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SUMMARY

Aging, genomic stress, and mitochondrial dysfunction are risk factors for neurodegenerative pathologies,
such as Parkinson disease (PD). Although genomic instability is associated with aging and mitochondrial
impairment, the underlying mechanisms are poorly understood. Here, we show that base excision repair gen-
erates genomic stress, promoting age-related neurodegeneration in a Caenorhabditis elegans PD model.
A physiological level of NTH-1 DNA glycosylase mediates mitochondrial and nuclear genomic instability,
which promote degeneration of dopaminergic neurons in older nematodes. Conversely, NTH-1 deficiency
protects against a-synuclein-induced neurotoxicity, maintaining neuronal function with age. This apparent
paradox is caused by modulation of mitochondrial transcription in NTH-1-deficient cells, and this modulation
activates LMD-3, JNK-1, and SKN-1 and induces mitohormesis. The dependance of neuroprotection on
mitochondrial transcription highlights the integration of BER and transcription regulation during physiolog-
ical aging. Finally, whole-exome sequencing of genomic DNA from patients with idiopathic PD suggests

that base excision repair might modulate susceptibility to PD in humans.

INTRODUCTION

Parkinson disease (PD) is the second most common neurode-
generative disorder in humans. PD primarily affects the nigros-
triatal dopaminergic circuits of the brain. Clinical diagnosis of
PD is based on observation of motor function defects along
with significant loss of dopaminergic (DA) neurons in the sub-
stantia nigra pars compacta. Although neurodegeneration in
PD is not restricted to these neurons, they are especially sen-
sitive. All neurons are vulnerable to aging and oxidative stress,
because of their high energy demand, intensive metabolism,
and production of high levels of endogenous reactive oxygen
species (ROS) (Camandola and Mattson, 2017). Impaired mito-
chondrial function is also a prominent characteristic of PD (Fu-
kae et al., 2007; Lou et al., 2020). Thus, PD neurons experience
oxidative stress that can damage cellular macromolecules,
including DNA (Barzilai et al., 2017). Consistent with this, the
genomic stress marker YH2AX is seen in neuronal cells from
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human PD patients (Sepe et al., 2016). However, the cause
of aging-associated genomic stress in neurons remains
elusive.

Base excision repair (BER) is the prominent pathway for repair
of oxidative damage to DNA bases (Bosshard et al., 2012). This
pathway is composed of a series of fine-tuned enzymatic steps;
the first step is carried out by one of several substrate-selective
DNA-glycosylases, which excise damaged DNA bases (e.g.,
8-hydroxyguanine; 8-oxoG) (Figure 1A). Because BER prevents
accumulation of oxidative DNA damage, it protects neurons
from the harmful effects of cytotoxic or mutagenic DNA lesions.
However, if the amount of DNA damage exceeds the capacity of
BER, or if DNA lesions are inefficiently or incompletely repaired,
active BER can generate toxic BER intermediates, such as sin-
gle-stranded DNA breaks. Toxic BER intermediates also accu-
mulate when the BER pathway becomes imbalanced, which
can occur when BER enzymes are over- or under-expressed
(Frosina, 2000).
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Given the prominent role of oxidative stress in the etiology of
PD and the importance of BER in neurons, we hypothesized
that BER may serve as a major source of genomic stress in neu-
rons. This hypothesis is supported by the following observations:
first, the capacity to initiate BER in neurons is maintained or
increased during aging, as indicated by upregulation of several
DNA glycosylases in the substantia nigra (Bosshard et al.,
2012; Fukae et al., 2005; Nakabeppu et al., 2007). Conversely,
expression and activity of Polp, the primary BER DNA polymer-
ase, decline with age (Misiak et al., 2017; Sykora et al., 2015).
Second, biochemical studies in mice indicate that the capacity
to complete BER decreases with age (Cabelof et al., 20023,
2002b; Rao et al., 2000). Nevertheless, it has been difficult to un-
equivocally demonstrate that BER affects aging or age-related
neurodegeneration. Unlike other DNA repair pathways, BER
can be initiated by a large number of DNA glycosylases in
mammalian cells, some of which have overlapping substrate
specificities. Thus, there is extensive redundancy in the enzy-
matic machinery that initiates BER, even though the core BER
components are unique and essential enzymes.

Comprehensive understanding of the role of BER in neurode-
generation in mammals has been elusive, in part because
mammalian cells express as many as 11 distinct DNA glycosy-
lases with overlapping substrate specificities. The Caenorhabditis
elegans genome possesses a simpler DNA glycosylase repertoire,
encoding only two DNA glycosylases. The nematode enables a
priory targeted genetic studies in BER initiation as redundancy
is lower than in mammals. Therefore, C. elegans serves as an ideal
model organism to systematically investigate whether incomplete
or inefficient BER drives neuronal loss. C. elegans DNA glycosy-
lases include UNG-1, a monofunctional DNA glycosylase that pri-
marily excises uracil from DNA, leaving an apurinic/apyrimidinic
site (AP site) (Skjeldam et al., 2010), and NTH-1, which excises
oxidized DNA bases. NTH-1 is a bifunctional DNA glycosylase
that excises damaged bases and also incises the DNA phospho-
diester backbone 3’ to the AP site. This generates a nicked inter-
mediate with 5'-phosphate and 3'-«, 3-unsaturated aldehyde DNA
termini (Fensgérd et al., 2010; Kassahun et al., 2018; Morinaga
et al., 2009). The 3’ blocking group must be removed to generate
a 3’-OH DNA terminus in order for subsequent steps of BER to
proceed (e.g., single nucleotide gap-filling DNA synthesis fol-
lowed by ligation). In C. elegans, the 3'-OH group can be gener-
ated by AP-endonuclease APN-1 (Zakaria et al., 2010) or by
EXO-3 (Shatilla et al., 2005). Processing of the blocked 3’ terminus
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constitutes the rate limiting step of BER (Sobol et al., 2000), and
lack of co-ordination or inefficient processing may lead to accu-
mulation of toxic single-stranded DNA (ssDNA) breaks with
blocked 3’ termini (Figure 1A).

The ease of genetic manipulation coupled with availability of
sophisticated behavioral assays has also made C. elegans a sys-
tem of choice for unravelling evolutionarily conserved cellular
and genetic pathways that regulate neuron development and
function (Bhattacharya et al., 2019). C. elegans provides in vivo
single neuron resolution over the entire natural lifespan of the
organism. Moreover, well-characterized C. elegans PD models
mimic the major features of the human PD pathology (Schmidt
et al., 2007), including age-dependent loss of DA neurons
accompanied by progressive neuro-motor dysfunction, such
as bradykinesia and the inability to slow down or change direc-
tion in response to sensory input.

Here, we investigate the involvement of NTH-1 in neuronal sur-
vival using a well-established nematode model of PD. We found
that incomplete repair of endogenous DNA base damage via
NTH-1-initiated BER in both mitochondrial and nuclear DNA
generates genomic stress during aging. This result suggests
that imbalanced BER might be the driving force of neurodegen-
eration in our experimental model system. Furthermore, we
observed that NTH-1 deficiency causes mitochondrial dysfunc-
tion and elicits an LMD-3/JNK-1/SKN-1-dependent mitohor-
metic response, which in turn protects DA neurons.

RESULTS

NTH-1 deficiency attenuates a-synuclein neurotoxicity
in DA neurons

In the PD nematode model (BY273), overexpression of a-synu-
clein (a-syn) in DA neurons triggers gradual neurodegeneration
(Lakso et al., 2003). To generate a BER-defective PD model,
we crossed the nth-1(ok724) loss of function allele (Fensgard
et al., 2010; Kassahun et al., 2018) into the BY273 (0gar.1GFP;
Paat-1WTa-syn) background (Nass and Blakely, 2003). While we
expected, and did observe, progressive loss of DA neurons in
aged BY273 animals, loss of DA neurons was not observed in
NTH-1-deficient BY273 nematodes (Figures 1B and 1D), a result
that was surprising and not expected. Whereas DA neuron
viability, as measured by GFP intensity (Figures 1B and 1C) or
by visual inspection (Figure 1D), was reduced more than 50%
in 7-day-old relative to 1-day-old BY273 animals, DA neuron

Figure 1. NTH-1 deficiency protects against a-synuclein neurotoxicity in a C. elegans Parkinson disease model

(A) Schematic of the BER pathway.

(B-D) Transgenic nematodes co-expressing human a-synuclein (z-syn) and cytoplasmic GFP in dopaminergic (DA) neurons display progressive degeneration
with age. NTH-1 deficiency confers resistance to neuronal loss. (B) Images of the head (CEPs and ADEs) and middle body (PDEs) region of BY273 animals show
age-related deterioration of DA neuronal cells. Age-dependent neurodegeneration is abolished in nth-1;BY273 mutants (scale bar, 5 um, 63 x objective). (C) The
column scatterplot represents GFP intensity of the CEPs, ADEs, and PDEs dopaminergic neurons in young day 1 and old day 7 nematodes in both BY273 and
nth-1;BY273 animals (n = 30 from three independent experiments; ***p < 0.001; one-way ANOVA followed by Bonferroni’s multiple comparison test). (D) Survival
of anterior CEPs and ADEs DA neurons of BY273 and nth-1; BY273 nematodes during aging (n = 35 nematodes per group; ***p < 0.001; one-way ANOVA followed
by Sidak’s multiple-comparisons test). Representative images of the head region of BY273 and nth-1; BY273 mutants at day 7 of adulthood. Remnants of
neuronal cell bodies and axonal beading are scored in BY273 animals. Neuronal soma and processes architecture are maintained in NTH-1-deficient PD
nematodes (scale bar, 50 um).

(E) The column scatterplots represent GFP intensity of the CEPs and ADEsand PDEs DA neurons in both BY273 and nth-1;BY273 animals in response to 6-OHDA
(30 mM) and MPP™* (2 mM); n = 30 from three independent experiments; **p < 0.01, **p < 0.001; one-way ANOVA followed by Bonferroni’s multiple comparison
test. The corresponding fluorescence image is depicted in Figure S1B. Error bars, SEM.
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viability showed no decrease in 7-day-old nth-1;BY273 animals
(Figure 1B). The apparent neuroprotective effect of NTH-1
deficiency was not due to altered transcriptional activity of the
tissue-specific dat-1 promoter (Figure S1A).

Several chemical compounds, including known neurotoxins
and insecticides, are associated with increased risk of devel-
oping parkinsonism (Nass et al., 2002). To confirm that loss of
NTH-1 reduced vulnerability of DA neurons to chemically
induced damage and decreased viability, we measured survival
of DA neurons in the absence or presence of the dopamine
analog 6-hydroxy dopamine (6-OHDA) or the mitochondrial
poison 1-methyl-4-phenylpyridinium (MPP+). Both of these neu-
rotoxins generate ROS by inhibiting flux through the mitochon-
drial electron transport chain, resulting in ROS-induced neuronal
loss (Hernandez-Baltazar et al., 2017; Rossetti et al., 1988). The
results show that DA neurons in nth-1;BY273 mutants were more
resistant to 6-OHDA- and MPP*-induced neurotoxicity than DA
neurons in BY273 animals (Figure 1E; Figure S1B). These results
suggest that NTH-1 deficiency protects against age- and
oxidative-stress-related degeneration of DA neurons.

For comparison, similar experiments were performed in nem-
atodes carrying a null mutation in the gene encoding C. elegans
DNA glycosylase UNG-1 (Skjeldam et al., 2010). Although UNG-
1-deficient nematodes showed slightly higher survival of DA
neurons than wild-type animals, UNG-1 deficiency conferred a
substantially weaker neuroprotective effect than NTH-1 defi-
ciency (Figure S1C). Thus, neuronal homeostasis depends highly
on NTH-1 activity. Moreover, we examined the impact of
depleting additional BER enzymes APN-1 and EXO-3 on the sur-
vival of DA neurons in BY273 and nth-1;BY273 nematodes.
Depletion of APN-1 or EXO-3 provided no neuroprotection in
BY273 nematodes (Figure S1D), while, intriguingly, APN-1 was
required for neuroprotection in nth-7;BY273 animals, and
EXO-3 was not (Figure S1D).

To investigate whether defects in other DNA repair pathways
also promote DA survival, we knocked down, pan-neuronally,
several components of the nucleotide excision repair (NER)
and non-homologous end joining (NHEJ) pathways in BY273
and nth-1;BY273 animals. In contrast to the neuroprotective
effect observed in NTH-1-deficient animals, depletion of CSA-
1, CSB-1, or XPA-1 increased DA neuronal loss in BY273 and
nth-1;BY273 nematodes (Figures S2A-S2C), which is consistent
with previously reported studies in mammalian cells (Hou et al.,
2019). Interestingly, depletion of LIG-4 and CKU-80 resulted in
moderate reversal of DA neuron survival in nth-1;BY273 nema-
todes. These results suggests some involvement of NHEJ in
the neuroprotective effect of NTH-1 deficiency (Figures S2B
and S2C).

NTH-1 loss improves dopamine-dependent behavior

The BY273 PD nematode model exhibits several dopamine-
dependent phenotypic abnormalities (Cooper and Van
Raamsdonk, 2018). To assess whether NTH-1-deficient animals
demonstrate both neuroprotection and improved dopamine-
dependent neuronal function, we measured the basal slowing
response, a standard method for evaluating dopaminergic
signaling. The basal slowing response measures the rate of loco-
motion of well-fed nematodes when transferred to solid media
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with or without a bacterial lawn (Sawin et al., 2000). In young
nth-1;,BY273 and BY273 nematodes, there was no difference
in the number of body bends in the absence of food, nor in the
basal slowing ratio in the presence of food, indicating that
NTH-1-deficient animals do not display any intrinsic movement
deficit (Figure 2A). In 5-day-old adults, movement was slower
for both BY273 and nth-1;BY273 nematodes in the absence of
food as expected, but the basal slowing ratio in the presence
of food was more significant for nth-1;BY273 than for BY273
animals (Figure 2A), a result that suggests improved response
to dopamine and improved neuronal function. Confirming this
observation, nth-1;BY273 nematodes demonstrated a lower
percentage of paralysis in response to exogenous dopamine
(Figure 2B) and 5-day-old adults produced viable broods, while
5-day-old BY273 nematodes did not (Figure S2D). Moreover,
aged nth-1;BY273 mutants retained high pharyngeal pumping
capacity (Figure 2C), a commonly used health-span marker
(Fang et al., 2017). Taken together, our results show that loss
of NTH-1 improves general health of aging animals in addition
to reducing age-related loss of DA neurons in PD nematodes.

