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Abstract

Although the link between DNA damage and aging is well accepted, the role of different DNA
repair proteins on functional/physiological aging is not well-defined. Here, using Caenorhabditis
elegans, we systematically examined the effect of three DNA repair genes involved in key
genomic stability pathways. We assayed multiple health proxies including molecular, functional
and resilience measures to define healthspan. Mutation in XPF-1/ERCC-1, a protein involved

in nucleotide excision repair (NER), homologous recombination (HR) and interstrand crosslink
(ICL) repair, showed the highest impairment of functional and stress resilience measures along
with a shortened lifespan. brc-1 mutants, with a well-defined role in HR and ICL are short-lived
and highly sensitive to acute stressors, specifically oxidative stress. In contrast, ICL mutants fcd-2
did not impact lifespan or most healthspan measures. Our efforts also uncover that DNA repair
mutants show high sensitivity to oxidative stress with age, suggesting that this measure could act
as a primary proxy for healthspan. Together, these data suggest that impairment of multiple DNA
repair genes can drive functional/physiological aging. Further studies to examine specific DNA
repair genes in a tissue specific manner will help dissect the importance and mechanistic role of
these repair systems in biological aging.
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Introduction

The elderly population around the world is growing at an unprecedented rate, with the World
Health Organization (WHO) estimating that by 2050 population aged >60 will total 2 billion
[1]. The elderly are highly susceptible to numerous chronic degenerative diseases, including
arthritis, obesity, diabetes, as well as, neurodegenerative and cardiovascular disease. The
increased demand on primary and long term care means that an aging global population is
likely to be one of the most significant challenges for healthcare in the 215t century.

Macromolecular damage is a key driver of aging [2, 3], and evidence suggests that DNA
damage and genomic instability contributes to age-related decline [4]. First, a large body

of evidence has shown that DNA damage and mutations accumulate naturally with age
[5-7]. Additionally, there is evidence that suggests that DNA repair capacity reduces with
age [4, 8-11]. Moreover, inherited defects in DNA repair, leading to accumulation of DNA
damage, result in several types of progeria (including Werner, XFE progeria, and Cockayne
syndromes), which are characterized by segmental or systemic accelerated aging [12-14].
Finally, cancer patients treated with genotoxic chemotherapeutic agents experience a higher
prevalence and earlier onset of several age-related pathologies compared to their siblings
[15-17]. This evidence clearly supports the idea that maintaining DNA repair is beneficial to
health.

In order to reduce the deleterious effect of DNA damage on health, several sophisticated
DNA repair pathways exist. Nucleotide excision repair (NER) senses structural distortions in
the double helix, and repairs several types of bulky lesions anywhere in the genome (global
GG-NER) or in transcribed regions (transcription coupled TC-NER) [18]. Base excision
repair (BER) removes small, non-helix-distorting lesions, whereas Mismatch repair (MMR)
fixes insertions, deletions and mis-incorporated bases [19, 20]. Interstrand DNA crosslinks
(DNA strands with the covalent bond that prevents separation) can be fixed by factors
responsible for Fanconi anemia (FA) along with several other pathways [21]. Double strand
breaks (DSBs) are thought to be the most deleterious type of damage due to their ability

to cause large chromosomal rearrangements. DSBs are repaired by non-homologous end
joining (NHEJ) and by homologous recombination (HR) [22]. While the link between DNA
repair and aging is clear, the relative importance of distinct DNA repair genes in maintaining
health throughout life has not been well investigated. The aim of this work is to define which
representative DNA repair genes in distinct genomic stability pathways impact healthspan,
and therefore contribute towards healthy aging.

The nematode Caenorhabditis elegans (C. elegans) is a model organism which has been
used to characterize several well conserved mechanisms regulating longevity. C. elegans
offered a number of advantages to our study: it is genetically tractable, has a short life cycle
(~25 days) and shares basic mechanisms of DNA repair with mammals. XPF-ERCCL1 is

a DNA repair protein involved in multiple repair pathways, including NER, ICL and HR.
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It has been established that mutations causing decreased XPF-ERCC1 expression result in
accelerated accumulation of oxidative lesions [23], and accelerated aging in C. elegars,
mice and humans [14, 24]. However, since loss of XPF-ERCC1 affects several DNA repair
pathways it makes it difficult to pinpoint which DNA damage lesions lead to the observed
accelerated aging phenotype.

Aging of an individual can be represented by two key measures: lifespan and healthspan.
Lifespan is the length of time an individual lives, while healthspan is the length of time the
individual lives without major age-related illness. Traditionally, lifespan was assumed to be
the ultimate parameter of aging. It was also thought that lifespan and healthspan are highly
correlated. For example, several long-lived mutants in C. elegans also display a concomitant
increase in stress resistance, as well as, better functional parameters such as movement

[25, 26]. However, these observations were mostly based off experiments in young animals,
thus ignoring the trajectory of healthspan in such long-lived mutants. In contrast, several
recent studies indicate that healthspan can be uncoupled from lifespan [24, 27]. A number of
long-lived mutants have now been shown to spend a larger fraction of their lifespan in a frail
state compared to wild-type animals [28, 29]. Interestingly, we have previously observed
that xpf-1 and ercc-1 mutants displayed improved healthspan as young adults, however by
middle age, they are significantly susceptible to stress, as well as display functional decline
[24]. This clearly suggests that assessing health parameters only in young animals may not
provide us with the complete picture. Therefore, in this study we systematically tested the
role of three representative DNA repair mutants on physiological health and lifespan.

