table S7) showed 78 terms, which
included recombinational repair, DNA-directed DNA poly-
merase, metabolic processes, cell death, splicing, and multi-
ple muscle and actin terms. Both glycosylase KO;BR5270 ver-
sus N2 comparison shared the terms response to axon injury
and ABC-type transporter activity. Furthermore, a conserved
set of genes was derived from the two glycosylase;BR5270
versus BR5270 comparisons (72 genes) and this consensus
gene set was subjected to enrichment analysis (Figure 5D and
Supplementary Table S8). Immune system process, defence
response, and ABC-type transporters were the top changed
terms.
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Figure 4. DNA glycosylases deficiency improves locomotion and enhances aggregation in tau-aggregation expressing nematodes. Transgenic
nematodes expressing pan-neuronally the human Tau(3PO) isoform fused with GFP display progressive aggregates accumulation and locomotion
impairment. (A) Both UNG-1 and NTH-1 deficiency increases the Tau(3PO)::GFP signal in 5-day and 8-day adults compared to their respective controls,
indicating enhanced aggregation. (B) Representative images of the head region of Tau(3PO)::GFP expressing animals show age-related accumulation of
aggregates that is enhanced in UNG-1 and NTH-1 animals. (C) Locomotion rate of nematodes expressing Tau(3PO). Body bends per 20 sec measured in
M9 droplet (n = 30 nematodes per group). Data showing & SEM. ns P> 0.05, *P < 0.05, #xP < 0.01, x**xP < 0.001, *x*%P < 0.0001. Statistical analysis
was performed by one-way ANOVA followed by Tukey's multiple comparison test. Scale bars, 20 pm.

We also sought to focus on the gene changes altered in
the UNG-1;BR5270 versus BR5270 and NTH-1;BR5270 ver-
sus BR5270 comparisons. UNG-1 and NTH1 invoked a sim-
ilar number of DE genes in these comparisons, 570 and
544 genes, respectively (Supplementary Table S2). We eval-
uated these comparisons individually and then intersected
the gene sets to find a conserved list of changed genes.
Supplementary Tables S9 and S10 show the full list of en-
riched terms for UNG-1;BR5270 versus BR5270 and NTH-
1;BR5270 versus BR5270, respectively. By this analysis, there
were five conserved terms between the two lists of enrich-
ment terms: myofibril, supramolecular polymer, actin-binding,
organic acid transport, and structural constituent of the cy-
toskeleton. To further focus on aggregation-related pathol-
ogy, we subsequently compared all glycosylase KO;BR5270

versus BR5270 DE gene lists and removed the set of glycosy-
lase KO:BR5271 versus BR5271 DE genes, (Supplementary
Figure S2E and F) ultimately producing a set of consistently
deregulated genes, 6 up- and 141 downregulated. This list of
DE genes was subjected to enrichment analysis and only two
terms were identified as changed, homologous recombination
(P-value 0.00041, g-value 0.12) and actin binding (P-value
0.00062, g-value 0.12).

Three genes were found in the term: rfs-1 (C30AS5.3), cin-4
(ZK1127.7), and rmh-2 (T07C12.12). All were upregulated
in the BR5270 strains and after crossing with the glycosylase-
deficient strains their expression was more normalized. To
confirm the observed changes in the expression patterns of
these three genes, we conducted qRT-PCR analysis in the
respective genetic backgrounds. Our findings revealed an
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Figure 5. The transcriptomic analysis of DNA glycosylases deficient tau-aggregation expressing worms. (A) Glycosylase expression in the strains. Log?
FPKM values for the respective strains, no normalization. (B) Gene enrichment analysis for NTH-1 versus N2. (C) Gene enrichment analysis for the
shared set of genes found in both BR5270 versus N2 comparison. (D) Gene enrichment analysis for the shared set of genes found in both glycosylase
KO;BR5270 versus BR5270 comparison. (E-G) mRNA levels of rmh-2, cin-4 and rfs-1 measured in the ‘No Tau’ expressing strains N2, NTH-1, UNG-1
and the ‘Pro-aggregation Tau' expressing strains BR5270, NTH-1;BR5270, UNG-1;BR5270. Data showing & SEM. ns P > 0.05, xP < 0.05, *xP < 0.01,
kP < 0.001, s#*xP < 0.0001. Statistical analysis was performed by one-way ANOVA followed by Tukey's multiple comparison test.
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upregulation in the expression of rmh-2 (T07C12.12), and rfs-
1 (C30A5.3) in the BR5270 strain, while cin-4 (ZK1127.7)
is not affected (Figure SE-G). Furthermore, upon the genetic
ablation of NTH-1 and UNG-1, the expression levels of these
genes reverted to those observed in the wild type strain (Fig-
ure SE and G).