Hormesis promotes neuroprotection against

a~synuclein in nth-1 mutants

To gain insight into the molecular mechanisms that improve the
survival of DA neurons, we examined stress response pathways
commonly involved in preserving cellular functionality. Much of
this work was conducted in nth-1 mutants (non-PD model),
which display mild mitochondrial dysfunction, as described in
greater detail elsewhere (Kassahun et al., 2018) and in Figure S3.
The mild mitochondrial dysfunction may be a direct conse-
quence of defects in mitochondrial DNA repair, as NTH-1 is
active in both the nucleus and in mitochondria (Figure 2D).
Some nuclear and mitochondrial localization was achieved
with the 39 N-terminal amino acids of NTH-1 (Figure 2D, middle
panel), but the entire exon 1 was required for efficient targeting to
both compartments (Figure 2D, bottom panel). The mild mito-
chondrial dysfunction may therefore be a direct consequence
of defects in mitochondrial DNA repair, which is supported by
moderate mitochondrial fragmentation observed in the intestinal
and body-wall muscle cells of nth-1 animals (Figures S3A-S3F).
While the mitochondrial mass was unaltered in intestinal and
body-wall muscle cells, the number of mitochondria was lower
in axons of nth-1 mutants than in control animals (Figures S3G
and S3H), suggesting that neuronal mitochondria may be espe-
cially vulnerable to loss of NTH-1. We hypothesized that one
mechanism by which NTH-1 deficiency might confer neuropro-
tection would be through inhibition of a-syn aggregate formation,
a cardinal feature of PD pathology. In fact, knocking down NTH-1
in transgenic nematodes expressing a-syn fused with GFP in
body-wall muscle cells resulted in fewer o-syn aggregates than
in control animals. This could reflect decreased formation or
increased clearance of o-syn aggregates in these animals
(Figure 2E).

Because autophagy is a cellular catabolic process that
mediates the clearance of protein aggregates and damaged
organelles (Leidal et al., 2018; Schiavi and Ventura, 2014), the
efficiency of autophagy could also have an impact on a-syn
aggregation in PD. Therefore, we assessed the number of
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Figure 2. Loss of NTH-1 improves neuronal
function and homeostasis

(A) Basal slowing response of nematodes co-
expressing human a-synuclein (a-syn) in the
transgenic strain BY273 and nth-1;,BY273. Body
bends per 20 s measured on NGM plates with
and without bacteria. n = 30 individuals for each
strain were scored in three independent experi-
ments. The columns represent mean, and the
scatterplot represents mean of each experiment;
NS p > 0.05, *p > 0.05, **p < 0.001; one-way
ANOVA followed by Bonferroni’s multiple com-
parison test.

(B) Transgenic animals expressing human a-syn in
DA neurons are less sensitive to dopamine-induced
paralysis (40 mM). NTH-1 deficiency abolishes
dopamine resistance (n = 40 nematodes per group;
****p < 0.0001, **p < 0.001; one-way ANOVA).
(C)The dot plots represent the quantification of
pharyngeal pumping frequency of day 1 and day 7
adults in transgenic strain BY273 and nth-1;BY273
(n = 15-20 individuals; NS p > 0.05, **p < 0.001;
one-way ANOVA followed by Bonferroni’s multiple
comparison test).

(D) In the top panel, transgenic animals expressing
NTH-1 fused with GFP in body-wall muscle cells.
NTH-1 displays both nuclear and mitochondrial
localization pattern. Scale bar, 20 um, 20x objective.
In the middle panel, transgenic animals expressing
the first 117bp of nth-1 coding sequence fused with
GFP in body-wall muscle. NTH-1 displays mostly a
mitochondrial localization pattern. In the bottom
panel, transgenic animals expressing the first exon of
NTH-1 fused with GFP in body-wall muscle. NTH-1
displays both mitochondrial and nuclear localization
pattern. Scale bar, 20 um, 60x objective.

(E) Transgenic nematodes expressing human
a-synuclein fused with GFP in body wall muscle cells

BY273

were subjected to RNAi against nth-1. a-syn aggregates are decreased following knocking down of nth-1 (n = 20 nematodes per group; ***p < 0.001; unpaired t test).
Representative images of the head region of WT animals and NTH-1-depleted animals at day 5 of adulthood. Scale bar, 20um, 20x objective. Error bars, SEM.

autophagosomes in nth-1 mutants by monitoring expression of
the autophagosomal protein LGG-1 fused either with GFP or
DsRed in several neuronal cell types. Notably, based on these
markers, neuronal autophagy was not induced in nth-1 mutants
(Figures S4A and S4B). Moreover, NTH-1 depletion did not alter
formation of autophagosomes in intestinal or body wall muscle
cells (Figures S4C and S4D), nor trigger nuclearization of HLH-
30 (homolog of the mammalian TFEB), a master transcriptional
regulator of genes involved in lysosome biogenesis and auto-
phagy (Figure S4E). Consistently, genetic ablation of Igg-2 in
nth-1;BY273 nematodes did not alter the viability of DA neurons
(Figure S4F). These data indicate that neuroprotection conferred
by NTH-1 deficiency in the nematode PD model is not dependent
on autophagy. Further, mitophagy was not activated in nth-1 mu-
tants expressing a mitochondria-targeted Rosella biosensor in
neurons (Fang et al., 2019; Palikaras et al., 2015) (Figures S4G
and S4H). Last, knockdown of NTH-1 did not stimulate expres-
sion of hsp-60, indicating that the mitochondrial unfolded protein
response (UPR™) was not induced in NTH-1-depleted cells
(Figure S41).

Given that our prior studies had demonstrated that nth-1
mutant animals exhibit moderately elevated levels of ROS due

to perturbations in mitochondrial function (Kassahun et al,
2018), and rewiring of transcription programs (Fensgard et al.,
2010) involving upregulation of stress response genes and
downregulation of some genes consistent with suppression of
insulin like signaling (Tables S1 and S2), we explored whether
NTH-1 deficiency might promote an adaptive, cytoprotective
response, known as mitohormesis (Blackwell et al., 2015; Pal-
meira et al., 2019; Ristow, 2014; Ristow and Zarse, 2010).
Recent studies show that transcription promoted by SKN-1, a
master transcriptional regulator of the oxidative stress response,
promotes mitochondrial homeostasis and mitohormesis-
mediated longevity (Palikaras et al., 2015; Pinto et al., 2018;
Schmeisser et al., 2013; Zarse et al.,, 2012). SKN-1 activity
increased in animals exposed to nth-1 RNAI, as was evident
by elevated expression of a GFP transgene under the control
of the gst-4 promoter, a well-known SKN-1 target gene
(Figures 3A and 3B; Kassahun et al., 2018). If SKN-1 is activated
in response to high levels of ROS, we would expect that
ROS scavengers would suppress its activation. Indeed, when
N-acetyl-L-cysteine (NAC) was added to growth medium,
SKN-1 was not induced following RNAi knockdown of nth-1 (Fig-
ure 3C). Although NAC did not prevent death of DA neurons in the

Cell Reports 36, 109668, September 7, 2021 5




Cell Reports

nth-1(RNAI)

WT

BY273
[ BY273+NAC
[ nth-1,BY273+NAC

[ nth-1,BY273

*%

*k

(IYN¥)E-puwi
[(IYNY) LUl (IYNS) L-uxs
(YN )e-puw
{(IYNY) L-uss
(YN L-ul
(lYN&) L-uxs
(IvN&)e-pwy
{(yNS) L-ul

(IYNY) L-uss

nth-1,BY273

(legend on next page)

Fkk

(IYNS)e-puwi ..

NS
D1

o0 oo «
. " o rW\
(YN L-ul H &

Pgst-4GFP

nth-1(RNAI)

H

I 1 @ 1 1

o o o o o
O 8 6 4 2
1

SUOINBU Y JO [BAIAINS 9%

() (] &
ioo ¥ %y,

o o o o o
< ™ N ~—

(d497*?d)
Aysuayu) joxid

ARAAAE

1

o o o
o [5e] ©
=
suoJnau
v JO [BAININS %

40
20

oty 1d
(IvNH)e-pwy
{(wNS) Lyl (IlYNS) L-uxs

(IvNS)e-puwiy
{(IYNS) L-uxs

(tyN) L-ul
(IlYN&)L-uxs
(IvN&)e-pwy
(NS L-ul

(IYNY) L-uss
(IvNY)e-pwy
('vNS) L-ul

oviy1d

0

BY273

(‘ne)L-yNrd
Jo Aysuay [eubis

D7/DAPI/GFP/pJNK-1

6 Cell Reports 36, 109668, September 7, 2021



Cell Reports

nematode PD model, it abolished neuroprotection in nth-
1;BY273 mutants (Figure 3D; Figures S5A-S5C). These findings
suggest that ROS-induced activation of SKN-1 is involved in the
mechanism by which NTH-1 deficiency confers neuroprotection
in the nematode PD model. Consistently, RNAi knockdown of
SKN-1 attenuated neuroprotection in nth-7;BY273 nematodes
(Figure 3E; Figure S5E).

Mitogen-activated protein kinases, such as Jun-N-terminal ki-
nase (JNK-1), are potent regulators of cellular stress responses
in C. elegans (Andrusiak and Jin, 2016). We previously found
that PMK-1 and JNK-1 are constitutively active in the germline
of nth-1 mutants (Kassahun et al., 2018). However, depletion of
pmk-1 had no effect on survival of DA neurons (Figure S5D).
Phosphorylated JNK-1 (pdJNK-1) was also detected in the
head-region of BY273 and nth-1;BY273 animals, but at a higher
level in nth-1;BY273 nematodes (Figure 3F). Therefore, we
examined whether JNK-1 activation was required for neuropro-
tection in nth-1;BY273 mutants. Notably, jnk-7 RNAi abolished
neuroprotection in nth-1;BY273 animals, while it modestly
increased survival of DA neurons in BY273 nematodes (Fig-
ure 3E; Figure S5E). Simultaneous RNAi-mediated depletion of
skn-1 and jnk-1 did not increase survival of DA neurons in
nth-1;BY273 worms. These results indicate that JNK-1 is
epistatic with SKN-1 to alleviate a-syn-induced neurotoxicity
(Figure 3E; Figure S5E).

Oxidation resistance gene 1 (OXR1) is a conserved protein
important for the response to oxidative stress (Elliott and Volkert,
2004; Yang et al., 2014). Recent studies show that OXR1 overex-
pression normalizes several pathological features in a mouse
model of PD (Jiang et al., 2019). Consistent with this finding,
we observed that LMD-3 (the C. elegans homolog of OXR1) is
required for neuroprotection in nth-1;BY273 worms (Figure 3E;
Figure S5E). Interestingly, a similar level of neuroprotection
was observed after depletion of LMD-3 with or without depletion
of JNK-1 and/or SKN-1. These findings suggest that LMD-3,
JNK-1, and SKN-1 function in the same genetic pathway
promoting neuronal survival (Figure 3E; Figure S5E).

Superoxide dismutases are required for

neuroprotection in NTH-1-deficient animals

The above data indicate that NTH-1-deficient animals experi-
ence chronic oxidative stress, which activates cellular pathways
that prevent oxidative stress-induced neuronal degeneration.
Hydrogen peroxide is a redox-signaling molecule, generated
as a byproduct of cellular energy metabolism, that modulates
cellular stress responses (Sies, 2017). To provide further mech-
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anistic insights and to confirm the hormetic response in nth-1
mutants, we monitored the intracellular levels of hydrogen
peroxide. We used transgenic animals expressing the Hyper
biosensor (Back et al., 2012; Knoefler et al., 2012) and found
increased levels of hydrogen peroxide in nth-1;BY273 animals
(Figure 4A). To confirm that hydrogen peroxide acts as a
signaling molecule to promote neuroprotection in PD animals,
we exposed nematodes to low doses of hydrogen peroxide to
trigger hormesis (Bhatla and Horvitz, 2015). Indeed, addition of
50 uM hydrogen peroxide to the culture medium enhanced the
survival of DA neurons in BY273 worms (Figure 4B), supporting
the idea that hydrogen peroxide plays a direct role in protecting
DA neurons against a-syn-induced neurodegeneration. Interest-
ingly, hydrogen peroxide did not increase survival of DA neurons
in nth-1;BY273 animals, suggesting that the basal activation of
the oxidative stress response is sufficient to promote neuronal
survival in this genetic background.

To further investigate the molecular mechanism underlying
protection of DA neurons in nth-1 mutants, we assessed the
requirement for superoxide dismutases (SODs), which generate
hydrogen peroxide from superoxide anion (Wang et al., 2018b).
The C. elegans genome contains five genes that encode
SODs, and SKN-1 has been implicated in transcriptional regula-
tion of three of these genes, sod-1, sod-2, and sod-3 (An and
Blackwell, 2003). We examined whether these three enzymes
are required for survival of DA neurons in nth-1 PD nematodes
by knocking down sod-1, sod-2, or sod-3 individually or simulta-
neously. Interestingly, depletion of SOD-1/SOD-2/SOD-3 abol-
ished the neuroprotective effect of nth-1;BY273 nematodes
but did not influence survival of BY273 animals (Figures 4C
and 4D). To investigate the prominent contribution of specific
tissues to the neuroprotective effect of NTH-1 deficiency, we
targeted the expression of sod-1, sod-2, and sod-3 in the hypo-
dermis and intestine. We found that hypodermal or intestinal
knockdown of SOD-1, SOD-2, and SOD-3 did not increased sur-
vival of DA neurons in nth-1;BY273 animals. These results
demonstrated that SODs promote neuroprotection in a neuron-
specific manner (Figure S5F). Elaborating further on the cell-
autonomous function of NTH-1 in the tissues of C. elegans, we
found that pan-neuronal or DA neuron-specific knockdown of
NTH-1 promoted neuronal viability (Figures S6A-S6D), whereas
hypodermal or intestinal RNAI against nth-1 did not provide any
neuroprotective effect (Figures S6E-S6H). Taken together, our
analysis reveals that neuronal loss of NTH-1 increases produc-
tion of hydrogen peroxide in an SOD-dependent manner, which
in turn activates an LMD-3/JNK-1/SKN-1-dependent signaling

Figure 3. NTH-1 deficiency initiates a mitohormetic response that promotes neuroprotection

(A and B) SKN-1 is activated in NTH-1-depleted animals. Fluorescence intensity of transgenic animals expressing the pgs:.«GFP transgene subjected to nth-1
knockdown (n = 45; ***p < 0.001; unpaired t test). Scale bar, 500 um, 5x objective.

(C) SKN-1 is not stimulated in NTH-1 knocked down nematodes upon NAC administration (n = 45; NS p > 0.05, ***p < 0.001; one-way ANOVA).

(D) Mitohormesis is engaged in NTH-1-deficient animals to induce neuroprotection. Supplementation of NAC ameliorates the neuroprotective effect of NTH-1
deficiency (n = 40; **p < 0.01; one-way ANOVA), corresponding image in Figure S5C.

(E) The column scatterplots represent survival of CEPs and ADEs DA neurons of BY273 and nth-1;BY273 nematodes during aging following knockdown of jnk-1,
Imd-3, and skn-1 and co-depletion of jnk-1/Imd-3, skn-1/jnk-1, and skn-1/Imd-3 and simultaneous depletion of skn-1/jnk-1/Imd-3 by RNAi (n = 40-55 nematodes
per group; **p < 0.01 and ***p < 0.001; one-way ANOVA followed by Bonferroni’s multiple comparison test), corresponding image Figure S5E.

(F) Immunofluorescence images showing anti-pJNK-1 positive foci in the head region of transgenic strains BY273 and nth-1;BY273 (scale bar, 20 pm, zoomed,
5 um, 63 objective). The column scatterplot represents the average signal intensity of pJNK-1 staining in a 17 x 108 nm? area in the head region of transgenic
animals (right panel; n = 12 animals per replicate, three replicates; **p < 0.001; two-way ANOVA. Error bars, SEM.
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pathway promoting survival of DA neurons in nth-1;BY273
nematodes. Collectively, the above results strongly support a
mechanistic link between moderate mitochondrial impairment,
ROS-mediated signaling, and neuroprotection in nth-1;BY273
mutants.

