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Abstract

ABSTRACT

Obesity is a serious health problem affecting people all over the world, therefore it is
crucial to understand the mechanisms that regulate fat metabolism. Previous research
conducted on C. elegans allowed the discovery of the rege-1, whose inhibition activated the
ETS-4, leading to a reduction in the body fat content. The aim of this thesis was to discover
the regulatory axis through which the REGE-1 - ETS-4 influenced fat metabolism in
nematodes.

The results from unbiased genetic screening and RNA-Seq data allowed for the
selection of potential candidates that could regulate fat accumulation downstream of the
REGE-1 - ETS-4 regulatory axis, such as MRP-1 or PEPT-1. However, silencing of genes
related to their action, including sphk-1, Itah-1.2, pbo-1 or pbo-4, resulted only in a partial
recovery of the body fat levels in rege-1 mutants, which may suggest that they regulated fat
metabolism in parallel to the REGE -1 - ETS-4 regulatory axis. Moreover, expression of
skn-1 and activation of DAF-16 were enhanced in the rege-1 mutants, however they were
probably responsible for other aspects of physiology, such as oxidative stress response.

Characterization of changes that occured in response to rege-1 depletion showed a
change in the expression of genes associated with lipid metabolism, such as lipid catabolism
(lipl-1 and lipl-2), fatty acid desaturation (fat-5, fat-7) or sphingolipid metabolism (sptl-1,
sptl-2, hyl-1, hyl-2 or sphk-1). Simultaneous silencing of sptl-1 and sptl-2 in rege-1 mutants
resulted in complete fat recovery, suggesting regulation of fat accumulation via
the REGE-1 - ETS-4 regulatory axis. In addition, the rege-1 mutants were characterized by
reduction in the oxygen consumption rate and an increase in the expression of genes related
to the oxidative stress response (sod-4 and sod-5). This might suggest disturbance of
mitochondrial oxidative phosphorylation and that rege-1 mutant animals use energy sources
other than fatty acids for animal survival. The increase in the sodh-1 mRNA levels could
indicate that carbohydrate metabolism might be enhanced in the rege-1 mutants.

In conclusion, the fat loss phenotype of the rege-1 mutants depended on the
interaction of multiple signaling pathways that worked in concert with the REGE-1 - ETS-4

regulatory axis, which seemed to modulate fat accumulation predominantly through changes
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in the sphingolipid metabolism. Given the similarities between nematode REGE-1 and
human Regnase-1, finding of potential downstream targets of the REGE-1 — ETS-4
regulatory axis might enable the discovery of potentially novel metabolic pathways that could

find an application in the treatment of obesity.



Streszczenie

STRESZCZENIE

Otylo$¢ jest powaznym problemem zdrowotnym dotykajacym ludzi na catym
swiecie, dlatego tez bardzo wazne jest poznanie mechanizmoéw regulujgcych metabolizm
thuszczu. Wczesniejsze badania przeprowadzone na organizmie modelowym C. elegans
pozwolity na odkrycie genu rege-1, ktorego wyciszenie aktywowato ETS-4, prowadzac do
zmniejszenia zawarto$ci thuszczu. Celem tego doktoratu byto poznanie mechanizmu w jaki
sposob szlak REGE-1 — ETS-4 regulowat metabolizm ttuszczu u nicieni.

Wyniki analiz badan genetycznych pozwolity na wyselekcjonowanie potencjalnych
kandydatow, t.j. MRP-1 lub PEPT-1, ktorzy mogliby regulowa¢ akumulacj¢ thuszczu w
szlaku REGE-1 — ETS-4. Jednak wyciszenie genéw zwigzanych z ich praca, jak sphk-1,
Itah-1.2, pbo-1 lub pbo-4, spowodowato jedynie czesciowe zwigkszenie poziomu thuszczu u
rege-1 mutantéw, co moze sugerowac, ze reguluja one metabolizm ttuszczé6w réwnolegle do
szlaku REGE -1 - ETS-4. Co wigcej, ekspresja skn-1 i aktywnos¢ DAF-16 byly zwiekszone
w mutantach rege-1, jednak prawdopodobnic sa one odpowiedzialne za inne aspekty
fizjologiczne, takie jak np. reakcja na stres oksydacyjny.

