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Abstract

Abstract

Most manipulations that extend lifespan also increase cytoprotective
mechanisms to various stress in a range of animals from yeast to mammals. However,
the underlying signalling cascades regulating stress resistance and longevity are still
largely unknown. Here, we identified a mitochondrial ROS (mtROS) pulse during L4
as novel activator of transcriptional factor Krippel-like factor-1 in isp-1(150);ctb-1(189)
mitomutant. For this purpose, we created a de novo outer mitochondrial membrane
(OMM) H20:2 sensor by adding a TOMMZ20 targeting sequence to the roGFP2-Orpl
probe. We further show that H20> signalling is dependent on superoxide dismutase-1
(SOD-1), peroxiredoxin-3 (PRDX-3) and voltage-dependent anion channel-1 (VDAC-
1). Upon the ROS signal, KLF-1 is activated by the p38 MAPK signalling cascade and
translocates to the nucleus where it activates genes involved in phase | of xenobiotic
detoxification programme, the cytochrome P450 oxidases (CYPs). Collectively, these
findings underline the importance of ROS, especially H202, as signalling molecule and

identify the p38 MAPK signalling cascade as a key regulator of mitomutant lifespan.

XVi



Introduction

1. Introduction

1.1. Ageing

The average lifespan has steadily been increasing in humans (Oeppen and
Vaupel 2002). However, with the prolonged lifespan, many diseases remain prevalent
and without a cure. Therefore, the field of Geroscience is coupling the concept that
ageing is a disease and the fact that elevated age enhances the occurrence of chronic
diseases (Sierra 2016; Mitchell et al. 2015). Thus, treating or preventing ageing would
be beneficial in the fight against age-related diseases, like cardiovascular diseases,
arthritis, diabetes, heart failure, cancer and neurodegenerative diseases such as
Alzheimer’s disease and Parkinson’s disease. This would be more beneficial than
finding treatments or trying to cure single chronic disease (Sierra 2016). However,
ageing is a multifactorial complex, interconnecting process at molecular, cellular,
tissue and system levels (Gems and Partridge 2013; Cohen 2018). Nowadays, there
are more than 300 different concepts and theories to explain why we age. However,
we still know little about the regulation of lifespan. The fundamental question remains:
why do we age?

To better understand the ageing process, others have attempted to identify and

categorize the cellular and molecular processes in hallmarks of ageing (L6pez-Otin et
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Introduction

al. 2013). The proposed hallmarks are: 1. Genomic instability, 2. Telomere attrition, 3.
Epigenetic alterations, 4. Loss of proteostasis, 5. Deregulated nutrient sensing, 6.
Mitochondrial dysfunction, 7. Cellular senescence, 8. Stem cell exhaustion and 9.
Altered intercellular communication (Fig.1.1) (L6pez-Otin et al. 2013). Here, we further

elaborate on some of these hallmarks.

Genomic
instability
Telomere
attrition Primary hallmarks

Epigenetic Causes of damage
alterations

Loss of
proteostasis

Deregulated

nutrient sensing !

Mitochondrial Antagonistic hallmarks

dysfunction Responses to damage =

Cellular

senescence

Stem cell

exhaustion Integrative hallmarks
Culprits of the phenotype

Fig. 1.1. Hallmarks of ageing and their functional interconnections
The proposed nine hallmarks of ageing divided into three categories based on their contribution on
ageing: primary hallmarks, which are negative contributors, antagonistic hallmarks, which are either

beneficial or harmful, and integrative hallmarks. Figure obtained from Lopez-Otin et al. 2013.

Genomic instability is the change of genomic information through alterations in
DNA, either by DNA damage or mutations. These alterations might affect essential
genes and transcriptional pathways and therefore disrupt cell and tissue homeostasis.
It was observed that DNA damage was accumulated in ageing (Forsberg et al. 2012;
Faggioli et al. 2012) and premature ageing diseases, for example Werner syndrome
(Muftuoglu et al. 2008).

Telomere attrition is refereeing to the declining length of this DNA-protein
structure. Telomeres are located at the end of chromosomes and protect the genome
against degradation (van Steensel, Smogorzewska, and de Lange 1998) and
intrachromosomal fusion (Griffith et al. 1999). During cell division telomere length is
decreased (Brouilette et al. 2003) and this is progressively upon ageing (Takubo et al.
2000). This results in short telomeres, which might lead to cell senescence or apoptotic
cell death (Cawthon et al. 2003). Interestingly, transgenic induction of a telomerase
gene extends cellular lifespan (Bodnar et al. 1998). Moreover, increased telomere

18
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length was observed in long-lived stem and cancer cells (Hande et al. 1999; Horn et
al. 2013).

Protein homeostasis or proteostasis is a complex network of chaperones (Y. E.
Kim et al. 2013) and degradation machinery (Cichanover 2005), which monitor protein
concentration, quality and correct subcellular location (Ulloa-Aguirre et al. 2020).
Proteostasis dysfunction results in accumulation of misfolded protein (Balchin, Hayer-
Hartl, and Hartl 2016) and protein aggregates (Mukherjee et al. 2015). The
proteostasis efficiency is age-dependent declined, which results in cellular dysfunction
(Mukherjee et al. 2015) and degenerative disease, such as Alzheimer's disease
(Alzheimer et al. 1991) and Parkinson’s disease (Powers et al. 2009).

Deregulation of nutrient sensing was the first pathway demonstrated to regulate
lifespan through insulin/IGF-1 signalling (Brunet et al. 1999). Nowadays, also three
other nutrient sensing signalling pathways, namely mTOR (Vellai et al. 2003), Sirtuins
(Rogina and Helfand 2004; Y. Li et al. 2008) and AMP-activated kinase (AMPK) (Greer
et al. 2007), are observed to alter lifespan. Downstream of these signalling pathways
is the mammalian forkhead transcription factor (FOXO), which is altering multiple
biological processes, such as cell cycle and metabolism (X. Sun, Chen, and Wang
2017).

1.2. Mitochondria and ageing

1.2.1 Mitochondria

Mitochondria are eukaryotic organelles and most famous for their ability to
produce adenosine triphosphate (ATP). Historically, mitochondria were identified as
“bioblasts”, vital organisms within the cell (Altmann 1890). Later, these “bioblasts” were
redefined as organelles and named mitochondria, after the Greek “mitos” for thread
and “chondrion” for granule (Brenda 1898). Nowadays, we understand the
endosymbiotic origin of the mitochondria and that they are from bacterial origin (Roger,
Mufioz-Gémez, and Kamikawa 2017). In fact, mitochondria possess their own DNA
(mtDNA) and both mitochondrial and bacteria share circular DNA. Moreover, they have
double membranes and the mitochondrial proteome is a mixture of bacterial and
eukaryotic-derived proteins. Besides energy production (Pfanner, Warscheid, and

Wiedemann 2019), mitochondria are key regulators of: (I) multiple metabolic pathways,
19
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like the metabolism of amino acids, lipids, nucleotides and TCA metabolites (Spinelli
and Haigis 2018), (Il) biosynthesis of iron-sulphur (Fe-S) clusters (Stehling and Lill
2013), (1) calcium homeostasis (Giorgi, Marchi, and Pinton 2018), (1V) quality control
and degradation, for example mitophagy and apoptosis (Ashrafi and Schwarz 2013),
(V) inflammation (Vringer and Tait 2019) and (VI) reactive oxygen species (ROS)
generation (P. K. Jensen 1966) and homeostasis (Scialo, Fernandez-Ayala, and Sanz
2017).

1.2.2 Mitochondria genome

MtDNA is a relatively small, abundant and highly conserved DNA molecule and,
as mentioned, mtDNA is circular. The mammalian mtDNA molecule is about 16.6 kb
(Chinnery and Hudson 2013) and encodes 13 polypeptides of the electron transport
chain (ETC), two rRNAs and 22 tRNAs, which are essential for mitochondrial protein
synthesis. mtDNA is highly efficient as around 93% represents a coding region
(Chinnery and Hudson 2013). The rest of the mitochondrial proteome, that is not
transcribed from the mtDNA, is encoded by nuclear DNA (nDNA), translated in the
cytosol and imported into the mitochondria (N.-G. Larsson and Clayton 1995). This
includes machinery necessary for mtDNA replication, transcription and translation.
Therefore, a highly multifaceted cross-talk between the nucleus and mitochondria is

required (Poyton and Mcewen 1996).

1.2.3 Mitochondria structure and OXPHOS

The mitochondria are surrounded by a double-membrane, consisting of the
outer and inner mitochondrial membranes (OMM, IMM) (Fig.1.2) (Kuhlbrandt 2015). In
between the OMM and IMM is the intermembrane space (IMS) and the IMM is
surrounding the matrix and forming cristae (Fig.1.2). The amount and morphology of
mitochondria differs between cells and might be different in the same tissue. While the
levels of ions and small molecules in the IMS are similar as in the cytosol, due to porins
in the OMM, other molecular or protein transport is regulated by various transport
machinery, like the translocases of the outer- and inner mitochondrial membrane
(TOMM/TIMM) complex, voltage-dependent anion channel (VDAC) or mitochondrial

permeability transition pore (Briston et al. 2017; Schmidt, Pfanner, and Meisinger 2010;
20
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Camara et al. 2017). The matrix contains the mtDNA, translation machinery and the
enzymes of the tricarboxylic acid (TCA) cycle or Krebs cycle, required for metabolizing
metabolites and electron transporters nicotinamide adenine dinucleotide (NAD*) and
flavin adenine dinucleotide (FAD'). The distinct compartmentation within the

mitochondria is crucial to utilize their key functions (Kihlbrandt 2015).

‘ ——— Ribosome
Circular DNA
ATP synthase
Electron Transport

Chain

Fig. 1.2. Mitochondrial architecture
Schematic overview of the mitochondrial compartmentation: the intermembrane space and matrix
segregated by the inner membrane (IMM). The mitochondria and cytosol are segregated by the outer

membrane (OMM). Figure obtained from Yusoff et al. 2015.

As mentioned, one of the functions of mitochondria is the metabolic energy
production, in the form of ATP, by the mitochondrial oxidative phosphorylation or
OXPHOS. The OXPHOS system is embedded in the IMM and consists of five protein
complexes and two electron carriers (Fig.1.3) (Papa et al. 2012; Matsuno-Yagi and
Hatefi 1985). The first four complexes, also named the electron transport chain (ETC),
transfer electrons across the ETC and couples this transfer to proton transport across
the IMM. Thereby, creating a proton gradient across the IMM, which produces a proton
motive force driving complex V, an ATP synthase, to generate ATP. The ETC and
complex V are named the mitochondrial respiratory chain (MRC). The electrons are
passed from Krebs cycle-derived NADH or succinate via complex | or complex I,
respectively, into OXPHOS (Fig.1.3). For a long time, it was proposed that the
OXPHOS complexes diffuse freely across the IMM, also referred to as the fluid-state
model (Hackenbrock, Chazotte, and Shaila Gupte 1986; Dudkina et al. 2008).
Nowadays, it appears that the OXPHOS organization is according to the solid-state
model, which describes the formation of OXPHOS supercomplexes (Dudkina et al.

2008). Here, we further elaborate in detail on the OXPHOS complexes.
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Fig. 1.3. Overview of mitochondrial respiratory chain complexes
Schematic overview of the mitochondrial respiratory chain complexes, composed of complex I, a NADH

dehydrogenase, complex Il, a succinate dehydrogenase, complex Ill, a cytochrome c reductase,
complex IV, a cytochrome c oxidase, complex V, an ATP synthase, and ubiquinol (UQ). Complex | to IV
are grouped together as electron transport chains (ETC). The respiratory chain complexes are fuelled
by NADH at complex | and succinate at complex Il and the electron transport through the ETC is creating

a proton gradient, which is utilized by complex V. Figure obtained from Kihlbrandt, 2015.

Complex | is a “L-shaped” NADH dehydrogenase and a major electron entry
point into the ETC (Lencina et al. 2018). While the hydrophobic arm is bedded in the
IMM, the soluble peripheral arm is in the matrix. This soluble arm contains the
flavoprotein and iron protein subunits, which are necessary for electron acceptance
from NADH (Distelmaier et al. 2009). These electrons are transferred to the electron
carrier ubiquinone. The function of the hydrophobic arm is proton transport across the
IMM. Mammalian complex | is the largest of the OXPHOS complexes and consists of
44 subunits (Carroll et al. 2003). The genes of these subunits are frequent targets for
mitochondrial disease-causing mutations (Koopman et al. 2012) and complex |
dysfunction was connected to mitochondrial diseases, such as Parkinson’s disease
(Morais et al. 2009) and dementia (Gatt et al. 2016).

Succinate dehydrogenase or complex Il consists of four nuclear encoded
protein subunits (F. Sun et al. 2005). Matrix-localized SDHA and SDHB are the
succinate dehydrogenase domain (Dourado, Swart, and Carvalho 2018) and SDHC
and SDHD, the hydrophobic anchors to the IMM, are necessary for electron transfer
(Bandara, Drake, and Brown 2021). Complex Il has a dual role in respiration by

catalysing the oxidation of succinate to fumarate in the TCA cycle (Cecchini 2003; F.
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Sun et al. 2005) and transferring electron transfer to ubiquinol in the ETC (Cecchini
2003; Miyadera et al. 2003).

Complex Ill is a cytochrome c reductase and it is involved in electron transfer
by accepting electrons from complex | and Il and transferring to complex IV via
cytochrome ¢ (Solmaz and Hunte 2008) and transporting protons across the IMM. As
cytochrome c can only accept a single electron per transfer, this process happens in
two steps in the Q cycle (Fig. 1.4) (Meinhardt et al. 1987; Zhu et al. 2007).
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Fig. 1.4. Schematic overview of Q cycle
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In the first cycle, ubiquinol at Qo donates one of its electrons to the Rieske Fe-S subunit and
consequently cytochrome c. The other electron is transferred to cytochrome b to ubiquinone to form a
unstable semiquinone at Qi. In the second cycle, another ubiquinol donates again its electrons resulting
in two reduced cytochrome c, four proton transport and the semiquinone is oxidized to ubiquinol and

dislocates. Figure obtained from Mazat, Devin, and Ransac 2020

The mammalian complex IV (cytochrome c oxidase) is formed by 14 subunits
and it is the rate limiting complex of the OXPHOS (E. Cadenas et al. 2000; Kadenbach
2021). It transfers the electrons from cytochrome c¢ to molecular oxygen, hereby
transporting protons across the IMM. The catalytic core is formed by three
mitochondrial DNA-encoded subunits, namely COX1-3 (Timon-Gomez et al. 2018).

The different concentration of protons across the IMM induce a chemical
gradient (pH) and electric gradient (membrane potential) (Neupane et al. 2019). This
electrochemical energy is utilized by ATP synthase (complex V) to generate ATP. The
protons are transferred back in the matrix through the proton specific channels in the
Fo domain, while the F1 domain catalysed ADP and Pi to ATP (Capalde et al. 1994;
Nijtmans et al. 1995).
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1.2.4 Mitochondria and their role in ageing

Declining of mitochondrial function is a widely accepted concept during aging.
This decline has been observed in common mitochondrial features, such as respiration
(Alemany et al. 1988; Figueiredo et al. 2009), ATP production (Jang et al. 2009;
Capozza et al. 1994), membrane potential (Chabi et al. 2008; Garcia-Fernandez et al.
2011) and ROS generation. Moreover, mitochondria have altered morphology
(Shigenaga, Hagen, and Ames 1994), decreased mtDNA copy number and
mitochondrial proteins (Stocco’, Cascarano, and Wilson 1977) and the mitochondrial
numbers are declined during ageing (Herbener 1976). Here, we focus on three main
characteristics of mitochondrial function and their effect on lifespan determination:
ROS, mtDNA and metabolic rates.

ROS was first observed as free radicals, which were proposed to be mediator
of all oxidative reactions involving organic molecules (Bisby 1990; Michaelis 1939). In
the early 1950s, free radicals were first observed in biological material (Commoner,
Townsend, and Pake 1954), which were rapidly connected to pathological processes
and ageing theories (Harman 1956; Gerschman et al. 1954). Their role in ageing
theories was mostly described as a source of molecular damage, as ROS, such as
hydrogen peroxide (H2032), could damage macromolecules (Stadtman 1992). This led
to the free radical theory of ageing (Sohal et al. 1994; Harman 1956). In short, this
theory suggests that aging occurs due to accumulation of ROS-induced damaged
molecules. In agreement with this theory, it was observed that increased ROS
generation can shorten lifespan (Kirkwood and Kowald 2012). Others dispute that
oxidative damage is just one type of damage and expand this theory to various types
of damage, including translation or transcriptional damage on DNA, protein and
metabolites (Gladyshev 2014; Barondes et al. 1963).

Interestingly, free radicals were also implicated in beneficial processes, such as
reducing infection (Babior, Kipnes, and Curnutte 1973; Rossi, Bianca, and de Togni
1985) and vasodilation (Geletyuk et al. 1982; Furchgott and Zawadzki 1980).
Nowadays, it is more commonly accepted that free radicals and especially ROS have
a dual role in physiological processes proliferation (Geiszt and Leto 2004; Foreman et
al. 2003; Sauer et al. 2000; J. Li et al. 2006; Ushio-Fukai 2006). Moreover, low levels

of mtROS can also induce long-term beneficial responses by inducing adaptive
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responses and increasing biological plasticity (Calabrese, 2018; Ristow & Zarse, 2010;
Tapia, 2006).

As mitochondria have their own genome and are responsible for ROS
generation, it was suggested that mtDNA could be exposed to ROS. This might led to
accumulation of damage in the mtDNA and mutations. It was suggested that these
mtDNA alterations would result in decreased mitochondrial function, through
impairment of the MRC and consequently increased ROS generation and more ROS-
induced damage (Harman 1972). Nowadays, the impact of mtDNA mutations on
ageing are extensively investigated (A. Bratic and Larsson 2013) and indeed, a
causative connection between mutations in mtDNA and ageing was established in
mtDNA mutator mice (Trifunovic et al. 2004). These mice express a homozygous
knock-in proof-reading-deficient version of polymerase gamma (POLG) leading to an
accelerated ageing phenotype caused by a three-fold to five-fold increase in the levels
of point mutations in mtDNA (Trifunovic et al. 2004). Interestingly, despite the increase
in mtDNA mutations in the mtDNA mutator mice, there was no increase in ROS
production observed (Trifunovic et al. 2005). In addition, it was proposed that mutations
in MtDNA are rather occurring when DNA repair systems are not repairing errors
originating from mtDNA replication and synthesis (Stewart et al. 2008; N. G. Larsson
2010; Ameur et al. 2011). This argues against a direct role of ROS in mtDNA
mutations-derived ageing.

As mentioned, one of the mitochondrial functions that declines during ageing is
a respiration rate. Therefore, this suggests a role of metabolic rate in lifespan
regulation. In the rate of living theory (Pearl 1928), the role of metabolic rate on lifespan
is described to be inversely correlated (Loeb and Northrop 1911). Organisms have a
limited amount of energy, which is consumed during life (Pearl 1928). Altogether, this
theory suggests that long-lived organisms should have reduced basal respiration and
metabolic rate than shortened lived organisms. However, the role of ATP, a production
of the mitochondrial respiration, and lifespan seems to be conflicting. Pathways that
induce longer lifespan, such as nutrient sensing, can both increase and decrease ATP
production (Kharade et al. 2005; Houthoofd et al. 2002; Lambert and Merry 2004; I.
Bratic and Trifunovic 2010). Others even observed no difference in ATP levels between
caloric restriction, a dietary intervention without malnutrition that extend lifespan
(Chapman and Partridge 1996; E J Masoro 2002; Edward J Masoro 2009; Lakowski
and Hekimi 1998), and control conditions (Khraiwesh et al. 2013). As our

25



Introduction

understanding of the precise molecular pathway of caloric restriction-induced remains
unclear, also the exact role of metabolic rate in lifespan regulation (C. L. Green,
Lamming, and Fontana 2021). Likely the mitochondrial energy metabolism is a key
regulator of this process, together with mTOR (Vellai et al. 2003), Sirtuins (Rogina and
Helfand 2004; Y. Li et al. 2008) and AMP-activated kinase (AMPK) (Greer et al. 2007).

1.3. ROS

1.3.1 ROS molecules

ROS molecules are reduced oxygen derivatives, which have accepted extra
electrons and can oxidize various molecules. The three primary forms of ROS are:
superoxide radical (O2™), H202 and hydroxyl radical (OHe¢) (Fig.1.5) (Sullivan and
Chandel 2014). Other ROS molecules are hydroxyl ion (OH"), peroxyl radicals (ROOQO¢),
nitric oxide (NO), lipid hydroperoxide (LOOH), alkoxyl radical (RO’) and sulphate
radical (SO4). As they all have different reactivities, this led to different effect on cellular
physiology (Sullivan and Chandel 2014). For example, studies of peroxyl radicals are
an emerging field of ROS as they are linked to ferroptosis and Alzheimer’s disease
(Gaschler and Stockwell 2017). ROS molecules are produced under physiologic
conditions but also as by-products in mitochondria, peroxisomes, endoplasmic
reticulum (ER) (Mignolet-Spruyt et al. 2016) and by several cytosolic enzymes, like the
NADPH oxidases (Hole et al. 2013; Bedard and Krause 2007), cyclooxygenases
(Martinez-Revelles et al. 2013) and lipoxygenases (Cho, Seo, and Kim 2011).

e- .
02 _ 02 ) Superoxide Radical
SOD(s)
Fe?* GPX(s), PRX(s), catalase
OH' S H202 > H20

Hydroxyl Radical
(Damage)

Hydrogen Peroxide

Fig. 1.5. ROS generation, reduction and signalling.

Superoxide radical (O2") is formed by gaining an electron from electron leak in the ETC and reduced by
superoxide dismutase (SOD) in hydrogen peroxide (H202). H202 can either be reduced to water by redox
enzymes glutathione peroxidases (GPX), peroxiredoxins (PRDX) or catalase (CTL) or undergo Fenton

reaction to form hydroxyl radical. Figure obtained and modified by Sullivan and Chandel 2014.
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1.3.2 H>0> as second messenger

H202 was first proposed to act as potential second messenger due to its
relatively long half-life, in comparison with other ROS molecules (Sies, 1993). This is
further highlighted by its low molecular weight, relatively high cellular concentrations
(range of nM till uM) and its capacity of transporting across membranes and through
tissues (di Marzo, Chisci, and Giovannoni 2018; Sies 2014). Furthermore, the catalytic
reduction of H20:2 involves oxidation of cysteine residues (Winterbourn and Hampton
2008), which enables H202 to oxidize thiol residues to sulfenic, sulfinic and sulfonic
acid on target proteins (Nagy and Ashby 2007; Poole, Karplus, and Claiborne 2004;
John Barton, Packer, and Sims 1961). Reversible oxidizing of these thiolates on target
proteins can switch the protein’s activity, localization or stability (Riemer et al. 2015;
D’Autréaux and Toledano 2007). This mechanism is considered to be fundamental for
the redox signalling. Nowadays, H202 has been reported to activate antioxidant gene
expression (Sablina et al. 2005; An and Blackwell 2003), cell proliferation (Geiszt and
Leto 2004; Foreman et al. 2003), differentiation (Sauer et al. 2000; J. Li et al. 2006),
migration (Ushio-Fukai 2006), apoptosis (Gechev and Hille 2005; Cai 2005) and,
modulation of transcription factors (Delaunay, Isnard, and Toledano 2000; Pedre et al.
2018; Pearson, Morf, and Singh 2013; J. W. Lee and Helmann 2006).

One of the main reasons H202 was not fully understood as second messenger
was the limited methods to visualize or measure ROS (Cheng et al. 2018). In most
cases low levels of mtROS was linked to promoting cell division, modulating MAPKSs,
phosphatases and transcriptional factors, without specifying the exact nature and
location of the ROS molecules (Ogrunc et al. 2014; P. Li et al. 2016; Ge et al. 2017).
Due to limited ROS visualizing methods, investigators often used various redox-active
probes, namely dichlorodihydrofluorescein (DCFH) (Kubben et al. 2016; Lin et al.
2015), hydroethidine (HEt) (B. Zhang et al. 2021), mitochondrial HEt or Mito-SOX (Hu
et al. 2020) and CellROX reagents (Cacialli et al. 2021; Esterberg et al. 2016).
However, interpretation of the exact mechanism of detection and nature of detected
ROS molecules are challenging. For example, the redox-active probe DCFH was
suggested to visualize intracellular H202 via oxidizing of DCFH into the green
fluorescent product dichlorofluorescein (DCF). However, it has been shown that DCFD
is also catalysed into DCF by peroxidases or via intracellular iron-dependent processes

(Tampo et al. 2003; Karlsson et al. 2010; Kotamraju et al. 2004). Moreover, DCF can
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undergo redox cycling which forms artefactual formation of H2O2 and some even report
DCFD does not react with H202 (Rota, Chignell, and Mason 1999; Bonini et al. 2006;
Tampo et al. 2003). Therefore, the final readout of these redox-active probes remains
challenging to interpret. Furthermore, when using ROS probes it is necessary to verify
the cellular uptake of some probes as this may vary between cell types or treatment
conditions (Cheng et al. 2018).

Recent development in redox-active probes has led to de novo genetically
encoded ROS and H20:2 sensors, namely the OxyR-based HyPer family reporters and
roGFP2 family; roGFP2-Orpl and roGFP2-Tsa probes (B. Morgan et al. 2016; Nietzel
et al. 2019; Belousov et al. 2006). These sensors are both successfully tested in vitro
and in vivo (Gutscher et al. 2009; Markvicheva et al. 2011). While redox-active probes,
such as DCFD and MitoSOX, have the advantages of being easy in handling and
having high dynamic range, these sensors benefit from being highly specific, genetic-
derived, subcellular targeted and redox reversible (Markvicheva et al. 2011). Thus,
they are providing a specific localized real-live time H202 sensor. The H202-sensitive
HyPer family is designed by integrating a YFP into the regulatory domain of the
bacterial H202 sensing protein OxyR, which contains a redox active thiolate of C199
(Belousov et al. 2006; Zheng, Aslund, and Storz 1998; Aslund et al. 1999; Choi et al.
2001). Nowadays, the sequels HyPer-2 and HyPer-3 have been replaced by HyPer
(Belousov et al. 2006), HyPerRed (Ermakova et al. 2014) and HyPer-7 (Pak et al.
2020). The peroxidase-based Orpl promotes the oxidation into disulphide bridges on
redox-sensitive GFP (roGFP2) in present of H202 (Maiorino et al. 2007; Gutscher et al.
20009).