Additionally, we compared our worm tauopathy vs N2
DE genes lists (317, of which 307 could be mapped to
human/mouse genes) with a human AD dataset (26) and a
mouse AD dataset (27). The human data set was derived from
the entorhinal cortex whereas the mouse model was from neo-
cortex of the Tg2576 AD model which overexpresses a mutant
form of APP leading to amyloid pathology. BR5270 worms
had similar terms to those found in humans such as: actin
filament-based process, calcium signalling, and regulation of
immune response. Upon combining the human DE gene list
from the various cell types and comparing to our consensus
BR5270 versus N2 gene list, we found 5 overlapping entries.
These were CNTN2, DLC2, PLCE1,SLC8A1,and COL21A1.
These genes either do not appear or are negative for an asso-
ciation with Alzheimer’s disease in the Alzgene database (alz-
gene.org). Additionally, we compared our DE gene list to a
multicell analysis of the Tg2576 mouse model. Here we iden-
tified 7 genes overlapping: CNTN2, SOX2, ENPP2, HPGDS,
MYO6, TUBB4A, and KL. CNTN2 (contactin 2) was shared
between all three data sets and encodes a glycoprotein im-
portant in axonal guidance, proliferation, and migration in
neurons. Notably, in a small previous study, expression of
contactin 2 showed differences between mild cognitively im-
paired AD individuals and controls (38). In the C. elegans
dataset, this gene was upregulated in the BR5270_N2 com-
parisons (over 3-fold P-values 2.91E-11 and 5.06E-14 for
UNG-1-set and NTH-1-set, respectively) and was not a DE
gene in the BR5271 versus N2 comparisons. The gene’s ex-
pression went down in UNG1;BR5270 but remained high in
the NTH1;BR5270 versus N2 comparisons. The fact that this
gene is found across species might make it a candidate for fur-
ther analysis.

NTH-1 deficiency promotes resistance to DNA
damaging agents

To elaborate further the role of DNA glycosylases in or-
ganismal physiology and survival under conditions of ox-
idative DNA damage, adult nematodes were subjected to
1mM menadione, a potent inducer of oxidative stress. Ani-
mals were maintained on menadione-treated plates through-
out their lifespan to examine the specific contribution of
DNA glycosylases in mitigating the adverse consequences of
oxidative DNA lesions and assess their significance in pro-
moting overall organismal health and survival (Figure 6 and
Supplementary Table S1). The lifespan of tau-expressing ne-
matodes (BR5270) was reduced significantly as compared to
other strains. Although the lifespan of UNG-1 was unaffected
upon menadione treatment, UNG-1 depletion reduced the vi-
ability of both tau-expressing strains (median lifespan 8 days)
highlighting the pivotal role of UNG-1 in the response to
oxidative damage (Figure 6A, C, E and G, Supplementary
Table S1). Interestingly, in contrast to UNG-1 deficient worms,
all NTH-1 deficient genotypes exhibited increased lifespan as
compared to their respective counterparts (median lifespan of
BR5270 - 8 days and NTH-1;BR5270 — 15 days) (Figure 6B,
D, F and H, Supplementary Table S1). Notably, the different