Materials and Methods

Nematode Strains:

N2 Bristol was used as the wild-type strain. All strains (except brc-1(KO) gift from

Dr. Nicola Silva) were provided by the Caenorhabditis Genetics Centre (CGC)- detailed
information in Supp Table 1. All strains were outcrossed at least 5X. Nematode strains
were maintained on nematode growth medium (NGM) plates seeded with £. col/i OP50. All
experiments were performed at 20°C unless noted otherwise.

Chemotaxis Assay:

Chemotaxis assay was performed as previously described [30]. Briefly, for each strain and
age assessed, about 100-150 worms were collected and washed 3 times in M9 buffer. The
worms were put on two NGM plates and the excess liquid was dabbed off with a Kimwipe.
The nematodes were placed 5 cm away from a 2uL spot of (chemoattractant): 10% isoamyl
alcohol, diluted in 100% ethanol and 1pl of 10% sodium azide. The plates were left at room
temperature for 1 hr. The final position of each worm was marked and the distance between
each worm and the chemoattractant spot was measured manually in a blinded fashion.

Oxidative stress Assay:

For each experiment a fresh 7.5 mM hydrogen peroxide (H,0,) solution was made in
S-basal buffer and protected from the light. A total of 40 worms were tested in a blinded
set-up; =3 biological repeats; 8—12 technical repeats. The worms were added to 1 mL of
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H»0, solution in a 24 well plate or 50ul of a 96 well microtiter plate at 20°C. Every hour,
the plate was gently tapped and moving/still worms were recorded as described [31].

Measure of Thrashing:

Thrashing assays were performed as previously described [24]. Briefly, a single worm was
placed in a 500uL drop of M9 buffer in a 12-well plate. They were allowed to acclimate for
1 min. The number of movements of each worm was counted twice, for 30 sec, and results
were averaged and represented per min. 10-15 worms were assayed per genotype and age in
a blinded manner (technical repeats); =3 biological repeats.

Autofluorescence measurement:

Onday 1, 4, 7, 11, 15 and 20 of adulthood, autofluorescence was measured in DNA repair
mutants and wild-type worms. About 5-8 worms were anesthetized in 2mM levamisole and
mounted on a slide with a 2% agarose pad. Photos were then taken at 300-ms exposure
under a GFP filter and 1000-ms for TRITC using an Axioskop 2 Plus microscope. The
same exposure time was used for each fluorescence channel across the full experiment.

The fluorescence was calculated using a custom-build pipeline in cell profiler [32]. Briefly,
in order to clearly distinguish each worm, the intensity of GFP image was increased by
10,000-fold using ‘image math’ module to obtain the worm outline. The outlined worms
were then identified using ‘identify primary object’. The worm outline was then overlayed
on the original GFP and TRITC images and the total intensity was measured for each worm.

Embryonic Lethality and Incidence of males:

Twenty day 1 adults were placed on OP50 seeded NGM plates. After a two hour egg lay,
100 eggs were transferred with a platinum pick to a new plate; 3 technical repeats. The
worms were grown at 20°C for 36 h. =3 biological repeats.

Number of unhatched eggs versus total number of eggs was recorded (blinded to genotype)
as % embryonic lethality post 36 hrs of egg lay.

Number of males versus total number of worms was recorded (blinded to genotype) as %
incidence of males post 72 hrs of egg lay.

Lifespan analysis:

Lifespan analysis was performed as described [33] with a few changes. Briefly, 40-60
animals were used per conditions and scored every other day in a blinded manner. Day 1
adults were transferred to no FUDR (supplemental data) or 2.5 pg/ml FUDR containing
NGM plates and were maintained on FUDR for the rest of the lifespan analysis. All lifespan
experiments were performed at 20°C in a blinded fashion.

Nucleoli imaging and quantification:

DIC microscopy was used to perform all the nucleolar imaging. Hypodermal and germ cell
nucleoli of age-matched day 1 adults were imaged using 100X magnification (Plan Apo VC
100x Oil DIC N2) with Nikon Ti microscope and 63x Oil Leica TCS SP8. Nucleolar area
was quantified manually with the freehand tool using Fiji software.
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Thermorecovery:

Statistics:

Results

Animals were raised on OP50 bacteria until they reached desired age of adulthood. The
worms were then transferred to fresh OP50 plates, placed at 36°C for 3h. Plates were
transferred back to 20°C overnight and survival was scored by gentle prodding with a
platinum-wire pick.

All statistical analyses were performed with GraphPad Prism 8.0 (GraphPad Software,

Inc., San Diego, CA). Survival analyses were performed using the Kaplan-Meier method
and the significance of differences between survival curves calculated using the log rank
(Mantel-Cox) test. Differences between groups were considered to be significant at a Pvalue
of <0.05. One way ANOVA was performed with multiple comparisons for most assays.
Detailed information is in Figure Legends. Spearman rank-order correlation coefficients (p)
were computed with the “cor’ function of the R language to show the associations between
the strains. For all scatter plots a linear regression analysis was performed. The linear
regression estimated the effect of health parameters (as indicated on y-axis) on average
lifespan.