NTH-1 deficiency diminishes age-dependent

accumulation of single-stranded DNA breaks

To further delineate the molecular mechanism connecting BER
deficiency and survival of DA neurons in PD nematodes, we
examined whether neuroprotection was associated with a reduc-
tion in DNA damage. Preferred substrates of NTH-1 are oxidized
pyrimidines (for example, 5-hydroxymethyluracil [5-hmU]), but a
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Figure 4. Hydrogen peroxide mediates the
neuroprotective effect of NTH-1 deficiency
in the nematode PD model
(A) The cellular levels of hydrogen peroxide are
elevated in NTH-1-depleted animals (n = 45; **p <
0.001; unpaired t test).
(B) Exogenous supplementation of hydrogen
peroxide (10 and 50 uM) prevents a-syn-induced
neurodegeneration promoting a mitohormetic
Q«gv\g«vm response (n = 40 nematodes per group; NS p > 0.05
S Q and **p < 0.01; one-way ANOVA).
¥ (C and D) Knockdown of SOD-1, SOD-2, SOD-3,
and simultaneous depletion of SOD-1/SOD-2/
SOD-3 superoxide dismutases abolishes the
neuroprotective effect of NTH-1 deficiency in PD
nematodes (n = 40 nematodes per group; NS
p > 0.05 and ***p < 0.0001; one-way ANOVA).
Scale bar, 20 pm, 20x objective. Error bars, SEM.

4

minor activity was reported toward 8-hy-
droxyguanine (8-oxoG) in an unusual base
pair context (i.e., 8-oxoG:G) (Morinaga
et al., 2009). We measured the levels of
oxidized DNA bases in wild-type and
NTH-1-deficient PD nematodes during
aging by liquid chromatography-tandem
mass spectrometry (LC-MS/MS) (Figure 5A)
and by immunohistochemical staining with
anti-8-oxoG antibodies (Figure 5B; Fig-
ure S7A). The results show that young
nth-1;BY273 mutants had similar levels of
8-oxoG as isogenic BY273 nematodes
and that the level of 8-oxoG increased in
NTH-1-deficient and NTH-1-proficient
nematodes with age (Figures 5A and 5B;
Figure S7A). However, the age-dependent
increase in 8-oxoG (positive foci in the
head region) was more pronounced in the
BY273 animals than in nth-71;BY273 mu-
tants, consistent with upregulation of anti-
oxidant defense systems in the latter back-
ground (Figure 3; Figure S5). With regard to
one of the preferred substrates of NTH-1,
5-hmU, a small increase in the level of
5-hmU was observed in older nth-1;
BY273 mutants relative to the BY273 nematodes (Figure 5C),
showing that the boosted antioxidant defense is not sufficient to
prevent accumulation of oxidized pyrimidines. We conclude that
the increased level of 5-hmU is likely a direct consequence of
nth-1 deletion, whereas the change in level of 8-oxoG is likely an
indirect effect of mitohormesis.

To determine whether the reduced age-related degeneration
of DA neurons in nth-1 mutants was associated with lower levels
of cytotoxic DNA repair intermediates, we measured the abun-
dance of ssDNA breaks using the TUNEL assay. Although
commonly used as an assay for apoptosis, the TUNEL assay
quantifies incorporation of labeled dUTP at 3'-OH single-
stranded DNA ends, which can be generated during BER by
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the combined action of NTH-1 and AP-endonuclease. TUNEL
datarevealed a barely detectable level of ssDNA breaks in young
animals of either genotype (Figure 5D). However, older BY273
animals displayed a substantial increase in the number of
TUNEL-positive cells in the head region, while a smaller modest
increase in TUNEL staining was observed in older nth-1;BY273
worms (Figure 5D; Figure S7B). Annexin V staining was not
detected in the head region of older BY273 animals, which
supports the idea that the TUNEL signal represents 3'-OH
single-stranded DNA breaks generated by NTH-1 initiated BER
(Figure S7C). Furthermore, anti-poly(ADP-ribose) (PAR) positive
foci, which are generated at ssSDNA breaks by poly (ADP-ribose)
polymerase 1 (PARP1), were observed in nearly 80% of older
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Figure 5. NTH-1 deficiency diminishes age-
dependent genomic damage

(A) Quantification of 8-hydroxy deoxyguanosine
(8-0x0G@) level in genomic DNA of BY273 and nth-1;
BY273 animals are represented as a column scat-
terplots (n > 1,000 nematodes per group; three
replicates; NS p > 0.05 and *p < 0.05; unpaired
t test).

(B) The scatter dot plot shows the number of 8-oxoG
positive foci in the head region of transgenic animals
(n = 30 nematodes; NS p > 0.05, ***p < 0.001; one-
way ANOVA followed Bonferroni’s multiple com-
parison test). The corresponding image is depicted
in Figure S7A.

(C) Quantification of 5-hmU levels in genomic DNA
— of BY273 and nth-1,BY273 animals is presented as
- a column scatterplot (n > 1,000 nematodes per
3 group; three replicates; NS p > 0.05, *p < 0.05; un-
paired t test).

(D) Scatter dot plot showing the intensity of TUNEL
positive staining in 17 x 10% nm? area in the
head region of transgenic animals (n = 30 nema-
todes; **p < 0.001; one-way ANOVA followed by
Bonferroni’s multiple comparison test). The corre-
sponding image is depicted in Figure S7B.

(E) Quantification of the fraction (%) of heads with
PAR positive foci (n = 12-24 nematodes per group;
three replicates; NS p > 0.05, ***p < 0.001; one-way
ANOVA followed by Bonferroni’s multiple compari-
son test). The corresponding image is shown in
Figure S7D.

(F) The column scatterplot depicts survival of ante-
rior CEPs and ADEs DA neurons of BY273 and
nth-1;,BY273 nematodes during aging in response
to 0,5 uM olaparib (n = 30 to 40 animals per repli-
cate, two replicates; NS p > 0.05, *p < 0.05, **p <
L 0.01,"*p < 0.001; one-way ANOVA followed by
Bonferroni’s multiple comparison test).

(G) Column scatterplot representing survival of
anterior CEPs DA neurons (measured as mean GFP
intensity) of BY273 and nth-1,BY273 nematodes
during aging with and without 1 MM NR (n = 10 to 30
animals per replicate, two replicates, **p < 0.001;
one-way ANOVA followed by Bonferroni’s multiple
comparison test).

(H) Quantification of relative mtDNA integrity in N2
and nth-1 mutants in young and old animals (n = 800
animals per replicate, three replicates; *p < 0.05 and
***p < 0.001; one-way ANOVA followed by Bonfer-
roni’s multiple comparison test). Error bars, SEM.
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BY273 animals and in <60% of older nth-1,BY273 animals (Fig-
ure 5E; Figure S7D). These data suggest that NTH-1-dependent
BER generates ssDNA breaks in aged PD nematodes.

Unlike most base adducts, ssDNA breaks are cytotoxic
lesions that can induce neurodegeneration through direct
signaling to classic apoptotic pathways (Hanzlikova et al.,
2018) or, indirectly, by activating a cascade of events leading
to depletion of NAD* (Fang et al., 2014, 2016). Supporting the
idea that BER-generated ssDNA breaks can lead directly to
neurotoxicity, we observed that inhibition of PARP1 with
Olaparib improved survival of DA neurons in BY273 animals,
while it did not improve survival of DA neurons in nth-1;BY273
nematodes (Figure 5F; Figure S7E). Consistently, boosting
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NAD™ levels by supplementation with nicotinamide riboside (NR)
improved survival of DA neurons in BY273 animals substantially,
whereas the benefit was less pronounced in nth-1;,BY273 mu-
tants (Figures 1C and 5G; Figure S7F). Taken together, these
data suggest that repair of endogenous DNA damage via BER
generates a genomic stress signal that drives degeneration of
DA neurons during aging of BY273 nematodes.

Recent studies demonstrate a strong relationship between nu-
clear genome maintenance and energy homeostasis (Fang et al.,
2014, 2016). Therefore, we explored whether nuclear NTH-1
deficiency had an impact on energy homeostasis in BY273
nematodes via nuclear mitochondrial signaling. Due to NTH-1
mitochondrial localization (Figure 2D), we explored whether mi-
tohormesis could be caused by defective mitochondrial BER.
Measurements of DNA lesions in the total genomes of NTH-1-
deficient and NTH-1-proficient BY273 animals (Figure 5C) sug-
gest that bona fide NTH-1 substrates most likely accumulate in
mtDNA of nth-1 mutants. However, it is currently not possible
to isolate enough mtDNA and measure lesions directly by LC-
MS/MS. To confirm thatincomplete NTH-1-initiated BER also re-
sults in mtDNA intermediates, we therefore assessed mtDNA
integrity using a PCR-based method, where damage that nega-
tively affect PCR efficiency, such as single-strand breaks and
cytotoxic base damage, is reflected by reduced PCR efficiency
of the isolated template (Gonzalez-Hunt et al., 2016). Young
nth-1;BY273 mutants had higher mtDNA integrity than BY273
animals and this effect was even more pronounced in old
nth-1;BY273 nematodes (Figure 5H). Thus, we conclude that
NTH-1 generates DNA lesions (likely ssDNA breaks) in the nu-
clear and mitochondrial genomes. Hence, the neuroprotective
effect of NTH-1 deficiency in old nth-1;BY273 animals could
directly reflect fewer ssDNA breaks and a higher proportion of
high-integrity mtDNA.

NTH-1 deficiency elevates age-dependent

mitochondrial gene expression

Transcription stress is believed to be an important contributor
to accelerated aging in many DNA repair mutants. Older
nth-1;BY273 worms with higher mtDNA integrity are expected
to have higher levels of oxidized DNA bases on a genome-
wide level (Figure 5C), and these lesions could potentially reduce
the efficiency of transcription or modulate its regulation (Bordin
et al., 2021). To clarify the apparent paradox between mtDNA
integrity and mild mitochondrial dysfunction, we measured the
steady-state levels of all mitochondrially encoded transcripts in
single worms. Levels of mitochondrially encoded transcripts,
adjusted for mitochondrial copy number, increased in old ani-
mals compared to young animals. Interestingly, nth-1;,BY273
nematodes expressed dramatically higher levels of transcripts
from select mitochondrial genes atp-6, ndfl-4, ctc-1, and
nduo-2 than BY273 worms (Figures 6A-6D). This change was
consistent also in old NTH-1 mutant only as compared to wild-
type N2 (Figures S8B-S8E). As the mitochondrial copy number
did not increase systemically (Figures S3A-S3F; Figure S8A)
and, in fact, showed a small decrease in axons (Figures S3G
and S3H) in nth-1;BY273 (relative to BY273 animals), the in-
crease in transcription could not be ascribed to increased
mtDNA copy number (Figure S8A). Thus, it appears that loss of
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NTH-1 results in a dramatic accumulation of mtDNA-encoded
transcripts with age.

The increased steady-state levels of a large fraction of mito-
chondrially encoded transcripts are reminiscent of a state of
hypertranscription, which is emerging as a powerful inducer of
nuclear stress response pathways (Kotsantis et al., 2016).
Thus, we asked whether transcription was required for induction
of mitohormesis in nth-1-deficient animals. To address this
question, we examined the role of HMG-5 (homolog of the
mammalian mitochondrial transcription factor A; TFAM) that is
the master regulator of mtDNA transcription and replication.
Although downregulation of hmg-5 using RNAi did not affect
the survival of DA neurons in old BY273 animals (Figures 6E
and 6F), survival of DA neurons in old nth-1;BY273 nematodes
decreased significantly, with or without simultaneous depletion
of SKN-1 (Figures 6E and 6F). To confirm the cell-autonomous
function of NTH-1, SKN-1, and HMG-5, we targeted their gene
expression in DA neurons. Although, NTH-1 DA-neuron-specific
depletion promoted neuronal survival as expected, simulta-
neous knockdown of hmg-5 and skn-1 abolished the neuropro-
tection conferred by NTH-1 knockdown. HMG-5 is also required
for mtDNA replication, but given the dramatic change in tran-
scription output and the very small change in mtDNA copy num-
ber in the nth-1 background, our data suggest that mitohormesis
in response to nth-1 depletion depends on mtDNA transcription.

BER is a susceptibility modifier in PD
To explore whether BER might influence the risk of developing
PD in humans, we analyzed whole-exome sequencing data
from two independent cohorts of patients with idiopathic PD
and healthy controls (Gaare et al., 2018). Through pathway-
based enrichment analyses for rare nonsynonymous, stopgain,
stoploss, and splice variants using the SKAT-O test, a significant
enrichment of variants in BER genes was found (SKAT-O: p =
0.03). The effect was driven by NEIL2, a DNA glycosylase having
substrate specificity similar to that NTH-1 (Table S3).
Gene-level analyses revealed significant enrichment (p =
0.049, after Bonferroni correction) of a single variant,
(rs150931138), Gly26Ala NEIL2. This variant was detected in
6/411 PD cases and 0/640 controls (Table S3). Thus, genetic
variation in genes in the BER pathway may contribute to suscep-
tibility of PD in humans, but individual genetic variants of DNA
glycosylase genes are expected to have a modest effect on
PD risk.

DISCUSSION

Aging is considered the single most important risk factor for the
development and progression of PD. Therefore, sporadic PD can
be viewed as an accelerated form of normal aging, characterized
by defective mitochondrial metabolism leading to premature
death of DA neurons (Lopez-Otin et al., 2013; Mullin and
Schapira, 2013). Using C. elegans as a model organism, we
demonstrate that NTH-1 initiated BER promotes accumulation
of mitochondrial and nuclear DNA repair intermediates with
age, which directly promote neurodegeneration (Figure 7). In
NTH-1-deficient PD nematodes, the accumulation of DNA repair
intermediates is attenuated. In addition, neuronal survival and
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Figure 6. Mitohormesis in NTH-1-deficient
animals depends on transcription
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activity is promoted by the mild mitochondrial dysfunction
phenotype of nth-1 mutants, which stimulates an LMD-3/JNK-
1/SKN-1-dependent mitohormetic response associated with
increased mitochondrial transcription.