Nucleic Acids Research, 2024, Vol. 52, No. 18

survival rates between UNG-1 and NTH-1 deficient worms
upon menadione exposure may be explained by the subcellu-
lar location and the function of these two DNA glycosylases.
UNG-1 is a monofunctional DNA glycosylase that is present
in the nucleus, whereas NTH-1 is a bifunctional DNA glyco-
sylase that is located both in the nucleus and mitochondria
(12). In the absence of UNG-1, NTH-1 may take over the
role of UNG-1 to repair oxidative DNA damages. Thus, we
investigated whether there is any compensatory function be-
tween UNG-1 and NTH-1 DNA glycosylases (Supplementary
Figure S3). Notably, the depletion of NTH-1 does not influ-
ence the mRNA levels of ung-1 (Supplementary Figure S3E).
Similarly, the ablation of UNG-1 does not affect the levels of
nth-1 mRNA (Supplementary Figure S3F). Moreover, silenc-
ing of nth-1 by RNAI did not affect neither the levels nor the
localization of a chimeric UNG-1::mCherry protein, which re-
mained exclusively nuclear (Supplementary Figure S3C and
D). These findings are consistent with our RNA-seq data, in-
dicating the absence of a compensatory mechanism following
the loss of either DNA glycosylase. This lack of compensation
further enhanced the notion that NTH-1 and UNG-1 operate
independently within the cellular environment, without any
detectable cross-regulation and/or functional redundancy. To
this direction, our RNAseq analysis demonstrates that NTH-1
has a major role in transcription regulation (Figure 3).

It is reported that the loss of NTH-1 activity helps in restor-
ing the short lifespan of C. elegans mutants defective for XPA-
1/Xeroderma pigmentosum group A, which plays a pivotal
role in the nucleotide excision repair (NER) pathway. Fur-
thermore, loss of function of NTH-1 (BER) and XPA-1 (NER)
proteins lead to an oxidative stress response and global change
in gene expression (39). This suggests that certain DNA dam-
ages are recognized by NTH-1 but are processed by XPA-1
through the NER pathway. Previously, we have shown that
Cockayne syndrome group B (CSB) protein stimulates repair
of BER substrate by NEIL1 DNA glycosylase (40). Given the
limited number of DNA repair proteins in C. elegans and
the cross-talk between them, we investigated the interplay be-
tween the BER and nucleotide excision repair (NER) path-
ways (41). To monitor their overlapping functions, we gener-
ated specific DNA lesions, such as UVC-induced cyclobutane
pyrimidine dimers (CPDs) and cisplatin-induced crosslinks
(42). By studying the repair outcomes and efficiency in re-
sponse to these distinct substrates, we tried to uncover the
pivotal function of BER and NER pathways in the mainte-
nance of nematode genomic integrity. We subjected worms
to a total dose of 75J/m? and followed their lifespan (Fig-
ure 7). Both tau-expressing strains exhibited a short lifespan
after irradiation in comparison to N2 animals (Figure 7A and
B, Supplementary Table S1). We detected no significant dif-
ferences between wild type N2 and UNG-1 deficient worms
(Figure 7A and C), but there was a trend towards increased
survival of UNG-1 deficient tau-expressing worms (UNG-
1;BR5271 and UNG-1;BR5270) (median lifespan 10 days) as
compared to their respective controls (BR5271 and BR5270)
(median lifespan 9 days) (Figure 7A, E and G, Supplementary
Table S1). Similarly, there were no significant differences be-
tween wild type N2 and NTH-1 deficient animals (Figure 7B
and D). In contrast, there was a significant increase in the
survival of both NTH-1 deficient tau-expressing nematode
strains (NTH-1;BR5271 and NTH-1;BR5270), which was
more pronounced in the strain expressing the aggregation-
prone from of the protein (NTH-1;BR5270), (median lifespan
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Figure 6. NTH-1 glycosylase mutant shows an extended healthy lifespan in tau-aggregation expressing worms under menadione induced oxidative
stress. Lifespan of (A) wild type (N2), UNG-1, BR5270, UNG-1;BR5270, BR5271 and UNG-1;BR5271, (B) N2, NTH-1, BR5270, NTH-1;BR5270, BR5271
and NTH-1;BR5271, (C) N2 and UNG-1, (D) N2 and NTH-1, (E) BR5271 and UNG-1;BR5271, (F) BR5271 and NTH-1;BR5271, (G) BR5270 and
UNG-1;BR5270, (H) BR5270 and NTH-1;BR5270 at indicated menadione concentration. Statistical analyses were performed on Kaplan-Meier survival
curves by Logrank (Mantel-Cox) tests (See Supplementary Table S1 for detailed P-value). P < 0.05, %P < 0.01, s*+P < 0.0001 (n = 20 worms/study;