Mutations that result in a severe reduction of XPF-ERCC1, a structure-specific
endonuclease, result in accelerated aging, in humans, mice and C. efegans [14, 24].
Although the role of XPF-ERCCL1 in nucleotide excision repair (NER) is well established,
recent evidence suggests that the 5’ endonuclease also plays a role in interstrand crosslink
repair (ICL) [34, 35] and repair of some types of double strand breaks (DSB) [36-39].

ICLs formed due to endogenous damage, such as those from lipid peroxidation, link the
DNA covalently and impede replication, as well as transcription [40, 41]. The crosslink

is unhooked by endonucleases (one of which is XPF-ERCC1), and then repaired by the
Fanconi Anemia (FA) pathway [42-44]. Central to the function and regulation of the FA
pathway is FANCD2, which is monoubiquitinated, localized at the site of damage and is
crucial for proper recruitment of downstream repair proteins [45]. Similarly, recent evidence
suggests that XPF-ERCC1 is important for completion of homologous recombination
(HR), removal of 3" non-homologous termini, or processing of looped-out heteroduplex
intermediates [46]. BRCAL is a key protein involved in DSB repair and plays a distinct role
in HR [47]. Although there is evidence that some types of DNA damage lead to accelerated
aging, the role of different types of DNA damage in healthspan is not yet well understood.

We chose to compare and contrast three distinct DNA repair mutants; XPF-ERCC1, BRCAl
and FANCD?2 (Fig 1A). These DNA repair genes were picked based on three important
criteria: (1) they are the essential or rate-limiting enzymes in distinct DNA repair pathways
[47-51] (2) Mutations associated with these genes drive age-related pathologies in mammals
[14, 52-54] (3) they have well-conserved DNA repair function in C. elegans (Supp Table 1).
To begin characterizing DNA repair-deficient mutants, we first examined incidence of males,
and unhatched eggs. C. elegans are usually hermaphrodites (XX) and males can arise from
loss of one X chromosome due to a meiotic non-disjunction event during hermaphrodite
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(XX) meiosis. Consistent with previous findings we observed xpf-1 mutant worms showed
a 5% increased incidence of males at 20°C [24]. In contrast, brc-1 and fed-2 did not

have any discernible difference compared to wild-type (N2) worms (Fig 1B). C. elegans
DNA repair-deficient mutants also display a high level of embryonic lethality, likely due

to defects in the replication and segregation of the damaged genome during the rapid early
cell cycles (in contrast to dividing germ cells, early embryos do not undergo cell cycle
arrest following DNA damage) [55-62]. xpf-1 (~29%), brc-1 (~18%) and fed-2 (~5%)
mutant worms showed higher percentage of unhatched eggs than N2 (Fig 1C). Next, we
examined lifespan of these DNA repair-deficient mutants at 20°C. Interestingly, 6rc-1 and
xpf-1 mutants exhibited a shortened lifespan compared to N2, whereas fcd-2 did not show
any significant difference in lifespan (Fig 1D). To characterize the role of different types of
DNA damage in healthspan, we examined (1) Molecular markers (2) Functional markers and
(3) Resilience response of each of these DNA repair-deficient mutants with age.

markers of healthspan in DNA repair-deficient mutants

To understand the effect of DNA damage on molecular markers of healthspan we examined
nucleolar size and autofluorescence with age. Nucleolar size has recently emerged as a
predictive marker for longevity [63, 64]. Studies in C. elegans, mice and humans display a
trend of larger nucleolar size with premature aging (shortened lifespan). To address whether
DNA repair mutants with differential effect on lifespan display any changes in nucleolar
size, we measured the nucleolar size of gonadal cells and superficial hypodermal cells on
the first day (D1) of adulthood. Interestingly, nucleolar size was enlarged in gonadal cells

in both bre-1and fed-2 mutants (Fig 2A), but only increased in hypodermal cells in fcd-2
mutant animals (Fig 2B). Although, both xpf-1 and bre-1 display reduced lifespan compared
to N2, only bre-1 had increased gonadal nucleolar size. Thus, comparing lifespan with
average nucleolar size (Fig 2C) suggests that this may not be a clear marker of lifespan at
least in DNA repair mutants.

Autofluorescence due to accumulation of age-related pigments or lipofuscin granules in

the lysosomes has been adopted as another molecular marker of aging in C. elegans.

To examine whether autofluorescence was increased in DNA repair-deficient mutants

with age, we measured GFP [480/20nm(ex), 510/20nm(em)] and TRITC [544nm(ex),
570nm(em)] autofluorescence throughout adulthood. GFP, as well as, TRITC channel
fluorescence increased with age in N2 and all DNA repair-deficient mutants with age (Fig