Charakterystyka zmian, ktore zaszty w odpowiedzi na wyciszenie transkyptu genu
rege-1 wykazala zmiane ekspresji wielu gendw zwigzanych z metabolizmem lipidoéw,
t.J. odpowiedzialnych za katabolizm (lipl-1, lipl-2), desaturacj¢ kwasow tluszczowych
(fat-5, fat-7) lub metabolizm sfingolipidow (sptl-1, sptl-2, hyl-1, hyl-2, sphk-1). Jednoczesne
wyciszenie mRNA sptl-1 i sptl-2 w mutantach rege-1 spowodowato catkowite odzyskanie
thuszczu, co sugeruje, ze regulujg one akumulacje thuszczu poprzez szlak REGE-1 - ETS-4.
Dodatkowo, u rege-1 mutantow zaobserwowano zmniejszony poziom oddychania
komorkowego 1 wzrost ekspresji gendow zwiazanych z odpowiedzig na stres oksydacyjny
(sod-4, sod-5). Sugeruje to zaburzenia pracy mitochondridéw oraz pozyskiwanie energii
potrzebnej do zycia z innych zrodet niz kwasy thuszczowe. Wzrost poziomu sodh-1 mRNA
moze sugerowac, ze metabolizm weglowodandw jest wzmocniony u rege-1 mutantow.

Podsumowujac, utrata tluszczu u rege-1 mutantoéw najprawdopodobniej zalezy od
interakcji wielu $ciezek sygnalowych, wspotdziatajacych ze szlakiem REGE-1 - ETS-4,

ktora wydaje si¢ modulowaé¢ akumulacje thuszczu glownie poprzez zmiany w metabolizmie
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sfingolipidow. Z uwagi na podobienstwo pomiedzy biatkami REGE-1 u nicieni a Regnase-1
u ludzi, poznanie potencjalnie dalszych celow szlaku REGE-1 — ETS-4 moze umozliwi¢
odkrycie nowych $ciezek metabolicznych, ktore moga znalez¢ zastosowanie w leczeniu

otylosci.
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INTRODUCTION

1. Obesity as a global health problem

Obesity is a global health problem that affects people regardless of their age,
socio-economic group and country development. Overweight and obesity are caused by
abnormal or excessive accumulation of body fat, caused by a long-term imbalance between
energy consumption and energy expenditure. The worldwide number of obese people has
tripled since 1975 due to easy availability and consumption of high-energy food, lack of
physical activity related to urbanization and sedentary lifestyle.

Energy homeostasis plays a very important role in maintaining a healthy body weight
by coordinating the action of many signaling pathways that influence food perception, eating
behavior, nutrient uptake, fat storage and energy expenditure (Pang et al., 2014a).
Energy imbalance, due to disruption of any of these pathways, can lead to obesity and other
metabolic diseases (Willett et al., 1999; World Health Organization (WHO), 1998). The rare
monogenic forms of obesity in humans are caused by mutations in genes of the
leptin-melanocortin pathway, resulting in abnormal nutritional behavior and endocrine
disruption (Huvenne and Dubern, 2014). However, most common genetic forms of obesity
(polygenic) are caused by the presence of various mutations in many genetic loci,
as evidenced by the analysis of genome-wide scans showing more than 250 human obesity
quantitative trait loci (QTL) (Rankinen et al., 2006). Obesity is influenced by the interaction
of genetic and environmental factors, such as unhealthy food, sedentary lifestyle and use of
medications (Poveda et al., 2016). In addition to excessive growth of adipose tissue (AT),
obesity leads to the development of serious diseases such as high blood pressure, stroke,
heart attack, gallbladder disease, type 2 diabetes (T2D) and various types of cancer
(Kopelman, 2000). Therefore, it is very important to understand molecular mechanisms
regulating fat metabolism and develop new experimental strategies that would be effective

in prevention and / or treatment of obesity and its comorbidities.

25



Introduction

2. C. elegans as a model organism to study fat metabolism

Obesity has been mostly studied using animal models, including rodents. However,
to limit experiments on vertebrates, modern scientific research is often based on ethically
more acceptable model organisms such as the nematode Caenorhabditis elegans
(C. elegans).