Several mouse models and human syndromes caused by mu-
tations in DNA repair and DNA damage response genes have
been used to demonstrate experimentally that defects in the
response to DNA damage promote progressive neurodegenera-
tion (El-Khamisy, 2011; Sepe et al., 2016). These pathological
conditions and animal disease models can be grouped into
two main categories: (1) defects in processing dsDNA or ssDNA

I8[Pgar. 1GFP; Pyt 10-8YNI;IS[Pyne.119SI1D-1]

Similarly, it has been reported that
ischemic injury is less severe (Ebrahim-
khani et al., 2014), and inflammation can
be reduced (Yu et al., 2016) in DNA glyco-
sylase-deficient cells. The data presented
here demonstrate improved survival of DA neurons in old PD
nematodes in the absence of exposure to DNA-damaging
agents. We conclude that NTH-1 generates genomic stress
that drive loss of DA neurons during normal aging. Although
ssDNA breaks can be generated by several cellular mechanisms,
the findings of this study implicate a role for an imbalanced flux
through the BER pathway as a driver of neurodegeneration. In
nth-1;BY273 animals, which cannot initiate BER in response to
oxidative DNA damage, we observed that age-dependent accu-
mulation of ssDNA breaks was suppressed with concomitant
reduction of protein PARylation. This was accompanied by
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Figure 7. BER act as a susceptibility modifier in C. elegans PD ani-
mals

Age-dependent accumulation of mitochondrial and nuclear DNA repair in-
termediates are generated through incomplete repair of endogenous base
damage via the BER pathway. These repair intermediates promote DA
neuronal vulnerability and degeneration in wild-type PD animals. In NTH-1-
deficient nematodes, BER generated repair intermediates are not generated,
but a state of mild mitochondrial dysfunction is induced, resulting in elevated
H>0, levels through the activity of SODs. In turn, SKN-1, LMD-3, and JNK-1
are stimulated to orchestrate a response that protects DA neurons from a-syn
induced neurotoxicity via mitohormesis.

improved survival of DA neurons in older NTH-1-deficient PD
nematodes. This is supporting the notion that BER intermediates
play a direct role in age-dependent neuronal loss in PD nema-
todes. Consistently, Olaparib, a well-known PARP1 inhibitor,
conferred neuroprotection in PD animals, but not in nth-1 PD
animals. The observation that Olaparib has benefit and
reduces neurodegeneration in models of PD suggests that the
classic DNA damage response plays a role in neuronal death.
Constitutive activation of PARP1 can promote neuronal damage
and/or loss via NAD™" depletion leading to progressive mitochon-
drial damage, mitochondrial network fragmentation, and
compensatory induction of mitophagy (Fang et al., 2016).
Interestingly, although treating PD animals with NR reduced
a-synuclein-induced neurotoxicity, the beneficial effect was
much lower in nth-1 mutants than in control animals. This finding
suggests that NR, which is currently being tested in clinical trials
of PD in humans (ClinicalTrials.gov Identifier: NCT03568968),
may not be effective in all patients.

With regard to the mechanism by which NTH-1 deficiency pro-
motes neuroprotection, we show that nth-7;BY273 mutants
experience constitutive, mild mitochondrial stress with no
change in mitochondrial network morphology, which has also
been observed in nematodes with other DNA repair mutations,
including NER defective xpa-1 (Fang et al., 2014) and csb-1
(Scheibye-Knudsen et al., 2016) and dsDNA break repair
defective atm-1 (Fang et al., 2016). However, as these mutant
nematodes are deficient in NER or DSBR, they are expected to
accumulate different types of DNA repair intermediates than
BER-deficient animals, and primarily in the nuclei. NTH-1 is
active in both mitochondria and the nucleus, and we observed
fewer ssDNA breaks in nuclear DNA and higher mitochondrial
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DNA integrity in nth-1 mutants. Thus, our findings demonstrate
a role for NTH-1 initiated BER in both compartments as a driver
of aging-related neurodegeneration. Our data also suggest that
the mitochondrial phenotype associated with NTH-1 deficiency
might be a direct effect of defective BER in mitochondria. In
particular, we found that loss of NTH-1 activity modulated mito-
chondrial transcription output. In general, there is limited knowl-
edge on mitochondrial transcription regulation (Bouda et al.,
2019), and it is not known whether DNA glycosylases regulate
mitochondrial transcription as has been suggested for nuclear
transcription (Bordin et al., 2021). The dependency of mitohorm-
esis on HMG-5 suggests that deregulation of transcription might
be a direct cause of the mild alterations in mitochondrial meta-
bolism in nth-1 mutants. Optimal assembly and function of
oxidative phosphorylation complexes requires coordinated
mitochondrial gene expression and the availability and import
of nuclear-encoded factors (Tang et al., 2020). Although these
mechanisms have been mostly studied in yeast and human cells,
they are likely active in C. elegans as well. Thus, in our model,
increased mitochondrial transcripts of Oxphos proteins may
generate a stress condition that promote mitohormesis without
reaching a toxic level to evoke the unfolded protein response.
Alternatively, transcriptional mutagenesis due to the presence
of unrepaired base damage in the nth-1 mutant background
might lead to accumulation of dysfunctional transcripts (Kuraoka
et al., 2003). As a consequence, nth-1 mutants exhibit a high
level of hydrogen peroxide, which, in turn, stimulates mitohorm-
esis through an LMD-3/JNK-1/SKN-1-dependent signaling
cascade. JNK-1 is known to protect against oxidative stress in
neurons in general (Oh et al., 2005) and in DA neurons challenged
by 6-OHDA (Offenburger et al., 2018). JNK1 acts as an upstream
regulator of OXR1 in Anopheles gambiae (Jaramillo-Gutierrez
et al., 2010) and silk worms (Su et al., 2017). OXR1, the human
ortholog of LMD-3, is a transcription factor activated by
hydrogen peroxide that induces expression of several stress
responsive genes and regulates apoptosis through p21 (Yang
et al., 2014). LMD-3 might be a proximal cellular biosensor of
hydrogen peroxide in the cytoplasm or mitochondria, with
JNK-1 and SKN-1 activation as secondary events. However,
our findings suggest that LMD-3/JNK-1/SKN-1 act as part of
an orchestrated mitohormetic response, to prevent the poten-
tially deleterious consequences of defective DNA repair and
mitochondrial dysfunction.

In summary, this study demonstrates that BER is an age-
dependent modifier of neuronal physiology and viability. Accu-
mulation of mitochondrial and nuclear DNA repair intermediates
due to incomplete or inefficient BER can drive neurodegenera-
tion in PD nematodes (Figure 7). NTH-1 deficiency prevents
accumulation of BER intermediates and alters mitochondrial
metabolism leading to increased production of H,O,. In turn,
LMD-3, JNK-1, and SKN-1 orchestrate a mitohormetic response
that protects DA neurons from a-synuclein-induced neurotox-
icity. The tight evolutionary conservation of the regulatory
factors in this neuroprotective pathway, and the enrichment of
genetic variants in human genes encoding BER components,
in particular a NEIL2 variant, in human PD patients was intriguing,
although this finding must be confirmed in larger cohorts and
supported by further experiments. Of note, NTH1 and NEIL2
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have overlapping substrate specificities, and both are bifunc-
tional DNA glycosylases that are active in mitochondria and
the nucleus. Interestingly, both NTH1 and NEIL2 have been sug-
gested to function in transcription-associated BER and regulate
nuclear gene expression (Bordin et al., 2021). Future studies are
needed to define whether the modulation of mitochondrial tran-
scription regulation is, as suggested by our data, a critical feature
in diseases like PD where oxidative damage is prominent.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY
O Lead contact
O Material availability
O Data and code availability
o EXPERIMENTAL MODEL AND SUBJECT DETAILS
O C. elegans strains and culture conditions
o METHOD DETAILS
Molecular cloning
Degeneration of dopaminergic neurons
Mitochondrial imaging
Dopamine resistance assay
TUNEL assay
Immunohistochemistry
HPLC-MS/MS quantification of DNA
Mitochondrial DNA copy number
Mitochondrial gene expression analysis
Basal slowing response
Pharyngeal pumping
o PROGENY ASSAY
O Genetic association analyses
® QUANTIFICATION AND STATISTICAL ANALYSIS
O Data analysis
O Statistical analysis

(@]

OO0OO0OO0O0OO0O0OO0OO0O0

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.
celrep.2021.109668.

ACKNOWLEDGMENTS

We thank Natascia Ventura and Garry Wong for critical reading of the manu-
script and insightful comments and A. Pasparaki for technical support. We
thank David M Wilson Il (Boost Scientific) and Miriam Sander (https://www.
logicalflow.biz/) for input and manuscript editing. We thank R. Blakely for
sharing the BY273 strain, B.P. Braeckman for the Hyper-expressing nema-
todes, and E.M. Jorgensen for C. elegans strain expressing mitochondria-tar-
geted GFP and cytoplasmic mCherry in GABA motor neurons. Some strains
were provided by the Caenorhabditis Genetics Center, which is funded by
the National Center for Research Resources of the National Institutes of
Health. Mass spectrometry services were procured at PROMEC Core Facility
for Proteomics and Modomics, Norwegian University of Science and Technol-
ogy, and Central Norway Regional Health Authority, Trondheim, Norway. This
work was supported by the South East Norway Regional Health Authority
(Grant no. 2015029). T.S. was supported by an institutional grant from
Akershus University Hospital. K.P. is supported by an AXA Research Fund

¢? CellPress

OPEN ACCESS

post-doctoral long-term fellowship, the Hellenic Foundation for Research
and Innovation (HFRI), and the General Secretariat for Research and Technol-
ogy (GSRT). K.A. is supported by a grant from Olav Thon foundation Norway
(531811-710131). N.T. is funded by grants from the European Research Coun-
cil (ERC - GA695190 — MANNA), the European Commission Framework Pro-
grammes, and the Greek Ministry of Education. J.G. and C.T. were supported
by grants from The Research Council of Norway (288164, ES633272) and Ber-
gen Research Foundation (BFS2017REKO05).

AUTHOR CONTRIBUTIONS

T.S., K.P,, Y.Q.E.,, GK, KA, F.J.N.G,, HK.,, and |.S. conducted experiments,
T.S. and K.P. wrote the manuscript, and H.N. designed the study, analyzed
data, and wrote the manuscript. N.T., V.B., and M.A. edited the manuscript.

DECLARATION OF INTERESTS
The authors declare no competing interests.

Received: August 10, 2020
Revised: May 26, 2021
Accepted: August 13, 2021
Published: September 7, 2021

REFERENCES

Allocca, M., Corrigan, J.J., Mazumder, A., Fake, K.R., and Samson, L.D.
(2019). Inflammation, necrosis, and the kinase RIP3 are key mediators of
AAG-dependent alkylation-induced retinal degeneration. Sci. Signal. 12,
eaau9216.

An, J.H., and Blackwell, T.K. (2003). SKN-1 links C. elegans mesendodermal
specification to a conserved oxidative stress response. Genes Dev. 17,
1882-1893.

Andrusiak, M.G., and Jin, Y. (2016). Context Specificity of Stress-activated
Mitogen-activated Protein (MAP) Kinase Signaling: The Story as Told by Cae-
norhabditis elegans. J. Biol. Chem. 2917, 7796-7804.

Back, P., De Vos, W.H., Depuydt, G.G., Matthijssens, F., Vanfleteren, J.R., and
Braeckman, B.P. (2012). Exploring real-time in vivo redox biology of devel-
oping and aging Caenorhabditis elegans. Free Radic. Biol. Med. 52, 850-859.
Barzilai, A., Schumacher, B., and Shiloh, Y. (2017). Genome instability: Linking
ageing and brain degeneration. Mech. Ageing Dev. 167 (Pt A), 4-18.

Bhatla, N., and Horvitz, H.R. (2015). Light and hydrogen peroxide inhibit C. el-
egans Feeding through gustatory receptor orthologs and pharyngeal neurons.
Neuron 85, 804-818.

Bhattacharya, A., Aghayeva, U., Berghoff, E.G., and Hobert, O. (2019). Plas-
ticity of the Electrical Connectome of C. elegans. Cell 176, 1174-1189.e16.
Blackwell, T.K., Steinbaugh, M.J., Hourihan, J.M., Ewald, C.Y., and Isik, M.
(2015). SKN-1/Nrf, stress responses, and aging in Caenorhabditis elegans.
Free Radic. Biol. Med. 88 (Pt B), 290-301.

Bordin, D.L., Lirussi, L., and Nilsen, H. (2021). Cellular response to endoge-
nous DNA damage: DNA base modifications in gene expression regulation.
DNA Repair (Amst.) 99, 103051.

Bosshard, M., Markkanen, E., and van Loon, B. (2012). Base excision repair in
physiology and pathology of the central nervous system. Int. J. Mol. Sci. 13,
16172-16222.

Bouda, E., Stapon, A., and Garcia-Diaz, M. (2019). Mechanisms of mammalian
mitochondrial transcription. Protein Sci. 28, 1594-1605.

Brenner, S.J.G. (1974). The genetics of Caenorhabditis elegans. Genetics 77,
71-94.

Cabelof, D.C., Raffoul, J.J., Yanamadala, S., Ganir, C., Guo, Z., and Heydari,
A.R. (2002a). Attenuation of DNA polymerase attenuation of DNA polymerase
elegans.v/entrez/query.fcgi?cmd=Retrieve&db=PubMed&lis. Mutat. Res.
500, 135-145.

Cell Reports 36, 109668, September 7, 2021 13



https://doi.org/10.1016/j.celrep.2021.109668
https://doi.org/10.1016/j.celrep.2021.109668
https://www.logicalflow.biz/
https://www.logicalflow.biz/
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref1
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref1
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref1
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref1
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref2
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref2
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref2
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref3
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref3
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref3
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref4
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref4
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref4
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref5
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref5
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref6
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref6
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref6
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref7
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref7
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref8
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref8
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref8
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref9
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref9
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref9
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref10
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref10
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref10
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref11
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref11
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref12
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref12
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref13
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref13
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref13
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref13

¢? CellPress

OPEN ACCESS

Cabelof, D.C., Raffoul, J.J., Yanamadala, S., Guo, Z., and Heydari, A.R.
(2002b). Induction of DNA polymerase beta-dependent base excision repair
in response to oxidative stress in vivo. Carcinogenesis 23, 1419-1425.

Calvo, J.A., Moroski-Erkul, C.A., Lake, A., Eichinger, L.W., Shah, D., Jhun, 1.,
Limsirichai, P., Bronson, R.T., Christiani, D.C., Meira, L.B., and Samson,
L.D. (2013). Aag DNA glycosylase promotes alkylation-induced tissue damage
mediated by Parp1. PLoS Genet. 9, e1003413.

Camandola, S., and Mattson, M.P. (2017). Brain metabolism in health, aging,
and neurodegeneration. EMBO J. 36, 1474-1492.

Cooper, J.F., and Van Raamsdonk, J.M. (2018). Modeling Parkinson’s Disease
in C. elegans. J. Parkinsons Dis. 8, 17-32.

Ebrahimkhani, M.R., Daneshmand, A., Mazumder, A., Allocca, M., Calvo, J.A.,
Abolhassani, N., Jhun, |., Muthupalani, S., Ayata, C., and Samson, L.D. (2014).
Aag-initiated base excision repair promotes ischemia reperfusion injury in liver,
brain, and kidney. Proc. Natl. Acad. Sci. USA 1117, E4878-E4886.

El-Khamisy, S.F. (2011). To live or to die: a matter of processing damaged DNA
termini in neurons. EMBO Mol. Med. 3, 78-88.

Elliott, N.A., and Volkert, M.R. (2004). Stress induction and mitochondrial local-
ization of Oxr1 proteins in yeast and humans. Mol. Cell. Biol. 24, 3180-3187.

Fang, E.F., Scheibye-Knudsen, M., Brace, L.E., Kassahun, H., SenGupta, T.,
Nilsen, H., Mitchell, J.R., Croteau, D.L., and Bohr, V.A. (2014). Defective mi-
tophagy in XPA via PARP-1 hyperactivation and NAD(+)/SIRT1 reduction.
Cell 157, 882-896.