2 D-E). Surprisingly, bre-1 GFP autofluorescence was lower at D1 of adulthood, whereas
xpf-1, bre-1 and fed-2 had significantly lower TRITC autofluorescence on D1. However,
autofluorescence increased with time for all strains. Moreover, values in DNA repair-
deficient mutants were never greater than wild-type. fcd-2 mutants consistently displayed
lower GFP autofluorescence until Day 11 of adulthood, but then showed no significant
difference at Day 15. In order to see how DNA damage mutants influenced autofluorescence
in these strains we performed spearman correlation analysis between autofluorescence of
each of the DNA repair mutants, as well as, wild-type. The analysis will provide us the
relationship between the accumulation of autofluorescence in the DNA repair mutants over
their lifetime. Green autofluorescence of xpf-1 and bre-1 mutants showed strong correlation
with wild-type, whereas fca-2 showed moderate correlation with wild-type autofluorescence
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(Fig 2D-H). However, the association between the DNA repair mutants further weakened
with red autofluorescence, suggesting that these DNA repair mutants have limited effect on
autofluorescence (Fig 2F-H). Our data suggests that although autofluorescence changes with
age, the increased levels do not significantly correlate with lifespan of DNA repair mutants.

Functional healthspan in DNA repair-deficient mutants

Sarcopenia, the progressive loss of skeletal muscle mass and strength, is a natural part

of aging in humans [65]. Reduced mobility and gait speed are well known characteristics
of sarcopenia. As in humans, sarcopenia has also been observed in nematodes with age,
affecting their mobility [66]. Therefore, to define functional health, we examined the
changes in the movement capacity of DNA repair-deficient animals with age.

We assessed movement ability of wild-type and mutant animals with age in liquid media
(also known as thrashing) by recording the number of body bends for an individual animal
per minute. Since we were interested in early changes that could be used as markers of
healthspan, we characterized nematodes from Day 1- 11 of adulthood (prior to any major
death events). As expected, thrashing progressively decreased with age, from Day 1 (D1)
to Day 11 (Fig 3A-C), in wild-type, as well as, all mutants. Interestingly, thrashing was
compromised in bre-1 mutants at D1 of adulthood compared to N2 by ~20%. However, no
significant differences were observed between xpf-1 or fcd-2 compared to N2 at D1 (Fig
3A). Although thrashing was compromised in all mutants with age, fca-2and bre-1 did not
show any significant difference at day 7 and 11 compared to N2. In contrast, thrashing was
significantly reduced in xpf-1 with age (~30% at D7 and ~45% at D11) (Fig 3A).

Next to determine whether the DNA repair mutant worms display neuromuscular issues,

we tested their locomation in response to a chemoattractant. Chemotaxis measures neuronal
function by testing the ability of worms to sense the chemoattractant, as well as, motor
function by testing the ability to crawl towards the chemoattractant [67, 68]. Chemotaxis
was measured by putting worms on a plate, 5cm away from a spot of isoamyl alcohol

(1A), a chemical known to be a chemoattractant for C. elegans [69] and sodium azide,
which acts as an anaesthetic. After 1 hour, distance was measured between each worm

and the chemoattractant spot, the distance being inversely proportional to the chemotaxis
ability. At Day 1 of adulthood, the DNA repair mutant worms were able to reach the 1A
spot with the same efficiency as wild-type worms. However, as the xpf-1 and bre-1 worms
grew older, at day 4 of adulthood they became increasingly incapable of accomplishing this
task. Interestingly, fca-2 mutants did not show compromised chemotaxis until Day 11 of
adulthood. At Day 11, all genotypes tested lost their ability to sense and/or migrate to the
chemoattractant, including the wild-type worms. Further experimentation will be required to
determine whether the inability to move in xpf-1 and brc-1 mutants is caused by dysfunction
of the muscle cells themselves, or the motor neurons that innervate them. To understand
how each DNA repair pathway affects functional healthspan, we performed spearman’s
correlation analysis between each of the DNA repair mutants. The results suggested that
the different DNA repair genes did not influence movement ability (Fig 3C). However, as
seen in Fig 3D, the xpf-1 worms behaved differently with regard to their chemotaxis ability
than the wildtype worms and brc-1 or fed-2. Additionally, despite the apparent decrease in
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functional health with age between DNA repair mutants, no clear association was noted with
lifespans (Fig 3E and Fig 3F).

Resilience healthspan in DNA repair-deficient mutants

A key hallmark of aging is the ability to respond to stress. To test the resilience of

DNA repair mutants, we exposed them to heat and oxidative stress. Although, it is well
accepted that increased thermotolerance corresponds to longevity, in recent years evidence
has emerged to the contrary [24, 27, 70]. For thermorecovery, worms grown and maintained
at 20°C were transferred to 36°C for 3 h and then allowed to recover at 20°C overnight.

As mentioned earlier, we only characterized nematodes from Day 1- 11 of adulthood (prior
to any major death observed). Thermorecovery decreased with age in all strains tested (Fig
4A). Consistent with previous reports, xpf-1 was resistant to heat stress on D1, but was
significantly sensitive starting at D7 of adulthood. In contrast, brc-1 mutants were sensitive
to heat stress as D1 and D11 adults, but did not show any increased sensitivity at D4 or D7.
Interestingly, fcd-2 mutants were sensitive to heat stress only as D1 adults, but did not show
any significant changes after. The strain-specific reduction was greatest for brc-1, which was
~88%, followed by ~82% for xpf-1 on Day 11 (Fig 4A).