C. elegans has been used in biomedical research for over 40 years, including in
metabolism and obesity studies (Bolla, 1979). Nematodes are the first multicellular
organisms to have a fully sequenced genome (The C. elegans Sequencing Consortium, 1998),
as well as a mapped cell lineage of each cell type (Sulston and Schierenberg et al., 1983;
Sulston and Horvitz, 1977). In addition, the C. elegans genome is similar to human, since
more than 60% - 80% of the human genes associated with various diseases are conserved in
nematodes (Lai et al., 2000; Sonnhammer and Durbin, 1997). Among the nematode
genes that have orthologues in humans, there are genes regulating energy homeostasis
and fat metabolism, such as genes responsible for the fatty acid (FA) synthesis,
[-oxidation, desaturation and elongation, as well as pathways responsible for serotonergic,
insulin / IGF-1 (1IS) and neuropeptide signaling (Mullaney and Ashrafi, 2009;
Chiang and MacDougald, 2003). In addition to the genetic similarity between C. elegans and
humans, the C. elegans model has been used widely in genetic analysis, including in forward
and reverse genetic screens. It is also used to create transgenic animals. Ribonucleic acid
(RNA), deoxyribonucleic acid (DNA) or nanoparticles can be delivered into the C. elegans
gonads by microinjections. The genetic modifications induced by Cas9-mediated clustered
regularly interspaced short palindromic repeats (CRISPR / Cas9), transcriptional
activator-like nucleases (TALENSs), Mosl-mediated single-copy transgene insertions
(MosSCl) and zinc-finger nucleases (ZFNs), all enable the genetic engineering of nematodes
(Kim and Colaiacovo, 2019; Iyer et al., 2018). Moreover, mRNA inhibition is possible
through double-stranded RNA (dsRNA) interference (RNAI). Inhibition is accomplished by
feeding the nematodes with bacteria bearing a plasmid expressing dsSRNA matching the
sequence of a target mMRNA (Timmons and Fire, 1998). Moreover, techniques commonly
used in nematodes, which allow measuring animal metabolites (von Reuss and Schroeder,
2015), such as lipidomic analysis (Witting and Schmitt-Kopplin, 2016), as well as the

Seahorse technology, enables the measurement of glycolysis and oxygen consumption rate
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(OCR) (Koopman et al., 2016). Consequently, C. elegans is considered an attractive model
organism for studying the function of genes responsible for human diseases, including
obesity caused by metabolic disorders, as it can help to identify new targets for therapeutic

treatments.

2.1. The basic biology of C. elegans

As a model organism, C. elegans is easy to maintain and has many valuable
experimental features such as a transparent body or large numbers of offspring. C. elegans
are small-sized nematodes, about 1 mm long, which enables their observation with the use
of contrast-interference microscopy (DIC). In the wild, this nematodes are found mainly on
rotting vegetable matter (Felix and Braendle, 2010). In laboratory conditions, they are grown
on agar plates with Escherichia coli (E. coli) bacteria as a food source (Brooks et al., 2009).
The C. elegans is considered a powerful model organism for genetic studies, because it has
a short life cycle of approximately 3 days at 20°C (Corsi, 2006), as shown in Figure 1.
Development of C. elegans begins with oocyte fertilization by sperm and embryogenesis,
which takes 16 h at 20°C. After hermaphrodite embryo hatches, it enters the first larval stage
(L1). The L1 larvae begin to actively seek food that allows them to grow through the L2 - L4
larval stages, which are interrupted by sleep-like periods of inactivity, during which the old
cuticle is replaced by a new one through molting (Turek and Bringmann, 2014).
Without access to food, L2 larvae are able to enter an alternative larval stage, the dauer stage,
where they arrest their development and break down accumulated fat, allowing them to
survive for up to a month without feeding. When food reappears, C. elegans resumes its
development by molting into the L4 larva and its life cycle continues as usual
(Kaul et al., 2014). After the L4 stage, nematodes develop into young adult stage, which is
characterized by fully developed gonads and vulva, but the absence of fertilized embryos in
the uterus. In this dissertation, mostly young adults have been used, since oocytes contain a
fat-rich yolk, which could have an impact on the overall fat measurements (Chen et al., 2016).
The next development phase is the adult stage, which is distinguished by full maturity, when

the nematodes are gravid and produce progeny for about 2 - 3 days while sperm is vailable.
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After the breeding period is over, the nematode remains alive for a few more weeks,

then undergoes senescence and dies.
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Figure 1. The life cycle of C. elegans. The life cycle of wild-type animals at 20°C, fed with OP50, where 0 h
constitutes fertilization. Based on Corsi, 2006.