Fang, E.F., Kassahun, H., Croteau, D.L., Scheibye-Knudsen, M., Marosi, K.,
Lu, H., Shamanna, R.A., Kalyanasundaram, S., Bollineni, R.C., Wilson, M.A.,
etal. (2016). NAD* Replenishment Improves Lifespan and Healthspan in Ataxia
Telangiectasia Models via Mitophagy and DNA Repair. Cell Metab. 24,
566-581.

Fang, E.F., Waltz, T.B., Kassahun, H., Lu, Q., Kerr, J.S., Morevati, M., Fiven-
son, E.M., Wollman, B.N., Marosi, K., Wilson, M.A., et al. (2017). Tomatidine
enhances lifespan and healthspan in C. elegans through mitophagy induction
via the SKN-1/Nrf2 pathway. Sci. Rep. 7, 46208.

Fang, E.F., Hou, Y., Palikaras, K., Adriaanse, B.A., Kerr, J.S., Yang, B.,
Lautrup, S., Hasan-Olive, M.M., Caponio, D., Dan, X., et al. (2019). Mitophagy
inhibits amyloid-B and tau pathology and reverses cognitive deficits in models
of Alzheimer’s disease. Nat. Neurosci. 22, 401-412.

Fensgard, @., Kassahun, H., Bombik, |., Rognes, T., Lindvall, J.M., and Nilsen,
H. (2010). A two-tiered compensatory response to loss of DNA repair modu-
lates aging and stress response pathways. Aging (Albany NY) 2, 133-159.

Frosina, G. (2000). Overexpression of enzymes that repair endogenous dam-
age to DNA. Eur. J. Biochem. 267, 2135-2149.

Fukae, J., Takanashi, M., Kubo, S., Nishioka, K., Nakabeppu, Y., Mori, H., Miz-
uno, Y., and Hattori, N. (2005). Expression of 8-oxoguanine DNA glycosylase
(OGGH1) in Parkinson’s disease and related neurodegenerative disorders.
Acta Neuropathol. 7109, 256-262.

Fukae, J., Mizuno, Y., and Hattori, N. (2007). Mitochondrial dysfunction in Par-
kinson’s disease. Mitochondrion 7, 58-62.

Gaare, J.J., Nido, G.S., Sztromwasser, P., Knappskog, P.M., Dahl, O., Lund-
Johansen, M., Maple-Gredem, J., Alves, G., Tysnes, O.B., Johansson, S.,
et al. (2018). Rare genetic variation in mitochondrial pathways influences the
risk for Parkinson’s disease. Mov. Disord. 33, 1591-1600.

Gonzalez-Hunt, C.P., Rooney, J.P., Ryde, I.T., Anbalagan, C., Joglekar, R.,
and Meyer, J.N. (2016). PCR-Based Analysis of Mitochondrial DNA Copy
Number, Mitochondrial DNA Damage, and Nuclear DNA Damage. Curr. Pro-
toc. Toxicol. 67, 20.11.21-20.11.25.

Hanzlikova, H., Kalasova, |., Demin, A.A., Pennicott, L.E., Cihlarova, Z., and
Caldecott, K.W. (2018). The Importance of Poly(ADP-Ribose) Polymerase as
a Sensor of Unligated Okazaki Fragments during DNA Replication. Mol. Cell
71, 319-331.

Harris, M.B., Shilleh, A., Phillips, D., Taylor, B.E., and Berlemont, R. (2019).
WormBeat: A Strategy to Evaluate Pharyngeal Pumping Variability in the Nem-
atode C. elegans. FASEB J. 33, 726.726-726.726.

14 Cell Reports 36, 109668, September 7, 2021

Cell Reports

Hernandez-Baltazar, D., Zavala-Flores, L., and Villanueva-Olivo, A.J.N. (2017).
The 6-hydroxydopamine model and parkinsonian pathophysiology: Novel
findings in an older model. Neurologia 32, 533-539.

Hou, Y., Dan, X., Babbar, M., Wei, Y., Hasselbalch, S.G., Croteau, D.L., and
Bohr, V.A. (2019). Ageing as a risk factor for neurodegenerative disease.
Nat. Rev. Neurol. 75, 565-581.

Jaramillo-Gutierrez, G., Molina-Cruz, A., Kumar, S., and Barillas-Mury, C.
(2010). The Anopheles gambiae oxidation resistance 1 (OXR1) gene regulates
expression of enzymes that detoxify reactive oxygen species. PLoS One 5,
e11168.

Jiang, Y., Liu, J., Chen, L., Jin, Y., Zhang, G., Lin, Z., Du, S., Fu, Z., Chen, T.,
Qin, Y., and Sun, X. (2019). Serum secreted miR-137-containing exosomes af-
fects oxidative stress of neurons by regulating OXR1 in Parkinson’s disease.
Brain Res. 1722, 146331.

Kassahun, H., SenGupta, T., Schiavi, A., Maglioni, S., Skjeldam, H.K., Arczew-
ska, K., Brockway, N.L., Estes, S., Eide, L., Ventura, N., and Nilsen, H. (2018).
Constitutive MAP-kinase activation suppresses germline apoptosis in NTH-1
DNA glycosylase deficient C. elegans. DNA Repair (Amst.) 67, 46-55.

Knoefler, D., Thamsen, M., Koniczek, M., Niemuth, N.J., Diederich, A.K., and
Jakob, U. (2012). Quantitative in vivo redox sensors uncover oxidative stress
as an early event in life. Mol. Cell 47, 767-776.

Kotsantis, P., Silva, L.M., Irmscher, S., Jones, R.M., Folkes, L., Gromak, N.,
and Petermann, E. (2016). Increased global transcription activity as a mecha-
nism of replication stress in cancer. Nat. Commun. 7, 13087.

Kuraoka, I., Endou, M., Yamaguchi, Y., Wada, T., Handa, H., and Tanaka, K.
(2003). Effects of endogenous DNA base lesions on transcription elongation
by mammalian RNA polymerase II. Implications for transcription-coupled
DNA repair and transcriptional mutagenesis. J. Biol. Chem. 278, 7294-7299.

Lakso, M., Vartiainen, S., Moilanen, A.M., Sirvio, J., Thomas, J.H., Nass, R.,
Blakely, R.D., and Wong, G. (2003). Dopaminergic neuronal loss and motor
deficits in Caenorhabditis elegans overexpressing human alpha-synuclein.
J. Neurochem. 86, 165-172.

Leidal, A.M., Levine, B., and Debnath, J. (2018). Autophagy and the cell biology
of age-related disease. Nat. Cell Biol. 20, 1338-1348.

Lépez-Otin, C., Blasco, M.A., Partridge, L., Serrano, M., and Kroemer, G.J.C.
(2013). The hallmarks of aging. Cell 153, 1194-1217.

Lou, G., Palikaras, K., Lautrup, S., Scheibye-Knudsen, M., Tavernarakis, N.,
and Fang, E.F. (2020). Mitophagy and Neuroprotection. Trends Mol. Med.
26, 8-20.

Misiak, M., Vergara Greeno, R., Baptiste, B.A., Sykora, P., Liu, D., Cordonnier,
S., Fang, E.F., Croteau, D.L., Mattson, M.P., and Bohr, V.A. (2017). DNA poly-
merase 3 decrement triggers death of olfactory bulb cells and impairs olfaction
in a mouse model of Alzheimer’s disease. Aging Cell 16, 162-172.

Morinaga, H., Yonekura, S., Nakamura, N., Sugiyama, H., Yonei, S., and
Zhang-Akiyama, Q.M. (2009). Purification and characterization of Caenorhab-
ditis elegans NTH, a homolog of human endonuclease lll: essential role of
N-terminal region. DNA Repair (Amst.) 8, 844-851.

Mullin, S., and Schapira, AJ.M.n. (2013). «- 3M.n.RTY
""www.ncbi.nlm.nih.gov/entrez/query. Mol. Neurobiol. 47, 587-597.

Nakabeppu, Y., Tsuchimoto, D., Yamaguchi, H., and Sakumi, K. (2007). Oxida-
tive damage in nucleic acids and Parkinson’s disease. J. Neurosci. Res. 85,
919-934.

Nass, R., and Blakely, R.D. (2003). The Caenorhabditis elegans dopaminergic
system: opportunities for insights into dopamine transport and neurodegener-
ation. Annu. Rev. Pharmacol. Toxicol. 43, 521-544.

Nass, R., Hall, D.H., Miller, D.M., 3rd, and Blakely, R.D. (2002). Neurotoxin-
induced degeneration of dopamine neurons in Caenorhabditis elegans.
Proc. Natl. Acad. Sci. USA 99, 3264-3269.

Offenburger, S.L., Ho, X.Y., Tachie-Menson, T., Coakley, S., Hilliard, M.A., and
Gartner, A. (2018). 6-OHDA-induced dopaminergic neurodegeneration in Cae-
norhabditis elegans is promoted by the engulfment pathway and inhibited by
the transthyretin-related protein TTR-33. PLoS Genet. 14, e1007125.

INECY


http://refhub.elsevier.com/S2211-1247(21)01112-8/sref14
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref14
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref14
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref15
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref15
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref15
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref15
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref16
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref16
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref17
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref17
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref18
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref18
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref18
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref18
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref19
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref19
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref20
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref20
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref21
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref21
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref21
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref21
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref22
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref22
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref22
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref22
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref22
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref22
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref23
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref23
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref23
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref23
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref24
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref24
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref24
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref24
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref25
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref25
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref25
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref26
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref26
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref27
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref27
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref27
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref27
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref28
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref28
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref29
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref29
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref29
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref29
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref30
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref30
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref30
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref30
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref31
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref31
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref31
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref31
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref32
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref32
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref32
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref33
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref33
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref33
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref34
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref34
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref34
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref35
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref35
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref35
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref35
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref36
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref36
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref36
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref36
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref37
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref37
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref37
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref37
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref40
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref40
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref40
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref41
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref41
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref41
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref42
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref42
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref42
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref42
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref43
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref43
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref43
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref43
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref44
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref44
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref45
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref45
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref46
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref46
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref46
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref47
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref47
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref47
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref47
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref48
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref48
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref48
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref48
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref49
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref49
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref50
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref50
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref50
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref51
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref51
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref51
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref52
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref52
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref52
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref53
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref53
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref53
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref53

Cell Reports

Oh, S.W., Mukhopadhyay, A., Svrzikapa, N., Jiang, F., Davis, R.J., and Tissen-
baum, H.A. (2005). JNK regulates lifespan in Caenorhabditis elegans by modu-
lating nuclear translocation of forkhead transcription factor/DAF-16. Proc.
Natl. Acad. Sci. USA 102, 4494-4499.

Palikaras, K., Lionaki, E., and Tavernarakis, N. (2015). Coordination of mitoph-
agy and mitochondrial biogenesis during ageing in C. elegans. Nature 5217,
525-528.

Palmeira, C.M., Teodoro, J.S., Amorim, J.A., Steegborn, C., Sinclair, D.A., and
Rolo, A.P. (2019). Mitohormesis and metabolic health: The interplay between
ROS, cAMP and sirtuins. Free Radic. Biol. Med. 7147, 483-491.

Pinto, S., Sato, V.N., De-Souza, E.A., Ferraz, R.C., Camara, H., Pinca, A.P.F.,
Mazzotti, D.R., Lovci, M.T., Tonon, G., Lopes-Ramos, C.M., et al. (2018).
Enoxacin extends lifespan of C. elegans by inhibiting miR-34-5p and promot-
ing mitohormesis. Redox Biol. 78, 84-92.

Rao, K.S., Annapurna, V., Raji, N., and Harikrishna, T.J.M.b.r. (2000). Loss of
base excision repair in aging rat neurons and its restoration by DNA polymer-
ase B 85, 251-259.

Ristow, M. (2014). Unraveling the truth about antioxidants: mitohormesis ex-
plains ROS-induced health benefits. Nat. Med. 20, 709-711.

Ristow, M., and Zarse, K. (2010). How increased oxidative stress promotes
longevity and metabolic health: The concept of mitochondrial hormesis (mito-
hormesis). Exp. Gerontol. 45, 410-418.

Rossetti, Z.L., Sotgiu, A., Sharp, D.E., Hadjiconstantinou, M., and Neff, N.H.
(1988). 1-Methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine (MPTP) and free radi-
cals in vitro. Biochem. Pharmacol. 37, 4573.

Sawin, E.R., Ranganathan, R., and Horvitz, H.R. (2000). C. elegans locomotory
rate is modulated by the environment through a dopaminergic pathway and by
experience through a serotonergic pathway. Neuron 26, 619-631.
Scheibye-Knudsen, M., Tseng, A., Borch Jensen, M., Scheibye-Alsing, K.,
Fang, E.F., lyama, T., Bharti, S.K., Marosi, K., Froetscher, L., Kassahun, H.,
et al. (2016). Cockayne syndrome group A and B proteins converge on tran-
scription-linked resolution of non-B DNA. Proc. Natl. Acad. Sci. USA 113,
12502-12507.

Schiavi, A., and Ventura, N. (2014). The interplay between mitochondria and
autophagy and its role in the aging process. Exp. Gerontol. 56, 147-153.
Schmeisser, S., Priebe, S., Groth, M., Monajembashi, S., Hemmerich, P.,
Guthke, R., Platzer, M., and Ristow, M. (2013). Neuronal ROS signaling rather
than AMPK/sirtuin-mediated energy sensing links dietary restriction to lifespan
extension. Mol. Metab. 2, 92-102.

Schmidt, E., Seifert, M., and Baumeister, R. (2007). Caenorhabditis elegans as
a model system for Parkinson’s disease. Neurodegener. Dis. 4, 199-217.
SenGupta, T., Torgersen, M.L., Kassahun, H., Vellai, T., Simonsen, A., and Nil-
sen, H.J.N.c. (2013). Base excision repair AP endonucleases and mismatch
repair act together to induce checkpoint-mediated autophagy. Nat. Commun.
4, 2674.

Sepe, S., Milanese, C., Gabriels, S., Derks, K.W., Payan-Gomez, C., van
IJcken, W.F., Rijksen, Y.M., Nigg, A.L., Moreno, S., Cerri, S., et al. (2016). Inef-

¢? CellPress

OPEN ACCESS

ficient DNA Repair Is an Aging-Related Modifier of Parkinson’s Disease. Cell
Rep. 15, 1866-1875.

Shatilla, A., Ishchenko, A.A., Saparbaev, M., and Ramotar, D. (2005). Charac-
terization of Caenorhabditis elegans exonuclease-3 and evidence that a
Mg2+-dependent variant exhibits a distinct mode of action on damaged
DNA. Biochemistry 44, 12835-12848.

Sies, H. (2017). Hydrogen peroxide as a central redox signaling molecule in
physiological oxidative stress: Oxidative eustress. Redox Biol. 77, 613-619.
Skjeldam, H.K., Kassahun, H., Fensgard, O., SenGupta, T., Babaie, E., Lind-
vall, J.M., Arczewska, K., and Nilsen, H. (2010). Loss of Caenorhabditis ele-
gans UNG-1 uracil-DNA glycosylase affects apoptosis in response to DNA
damaging agents. DNA Repair (Amst.) 9, 861-870.