Next, we tested the ability of DNA repair-deficient mutants to respond to oxidative stress.
Here, wild-type worms, as well as mutants, were distributed to individual wells of 24-well
plate and exposed to 7.5-mM hydrogen peroxide (H,O5) in S-basal buffer. Interestingly,
bre-1 mutants were highly sensitive to oxidative stress starting from D1 and stayed sensitive
through age (Fig 4B). Again, consistent with previous data, initially xpf-Z mutants were
resistant to oxidative stress (p <0.0001) compared with N2 at both D1 and D4 of adulthood
[24] (Fig 4B). fcd-2 mutants were also resistant to oxidative stress as young D1 adults, but
lost this resistance starting at D4. With age, all of the strains were sensitive to oxidative
stress (Fig 4B). Spearman correlation analysis of resilience between each DNA repair
mutant revealed that these resilience healthspan parameters were not compromised by
defective DNA repair pathways (Fig 4C and Fig 4D). Next, we measured the average
survival time in H,O, for D4 and D7 and calculated the change in average survival time

for each assay timepoint. The rate of change in response to oxidative stress between day 4
and day 7 significantly correlates with lifespan, suggesting that oxidative stress could be one
of the major factors in determining the lifespan in both wild-type and DNA repair-deficient
worms (Fig 4E).

To further confirm the role of the three key DNA repair proteins, we analysed ercc-1 (DNA
repair partner of xpf-1; heterodimeric complex) [24] and additional alleles of bre-2(KO) [71]
and fed-2(tm1298) (Supp Fig 1). We tested the DNA repair mutants for one key healthspan
feature in each of the categories tested: (1) Molecular: Nucleolar size (2) Functional:
Thrashing and (3) Resilience. Interestingly, although ercc-1 mutants were short-lived [24]
(Supp Fig 1A), they had a smaller gonadal nucleolar size (Supp Fig 1B). As seen in Fig

2A, gonadal nucleolar size was enlarged in brc-1(K0O) and fed-2(tm1298) mutants (Supp Fig
1B); whereas no changes in hypodermal nucleolar size was observed in any of the DNA
repair mutants (Supp Fig 1C). Of note, fcd-2(ok1145) mutants had increased hypodermal
nucleolar size, but this was not observed in fcd-2(tm1298). Next we tested functional
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healthspan by measuring thrashing in liquid. As with xpf-1 mutants, ercc-1 did not show
any significant changes in thrashing at day 1 (Supp Fig 1D). We further measured thrashing
of ercc-1 mutants at day 4 and did not observe any significant decline compared to N2.
However, consistent with xpf-1 mutants, ercc-1 had significant functional decline by day 7
of adulthood (Supp Fig 1D). Of note, although the bre-1(KO) mutants displayed reduced
movement in liquid at day 1 and day 4, the rate of decline with age was not as significant
as for N2 and the other DNA repair mutants (Supp Fig 1D). fcd-2(tm1298) mutants did

not show any significant changes in thrashing, consistent with the fca-2(ok1145) mutant.
To further confirm our results, that DNA repair mutants are sensitive to oxidative stress, we
analysed ercc-1, bre-1(KO) and fed-2(tm1298) at D1, 4, 7 and 11 (Supp Fig 1E). Consistent
with xpf-1, ercc-1 mutants were resistant to oxidative stress in young adulthood, but with
age displayed high sensitivity. brc-1(KO) mutants were highly sensitive to H202 starting

at D1, whereas fed-2(tm1298) had increased sensitivity to oxidative stress with age. Lastly,
we performed spearman’s correlation analysis between the DNA repair mutants and the
wild-type using all the measured parameters (Fig 4F). In all, age-associated decline seen in
DNA repair mutants was quite similar to that of wild-type and not altered in any specific
manner.

Discussion

Although it is controversial whether lifespan can be significantly extended in humans,

there is growing consensus that improving healthspan (rather than lifespan) is an important
objective in order to increase quality of life for the elderly and alleviate the effects of an
aging population. Therefore, it is critical that we tease apart the molecular mechanisms
which contribute to healthspan. Using the model C. elegans, we aimed to identify the
importance of three major DNA repair genes in maintenance of health. Damage to DNA can
take place due to both endogenous (e.g. increased oxidative stress), as well as, exogenous
sources (e.g. ultraviolet radiation). DNA damage includes bulky adducts that can block
replication/transcription, as well as abasic sites, single strand or double strand DNA breaks,
and interstrand crosslinks. Such accumulated damage is known to underlie disease and
contribute to age-related pathology. Herein, we determined the effect of three key DNA
repair genes on embryonic survival, male incidence, tissue functionality and lifespan during
adulthood.

In this study we broadly defined healthspan as three major categories that are frequently
analysed in C. elegans as markers of aging. They include molecular markers that comprise
of nucleolar size and accumulation of autofluorescence pigments, functional markers such
as neuromuscular integrity and muscle function, and resilience to acute stress events. In
addition, we looked at the correlation of each of these healthspan measures between the
DNA repair mutants and the wild-type. To the best of our knowledge, our study is the

first attempt to compare the contribution of key DNA repair genes to multiple measures of
healthspan.