total of 100 worms).
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Figure 7. NTH-1 glycosylase mutant shows an extended healthy lifespan in tau-aggregation expressing worm after UVC insult. Lifespan of (A) wild type
(N2), UNG-1, BR5270, UNG-1;BR5270, BR5271 and UNG-1;BR5271, (B) N2, NTH-1, BR5270, NTH-1;BR5270, BR5271 and NTH-1,BR5271, (C) N2 and
UNG-1, (D) N2 and NTH-1, (E) BR5271 and UNG-1;BR5271, (F) BR5271 and NTH-1;BR5271, (G) BR5270 and UNG-1;BR5270, (H) BR5270 and
NTH-1;BR5270 at indicated UVC dose. Statistical analyses were performed on Kaplan—-Meier survival curves by Logrank (Mantel-Cox) tests (See
Supplementary Table S1 for detailed P-value) P < 0.05, s*xxP < 0.0001 (n = 20 worms/study; total of 100 worms).
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15 days) as compared to their respective controls (BR5271
and BR5270) (median lifespan 11 days) (Figure 7B, F and H,
Supplementary Table S1).

In addition to the aforementioned UVC-induced CPDs, we
expanded our analysis and treated NTH-1 deficient nema-
todes with cisplatin, another DNA damaging agent that causes
DNA crosslink lesions, known to be repaired by the NER
pathway (Figure 8). Here, we did not observe any differ-
ence between the survival of wild type (N2) animals and nei-
ther tau-expressing strains nor NTH-1 deficient worms (Fig-
ure 8A and B). Notably, NTH-1 deficient tau-expressing ani-
mals (NTH-1;BR5270) (median lifespan 18 days) were more
resistant to cisplatin supplementation compared to their re-
spective controls (BR5270) (median lifespan 14 days; Fig-
ure 8D and Supplementary Table S1). These results indicate
that the NTH-1 DNA glycosylase modulates NER and/or
promotes recombinational repair to facilitate recovery from
NER-repaired lesions.

ROS signaling is partially responsible for the
altered gene expression profile of NTH-1 deficient
mutants

It was established that nematodes lacking NTH-1 display
heightened basal levels of ROS, which play an essential role in
the regulation of several stress response genes by orchestrat-
ing the transcription efficiency and mitochondrial metabolism
(18,19). Thus, we sought to determine whether the protective
effect against oxidative stress could be reversed upon ROS
scavenger administration. To examine this hypothesis, we as-
sessed the brood size and viability of the NTH-1 deficient
worms in the presence and absence of N-acetyl-L-cysteine
(NAC), a well-known ROS scavenger (Figure 9). The pres-
ence of NAC did not affect the pattern of brood size (Figure
9A and B) or egg viability (Figure 9C and D) in these worms
as observed under otherwise normal conditions. We further
measured the effect of NAC after menadione-induced oxida-
tive damage (Figure 9E-I). We found that NAC supplemen-
tation suppressed the increased lifespan of NTH-1 deficient
worms under menadione treatment (median lifespan from 18
days to 13 days; compare Figure 9E and F with Figure 6B
and D, Supplementary Table S1). Moreover, NAC supplemen-
tation reduced the positive effect of NTH-1 deletion on the
lifespan of menadione treated tau-expressing nematodes (me-
dian lifespan 15 days; Figure 9H, Supplementary Table S1),
as compared to an extension of lifespan of menadione alone
treated tau-expressing nematodes (median lifespan 18 days;
(Figure 91, Supplementary Table S1). These findings suggest
that the altered transcriptional profile, memory improvement
and increased survival rate of the tau-expressing nematodes
upon NTH-1 deficiency is partially regulated via the level of
free radical generation (Figures 5 and 9).