The body of C. elegans is composed of 3 parts: the head (containing the pharynx and
the pharyngeal intestinal valve responsible for food intake; Albertson and Thomson, 1976),
the main body (containing the intestine and gonads responsible for digestion and
reproduction; McGhee, 2007; Green et al., 2008), and the tail, with a copulatory organ in
males (Nguyen et al., 1999), as shown in Figure 2 (A, B). From the outside, the body is
surrounded by a cuticle, below which there are hypodermis with ganglia from the nervous
system and muscle separated from the intestine and gonads by the pseudocoelom (Corsi et
al., 2015), as seen in the cross-section of the adult hermaphrodite shown in Figure 2 C.

Despite its simple structure, C. elegans is capable of performing complex functions enabling
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it to navigate to food by sensing smell and taste, searching for a mating target, laying eggs,
surviving in unfavorable conditions by creating a dauer larva and sensing touch and
temperature (Rankin, 2002).

The C. elegans has two sexes, with hermaphrodites containing two X chromosomes
and males, which result from a spontaneous X chromosome loss durning meiosis
(Hodgkin et al., 1979). Hermaphrodites differ from males in appearance, as shown in the
Figure 2 (A, B). During hermaphrodite development, first sperm and then oocytes
are produced (Bahrami and Zhang, 2013). As a result of self-fertilization, about 300
offspring are formed, of which only 0.2% - 0.5% are males (Hodgkin et al., 1979).
In nature, male individuals are responsible for the exchange of genetic material, which
contributes to increasing genetic diversity and adaptation to changing environmental
conditions. In the laboratory, experiments are mainly conducted on hermaphrodites,
because they self-fertilize and thus their offspring are clones of the parent nematode,
facilitating the maintenance of C. elegans lines. Males are used in crosses to move mutations
between various genetic backgrounds or get rid of unwanted mutations by outcrossing them
against a wild-type (WT). The offspring of a male-fertilized hermaphrodite will contain
up to 50% males and the brood size will rise from 300 up to 1400 due to higher amount of
sperm delivered by the male (Chasnov, 2013). The nematodes are sensitive to the ambient
temperature, therefore in laboratory conditions C. elegans are grown in the range of
15°C - 25°C. The application of higher temperature for a short time (4 - 6 hours at 30°C)
causes a heat shock, which leads to an increase in the male population to about 2% - 5%
in the F1 generation (Hodgkin, 1983). An additional important feature in C. elegans
is the ability to synchronize them by treating gravid adults with bleach, that destroys
everything except resistant embryos (Porta-de-la-Riva et al., 2012). Finally, C. elegans can
be frozen and stored for a long time at -80°C in Trehalose-DMSO solution until reuse
(McClanahan et al., 2020).
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Figure 2. Scheme of the nematode’s body plan. (A) The anatomy of an adult C. elegans hermaphrodite.
Schematic drawing of anatomical structures, left lateral side. Based on Corsi et al., 2015. (B) The anatomy of
an adult C. elegans male. Schematic drawing of anatomical structures, left lateral side. Based on Corsi, 2015.
(C) Main body region of adult hermaphrodite. Based on Corsi et al., 2015.
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2.2. Lipid accumulation

There is a strong similarity between molecular pathways regulating FAs metabolism
in C. elegans and humans, e.g. FAs synthesis, elongation, desaturation as well as their
degradation (Van Gilst et al., 2005; Yang et al., 2006; Watts and Browse, 2002).
However, there are also some significant differences between C. elegans and humans.
Instead of accumulating fat in AT, nematodes accumulate it in the intestine in the form of
ubiquitous fat-storying lipid droplets (LDs) (O'Rourke et al., 2009). These organelles contain
a lipid envelope composed of phosphatidylcholine (PC) and phosphatidylethanolamine (PE)
(Tauchi-Sato et al., 2002). LDs range in size between 50 nm - 3000 nm (Zhang et al., 2012)
and accumulate triglycerides (TAG) and cholesterol esters (CE) (Tauchi-Sato et al., 2002).
Due to the fact that both the formation of TAG precursors and the conversion of diglycerides
(DAG) to TAG by the diacylglycerol O-acyltransferase 2 (DGAT-2) take place on the surface
of the endoplasmic reticulum (ER), LDs can be found in their close vicinity (Cao et al., 2019).