XPF-ERCCL1 is a heterodimeric 5’ endonuclease involved in several DNA repair pathways.
Traditionally, its role in removal of bulky lesions on DNA during NER has been the
best characterized. XPF-ERCC1 excises the damage as a single-stranded oligonucleotide,
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protects the gap and allows for repair using the non-damaged strand as a template. More
recently, the role of XPF-ERCCL1 in homologous recombination for repair of double strand
breaks (DSB) has been recognized. Upon resection of a DSB, 5’- to 3”-degradation results
in a single stranded overhang. ERCC1-XPF promotes the cleavage of 3" overhangs and

has been reported to play a role in removing potentially problematic branched DNA
structures that arise as a result of such DSB [37, 72, 73]. Additionally, interstrand
crosslink repair (ICL) is responsible for correcting lesions that arise from mutagens such
as cisplatin and carcinogens from smoking, as well as due to lipid peroxidation. ICL

is a highly coordinated process that is regulated by the Fanconi anemia (FA) network.

The FA network coordinates major proteins also involved in NER and HR- such as XPF-
ERCC1. XPF-ERCCL1 is responsible for the incision of DNA flanking the damage site,
creating a DSB and unhooking the cross-link at the stalled replication fork. In humans,
loss of functional XPF/ERCC1 leads to systemic progeroid symptoms or the Cerebro-
oculo-facio-skeletal Syndrome (COFS) syndrome. XFE progeria is characterized by multi-
tissue accelerated aging pathology including neurodegeneration, sarcopenia, vision loss etc.
Recently, two patients with pathogenic mutations in XPF were identified with adult-onset
neurodegeneration involving chorea, ataxia, hearing loss, cognitive deficits, profound brain
atrophy, and a history of skin photosensitivity, skin freckling, and/or skin neoplasms [74].

Loss of xpf-1/ercc-1in C. elegans, shortened lifespan, increased embryonic lethality,
impaired thrashing, chemotaxis and reduced resilience with age. The lifespan of xpf-1/
ercc-1 mutants has been controversial. Although a group has reported no effect on lifespan
[75], several others have reported a small but significant reduction in lifespan [24, 56, 76]
consistent with mice and humans that harbour loss of functional ERCC1-XPF [14]. Our
result is also consistent with previous findings where we reported a shortened lifespan

in xpf-1and ercc-1 mutants in the presence and absence of FUDR, as well as in in the
homozygous mutant progeny from a genetically balanced ercc-1 strain [24]. The functional
healthspan measures are affected early on (by day 4 of adulthood) in xpf-1 and ercc-1
mutants. Since both thrashing in liquid and chemotaxis is impaired in xpf-1 mutants, these
functional phenotypes arise most likely due to an inability to move, and not an inability

to sense the chemoattractant. However, further studies are required to determine whether
the motor issues are mainly due to dysfunctional muscle cells or the motor neurons that
innervate the muscle. It is important to note that a recent report suggested that although
XPF/ERCC1 is expressed in germline, muscle, intestine and neurons, expression of xpf-1
in neurons could rescue sensitivity to UV [77]. This suggests that xpf-1/ercc-1 may have
an important role in maintaining neuronal health with age. Consistent with our previous
findings, we did find xpf-1/ercc-1 mutants are stress resistant when young (day 1 of
adulthood), but this resilience is lost in an accelerated manner with age. We have previously
shown that this early stress resistance is due to DAF-16/FOXO3A activity which is lost
with age [24]. Although an increase in nucleolar size is correlated with a shortened lifespan
in other studies, the xpf-1 mutants did not display any significant changes in nucleolar

size compared to wild-type. Since we measured nucleolar size only in day 1 adults, one
possibility is that we did not capture changes with age. This suggests that nucleolar size may
not be a consistent marker for lifespan, at least in mutants that are short-lived.
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The second C. elegans DNA repair mutant we analysed is brc-1. The role of Breast

cancer type 1 susceptibility protein (BRCAL) has been well characterized in homologous
recombination (HR). BRCAL is also known to play complex roles in DNA repair, replication
fork protection, as well as in transcription. BRCAL recruits the recombinase, RAD51, to
double strand break foci which is a crucial early event in HR. Additionally BRCAL plays
arole in DSB end resection thus favouring HR over non-homologous end joining repair

of DSBs. BRCAL is also important for fork stabilization, repair and restart of replication
forks and for protection of stressed forks from other nucleases. Recent data indicates that
BRCAL plays a key role in ICL repair too. BRCALI facilitates the displacement of the stalled
replicative helicase during a dual-fork convergence, thus activating the Fanconi anemia
(FA) pathway. BRCAL mutations is known to cause familial breast and ovarian cancers
and are linked to a variety of sporadic cancers [78]. In C. elegans, brc-1 plays a role in
both ICL and HR, as in the mammalian counterparts [76, 79, 80]. In contrast to a previous
report [81], backcrossed bre-1 mutants in our hands did display a shortened lifespan. We
do not know the origin of this discrepancy as both studies use the same allele (as well

as, an additional allele tested in our study), maintenance temperature of 20°C and FUDR
conditions (Supp Fig 1). Our data shows that brc- mutants, have increased embryonic
lethality (consistent with [81]), gonadal nucleolar size and are highly sensitive to acute
stress, especially oxidative stress. Several reports suggest that BRCAL1 mutant tumours are
sensitive to oxidative stress, and BRCAL is important for regulation of oxidative stress,
partially through induction of antioxidant genes [82, 83]. brc-1 mutants are also sensitive
to heat stress, suggesting a general failure of stress responses in an accelerated manner.
Although loss of brc-1 has some impact on functional healthspan, it does not seem to be as
significant as observed in xpf-1 mutants.