NTH-1 deficiency reduces DNA damage
accumulation and improves mitochondrial
homeostasis

To investigate whether the observed improvement in memory
was associated with a reduction in the accrual of DNA dam-
age, we monitored the endogenous levels of 8-hydroxyguanine
(8-0x0G), a marker of oxidized DNA bases, in wild-type
and NTH-1 deficient tau-expressing nematodes by utilizing
immunohistochemical staining with anti-8-oxoG antibodies
(12). Interestingly, we observed that wild type (N2) worms and
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NTH-1 deficient worms displayed similar levels of 8-0x0G,
indicating comparable levels of DNA damage. In contrast,
tau-expressing nematodes demonstrated increased signal in-
dicating enhanced levels of oxidized DNA bases (Figure 10A
and B). Notably, NTH-1 deficiency significantly reduced the
increased level of 8-0x0G that were detected in the tauopa-
thy nematode model. These results suggest that NTH-1 defi-
ciency can mitigate the accumulation of oxidized DNA bases
in tau-expressing worms, potentially providing a mechanis-
tic link between NTH-1 activity, DNA damage, and improved
longevity in this model.

To assess the accumulation of single-stranded DNA (ss-
DNA) breaks, we utilized the TUNEL assay, which measures
the incorporation of labelled dUTP at 3-OH single-stranded
DNA ends, crucial intermediates in the BER pathway. Both
wild type (N2) and NTH-1 deficient nematodes displayed
low levels of endogenous TUNEL signal (Figure 10C and D).
However, in the tau-expressing worms (BR5270), a high level
of endogenous TUNEL signal was identified, which was sig-
nificantly reduced in NTH-1 deficient tau-expressing worms
(NTH-1;BR5270) (Figure 10C and D). Taken together, these
data suggest that endogenous DNA damage is higher in the
tau-aggregation expressing strain. By comparing the results
between BR5270 and NTH-1;BR5270, we suggest that NTH-
1 modulates the induction and/or repair of some endogenous
DNA damage, potentially leading to the accumulation of ss-
DNA breaks. Consequently, NTH-1 DNA glycosylase loss di-
minishes the accumulation of mutagenic 8-0xoG lesions and
single-strand breaks, which are precursors to toxic double-
strand breaks, thereby conferring a benefit for the organism.

The interplay between DNA damage and mitochondrial
defects has been recognized as a crucial factor in neurode-
generative pathologies, including Alzheimer’s disease (AD)
(31,43). To assess mitochondrial function, we utilized TMRE
(tetramethylrhodamine ethyl ester) as an indicator to evalu-
ate mitochondrial membrane potential (44) (Figure 11 and
Supplementary Figure S4). Interestingly, there was no signif-
icant differences in mitochondrial membrane potential be-
tween wild type (N2), UNG-1 and NTH-1 deficient animals
as they aged (Figure 11). In contrast, tau-expressing nema-
todes exhibited a significant difference in mitochondrial activ-
ity from day 1 to day 7 compared to wild type (N2) worms.
For instance, there was a significant difference in TMRE stain-
ing between wild type (N2) and BR5270 worms of each UNG-
1 and NTH-1 set at day 1 (34.03% in the NTH-1 set - Fig-
ure 11A and B, 35.55% in the UNG-1 set - Figure 11C and
D). Notably, NTH-1 deficiency rescued this loss of membrane
potential in tau-expressing worms (NTH-1;BR5270) (Figure
11A and B). This effect was also observed at day 1 for UNG-
1;BR5270 worms, but did not remain significant in the aged
nematodes (Figure 11C). Taken together, these results high-
light the pivotal role of NTH-1 in the maintenance of mito-
chondrial function. The same is also true for UNG-1 in early
life stages but not in aged individuals. Further investigations
are warranted to explore the impact of DNA glycosylases, es-
pecially NTH-1, on mitochondrial metabolism in tauopathies.