FAs are important for the proper functioning of all living organisms, because they
serve as energy sources, build biological membranes and modulate cellular metabolism
in response to extracellular signals (Calder, 2015). The composition of lipids also influences
cell physiology. Because FAs differ in the number of double bonds, which affects the
transition temperature of lipids, they impact the cell membrane fluidity and permeability
(Choi et al., 2016).

In lipid biogenesis, humans use FAs derived from nutrients or provided by the
intestinal microbiota (White, 2009; Jones et al., 2011). In contrast, C. elegans use FAs
synthesized de novo from acetyl-CoA or provided via bacterial food (Perez and Van Gilst,
2008). The de novo synthesis of FAs in C. elegans, as shown in Figure 3, begins with
acetyl-CoA, resulting from glycolysis or FA B-oxidation, which is converted into palmitic
acid (16:0) by the carboxylation via pod-2 enzyme (polarity and osmotic sensitivity defect
enzyme) and fasn-1 (fatty acid synthase) (Watts, 2009). The palmitic acid is further used for
the synthesis of monounsaturated long-chain fatty acids (MUFASs) and polyunsaturated
long-chain fatty acids (PUFASs). This happens with the help of numerous fatty acid
desaturases (FATSs) and elongases (ELOs) (Watts and Browse, 2002). The desaturases
(FAT-3, FAT-4) and elongase (ELO-1) have their mammalian orthologs (Wallis et al., 2002).
The main form of fat stored in C. elegans is TAG (Brock et al., 2006), consisting of an ester
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of glycerol and three FAs (Srinivasan, 2015). In addition to TAGs, monoglycerides and
DAGs are also accumulated in nematodes (Srinivasan, 2015). Their proportion depends on
the temperature and the type of food (Tanaka et al., 1996; Brooks et al., 2009).

In the absence of food, nematodes are able to use energy obtained from the breakdown
of fat (Jo et al., 2009). TAGs are hydrolyzed into FAs and glycerol by numerous lipases
(Buis et al., 2019). The release of FAs cause pod-2 inhibition, which leads to reduced levels
of malonyl-CoA and the stimulation of carnitine palmitoyl transferase 1 (CPT-1)
(Watts, 2009). FAs, after coenzyme A (CoA) attachment, are transported to the mitochondria
by CPT-1, where they are -oxidized (Watts, 2009). This leads to the shortening of the
FA-CoA carbon chain and the formation of acetyl-CoA, needed for the adenosine
triphosphate (ATP) synthesis in the tricarboxylic acid (TCA) cycle. An increase in
carbohydrates and hence an increase in FAs is possible through the conversion of acetyl-CoA
to glucose through glyoxylate shunt and gluconeogenesis, however it is more energetically
beneficial to extract FAs directly from the diet (Watts, 2009).

Fatty acid synthesis Fatty acid B-oxidation

diet ——p glucoSe €-----=-=---- oo oo
' gluconeogenesis '

lycolysis |1 .
glycolysts ; oxaloacetate
pyruvate T glyoxylate shunt
acetyl-CoA
: 4
Cltiate || B-oxidation
acetyl-CoA ,
pod-2 l fatty acids-CoA
malonyl-CoA fatty acids
fasn-1 -
. l . D9 desaturases T lipases
diet —— palmitic acid (16:0) » MUFAs ———» TAGs