Thiol redox signalling upon ROS exposure has a dual role, it protects against
ROS-induced damage and transfers ROS signalling. ROS is metabolized by enzymatic
antioxidants, such as superoxide dismutase (SOD), catalase (CAT), glutathione
peroxidases (GPX) and peroxiredoxins (PRDX). Transfer of H202 signalling has been
suggested to be performed by GPX (Margis et al. 2008) and PRDX (Winterbourn 2018;
Z. A. Wood et al. 2003). Both redox enzymes use their cysteines to reduce H20:2 by
forming dithiols. Afterward, GPX is reduced by glutathione (Margis et al. 2008), while
PRDX is reduced by the thioredoxin redox (TRX) system (Lu and Holmgren 2014).
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1.3.3 Mitochondrial ROS

Mitochondrial produced ROS (mtROS) was first described in 1966 as a
molecule that consumes oxygen in mitochondria(P. K. Jensen 1966). As this reaction
was catalase dependent, it was concluded that this molecule was H20: (P. K. Jensen
1966). Now, it is generally assumed mitochondria are responsible for around 90% of
the total cellular ROS production (Wenjia Zhang et al. 2019; Balaban, Nemoto, and
Finkel 2005). The main production sites of ROS, especially Oz, are complex | and I
of the ETC (Fig. 1.6). The major ROS producers on complex | are the Flavin site and
ubiquinone reducing site (lg) (Brand 2016). ROS generated at the lq site was observed
during reverse electron transport (RET). Due to the high ubiquinol/ ubiquinone ratio
and consumption of the proton electron force (Chance 1961; Chouchani et al. 2014),
the electrons are driven backwards in complex | and produce ROS (Chouchani et al.
2014). Complex Il located ROS production happens at the Q-cycle (Qo) and depends
on the location of Qo site if ROS is released either into the mitochondrial matrix or into
the IMS (Brand 2016). Between the Q-cycle, the second electron can be prematurely
transferred to oxygen instead of cytochrome c to generate O2" (Salo, Husen, and
Solov'Yov 2017; Muller et al. 2003). It has been suggested that the ROS production
level of complex Il is much smaller than complex | (Brand 2010). This is emphasized
by the major role of complex | in diseases, like Leigh syndrome and hydrotropic
cardiomyopathy (Rodenburg 2016). In complex ll-related mutations or diseases, ROS

FET IMS (Inter Membrane Space)

IMM (inner
Mitochondrial Membrane)
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Li Complex IV Aiatrix
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Fig. 1.6. Possible sites of ROS generation
ROS is produced at sites on complex I, Il and Il and extrude in the matrix, except the ROS produced at
complex Il Qo site which extrudes in the IMS. Forward electron transport (FET) and Reverse electron

transport (RET). Figure obtained from Mazat, Devin, and Ransac 2020.
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production is produced at the IIF site and associated with succinate dehydrogenase
(Cecchini 2013; Hoekstra and Bayley 2013). Under normal conditions, complex [l ROS
production is minimum (Fig. 1.6) (Cecchini 2013).

1.4. C. elegans and aging research

1.4.1 C. elegans research model

To unravel mechanisms of lifespan regulation researchers have utilized various
model organisms. The common characteristics of these organisms are that they are
relatively short lived, have well-described genomes and are easily genetically
manipulated. Therefore, the classical models used are yeast (Saccharomyces
cervisiae), fly (Drosophila melanogaster), mouse (Mus musculus) (Mitchell et al., 2015)
and the emerging models of the naked mole rat (Heterocephalus glaber) (Buffenstein
2005) and killifish (Harel and Brunet 2016). Another model that is popular due to its
size, easy handling, transparency and genomic toolbox is the roundworm
Caenorhabditis elegans (C. elegans), an optimal model for lifespan and aging
research.

50 years ago, the nematode C. briggsae was cultivated and utilized for
investigating developmental biology and nervous system (Sydney Brenner 2002; S.
Brenner 1988). Later, C. elegans was used as this strain grew better in laboratory
conditions (Félix et al. 2011). Nowadays, the C. elegans model is worldwide studied in
over a thousand laboratories and responsible for over 1800 published research articles
in 2020 alone.

C. elegans is a small, free-living organism, which lives in soil and feeds on
different species of bacteria (Avery and Shtonda 2003; Félix and Duveau 2012). They
have a rapid life cycle, as they develop from egg through 4 larval developmental stages
to egg-laying adults in around 3 days at 20°C (Fig.1.7). Adults are a primarily self-
fertilizing hermaphrodites, although males exist in low frequency in the population
(0.2%) (Corsi, Wightman, and Chalfie 2015). Besides the four larval developmental
stages, C. elegans larvae can undergo dauer arrest during the second molt
(Fielenbach and Antebi 2008). Dauer larvae exhibit increased stress resistance and
altered metabolism and are therefore considered a survival mechanism during harsh

environments. These features, combined with the fact that C. elegans was the first
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Fig. 1.7. Schematic overview of C. elegans lifespan.

C. elegans larvae are hatching from eggs and go through four developmental larval stages by molting
(L2 till L4), until they become a reproductive adult. Under harsh conditions, like low food availability or
crowdedness, L2 stage can activate an alternative L3 stage, namely dauer larvae for survival. Adult
worms lay eggs in the first 5 days of adulthood and afterwards they age. Figure obtained from
WormAtlas (Corsi, Wightman, and Chalfie 2015).

whole genomic sequenced organism, makes these roundworms a powerful model for
eukaryotic genetic studies. Moreover, 60-80% of human genes have an ortholog in the
roundworm DNA (Kandoth and Mitchum 2013) and about 40% of nematode genes
have orthologs associated with human diseases (Culetto and Sattelle 2000). Another
feature that emphasize C. elegans as powerful research model is that they are easily
visualized by microscope. Phenotypes are observed by assessment of movement,
eating rate, developmental rate, reproduction rate and number of progeny (Corsi,
Wightman, and Chalfie 2015). Nematodes being transparent, are ideal for single cell
visualization and protein localization studies through expression of fluorescently
tagged proteins (R. A. Green et al. 2008; Chamberlain and Benian 2000). The use of
fluorescent protein tags enables tracking of protein and cell function and investigates
protein interactions in vivo. Altogether, these features highlight the roundworm C.

elegans as a prominent model for lifespan regulation research.

1.4.2 C. elegans ageing research

For the past decade, the aging field was largely broadened and enlightened by

various de novo discoveries. Especially experimental work in the C. elegans model
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has led to successful breakthroughs in identifying genes involved in lifespan, either as
novel fundamental knowledge of signalling cascades that regulate normal lifespan or
as better understanding of healthy aging processes. What started with research on
dauer formation, nutrient sensing or insulin handling has led to the remarkable field of
prolonging lifespan by mutations in genes affecting nutrient sensors or stress-response
signalling cascades (C. J. Kenyon 2010). Nowadays, we know nutrient sensing can
induce long lifespan by altering signalling cascades involving the kinase target of TOR
(Hansen et al. 2007; Kaeberlein, Powers, and Steffen 2005; Kapahi et al. 2004), AMP
kinase (Greer et al. 2007), sirtuins (Rogina and Helfand 2004; Y. Li et al. 2008) and
insulin/IGF-1 signalling (Arum et al. 2009; Honjoh et al. 2009). Furthermore, we know
that DR-induced longevity is not limited to the C. elegans model, as mutations in the
insulin/IGF-1 signalling induce long lifespans in Drosophila melanogaster and mice
(Grandison, Piper, and Partridge 2009; Clancy et al. 2002; Bartke 2008; Arum et al.
2009). The list of genes implied in stress-induced genes and longevity is still
expanding, now including heat- (Shama et al. 1998; Lithgow et al. 1995; Kumsta et al.
2019) and oxidative stress (Heidler et al. 2010), signalling of homeostasis from
germline tissue (Di Chen et al. 2013; C. Kenyon 2010; Khodakarami et al. 2015),
MRNA translation (Pan et al. 2007; Derisbourg et al. 2021), proteostasis balance
(Koyuncu et al. 2021; Kevei and Hoppe 2014) and alteration in mitochondrial activity
(Dancy, Sedensky, and Morgan 2014). While the pathway of germline-induced
longevity is well studied, the others and especially the involvement of mitochondrial
activity in longevity remain poorly understood. As mentioned, the mitochondria have
been proposed to alter lifespan via ROS signalling, mutation in mtDNA or altered
metabolic rates (Miranda-Vizuete and Veal 2017; Z. Wu et al. 2018; Dancy, Sedensky,
and Morgan 2014).

Due to their short lifespan, the effects of single gene loss-of-function or
overexpression are easily observed. Genes that affect lifespan in C. elegans can be
roughly divided into at least three classes, genes that regulate: dauer formation (e.g.
daf), dietary pathways (e.g. eat) and physiological rates (e.qg. clk) (Feng, Bussiére, and
Hekimi 2001). Dauer formation genes are interesting as they mediate the formation of
longer lived and stress-resistant larval stage and induce the signalling cascade
involving the insulin receptor-like transmembrane tyrosine kinase (daf-2) and forkhead-
like transcription factor (daf-16) (X. Sun, Chen, and Wang 2017). Dietary pathways,

like eat genes, are mainly responsible for the function of the pharynx and thereby
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prolonging lifespan by mimicking dietary restriction (DR) (Lakowski and Hekimi 1998).
Physiological rates regulating genes, like clk, are a group of genes affecting rates of
many processes, like embryonic and postembryonic development, reproduction and
behavioural rhythms (Lakowski and Hekimi 1996). Interesting, clk-1 was the first
mitochondrial dysfunction mutant (mitomutant) discovered (Wong et al. 1995) and
encodes the nematode ortholog of demethoxyubiquinone hydrolase, which is

necessary for the ubiquinone synthesis (Miyadera et al. 2001).

1.4.3 C. elegans mitomutants

A systemic RNA interference (RNAI) screen for gene inactivation that prolongs
lifespan observed a majority of genes encoding mitochondrial proteins, like
mitochondrial carriers, ETC components and mitochondrial ribosomal subunits (S. S.
Lee et al. 2003). The phenotype of most of these mitomutants was that they were
smaller, had altered mitochondrial morphology, lower oxygen consumption rates and
reduced ATP levels (S. S. Lee et al. 2003). Direct disruption of the ETC either in
mitomutant, such as isp-1(qm150) (iron sulphur protein) mutant (Feng, Bussiére, and
Hekimi 2001), or RNAi knockdown of MRC subunits, like complex I, Ill, IV and V (Dillin
et al. 2002) induces longevity in these animals. Interestingly, MRC suppression, for
example by atp-3 and cyc-1 RNAI, during larval development is sufficient to induce
longevity (Dillin et al. 2002). However, these long-lived animals have delayed
developmental rates, decreased fertility and reduced fecundity (Rea, Ventura, and
Johnson 2007). Here, we introduce interesting ETC mutants that led to remarkable
insights on the role of mitochondrial dysfunction, ROS production and generation on

lifespan (Dancy, Sedensky, and Morgan 2014).

Complex I:
The C. elegans nuclear-encoded gas-1 gene is the ortholog of human NDUFS2.
This 49 kDa subunit is part of nematode complex | of ETC and was first described as
a crucial gene in controlling and maintaining volatile anaesthetics (P. G. Morgan,
Sedensky, and Meneely 1990; P. G. Morgan, Margaret, and Sedensky 1994). Gas-
1(fc21) mutants have reduced complex | activity, fewer offspring, delayed
development, are highly sensitive to oxidative stress and have a shortened lifespan
(Hartman et al. 2001). The reduced complex | activity is associated with an increased
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complex Ill-dependent activity, probably as compensatory mechanisms (E. B. Kayser
et al. 2001). Remarkably, these phenotypes are dependent on oxygen levels, as low
oxygen concentrations diminish the gas-1 phenotypes while high oxygen
concentrations reduce survival and fecundity (Hartman et al. 2001; E. B. Kayser et al.
2001). However, survival, fecundity and lifespan of wild-type (WT) animals are also
affected upon high oxygen concentrations. Additionally, WT animals become
hypersensitive to volatile anaesthetics (E.-B. Kayser, Morgan, and Sedensky 2004;
Hartman et al. 2001), suggesting anaesthetics sensitivity and lifespan are linked to
mitochondrial activity. In agreement, mitochondrial ROS production (Mufioz-Tremblay
2015) and oxidative damage are increased in gas-1 mutants (E.-B. Kayser, Morgan,
and Sedensky 2004).

Contradictory to gas-1 mutant, all members of the NADH ubiquinone
oxidoreductase (nuo) gene family have prolonged lifespans upon suppression
(Munkacsy and Rea 2014). All members are encoding complex | subunits and
especially, nuo-2, ortholog of human NDUFS3 (Grad and Lemire 2004), and nuo-6,
ortholog of human NDUFB4, are described as inducers of longevity (Dillin et al. 2002).
Notably, mitochondria isolated from nuo-6 mutant show increased mtROS generation
(Yang and Hekimi 2010a), which is not accompanied by oxidative stress or damage
(Yang and Hekimi 2010b). The authors suggested this mtROS is sensed by
components of the intrinsic apoptosis signalling pathway, namely CED-9, CED-4 and
CED-3 (Yee, Yang, and Hekimi 2014). While gas-1 and nuo-6 mutants have opposite
effects on lifespan, our lab observed no difference in activated longevity assurance

pathways (Pujol et al. 2013).

Complex Il

Remarkably, complex Il dysfunction is the only disruption of ETC that has never
been reported to increase lifespan (Kuang and Ebert 2012; Ichimiya et al., n.d.). Rather
than long lived, mev-1(knl) mutant, ortholog of succinate dehydrogenase complex
subunit C (SDHC) has a shorter lifespan (Naoaki Ishii et al. 1990; Yanase, Yasuda,
and Ishii 2002). Contradictory to the other mitomutants, mev-1 mutants are
hypersensitive to molecular oxygen, have increased oxidative damage and decreased
SOD levels (Naoaki Ishii et al. 1990; Hartman et al. 2001). In addition, the steady state
and production levels of O2™ are elevated in adult mev-1 mutants (Yanase, Yasuda,
and Ishii 2002; Naoaki Ishii et al. 1990), which is contradicting other ETC mutants, like
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isp-1:ctb-1, nuo-6 and clk-1 mutants(Yang and Hekimi 2010a). These differences from
the other ETC mutants could be explained by dual role of complex Il in TCA cycle, as

succinate dehydrogenase, and in ETC, as electron transporter.

Complex Il

Single point-mutation of nematode Rieske iron sulphur protein-1 (isp-1) at
proline residue 225 of mitochondrial complex Il was reported to be sufficient to
increase lifespan (Feng, Bussiere, and Hekimi 2001). While WT has a mean lifespan
of 20,3 days, isp-1(gm150) has a mean lifespan of 33,0 days. However, the drawback
was that the physiological rates are highly reduced in comparison with WT worms.
Especially, reproduction characteristics, like egg production rate, embryonic
development and brood size were affected. Interestingly, despite these decreased
physiological rates, the animals appear healthy as embryonic and postembryonic
lethality remained low and similar to WT animals. Similar to nuo-6 mutant, isp-1
suppression results in different activated longevity assurance pathways. Isp-1
suppression via RNAI activates the autophagy and HSF-1-mediated heat-shock
response (Yang and Hekimi 2010b), while isp-1 mutation activates a specific mtROS
response pathway (Yang and Hekimi 2010a).

Others observed that double mutant isp-1(qm150);ctb-1(gm189) suppress the
isp-1 fecundity phenotypes and restore the postembryonic development as slow
behavioural features (Feng, Bussiére, and Hekimi 2001). Remarkably the long lifespan
of isp-1 was not altered in isp-1(gm150);ctb-1(gm189) (Suthammarak, Morgan, and
Sedensky 2010; Feng, Bussiére, and Hekimi 2001). The ctb-1(gm189) mutation is a
single-point mutation in cytochrome b of alanine to valine (Iwata et al. 1998). From now
on, the double mutant isp-1(gm150);ctb-1(gm189) will be referred as isp-1;ctb-1.

Depletion of nematode cytochrome c reductase (cyc-1) was one of the RNAI
observed in the screen for ETC subunits (S. S. Lee et al. 2003; Dillin et al. 2002). Cyc-
1 RNAi-treated animals have increased expression of cell-protective genes, like
chaperones, SOD and glucuronosyltransferases (UGTs) (Cristina et al. 2009), which

has been suggested to be the primary reason for longer lifespan.

Complex IV:
Depletion of the nuclear-encoded cytochrome c oxidase-1 (cco-1) via RNAI

increases lifespan (Dillin et al. 2002). Remarkably, until now there is no complex IV
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mutant described that prolongs lifespan. Previously, longer lifespan by cco-1
suppression was reported to be mediated by mitochondrial unfolded protein response
(mtUPR), as in cco-1 mutant the mtUPR is activated. However, cco-1 RNAI treatment
still prolongs lifespan in mtUPR atfs-1(tm4525) mutant (Bennett, vander Wende, et al.
2014). Similarly, mtUPR is not required in isp-1 mutant (Yang and Hekimi 2010b).
Altogether, the role of mtUPR in longevity phenotype remains unclear (Bennett and
Kaeberlein 2014). The exact mechanism of CCO-1 in lifespan regulations remains

unclear.

Complex V:

Besides the ETC, also ATP synthase has been linked to longevity. Suppression
of ATP synthase subunits atp-2 (ortholog of human ATP synthase F1 subunit beta),
atp-3 (ortholog of human ATP synthase peripheral stalk subunit), atp-4 (ortholog of
human ATP synthase peripheral stalk subunit F6) atp-5 (ortholog of human ATP
synthase peripheral stalk subunit d) and asb-2 (ortholog of human ATP synthase
peripheral stalk-membrane subunit b) were found in genome-wide RNAIi screen to
induce prolonged lifespan in C. elegans (C. Xu et al. 2018). Atp-2(ua2) mutants are
enlisted as long-lived (Tsang et al. 2001). However, the exact role of ATP synthase in
promoting lifespan remains unclear. Surprisingly, complex V-mediated long lifespan is
independent of altered ATP levels, has decreased complex | activity and higher levels
of mtDNA (C. Xu et al. 2018). Moreover, TCA metabolite a-ketoglutarate was shown

to inhibit complex V and promote longevity (Chin et al. 2014).

1.4.3 Longevity assurance pathways

Lifespan extension in long-lived animals was achieved by either switching to
alternative metabolic pathways (Butler et al. 2010) or activating cytoprotective
mechanisms (Shore, Carr, and Ruvkun 2012). Long-lived mitomutants alter their
metabolism from respiratory metabolism towards more anaerobic pathways, like
glycolysis, which is regulated by mTOR and hypoxia-inducible factor 1a (HIF-1a)
(Butler et al. 2010; Hudson et al. 2002). Cytoprotective mechanisms were observed
during disruption of insulin/IGF-1 signalling, which induces heat shock, antioxidant and
pathogen response (C. T. Murphy et al. 2003). Nematode mitochondrial mutants, such
as isp-1, clk-1 and cyc-1, have been shown to induce mtUPR (Cristina et al. 2009).
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This upregulation of mitochondrial chaperones and proteases, like ClpP could restore
protein homeostasis (Q. Zhao et al. 2002). Also the activation of xenobiotic
detoxification by upregulating different drug-metabolizing enzymes, like UGTs and
glutathione S-transferases (GSTs), have been described in nematode long-lived
mutants (C. T. Murphy et al. 2003; Shore, Carr, and Ruvkun 2012) and mammalian
long-lived mutants (Amador-Noguez et al. 2004; Steinbaugh et al. 2012).

In agreement with the increased cytoprotective processes in long-lived animals,
the concept of hormesis has been described as a mechanism in which increased
resistance to stress factors is achieved by early exposure to mild stress and activation
of cytoprotective mechanisms. (Yang and Hekimi 2010a). This led to the implication of
ROS as mild stressor and inducer of resistance response, which is named the
mitohormetic response or mitohormesis (Ristow and Schmeisser 2014; Yun and Finkel
2014; Calabrese 2018).

1.5. KLF-1-mediated longevity

1.5.1 KLF-1: regulator of mitomutant isp-1;ctb-1 lifespan

To elucidate the signalling cascade that was responsible for mitochondrial
dysfunctional-induced longevity, we performed a genome-wide RNAI screen on long
lived mitomutant isp-1;ctb-1 (Herholz et al. 2019). The screen was started with
chromosome Il of the existing feeding library (Kamath and Ahringer 2003) and
focussed on transcription factors, since they are key regulators of genetic
reprogramming and cellular signalling cascades. Here, transcriptional factor Krtippel-
like factor-1 or KLF-1 was the only candidate to fulfil the criteria of being able to
suppress longevity in isp-1;ctb-1 mutant, while not having any effect on WT lifespan
(Fig.1.8) (Herholz et al. 2019). Remarkably, KLF-1 depletion only during early
adulthood was sufficient to fully suppress the longer lifespan in isp-1;ctb-1 animals
(Fig.1.8). Above all, kif-1 suppression on day one of adulthood (D1) was crucial for
blocking longer lifespan, as kif-1 RNAI started later than D1 had less of a strong effect
on the phenotype (Herholz et al. 2019). Remarkably, in agreement with a previous
observation that both long- and short-lived mutants activate the same longevity-
assurance responses (Pujol et al. 2013), KLF-1 depletion also led to shorter lifespan

in gas-1(fc21) and mev-1(knl) mutants (Herholz et al. 2019).
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Fig. 1.8. KLF-1is necessary during early adulthood for mitomutant-induced longevity.

Lifespans of N2 and isp-1;ctb-1 animals grown on control (empty vector, EV) and kIf-1 RNAI plates. A.
KIf-1 RNAI on isp-1;ctb-1 animals (left), WT animals (middle) and klf-1(tm1110) mutant lifespan (right)
with WT on EV as control. B. Animals were only exposed to kIf-1 RNAIi during adulthood, starting with
D1 animals. C. Animals were only exposed to kIf-1 RNAi during larval development, from egg stage till
late L4 stage. Figure obtained and modified from (Herholz et al. 2019)

KLF-1-induced longevity was achieved via upregulation of the xenobiotic
detoxification transcriptional program during adulthood in isp-1;ctb-1 mutant (Herholz
et al. 2019). The majority of upregulated genes encoded proteins involved in phase |
xenobiotic detoxification, particularly cytochrome P450 oxidases (CYPs) (Herholz et
al. 2019). In agreement, many long-lived mutants of different species have upregulated

gene programmes involved in xenobiotic detoxification (McElwee et al. 2004; Shore
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and Ruvkun 2013), including the Snell dwarf mice and Little mice (Steinbaugh et al.
2012). KLF-1 is a direct regulator as it binds the GC-rich DNA motifs in the cyps
promoter. The upregulation of CYPs was fully dependent on KLF-1, as KLF-1 depletion
in isp-1;ctb-1 animals suppress all increased xenobiotic resistance (Herholz et al.
2019). This xenobiotic resistance should give the mitomutant an advantage over WT
animals and therefore explain the longer lifespan. However, still little is known about

the signalling pathway that underlies this increased resistance to various stressors.

1.5.2 Conserved function of mammalian KLFs

Nematode KLF-1 belongs to the Kruppel-like factors (KLFs) proteins, which are
part of the specificity proteins (SPs)/KLFs family of zinc-finger transcription factors
involved in various biological pathways, like development, differentiation and growth
(McConnell and Yang 2010). In fact, the name of this transcription factor originates
from Drosophila protein Krippel, which means cripple and is associated with
development (Pollak et al. 2018). The members of the KLFs family have a high
similarity as all members have three C-terminal located C2H2-type zinc fingers for
binding GC-rich DNA motifs, preferably CACCC sequence (McConnell and Yang
2010). Whereas the C-terminal is highly conserved, the N-terminal regions before the
zinc fingers are highly variable between members. They contain short sequence motifs
for potential post-translation modifications and protein binding partners (Pollak et al.
2018). Moreover, the KLFs are conserved across mammals and some lower
organisms, for example Danio rerio (zebrafish), Xenopus laevis (frog), Gallus gallus
(chicken) and C. elegans. While the KLFs members in mice and humans contain at
least 18 members (Pollak et al. 2018; Pei and Grishin 2013), nematodes only have
three orthologous, namely KLF-1, KLF-2 and KLF-3 (Hsieh et al. 2017). These KLFs
are described as mediators of lipid metabolism, cell death and phagocytosis (Hashmi
et al. 2008).

Most of the 18 mammalian KLF homologues are involved in various stress
responses or development and differential gene programmes (Cullingford et al. 2008;
McConnell and Yang 2010). The closest homologues of C. elegans KLF-1 are KLF2,
KLF4 and KLF5, as these KLFs are induced by oxidative stress and essential for
switching the differential gene program (Cullingford et al. 2008; Hsieh et al. 2017).
Intriguingly, KLF4, KLF6 and KLF15 are previously linked to mitochondria, as KLF4
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and KLF15 seems to regulate cardiac mitochondrial biogenesis and function while
KLF6 is a key regulator of mitochondrial gene expression morphology in kidney.
Furthermore, KIf6 expression levels are increased upon H202 (Mallipattu et al. 2015;
Cullingford et al. 2008) and KLF15 control lipid metabolism (Prosdocimo et al. 2015;
Fan et al. 2021; Matoba et al. 2017).