Discussion

Alzheimer’s Disease (AD) is one of the most common neu-
rodegenerative diseases and it involves clinical features of cog-
nitive defects later in life, disorientation, and behavioural is-
sues. Aging is a major risk factor for the development and
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Figure 8. NTH-1 deficiency shows an extended healthy lifespan in tau-aggregation expressing worm upon cisplatin induced DNA damage. Lifespan of
(A) wild type (N2), NTH-1, BR5270, NTH-1;BR5270, BR5271 and UNG-1;BR5271, (B) N2 and NTH-1, (C) BR5271 and NTH-1;BR5271, (D) BR5270 and
NTH-1;BR5270 at indicated cisplatin dose. Lifespan statistical analyses were performed on Kaplan-Meier survival curves by Logrank (Mantel-Cox) tests
(See Supplementary Table S1 for detailed P-value), xxxxP < 0.0001 (n = 20 worms/study; total of 100 worms).

progression of AD (45). Using the nematode C. elegans, we
demonstrated that DNA glycosylase-mediated initiation of
the base excision repair (BER) pathway promotes the accu-
mulation of DNA repair intermediates, such as abasic sites,
nicks, and unrepaired single-stranded DNA breaks, which are
closely associated with neurodegeneration (Figure 12). No-
tably, in NTH-1 deficient tau-expressing nematodes, the ac-
cumulation of DNA repair intermediates is attenuated. We
suggest that reduced activity of BER DNA glycosylases can
be beneficial and/or neuroprotective during aging. While this
is the first such demonstration in a tauopathy model, previous
studies have also supported this notion. AAG-deficient mice
showed protection against alkylating agents (11). Other than
its DNA repair enzymatic activity, AAG is also involved in
alkylation-induced unfolded protein response (UPR) activa-
tion (46). Similarly, a recent study showed that a catalytically
inactive mutant of 8-oxoguanine DNA glycosylase (OGG-1)
acts as a potent regulator of gene expression. This OGG-1
driven transcription regulation is dependent on its substrate
binding ability (47).

Various animal model systems have been used to study AD,
including C. elegans (48). AD worms have several features of
the human pathology, including memory loss, increased ox-
idative stress, neuronal loss and deficient mitophagy (49-51).
Studies in various model systems suggest that both increased
DNA damage and reduced DNA repair can aggravate AD phe-
notypes (52-55). Further studies demonstrated lower levels of
expression of uracil DNA glycosylase, 3-OGG-1 glycosylase,

and Polf in AD brains as compared to-age matched controls
(7,10,56,57). PolB deficiency is associated with neurodegener-
ation in mice (10). Our past work-based studies in mice and
cells suggests that BER DNA repair intermediates themselves
serve as catalysts, which drive aging and age-associated dis-
eases including neurodegeneration (56,58).