Sobol, R.W., Prasad, R., Evenski, A., Baker, A., Yang, X.-P., Horton, J.K., and
Wilson, S.H. (2000). The lyase activity of the DNA repair protein beta-polymer-
ase protects from DNA-damage-induced cytotoxicity. Nature 405, 807-810.
Su, L.D., Zhang, Q.L., and Lu, Z. (2017). Oxidation resistance 1 (OXR1) partic-
ipates in silkworm defense against bacterial infection through the JNK
pathway. Insect Sci. 24, 17-26.

Sykora, P., Misiak, M., Wang, Y., Ghosh, S., Leandro, G.S., Liu, D., Tian, J.,
Baptiste, B.A., Cong, W.N., Brenerman, B.M., et al. (2015). DNA polymerase
B deficiency leads to neurodegeneration and exacerbates Alzheimer disease
phenotypes. Nucleic Acids Res. 43, 943-959.

Wang, C., Saar, V., Leung, K.L., Chen, L., and Wong, G.J.N.o.d. (2018a). Hu-
man amyloid Human amyloid _t"\""www.ncbi.nim.nih.gov/entrez/query.fcgi?
cmd=Retrieve&db=PubMed&list_uids=32481479&dopt=Abstract" nc. Neuro-
biol. Dis. 109, 88-101.

Tang, J.X., Thompson, K., Taylor, R.W., and Olahov4, M. (2020). Mitochondrial
OXPHOS Biogenesis: Co-Regulation of Protein Synthesis, Import, and Assem-
bly Pathways. Int. J. Mol. Sci. 21, 3820.

Wang, Y., Branicky, R., Nog, A., and Hekimi, S. (2018b). Superoxide dismu-
tases: Dual roles in controlling ROS damage and regulating ROS signaling.
J. Cell Biol. 2717, 1915-1928.

Yang, M., Luna, L., Serbg, J.G., Alseth, I., Johansen, R.F., Backe, P.H., Dan-
bolt, N.C., Eide, L., and Bjeras, M. (2014). Human OXR1 maintains mitochon-
drial DNA integrity and counteracts hydrogen peroxide-induced oxidative
stress by regulating antioxidant pathways involving p21. Free Radic. Biol.
Med. 77, 41-48.

Yu, A.M., Calvo, J.A., Muthupalani, S., and Samson, L.D. (2016). The Mbd4
DNA glycosylase protects mice from inflammation-driven colon cancer and
tissue injury. Oncotarget 7, 28624-28636.

Zakaria, C., Kassahun, H., Yang, X., Labbé, J.C., Nilsen, H., and Ramotar, D.
(2010). Caenorhabditis elegans APN-1 plays a vital role in maintaining genome
stability. DNA Repair (Amst.) 9, 169-176.

Zarse, K., Schmeisser, S., Groth, M., Priebe, S., Beuster, G., Kuhlow, D.,
Guthke, R., Platzer, M., Kahn, C.R., and Ristow, M. (2012). Impaired insulin/
IGF1 signaling extends life span by promoting mitochondrial L-proline catab-
olism to induce a transient ROS signal. Cell Metab. 15, 451-465.

Cell Reports 36, 109668, September 7, 2021 15



http://refhub.elsevier.com/S2211-1247(21)01112-8/sref54
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref54
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref54
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref54
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref55
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref55
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref55
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref56
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref56
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref56
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref57
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref57
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref57
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref57
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref59
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref59
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref60
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref60
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref60
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref61
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref61
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref61
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref62
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref62
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref62
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref64
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref64
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref64
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref64
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref64
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref65
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref65
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref66
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref66
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref66
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref66
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref67
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref67
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref68
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref68
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref68
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref68
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref69
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref69
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref69
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref69
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref70
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref70
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref70
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref70
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref71
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref71
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref72
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref72
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref72
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref72
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref73
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref73
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref73
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref74
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref74
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref74
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref75
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref75
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref75
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref75
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref77
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref77
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref77
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref77
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref76
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref76
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref76
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref78
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref78
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref78
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref79
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref79
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref79
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref79
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref79
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref80
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref80
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref80
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref81
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref81
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref81
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref82
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref82
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref82
http://refhub.elsevier.com/S2211-1247(21)01112-8/sref82

¢? CellPress

OPEN ACCESS

STARXxMETHODS

KEY RESOURCES TABLE

Cell Reports

Reagent or resource Source Identifier

Antibodies

Mouse monoclonal 8-oxo-dG Trevigen Cat#4354-MC-050 RRID:AB_1857195
pJNK-1 (T183/Y185) Novus Cat#NBP1-72242 RRID:AB_11023348
Alexa Fluor 555-conjugated anti-rabbit Invitrogen Cat# A32794; RRID:AB_2762834

Alexa Fluor 555-conjugated anti-mouse Invitrogen Cat# A32773; RRID:AB_2762848
Anti-PAR Polyclonal Trevigen Cat# 4336-APC-050; RRID:AB_10643399

Bacterial and virus strains

Escherichia coli OP50

HT115 (DE3)

http://www.wormbook.org/chapters/
www_strainmaintain/strainmaintain.html

http://www.sciencedirect.com/science/
article/abs/pii/S0378111900005795

N/A

N/A

Chemicals, peptides, and recombinant proteins

6-OHDA

MPTP

AZD2281 PARP1 inhibitor

Serotonin Hydrochloride

AZD2281 (Olaparib)

Tetramethylrhodamine, ethyl ester, perchlorate (TMRE)

Sigma-Aldrich
Sigma-Aldrich

BPS Biosciences
Sigma-Aldrich

BPS Bioscience
ThermoFisher Scientific

Cat# H4381 CAS:28094-15-7
Cat# M0896 CAS:23007-85-4
Cat#27003 CAS:763113-22-0
Cat#H7752-1G CAS:61-47-2
Cat#27003 CAS: 763113-22-0
T669

Annexin V Abcam Cat# ab108194; RRID:AB_10863755
Critical commercial assays

TUNEL assay kit Invitrogen C10619

Dopamine hydrochloride Sigma-Aldrich H8502

Maxima H Minus First Strand cDNA Synthesis Kit Invitrogen K1681

Syber Green Applied Biosystem 4367659

EvaGreen Supermix Bio-rad 1864034

Droplet generation oil for EvaGreen Bio-rad 1864005

Experimental models: Organisms/strains

C. elegans: Strain RB877: nth-1(ok724)lll

C. elegans: Strain HLN 101: ung-1(qa7600) /il
C. elegans: Strain TU3401: sid-1(pk3321)V;uls69V

C. elegans: Strain SJ4103: N2;/s[py0-smtGFP]

C. elegans: Strain SJ4103;RB877: N2;/s[pm,0-smtGFP];
nth-1(ok724)lll

C. elegans: Strain NR222: kzls9 [(pKK1260) lin-26p::
NLS::GFP + (pKK1253) lin-26p::rde-1 + rol-6(su1006)].

C. elegans: Strain: BY273; NR222
C. elegans: Strain: nth-1(ok724)Ill; BY273; NR222

C. elegans: Strain VP303: kbls7 [nhx-2p::rde-1 +
rol-6(su1006)].

C. elegans: Strain: BY273; VP303
C. elegans: Strain: nth-1(ok724)lll; BY273; VP303
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Caenorhabditis Genetics Center

Nilsen Lab
Caenorhabditis Genetics Center

Caenorhabditis Genetics Center

This Paper

Caenorhabditis Genetics Center

This Paper / Tavernarakis lab
This Paper / Tavernarakis lab
Caenorhabditis Genetics Center

This Paper / Tavernarakis lab
This Paper / Tavernarakis lab

WB Strain: RB877 WormBase:
WBVar00092006

WB Strain: TU3401 WormBase:
WBVar00239446

WB Strain: SJ4103
WBTransgene00005184

-NA-

WB Strain: NR222 WormBase:
WBStrain00029103

WB Strain: VP303 WormBase:
WBStrain00040175

(Continued on next page)
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Continued

Reagent or resource Source Identifier
C. elegans: Strain UA196: sid-1(pk3321); baln11 Guy Caldwell Lab N/A
(Pdat-1:: a-syn, Pdat-1::GFP); baln33 (Pdat-1::sid-1,

Pmyo-2::mCherry)

C. elegans: Strain: BY273 Randy D. Blakely Lab N/A
C. elegans: Strain: BY273;RB877 This Paper/Nilsen Lab N/A
C. elegans: Strain: BY273;TU3401 This Paper/Nilsen Lab N/A
C. elegans: Strain: BY273;RB877;TU3401 This Paper/Nilsen Lab N/A
C. elegans: Strain: IR2646: Is[p,.17Hyper] Tavernarakis lab

C. elegans: Strain: BY273; HLN 101 Nilsen Lab

C. elegans: Strain: BR5270: byls161[p,ap-3F3
(delta)K280; pymyo-2mCherry]

C. elegans: Strain: nth-1(ok724)IlI;BR5270

C. elegans: Strain: IR2647: nth-1(ok724)IlI;
Is[prpr-17Hyper]

C. elegans: Strain: IR308: N2; Ex001[pmec-7GFP::
LGG-1;rol-6(su1006)]

C. elegans: Strain: IR2457: nth-1(ok724)IIl;Ex001
[Pmec-7GFP::LGG-1; rol-6(su1006)]

C. elegans: Strain: IR2379: N2;
Ex010[pap-3DsRed::LGG-1]

C. elegans: Strain: VK2878: vkls2878
[Prrx-2CemOrange2::LGG-1; pmyo-2GFP]

C. elegans: Strain: IR1380: N2;Ex009
[Pmyo-sDsRed::LGG-1; ppmyo-2GFP]

C. elegans: Strain: IR2469: nth-1(ok724)Il;
Ex010[pap-3DsRed::LGG-1]

C. elegans: Strain: IR1864: N2;Ex001

[Punc-119 TOMM-20::Rosella;rol-6(su10006)]

C. elegans: Strain: IR2394: nth-1(ok724)Ill;
Ex001[punc-119TOMM-20::Rosella;rol-6(su10006)].
C. elegans: Strain: EG6531: N2; ox/s608
[Punc-a7mCherry]; oxEx1182[punc-47TOMM-20::GFP]
C. elegans: Strain: IR2395: nth-1(0k724);
0x1s608[pync-47mCherry]; oxEx1182[pync-47TOMM-
20::GFP]

C. elegans: Strain: IR2648: unc-119(ed3);
1s013[Ppmyo-sNTH-1::GFP; unc-119(+)]

C. elegans: Strain: HLN111: N2;
repEx1(Pmyo-sNTH-1(117bp)::GFP)

C. elegans: Strain: HLN114: N2;
repEx4(Pmyo-sNTH-1(1st Exon)::GFP)

Caenorhabditis Genetics Center

WB Strain: BR5270 WormBase:

WBStrain00003901

This Paper / Tavernarakis lab
This Paper / Tavernarakis lab

Tavernarakis lab

This Paper / Tavernarakis lab

Tavernarakis lab

Caenorhabditis Genetics Center

WB Strain: VK2878 WormBase:

WBStrain00040073

This Paper / Tavernarakis labs

This Paper / Tavernarakis lab

Tavernarakis lab

This Paper / Tavernarakis lab

Eric Jorgensen Laboratory

This Paper / Tavernarakis lab

This Paper / Tavernarakis lab

This Paper/Nilsen Lab N/A

This Paper/Nilsen Lab N/A

Oligonucleotides

FW nth-1: GGATCCATGCATTCTTTCAGTATG
AAACGAGTT

RV nth-1: ACCGGTTCCGTTTCCGATTCAGTT
TTCACTTC

FW atp-6: TTGTCCTTGTGGAATGGTTGA
RV atp-6: TTTCAAATATGTGTCTCCTGGTTTTC

FW ndlf-4: TGACAACGTTTAA TATTCTA
ATTTCTTTAG

RV ndif-4: ACTACCATACCCAGGATTCTTGAAA
FW ctc-1: TTGGGATTTTCACGGGTGTT

This Paper

This Paper

This Paper
This Paper
This Paper

This Paper
This Paper

(Continued on next page)
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Reagent or resource Source Identifier

RV ctc-1: TGCAAAATGTAGCGGGAAAA This Paper

FW nduo-2: AAAGCAGCAAGAGATATACCAGAATTT This Paper

RV nduo-2: TCAAAAGTGGAGCGGTGCTA This Paper

FW pmp-3: GGAACTTAGAGTCAAGGGTCGCAG This Paper

RV pmp-3: GAACTGTATCGGCACCAAGGAAACTG This Paper

FW ND1: AGCGTCATTTATTGGGAAG AAGAC This Paper

RV ND1: AAGCTTGTGCTAATCCCATAAATGT This Paper

FW nth-1 N terminus: catgGGATCCATGCATTCT This Paper

TTCAGTATGAAACGAGTTGTT

Rv nth-1-mito (117bp): catgGGTACCTTTCGAAT This Paper

TAATTCCACGTCACGTCT

Rv nth-1-mito (15 Exon): catgGGTACCGGCGG This Paper

AGCTGCCAAAGG

Recombinant DNA

pPD96.52 Addgene Fire lab C. elegans vector kit
pJA327 Addgene Addgene plasmid # 74486

NTH-1::GFP in pPD96.52
Prmyo-sNTH-1(117bp)::GFP
Prnyo-aNTH-1(1°" Exon)::GFP
skn-1 in pL4440

jnk-1 in pL4440

hmg-5 in pL4440

nth-1 in pL4440

sod-1 in pL4440

sod-2 in pL4440

sod-3 in pL4440

This Paper / Tavernarakis lab
This Paper / Nilsen lab

This Paper / Nilsen lab
Tavernarakis lab
Tavernarakis lab
Tavernarakis lab

This Paper / Tavernarakis lab
This Paper / Tavernarakis lab
This Paper / Tavernarakis lab
This Paper / Tavernarakis lab

Software and algorithms

Biorender
GraphPad Software Inc., San Diego, USA
Zen

Cell Press
GraphPad Software
Zeiss Software

Fiji Fiji software
Other

Axio-Imager Z2 epifluorescence microscope Zeiss
Axio-Observer Z1/ LSM710 NLO/ DUO/InTune Zeiss

multiphoton confocal microscope
EVOS FL Auto 2 Cell imaging systems

ThermoFisher Scientific

RESOURCE AVAILABILITY

Lead contact

Further information and request for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Hilde

Nilsen (h.l.nilsen@medisin.uio.no).

Material availability

All unique/stable reagents generated in this study are available from the Lead Contact, Hilde Nilsen (h.l.nilsen@medisin.uio.no)

without restriction.

Data and code availability

Original data from human PD cohorts are available upon request from Charalampos Tzoulis (charalampos.tzoulis@nevro.uib.no) as
detailed in the original publication (Gaare et al., 2018)
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No new code is reported in this paper.
Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

C. elegans strains and culture conditions

Animals were grown on nematode growth medium (NGM) plates with Escherichia coli strain OP50 at 20°C using standard procedure
(Brenner, 1974). To obtain synchronize population adult worms were bleached. For all aging associated studies L4 hermaphrodites
were grown in NGM plates without FUDR, old worms were maintained by filtering using nylon filter. The adult Day 1 was defined as
24 hours post L4 stage.