Mammalian cyps expression is a complex process, involving multiple
transcription factors, cofactors and signalling cascades (Tralau and Luch 2013). One
of these modulators is a basic transcription element (BTE), which is present in some
of the cyp promoters. Intriguingly, KLF function as transcription factor was first
described as BTE-binding (BTEB) protein (Black, Black, and Azizkhan-Clifford 2001).
In fact, some of the KLFs are renamed after their identification, namely BETB2/KLF5,
BTEB/KLF9, BTEB3/KLF13 and BTEB4/KLF16 (Imataka et al. 1992; Komori et al.
1993; Kaczynski et al. 2002). Interestingly, increased AA-induced cyp expression in
Hepal-6 cells are diminished when either Klf4 or KIf5 is inhibited via siRNA (Herholz
et al. 2019). Moreover, some KLFs were observed regulating cyp expression by
binding to the BTE promoter (Yanagida et al. 1990; Weiging Zhang et al. 1998). This
further emphasize the conserved role of KLFs on CYPs. However, the knowledge of
this regulation and potential physiological relevance still needs to be explored. Until
now, the only physiological roles observed are the regulatory role of KLF6 with binding
partner aryl hydrocarbon receptor on cyps expression through binding of the xenobiotic
response elements and of KLF9 modulation of CYP2D6 expression during pregnancy
(Koh et al. 2014; Wilson, Joshi, and Elferink 2013). The role of cyps and other
xenobiotic detoxification genes, like ugt and gst, have been established in long-lived
nematode mutants (C. T. Murphy et al. 2003; Shore, Carr, and Ruvkun 2012; McElwee
et al. 2004).
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1.6 Aim of this study

As stated before, we identified the transcription factor KLF-1 as mediator of
aging and lifespan determination in the context of mitochondrial (dys)function. While,
KLF-1 is required during early adulthood, the exact mechanism of KLF-1 activation
remains unclear. Therefore, the aim of this study is to gain deeper insights into the
signalling cascade activated by mitochondrial dysfunction in nematode isp-1;ctb-1
long-lived mutant. To this end, we utilized RNAi and mutants of WT and isp-1;ctb-1
animals to further establish novel components of this signalling cascade. Moreover,
we assayed potential signalling candidates by lifespan, cyps expression and xenobiotic
resistance. In the end we defined the ROS origin that activates the signalling
machinery, by developing and employing a strain expressing roGFP2-Orp1l localized
to the OMM.

In summary, the objectives of this study are:
- To determine the initial activation signal in isp-1;ctb-1 long-lived mutant
- To identify the major signalling components within the mitochondria and to
define their possible role in lifespan determination
- To characterise the cytosolic mtROS-induced signalling cascade resulting in

KLF-1 nuclear translocation
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Material and methods

All used chemicals, equipment, software and (biological) materials are enlisted in

chapter 2.5 with their respectively supplier.

2.1. C. elegans methods

2.1.1. Strains and maintenance

Strains were maintained at 20°C on nematode growth media (NGM) plates and

fed with Escherichia coli OP50 and stored in air permeable boxes (S. Brenner 1974).

Following strains were used:

Table. 2.1 C. elegans strains used

Strain Genotype

N2, Bristol Wild-type

MQ989 isp-1(gm150);cthb-1(gm189)

ATR1016 kif-1(tm1110)

ATR1045 isp-1(gm150);ctb-1(gm189);prpl-17::grx1-rogfp2;unc-119
ATR4081 N2;(pvha-6::klf-1-yfp;prab-3::mCherry;rol-6(su1006))
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ATR4082 isp-1(gm150);ctb-1(gm189);(pvha-6::kif-1-yfp;prab3::mCherry;rol-6(su1006))

ATR4086 N2;Ex(pvha-6::kif-1-yfp;prab-3::mCherry;rol-6(su1006))

ATR4026 isp-1(gm150);ctb-1(gm189);pcyp-34a8::gfp;prab-3::mCherry

ATR4030 N2;pcyp-34A8:.gfp pGH8

ATR4133 N2;Ex(pmyo-3::rogfp2-ORP1; rol-6; prab-3::mCherry)

ATR4135 N2;Ex(pvha-6:: rogfp2-ORP1; rol-6; prab-3::mCherry)

ATR4138 isp-1(gm150);ctb-1(gm189);Ex(pmyo-3::rogfp-ORP1; rol-6; prab-3::mCherry)

ATR4139 Isp-1(gm150);ctb-1(gm189);Ex(pvha-6:: rogfp2-ORP1; rol-6; prab-3::mCherry)

ATR4140 N2;(pvha-6::klf-1-yfp (*C419>S);prab3::mCherry;rol-6(su1006))

ATR4141 N2;(pvha-6::klf-1-yfp (*K411>A);prab3::mCherry;rol-6(sul1006))

ATR4142 N2;Ex(pvha-6::klf-1-ha-flag;prab-3::mCherry;rol-6(su1006))

ATR4143 N2;(pvha-6::klf-1-yfp (*S39>A);prab3::mCherry;rol-6(su1006))

ATR4144 N2;(pvha-6::klf-1-yfp (*S39>D);prab3::mCherry;rol-6(su1006))

ATR4146 N2;(pvha-6::klf-1-ha-flag;prab-3::mCherry;rol-6(su1006))

ATRA4147 isp-1(gm150);ctb-1(gm189);(pvha-6::klf-1-HA-FLAG;prab-3::mCherry;rol-
6(sul006))

JV2 (GRX) N2;prpl-17::grx1-rogfp2;unc-119

VC1151 prdx-3(gk529)

VC289 prdx-2(gk169)

2.1.2. Microinjection and X-ray integration of transgenic strains

Plasmid mixtures were prepared and injected using standard procedures (Mello
et al. 1991). Briefly, injection mixes were prepared as indicated with a final
concentration of 100 ng/ul and injected into the gonad of D1 adults using a Zeiss
Observer A.1 microscope equipped with AxioCam ERc5S camera, Eppendorf
InjectMan NIz injection pump and Eppendorf FemtoJet microinjector. After injection,
animals were maintained on NGM plates and the appearance of transgenic progeny
was analysed by the co-injection markers pGH8 and pRF4. ATR4030 was generated
by injecting the pcyp-34a8::gfp (50 ng/ul) and pRF4 (50 ng/pl) plasmids into N2 wild-
type (WT) animals and crossed into isp-1(qm150);ctb-1(gm189) to create ATR4026.
ATR4086 was generated by injecting the pvha-6::klf-1::yfp (40 ng/ul), pGH8 (20 ng/pul)
and pRF4 (40 ng/ul) plasmids into WT animals. ATR4142 was generated by injecting
the pvha-6::HA::FLAG (40 ng/ul), pGH8 (20 ng/ul) and pRF4 (40 ng/ul) plasmids into
WT animals. ATR4142 was generated by injecting the pvha-6::HA::FLAG (40 ng/ul),
pGH8 (20 ng/ul) and pRF4 (40 ng/ul) plasmids into WT animals. ATR4086 and

ATR4142 were subsequently integrated by X-ray and outcrossed to create ATR4081
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and ATR4146 strains respectively. ATR4081 and ATR4146 were crossed into isp-
1(gm150);ctb-1(gm189) to create ATR4082 and ATR4147 strains respectively.
Plasmid pvha-6::klf-1::yfp was mutated by site-directed mutagenesis into pvha-6::klf-
1*C419>S::yfp, pvha-6::klf-1*K411>A:.yfp and pvha-6::klf-1*S39>D::yfp plasmids.
ATR4140, ATR4141 and ATR4143 were generated by injecting the pvha-6::klf-
1*C419>S::yfp, pvha-6::kif-1*K411>A:.yfp and pvha-6::klf-1*S39>D:.yfp (40 ng/ul),
respectively, pGH8 (20 ng/ul) and pRF4 (40 ng/ul) into WT animals. ATR4133 and
ATR4135 were generated by injecting the pmyo-3::tomm20-roGFP2-ORP1 and pvha-
6::tomm20-roGFP2-ORP1 (40 ng/ul), respectively, pGH8 (20 ng/ul) and pRF4 (40
ng/ul) into WT animals. ATR4138 and ATR4139 were generated by crossing ATR4133
and ATR4135 respectively into isp-1(gm150);ctb-1(gm189).

2.1.3. Crossing of C. elegans strains

In order to set up crossings, males were generated by exposing L4
hermaphrodites at 30 °C for 4h or by crossing four L4 WT hermaphrodites with eight
WT males. To outcross a mutation or cross two different genotypes, males with the
desirable genotype were generated by crossings four L4 hermaphrodites with
desirable genotype with eight WT males. Desirable genotype was followed by checking
for roller phenotype (rol-6 gene) and red fluorescence signal (prab-3::mCherry). Then,
twenty of these males were placed together with four L4 hermaphrodites with a
different genotype. F1 progeny was checked for roller phenotype and animals were
singled on NGM plates and allowed to lay eggs. Then, F1 generation worms were
analysed for desired genotype by single worm polymerase chain reactions (PCR).
Roller phenotype was analysed in the next generation and worms with desired

genotype were maintained or frozen.

2.1.4. Genotyping of 1(gm150);ctb-1(gm189) strain

Single worm PCR was performed by picking single worms into PCR tubes,
which contain 10 pl single worm lysis buffer supplied with proteinase K. PCR tubes
were frozen for 10 minutes (min) at -80 °C to break the worm’s cuticles. Then samples
were exposed to a cycle of 60 °C for one hour followed by 15 min at 95 °C by using

the Veriti 96 well Thermal cycler. For genotyping, PCR amplification reactions were
44



Material and methods

performed by mixing 10,7 pl of H20, 3,2 ul of NTPs, 0,1 ul of DreamTaq polymerase,
1 ul of each primer (Table 2.2) and 2 ul of DreamTaq buffer and 2 pl of the worm lysate
in a final volume of 20 pl. Samples were exposed to 95 °C for 5 min, a fourthly long
cycle consisting of 95 °C for 45 sec, 54 °C for 45 sec and 72 °C for 1 min, subsequently
72 °C for 10 min and cooling down samples to 4 °C. After PCR, samples were digested
with restriction enzymes BsmAl and CutSmart buffer for 4 h at 55 °C. Samples were
analysed by agarose gel electrophoresis. For this, 2% agarose gel supplied with
ethidium bromide (EtBr) was made and Gene Ruler DNA Ladder Mix was used.

Table 2.2 Primers for genotyping
Allele Primer Restriction enzyme
isp-1(qm150) Fw 5-CAAATCGCGAACTTTTCTTCA-3’ BsmAl

Rv 5-AACGTCGTGCTCTTCCAACT-3’

2.1.5. Synchronization of worm populations

Egg-containing adults were washed off the plate and collected in 7 ml M9 and
synchronized by treatment with bleaching solution to extract the eggs from the worms.
After 10 min incubation, while vortexing each 2 min, eggs were pelleted by
centrifugation (3000 rpm, 1 min). Bleaching solution was removed and eggs were
washed 4 to 5 times by adding 4.5 ml M9 and centrifugation (3000 rpm, 1 min). Egg

suspension was placed on fresh NGM plates and incubated at 20°C

2.1.6. RNAIi treatment

During experiments, worms were bleached or transferred on control plates or
RNAI plates. RNAI treatment was performed as described previously (Kamath et al.
2003). In summary, both control and RNAI plates were NGM agar plates with the
addition of 1 mM Isopropyl B-D-1-thiogalactopyranoside (IPTG) and antibiotics 100
ug/ml Ampicillin (Amp) and 25 ug/ml Tetracycline (Tet). Control plates contain the
bacteria E. coli HT115 (DE3) strain which carries the empty vector (EV) L4440.
Bacteria clones for RNAI plates were acquired from the Ahringer RNAI library or if
stated from the Vidal library by growing the clones overnight at 37°C in Luria broth (LB)
media which contains both antibiotics Amp and Tet (Table 2.3) (Kamath et al. 2003;
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Rual et al. 2004; Kamath and Ahringer 2003). Bacterial clones were stored in glycerol
stocks, isolated and sequenced or directly expanded. For storage, 100% glycerol was
mixed with bacteria cultures to 15% glycerol and stored at -80°C. To determine the
sequence, vector plasmid was isolated from bacteria cultures by Plasmid Miniprep skit,
according to manufacturer’s protocol, and sent for sequencing to Eurofins Genomics.
For seeding bacteria on plates, bacterial cultures were grown in LB media, in the
presence of antibiotics, until reaching ODsgs = 0.5. Then cultures were induced with 1
mM IPTG for three hours at 37°C and seeded on NGM plates with IPTG and antibiotics.

Table 2.3 RNAi clones

Name Sequence Ahringer RNAI library
atp-5 CO06H2.1 V-7J03

cco-1 F26E4.9 1-4L08

ctl-1 Y54G11A.6 11-9101

ctl-2 Y54G11A.5 11-9G23

cyc-1 C54G4.8 I-3P14

kif-1 F56F11.3 1-1J15

nuo-1 C09H10.3 [1-7L05

nsy-1 F59A6.1 [1-4M01

pmk-1 B0218.3 IV-9P08

pmk-2 F42G8.3 IV-4G23

pmk-3 F42G8.4 IV-4101

prdx-3 RO7ES5.2 111-2003

prdx-6 Y38C1AA.11 IV-10F05

prx-5 C34C6 11-6G16

sek-1 R03G5.2 X-4E03

sod-1 C15F1.7 [1-10114 E6 (Vidal)
sod-2 F10D11.1 [-4K13

sod-3 C08A9.1 X-8F07

wwp-1 Y65B4BR.4 1-10090 A1 (Vidal)
vdac-1 R05G6.7 IvV-3D24

2.1.7. KLF-1 nuclear localisation

Bleached eggs were placed on control plates or drug containing plates and
grown until D1, when nuclear localization was visualized. In specific cases, worms

were grown on control plates and transferred on drug containing plates during L4 and
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nuclear localization was visualized on D1. Treatment with 10 mM N-Acetyl-L-cysteine
(NAC), 10 mM L-Ascorbic acid (Vitamin C, Vit C), 10 uM Bortezomib (Bor), paraquat
(PQ) or 100 uM S3QEL-2 was performed by adding the compounds in the NGM agar,
before pouring the plates (Table 2.4). Other drug treatments were performed by adding
compounds dissolved in M9 on the heat-inactivated bacteria of control plates and dried
by air, one hour prior to transferring of worms. The following drugs concentration were
used: 2 pM Antimycin A (AA), 5 pM Carbonyl cyanide-4-(trifluoromethoxy)
phenylhydrazone (FCCP), 25 mM Malonate (MAL), 5 uM mitoPQ, 2 uM Myxothiazol
(Myxo) 100 nM Rotenone (ROT), 50 uM Tunicamycin (Table 2.4). For 1,4 Dithiothreitol
(DTT) and H202 treatment, worms were collected in M9 and exposed to either 5 mM
DTT or 10 mM H20:2 for 15 min before imaging (Table 2.4). Nuclear localization was
characterized by dividing level of nuclei into three categories, namely low nuclear
localization (0-2 nuclei), moderate nuclear localization (3-5 nuclei) and high nuclear
localization (>6 nuclei), unless otherwise stated. For stage specific treatment, worms

were transferred between control plates and control plates with drugs.

Table 2.4 Drugs

Name Concentration Mechanism

Antimycin A 2uM Inhibitor of Qi site of Complex IlI

DTT 5mM Reducer of disulphide bonds

FCCP 5uM Disrupts ATP synthesis by transporting protons across the
mitochondrial inner membrane

H202 10 mM ROS compound

Malonate 25 mM Inhibitor of succinate dehydrogenase

Mito-paraquat 2 uM Superoxide production by redox cycling at the matrix-

complex | site

Myxothiazol 2 uM Inhibitor of Qq site of complex IlI

NAC 10 mM Antioxidant

Paraquat 0.1 mM Superoxide production by redox cycling

Rotenone 100 nM Inhibitor of transfer of electrons from the iron-sulphur

subunits of complex | to ubiquinone

S3QEL-2 100 pM Inhibitor of Qo site of complex Il
Tunicamycin 50 uM Inhibitor of biosynthesis of N-linked glycans
Vitamin C 10 mM Antioxidant
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2.1.8. Lifespan analysis

Lifespan experiments were performed by growing the worms at 20°C. Day 1 of
the lifespan was defined as D1 of adulthood. All lifespans were done in the absence of
Floxuridine (FUdR), therefore worms were transferred during the first five days of
adulthood to new plates, to remove the eggs. On day 0, 25 worms were transferred to
NGM plate, for a total of 100 worms per condition, which results in four plates per
condition. Worms were examined every two or three days and removed and defined
as dead when there was no reaction by prodding with a platinum pick. Worms that
escaped the plate or died due to protrusion or internal hatching were removed from
the experiment. When stated that worms were only exposed to klf-1, prdx-3, sod-3 or
vdac-1 RNAI during larvae stages, worms were transferred on D1 on control RNAI
plates. When stated that worms were only exposed to kif-1 during adult stage, worms
were hatched and grown on control RNAI plates and transferred on D1 on klf-1 RNAI

plates. Compilation of lifespan assay is illustrated in Supplementary table 1.

2.1.9. ROS measurements

To determine mitochondrial (mito) mass and ROS levels, animals were stained
with respectively Mitotracker Red CM-H2XROS and Mitotracker Deep Red. L4 or D1
animals were transferred to plates containing dye solutions and incubated for 1 h in
the dark. Plates were made day prior by seeding NGM plates with heat-inactivated
bacteria and air-dried overnight at room temperature (RT). Heat-inactivated bacteria
were used to reduce background intensity. On day of experiment, 200 pl of 10 uM
Mitotracker was added on top of the bacteria and let air-dry. After incubation, animals
were washed 3 times with M9 buffer and afterward transferred to NGM plates without
dye solution for 2 h. Mitotracker intensity was analysed with Biosorter Instrument and

FlowPilot™ software.

2.1.10. H20> resistance assay

WT and isp-1;ctb-1 worms were grown on plates with EV RNAi and transferred
at specific larvae stages to plates containing 1 pM AA or 100 puM S3QEL-2,

respectively. At D1, worms were transferred into 96-well plate filled with M9 buffer, 8
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worms per well. H202 was added to final concentration of 20 mM. Worms were assayed

for survival after 4 h. For each condition, 12 wells were scored.

2.1.11. BODIPY 493/503 staining

To assay neutral lipids levels, WT and isp-1;ctb-1 worms were grown on
indicated RNAI plates and on D1 collected and washed in M9 buffer. Worms were
stained by 5 uM BODIPY 493/503 at RM for 1 h in the dark. Then, worms were washed
twice in M9, paralysed with 5 mM levamisole and mounted on an 2% agarose pad for

imaging.

2.1.12. Xenobiotic resistance assays

To access xenobiotic resistance, worms were grown on indicated RNAI plates
with or without Vit. C and at D1 worms were bleached. For the vinblastine assay, eggs
were incubated overnight in S-Basal at shaker. Then, 20-30 synchronized L1 larvae
per well were incubated in S-Basal with indicated bacteria and 1 mM IPTG. For
antioxidant treatment 10 mM Vit. C was added to S-Basal. Wells were divided into
controls without vinblastine and with 100 uM vinblastine. Worms were incubated at 450
rom at the shaker on RT and checked every day. Development stage of worms in
vinblastine was scored when worms in controls wells without vinblastine reached
adulthood. For this, at least six wells per condition were used. For the Levamisole
assay, synchronized D1 worms were transferred to 1 mM levamisole NGM plates.
Animals were scored every 15 min for paralysis by prodding. When there was no
movement observed, worms were scored as paralysed. At least eight plates were used

per condition, each with 25 worms.

2.2. Molecular biology and biochemistry

2.2.1. Real-Time qPCR

RNA isolation

Animals were grown on RNAI plates and collected at D1. Per sample three full
9 cm plates were used and for each condition, five independent samples were
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prepared. Total RNA was isolated by Trizol reagent in RNase free Eppendorf tubes.
DNase treatment was performed using DNA-free, DNase and removal kit, according
to manufacturer’s protocol. Then supernatant was transferred to fresh RNase free
Eppendorf tubes and RNA concentration was measured by spectrophotometry
(NanoDrop) at 260 nm and 280 nm.

cDNA synthesis and real-time PCR

For the cDNA synthesis, 0,8 ug of total RNA was reversely transcribed using
the High-Capacity cDNA Reverse Transcription Kit. The following PCR program was
used: 25 °C for 10 min, 37 °C for 120 min, 85 °C for 5 sec, 4 °C until ready for use.
Samples were diluted in 30 ul of RNase free water. For cDNA testing, 2 ul cDNA was
used with 18 ul PCR Mix which contains 2 pl Dream Taq buffer, 3.2 ul dNTPs, 1 pl of
Fw and Rv primer (Table 2.5), 0.05 ul Dream Taq polymerase in 10.75 ul water. The
following PCR program was used: 95 °C for 3 min, followed by 40 cycles of 95 °C for
5 sec and 60 °C for 10 sec, afterwards 4 °C until ready for use. Samples were run on
2% agarose gel. gPCR was performed using the Step One Plus Real-Time PCR
System. gPCR Master Mix contains 0.6 ul forward (Fw) primer, 0.6 ul reverse (Rv)
primer, 6 ul SYBR Green, 0.18 ul ROS dye and 2.62 ul DEPC water for each condition.
The following PCR program was used: 95 °C for 3 min, followed by 40 cycle of 95 °C
for 5 sec and 60 °C for 15 sec. Amplified products were detected with SYBR Green
and relative quantification was performed against Y45F10D.4

Table 2.5 Primers for real-time PCR

Gene Primer

cyp-13a7 Fw 5'-AAAAATGGCAATGGGACAAG-3'
Rv 5'-AATACTTTGAATATCGGTAG-3'

cyp-34a9 Fw 5'-AGCAAGGCAGAAACTTCCAA-3'
Rv 5'-ACCTGTGCCCAAAAGTGTTC-3'

cyp-14al Fw 5'-CCTTTCTTGGGGTCTCATCA-3'
Rv 5'-AAGTAGCGGCTTGGATTGAA-3'

cyp-14a3 Fw 5'-CAGGCACTGGAGACAAATCA-3'
Rv 5'-GCAAAAGAGAATGGGGGATT-3'

cyp-13all Fw 5'-GCAAATTCTCGCCGTTGTAT-3'
Rv 5'-TCGTCTCCTGATTCCCATCT-3'
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sod-1 Fw 5'-GGCGATCTAGGAAATGTGGA-3'

Rv 5'-CTTCTGCCTTGTCTCCGACT-3'
sod-2 Fw 5'-GGTCTCCAAAGGAAACGTCA-3'

Rv 5'-GATCCGAAGTCGCTCTTAATTGC-3'
sod-3 Fw 5-TCGGTTCCCTGGATAACTTG-3

Rv 5'-AAAGTGGGACCATTCCTTCC-3'
Y45F10D.4 Fw 5'-GTCGCTTCAAATCAGTTCAGC-3'

Rv 5'-GTTCTTGTCAAGTGATCCGACA-3'

2.2.2. Protein isolation

For protein sample isolation from C. elegans, worms were collected from three
full plates and washed with M9 and pelleted by gravity, to remove the bacteria. After
centrifugation (3000 rpm, 1 min), worm pellet was frozen in liquid nitrogen and stored
at -80°C or used directly. Worm pellet was thawed on ice and 100 — 200 ul worm lysis
buffer (see 2.7.2) was added, followed by sonication. Then worm debris was removed
by centrifugation (12.000 rpm, 4°C, 10 min) and transferring the supernatant to a fresh

tube. The protein sample was stored at -80°C or directly used.

2.2.3. Western blot

Protein concentration was measured by Bradford assay and 30 ug proteins
were boiled for 10 min in SDS-PAGE sample loading buffer. Samples were loaded and
separated on an 10-12% polyacrylamide gradient gels. Separated proteins were
transferred onto nitrocellulose membranes. Protein loading was checked by Ponceau
staining. Then membranes were washed in PBS or TBS + 0.1% Tween-20 (PBST or
TBST) and blocked in 5% (wt/vol) dried nonfat milk in PBST or TBST, depending on
the antibody. Membranes were incubated for two hours at 20°C or overnight at 4°C in
corresponding blocking solution and primary antibodies (Table 2.6). Following three
times washing in PBST or TBST for 5 min, membranes were incubated with fluorescent
secondary antibodies in PBST or TBST for one hour. Secondary antibody signal was
detected by using ECL western blotting solution, according to manufacturer’s protocol

and developed using X-ray film (Table 2.7).
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Table 2.6 Primary antibodies used for western blot

Antibody Company Product Blocking Dilution

number solution
Monoclonal Sigma-Aldrich F1804 MPBST 1:1000 Mouse
Anti-FLAG M2
Polyclonal OriGene TP401 MTBST 1:5000 Rabbit
GFP-Tag Technologies Inc.
Monoclonal Santa Cruz Sc-7298 MPBST 1:4000 Mouse
HSC70 (B-6) Biotechnology Inc.