We also assessed the importance of FANCD?2 in healthspan and lifespan. A major pathway
involved in repair of ICLs is the FA network. FA dysfunction in humans leads to bone
marrow failure, cancer predisposition and profound sensitivity to crosslinking agents [84].
C. elegans have a number of conserved FA gene homologs, including FCD-2 (FANCD?2)
[76]. The fecd-2mutant did not display increased embryonic lethality, shortened lifespan,
impaired functional healthspan or increased sensitivity to heat stress, suggesting that loss

of fcd-2is similar to wild-type. However, the fcd-2 mutants exhibit an increased nucleolar
size in the gonad and an increased sensitive to oxidative stress. Intriguingly, recent reports
suggest that FA proteins, including FANCD?2 associates with components of nucleoli and
nuclear speckles and are possibly involved in liquid-liquid phase transitions [85, 86]. This
could possibly explain the increased nucleolar size observed in fcd-2 mutants. Impaired ROS
detoxifying machinery has been observed upon loss of FA pathway [87]. Another study also
showed an association of FANCD2 with FOXO3a (a master regulator of oxidative stress),
suggesting that FANCD2 may play a role in ROS homeostasis [88], suggesting that this may
be the primary reason for increased susceptibility to oxidative stress in fcd-2 mutants. It

is possible that although 7cd-2 mutants are sensitive to DNA cross-linking agents, the role
of fcd-2in resolving ICL in somatic cells in C. elegans may be minimal or compensated

by other FA proteins. It will be important to test healthspan and lifespan parameters in

fcd-2 mutants after exposure to DNA cross-linking agents in the future to fully resolve this
challenge.
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In our study, we focused on health at early timepoints so as to eliminate the effects from
lifespan. Therefore, it is possible that we missed the period of gerospan in these DNA
repair mutants. Overall, our data suggests the decline in individual healthspan measures is
minimally accelerated by the lack of these DNA repair genes. However, these small effects
on multiple parameters, may have a substantial impact on health. Interestingly, oxidative
stress appears to be one of the key players in determining lifespan in DNA repair mutants as
suggested by the spearman correlation analysis. Our observations demonstrate that the loss
of xpf-1/ercc-1 significantly impairs a number of healthspan measures, followed by brec-1
and least affected by fcd-2. Several possibilities could explain the phenotypes observed in
the xpf-1 mutant compared to other DNA repair mutants. (A) XPF-ERCC1 plays a role in

a number of DNA repair pathways suggesting that accumulation of a number of different
types of DNA damage impacts health greatly OR (B) NER could be the major DNA repair
pathway affecting both lifespan and healthspan. NER is responsible for repair of several
different types of lesions including cyclopurine adducts arising from oxidative stress. Future
studies with other NER mutants such as XPG could help us delve into this deeper. (C)
XPF-1 is expressed in multiple tissues, including the gonad, hypodermis, intestine, neurons,
pharynx and muscle [77]. Indeed, a recent study did show that XPF-ERCCL1 function was
required in neurons to maintain genome stability [77]. In contrast, brc-1 is expressed mainly
in the germline and in some somatic tissues like muscle and hypodermis, whereas fca-2is
mostly limited to the germline. This data suggests that loss of xpf-1/ercc-1 could impact
health and homeostasis much more significantly because of the multiple tissues that rely on
it. Future studies on the role of DNA repair pathways in a tissue specific manner will be of
utmost importance.
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Highlights
. DNA damage and genome instability are hallmarks of aging.

. We assessed the effect of three key DNA repair genes on physiological health-
‘healthspan’.

. Oxidative stress resilience can act as a primary proxy for healthspan in DNA
repair mutants.

. Chemotaxis is also compromised in DNA repair mutants.

. Average nucleolar size, an emerging biomarker of longevity, does not corelate
with lifespan at least in DNA repair mutants.
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Figure 1:
(A) Role of XPF-ERCC1 in DNA repair: XPF-ERCC1 complex plays a role in Nucleotide

excision repair (NER) both in global genome NER (GG-NER) and transcription coupled
(TC-NER). Additionally, XPF-ERCC1 complex also plays a role in crosslink repair, as

well as, repair of double strand breaks. To compare and contrast the role of three DNA

repair genes we analysed healthspan measures of xpf-1, bre-1: involved in Homologous
recombination (HR) and fcd-2 involved in crosslink repair (ICL). (B) xpf-1(tm2842) mutant
worms have an increased incidence of males, but not bre-1(0k1261) and fecd-2(ok1145).
mutants. Plotted bar graph represents mean + s.e.m. Each experiment consists of 100