METHOD DETAILS

Molecular cloning

To generate the pp,,0-3NTH-1::GFP reporter construct, we fused a BamHI/Agel fragment, containing the coding sequence of nth-1
without the stop codon, amplified from C. elegans genomic DNA using the primers 5'-GGATCCATGCATTCTTTCAGTATGAAAC
GAGTT-3 and 5'- ACCGGTTCCGTTTCCGATTCAGTTTTCACTTC-3/, at the amino (N) terminus of GFP, in the pPD96.52 plasmid
vector. The pmyo-sNTH-1::GFP fusion construct was co-bombarded with the rescue plasmid of unc-719(+) in HT1593 strain. To
generate the constructs Ppyo-sNTH-1(117bp)::GFP and Pyo-sNTH-1(1 st exon)::GFP, we fused BamHI/Kpnl fragments containing
the first 117bp of nth-1 coding sequence and its first exon, amplified from C. elegans genomic DNA using the primers 5'- catgGGATC
CATGCATTCTTTCAGTATGAAACGAGTTGTT -3/, 5'- catgGGTACCTTTCGAATTAATTCCACGTCACGTCT -3’ and 5'- catgGGTA
CCGGCGGAGCTGCCAAAGG —3 at the amino (N) terminus of GFP, in the pJA327 plasmid vector. pJA327 was a gift from Andrew
Fire (Addgene plasmid # 74486 ; http://addgene.org/74486; RRID:Addgene_74486). The Pryo-sNTH-1(117bp)::GFP and Pr,y-sNTH-
1(1% exon)::GFP constructs were injected in the N2 strain at 30ng/uL. For engineering the skn-1, nth-1, sod-1, sod-2 and sod-3 RNAI
constructs, gene-specific fragments of interest were obtained by PCR amplification directly from C. elegans genomic DNA using
gene-specific sets of primers. The PCR-generated fragments were sub-cloned into the pL4440 plasmid vector. The resulting con-
structs were transformed into HT115(DE3) Escherichia coli bacteria deficient for RNase lll. Bacteria carrying an empty vector
were used in control experiments.

Degeneration of dopaminergic neurons

The degeneration of dopamine neurons in BY273 Is[pgat.1GFP; Pgar-7 a-syn] and BY273;nth-1 Is[pgat.1GFP; Pgat-1 .-syn];nth-1 (0k724)
Il was monitored by following dopaminergic neurons specific GFP expression under dopamine transporter (dat-1) promoter. For
neurotoxicity assay BY273 and BY273;nth-1 worms at L4 larval stage was exposed to 30mM 6-OHDA and 2mM MPTP for 48 hours.
The aging population of BY273 and BY273;nth-1 worms were maintained in NGM plates without FdUrd, instead we filtered worms
every day after day 2 adult stage with Nylon Net Filter (catalog #NY4104700) till the desired age we wanted. Here, we have mostly
harvested the worms on day 5 or day 7 old adult stage. At this stage 15-20 worms were immobilized in agar padded glass slide with
2mM levamisole and glass coverslip. The dopaminergic (DA) neurons were imaged under Zeiss LSM780 confocal microscope with
x63 plan-Apochromat 1.4 NA objective. The RNAI treated young and old worms were imaged under x 10 objective with 2.4x zoom.

Mitochondrial imaging

TMRE staining: Tetramethylrhodamine, ethyl ester, perchlorate is a dye that accumulates in intact, functional mitochondria. 1-day-
adult animals were grown at 20°C in the presence of 150 nM TMRE for 24 h. Stained and washed worms were immobilized with
levamisole before mounting on 2% agarose pads for microscopic examination with a Zeiss Axiolmager Z2 epifluorescence micro-
scope. Images were acquired under the same exposure. Average pixel intensity values were calculated by sampling images of
different animals. We calculated the mean and maximum pixel intensity for each animal using the Fiji software (https://fiji.sc). For
each experiment, at least 35 animals were examined for each strain/condition. Each assay was repeated at least three times. We
used the Prism software package (GraphPad Software) for statistical analyses.

Dopamine resistance assay

For DA resistance assay, 1-day-old adult hermaphrodites were incubated in a droplet of 20 pL of M9 buffer containing DA hydrochlo-
ride (Sigma-Aldrich) at a final concentration of 40 mM. Animal were scored for paralysis every 10 minutes. Nematodes were consid-
ered paralyzed when they did not exhibit any spontaneous body bend during a period of 5 s. Three distinct populations of 20 adults
(for each strain) were scored over the assay period. We performed three independent measurements per strain. We used the Prism
software package (GraphPad Software) for statistical analysis.

TUNEL assay

The TUNEL staining was performed using Click-iT® Plus TUNEL Assay kit (Invitrogen). The worms were collected from day 1 young
adults and day 7 old adults and then washed with sterile milliQ water before fixing with 4% PFA. The fixed worms were further
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permeabilized using proteinase K from the kit, followed by TdT and click-iT reaction as mentioned in the user guide. Alexa Fluor® 647
secondary antibody was used from the kit. For mounting prolong gold with DAPI was used to detect the DNA (Invitrogen, P36931).
The slides were imaged under Zeiss LSM780 confocal microscope with x63 plan-Apochromat 1.4 NA objective.

Immunohistochemistry

Forimmunostaining, day 1 young and day 7 old adult worms were washed with milliQ water twice. Washed worms were placed on poly
lysin-coated slides (Thermo Scientific), and freeze cracked using coverslip on dry ice block. The immunostaining was performed as
described by us previously (Kassahun et al., 2018; SenGupta et al., 2013). Briefly, animals on the slides were fixed in acetone and meth-
anol in 1:1 ratio for 10 min at —20°C, washed in PBS-T (1 x PBS, 0.1% Tween-20) for 5 min, followed by 30 min blocking in PBS-TB (1 x
PBS, 0.1% Tween-20, 0.5% BSA). The slides were incubated with primary antibody overnight at 4°C, next day washed three times for
10 min in PBS-T, followed by incubation with the secondary antibody at room temperature for 2 h. Primary antibody used at following
dilutions: pJNK-1(1:200), 8-oxo-dG (1:200), PAR (1:200) and Annexin V (1:200). The secondary antibody used to detect was Alexa Fluor
555-conjugated anti-rabbit and anti-mouse (1:1500). For mounting prolong gold with DAPI was used to detect the DNA (Invitrogen,
P36931). The slides were imaged under Zeiss LSM780 confocal microscope with x63 plan-Apochromat 1.4 NA objective).

HPLC-MS/MS quantification of DNA

An antioxidant - butylated hydroxytoluene (100 uM) and internal standards: '*C'®N-5-oh(dC) (1nM) and "*N3'3C,-8-oxo(dG) (5 nM)
were added to the samples before processing. DNA was digested to nucleosides by nuclease P1 from Penicillium citrinum (Sigma,
N8630), benzonase (Santa Cruz Biotech, sc-391121B) and AP from E. coli (Sigma P5931) in 10 mM ammonium acetate buffer pH 6.0,
1 mM MgCl, for 40 min at 40°C. Three volumes of acetonitrile were added to hydrolysates and samples were centrifuged (16,000 g,
30 min, 4°C). The supernatants were lyophilized and dissolved in 50 ul water for HPLC-MS/MS analysis. Chromatographic separation
was performed using an Agilent 1290 Infinity Il UHPLC system with an ZORBAX RRHD Eclipse Plus C18 150 x 2.1 mm ID (1.8 um)
column protected with an ZORBAX RRHD Eclipse Plus C18 5 x 2.1 mm ID (1.8 um) guard column (Agilent). The mobile phase con-
sisted of A: water and B: methanol (both added 0.06% acetic acid or 0.1% formic acid for separation of 5-hm(dU) or all the other
nucleosides, respectively). In case of 5-hm(dU) chromatography run started at 0.25 ml/min flow of 5% B for 0.5 min and was followed
by 3.5 min gradient of 5%-20% B, 1 min of 20%-80% B, 2 min of washing with 80% B, 0.5 min gradient of 80%-5% B at 0.27 ml/min
ending with 4 min re-equilibration with 5% B. For other modifications run started at 0.15 ml/min flow of 5% B for 3 min followed by
0.5 min gradient of 5%-13% B at 0.15 ml/min, 3 min of 13%-17% B at 0.2 ml/min, 1.5 min of 55%-80% B at 0.25 ml/min, 1.5 min of
80%-50% B at 0.25 ml/min and 1 min of 50%-5% B at 0.25 ml/min, ending with 4 min re-equilibration with 5% B at 0.25 ml/min.
Unmodified nucleosides were chromatographed isocratically with 20% B at 0.23 ml/min. An Agilent 6495 Triple Quadrupole system
operating in positive electrospray ionization mode was used for mass spectrometric detection. The following mass transitions were
monitored: 258.1/142.1 (5-hm(dC)); 261.1/145.1 (Ds-5-hm(dC)); 284.1/168.1 (8-oxo(dG)); 289.1/173.1 (*°N3'°C,-8-0x0(dG)); 244.1/
128.1 (5-oh(dC)); 247.1/131.1 ('*C'®*N-5-0h(dC)); 259.1/142.1 (5-hm(dU)); 252.1/136.1 (dA); 228.1/112.1 (dC); 268.1/152.1 (dG);
243.1/127.1 (dT).

Mitochondrial DNA copy number

The mitochondrial DNA (mtDNA) copy number was quantified using droplet digital PCR (ddPCR). The age synchronized N2, nth-1,
BY273 and BY273;nth-1 animals were individually picked in lysis buffer (TE low containing 1mg/ml proteinase K and 0,01 mg/ml
RNase). The lysis was performed for 1hr in 65°C followed by 95°C for 15 minutes. Samples were immediately stored at —80°C. Before
running the ddPCR, 29yl of nuclease free water was added after two cycles of freeze thaw for 5 minutes each. The lysates were
further diluted (1:100) and assayed using Droplet Digital PCR QX system (Bio-Rad). Briefly, the diluted lysate was added to a PCR
mixture containing 2x QX200 ddPCR EvaGreen Supermix (Bio-Rad) and 100 nM ND1 primers. Then, the 20 uL of PCR mixture
and 70 pL Droplet generation oil for EvaGreen (Bio-Rad) were mixed. Droplets were generated using a QX100 Droplet Generator
(Bio-Rad). The following PCR conditions were used after denaturing at 95°C for 5 min, 40 cycles at 95°C for 30 s and 60°C for
1 min were followed by 1 step at 4°C for 5 min and 90°C for 5 min. The cycled droplets were read in the QX200 Droplet Reader
(Bio-Rad), and analyzed with QuantaSoft droplet reader software.

Mitochondrial gene expression analysis

Transcriptional activation of atp-6, ndfl-4, ctc-1 and nduo-2 was measured in age synchronized N2, nth-1, BY273 and BY273;nth-1
animals. Single worms were collected in 1 ul PBS and immediately snap frozen in dry ice. cDNA synthesis was performed using
Maxima H Minus First Strand cDNA Synthesis Kit, with dsDNase, according to the manufacturer’s instructions. Quantitative reverse
transcriptase PCR (QRT-PCR) was performed with SYBR Green supermix (Bio-Rad). atp-6, ndfl-4, ctc-1 and nduo-2 transcript levels
were normalized to pmp-3 housekeeping gene. Mitochondrial gene expression was quantified by further normalizing the fold change
with mitochondrial copy number for each gene.

Basal slowing response

The basal slowin response was performed as described by (Sawin et al., 2000) with minor modification suggested by (Wang et al.,
2018a). Only well-fed synchronized young day 1 and old day 5 adult worms maintained at 20°C were tested. The NGM plates with and
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without OP50 were used to count body bends per 20 s. We started counting the locomotion rate after 5 minutes of transfer, to avoid
overstimulation. This assay was performed blindfolded, with three independent replicates.

Pharyngeal pumping

We used a recently developed micro fluids based ScreenChip system from NemaMatrix to detect pharyngeal pumping rate in each
individual worm. For this assay worms were age synchronized, day 1 young and day 7 old worms were used. The worms were first
washed twice with M9 buffer, before incubating them with 10 mM serotonin at room temperature for 20 minutes. Simultaneously, the
NemaMatrix fluidics system was prepared by following the user guide then worms were loaded in Eppendorf, through fine tubing’s
and vacuum pump worms were sucked to the ScreenChip. From the rightly positioned worm the pumping frequency was measured
from EPG recording using NemaMatrix ScreenChip 40 and 60 for young and old worms respectively (Harris et al., 2019). Each
recording was 1 to 2 minutes long, with 15-20 worms per genotype.

PROGENY ASSAY

This assay was performed as described in (Wang et al., 2018a). For each genotype we had five L4 larva, each larvae were
transferred to single NGM plate with OP50 food in the center. After 24 hours, number of eggs were counted and adult were
transferred to fresh plates, until the adults stopped laying any further eggs. The live progeny’s were also counted subsequently
in each well.

Genetic association analyses

Whole-exome sequencing was performed on all individuals with clinically validated PD (n = 192) from the Norwegian ParkWest
study, a prospective population-based cohort of idiopathic PD (PMID: 19246476). Controls (n = 219) were provided from cohorts
of previously sequenced individuals with testis cancer (n = 167) or acoustic neuroma (n = 52) who had been recruited and exam-
ined at Haukeland University Hospital and had no clinical signs of neurodegenerative or other neurological disorders. DNA was
extracted from blood by routine procedures and sequenced at HudsonAlpha Institute for Biotechnology (Huntsville, AL), using
Roche-NimbleGen Sequence Capture EZ Exome v2 (173 controls) and v3 (all PD and 46 controls) kits and paired-end 100 bp
sequencing on the lllumina HiSeq platform. The reads were mapped to the hg19 reference genome using BWA v0.6.2(PMID:
19451168), PCR duplicates removed with Picard v1.118(cite: http://broadinstitute.github.io/picard), and the alignment refined
using Genome Analysis Toolkit (GATK) v3.3.0 (PMID: 20644199) applying base quality score recalibration and realignment
around indels recommended in the GATK Best Practices workflow (PMID: 21478889, 25431634). Variants were called in all sam-
ples using GATK HaplotypeCaller (PMID: 20644199) with default parameters. Next, Variant Quality Score Recalibration (VQSR)
was performed using 99.9% sensitivity threshold (PMID: 20644199). The remaining variants were filtered against the intersection
of capture targets (v2 and v3) using BEDtools (PMID: 25199790) and VCFtools (PMID: 21653522). Variants with total depth below
10X were marked as unknown genotype (no-call) using BCFtools (PMIS: 21903627). Indel calls, which were found to be less
reliable than single-nucleotide variants, were excluded from downstream analyses. WES data were recoded into binary PLINK
input format, and QC of individual and SNP data was performed using PLINK v1.9026 (PMID: 25722852). Individuals were
excluded if their genotypic data showed a missing rate > 2%, abnormal heterozygosity (+/— 3 standard deviations [SD], calcu-
lated for common and rare variants separately), conflicting sex assignment, cryptic relatedness (IBD > 0.2), or divergent ancestry
(non-European). Population stratification was studied using multi-dimensional scaling (MDS) against the HapMap-populations
(cite: http://www.nature.com/articles/nature02168). SNPs were excluded due to genotyping rate less than 98%, different call
rates between cases and controls (p < 0.02) or departure from Hardy-Weinberg equilibrium (p < 0.00005). Only autosomes
were considered. Monomorphic and multi-allelic variants were removed. A principal component analysis was performed using
Eigensoft (PMID: 16862161, PMID: 17194218) with standard settings. An analysis of variance of the first 10 principal compo-
nents was performed, and statistically significant principal components (p < 0.01) were used as covariates in all further analyses
to correct for population stratification. QQ- and MDS-plots for the ParkWest dataset have been published previously (PMID:
30256453). Variants were annotated using ANNOVAR (PMID: 20601685), and nonsynonymous, stopgain, stoploss and splice
variants were extracted. Only rare variants were used in the statistical analyses, and were defined as variants with a minor allele
frequency < 1% in the non-Finnish European subset of gnomAD (cite doi: http://biorxiv.org/lookup/doi/10.1101/531210]). Ge-
netic association analyses in the form of the SKAT-O test were performed using R version 3.6.1 (www.r-project.org) and the
SKAT R package version 1.3.2.1 (PMID: 22863193) with default settings. P values were adjusted for multiple comparisons using
the Bonferroni method.