Table 2.7 Secondary antibodies used for western blot

Antibody Company Product number Solution Dilution
HRP linked anti- | Sigma-Aldrich A9044 PBST/TBST 1:2000
mouse IgG

HRP linked anti- | Jackson Immuno- | 706035148 TBST 1:2000
rabbit IgG Research

2.2.4. Shift assay

For protein sample isolation from C. elegans, worms were collected from five
full plates and washed with PBS and pelleted by gravity, to remove the bacteria.
Worms for the H202 condition were exposed to 10 mM for 15 min while gently shaking.
All samples, except minimum (min) and maximum (max) shift samples, were washed
with PBS containing 20 mM N-Ethylmaleinimid (NEM). Then these conditions were
resuspended in 1 ml PBS-NEM, while min and max shift samples were resuspended
in 1 ml PBS, and broken by tissue Lyser. Samples were centrifuged (20.000 rcf, 15
min, 4°C), supernatant was transferred and frozen in liquid nitrogen. Samples were
thawed at RT and protein precipitation was performed with 8% (w/v) trichloroacetic
acid (TCA) and 5% (w/v) TCA. Supernatant was removed and sample pellet was
dissolved in Laemmli buffer containing 20 mM Tris(2-carboxyethyl)phosphine -
hydrochlorid (TCEP). Min shift sample was treated with 20 mM NEM for 1 h at RT,
while the other samples were treated with 20 MM mm(PEG)24 for 1 h at RT. Following
steps were performed as described in 2.2.3 Western blot.
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2.2.5 CO-IP and Pull down

For protein sample isolation from C. elegans, worms were collected from at least
twenty full plates and washed with PBS and pelleted by gravity, to remove the bacteria.
Worm pellet was frozen in liquid nitrogen and then thawed on ice. All handlings were
performed on ice and all solutions were at 4°C, unless otherwise stated. Worms were
lysed using modified RIPA buffer and incubation for 20 min. Then samples were
sonicated for 6 rounds in the Bioruptor at 30/60 cycles. Consequently, samples were
centrifuged at full speed and supernatant was collected. After equilibrating the flag-
antibody-coupled magnetic beads with modified RIPA buffer, samples were incubated
with the beads for 120 min on a rotator. Beads were captured with a magnetic rack
and washed once with modified RIPA buffer, three times with wash buffer 1 and four
times with wash buffer 2. For the digestion step, beads were resuspended in elution
buffer, 50 ng trypsin was added and beads were incubated for 30 min at RT. Then,
digestion buffer was added and samples were incubated for 30 min at RT. Supernatant
was collected and samples were digested overnight with 50 ng LysC and 100 ng
Trypsin at 37°C at 1000 rpm. Next day, samples were acidified with formic acid (FA)
to final concentration of 1% FA and analysed by Mass Spectrometry by the
CECAD/CMMC Proteomics Facility.

2.2.6. Site-directed mutagenesis

Site-directed mutagenesis was performed by using the QuickChange Il XL Site-
Directed Mutagenesis kit according to manufacturer’s protocol. In summary, sample
reaction was prepared by mixing 50 ng pvha-6::kif-1-yfp;prab-3::mCherry;rol-
6(sy1006) construct, 10x reaction buffer, 125 ng of each primer (Table 2.8), 1 ul dNTP
mix, 3 ul QuickSolution and 1 pl PfuUltra HF DNA polymerase in water and mutant
strand synthesis was performed by thermal cycling using a Step One Plus Real-Time
PCR System. The following PCR program was used: 95°C for 1 min, followed by 18
cycles of 95°C for 50 sec, 60°C for 50 sec and 68°C for 90 sec, afterwards 68°C for 7
min and 4 °C until ready for use. Digestion of template strand was performed by adding
1 ul Dpn | restriction enzyme to each sample and incubation at 37°C for 1 h.

Transformation in XL10-Gold ultracompetent cells, as provided in the kit with the
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mutated amplification construct by using cold-shock and grown in NZY* broth. Amp

treatment was used for transformation control.

Table 2.8 Primers for site-directed mutagenesis

Construct Mutation  Primer

pvha-6::klf-1::yfp | C419>S Fw 5-CAAGAGGCTTCACCATAGCACACATCCGAAATTGC-3
Fw 5-GCAATTTCGGATGTGTGCTATGGTGAAGCCTCTTG-3
pvha-6::kif-1::yfp | K411>A Fw 5-GAACCATCTGTCGCGAGGCTTCACCATTGC-3
Fw 5-GCAATGGTGAAGCCTCGCGACAGATGGTTC-&
pvha-6::klf-1::yfp | S190>A Fw 5-GGATAGATCAGTACATTTGGCACCGTCTTTTTTTCAACCA
GG-3’
Fw 5-CCTGGTTGAAAAAAAGACGGTGCCAAATGTACTGATCTA
TCC-3'

2.3. Microscopy

General handling and observations of worms were performed on the Olympus
KL 1500 compact stereomicroscope. During experiments animals were immobilized in
5 mM levamisole and mounted on 2% agarose pads. For visualizing GFP, either for
nuclear localization or expression levels of pcyp34a8::.gfp, an Axiolmager Z.1
epifluorscence microscope, equipped with a Hammamatsu camera and AxioVision
software 4.8 was used. Nuclear localization was assayed with a 10x objective and
exposure time of 6 sec. Expression levels of pcyp34a8::gfp were assayed with a 5x
objective and exposure time of 1 sec. For visualizing BODIPY 498/503 levels and
grx::rogfp2 a Spinning Disc Confocal microscope from the CECAD Imaging facility was
used. For visualizing tomm20::rogfp2 a gSTED Superresolution and Confocal
microscope from the CECAD Imaging facility was used. Images were analyses using

ImageJ.

2.4. Statistical Analysis

A two-tailed unpaired Student’s t-test was used to determine statistical
significance, unless it was stated that an one-way ANOVA with Tukey post hoc test
was used. All p values below 0.05 were considered significant: *p<0.05, **p<0.01 and

***pn<0.001. Error bars were represented as standard error of the mean (SEM). All
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statistical analysis and generation of figures/graphs were performed in GraphPad

Prism 6. Lifespan data and statistical analysis are enlisted in Supplementary Table 1

2.5. Chemicals, equipment and biological materials
2.5.1. Chemicals and biological materials
All chemicals are enlisted in Table 2.9 and stored according to manufactures’ protocol.

Table 2.9 Chemicals and supplier

Chemical Supplier

N-Acetyl-L-cysteine (NAC) Sigma-Aldrich, Seelze, Germany
Acrylamide Bisacrylamide 40% (37.5:1) Roth, Karlsruhe, Germany
Agar VWR International GmbH, Darmstadt,
Germany
Agarose Roth, Karlsruhe, Germany
Ammonium persulfate Sigma-Aldrich, Seelze, Germany
Ampicillin Sigma-Aldrich, Seelze, Germany
Antimycin A Sigma-Aldrich, Seelze, Germany
L-Ascorbic acid (Vitamin C, Vit. C) Sigma-Aldrich, Seelze, Germany
Auranofin Sigma-Aldrich, Seelze, Germany
BODIPY 493/503 Thermo Scientific, Braunschweig, Germany
Bortezomib (Bor) Sigma-Aldrich, Seelze, Germany
Bradford Reagent Sigma-Aldrich, Seelze, Germany
Bromophenol blue Merck, Darmstadt, Germany
Buthionine sulfoximine (BSO) Sigma-Aldrich, Seelze, Germany
Calcium chloride Merck, Darmstadt, Germany
Carbonylcyanide-4-(trifluoromethoxy) Sigma-Aldrich, Seelze, Germany
phenylhydrazone (FCCP)
Carmustine / BCNU Sigma-Aldrich, Seelze, Germany
Chloroacetamide (CAA) Sigma-Aldrich, Seelze, Germany
Chloroform Merck, Darmstadt, Germany
Cholesterol 95% Applichem, Darmstadt, Germany
Deoxynucleotides (ANTPs) Sigma-Aldrich, Seelze, Germany
Dimethyl sulfoxide (DMSOQ) Sigma-Aldrich, Seelze, Germany
Dipotassium hydrogen phosphate Merck, Darmstadt, Germany
Disodium phosphate Sigma-Aldrich, Seelze, Germany
Dithiothreitol (DTT) Sigma-Aldrich, Seelze, Germany
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DNA-free™, DNAse and removal

Ambion, Life Technologies, Karlsruhe,

Germany

Dream Taq buffer

Promega, Wisonsin, USA

Dream Taqg polymerase

Promega, Wisonsin, USA

ECL western blot solution

GE Healthcare, Munich, Amerham

Ethanol

Applichem, Darmstadt, Germany

Ethylenediaminetetraacetic acid (EDTA)

Sigma-Aldrich, Seelze, Germany

(anti-) Flag M2 magnetic beads

Sigma-Aldrich, Seelze, Germany

Formic acid

Sigma-Aldrich, Seelze, Germany

Gene Ruler DNA ladder mix

Thermo Scientific, Braunschweig, Germany

Glycerol Sigma-Aldrich, Seelze, Germany
Glycine Applichem, Darmstadt, Germany
HEPES Applichem, Darmstadt, Germany

High-Capacity cDNA Reverse Transcription kit

Applied Biosystems, Massachusetts, US

Hydrochloric acid

Applichem, Darmstadt, Germany

Hydrogen peroxide (H202)

Sigma-Aldrich, Seelze, Germany

IPTG

Applichem, Darmstadt, Germany

LysC protease

Thermo Scientific, Braunschweig, Germany

Levamisole (-hydrochloride)

Merck, Darmstadt, Germany

Magnesium chloride

Sigma-Aldrich, Seelze, Germany

Magnesium sulphate anhydrous

Applichem, Darmstadt, Germany

Malonate

Sigma-Aldrich, Seelze, Germany

Methanol

Applichem, Darmstadt, Germany

MitoTracker CH-H2-XROS

Invitrogen, Karlsruhe, Germany

MitoTracker Deep Red

Invitrogen, Karlsruhe, Germany

mm(PEG)24 Methyl-PEG-Maleimide reagent

Sigma-Aldrich, Seelze, Germany

Monopotassium phosphate

Sigma-Aldrich, Seelze, Germany

N-Ethylmaleinimide (NEM)

Thermo Scientific, Braunschweig, Germany

Nitrocellulose membranes

GE Healthcare, UK

Nitrogen (liquid)

Linde, Pullach, Germany

Non-fat Dried Mild powder

Sigma-Aldrich, Seelze, Germany

NP-40

Applichem, Darmstadt, Germany

Nystatin powder

Sigma-Aldrich, Seelze, Germany

Page Ruler Prestained Protein Ladder mix

Thermo Scientific, Braunschweig, Germany

Pepton

Merck, Darmstadt, Germany

Phosphatase inhibitor cocktail tablets (PhosStop)

Roche, Basel, Switzerland

Phosphate buffered saline (PBS)

Applichem, Darmstadt, Germany

Ponceau S

Sigma-Aldrich, Seelze, Germany

Protease Inhibitor Cocktail (PIC) tablets

Roche, Basel, Switzerland
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Protease K

Applichem, Darmstadt, Germany

S3QEL-2

Cayman Chemical, Michigan, USA

Sodium chloride (NacCl)

Sigma-Aldrich, Seelze, Germany

Sodium (Na)-deoxycholate

Applichem, Darmstadt, Germany

Sodium dodecyl sulphate (SDS)

Applichem, Darmstadt, Germany

Sodium Fluoride (NaF)

Applichem, Darmstadt, Germany

Sodium hypochlorite 14%

VWR International GmbH,

Germany

Darmstadt,

Sodium hydroxide

Sigma-Aldrich, Seelze, Germany

SYBR Green (Brilliant Il Ultra-Fast SYBR Green
gPCR Master Mix)

Agillent Technologies, California, US

Tetracycline Hydrochloride (Tet)

Applichem, Darmstadt, Germany

Tetramethylethylenediamine (TEMED)

Sigma-Aldrich, Seelze, Germany

Tris(2-carboxyethyl)phosphine-hydrochloride (TCEP)

Thermo Scientific, Braunschweig, Germany

Trizma Base (Tris)

Sigma-Aldrich, Seelze, Germany

Trizol Invitrogen, Karlsruhe, Germany

Trypsin VWR International GmbH, Darmstadt,
Germany

Trypton Applichem, Darmstadt, Germany

Tween-20 VWR International GmbH, Darmstadt,
Germany

UltraPure™ DEPC-Treated water

Thermo Scientific, Braunschweig, Germany

Urea

Sigma-Aldrich, Seelze, Germany

X-ray film super RX, FUJI medical

FUJIFILM, Tokyo, Japan

Yeast extract granulate for

Merck, Darmstadt, Germany

3-mercaptoethanol

Sigma-Aldrich, Seelze, Germany

2.5.2. Buffers and solutions

All compounds used for the preparation of these buffers and solutions were enlisted in

Table 2.10.

Table 2.10 Buffer and solutions

Bleaching solution

Compound

Concentration / amount

For 7.0 ml sample

‘ Sodium hypochlorite 14%

‘ 714 pl

‘ ‘ Sodium hydroxide 5 M

Compound
’ For 200 ml

‘ 1.0 ml

Concentration / amount
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H20 Up to 200 ml
' For200ml | Cholesterol  [1g
Ethanol Up to 200 mi
Each dNTP 1.25 mM
H20 9.5 ml
‘ Digestion buffer Compound Concentration / amount
For 1 ml Urea 2M
pH 8.0 HEPES 50 mM
Chloroacetamide (CAA) 50 mM
H20 1ml

For 1 mi Urea 2M
pH 8.0 HEPES 50 mM
DTT 5 mM
H20 1mi
For 500 ml NacCl 292¢
KH2PO4 349
Glycerol 30% (v/v)
NaOH 1M 2.8 ml
H20 Up to 500 ml
After autoclave MgSO4 1M 150
KPI buffer Compound Concentration / amount
For 50 ml K2HPO4 1M
pH 6.0 KH2PO4 1M
H20 Up to 50 ml
Laemmli buffer Compound Concentration / amount
For 50 ml Tris 60 mM
pH 6.8 SDS 19
Glycerol 10%
Bromophenol blue 0.02%
H20 Up to 50 ml

ForlL Trypton 109
Yeast Extract 109
NacCl 50
Agar 10g

5
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H20

Compound Concentration / amount

UptollL

M9 buffer

ForllL Yeast Extract
H20 UptollL

For 500 ml Tris-HCL, pH 7.4 50 mM
NP-40 5ml
Na-deoxycholate 25¢
SDS 05¢g
NaCl 150 mM
EDTA 2 mM
NaF 1.05¢
H20 Up to 500 ml

Freshly added before use Protease inhibitor cocktail 1x

Compound Concentration / amount

For1lL K2HPO4 39
NazHPO4 649
NacCl 69
H20 UptollL
After autoclave MgSO4 1mM

Modified RIPA buffer Compound Concentration / amount
For 50 ml Tris 50 mM
pH 7.4 NaCl 150 mM
Sodium-deoxycholate 0.25%
SDS 0.1 %
NP-40 1%
H20 Up to 50 ml
Freshly added before use Protease inhibitor cocktail 1x
PhosStop 1x

Compound Concentration / amount
ForllL Pepton 259

NacCl 39

Agar 179

H20 UptollL
After autoclave Cholesterol 1mi

CaCl2 1ml

MgSOa 1mi

KPI buffer 25 ml

Nystatin 2.5 mil
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Amplicilin

2 ml (50 pg/ml)

Tetracycline

1 ml (25 pg/ml)

IPTG 1mM
Compound Concentration / amount
ForllL PBS 25¢g
H20 UptollL
Running buffer 10x Compound Concentration / amount
‘2L | Trs 302¢g
Glycine 142 g
SDS 10 g
H20 Upto2L
S Basal Compound Concentration / amount
ForllL NacCl 59¢
H20 UptollL
After autoclave KPI buffer 50 mi
Cholesterol 1ml

SDS-PAGE sample loading | Compound

Concentration / amount

buffer
'soml | Tris 50 mM

pH 6.8 SDS 2%
Glycerol 10%
[3-mercaptoethanol 1%
EDTA 12.5 mM
Bromophenol blue 0.02%
H20 Up to 50 ml

Separating buffer

Compound Concentration / amount

300 ml Tris 54.46 g
pH 8.8 H20 Up to 300 ml
10 ml Tris 30 mM
pH 8.8 EDTA 8 mM
NacCl 100 mM
NP-40 0.7%
Tween 0.7%
H20 Up to 10 ml
Freshly added before use Proteinase K 100 pg/ml

‘ Stacking buffer Compound Concentration / amount
300 ml Tris 18.171 ¢
pH 6.8 H20 Up to 300 ml
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1L Tris 249

pH 7.5 NacCl 884¢
H20 UptollL

2L Tris 60.6 g
Glycine 288,2¢g
H20 Upto2L

1L Transfer buffer 10x 100 ml
Methanol 200 ml
H20 UptollL

50 mi Tris 6.057 g

pH 7.4 H20 Up to 50 ml

'som | Tis  |somM

pH7.4 NacCl 150 mM
Glycerol 5%
NP-40 0.05 %
H20 Up to 50 ml

Freshly added before use Protease inhibitor cocktail 1x
PhosStop 1x

E Compound _______ Conencaon amoun__|

50 ml Tris 50 mM

pH 7.4 NaCl 150 mM
H20 Up to 50 ml

Freshly added before use Protease inhibitor cocktail 1x
PhosStop 1x

2.5.3. Commercials and Assay kits

Commercials and Assay kits are enlisted in Table 2.11. They are used and stored
according to manufactures’ protocol, otherwise it was stated.

Table 2.11 Commercials and Assay Kkits

Commercials and Assay kits Supplier

High capacity cDNA Reverse Transcription kit Thermo Fisher, USA
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LightRun DNA sequencing Eurofins Genomics

Eurofins Scientific, Luxembourg

QuickChange Il XL Site-Directed Mutagenesis kit

Agilent Technologies, California, USA

Turbo DNA-free™ kit

Thermo Fisher, USA

2.5.4. Equipment

Equipment was enlisted in Table 2.12 and used according to manufactures’ protocol,

otherwise it was stated

Table 2.12 Equipment
Equipment
Axiolmager Z.1 epifluorescence microscope,

equipped with a Hammamatsu camera

Supplier
Carl Zeiss Miscroscopy Deutschland GmbH,

Koln, Germany

Biosorter Instrument

Union Biometrica

BioruptorR Sonication device

Diagenode, Liege, Belgium

Eppendorf InjectMan NIz injection pump

Eppendorf, Hamburg, Germany

Eppendorf FemtoJet microinjector

Eppendorf, Hamburg Germany

gSTED Superresolution and Confocal microscope

Leica Microsystems GmbH, Wetzlar, Germany

NanoDrop 8000 spectrophotometer

Thermo Fisher, USA

Olympus KL 1500 compact stereomicroscope

Olympus Corporation, Tokyo, Japan

Spinning Disc Confocal microscope

PerkinElmer, Massachusetts, USA

Step One Plus Real-Time PCR System

Applied Biosystems, Massachusetts, USA

Zeiss Observer A.1 microscope equipped with
AxioCam ERc5S camera

Zeiss, Oberkochen, Germany

2.5.5. Software

Software was enlisted in Table 2.13 and used according to manufactures’ protocol,

otherwise it was stated

Table 2.13 Software

Software Supplier / developer(s)

ApE — plasmid Editor

M. Wayne Davis

AxioVision Carl Zeiss Microscopy, USA
BioRender BioRender.com
Fiji/lmageJ2 National Institutes of Health. Johannes

Schindelin, Ignacia Arganda-Carreras, Albert
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Cardona, Mark Longair, Benjamin Schmid, and
others

FlowPilot™

Union Biometrica

GraphPad Prism 6

GraphPad Software, USA

Mendeley

Mendeley company, London, UK

Microsoft Excel 2016 for Mac

Microsoft Corporation, USA

Microsoft Powerpoint 2016 for Mac

Microsoft Corporation, USA

Microsoft Word 2016 for Mac

Microsoft Corporation, USA

Volocity

PerkinElmer, Massachusetts, USA
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3. Results

3.1 ROSis mediating KLF-1 activation

In order to identify the signal that is behind the activation of KLF-1-induced
longevity, we analysed the KLF-1 expression pattern in WT and isp-1;ctb-1 mitomutant.
To assay the KLF-1 expression pattern, our lab designed a reporter strain with KLF-1
tagged to yellow fluorescent protein (YFP) (Herholz et al. 2019). As KLF-1 is mainly
expressed in the gut (Herholz et al. 2019), we designed klf-1::yfp under the control of
gut promoter vha-6. As our lab has shown that KLF-1 is required during adulthood for
longevity, not during larval development, we focused on D1. D1 WT worms exhibit
mainly cytosolic klf-1-yfp expression, whereas in D1 isp-1;ctb-1 worms, the KLF-1
localizes mainly in the nucleus (Fig. 3.1).

As mitochondrial dysfunction results in increased oxidative stress, which has
also been shown for mitomutants, we evaluated WT worms with PQ or AA treatment
to further investigate the mode of KLF-1 nuclear translocation. PQ induces oxidative
stress by undergoing cyclic reduction-oxidation reactions at ETC complex | (Cochemé
and Murphy 2008; Sampayo, Olsen, and Lithgow 2003; N. Ishii 2000). AA induces
oxidative stress by binding to the Qi site of cytochrome ¢ and inhibiting the oxidation

of ubiquinone and therefore disrupting the proton flow
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control isp-1: ctb-1

Fig. 3.1 Isp-1;ctb-1 animals have mainly nuclear localized KLF-1

Reprehensive fluorescence and Differential interference Contrast (DIC) images of kiIf-1 expression in
WT and isp-1;ctb-1 worms expressing pvha-6::klf-1::YFP. Arrows represent klf-1-yfp positive gut nuclei.
Scale bar is 200 uM. Data and figures obtained by Herholz et al. 2019. Figure is modified.
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Fig. 3.2 Oxidative stress activates and translocate KLF-1 to the nucleus.

Quantification of the amount of KLF-1 nuclear localization in WT and isp-1;ctb-1 worms upon control,
0.1mM PQ and 1 uM Antimycin A (AA) at day 1 of adulthood. Worms were assayed by number of KLF-
1-positive nuclei and categorized by “low” as less than 2 nuclei, “medium” as 3-10 nuclei and “high” as
higher than 10 nuclei per worm. n=20 animals per condition. Data and figures obtained by Herholz et al.
2019.

(Slater 1973; Rieske et al. 1967; Melo and Ruvkun 2012). Both treatments result in
increased free Oz~ synthesis. Interestingly, low amount of PQ has been shown to
induce longevity by similar mechanisms as mitomutants (Yang and Hekimi 2010a).
Nuclear localization of klf-1-yfp was increased in WT worms under oxidative stress-
inducers PQ and AA (Fig. 3.2). Remarkably, we could show that WT worms have
increased lifespan induced by oxidative stress, which is only suppressed by KLF-1
depletion during adulthood (Fig. 3.3) (Herholz et al. 2019). Altogether, these suggest
that KLF-1 in isp-1;ctb-1 animals have a similar nuclear translocation mechanism as

the WT animals under oxidative stress.
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Fig. 3.3 Oxidative stress-induced longevity is inhibited by KLF-1 suppression during adulthood
Lifespan assays on worms exposed to 0.1mM paraquat (PQ) and kif-1 RNAIi. A) WT and klf-1(tm1110)
worms grown whole life on PQ. B-D) WT worms grown until L4 on PQ and then were transferred to PQ-
free plates. Worms were exposed to klf-1 RNAi B) whole life. C) adulthood. D) larval stages. n=200
animals per condition. Data and figures obtained by Herholz et al. 2019.

Next, we questioned whether oxidative stress indeed plays a role in KLF-1
nuclear translocation in isp-1;ctb-1 mutant. As oxidative stress is a result of imbalance
between ROS production and accumulation of intracellular levels of ROS (Pizzino et
al. 2017), we measured mtROS production. L4 isp-1;ctb-1 animals demonstrated
increased mtROS (Fig. 3.4.A). Interestingly, during adulthood isp-1;ctb-1 animals
showed less mtROS, supporting the described mitohormetic mechanism (Yun and
Finkel 2014). To determine if this decreased mitochondrial ROS was not caused by
reduced mitochondria, we also investigated mitochondrial (mito) mass. We observed
an increased mito mass on D1 WT and isp-1;ctb-1 animals, which was independent of
KLF-1 (Fig. 3.4.B). Thus, ROS per mitochondria was increased in L4 isp-1;ctb-1 and
decreased in D1 isp-1;ctb-1 animals in comparison to WT animals (Fig. 3.4.C).

To further explore whether oxidative stress plays a role in the KLF-1 nuclear

translocation, we used NAC and Vit C, which both acts as antioxidants to inhibit the
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Fig. 3.4 Isp-1;ctb-1 animals showed elevated H>Olevels during L4

L4 and D1 WT and isp-1;ctb-1 animals were exposed to EV and klf-1 RNAi and stained with Mitotracker
to measure mitochondrial ROS levels and mito mass. A) ROS levels visualized by Mitotracker Red CM-
H2XRos staining. B) Mito mass visualized by Deep Red Mitotracker staining. C) Ratio between H20:
levels and mitochondrial mass. n=60 animals per condition. Data were normalized on L4 N2 stage and
are presented as mean = SEM. ***p<0.001, *p<0.005, one-way ANOVA with Turkey post hoc test. Data
and figures obtained by Herholz et al. 2019. Figure is modified.

oxidative stress (Patananan et al. 2015; Desjardins et al. 2017; Yang and Hekimi
2010a). From now on, NAC and Vit C treatment will be referred to as antioxidant
treatment. To determine if antioxidant treatment was able to reduce the number of
oxidative stress-induced KLF-1-postivie nuclei, we treated WT worms either with NAC
or Vit C from egg stage. When the animals reached L4, we exposed them to 1 uM AA
treatment and scored the KLF-1-positive nuclei on D1. The number of KLF-1-positive
nuclei was decreased upon both antioxidant treatments (Fig. 3.5.A). Vit C treatment
was able to clearly decrease KLF-1 presence in the nuclei to WT control levels,
whereas NAC treatment would even further decrease the number of KLF-1-positive
nuclei compared to WT control. Next, we investigated if the antioxidant treatment could
also prevent the increased KLF-1-positive nuclei in isp-1;ctb-1 mutant. Again, both
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Fig. 3.5 Antioxidant treatment abolishes oxidative stress-induced KLF-1 nuclear localization.
Quantification of amount of KLF-1 nuclear localization upon control, 10mM NAC or 10mM Vit C
treatment. A) WT animals treated with 1 uM AA. B) isp-1;ctb-1 animals. n=20 animals per condition.

Figures obtained from Herholz et al. 2019.

antioxidant treatments were able to strongly reduce the number of KLF-1-positive
nuclei inisp-1;ctb-1 animals (Fig. 3.5.B). Collectively, these results clearly demonstrate

that KLF-1 nuclear translocation in isp-1;ctb-1 worms are caused by ROS signalling.