eggs laid by 20 worms/ genotype. Experiment performed in triplicate at 20°C. One-way
ANOVA with multiple comparisons. (C) Embryonic lethality (% unhatched eggs/total) was
assessed for wild-type (N2), xpf-1(tm2842), brc-1(0k1261) and fed-2(0k1145) animals. Data
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shown is mean + s.e.m. Three independent experiments performed (biological repeats):,
Experiment performed in triplicate at 20°C (technical repeats). One-way ANOVA with
multiple comparisons. (D) Representative survival curves of wild-type (N2), xof-1(tm2842),
bre-1(0k1261) and fed-2(ok1145) animals. Survival curves were compared by Mentel-Cox
log rank test. All replicates for survival data is shown in Supp Table 2A. For all statistics:
*pP<0.05, **F<0.01 and ***£~<0.001.
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Figure 2: Molecular healthspan measures:
Nucleolar size measured in wild-type (N2), xpf-1(tm2842), brc-1(ok1261) and

fed-2(ok1145) animals on day 1 of adulthood in gonad (A) and hypodermis (B). Data
shown is mean + s.e.m. */<0.05 and ***/<0.001 by one-way ANOVA. (15-20 worms
imaged per strain). Data were pooled from 3 independent experiments. All replicates for
nucleolar size is shown in Supp Table 3A and 4A. (C) Scatter plot showing the relationship
between lifespan of each strain with average nucleolar size of gonad and hypodermis.
Autofluorescence measured in (D) GFP channel (E) TRITC channel throughout lifespan
(D1- D20). Data shown is mean + s.e.m. ns: */<0.05 and **/<0.01 by one-way ANOVA.
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(F-G) Heat map showing spearman’s rank correlation between green (E) and red (F)
autofluorescence (AFL) of wildtype (N2), xpf-1(tm2842), brc-1(0k1261) and fcd-2(ok1145)
worms. (H) Scatter plot showing the relationship between lifespan of each strain with
average increase in autofluorescence.
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Figure 3: Functional healthspan measures:
(A) Bar graph represents average thrashing per minute for wild-type (N2), xpf-1(tm2842),

bre-1(0k1261) and fed-2(ok1145) animals on day 1 (D1), day 7 (D7) day 11 (D11) of
adulthood. n = 10-15/ strain. Error bars indicate s.e.m */<0.05 and **/~<0.005 by one-way
ANOVA with multiple comparisons to N2. Three independent replicates for thrashing data
is shown in Supp Table 5A, 6A, 7A. (B) Neuromuscular function assessed by chemotaxis
for wild-type (N2), xpf-1(tm2842), bre-1(0k1261) and fed-2(ok1145) animals on D1, 4, 7
and D11 of adulthood. Error bars indicate s.e.m. n = 30-50/ strain/ technical replicate (2
technical replicates). Three independent experiments performed. **/P<0.01 and ***£<0.001
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by one-way ANOVA. (C-D) Heat map showing spearman’s rank correlation between
average thrashing (counts per minute) (C) and chemotaxis distance (D) for wildtype (N2),
Xpf-1(tm2842), bre-1(0k1261) and fed-2(ok1145) worms. Scatter plot showing correlation
between changes in average thrashing (E), chemotaxis distance (F) and lifespan of wild-type
(N2), xpf-1(tm2842), bre-1(0k1261) and fcd-2(ok1145) worms.
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Figure 4: Resilience healthspan measures
(A) Survival of wild-type (N2), xpf-1(tm2842), brc-1(0k1261) and fcd-2(0k1145) animals

incubated for 3h at 36°C on D1, 4, 7 and D11 of adulthood (2-3 technical replicates).
Recovery for 16 h. Three independent experiments, n = 89-95/ strain. Error bars indicate
s.d. *P<0.05 and **FP<0.01 by one-way ANOVA. All replicates for survival data is shown

in Supp Table 9-12. (B) Survival curve of wild-type (N2), xpf-1(tm2842), brc-1(0k1261)
and fed-2(ok1145) animals incubated in 7.5uM hydrogen peroxide at D1, 4, 7 and D11

of adulthood (/7= 4 wells). Three independent experiments, Each experiment: n = 35-40/
strain. *£<0.05, **P<0.01 and ***P<0.001 by Log-rank test. All replicates for survival data

Page 24

rIsr

PR LT

o I
- - L -— “ W
. L - - g “ Pl
- | e S | oy | o - Jow | o Y b DYoo
l ol v~ I Lo e ' e
| | l
~ Y ‘ “w i ' - t - |
» 4 - :
J | ‘
) ——y —— e - g .y . - | .t -y -gd——y
B8 & TR r T 4 . e " ] ? ' . ‘
Rovisl » S350 & sty » HOT] N T v & 63T By T vl 1 0TC I
" - el
[ = ™ D 04
-l v
. ot -
wh Aty |
| TR N Aot Natt
ot et 1
»e
‘e
t > i ' o~
2
s e o
1w o4 wor ket
s “ - R 3
. -
tw -
e
LR L B
3 N W =» n =
Lbapss Layw



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Marchal et al.

Page 25

is shown in Supp Table 13-16. Heat map showing spearman’s rank correlation between
survival after heat-shock (C) and treatment with hydrogen peroxide (D) for wildtype (N2),
Xpf-1(tm2842), bre-1(0k1261) and fed-2(ok1145) worms. (E) Scatter plot showing the
relationship between rate of change in resistance to oxidative stress (between day 7 and
day 4) and lifespan. (F) Heat map representing spearman’s rank correlation among wild-
type (N2), xpf-1(tm2842), bre-1(0k1261) and fed-2(ok1145) worms based on molecular,
functional and resilience healthspan markers.
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