Figure 3. Scheme of the relationship between FA synthesis and FA oxidation in C. elegans. Glucose is
converted to acetyl-CoA, which can be used to synthesize FAs that are stored as TAGs. Fat breakdown occurs
through the mitochondrial -oxidation of FAs and the conversion of acetyl-CoA into glucose through the
glyoxylate shunt and gluconeogenesis. Grey rectangle- lipid enzymes; orange rectangle- enzymatic steps;
red oval- mitochondria. MUFAs- monounsaturated fatty acids; CPT- carnitine palmitoyl transferase;
TAGs- triglycerides. Based on Watts, 2009.
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2.3. Signaling pathways involved in lipid metabolism

Fat metabolism in C. elegans and humans is regulated via similar signaling pathways
such as serotonin / 5-hydroxytryptamine (5-HT), transforming growth factor-p (TGF-p),
insulin, AMP-activated protein kinase (AMPK) and target of rapamycin (TOR)
(Soukas et al., 2009; Mihaylova and Shaw, 2012; Greer et at., 2008; Ashrafi, 2007;

Srinivasan et al., 2008).

2.3.1. Serotonin signaling

5-HT is a conserved neuromodulator which, through serotonin signaling pathway,
influences C. elegans feeding, reproductive life cycle, egg laying and fat storage in order to
regulate energy balance (Noble et al., 2013; Sze et al., 2000). Due to the fact that food
provides the energy necessary for the proper functioning of the body, its lack results in
starvation and increased secretion of neuromodulators like 5-HT (Sze et al., 2000;
Avery and Horvitz, 1990; Gray et al., 2005). Upon starvation, the energy needed to survive
is obtained from the stored fat (Jo et al., 2009). During fasting, a large amount of 5-HT is
synthesized in the ADF chemosensory neurons from tryptophan via the tryptophan
hydroxylase 1 (TPH-1) (Noble et al., 2013), as shown in Figure 4. 5-HT, by binding to the
serotonin-gated chloride channel 1 (MOD-1) on the URX neurons, induces release of the
neuropeptide FMRF-like peptide 7 (FLP-7) from the ASI neuron (Palamiuc et al., 2017).
FLP-7, by interacting with the neuropeptide receptor 22 (NPR-22) stimulates intestinal cells
to break down lipids. This leads to an increase in the transcription of adipose triglyceride
lipase 1 (atgl-1) and FAs B-oxidation, which results in the reduction of the body fat content
(Noble et al., 2013; Palamiuc et al., 2017). Moreover, the activation of MOD-1 stimulates
RIC neurons to release octopamine (OA), which, through the binding to the
serotonin / octopamine receptor 6 (SER-6) present on AWB neurons, stimulates the
expression of tph-1 (Palamiuc et al., 2017). In contrast, deletion of the tph-1 gene prevents
5-HT production, leading to animal growth arrest as dauers and increased fat accumulation
(Sze et al., 2000).
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Figure 4. Serotonin signaling pathway. 5-HT produced in the ADF chemosensory neurons activates URX
neurons via MOD-1. This induces the release of FLP-7 from the ASI neuron and stimulates the intestine to
express ATGL-1 leading to a reduction in body fat. Bold- neurons; 5-HT- serotonin / 5-hydroxytryptamine;
MOD- serotonin-gated chloride channel; OA- octopamine; SER- serotonin / octopamine receptor;
FLP- FMRF-like peptide; NPR- neuropeptide receptor; ATGL- adipose triglyceride lipase. Based on
Noble et al., 2013 and Palamiuc et al., 2017.

B-oxidation

2.3.2. TGF-B signaling

In parallel to the 5-HT pathway, the TGF-f signaling pathway can regulate the
C. elegans body fat, in addition to suppressing the entry into the dauer stage, as shown in
Figure 5 (Greer et al., 2008). The TGF-f ligand, produced in the ASI neurons, is encoded by
the abnormal dauer formation 7 (daf-7), which upon the binding to the dauer formation 1
(DAF-1) and dauer formation 4 (DAF-4) receptors, activates the dauer formation 8 (DAF-8)
and dauer formation 14 (DAF-14) signaling molecules (Dalf6o et al., 2012;
Lant and Storey, 2010). This inhibits transcription of the dauer-activating SMAD
transcription factor (daf-3), which keeps the body fat at normal level, prevents larvae from
passing into the dauer stage, stimulates growth and egg laying (Greer et al., 2008).
Under unfavorable conditions, like high population density, high temperature, low food
availability affecting early larval-stage animals or when the TGF-B signaling pathway is
inactive due to daf-7, daf-1 or daf-4 mutations, DAF-3 is activated leading to increased body
fat content by enhanced de novo fat synthesis and the transition of larvae into dauers
(Greer et al., 2008).
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Figure 5. TGF-p signaling pathway. DAF-7, produced in the ASI chemosensory neurons, stimulates
DAF-1 and DAF-4 receptors on target cells. This activates DAF-8 and DAF-14 and inhibits DAF-3, leading to
normal fat accumulation and inhibition of dauer formation. Based on Lant and Storey, 2010.