3.2 L3/L4-dependent ROS signalling is required for KLF-1 nuclear

localization

Next, we wanted to elucidate when the oxidative stress signalling is required
during the C. elegans lifespan to induce KLF-1 signalling cascade. We previously
showed that KLF-1 nuclear translocation was exclusively needed during adulthood in
the long lived isp-1;ctb-1 mitomutant (Herholz et al. 2019). Remarkably, RNAI
suppression of various ETC subunits during larval stages was proposed to induce
longer lifespan (Dillin et al. 2002). This supports our observation in isp-1;ctb-1 worms
that clearly demonstrate increased mitochondrial ROS level during L4 (Fig. 3.4).

To determine when the ROS signal is required for the KLF-1-nuclear
translocation in isp-1;ctb-1 animals, we inhibited the ROS production of complex Il
during all larval stages and from late L3 by treatment with S3QEL-2 (Watson et al.
2021; Orr et al. 2015). S3QEL-2 is a selective inhibitor of the mitochondrial complex Ili
Qo site (Fig. 1.5) (Orr et al. 2015). Here, we show that upon inhibition of ROS
production at complex I, the number of KLF-1-positive nuclei was steadily decreased
in isp-1;ctb-1 mutant (Fig. 3.6). Interestingly, inhibition from late L3 showed no altered
number of KLF-1-positive nuclei (Fig. 3.6). This suggests that complex Ill-produced
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Fig 3.6 Complex 1lI-ROS-production site inhibitor S3QEL-2 blocks KLF-1 nuclear

localization during larvae stages
WT and isp-1;ctb-1 worms were assayed for KLF-1 nuclear localization upon control or in the presence
of 100 uM S3QEL-2. Worms were treated either from egg stage or larvae L3 development stage and

assayed at day 1 of adulthood. n=20 animals per condition. Figures obtained from Herholz et al. 2019.

ROS is needed before late L3 to translocate KLF-1 to the nucleus.

To further establish at which developmental stage the ROS signal is required
for the KLF-1 nuclear translocation, we assayed the detoxification capacity of the
animals. Upon KLF-1 nuclear translocation, CYPs and consequently detoxification
capacity is activated (Herholz et al. 2019). To assay the detoxification capacity, we
exposed WT and isp-1;ctb-1 animals to high levels of H202, which can induce damage
to proteins via oxidative stress. These damaged proteins can be cleared by CYPs,
which therefore correlates in H202 stress resistance. First, we exposed WT to AA,
which translocates KLF-1 to the nucleus. We could demonstrate a significant increase
of H20:2 stress resistance when worms were treated during L3 and L4 (Fig. 3.7.A).
However, treatment during either L3 or L4 was insufficient to induce increased stress
resistance. Thus, the KLF-1 nuclear translocation is L3 and L4 signal dependent.
Second, we investigated isp-1;ctb-1 animals upon S3QEL-2 treatment. We could
confirm that whole larvae treatment decreases the increased H20: stress resistance
seen in isp-1;ctb-1 control (Fig. 3.7.B). Moreover, we could show that S3QEL-2
treatment only during L3 till D1 was enough to largely decrease the H20: stress
resistance. Collectively, these data show that ROS signal during early L3 until young

adults is required for the KLF-1 nuclear translocation.
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Fig 3.7 Redox signal is required during L3/L4

Animals were treated with 20 mM H20:2 at Day 1 and survival was analysed 4 h after treatment. A) WT
worms were treated with 2 uM AA at specific larvae stages. B) isp-1;ctb-1 worms were treated with 100
uM S3QEL-2 at specific larvae stages. Data are presented as mean + SEM. *p<0.05 and **p<0.01,

Student’s T-test. n=100 animals per condition. Data and figures obtained by Herholz et al. 2019.

3.3
ROS

KLF-1 nuclear translocation is induced by mitochondrial produced

After confirming that ROS translocates KLF-1 to the nucleus in our isp-1;ctb-1
animals, we asked ourselves whether only complex Ill-derived ROS could translocate
KLF-1 to the nucleus? As it was previously shown that mild mitochondrial dysfunction
of some MRC subunits results in extended lifespan (Dillin et al. 2002; Tsang and
Lemire 2002; C. Xu et al. 2018), we performed a screen to evaluate which specific mild
mitochondrial dysfunction would induce KLF-1 nuclear translocation.

We exposed WT animals to either chemical or genetic inhibition of specific MRC

subunits or we decreased the membrane potential (Table 3.1). To induce mild complex

Table 3.1. Overview of drugs and RNAi used for inducing mild mitochondrial dysfunction

Overview of used drugs (chemical inhibition) and RNAIi (genetic inhibition) and their respectively

inhibition site.
ATP Membrane
Complex | Complex I Complex Il | Complex IV )
synthase potential
Rot AA
) Malonate FCCP
mitoPQ Myxo
nuo-2 cyc-1 cco-1 atp-5
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| dysfunction, we used 100 nM Rotenone and 5 uM mitoPQ and nuo-2 RNAI (N. Li et
al. 2003; Sherer et al. 2003). Rotenone inhibits the transfer of electrons from the iron-
sulphur subunits to ubiquinone, resulting in incomplete electron transfer to oxygen and
ROS production (N. Li et al. 2003; Sherer et al. 2003; Robb et al. 2015; Grad and
Lemire 2004). MitoPQ is a mitochondrial matrix-targeted redox cycler, which induces
superoxide at the flavin site of complex | (Robb et al. 2015). Mild complex Il dysfunction
was induced by exposing the worms to 25 mM Malonate which is a competitive inhibitor
of succinate dehydrogenase (Gutman 1978; Dervartanian and Veeger 1964;
Chouchani et al. 2014). For complex Il dysfunction, worms were treated with 2 uM AA
and 50 uM Myxothiazol and cyc-1 RNAI (Davoudi et al. 2014; Gerth et al. 1980; Slater
1973; Butler et al. 2010). Myxothiazol binds at the Qo site and is a competitive inhibitor
of ubiquinol. Cyc-1 is the C. elegans homolog of cytochrome C. Both suppressions
block the electron transfer flow, either to the Rieske Iron-Sulfur complex or to the
complex IV (Dillin et al. 2002). To induce complex IV or ATP synthase dysfunction,
worms were treated with either cco-1 or atp-5 (ATP synthase subunit-5) RNAI (Bennett,
Wende, et al. 2014; Dillin et al. 2002; Yoneda et al. 2004; Nagro et al. 2014; C. Xu et
al. 2018). Finally, the role of membrane potential was evaluated by treatment with 5
uM FCCP, an uncoupler agent which transports protons across the mitochondrial inner
membrane (Benz and McLaughlin 1983) and therefore decreases the proton gradient.

So, to determine the effect of the different drug treatments, L4 WT animals were
transferred to NGM plates containing different drugs. D1 animals were imaged and
number of KLF-1-positive nuclei was scored (Fig. 3.8.A). Upon treatment with
rotenone, mitoPQ, AA and myxothiazol, the number of KLF-1-positive nuclei was
strongly increased (Fig. 3.8.B). Whereas treatment with malonate and FCCP were
unable to induce KLF-1 nuclear translocation. Thus, drugs that induce mild dysfunction
of complex | and complex Il seem to result in KLF-1 nuclear translocation. Next, we
investigated the effect of the different MRC RNAI. We grew the animals on plates with
either control, nuo-2, cyc-1, cco-1 or apt-5 RNAi and scored them on D1I1.
Corresponding with the drug treatment, genetic inhibition of complex | and complex IlI
by nuo-2 and cyc-1 RNAI, respectively, increased the number of KLF-1-positive nuclei
(Fig 3.8.C), whereas atp-5 RNAI did not induce KLF-1 nuclear translocation. Curiously,
also cco-1 suppression translocated KLF-1 to the nucleus. It was described that
complex IV could produce ROS (Reichart et al. 2019; Adam-Vizi 2005; Kadenbach

2021). Taken together, our results strongly suggest that mild suppression of
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Fig 3.8 ROS-producing ETC complexes are responsible for KLF-1 nuclear localization.

Number of KLF-1-positive nuclei in one-day-old WT and isp-1;ctb-1 animals were scored upon either
chemical inhibition or genetic inhibition of the electron transport chain complexes, ATP synthase or
mitochondrial membrane potential. For chemical inhibition treatment, worms were transferred during L4
on NGM plates containing drugs. The drug concentrations used were 100 nM Rotenone (Rot), 5 uM
mitoparaquat (mitoPQ), 25 mM Malonate (Mal), 2 uM AA, 10 uM myxothiazol (Myxo) or 5 uM FCCP.
For genetic inhibition, worms were bleached on NGM plates with L4440, nuo-2, cyc-1, cco-1 or atp-5
RNAI. A) Reprehensive pictures of KLF-1 expression in WT and isp-1;ctb-1 worms upon either drugs or
RNAI. Arrows represent KLF-1-positive nuclei. B) Quantification of amount of KLF-1 nuclear localization
in WT and isp-1;ctb-1 worms upon suppressions. n=30 worms per condition. *p<0.05, Student’s T-test.

Modified from Hermeling et al. 2022.

mitochondrial complexes I, 1l and 1V, which are responsible for ROS production, can
translocate KLF-1 to the nucleus, whereas suppression of complex V or membrane
potential could not (Q. Chen et al. 2003; Kowaltowski et al. 2009; Reichart et al. 2019).

Next, as suppression of both ROS production sites complex | and 11l were able

to translocate KLF-1 to the nucleus, we wanted to investigate whether mild
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suppression of other ROS production sites may also result in KLF-1 nuclear
translocation. Whereas mitochondria are the prime source of endogenous ROS in the
cell, at least two other organelles are also able to produce ROS, namely peroxisomes
and ER (Del Rio and Lopez-Huertas 2016; Banerjee et al. 2011). Peroxisomal ROS is
mainly produced by B-oxidation of very long chain fatty acids (Kakimoto et al. 2015;
Handler and Thurman 1987). As this is one of the main functions of peroxisomes, this
organelle has an elaborated antioxidant machinery to respond to elevated ROS levels.
The antioxidant response in peroxisomes depends on SODs, PRDX, GPX, NADPH-
generating dehydrogenases and catalase (Tiew, Sheahan, and Rose 2015; Pascual-
Ahuir, Manzanares-Estreder, and Proft 2017). ER-derived ROS is closely linked to ER
protein-folding homeostasis (Banerjee et al. 2011; Zeeshan et al. 2016). During the
protein-folding process, disulphide bonds are formed by oxidation of thiol groups on
cysteine of peptides. This results in H202 production during ER stress, which may lead
to H202 accumulation. As peroxisomal H202 is mainly controlled by detoxification
capacity of catalase (Cogoni and Macino 1999), we downregulated catalase with ctl-1
and ctl-2 RNAI to induce elevated H20:2levels in WT animals (Fig. 3.9.A). Interestingly,
upon ctl-1 RNAI WT animals showed an increased number of KLF-1-positive nuclei
whereas ctl-2 or peroxisomal assembly factor 5 (prx-5) RNAi showed no significant
difference to WT control. To evaluate the role of ER-derived ROS, we induced ER
stress in WT worms by using 50 uM tunicamycin, an inhibitor of biosynthesis of N-

linked glycans (Banerjee et al. 2011). Tunicamycin treatment has been shown to
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Fig 3.9 Peroxisomal and ER-derived ROS are unable to induce KLF-1-mediated longevity.

A) Quantification of amount of KLF-1 nuclear localization in WT animals upon RNAI or tunicamycin (Tu)
treatment. For RNAI, worms were treated whole life with either catalase-1 (ctl-1), catalase-2 (ctl-2) or
peroxisomal assembly factor 5 (prx-5). For Tu treatment, worms were bleached on control plates and
transferred during L4 to plates containing 50 uM tunicamycin. n=30 worms per condition. B) Lifespan of
WT worms on RNAI plates with either L4440 or ctl-1 RNAi. n=200 worms per condition. *p<0.05,
Student’s T-test. Modified from Hermeling et al. 2022.
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increase the levels of misfolded proteins and therefore causing ER stress. However,
tunicamycin treatment caused no increase in number of KLF-1-positive nuclei (Fig.
3.9.A). This suggests ER-derived ROS plays no role in the KLF-1 translocation to the
nucleus.

As ctl-1 RNAI showed an increase of KLF-1 translocation to the nucleus, we
performed a lifespan assay on WT worms to establish if the peroxisomal ROS-induced
nuclear KLF-1 is inducing long-lived phenotype. However, WT worms on control and
ctl-1 RNAIi were not significantly different (Fig. 3.9.B). Thus, increased peroxisomal
ROS is not sufficient to induce KLF-1-mediated longevity.

Finally, we wanted to determine if the KLF-1 nuclear translocation upon mild
suppression of the MRC were all dependent on ROS (Fig. 3.8). To validate this
hypothesis, we assayed the number of KLF-1-positive nuclei upon mild suppression of
complex | by nuo-2 RNAi and complex IV by cco-1 RNAI in the presence of the
antioxidant Vit C. Treatment with Vit C was able to decrease the presence of KLF-1 in
the nucleus to WT levels (Fig. 3.10). In summary, our results show that mild
suppression of mitochondrial complexes I, 1l and IV translocate KLF-1 to the nucleus
by mitochondrial produced ROS.
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Fig 3.10 KLF-1 is translocated to the nucleus by mtROS.

Number of KLF-1-positive nuclei nuclear in one-day-old WT animals upon control, nuo-2 or cco-1 RNAI
or 100 nM Rot treatment, with or without the presence of 10 mM Vit C. n=30 worms per condition.
*p<0.05, Student’s T-test. Modified from Hermeling et al. 2022.
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3.4 E3ligase WWP-1 is activating KLF-1, however it is not part of the
KLF-1-induced longevity pathway

The HECT ubiquitin E3 ligase WWP-1 is a regulator of DR-induced lifespan by
interacting with KLF-1 by monoubiquitylation (Carrano et al. 2009; Carrano, Dillin, and
Hunter 2014). Therefore, we were interested if WWP-1 plays a role in our long-lived
mitomutant. Firstly, we treated WT worms that expressed KLF-1 tagged to YFP with
control or wwp-1 RNAI from egg stage until adulthood. WT animals showed an
increased number of KLF-1-postive nuclei upon wwp-1 RNAI (Fig. 3.11). This suggests
that WWP-1 inhibits KLF-1 translocation to the nucleus. Secondly, to test if WWP-1
interaction with KLF-1 was redox signalling dependent, we treated WT animals in the
presence of wwp-1 RNAI with either NAC or Vit C (Fig. 3.11). Both treatments showed
significant increase of KLF-1-positive nuclei compared to WT EV. However, unlike
what we observed in isp-1;ctb-1 animals, both treatments were unable to reduce KLF-
1-positive nuclei to WT levels. Thus, wwp-1 depletion is likely translocating KLF-1 to
the nucleus in a different mode of mechanism than in isp-1;ctb-1 animals.
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Fig. 3.11 Wwp-1 depletion subcellular translocate KLF-1 in a non-redox dependent manner
Quantification of number of KLF-1 nuclei in day 1 of adulthood WT animals upon EV or wwp-1 RNAI
with or without the presence of 10 mM NAC or 10 mM Vit C. n=30 worms per condition. *p<0.05,
Student’s T-test. Modified from Hermeling et al. 2022

WWP-1 is described as a HECT ubiquitin E3 ligase which can target protein for
proteasomal degradation by polyubiquitinylate (Huang et al. 2000; Cao et al. 2011; Zhi
and Chen 2012), we hypothesized that WWP-1 targets KLF-1 for degradation. To test
this, we inhibited the proteasome to determine if this would result in increased KLF-1-

positive nuclei similar as inhibition of wwp-1. To block the proteasome, we used Bor,
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a reversible inhibitor of the 26S (Chauhan et al. 2005; D. Chen et al. 2011). To
determine if the Bor treatment worked to inhibit proteasome degradation, we used an
in vivo degradation assay as described by Segref et al. (Segref, Torres, and Hoppe
2011). For this assay we used worms expressing a non-cleavable ubiquitin which is N-
terminally fused to GFP (UbV-GFP) under the sur-5 promoter. In WT animals this
construct is targeted for degradation, whereas upon inhibition of the degradation
system the GFP is stabilized. When we treated WT worms with 10 uM Bor, we showed
an increase in GFP signal in comparison with untreated WT worms (Fig. 3.12.A). Next,
we treated worms from eggs stage with wwp-1 RNAi and when the worms reached L4
we transferred them to plates containing 10 uM Bor. After 24 hours, the worms were
imaged. Surprisingly, treatment with Bor would rather decrease the number of KLF-1-
positive nuclei in control WT worms (Fig. 3.12.B). Upon wwp-1 RNAI there was no
significant difference between control and Bor treatment. This suggests that WWP-1
mechanism of KLF-1 nuclear translocation is not dependent on proteasomal

degradation.
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Fig 3.12 KLF-1 is not regulated by WWP-1-induced proteasomal degradation

A) UbV-GFP intensity in one-day-old WT animals upon control or 10 uM Bortezomib treatment. Worms
were treated from larvae L4 with Bortezomib. n=25 worms per condition. Data was normalised on N2
EV. *p<0.05, Student’'s T-test.. B) Quantification of KLF-1-positive nuclei in WT animals upon EV or
WWP-1 RNAI with or without 10 uM Bortezomib. n=30 worms per condition. *p<0.05, Student’s T-test.
Modified from Hermeling et al. 2022.

As wwp-1 depletion translocates KLF-1 to the nucleus, we explored if the
presence of nuclear KLF-1 will also result in increased CYPs expression, altered lipid
levels and increased longevity as in our isp-1;ctb-1 mutant (Herholz et al. 2019). Firstly,
we analysed the transcript levels of cyp, which were increased in isp-1;ctb-1 mutant
(Herholz et al. 2019). Most of the cyps levels show no significant difference between

WT control and wwp-1 RNAI, whereas all cyps levels were significantly increased in
76



Results

A cyp-13ar B cyp-13a 1l
8 40+
8 5 X
2% o . g L 30-
- = =
o s o
S5 4 —+ H5 201 T
[ak R ] o=
2E T 26 1
Fe . T
-} [} Ak
[ [ L= | 4
0 : . ; . e ' .
EV wwp-1 ev  RNAi EV wwp-1 ev  RNAI
N2 isp-1:cth-1 N2 isp-1:cth-1
c cyp-14at D cyp-14a3
3 407
=4 .t =
L= : S _
ATy 1 [EET
$ 2 2 e 82 A
om =
= = b ® £ opl
W o - [N e
SR . £3 1
E &.‘ L —— E &-‘ 104 L
2 : 2 :
0 T T T U'—#— "T.' ™
EV wwp=1 EV RMAi EV wwp-1 EV RMAi
N2 ispT;cth-1 N2 isp=1;cth-1
E cyp-34a9 F
- " 4
- 20 >
.9 — & Q.N ™ Iy
9 15 —5— =z . e
o= p—— = . Y
5 . it =K - " redoa
55 104 _._,_'_ <7 2 * n .
[ | |
_g % . L P Y o P
25 oo e [
£ 0o = 0 ',:; ] I T
EV wwp=1 EV RN Ai EV wwp-1 EV  RHMNAi
N2 isp-1:;cth-1 M2 isp-1:cth-1

Fig 3.13 WWP-1-mediated KLF-1 nuclear localization is not inducing cyps

CYPs expressions were investigated in WT and isp-1:ctb-1 animals with or without wwp-1 RNAI. A-E)
cyps expression levels was assessed by qPCR at first day of adulthood. n=4 per condition. A) cyp-13a7.
B) cyp-13all. C) cyp-14al. D) cyp-14a3. E) cyp-34a9) F) pcyp-34a8-GFP intensity measured on one-
day-old animals. n=20 per condition. A-F) Data was normalized on N2 EV and presented as
mean + SEM. *p<0.05, Student’s T-test. Modified from Hermeling et al. 2022.

isp-1;ctb-1 mutant (Fig. 3.13.A-E). Cyp-34a9 was even decreased upon wwp-1
depletion (Fig. 3.13.E). Only cyp-14a3 showed a significant two-fold increase upon
wwp-1 RNAI in comparison to control. However, in isp-1;ctb-1 mutant cyp-14a3 was
increased almost twenty-fold (Fig. 3.13.D). Secondly, we further evaluate the CYPs
expression by using a reporter strain in which the gfp expression was driven by cyp-
34a8 promoter. As expected, gfp levels were increased in isp-1;ctb-1 mutant (Fig.
3.13.F). However, in WT animals there was no significant difference upon wwp-1 RNA..
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Therefore, CYPs are not induced upon WWP-1-mediated KLF-1 nuclear translocation.
Thirdly, we also evaluated the lipid levels, as we and others have shown that KLF-1
regulates various lipid genes (Hashmi et al. 2008; Herholz et al. 2019). Animals were
treated with 5 uM BODIPY 493/503 for 1h and green fluorescence was measured by
microscopy (Klapper et al. 2011; Palgunow, Klapper, and Do 2012). Isp-1;ctb-1
mutants showed a decreased lipid levels in comparison to WT worms, which was KLF-
1 dependent as klIf-1 RNAI in isp-1;ctb-1 mutant rescues the lipid levels (Fig. 3.14.A).
Wwp-1 RNAI did not significantly alter lipid levels in WT worms. Lastly, we assessed
the lifespan of WT and isp-1;ctb-1 animals upon wwp-1 RNAi. WT worms on wwp-1
RNAi showed no difference in lifespan with WT control (Fig. 3.14.B). Moreover, wwp-
1 depletion had no effect on isp-1;ctb-1 lifespan (Fig. 3.14.C). In summary, we showed
that wwp-1 depletion results in translocation of KLF-1 to the nucleus, however this
does not induce increased cyps levels, decreased lipid level and prolonged lifespan as

we showed for isp-1;ctb-1 mutant.
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Fig 3.14 WWP-1 interaction with KLF-1 is not responsible for the increased lifespan in isp-1;ctb-
1worms

Fat levels and lifespans were investigated in WT and isp-1:ctb-1 animals with or without wwp-1 RNA..
A) Worms were treated for 1h with BODIPY 493/503 and afterwards fluorescence intensity was
measured on one-day-old animals. Data was normalized on N2 EV and presented as mean + SEM.
n=25 per condition. *p<0.05, Student’s T-test. B-C) lifespans. n=200 animals per condition. B) Data
obtained by Linda Baumann. Modified from Hermeling et al. 2022.
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3.5 Therole of mitochondrial SOD-3 and PRDX-3 in KLF-1 nuclear

translocation

Since we showed that KLF-1 nuclear translocation in isp-1;ctb-1 mutant is ROS-
dependent, we next investigated the mitochondrial redox signalling. The main question
we wanted to answer was how the mitochondrial ETC-originated superoxide anion
radicals result in a stable redox signalling for the KLF-1 nuclear translocation. We
investigated if exogenous treatment with ROS would be able to induce KLF-1 nuclear
translocation. As most ROS molecules are highly instable and reactive and therefore
unsuited to act as a stable signal, we focused on the most stable ROS molecule: H20>
(Sies 2014). Hydrogen peroxide has been recognized as ROS signalling molecule
since it was found 50 years ago to be physiologically present at low steady-state levels
in respiring eukaryotic cells (Sies 1993; di Marzo, Chisci, and Giovannoni 2018; P. K.
Jensen 1966). Indeed, treatment of WT animals with 10 mM H20:2 resulted in an
increased number of KLF-1-positive nuclei (Fig. 3.15).
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Fig 3.15 ROS molecule H>O, translocate KLF-1 to the nucleus

Number of KLF-1-positive nuclei in WT worms with or without 10 mM H20:z treatment. One-day-old WT
worms were imaged after treatment with 10 mM H202 for 30 minutes. n=30 animals per condition.
*p<0.05, Student’s T-test. Modified from Hermeling et al. 2022.

The metabolizing of O2" into H202 is performed by the SODs (Fridovich 1995;
Buettner 2011). These SODs are the key cellular antioxidants against ROS-induced
injury as they are highly reactive to free radicals. Furthermore, they are highly
conserved across all biological kingdoms and have different subcellular
compartmentalization. In C. elegans, five different sods are present, namely sod-1 to
sod-5 (Doonan et al. 2008; Horspool and Chang 2017; L. T. Jensen and Culotta 2005;

Fujii et al. 1998; Back, Braeckman, and Matthijssens 2012; Sakamoto and Imai 2017).
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Here, we focused on the well-described cytosolic sod-1 and mitochondrial sod-2 and
sod-3 whereas the lesser-described sod-4 and sod-5 are suggested to be localized in
extracellular space and cytosol, respectively, of specific subset of neurons (Gems and
Doonan 2009; Fuijii et al. 1998). Interestingly, we observed a strongly decreased KLF-
1 nuclear translocation in isp-1;ctb-1 mutant upon sod-3 RNAI treatment whereas
either suppression of sod-1 or sod-2 did not alter the level of KLF-1 nuclear
translocation (Fig. 3.16.A). Additionally, a simultaneous suppression of the

mitochondrial sod-2 and sod-3 showed a decreased KLF-1 nuclear translocation.

A 140+
1204 * * *
2 m i
o 804 . Il High localization
E 60 3 Mediumlocalzation
o = T - [ Low localization
R 40
b
20_ -T g
c L] L] L] L] L] L] .
EV EV  sod-1 sod-2 sod-3sod-2+3 RMNAi
N2 isp-1;cth-1
B - NZEV ode — N2EV
= = jzp-1;ctb-1 s0d-3 = a0 = jzp-1;clb-1 s0d-3
E o isp-1;cth-1 EW E — fsp-1;cth-1EV
5 5 B0
] ]
= =
(1) o 40+
g8 g8
& & ol
a —
&0 0 0
Days
100
D — NZEWV
= 504 - N2 s0d-3
=
g e
]
5«
2
& o
0 T T T 1
0 10 20 a0 40

Days

Fig 3.16 Mitomutant-induced longevity is mediated by sod-3

A) Number of KLF-1-positive nuclei was assayed at day 1 of adulthood in WT and isp-1;ctb-1 animals
upon control, sod-1, sod-2, sod-3 and combined sod-2 and sod-3 RNAI. Data were normalized on N2
D1 and are presented as mean £ SEM. *p<0.05 n=30 animals per condition. *p<0.05, Student’s T-test
B-D) WT and isp-1;ctb-1 lifespans on control and sod-3 RNAi. n=200 worms per condition. B) WT and
isp-1;ctb-1 animals were treated whole lifespan with RNAIi. C) WT and isp-1;ctb-1 animals were treated
during larvae stages with RNAI. At day 1 of adulthood animals were transferred to control plates.. D)

WT animals were treated whole lifespan with EV and sod-3 RNAIi. Modified from Hermeling et al. 2022.