QUANTIFICATION AND STATISTICAL ANALYSIS
Data analysis
Zen blue software from Zeiss was used to quantify the intensity of GFP in dopaminergic neurons, pJNK-1 intensity and TUNEL

positive intensity as described previously in (Kassahun et al., 2018). The pharyngeal pumping frequency was quantified using
Nemametrix analysis software.
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Statistical analysis

The statistical analysis was performed in GraphPad prism 8 software by using one-way ANOVA followed by Bonferroni’s or Sidak’s
multiple comparison test (Figures 1C-1E, 2A-2C, 3C-3E, 4B-4D, 5B, 5D-5H, 6A-6D, and 6F); two-way ANOVA (3F); unpaired t test
(Figures 3B, 4A, 5A, and 5C), represented as column scatterplots which indicates s.e.m from three biological replicates, where
p < 0.05 is considered significant.
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Supplementary Figure 1. NTH-1 deficiency promotes neuronal survival following exogenous
stress. Related to Figure 1. (A) NTH-1 deficiency does not affect the transcriptional levels from the
dat-1 promoter during ageing (n= 40 nematodes per group; NS p>0.05; unpaired t-test). (B) NTH-1
deficiency protects dopaminergic neurons in response to 30mM 6-OHDA and 2mM MPP+(n= 30 from
three independent repeats). (C) Age-dependent neurodegeneration is proficiently diminished in nth-
1;BY273 as compared to ung-1;BY273 mutants (n=30 from three independent experiments;
***n<(0.001; one-way ANOVA followed by Bonferroni’s multiple comparison test). (D) Depletion of apn-
1 by RNAI abolishes age dependent neuroprotection in nth-1;BY273 animals, however exo-3
depletion has no effect in nth-1;BY273 nematodes (n= 40 to 55 nematodes per group; **p<0.01 and

***n<0.001; one-way ANOVA followed by Bonferroni’'s multiple comparison test,error bars, s.e.m.).
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Supplementary Figure 2. The effect of NER and NHEJ impairment on DA neurons viability of
PD nematode model. Related to Figure 1. (A) (C) Age dependent neuroprotection in nth-1;BY273
animals is abrogated upon knocking down of NER components like csa-1, csb-1 and xpa-1 (n= 40 to
55 nematodes per group; **p< 0.01, ***p<0.001; one-way ANOVA followed by Bonferroni’s multiple
comparison test). (B) (C) Age dependent neuroprotection in nth-1;BY273 animals is abrogated upon
depletion of cku-80 and shows no effect upon lig-4 depletion(n= 30 from 2 independent experiments).
Scale bar, 20um. (D) The reproductive lifespan of transgenic BY273 and nth-1;BY273 animals. The
bar graphs represent the number of eggs laid from day 1 to day 7 post L4 (n= 15; 5 individual per
strain, three replicates, NS p>0.05, and ***p<0.001; one-way ANOVA followed by Bonferroni’s

multiple comparison test).
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Supplementary Figure 3. Mitochondrial homeostasis is not altered in NTH-1 deficient animals.
Related to Figure 2. (A) Mitochondrial network morphology is not affected upon knocking down of
nth-1. Scale bar, 20um. (B) NTH-1 deficient animals do not display mitochondrial membrane potential
defects (n= 45 nematodes per group; NS p>0.05; unpaired t-test). Knocking down of nth-1 does not
affect mitochondrial mass in either body-wall muscle (C, D) or intestinal cells (E, F) (n=25-40
nematodes per group; NS p>0.05; unpaired t-test). Scale bar, 500um. (G, H) NTH-1 deficient animals
display less axonal mitochondria in GABAergic motor neurons. Representative confocal images of
MtGFP (green) and cytoplasmic mCherry (red) in GABAergic motor neurons of WT and nth-1

transgenic nematodes (n=30 nematodes per group; ***p< 0.001; unpaired t-test). Error bars, s.e.m.
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Supplementary Figure 4. Autophagy and mitophagy are not induced in neuronal cells of nth-1
mutants. Related to Figure 2. Transgenic animals expressing autophagosomal protein LGG-1 fused
with GFP in six touch receptor neurons (A) or LGG-1 fused with DsRed under the pan-neuronal
promoter of rab-3 gene (B) or LGG-1 fused with CeOrange?2 in the intestine (C) or LGG-1 fused with
DsRed under the body-wall muscle promoter of myo-3 gene (D) do not display altered autophagy
levels upon NTH-1 deficiency (n= 15 — 30 nematodes per group; NS p>0.05; unpaired t-test). (E)
HLH-30/TFEB subcellular localization does not change upon NTH-1 depletion. (F) LGG-2 deficiency
does not abolish neuroprotection against a-synuclein in nth-1 mutants (n= 3 biological replicates, 40
nematodes per group; NS p>0.05, ***p<0.001; one-way ANOVA followed by Sidak’s multiple
comparisons test). (G, H) Neuronal mitophagy is not induced in response to NTH-1 deficiency. WT
and nth-1 transgenic nematodes expressing pan-neuronally mtRosella biosensor (n= 40 nematodes
per group; NS p>0.05; unpaired t-test). Scale bar, 50um. (I) Mitochondrial unfolded protein response
(mtUPR) is not activated upon RNAI against nth-1 (n= 20-25 nematodes per group; NS p>0.05;

unpaired t-test). Error bars, s.e.m.
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Supplementary Figure 5. A mitohormetic response is induced in NTH-1 deficient animals.
Related to Figure 3 and 4. (A) NAC supplementation reduces mitochondrial generated ROS in both
WT and mev-1(knl) nematodes (n= 30; ***p< 0.001; unpaired t-test). (B) SKN-1 activity is diminished
in both basal and oxidative stress conditions induced by paraquat (PQ) upon NAC administration
(n=40 nematodes per group; ***p<0.001; unpaired t-test). (C) BY273 and nth-1;BY273 nematodes
were treated with NAC. NAC supplementation abolished the neuroprotective effect of NTH-1
deficiency. (D) Downregulation of pmk-1 does not abolish neuroprotection in nth-1;BY273 animals
(n=15-30 animals; NS p>0.05, **p<0.01, ***p<0.001; one-way ANOVA followed by Bonferroni’'s
multiple comparison test). (E) Age dependent neuroprotection in nth-1;BY273 nematodes is abolished
upon depletion of jnk-1, Imd-3 and skn-1 and co-depletion of jnk-1/Imd-3, skn-1/jnk-1 and skn-1/Imd-3
and simultaneous depletion of skn-1/jnk-1/Imd-3 by RNAI. (F) The survival of DA neurons of BY273
and nth-1;BY273 nematodes expressed in hypodermis and intestine remains unchanged upon
knockdown of sod-1,sod-2 and sod-3 RNAI (n= 4 biological replicates, 40 to 55 hematodes per group;
NS, p>0.05 and ***p<0.001; one-way ANOVA followed Bonferroni’'s multiple comparison test). Error

bars, s.e.m.
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Supplementary Figure 6. Tissue specific and cell autonomous function of NTH-1 to mediate
DA neurodegeneration in PD nematode model. Related to Figure 4. Pan-neuronal (A, B) and
dopaminergic neuron (C, D) specific downregulation of NTH-1 protects against a-syn mediated
neurodegeneration. Hypodermis (E, F) and intestine (G, H) specific nth-1(RNAI) does not rescue DA
neurodegeneration in BY273 nematodes (n= 5 biological replicates, 40 nematodes per group; NS

p>0.05 and ***p<0.001; unpaired t-test). Error bars, s.e.m.
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Supplementary Figure 7. DNA damage and BER intermediates accumulate in ageing
nematodes. Related to Figure 5. (A) Confocal images showing increase in positive 8-oxo G
immunostaining in the head regions of old BY273 animals. Scale bar 20um; zoomed image, 5um. (B)
Confocal images showing increase in TUNEL positive staining in the head regions of old BY273
transgenic animals. Scale bar 20um; zoomed image, 5um. (C) Positive Annexin V staining present in
the germline and absent in the head region of BY273 animal. Scale bar, 20um. (D) Confocal images
showing increase in positive PAR staining in the head regions of old BY273 animals. Scale bar 20um,
zoomed image: 5 ym. (E) The age dependent neurodegeneration in BY273 is abolished in response
to olaparib. It has no further beneficial effect on nth-1;BY273 animals. Scale bar, 20um. (F) NR
improves DA neuron survival in old BY273 animals. Whereas, NR shows no further benefit in nth-

1;BY273 animals. Scale bar, 5um.
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Supplementary Figure 8. Mitochondrial mass is unaltered in NTH-1 deficient PD nematodes.
Related to Figure 6. (A) The mitochondrial copy number is unaltered in individual animals measured
using droplet PCR in young and old N2, nth-1, BY273 and BY273;nth-1 PD animals (n= 8 animals per
group, three biological replicates; *p>0.05; one-way ANOVA followed by Tukey’s multiple comparison
test). (B-E) The expression of mitochondrial specific gene atp-6, ndfl-4, ctc-1 and nduo-2 expression
normalized to mitochondrial copy number is elevated in old nth-1 nematodes (n= 8 animals per group,
three biological replicates; **p<0.01, ***p<0.001; one-way ANOVA followed by Tukey’s multiple
comparison test). (F) (G) The dopaminergic neuron specific downregulation of skn-1, hmg-5 and co-
depletion of skn-1,hmg-5 abrogates neuroprotection in nth-1 depleted animals in BY273 background.
(n=5 biological replicates; 40 to 55 nematodes per group; NS **p<0.01, ***p< 0.001; one-way ANOVA

followed Bonferroni’s multiple comparison test). Error bars, s.e.m.



NTH-1 vs. N2 Gene Fold Change

Redox acdh-1 3.28
gsto-1 3.23
hphd-1 2.65

sod-5 2.32
gst-4 2.31
acdh-12 2.2
gst-9 2.08
gst-6 1.97
dnj-27 1.88
sod-3 1.84
gst-5 -1.8
sqrd-1 -2.54
gpx-6 -2.55
gst-10 -2.69
gst-3 -2.9
NTH-1 vs. N2 Gene Fold Change
SKN-1 interactors ugt-16 3.13
C32H11.4 2.72
cyp-13A6 2.7
Y102A11A.3 2.44
gst-4 2.31
cyc-1 2.23
Y71H10B.1 2.2
cyp-13B1 2.2
cul-4 217
bli-3 2.05
sur-5 2.03
C32H11.3 1.93
cct-2 1.89
pn-2 1.89
sod-3 1.84
ogt-1 1.82
Ige-1 1.81
skr-5 -2.13
rhy-1 -2.14
B0024.4 -2.16
fbxa-182 -2.16
T26F2.2 -2.2
Y6E2A.4 -2.45
sqrd-1 -2.54
osm-11 -2.55
gst-10 -2.69
nekl-2 -2.69
ins-7 -3
H20E11.3 -3.7
hsp-16.2 -6.93

Supplementary Table 1 Comparative results in change of expression of redox and SKN-1 regulated

genes, from mixed stages populations of wild type N2 vs nth-1(ok724). Related to Figure 3 and 4.



NTH-1 vs. N2 Gene Fold Change

DAF-16 interactors C35C5.8 6.75
hsp-17 416
sodh-1 3.66

unc-2 3
unc-10 2.83
unc-13 2.63
let-363 2.33

sod-5 2.32

gst-4 2.31

HO3A11.2 2.24
Y71H10B.1 2.2
nhr-21 2.2

C17H12.8 2.18
Y45F10D.6 2.1

daf-15 2.06

sgt-1 2.05

sur-5 2.03

cct-1 2.01

drp-1 1.96
ruvb-1 1.92

cct-2 1.89

fkb-5 1.88

sod-3 1.84

ogt-1 1.82
hih-29 -1.85

pha-4 -1.86
unc-43 -1.98

spp-1 -2.06

ins-1 -2.17

tni-3 -2.32
hsp-16.11 -2.53

mtl-1 -2.53

ins-7 -3

lys-7 -3.4

ftn-1 -3.49
ZC204.12 -3.75
hlh-13 -3.75
cyp-35B1 -3.83
ins-35 -4.32
hsp-16.48 -5.58
hsp-16.2 -6.93
cpr-2 -13.9

Supplementary Table 2 Comparative results in change of expression of DAF-16 regulated genes,

from mixed stages populations of wild type N2 vs nth-1(ok724). Related to Figure 3 and 4.



Gene No_variants Minor_allele_count_PD  Minor_allele_count_control SKATO_p SKATO_p_Bonferroni

MUTYH 2 2 1 0,415 1,000
MPG 0 0 0 NA NA
UNG 0 0 0 NA NA

0GG1 8 5 10 0,561 1,000

NTHL1 6] 9 3 0,493 1,000
NEIL1 1 1 1 0,761 1,000
NEIL2 1 6 0 0,003 0,049

APEX1 0 0 0 NA NA
POLG 10 18 19 0,048 0,667
FEN1 0 0 0 NA NA
PNKP 4 5 5 0,623 1,000
EXOG 1 2 2 0,796 1,000
LIG3 2 1 1 0,288 1,000

ERCC6 12 8 12 0,630 1,000

ERCC8 4 3 2 0,204 1,000
YBX1 0 0 0 NA NA

NUDT1 2 0 2 0,561 1,000

PRIMPOL 2 0 2 0,770 1,000

SSBP1 1 1 0 0,663 1,000

Supplementary Table 3 BER is a susceptibility modifier in PD. Related to Figure 1 and 7.

Genetic variants in selected BER genes in PD patients versus controls as described (Gaare et al.,
2018). Genetic associations between individual variants and the PD phenotype were calculated by the
SKAT, sequence kernel association test. A significant enrichment of genetic variation in BER genes
was found at the pathway level (SKAT-O: p= 0.03). This effect was largely driven by NEIL2, a DNA
glycosylase that removes oxidized pyrimidines from DNA and has a substrate specificity similar to that
of NTH-1. Analyses on the single gene level revealed significant enrichment (p=0.049, after
Bonferroni correction) of a single variant, (rs150931138), which introduces a Gly26Ala missense

mutation in NEIL2. This variant was detected in 6/411 PD cases and 0/640 controls.
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