The RNAseq data presented here demonstrate that other
than its DNA repair activity, NTH-1 may be involved in the
regulation of the spliceosome. Spliceosomes are large ribonu-
cleoprotein (RNP) complexes which excise introns from pre-
messenger RNA (pre-mRNA) to synthesize mRNA for trans-
lation. 99.5% of introns are removed by the major spliceo-
some, which consists of U1, U2, U4, U6 and U5 small nu-
clear RNAs (snRNAs), whereas the remaining 0.5% introns
are taken care of by the minor spliceosome. Mature spliced
mRNAs are created through assembly of the splicing machin-
ery, in which U1 snRNP recognizes the beginning of an intron
(5’ splice site) and U2 snRNP is involved in identification of
the branch site at the other end (59). Through a cascade of re-
actions involving various other factors, the spliceosome disas-
sembles from the excised intron, which is then debranched and
degraded (59). Spliceosome proteins aggregate and localize to
tau neurofibrillary tangles, which makes splicing disruption
a hallmark of AD (60,61). Alternative splicing of pre-mRNA
contributes significantly to the functional diversity and com-
plexity of proteins expressed in tissues, especially in brain (60).
Previous proteomic analysis of AD brain samples showed sig-
nificant accumulation of insoluble U1 snRNP (62). This GO
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Figure 9. Basal level ROS is partially responsible for the improved stress response of tau-expressing animals with NTH-1 depletion. (A, B) Brood size of
day 1 adult N2, NTH-1, BR5270, NTH-1;BR5270, BR5271 and NTH-1;BR5271 worms in the absence and the presence of the indicated NAC
concentration (n = 3-5 worms for each replicate). (C, D) Egg viability measured 24h after brood size in N2, NTH-1, BR5270, NTH-1;BR5270, BR5271 and
NTH-1;BR5271 worms in the absence and the presence of the indicated NAC concentration. (E-H) Lifespan analyses of N2, NTH-1, BR5270,
NTH-1;BR5270, BR5271 and NTH-1;BR5271 (I) Lifespan analyses of menadione treated BR5270 and NTH-1;BR5270 in presence and absence of NAC.
Brood size and viability statistical analyses were by one-way ANOVA followed by Tukey's multiple comparison test. Data showing 4+ SEM. Three
biological experiments were performed. Lifespan statistical analyses were performed on Kaplan—Meier survival curves by Logrank (Mantel-Cox) tests
(see Supplementary Table S1 for detailed P-value) (n = 20 worms/study; total of 100 worms). %P < 0.05, ##xP < 0.001 and P < 0.0001.
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Figure 10. NTH-1 deficiency diminishes genomic damage in tau-aggregation expressing worm. (A, B) Representative images and graph showing the
number of 8-0xoG positive foci in the half portion of N2, NTH-1, BR5270, NTH-1;BR5270, BR5271 and NTH-1;BR5271 worms. (C, D) Graph and images
showing the intensity of TUNEL positive staining/area of N2, NTH-1, BR5270, NTH-1;BR5270, BR5271 and NTH-1;BR5271 worms. n = 25 worms per

condition. Statistical analysis was performed by unpaired t-test. P < 0.05.

term was significantly changed in the nematodes along with
regulation of synaptic structure or activity. Thus, widespread
splicing disruption affects brain transcriptomes including Ap
and tau protein. Hence interference in RNA metabolism in-
cluding mRNA splicing, is associated with age-related dis-
orders like AD (63,64). HSP-70 is another spliceosome pro-
tein, a part of Prp19 splicing complex, found upregulated in
NTH-1;BR5270 (65). C. elegans HSP-70 protein is constitu-
tively expressed throughout life and its expression increases
under stress conditions (66,67). This chaperone protein reg-
ulates longevity and maintains the cytoplasmic folding envi-
ronment in C. elegans (68). Knockdown of heat shock protein
promotes accumulation of polyglutamine aggregates in trans-
genic C. elegans strains (69). We believe that upregulation of
the spliceosome in NTH-1 mutant worms, which involves the

HSP-70 family of proteins, may be involved in proper assem-
bly of the spliceosome complex or prevent isolation of key
components in the tau neurofibrillary tangles. It may also be
involved in reducing the aggregation of proteins like tau. It
will be interesting to study the effect of the spliceosome in
DNA glycosylase mutant background on progression of AD
phenotype in the future. In comparison to UNG-1 mutant
worms, NTH-1 mutants had altered expression of many more
genes. Further, the number of gene sets differentially regulated
in NTH-1;BR5270 worms are greater than in BR5270 alone.
We noted methylation and epigenetic regulation among the
terms for NTH-1 and thus it may modulate gene expression
via this mechanism, which is beyond the scope of this paper.
Clearly, NTH-1 has additional functions in transcription reg-
ulation beyond its roles in DNA repair.
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Figure 11. NTH-1 and UNG-1 deficiency improves mitochondrial membrane potential in tau-aggregation expressing nematodes. Fluorescence intensity
and representative images of (A, B) N2, NTH-1, BR5270, NTH-1;BR5270, BR5271 and NTH-1;BR5271 animals and (C, D) N2, UNG-1, BR5270,
UNG-1;BR5270, BR5271 and UNG-1;BR5271, incubated overnight with 200nM TMRE (n = 20 worms from two biological experiments). Data

showing 4+ SEM, Statistical analysis was performed by two-way ANOVA followed by Tukey's multiple comparison test. xP < 0.05, P < 0.01,

kP < 0.001 and s*xxxP < 0.0001. TMRE fluorescence intensity was analysed using ImageJ. Additional representative images are shown in