80



Results

Lifespan experiments revealed an impact of sod-3 depletion on isp-1;ctb-1 longevity
(Fig. 3.16.B). sod-3 depletion decreased the lifespan of isp-1;ctb-1 mutant, whereas
the same suppression in WT animals did not alter their lifespan. Moreover, suppression
with sod-3 RNAI only during larvae stages was sufficient to decrease isp-1;ctb-1
lifespan (Fig. 3.16.C). While, lifespan of WT animals demonstrated no significant
difference upon sod-3 RNAI (Fig. 3.16.D).

As we could show that sod-3 depletion may mediate the mitomutant-induced
lifespan, we wanted to determine the expression levels of the sods. Interestingly, sod-
2 and especially sod-3 were highly induced in isp-1;ctb-1 mutant (Fig. 3.17). This is
similar daf-2 long-lived mutants, where sod-3 is highly induced and controlled by DAF-
16 transcription factor (L. Zhao et al. 2017; Senchuk et al. 2018). KLF-1 is not directly
regulating expression of cytosolic sod-1, or the mitochondrial sod-2 or sod-3, as klf-1
depletion in isp-1;ctb-1 animals only prevents the early upregulation of the sods.
However, at day 5 of adulthood expression levels of the sods genes were unchanged
upon klf-1 depletion (Fig. 3.17). Altogether, this shows that sod-3 is highly induced in
isp-1;ctb-1 animals and likely responsible for converting O2" to H202 to act as a second
messenger to induce KLF-1 nuclear translocation and increased lifespan.
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Fig 3.17 KLF-1-independent increased sod-2 and sod-3 expression in D1 isp-1;ctb-1 mutant
The expression of sod-1, sod-2 and sod-3 was confirmed by qPCR at day 1 and day 5 of adulthood in
WT and isp-1;ctb-1 animals. n=4 samples per condition. Data were normalized on N2 D1 and are
presented as mean £ SEM. *p<0.05, **p<0.01 and ***p<0.001, one-way ANOVA with Tukey post hoc
test. Data and figure were obtained by Herholz et al. 2019.

In order to determine what signalling steps act downstream of increased H202
levels, we first hypothesized that H202is reduced by redox enzymes (di Marzo, Chisci,
and Giovannoni 2018; Sies 2014). Two major redox enzyme families are responsible
for reducing H202, namely GPX and PRDX (Johnston and Ebert 2012; Z. A. Wood et
al. 2003; Margis et al. 2008). Both redox enzymes use their cysteines to reduce H20:2

by forming dithiols. Afterward, GPX is reduced by glutathione, while PRDX is reduced
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by the thioredoxin redox (TRX) system. In C. elegans, we have eight GPXs (gpx-1 to
gpx-8) and three PRDXs (prdx-2, prdx-3 and prdx-6) (Ferguson and Bridge 2019).
Interestingly, whereas the nematode GPX contains a cysteine, the mammalian
homolog contains the more-redox sensitive selenocysteine (Sakamoto et al. 2014). To
test our hypothesis, we performed gpx and prdx RNAi on WT worms in the presence
of AA. While, we observed no clear alterations in KLF-1 nuclear translocation in WT
worms on AA upon gpx RNAI, we observed increased KLF-1-positive nuclei upon prdx-
3 and prdx-6 RNAI (data not shown). As prdx depletion resulted in an opposite trend
than expected, our hypothesis is that prdx is necessary for the H202 reduction.
Therefore, we decided to focus on the PRDX family members.

The PRDX family has three members, namely cytosolic prdx-2 and
mitochondrial prdx-3 and lesser described prdx-6 (Gruber et al. 2015). Based on the
fact that prdx-3 and prdx-6 RNAiI demonstrated an increase in KLF-1 nuclear
translocation in the presence of AA, we wanted to determine if prdx depletion alone
was enough to translocate KLF-1 to the nucleus. Indeed, prdx-3 RNAI translocates
KLF-1 towards the nucleus in WT animals (Fig. 3.18). Whereas prdx-6 RNAi showed
no clear difference with control. Altogether, these data suggest prdx-3 depletion results
in a decreased H20:2 reduction capacity, which may lead to increased H20:2 in the

mitochondria.
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Fig 3.18 KLF-1is translocated to the nucleus when prdx-3is depleted
A) Number of KLF-1 nuclei in one-day-old WT animals upon control (EV), prdx-2 and prdx-6 RNAi on
day 1 of adulthood. n=30 per condition. *p<0.05, Student’s T-test. Modified from Hermeling et al. 2022.

As we hypothesised that prdx-3 depletion leads to increased H20: levels, we
then investigated if this depletion could result in prolonged lifespan in WT animals. We
performed lifespan assay on WT and prdx-3(gk529) animals (Ola Hova et al. 2008)

and we showed that prdx-3(gk529) mutant have a clear increased lifespan (Fig.
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3.19.A). We also included prdx-2(gk169) mutant (Ola Hova et al. 2008) to establish if
the lifespan effect was similar to prdx-3(gk529) mutant. Prdx-2 depletion demonstrated
a strong decrease in lifespan, which was also previously be observed (Olahova et al.
2008). The lifespan of prdx-3(gk529) mutant was ROS and KLF-1 dependent (Fig.
3.19.B). In summary, prdx-3 depletion induces KLF-1 nuclear translocation and ROS-

and KLF-1-mediated longevity, which is likely due to decreased H202 reduction.
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Fig 3.19 Prdx-3 depletion results in ROS-induced and KLF-1-mediated longevity

Lifespan assay on WT, prdx-2(gk169) and prdx-3(gk529) animals. n=200 animals per condition A)
Lifespan assays on EV RNAI. B) Lifespan assay on EV with or without 10 mM Vit C and kiIf-1 RNA..
Modified from Hermeling et al. 2022.

3.6 L4isp-1;ctb-1 animals have increased mitochondrial H2O> release

what results in increased oxidative cytosolic redox state.

Next, we wanted to ascertain whether H20: is released from the mitochondria
into the cytosol. As the ROS signal is late larval dependent (Herholz et al. 2019), we
decided to investigate H2O:2 levels during L4. For this purpose, we expressed the
genetically encoded H202 sensor, roGFP2-Orpl, in WT and isp-1;ctb-1 worms. This
redox-sensitive sensor, which is pH independent, acts through dithiol-disulphide
exchange between the H202 molecule and roGFP2 (Braeckman et al. 2016; Maremonti
et al. 2020; Roma et al. 2018). RoGFP2 has dual excitation (405- and 488-nm), where
reduced roGFP2 is excited by 405-nm while oxidized roGFP2 is excited by 488-nm
(Braeckman et al. 2016). To address the mitochondrial H202 release in cytosol, we
tagged this construct to tomm20 under the muscle promoter myo-3, to express this
construct at the OMM (Kaufmann et al. 2003). When we imaged D1 WT animals, we
saw mitochondria in both channels of roGFP2 (Fig. 3.20.A). To validate the roGFP2
method, we treated the WT worms with 10 mM H202. This resulted in an increased
oxidized roGFP2 ratio (Fig. 3.20.B). Next, we exposed WT to 5 mM DTT, as reduced
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Fig 3.20 Isp-1;ctb-1 mutants demonstrate increased oxidative roGFP2 in muscle

A) Representative pictures of L4 WT animals expressing pmyo3::tom20::rogfp2-Orpl. Reduced rogfp:
was measured on 420-nm excitation, while oxidized rogfpz was measured on 500-nm excitation. Scale
bar 20 um. B) Quantification of A. WT animals were either treated with control (EV), 10 mM H202, 5 mM
DTT. DTT and H:20: treatment was just performed before imaging. Data shown is the ratio between
oxidized versus reduced rogfp2. n=3 per condition. Data were normalized on N2 EV and are presented
as mean = SEM. *p<0.05, Student’s T-test. Modified from Hermeling et al. 2022.
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Fig 3.21 Isp-1;ctb-1 mutants demonstrate increased oxidative roGFP2 in muscle
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A) Representative pictures of L4 WT and isp-1;ctb-1 animals expressing pmyo3::tom20::rogfp2-Orp1l.

Scale bar 20 um. B) Quantification of A. WT animals were either treated with control (EV). Isp-1;ctb-1

animals were either treated with control (EV) or 10 mM Vit C. Vit C treatment was whole life. Data shown

is the ratio between oxidized versus reduced rogfp2. Normalized on N2 EV. n=3 per condition. Data

were normalized on N2 EV and are presented as mean + SEM. *p<0.05, Student’s T-test. Modified from

Hermeling et al. 2022.
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control (A. Seo et al. 2013), which is similar to WT control (Fig. 3.20.B). Thus, these
data prove that the roGFP2 method works for determining the redox state at the OMM
site, which correlates with the local H20: levels.

When we imaged L4 isp-1;ctb-1 animals, we saw an increased mitochondrial
H20:2 release (Fig. 3.21.A). Treatments with Vit C were able to diminish this increase
to WT levels (Fig. 3.21.B). So, the roGFP2 construct illustrates the redox state at the
OMM and therefore the mitochondrial H202 release, which is increased in muscle of
isp-1;ctb-1 mutant.

As klIf-1 is mainly gut expressed (Herholz et al. 2019), we expressed the
tomm20::rogfp2-orpl under the gut promoter pvha-6. However, when we imaged this
construct, we were unable to detect the oxidized roGFP2 signal due to
autofluorescence of the gut bacteria (Fig. 3.22) (Clokey and Jacobson 1986; Coburn
and Gems 2013). Therefore, we decided to switch to immunoblotting as the formation
of disulphide bridge results in different molecular weights of roGFP2 (Reuter et al.
2019). We were able to detect the different bands of reduced and oxidized roGFP2
Fig. 3.23.A) and they correlate with control treatment, namely DTT treatment as
reduced control and H20:2 treatment as oxidized control in WT worms (Fig. 3.23.B).

Reduced roGFP Oxidized roGFP Overlay

Fig 3.22 Increased mitochondrial H,O excretion into cytosol during L4 in isp-1;ctb-1 mutant.

Representative pictures of one-day-old WT animals expressing pvha::tom20::rogfp.-Orpl. Reduced
rogfp2 was measured on 405-nm excitation, while oxidized rogfp> was measured on 488-nm excitation.
Overlay is merged picture of reduced and oxidized roGFP2. Lower panels illustrate zoom in of white box

in upper panels. Scale bar 20 um. Modified from Hermeling et al. 2022.
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Fig 3.23 Increased mitochondrial H>O; excretion into cytosol during L4 in isp-1;ctb-1 mutant.

A) Immunoblot of whole worm lysates of L4 WT and isp-1;ctb-1 animals for GFP antibody. Animals were
expressing pmyo3::tom20::rogfp2. For loading control anti-HSC70 antibody was used. WT animals were
either treated with control (EV), prdx-3 RNAIi, 5 mM dithiothreitol (DTT) or 10 mM H202. DTT and H20:>
treatment was just performed before imaging. isp-1;ctb-1 animals were treated with control (EV), 10 mM
Vit C or sod-3 RNAi B-C) Quantification of A. B WT. C: isp-1;ctb-1 animals. Data shown is the ratio
between oxidized versus reduced rogfp2 corrected for HSC70 and normalized on N2 EV. n=3 per

condition. Data are presented as mean + SEM. *p<0.05, Student’s T-test. Modified from Hermeling et
al. 2022.

Prdx-3 RNAI increased the oxidized roGFP2, suggesting prdx-3 depletion results in
increased mitochondrial H202 release (Fig. 3.23.B). Interestingly, comparing WT with
isp-1;ctb-1 animals also showed an increased amount of oxidized roGFP2 (Fig.
3.23.C). This demonstrates that L4 isp-1;ctb-1 mutant has higher mitochondrial H202

87



Results

release than L4 WT. Furthermore, this increase is diminished by either sod-3
suppression or antioxidant treatment (Fig. 3.23.C). Taken together, these results show
that mitochondrial H20: release is the ROS signal for increased lifespan, which is
mediated by SOD-3 and PRDX-3.

Next, we wanted to determine if the increased mitochondrial H202 release in

isp-1;ctb-1 mutant affects the overall cytosolic redox state of the worm. In order to
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Fig 3.24 One-day-old isp-1;ctb-1 animals have increased oxidized cytosolic environment

A) Representative pictures of L4 and D1 WT and isp-1;ctb-1 animals expressing grx1::roGFP2. Reduced
roGFP2> was measured on 490-nm excitation and visualized in green , while oxidized roGFP. was
measured on 405-nm excitation and visualized in blue. Scale bar 100 um. B) Quantification of A. L4 and
D1 WT and isp-1;ctb-1 animals. Data shown is the ratio between oxidized versus reduced roGFP2 and
normalized on N2 L4. n=25 animals per condition. Data are presented as mean + SEM. *p<0.05,
Student’s T-test. Modified from Hermeling et al. 2022.
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investigate this, we used a cytosolic GRX1-roGFP2- Orpl sensor (Muller et al. 2017).
This sensor is expressed under the rpl-17 promoter and works similarly to the
tomm20::rogfp2::orpl construct. When we analysed the redox state in L4 WT and isp-
1;ctb-1 mutant, we did not detect any difference between the two conditions (Fig. 3.24).
L4 isp-1;ctb-1 mutant showed a mild, but not significant increased oxidized redox state.
Also, there is no difference between L4 and D1 WT worms. Interestingly, D1 isp-1;ctb-
1 mutant demonstrated a strongly increased oxidized cytosolic redox state (Fig.
3.24.B). In summary, D1 isp-1;ctb-1 mutant has an increased oxidized cytosolic redox

environment.

3.7 VDAC-1 is facilitating H2O2 transport across membranes

As we showed that mitochondrial H202 is responsible for KLF-1 nuclear
translocation by strongly increasing the oxidized cytosolic state, we next investigated
how H202 can translocate out of the mitochondria into the cytosol. As diffusion of H202
across membranes is limited, consequently active transport is required (Bienert,
Schjoerring, and Jahn 2006). It has been suggested that aquaporins and VDAC play
a vital role in ROS transport (DeHart et al. 2018; L. Zhang et al. 2020; Bienert,
Schjoerring, and Jahn 2006; Cordeiro 2015). Therefore, we performed a RNAI screen
on isp-1;ctb-1 worms by depleting aquaporins (agp-1 till agp-12) (Ni et al. 2017; A. Seo
et al. 2013) and vdac-1 (Uozumi et al. 2015) to assay the number of KLF-1-positive
nuclei on D1. Whereas the various aquaporin RNAiI showed no alteration in KLF-1-
positive nuclei(data not shown), vdac-1 RNAIi showed a strong decrease in KLF-1
nuclear translocation (Fig. 3.25.A). Furthermore, vdac-1 depletion reduced the lifespan
of isp-1;ctb-1 worms (Fig. 3.25.B). Moreover, vdac-1 depletion during larvae stages
was sufficient to reduce the isp-1;ctb-1 lifespan (Fig. 3.25.C), whereas WT
demonstrated no significant alteration between control and vdac-1 depletion (Fig.
3.25.D). Next, we utilized our tomm20-roGFP2 strain to validate that VDAC-1 is
responsible for H20: transport across the OMM. Vdac-1 depletion demonstrated a
decreased oxidative roGFP2 ratio, although this decrease was not significant (Fig.
3.26). In summary, this data strongly suggests that vdac-1 is part of the KLF-1 nuclear
translocation by facilitating transport of H202 across the OMM. Altogether, these
results emphasizes the role of SOD-3, PRDX-3 and VDAC-1 in ROS signalling (Fig.
3.27).
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Fig 3.25 Vdac-1 depletion inhibits KLF-1 nuclear translocation and diminish increased isp-

1;ctb-1 lifespan

A) Quantification of KLF-1-positive nuclear localization on day 1 of adulthood in WT and isp-1;ctb-1
animals upon control or vdac-1 RNAI. n=30 animals per condition. *p<0.05, Student’s T-test. B-D) WT

and isp-1;ctb-1 lifespans on vdac-1 RNAI. n=200 worms per condition. B) WT and isp-1;ctb-1 animals

were treated whole lifespan with RNAIi. C) WT and isp-1;ctb-1 animals were treated during larvae stages

with RNAI. At day 1 of adulthood animals were transferred to control plates.. D) WT animals were treated
whole lifespan with vdac-1 RNAIi. Modified from Hermeling et al. 2022.

3.8 SOD-3, PRDX-3 and VDAC-1 regulates CYPs-induced xenobiotic

detoxification response

As we have shown that SOD-3, PRDX-3 and VDAC-1 regulate KLF-1 nuclear

translocation and lifespan, we wanted to determine if these enzymes also regulate
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Fig 3.26 VDAC-1 may be part of mitochondrial H20, transport across OMM.
Quantification of immunoblot of whole worm lysates of L4 WT and isp-1;ctb-1 animals expressing
pmyo3::tom20::rogfpz. Used antibodies were anti-GFP and anti-HSC70 (loading control). WT animals
were either treated with control (EV) and isp-1;ctb-1 animals were treated with control (EV), or vdac-1
RNAI. Data shown is the ratio between oxidized versus reduced rogfp2 corrected for HSC70 and
normalized on N2 EV. n=3 per condition. Data are presented as mean + SEM. *p<0.05, Student’s T-test.
Modified from Hermeling et al. 2022.
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Fig 3.27 Schematic overview of proposed mitochondrial signalling cascade

Signalling cascade in mitochondria: Upon mild ETC dysfunction, O2™ is generated and metabolized
into H202 by SOD-3. H202 can be either reduced by PRDX-3 into water or exported across the OMM
by VDAC-1, which results in a oxidized cytosolic redox environment. Figure made with Bioscript.com.
Modified from Hermeling et al. 2022.

CYPs expression and alter the xenobiotic detoxification capacity as we saw in our long-
lived isp-1;ctb-1 mutant. To determine the cyp levels, we assayed cyp-34a8
expression, using the transcriptional reporter pcyp-34a8::gfp. Prdx-3 depletion results

in a twofold increased cyp34a8 expression (Fig. 3.28). In agreement with
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Fig 3.28 SOD-3, PRDX-3 and VDAC-1 regulates cyp34a8 expression
Pcyp34a8::gfp expression was measured on one-day-old WT and isp-1;ctb-1 worms upon control (EV),
prdx-3, sod-3 or vdac-1 RNAIi. n=20 animals per condition. Data were normalized on N2 EV and are

presented as mean + SEM. *p<0.05, Student’s T-test. Modified from Hermeling et al. 2022.

previous work, cyp-34a8 expression in isp-1;ctb-1 mutant is three-fold increased.
Interestingly, sod-3 or vdac-1 depletion decreases cyp-34a8 levels in isp-1;ctb-1
mutant (Fig. 3.28).

The upregulation of CYPs should benefit the xenobiotic detoxification capacity
in WT animals, while downregulation should diminish this capacity in isp-1;ctb-1
mutant. To further investigate this, we exposed the animals to two xenobiotic assays.
First, we exposed worms to 1 mM levamisole, a paralysing agent. Prdx-3 depletion
animals showed an increased tolerance to paralysation than control animals (Fig.
3.29.A). Similarly, isp-1;ctb-1 mutant has an increased tolerance to paralysation.
However, this tolerance is decreased upon sod-3 and vdac-1 depletion (Fig. 3.29.C).
Second, we treated worms with microtubule-targeting vinblastine, an antimitotic drug.
Here, prdx-3 depletion animals reached further developmental stages than WT control
(Fig. 3.29.B). Also, isp-1;ctb-1 animals have reached further developmental stages
than WT (Fig. 3.29.D). Sod-3 and vdac-1 depletion diminishes this increased tolerance
in isp-1;ctb-1 mutant. In summary, consistent with the increased cyp34a8 expression,
prdx-3 depletion increases the xenobiotic detoxification capacity in WT worms,
whereas in isp-1;ctb-1 mutant upon sod-3 and vdac-1 depletion, decreases the
xenobiotic detoxification capacity, which is consistent with the decreased cyp

expression.
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Fig 3.29 Prdx-3 depletion induce, whereas sod-3 and vdac-1 depletion inhibits xenobiotic
detoxification response

WT animals were grown on either control (EV) or prdx-3 RNAI (A, B) and isp-1;ctb-1 animals were grown
on either control (EV), sod-3 or vdac-1 RNAi or 10 mM Vit C (C, D) Animals were transferred on the
fourth day of adulthood on plates containing 1 mM of levamisole. Worms were assayed every 15 min
for movement and failing to move was counted as paralyzed. n=80 animals per condition. Data are
presented as mean + SEM. **p<0.01, Student’s T-test. B, D) L1 larvae WT animals were grown in liquid
with and without 100 uM vinblastine. When untreated vinblastine WT animals reached first day (D1) of
adulthood, the treated vinblastine animals were assayed for developmental stages. n=200 animals per
condition. Data are presented as mean + SEM. *p<0.05, Student’s T-test. Modified from Hermeling et
al. 2022.

3.9 Indirect thiol modification is responsible for KLF-1 nuclear

translocation

Oxidative modifications of proteins have been described to be closely linked to
alteration of intracellular redox state. As we have shown that isp-1;ctb-1 animals have
a more oxidized redox state (Fig. 3.24), we investigated the role of oxidative
modifications of proteins in our mutant. We primarily focused on thiols of cystines as
the balance between cysteine and cystine is a well-established H202-inducable
oxidative modification (Calvo, Ayté, and Hidalgo 2013; Riemer et al. 2015). When
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cysteine gets oxidized by ROS, the sulfhydryl group is metabolized into sulfenic acid
which is highly reactive to form cystine through disulphide bond formation. To gain
deeper insights into the role of cystine bonds, we used DTT, a widely used treatment
to reduce disulphide bonds and ultimately cystine into cysteine. Interestingly, treatment
with DTT was able to decrease the amount of KLF-1 nuclear translocation in both WT
and isp-1;ctb-1 worms (Fig. 3.30). These data suggest that thiol modification of
cysteine into cystine is part of the KLF-1 nuclear translocation pathway. However, this
also gives rise to the question if this modification is directly on one of the cysteines of

KLF-1 or rather on one of the cysteines on a protein in the KLF-1 nuclear translocation

pathway.
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Fig 3.30 Formation of disulphide bonds are required for KLF-1 nuclear translocation
Number of KLF-1-positive nuclei in one-day-old WT and isp-1;ctb-1 animals with or without 5 mM DTT
treatment. DTT treatment was just performed before imaging. n=30 animals per condition. Data are

presented as mean + SEM. *p<0.05, Student’s T-test. Modified from Hermeling et al. 2022.

In order to analyse whether the oxidation-induced thiol modifications are directly
modifying the cysteines on KLF-1 we analysed changes in cysteine redox states by
shift assay (Habich and Riemer 2017; Pant, Oh, and Mysore 2021; Cobley and Husi
2020). Reduced cysteines were captured by treatment with 20 mM NEM, a small
membrane-permeable thiol-reactive probe to block reduced thiols, whereas oxidized
cysteines were captured by treatment with 20 mM mm(PEG)24, a large thiol-reactive
probe (Fig. 3.31). D1 worms were treated with NEM, frozen, lysed and proteins were
treated with mm(PEG)24 before running the samples on Western blot. Consequently,
the different sizes between thiol-reactive probes result in a shift in KDA size, which
correlate to the redox state of the cysteines (Fig. 3.31). However, the results obtained
from the shift assay were very inconclusive as observed bands of KLF-1-YFP showed
different patterns between experiments (Fig. 3.32.A). Moreover, treatments with

antioxidants, NAC or Vit C, and S3QEL-3 were not showing difference from isp-1;ctb-
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1 control (Fig. 3.32.B). Next, we used a different tag, namely FLAG, on KLF-1 to

determine whether another tag or different antibody would improve the consistency of
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Fig 3.31 Schematic illustration showing protocol of shift assay

Determination of redox state of thiol group by treatment with NEM, TCEP and mm(PEG)24. NEM
captures reduced cysteines, while mm(PEG)24 captures oxidized cysteines. Figure obtained from
Habich and Riemer 2017.
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Fig 3.32 Shift assay resulted in inconclusive results

Western blot of one-day-old WT and isp-1;ctb-1 animals A-B) Animals expressing KIf-1::YFP. A) WT
and isp-1;ctb-1 animals treated with control (EV) RNAi or 10 mM H20:2. B) isp-1;ctb-1 animals treated
with 10 mM NAC, 10 mM Vit C or 100 uM S3QEL-2. C) Animals expressing kif-1::FLAG.
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our shift assay results. FLAG tag has been described as a relatively small protein tag
and therefore less likely to influence protein behaviour. Unfortunately, KLF-1-FLAG
demonstrated similar inconclusive pattern (Fig. 3.32.C). Therefore, we concluded this
method was unsuited for our model and hypothetic setup. In summary, we were unable
to detect alterations in cysteine redox state of KLF-1 by using the shift assay.

As we were unable to detect thiol modification on KLF-1 by using the shift assay,
we decided to study the thiol modifications on cysteine of KLF-1 by mutagenesis. As
one of the cysteines was part of a predicted nuclear localization sequence (NLS) (cNLS
Mapper) (Kosugi et al. 2009), we focussed on investigating this cysteine (Fig. 3.33.A).
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Fig 3.33 H2O2-induced KLF-1 nuclear translocation is dependent on the NLS and cysteine 419
A) KIf-1 sequence with nuclear localization sequence (NLS) and zinc finger domains highlighted B)
Number of KLF-1-positive nuclei in one-day-old WT animals with KLF-1 mutations at respectively lysine
(K) 411 and cysteine (C) 419 to alanine (A) or serine (S) with or without 10 mM H20: treatment. n=30
animals per condition. Data are presented as mean + SEM. **p<0.01, Student’s T-test. Modified from
Hermeling et al. 2022.
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In addition, this cysteine was situated at the start of the first zinc finger domain. Firstly,
we mutated lysine (K) 411 into alanine (A) to determine if this K is indeed part of NLS
and required for KLF-1 nuclear translocation. The positive charged lysine in NLS is
supposed to strongly binds to importin (Melén et al. 2003), which transports protein
across the nuclear membrane. Secondly, we proceeded by mutagenizing cysteine (C)
419 into serine (S) to structurally mimic cysteine without the thiol. When we exposed
animals to H20: treatment, both mutated KLFs demonstrated a strongly reduced
number of KLF-1- positive nuclei (Fig. 3.33.B and 3.33.C). This data suggest that the
predicted NLS and cysteine are indeed necessary for ROS-induced KLF-1 nuclear
translocation.

Next, we wanted to determine if this decrease in nuclear KLF-1 presence was
caused by decreased thiol modification capacity or by protein instability. Therefore, we
used wwp-1 RNAI, as we have shown that WWP-1 regulates KLF-1 nuclear

translocation in a non-ROS dependent manner (Fig. 3.11). Surprisingly, also wwp-1
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Fig 3.34 Mutagenesis of NLS and cysteine 419 decreases WWP-1-mediated KLF-1 nuclear
translocation

A) KIf-1 sequence with nuclear localization sequence (NLS) and zinc finger domains highlighted B)
Number of KLF-1-positive nuclei in one-day-old WT animals with KLF-1 mutations at respectively lysine
(K) 411 and cysteine (C) 419 to alanine (A) or serine (S) exposed to EV or wwp-1 RNAIi. n=30 animals
per condition. Data are presented as mean + SEM. **p<0.01, Student’s T-test. Modified from Hermeling
et al. 2022.

depletion resulted in decreased KLF-1 presence in the nucleus in both KLF-1 mutants
(Fig.3.34). So, although the nuclear localization of KLF-1 was reduced upon H20:2
treatment, also wwp-1 RNAI showed a decrease in KLF-1-positive nuclei, suggesting

that C 419 could also be required for KLF-1 protein structure and stability.

3.10 Thiol alteration-sensitive p38 MAPK components: SEK-1 and NSY-1

To analyse whether one of the upstream components in KLF-1 nuclear
translocation are regulated by oxidized-induced thiol modification, we first had to find
potential interaction partners. To achieve this, we performed a CO-IP and
consequently mass spectrometry on WT and isp-1;ctb-1 animals expressing kif-1-
FLAG. The potential interaction partners are enlisted in Supplementary Table. 2. We
decided to focus on SAPK/ERK kinase-1 (SEK-1), a mitogen-activated protein kinase
(MAPK) kinase, as it was previously been proposed to regulate transcription factors
and the p38 MAPK signalling cascade is thiol modification sensitive (Fig. 3.35). As
SEK-1 was reported to function together with upstream kinase Neuronal SYmemmtry-
1 (NSY-1), which is the ortholog of human MAPKKK, we investigated the KLF-1
nuclear translocation in WT and isp-1;ctb-1 animals upon nsy-1 and sek-1 RNA..

Interestingly, while nsy-1 and sek-1 depletion in WT animals had no effect,
suppression in isp-1;ctb-1 mutant significantly decreased the KLF-1 nuclear
translocation (Fig. 3.36). Thus, this suggests that p38 MAPK signalling might be
involved in the regulation of KLF-1 nuclear translocation.

Next, we wanted to investigate the missing link between increased H20: levels
and activation of NSY-1. One of the proposed mechanisms of H202 activation of NSY-
1 is via the redox enzyme TRX (Saitoh et al. 1998; Pramanik and Srivastava 2012). In
mammals, TRX inhibits AKS1, the mammalian homolog of NSY-1 by forming a

TRX/ASK1 complex. Upon availability of H202, TRX undergoes thiol modification and
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Fig 3.35 Schematic overview of the p38 MAPK signalling cascade

The p38 MAPK proteins: (left) mammals, (right) C. elegans.
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Fig 3.36 p38 MAPK signalling pathway is mediated KLF-1 nuclear translocation
Number of KLF-1-positive nuclei in one-day-old WT and isp-1;ctb-1 animals with either EV, nsy-1 or
sek-1 RNAIi. A) WT animals. B) isp-1;ctb-1 animals. n=30 animals per condition. n=10 animals for WT

nsy-1 RNAIi condition. Data are presented as mean + SEM. *p<0.05, Student’s T-test. Modified from

Hermeling et al. 2022.
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releases and activates ASK1 (Saitoh et al. 1998; Pramanik and Srivastava 2012). To
determine if nematode TRX plays a role in KLF-1 nuclear translocation, we performed
TRX suppression in WT and isp-1;ctb-1 animals. C. elegans have 5 isomers of TRX,
namely trx-1, trx-2, trx-3, trx-4 and trx-5. Remarkably, trx-4 RNAi showed a slight
increased trend in WT worms, which was also observed in WT worms treated with AA
(Fig. 3.37.A) (Cores 2015). However, upon trx-1 and trx-4 RNAi KLF-1 nuclear
translocation is diminished in isp-1;ctb-1 animals, which is contradictory to WT animals
(Fig. 3.37.B). In summary, TRX seems to regulate KLF-1 nuclear translocation,

however the exact mechanism remains unclear.
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Fig 3.37 TRX-1 and TRX-4 may regulate KLF-1 nuclear translocation via NSY-1

Analyses of number of KLF-1-positive nuclei in one-day-old WT and isp-1;ctb-1 animals with either EV,
trx-1, trx-2, trx-3 or trx-4 RNAIi. A) WT animals. B) isp-1;ctb-1 animals. n=20 animals per condition. All
experiments were only performed only twice. Data are presented as mean. Modified from Hermeling et
al. 2022.

3.11 KLF-1 nuclear translocation is regulated by conserved MAPK

component; PMK-3.

Next, we further investigated p38 MAPK genes as potential candidates for the

KLF-1 nuclear translocation pathway. P38 MAPK signalling cascade is activated by
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oxidative stress and involves MAPKKK/NSY-1 and MAPKK/SEK-1 (Tanaka-Hino et al.
2002; Hoyt et al. 2017; Sagasti et al. 2001). This cascade results in activation of
downstream effector kinase PMK-1. We performed a kinases and phosphatases
screen to find candidates for the KLF-1 nuclear translocation pathway upon AA
treatment (Cores 2015). Worms were grown on RNAI of specific candidates and when
they were D1 they were exposed to AA and scored for KLF-1-positive nuclei. Among
these genes, we assayed many of the kinases belonging to the p38 MAPK family. The
strongest decrease in AA-induced KLF-1 nuclear translocation was detected with pmk-
3 (Cores 2015).

In order to test if PMKs are also regulatory in our isp-1;ctb-1 mutant, we
investigated KLF-1 nuclear translocation in WT and isp-1;ctb-1 animals upon pmk
RNAI. Suppression of pmk-1, pmk-2 or pmk-3 did not induce KLF-1 nuclear
translocation in WT animals (Fig. 3.38.A). Remarkably, suppression of all three pmk
members resulted in a reduced KLF-1 nuclear translocation in isp-1;ctb-1 animals (Fig.
3.38.B). Furthermore, combined pmk-1, pmk-2 and pmk-3 (pmks) RNAi showed a
strong reduction of KLF-1 nuclear localization. In addition to the effect demonstrated
on nuclear localization, pmk-1, pmk-2 and pmk-3 depletion reduced the lifespan of isp-
1;ctb-1 animals (Fig. 3.39.A). While pmk-1 and pmk-2 depletion demonstrated a

stronger effect on longevity than pmk-3 depletion, they also decreased the lifespan of

A

140

120
%)
£ ™ mlEm o e
o 80+ —l— - EA High localization
; s | T —_ = ru1ediumlt_3|:al.ization
2 40 [ Low localization

20

{} 1 T ] T

EV pmk-1  pmk-2 pmk-3 RMNAi{
N2
B

140+

1204 —
0 u
g ol ooy g py P
o 80+ T B High localization
..?_' 60— - - — 3 Medium localization
[+] L.
o 40 3 Low localization

20 —

0

EV pmk-1 pmk-2 pmk-3 pmks RNAi

isp=1;cth-1

101



Results

Fig 3.38 PMKs mediate the nuclear localization of KLF-1 in isp-1;ctb-1 mutant

KLF-1 nuclear translocation assayed by number of KLF-1-positive nuclei in WT and isp-1;ctb-1 animals
on day 1 of adulthood. RNAi was either EV, pmk-1, pmk-2 or pmk-3 RNAIi. A) WT animals. B) isp-1;ctb-
1 animals. For pmks treatment all three pmks were combined. n=30 animals per condition. n=10 animals
for isp-1;ctb-1 pmks condition. Data are presented as mean = SEM. *p<0.05, Student’s T-test. Modified

from Hermeling et al. 2022.

WT animals (Fig. 3.39.A). Moreover, WT animals upon pmk-1 and pmk-2 depletion
looked paler and were less moving in comparison to animals on pmk-3 RNAI.
Therefore, suggesting PMK-3 as mediator of longevity in isp-1;ctb-1 mutant. This
reduction of longevity seems to correlate with decreased cyp expression levels in isp-
1;ctb-1 animals as our lab previously demonstrated (Cores 2015). In short, expression
levels of cyp-13all and cyp-13a7 were reduced by pmk-1, pmk-2 or pmk-3 depletion
in isp-1;ctb-1 animals. While cyp-14al levels showed a decrease only upon pmk-3
depletion. Overall the strongest reduction, which resulted in similar expression levels
as klf-1 depletion, was achieved by pmk-3 suppression. This, we confirmed with gPCR
of cyp-13all (Fig. 3.39.B). Altogether, this data reinforced the idea of pmk-3 as
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Fig 3.39 PMK-3 is mediating cyps-induced longevity

A) WT (right) and isp-1;ctb-1 (left) lifespans on control and pmk-1, pmk-2 or pmk-3 RNAi. n=200 worms
per condition. B) cyp-13all expression levels was assessed by qPCR at first day of adulthood in one-
day-old WT and isp-1;ctb-1 animals upon control or pmk-3 RNAIi. n=4 per condition. Data were
normalized on N2 EV and are presented as mean £+ SEM. *p<0.05, Student’s T-test. Modified from
Hermeling et al. 2022.
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regulator of the KLF-1nuclear translocation in isp-1;ctb-1 mitomutants.

Despite the evidence that p38 MAPK signalling is regulating KLF-1 nuclear
translocation, the mechanism of activation is still unclear. Therefore, to identify
potential phosphorylation sites on KLF-1, we analysed the kif-1 sequence using
NetPhos 3.1 (Blom et al. 2004), a serine, threonine, tyrosine phosphorylation sites
prediction server, and focussed on p38 MAPK specific candidates. We found three
predicted phosphorylation site candidates on KLF-1, namely serine (S) 39, serine 280
and tyrosine 178. Next, we mutagenized S39 and S280 of the klf-1-yfp construct into
alanine (A), due to their high phosphorylation score. The mutagenesis of S into A
should result into an inactive phosphorylated mutant. When we expressed these
constructs in C. elegans, only S39 expressed YFP signal and therefore we focussed
on S39 (Fig. 3.40.A). The S39>A mutant upon H20: treatment was unable to
translocate KLF-1 to the nucleus (Fig 3.36.B). Next, we mutagenized S39 in aspartate
acid (D), to mimic a constitutively active phosphorylation form. However, this active

form was insufficient to increase the number of nuclear KLF-1 (Fig. 3.40.B).
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Fig 3.40 PMK-3 is regulating KLF-1 nuclear translocation by phosphorylation of serine 39

A) KIf-1 sequence with p38 MAPK site, nuclear localization sequence (NLS) and zinc finger domains
highlighted B) Number of KLF-1-positive nuclei in one-day-old WT animals with KLF-1 mutations at
respectively serine 39 to alanine (A) or aspartic acid (D) with or without 10 mM H2O- treatment. n=30
animals per condition. n=10 animals for S39>D EV condition. Data are presented as mean + SEM.

**p<0.01, Student’s T-test.
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Further investigation is required to determine if this is due to increased protein
instability, decreased protein import or if multiple MAPK sites requires phosphorylation

to translocate KLF-1 to the nucleus.
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4. Discussion

We have shown that ETC complexes | and Ill generate ROS during L4, which
is essential to translocate KLF-1 to the nucleus. Moreover, we demonstrated de novo
data that ROS compound H20:2 is used as second messenger, through regulation of
SOD-3, PRDX-3 and VDAC-1. SOD-3 is generating H202 by metabolises of Oz,
PRDX-3 is reducing H202 and VDAC-1 is transporting H202. This L4 ROS pulse
induces a strongly increased oxidized cytosolic redox state in D1 isp-1;ctb-1 animals.
Finally, we provide evidence that p38 MAPK pathway and especially PMK-3 might
sense the oxidized redox state and be responsible for regulating KLF-1 nuclear

localization by phosphorylation (Fig. 3.41).

4.1 ldentification of mtROS as inducer of KLF-1-mediated mitohormesis

We observed that KLF-1 is located in the nucleus in D1 isp-1;ctb-1 mitomutant,
while in WT animals the KLF-1 was mainly present in the cytosol (Fig. 3.1). This
correlates with the role of transcription factors as “nuclear messengers”, as they
convert signals into alteration in gene transcription (Adcock and Caramori 2009). ETC
suppression during developmental stages has been reported to be necessary for

longevity (Durieux, Wolff, and Dillin 2011). Similar, mild oxidative stress during larval
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Fig 3.41 Overview of KLF-1 activation in C. elegans
The figure represents a simplified version of the mechanism behind KLF-1 activation, based on our results. Created

with BioRender.com. Modified from Hermeling et al. 2022.

was sufficient to induce prolonged lifespan (Rascén and Harrison 2010). Therefore,
we hypothesised that oxidative stress translocates KLF-1 to the nucleus in isp-1;ctb-1
mutant. Indeed, the KLF-1 nuclear translocation was increased in WT animals when
inducing oxidative stress in developmental stages by treatment with PQ and AA (Fig.
3.2). Moreover, treatment with antioxidants was sufficient to diminish the nuclear
translocation of KLF-1 in mitomutant isp-1;ctb-1 (Fig. 3.5). Furthermore, oxidative
stress during larval stages was sufficient to induce longer lifespan in WT animals, while
not in the kif-1(tm1110) mutant (Fig.3.3). Altogether, this suggests oxidative stress in
the form of ROS as activator during developmental stages, which translocate
transcriptional factor KLF-1 to the nucleus during adulthood, which we previous
suggest as a key characteristic for longevity (Herholz et al. 2019).

An array of our data suggests a mitohormesis process in isp-1;ctb-1 mutant: (I)
The amount of oxidative damaged proteins, measured by carbonylation, is decreased

in day-five-old animals, (Il) Increased resistance due to elevated expression of genes
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encoding proteins involved in phase | xenobiotic detoxification, particularly CYPs, (lll)
increased mitochondrial ROS production in L4 isp-1;ctb-1 animals (Fig. 3.4) (Herholz
et al. 2019). This suggests L4-produced H202 may be the low stress signal required
for activation of hormesis. This proof of principle has already been described in C.
elegans, for example memo-1 depletion increases NADPH oxidases-produced ROS
and induces increased transcriptional levels of UGTs and GSTs (de Haes et al. 2014).
Blocking the early low stress signal, by inhibiting mitochondrial complex Ill-produced
ROS during late larval stages decreases oxidative stress resistance in isp-1;ctb-1
mutant (Fig. 3.6 and 3.7.B). Lastly, WT animals have increased oxidative stress
resistance only upon late larval AA treatment, which serves as early low stress signal
(Fig. 3.7.A). This is all in agreement with the mitohormetic theory (Yun and Finkel
2014).

Our study showed that life-extending mitohormetic response as observed in our
mitochondrial dysfunctional model arise from a signalling pulse of mtROS between L3
and D1 (Fig. 3.6 and 3.7). Remarkably, this correlates with the developmental phases
when the majority of somatic mitochondrial biogenesis occurs (l. Bratic et al. 2009) and
when the aerobic respiration peaks in development (Vanfleteren and de Vreese 1996;
Penkov et al. 2020; Smith and Sturmey 2013). Both processes can lead to increased
MtROS production, which may explain the origin of our signalling pulse. This
phenotype was observed by others that stress during late developmental stages is
sufficient to extend lifespan (D. K. Woo and Shadel 2011; Rea, Ventura, and Johnson
2007).

We could translocate KLF-1 to the nucleus upon Rot, mitoPQ, AA and Myxo
treatment and nuo-2, cyc-1 and cco-1 RNAI during L4 (Fig. 3.8). This activation was
ROS-dependent, as key ROS-producing complexes, such as complex | and Il (Scialo,
Fernandez-Ayala, and Sanz 2017; Chouchani et al. 2014) were involved and
antioxidant treatment diminished this activation (Fig. 3.10). Interestingly, the nuclear
KLF-1 inducers nuo-2, cyc-1 and cco-1 have previously been described as inducers of
longevity (Rea, Ventura, and Johnson 2007) and they exhibit increased mtROS (Yang
and Hekimi 2010a). Moreover, cco-1-induced longevity was reported to be mediated
by p38 MAPK components NSY-1 and PMK-1 (Bennett et al. 2017). While atp-5
suppression was observed to induce longevity (C. Xu et al. 2018), we observed no
effect on KLF-1 location. This difference might be explained by the fact that ETC-

mediated longevity is dependent on ROS signalling, while ATP synthase-mediated

107



Discussion

longevity is dependent on TOR signalling (C. Xu et al. 2018). Surprisingly, altered ATP
levels are not necessarily correlated with lifespan extension (Jeremy Michael van
Raamsdonk et al. 2010; Copeland et al. 2009). Thus, atp-5 depletion or complex V
dysfunction might activate a different longevity assurance pathway than KLF-1 and
CYPs. The treatment with uncoupler FCCP suggests KLF-1 nuclear translocation is
mitochondrial membrane potential independent. While some authors have shown with
redox-active probes that low doses of FCCP stimulate mitochondrial H202 production
(Zybovych, Straud, and Roth 2010; Z. Wu et al. 2018; Brennan et al. 2006), it has been
suggested that this increase is rather a FCCP-induced redistribution of already
oxidized probes than enhanced O2" generation (Budd, Castilho, and Nicholls 1997).
FCCP is more commonly known for decreasing ROS production, as Oz generation is
strongly dependent on membrane potential (S. Cadenas 2018; Brand et al. 2016;
Hagal Rottenberg, Covian, and Trumpower 2009). Moreover, it has been observed
that FCCP induces mitophagy, which was observed to reduce ROS levels (Kane et al.
2018; Berezhnov et al. 2016). We could further investigate the relationship between
FCCP treatment and mitochondrial ROS production in our model with our TOMMZ20-
roGFP2 sensor.

4.2 WWP-1: an alternative pathway of KLF-1 activation

WWP-1, the C. elegans E3 ligase and orthologous to mammalian WWP1
pathway, was shown to be a positive regulator of DR-induced longevity (Carrano et al.
2009; Huang et al. 2000). E3 ligases are key components of targeting substrate
proteins by ubiquitin, as post-modification or as targeting for degradation (Song et al.
2020; Balaji and Hoppe 2020). Interestingly, ubiquitinated proteome rewiring was
linked to lifespan (Koyuncu et al. 2021). The mammalian WWP1 was demonstrated to
target various KLFs for proteasome-dependent degradation by polyubiquitylation, for
example KLF2 and KLF5 (X. Zhang, Srinivasan, and Lingrel 2004; Ceshi Chen et al.
2005; Conkright, Wani, and Lingrel 2001). However, the C. elegans HECT domain
family ligase acts upstream of KLF-1 by poly-monoubiquitylation (Carrano, Dillin, and
Hunter 2014). It is still unclear how WWP-1-mediated ubiquitylation could affect KLF-
1 (Carrano, Dillin, and Hunter 2014). We could show that depletion of WWP-1
translocates KLF-1 to the nucleus in WT animals (Fig. 3.11). Proteasomal degradation
appears to not impact KLF-1 translocation, as we observed no clear increase of KLF-
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1 level upon proteasomal inhibition via Bor treatment (Fig. 3.12). Therefore, our data
suggest that WWP-1 is a negative regulator of KLF-1, independent of proteasome
degradation. This suggests WWP-1-mediated ubiquitylation either causes inhibition of
KLF-1 translocation towards the nucleus or that WWP-1 is present in the nucleus and
induces the nuclear export of KLF-1. Interestingly, the mammalian WWPL1 is expressed
in the cytoplasm, early endosomes and nucleus, while not having any nuclear
localization signal (C. Chen et al. 2008; S. R. Seo et al. 2004). Moreover, KLF5 co-
localizes with WWPL1 in the nucleus to form a protein complex (Ceshi Chen et al. 2005).
However, the mechanism behind WWP-1 targeting KLF-1 remains unclear and further
investigation is required. Therefore, it would be highly interesting to investigate the
localization of WWP-1 under different conditions and to understand in what subcellular
compartment WWP-1 interacts with KLF-1.

The role of WWP-1 on longevity remains puzzling, as conflicting results have
been reported. WWP-1 was suggested to work parallel to DAG-16 in [IS mutant
longevity (Samuelson, Carr, and Ruvkun 2007; C. S. Chen et al. 2010). Meanwhile,
WWP-1-mediated modulation of KLF-1 was reported to be specific for DR-mediated
longevity, as wwp-1 RNAI in insulin/IGF-1 signalling mutant or mitomutant had no effect
on their lifespan (Carrano et al. 2009). This discrepancy could be explained by the use
of different wwp-1 suppression, for example wwp-1 RNAIi versus wwp-1(0k1102)
mutant or daf-2(e1368) versus daf-2(e1370) alleles. Others suggested that WWP-1
together with E2 ligase UBC-18 can modulate both stress response and DR pathways
(Carrano and Hunter 2015). Upon DR KLF-1 is poly- monoubiquitylated by WWP-
1/UBC-18 complex and thereby inducing DR-induced longevity, while upon stress an
unknown substrate is ubiquitylated which induced the DAF-16-induced longevity by
increasing stress resistance. This would be in agreement with the WWP-1 modulation
on lifespan of WT animals (Fig. 3.13.H), as wwp-1 suppression reduces lifespan in
stress environments, like lifespans at 25°C or pore-forming toxin or pathogens (C. S.
Chen et al. 2010; Carrano et al. 2009). Our study demonstrates that WWP-1 in our isp-
1;ctb-1 mitomutant animals likewise had no regulatory function, as wwp-1 RNAI had
no effect on cyps expression levels (Fig. 3.13) and isp-1;ctb-1 longevity (Fig. 3.14).
Therefore, our data suggest that WWP-1 indeed regulates subcellular localization of
KLF-1, however it has no role in mitomutant-induced longevity. The difference between
the WWP-1 and mitomutant-mediated KLF-1 pathways is probably caused by ROS

signalling, as antioxidant treatment showed that WWP-1 regulation is not directly
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altered (Fig. 3.11). Further analysis needs to be performed to determine the exact role
of WWP-1 and its interplay with KLF-1 in longevity.

KIf-1 is expressed in hypodermis and some neurons but mainly in the intestine,
which is key tissue for lipid storage and metabolism in C. elegans (Brock, Browse, and
Watts 2006; Hashmi et al. 2008). It was observed that kif-1 RNAi in WT animals
resulted in an increased fat storage (Hashmi et al. 2008; Brock, Browse, and Watts
2006). Both KLF-2 and KLF-3 have been reported to be important for lipid metabolism
(Ling et al. 2017). KIf-2 is expressed in the intestine and therefore linked to lipid
metabolism. KLF-3 has been shown to control B-oxidation of FA and autophagy (J.
Zhang et al. 2013; Ling et al. 2017; J. Zhang et al. 2011). Altogether, these
observations emphasise KLFs at the interplay of lipid metabolism in C. elegans. Our
data supports previous reports that KLF-1 expression regulates lipid storage and
metabolism, as higher levels of KLF-1 results in a decreased lipid levels, in the form of
neutral lipids, in our isp-1;ctb-1 mitomutant animals (Fig.3.14.A). This was dependent
on increased nuclear presence of KLF-1, as kif-1 RNAI restored lipid levels.
Interestingly, the wwp-1 is expressed in the intestine and regulation of DR-induced
longevity was reported to be site-specific at intestine by tissue-specific feeding of klf-1
RNAI (Carrano et al. 2009; Carrano, Dillin, and Hunter 2014). In our data wwp-1
suppression in WT animals had no effect on lipid levels (Fig.3.14.A), however this
assay only assayed neutral lipid storage. More in depth investigation is required to
determine the role of WWP-1 and KLF-1 on the lipid metabolism and the effect on

longevity.