Supplementary Figure S4.
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Figure 12. BER serves as a susceptibility modulator in C. elegans tauopathy model. Gradual accumulation of DNA damages via ROS or DNA
glycosylase-mediated generation of DNA repair intermediates and incomplete DNA repair by BER, leads to persistent genomic stress, reduced health
and lifespan, increased sensitivity to genotoxins and apoptosis, and mitochondrial dysfunction. The accumulation of DNA repair intermediates, such as
abasic sites, nicks, and unrepaired single-stranded DNA breaks cause neuronal vulnerability and degeneration in tau-aggregation expressing animals. In
DNA glycosylases mutant nematodes (UNG-1 and NTH-1-deficient), there is reduced generation of ROS and DNA repair intermediates due to reduced
BER capacity that causes a reduction in apoptosis, improved health, and lifespan with better ability to deal with genotoxins and better mitochondrial
homeostasis which helps in the maintenance and longevity of neurons, resulting in neuroprotection.

Several studies showed greater mobility impairment and se-
vere neuronal dysfunction in a C. elegans expressing the ag-
gregating tau species (30). Tau protein belongs to the fam-
ily of microtubule-associated proteins (MAPs), which are in-
volved in microtubule assembly. Tau supports microtubule
stability, however, hyperphosphorylation detaches it from mi-
crotubules and leads to the formation of neurofibrillary tan-
gles (15). Also, worms defective in DNA repair factors exhibit
defective long- and short-term memory (20). We did not ob-
serve cognitive defects in DNA glycosylase deficient worms,
but lack of these glycosylases improved cognitive behaviour
in AD worms.

Data presented here show improved survival of old tau-
aggregation expressing nematodes in the presence and absence
of exposure to DNA-damaging agents. ssDNA breaks can be
generated by several cellular mechanisms and resolved effi-

ciently in early stages of life. However, an imbalance in the
clearance of these intermediates contributes to damage in neu-
rons and hence neurodegeneration occurs at later stages of
development. Thus, exposure to these stressors is a reflection
of the aging process. In NTH-1-deficient tau worms (NTH-
1;BR5270), which likely have reduced initiation of BER in
response to oxidative DNA damage, we observed increased
lifespan, improved memory, and reduced accumulation of ss-
DNA breaks. Similar results were observed in a nematode
model of Parkinson’s disease (12). In that study, 7¢th-1;BY273
worms showed ssDNA break accumulation with age and re-
duced PARylation of proteins. They also observed stimulated
mitohormesis through an LMD-3/JNK-1/SKN-1-dependent
signalling cascade (12). Although we did not observe up-
regulation of these genes in our RNAseq data, we observed
increased mitochondrial membrane potential in NTH-1
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deficient tau-aggregation expressing worms. This supports the
idea that NTH-1 is involved in mitochondrial homeostasis.
Consistent with this notion, our findings indicate that while
the loss of DNA glycosylases ameliorates tau-induced pheno-
types, it simultaneously promotes tau aggregation. This ob-
servation could be attributed to the activation of independent
compensatory mechanisms involving mitochondria or to al-
terations that enhance mitochondrial tolerance to tau toxic-
ity, scenarios that require further investigation and constitute
promising areas for future research.

In summary, this study highlights the potential impact of
the BER pathway on several aspects of physiology, includ-
ing lifespan, health span and neuronal survival in early stages
of life. Moreover, it also uncovers the detrimental effects of
DNA repair intermediates accumulation, resulting from in-
complete and/or inefficient BER function, which contribute
to AD pathophysiology (Figure 12). Deficiency of DNA gly-
cosylases, which are essential for the initiation of BER, prevent
the build-up of DNA repair intermediates leading to improve-
ments in tau-dependent pathological features. Consequently,
our study suggests that DNA glycosylases not only preserve
genome integrity by repairing base lesions, but also modu-
late the transcriptional response of genes, by methylation and
epigenetic regulation, to stress induced by tau-aggregation.
Hence, the precise regulation and fine-tuning of DNA repair
pathways have a critical role in promoting healthy aging and
limiting the progression of AD.
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