4.3 Regulation of mtROS release

We used the roGFP2-Orpl probe to create a de novo OMM H20:2 sensor by
adding a tomm20 targeting sequence to the probe. TOMM20 is a mitochondrial import
receptor at the OMM facing the cytosol (Siillner et al. 1969; Abe et al. 2000) and
therefore positioning this sensor just outside of the mitochondria. This sensor is a novel
and much needed method of measuring H20: levels just on the outside of mitochondria
in the cytosol and therefore enabling us to follow mtROS release into the cytosol. For
example, we could demonstrate in the muscle the increased oxidization at the outside
of the mitochondria by treatment with H202 (Fig. 3.20). This method enabled us to
directly show an increased mtROS release into the cytosol in isp-1;ctb-1 during L4
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(Fig. 3.21). Consequently, this highlighted mtROS as signalling pulse. While in gut we
could not use the sensor for imaging, due to autofluorescence of the gut bacteria (Fig.
3.22), we could demonstrate increases oxidized roGFP2-Orpl in L4 isp-1;ctb-1 mutant
by immunoblot (Fig. 3.23). Moreover, we could determine the role of mitochondrial
prdx-3, sod-3 and vdac-1 in KLF-1 nuclear localization (Fig. 3.27). Prdx-3 suppression
induces increased mtROS release in L4 WT animals (Fig. 3.23.B), which is likely due
to decreased H20:2 reducing capacity. Sod-3 and vdac-1 RNAI inhibit mitochondrial
H20: release, which is probably due to decreased H20:2 generation (Fig. 3.23.C) and
reduced transport capacity, respectively (Fig. 3.26).

The role of PRDX and SOD are well-described as redox enzymes and are
previously connected to signalling cascades and longevity (W. bin Wu et al. 2016; Ola
Hova et al. 2008; Jeremy M. van Raamsdonk and Hekimi 2009; Z. Wu et al. 2018).
PRDX-2 has been described as key regulator of metformin and insulin/IGF-1-induced
longevity (de Haes et al. 2014; Oldhova and Veal 2015). While we observed a
decreased lifespan in prdx-2 mutants, it remains a possibility that PRDX-2 plays a role
in KLF-1 activation (Fig.3.17). In our RNAI screen, we were lacking prdx-2 RNAi and
consequently did not show the direct effect of PRDX-2 on KLF-1 activation as we only
investigated the lifespan (Fig.3.16). Moreover, in our co-IP we observed PRDX-2 being
pulled down in all our samples, even the negative control without kif-1-FLAG construct
(Fig. 3.32). This suggests our FLAG antibody has an affinity for PRDX-2 and therefore
interfering with the co-IP. To address this, it would be interesting to determine the effect
of prdx-2 depletion in our mitomutant by crossing prdx-2 mutants in isp-1;ctb-1. We
showed that prdx-3 depletion results in increased mtROS release, improved xenobiotic
detoxification capacity and longer lifespan, which is KLF-1 and CYPs-dependent (Fig.
3.19, 3.25. and 3.26). Contradictory, others observed no longer lifespan and less
oxidative stress resistance in WT animals upon prdx-3 suppression (Ranjan et al.
2013). These differences may be explained by the use of RNAI versus mutants, as
both inhibitions probably result in different mtROS levels in the mitochondrial matrix.
Furthermore, the prdx-3 RNAI efficiency may vary. The nuclear translocation of KLF-1
by mtROS is probably threshold-dependent, as low mtROS level is probably
insufficient to induce translocation of KLF-1 and high mtROS level is harmful.
Therefore, different levels of mtROS results in various effects. Similarly, antioxidants

have been demonstrated to have a beneficial U-shaped dose-response (Desjardins et
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al. 2017). To further elucidate the beneficial threshold level of mtROS, it will be
interesting to design an IMM redox sensor to further investigate this.

Remarkably, worms without sods expression are viable and showed a normal
lifespan. However, these animals are highly sensitive to various stresses (Jeremy
Michael van Raamsdonk and Hekimi 2012; Jeremy M. van Raamsdonk and Hekimi
2009). Moreover, PQ-induced longevity was described to be sod-3-dependent (Yee,
Yang, and Hekimi 2014). This is in agreement with our data, whereas sod-3
suppression in WT animals resulted in a normal lifespan and SOD-3 is necessary in
isp-1;ctb-1 to maintain their increased xenobiotic detoxification response (Fig. 3.29).
Others demonstrated that overexpression (OE) of sod-1 results in increased steady-
state H20: levels in vivo and longer lifespan in WT animals, which is DAF-16
dependent (Cabreiro et al. 2011). Interestingly, simultaneous overexpression of H20:2
reducing enzymes ctl-1,ctl-2 and ctl-3 in sod-1 OE animals had no effect on the
increased lifespan (Cabreiro et al. 2011). It might be that H20:2 signalling happens
locally (K. Chen et al. 2008; H. A. Woo et al. 2010) and therefore peroxisomal catalase
would not reduce it. The role of catalases on second messenger H202 remains unclear.

Previously, H202 was often believed to diffuse across membranes. However,
some membranes are poorly permeable (Bienert, Schjoerring, and Jahn 2006). Thus,
this suggests H2.02membrane permeability is either dependent on the lipid composition
of the membrane or available transporter or channels. The first described transporters
of H202 were the aquaporins (Bienert, Schjoerring, and Jahn 2006; Cordeiro 2015;
Miller et al. 2010). Recent studies in cancer research introduced VDAC as new
potential transporter of H202 across the OMM (L. Zhang et al. 2020; DeHart et al.
2018). While aquaporin depletion had no effect on KLF-1 nuclear localization in isp-
1;ctb-1 mitomutant, vdac-1 RNAI diminished the presence of KLF-1 in the nucleus (Fig.
3.25) and downstream cyp expression (Fig. 3.28 and 3.29). However, the exact
mechanism of how VDAC is transporting mtROS remains unclear. As VDAC can either
facilitate transport as part of the mitochondrial permeable transition pore (mPTP) or
mitochondrial VDAC pores (Hagai Rottenberg and Hoek 2017; J. Kim et al. 2019).
Remarkably, it has been observed that long-lived mammals correlate with decreased
gene expression and protein levels of complex | subunits, such as NDUFV2 and
NDUFS4, and low abundancy of VDAC expression (Mota-Martorell et al. 2020). This
is in agreement with the observation that vdac-1 OE in C. elegans shortens lifespan

(Zhou et al. 2019). Altogether, these observations might suggest a role for VDAC in
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longevity of ETC mutants. Moreover, vdac-1 OE mutant is highly sensitive to oxidative
stressor PQ (Zhou et al. 2019). Vdac-1 OE might increase the capacity of H20:2
transport and consequently increase the cytosolic mtROS levels. These levels become
harmful instead of being inducers of cytoprotective mechanisms. This again
emphasizes the importance of achieving the correct threshold of ROS levels. Further
experiments should aim to unravel the exact role of VDAC as mtROS transporter and
its role in longevity.

Previously, ROS was viewed as oxidative stress and associated with various
diseases, such as diabetes, cancer and neurodegenerative disorders (Wiederkehr and
Wollheim 2006; Tatsuta and Langer 2008; Ristow and Williams 2006). Nowadays,
H20:2 is widely implicated in longevity through reversible oxidation of thiol proteins
(Parvez et al. 2018; Forman, Maiorino, and Ursini 2010; M. P. Murphy et al. 2011; Kiley
and Storz 2004; Winterbourn and Hampton 2008). However, the remaining challenge
for redox signalling is in understanding how H20: can oxidize particular signalling
pathways. In other words, how is H202 signalling specificity achieved? Potential
mechanisms that might influence specificity are pH-mediated thiol reactivity (pKa),
H20: diffusion, H202 production sites, redox enzymes and peroxymonocarbonate
(Winterbourn 2020; Ferrer-Sueta et al. 2011). Based on current evidence, it is likely
that multiple mechanisms play a role. There is still much to learn and advances in
techniques, like thiol proteomics could help identify the mechanisms behind redox
signalling on thiol proteins.

4.4 PMK pathway regulates KLF-1-mediated longevity

Our analysis of potential KLF-1 interaction partners via co-IP led to the
identification of the homolog of p38 MAPKK component SEK-1 (Fig. 3.32). This kinase
is part of the p38 MAPK signalling pathway (Fig 3.25) and has previously been
described as regulator of transcription factors upon oxidative stress, namely DAF-16,
RNT-1 and SKN-1 (Inoue et al. 2005a; Kondo et al. 2005; K. Lee et al. 2012).
Moreover, SEK-1 was described in DR-induced longevity, as it induces a xenobiotic
detoxification program (Chamoli et al. 2020). The p38 MAPK pathway has been well
characterized as sensor of different kind of cellular stresses and inflammatory
cytokines (Kyriakis and Avruch 2012). Together with the upstream kinase ASK,
orthologous of nematode nsy-1, and the downstream kinases pmk-1, pmk-2 and pmk-
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3, this pathway is required for the activation of innate immunity and function and
differentiation of specific neurons (Chuang and Bargmann 2005; Sagasti et al. 2001;
Tanaka-Hino et al. 2002; Hoyt et al. 2017).

Further analysis of the PMKs on lifespan and cyps expression levels in isp-
1;ctb-1 mutant underlined PMK-3 as key regulators of KLF-1 nuclear localization (Fig.
3.38). While pmk-1 and pmk-2 RNAIi demonstrated reduced presence of KLF-1 in the
nucleus in isp-1;ctb-1 animals (Fig.3.38), not all downstream CYPs were reduced
(Fig.3.39.B) (Cores 2015). Moreover, we observed decreased lifespan in WT animals
upon pmk-1 and pmk-2 RNAI (Fig.3.39), which suggests toxicity due to suppression.
This might cause the decreased lifespan in isp-1;ctb-1 animals. Therefore, PMK-1 and
PMK-2 seem not to directly regulate longevity in isp-1;ctb-1. In agreement with our
data, PMK-3 is previously been described as key regulator in mitomutant-induced
longevity, which was suggested to be under the control of SEK-3 (Munké&csy et al.
2016). The authors described the mitochondrial-associated degradation pathway,
including SEK-3 and PMK-3, as necessary for longevity in isp-1(gm150). Interestingly,
they also found SEK-1 in their targeted screen for factors regulating reporter gene
Ptbb-GFP expression in isp-1(gm150) mutant by RNAi (Munkacsy et al. 2016).
However, they only investigated the effect of pmk-3 RNAI on lifespan of different
mitomutants. Therefore, it would be interesting to investigate the role of SEK-3 in isp-
1;ctb-1 longevity. The use of pmk-3 RNAi or pmk-3(0k169) mutant was sufficient to
diminish increased lifespan in genetic and RNAi-induced mitomutant, including isp-
1(gm150), nuo-6(gm200), nuo-2 and cco-1 RNAI (Munkacsy et al. 2016). This
complements our data that nuo-2 and cco-1 RNAI induce KLF-1 nuclear localization
(Fig. 3.8) and suggests similar PMK-3 regulation as in isp-1;ctb-1 animals. The sensing
of oxidative stress by NSY-1 and activation of p38 MAPK has been described in
mammals and C. elegans (An and Blackwell 2003; Hourihan et al. 2016; Naji et al.
2018). While the exact mechanism of activation remains unclear, the thiol side chain
of NSY-1 is strongly suggests to be the key activation side (Saitoh et al. 1998). This is
in agreement with our observation that DTT treatment decrease the presence of KLF-
1 in the nucleus in isp-1;ctb-1 mutant (Fig. 3.27). This suggests that oxidized thiol
modification is necessary for KLF-1 nuclear localization and this modification might be
on NSY-1. It remains a possibility that thiol modification on KLF-1 plays a role in KLF-
1 nuclear translocation, as we were unable to detect alterations by using the shift assay
(Fig. 3.32).
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Nowadays, there are three theories on how NSY-1 via thiol modification is
activated. The first theory suggests that locally generated ROS can directly target and
recruit NSY-1 (Hourihan et al. 2016). To test this possibility in our model, we need to
evaluate the nsy-1 expression and locally recruitment to OMM in WT and isp-1;ctb-1
mutant. Our results that peroxisomal and ER-produced ROS are insufficient to induce
KLF-1-mediated longevity support this hypothesis (Fig. 3.9). The second theory
suggests TRX forms a complex with ASK1, mammalian homolog of NSY-1 and hereby
blocks the activation. Oxidation of H202-sensitve TRX through disulphide bridge
formation between Cys32 and Cys35 dislocates and activates ASK1 (Saitoh et al.
1998; Pramanik and Srivastava 2012). Contradictory, while we demonstrated that
inhibition of TRX-4 further increased the KLF-1 nuclear localization upon AA treatment
in WT animals (Cores 2015), we also observed decreased presence of KLF-1 in the
nucleus in isp-1;ctb-1 animals upon trx-1 and trx-4 RNAi (Fig. 3.33). Therefore, further
research should focus on the role of TRX in KLF-1 nuclear localization. The third theory
suggests PRDX, mainly PRDX-2 as cellular cytosolic H202 sensor which relays H20:2
signalling on NSY-1 via thiol modification (Quintin, Aspert, and Charvin 2021; Zhao
and Wang, n.d.; de Haes et al. 2014b; G. Li et al. 2016).

Phosphorylation is a well-described mechanism of regulation activity of
transcriptional factors. Especially, the rearranging of transcriptional factors between
cytoplasm and nucleus is regulated by phosphorylation/dephosphorylation events that
rely either on targeting interaction partners or on altering the recognition of the NLS or
nuclear export signal (NES) on transcriptional factors. It has been suggested that
phosphorylation events increase the recognition of the NLS by nuclear importers
(Harreman et al. 2004; Nardozzi et al. 2010). Some mammalian KLFs have been
described to possess NLS or NES. For example, SUMOlyated KLF5 is mainly nuclear
localized via inhibition of NES (Du et al. 2008), the NLS of KLF8 is phosphorylation
sensitive (Mehta et al. 2009) and KLF6 subcellular localization, which possesses both
a NLS and NES, depends on splicing variants (Rodriguez et al. 2010). The evidence
for NES in KLF-1 nuclear localization seems limited as according to NES predictor
LocNES NES probability on KLF-1 is low (NES score 0.206) (D. Xu et al. 2015).
Nematode KLF-1 has a NLS and our data suggests phosphorylation promotes the
recognition of this NLS, as we detect less nuclear KLF-1 upon mutagenesis of the
phosphorylation site S29 (Fig. 3.36). Moreover, mutagenesis of NLS site K411 and
C419 (Fig. 3.30 and 3.31) in mutated NLS results in decreased nuclear klf-1 expression
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upon H20:2 treatment and wwp-1 RNAI. While we cannot exclude that the decreased
presence of KLF-1 in the nucleus is due to conformational changes of the protein
instead of suppression of KLF-1 nuclear localization signalling cascade. Our results
strongly suggest that the NLS of KLF-1 is required for the nuclear targeting and the
recognition is phosphorylation dependent. We tried to induce the translocation of KLF-
1 to the nucleus by mutagenesis S29 in D, which might result in a constitutively active
phosphorylated KLF-1. However, it seems phosphorylation of S29 is insufficient to
translocate KLF-1 to the nucleus (Fig. 3.40.B). Another possibility is that both predicted
phosphorylation sites are required to be phosphorylated.

The xenobiotic detoxification mechanism consists of three-phase, namely
phase 1 till 1ll (Settivari et al. 2017). KLF-1 is a regulator of phase | detoxification
response genes, the cyps (Herholz et al. 2019), while transcription factor skinhead-1
or SKN-1 is a regulator of phase Il detoxification response genes, mainly the ugt and
gst genes (Naji et al. 2018; An and Blackwell 2003). Transcriptional factor SKN-1 is
the homolog of mammalian mitochondrial transcription regulator NRF (Virbasius,
Virbasius, and Scarpulla 1993) and it does not regulate the expression of most cyp
genes (Oliveira et al. 2009; Herholz et al. 2019). Interestingly, pmk-1 has been
described as upstream regulator of SKN-1 mediated detoxification response (Inoue et
al. 2005). In insulin/IGF-1 mutant SKN-1 is a negative regulator of longevity by
inhibiting DAF-16 through PMK-1 (Deng et al. 2020; Troemel et al. 2006). As both
transcriptional factors KLF-1 and SKN-1 are induced by oxidative stress, finetuning of
the detoxification response may be performed by PMK-1 and PMK-3. However, the
exact mechanism remains unclear. Altogether, these observations establish p38
MAPK signalling cascade as key regulator of lifespan through finetuning the xenobiotic

response gene program.

4.6 Summary

In summary, in this work we identify the redox pathway that activates
transcriptional factor KLF-1, the essential regulator of the mitomutant longevity
(Fig.3.37). We placed mtROS as key signalling pulse during developmental stages,
which is regulated by mitochondrial redox enzymes PRDX-3 and SOD-3. With the
utilization of our de novo mitochondrial H202 release sensor, we further emphasised
the role of VDAC-1 as ROS transporter and H202 as second messenger. Moreover,
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we showed that p38 MAPK signalling cascade might be a central position in regulating
lifespan in C. elegans mitomutants. This pathway seems to be, at least partially,
conserved, as mammalian KLFs are activated by oxidative stress and regulated by
phosphorylation and p38 MAPK signalling. Altogether, our work further expands the
fundamental understanding of lifespan regulation. Further efforts should focus on more
in depth research about ROS signalling and thiol regulation. Especially, to establish
whether our results extend to mammalian system and if our observations could be

used for therapeutic strategies against age-associated diseases.
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Supplementary Table 1. Lifespan data and statistical analysis

Genotype Condition Mean+SE Median p value Number of

survival (Log-rank test) animals died/total

N2 EV 22.34+0.335 22 186/200
N2 ctl-1 22.46+0.422 22 ns 0.8232 114/125
N2 EV 23.66+0.358 24 193/200
N2 wwp-1 22.19+0.377 22 0.00782 168/200
isp-1;ctb-1 wwp-1 31.18+0.996 30 < 0.00012 119/176
N2 EV 26.15+0.471 26 164/200
isp-1;ctb-1 EV 32.54+0.938 29 < 0.0001% 128/200
isp-1;ctb-1 wwp-1 36.30+0.992 38 < 0.00012 136/200
N2 EV 22.34+0.335 22 186/200

< 0.0001%
isp-1;ctb-1 sod-3 26.84+0.858 27 < 0.0001° 126/200
isp-1;ctb-1 EV 32.64+0.856 34 < 0.0001% 121/200
N2 EV 22.34+0.335 22 186/200

< 0.00012
isp-1;ctb-1 sod-3/EV 27.52+0.795 27 < 0.0001° 108/175
isp-1;ctb-1 EV 32.64+0.856 34 < 0.0001% 121/200
N2 EV 22.34+0.335 22 186/200
N2 sod-3 22.84+0.403 22 ns 0.47962 155/175
N2 EV 23.47+0.408 24 166/175
prdx 2 EV 17.26+0.511 17 < 0.0001% 87/100
prdx 3 EV 26.37+0.574 26 < 0.00012 156/175
N2 EV 23.47+0.408 24 166/175
prdx-3 EV 26.37+0.574 26 < 0.0001% 156/175

< 0.00012
prdx 3 Vit C 20.65+0.394 22 < 0.0001°¢ 173/175
prdx 3 kif-1 23.47+0.515 24 ns 0.8546 150/175
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< 0.0005¢
N2 EV 22.34+0.335 22 186/200
< 0.00012
isp-1;ctb-1 vdac-1 26.12+0.704 24 < 0.0001° 147/200
isp-1;ctb-1 EV 32.64+0.856 34 < 0.0001? 88/200
A N R A I
N2 EV 22.34+0.335 22 186/200
< 0.00012
isp-1;ctb-1 vdac-1/EV 25.30+0.753 24 < 0.0001° 112/200
isp-1;ctb-1 EV 32.64+0.856 34 < 0.00012 121/200
S S N A E I
N2 EV 22.34+0.335 22 186/200
N2 vdac-1 23.23+£0.396 24 ns 0.0629 188/200
A S R R I I
N2 EV 22.11+0.366 22 180/200
isp-1;ctb-1 EV 35.42+0.847 35 < 0.00012 130/200
< 0.00012
isp-1;ctb-1 pmk-1 26.38+0.626 28 < 0.0001° 117/175
< 0.00012
isp-1;ctb-1 pmk-2 26.91+0.581 26 < 0.0001° 160/200
< 0.00012
isp-1;ctb-1 pmk-3 27.67+0.939 26 < 0.0001° 106/200
A R I A R R
N2 EV 22.11+0.366 22 86/200
N2 pmk-1 20.27+0.359 19 0.0182 81/100
N2 pmk-2 20.58+0.312 22 0.0272 92/100
N2 pmk-3 22.78+0.616 24 ns 0.1643 76/100

a Log-Rank test compared to N2 EV
b | og-Rank test compared to isp-1;ctb-1 EV
¢ Log-Rank test compared to prdx-3 EV
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Supplementary Table 2. Potential KLF-1 interaction partners

acer-1 Acetyl-CoA deacylase

acdh-11 Acyl-CoA dehydrogenase family member 11

asp-6 Aspartic protease 6

atl-1 Serine/threonine-protein kinase ATR (EC 2.7.11.1) (ATM-like protein
1)

C46G7.2 Uncharacterized protein

CELE_D1054.3

SGS domain-containing protein

CELE_EO1A2.1

GCS light chain (Gamma-ECS regulatory subunit)

CELE_F08B12.4

Uncharacterized protein

CELE_F25E2.2

Uncharacterized protein

CELE_F35D11.4

CYTH domain-containing protein

CELE_F36F2.1

Costars domain-containing protein

CELE_F39H2.3

GCV_T domain-containing protein

CELE_F40F8.5

Uncharacterized protein

CELE_F53H1.1

RNA helicase

CELE_F54B8.4

Uncharacterized protein

CELE_F57F4.4

Uncharacterized protein

CELE_R13H4.2

Uncharacterized protein

CELE_TO5H10.1

USP domain-containing protein

CELE_TO08D2.8

TOG domain-containing protein

CELE_T12B5.15

Uncharacterized protein

CELE_T12D8.10

Uncharacterized protein

CELE_T12D8.5

Uncharacterized protein

CELE_W10C8.5

Arginine kinase

CELE_Y32H12A.8

WD_REPEATS_REGION domain-containing protein

CELE_Y54E5A.5

Uncharacterized protein

CELE_Y69A2AR.18

Uncharacterized protein

CELE_ZC196.5

Uncharacterized protein

CELE_ZK1058.9

Uncharacterized protein

CELE_ZK1098.11

N-acetyltransferase domain-containing protein 1 (Protein NATD1)

CELE_ZK1307.8

Glucosidase 2 subunit beta (Glucosidase Il subunit beta)

ccg-1 Conserved Cysteine/Glycine domain protein

cmd-1 Calmodulin (CaM)

cox-17 Cytochrome OXidase assembly protein

ctl-3 Catalase

ddx-17 RNA helicase

ddx-35 Probable ATP-dependent RNA helicase DHX35 homolog
did-1 Dihydrolipoyl dehydrogenase, mitochondrial
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dut-1 dUTP diphosphatase

E01A2.2 Serrate RNA effector molecule homolog (Arsenite-resistance protein
2 homolog)

egl-45 Eukaryatic translation initiation factor 3 subunit A (elF3a)

eif-2 gamma

Protein-synthesizing GTPase

ensa-1 ENdoSulfine Alpha

erfa-3 Tr-type G domain-containing protein

erp-44 Endoplasmic reticulum resident protein 44.2

exc-15 Aldo_ket_red domain-containing protein

fli-1 Protein flightless-1 homolog

frm-1 Moesin/ezrin/radixin homolog 1

gei-15 GEX Interacting protein

gls-1 Germline survival defective-1

gpd-2 Glyceraldehyde-3-phosphate dehydrogenase 2 (GAPDH-2)

gsk-3 Glycogen synthase kinase-3

gspd-1 Glucose-6-phosphate 1-dehydrogenase (G6PD)

gst-7 Probable glutathione S-transferase 7

gsto-1 Glutathione transferase omega-1

gta-1 Probable 4-aminobutyrate aminotransferase, mitochondrial

him-1 Structural maintenance of chromosomes protein 1

his-24 Histone 24

his-74 Histone H3.3-like type 2

hphd-1 Hydroxyacid-oxoacid transhydrogenase, mitochondrial (HOT)

hum-2 Dilute domain-containing protein

hum-5 Heavy chain, Unconventional Myosin (Myosin |A)

icd-2 Nascent polypeptide-associated complex subunit alpha (NAC-
alpha)

ima-3 Importin subunit alpha-3 (Karyopherin subunit alpha-3)

immt-1 MICOS complex subunit MIC60-1

inx-12 Innexin-12 (Protein opu-12)

ketn-1 KETtiN (Drosophila actin-binding) homolog (Kettin)

lea-1 Plant Late Embryo Abundant (LEA) related

lin-10 Protein lin-10

mct-3 MFS domain-containing protein

msh-2 DNA_MISMATCH_REPAIR_2 domain-containing protein

mthf-1 Probable methylenetetrahydrofolate reductase

nol-56 Nucleolar protein 56

nspd-1 Nematode Specific Peptide family, group D

pcca-1 Propionyl-CoA carboxylase alpha chain, mitochondrial (PCCase
subunit alpha)

pck-1 Phosphoenolpyruvate carboxykinase (GTP)
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pgn-52 Prion-like-(Q/N-rich)-domain-bearing protein

pyc-1 Pyruvate carboxylase 1

pygl-1 Alpha-1,4 glucan phosphorylase

rnr-1 Ribonucleoside-diphosphate reductase large subunit

rop-1 60 kDa SS-A/Ro ribonucleoprotein homolog

rpa-1 Probable replication factor A 73 kDa subunit (RP-A p73)

rpa-2 RPA_C domain-containing protein

sams-4 Probable S-adenosylmethionine synthase 4 (AdoMet synthase 4)

sek-1 Dual specificity mitogen-activated protein kinase kinase sek-1 (MAP
kinase kinase sek-1

sucl-1 Succinate--CoA ligase [ADP/GDP-forming] subunit alpha,
mitochondrial

tag-18 Uncharacterized protein

ttr-17 TransThyretin-Related family domain

ucr-2.2 Peptidase_M16 domain-containing protein

ule-1 Uterine Lumin Expressed/localized

unc-18 Putative acetylcholine regulator unc-18

unc-27 Troponin 1 2 (CeTNI-2) (Tnl 2)

unc-78 Actin-interacting protein 1 (AIP1)

Y45F10C.2 UPFO0375 protein Y45F10C.2

ZK1073.1 Uncharacterized protein

ZK353.9 PITH domain-containing protein ZK353.9
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