2.3.3. Insulin signaling

Excessive food intake, which is one of the main causes of obesity in humans,
is regulated by two hormones, insulin and leptin, secreted by pancreas and AT, respectively
(Niswender and Schwartz, 2003). Since C. elegans does not have dedicated AT, it does not
produce leptin and therefore insulin signaling pathway (11S) is the main signaling pathway
responsible for the regulation of body fat (Kimura et al., 1997).

In C. elegans, under favorable environmental conditions like optimal temperature,
low population density and high food availability, the dauer formation 2 (DAF-2) receptor is
activated by the insulin-like ligands, INS-1 through INS-39, which triggers a signaling
cascade regulating target gene expression, as shown in Figure 6 (Scerbak et al., 2014;
Lant and Storey, 2010). Activated DAF-2, through auto-phosphorylation, stimulates AGE-1
(phosphatidylinositol 3-kinase), which leads to the conversion of PIP2 (phosphatidylinositol
(4,5)-bisphosphate) to PIP3 (phosphatidylinositol (3,4,5)-trisphosphate), followed by the
phosphorylation and activation of PDK-1 (3-phosphoinositide-dependent kinase 1)
(Lant and Storey, 2010). PDK-1 is responsible for the phosphorylation and activation of the
AKT-1 and AKT-2 (serine / threonine kinases 1 and 2) and the SGK-1 (serum and
glucocorticoid inducible kinase 1), which then phosphorylate transcription factors such as
DAF-16 (the dauer formation 16) and SKN-1 (skinhead 1), thus inhibiting their translocation
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to the nucleus (Cohen and Dillin, 2008; Kimura et al., 1997). Environmental stress conditions
such as overpopulation, temperature fluctuations, lack of food or mutations in the daf-2 gene,
leads to the activation of DAF-18 (dauer formation 18), which inhibits PIP-3 formation by
AGE-1, negatively affects AKT-1 / -2 phosphorylation and dephosphorylates DAF-16 and
SKN-1 (Ogg and Ruvkun, 1998; Tullet et al., 2008). These transcription factors translocate
to the nucleus and stimulate expression of genes modulating life-span, growth, as well as
glucose and lipid metabolism (McElwee et al., 2006; Murphy et al., 2003; Lee et al., 2003).
Mutations within the daf-2 gene cause lifespan extension and increase body fat content
in adult animals, while in larvae it inhibits development by entering the dauer stage
(Pierce et al., 2001). In mammals, the inactive IS pathway leads to insulin resistance
in muscle and liver, impairs glucose metabolism and hepatic lipid accumulation
(Bugianesi et al., 2005).
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Figure 6. Insulin signaling pathway. Insulin-like peptides activate the DAF-2 receptor leading to the
activation of the signaling cascade inactivating DAF-16 and SKN-1 through their phosphorylation. DAF- dauer
formation; P- phosphate; AGE- phosphatidylinositol 3-kinase; PIP-2- phosphatidylinositol (4,5)-bisphosphate;
PIP-3- phosphatidylinositol (3,4,5)-trisphosphate; PDK- 3-phosphoinositide-dependent kinase; AKT- serine /
threonine kinase; SGK- glucocorticoid inducible kinase; SKN- skinhead. Based on Ewald et al., 2017.
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2.3.4. Nutrient-sensing pathways: TOR and AMPK signaling

The body fat content of C. elegans can also be regulated by the evolutionarily
conserved metabolic pathways TOR and AMP-activated protein kinase (AMPK),
as shown in Figure 7. In C. elegans, TOR is activated by IIS and high level of amino acids
provided with nutrients, whereas AMPK is activated in response to dietary restriction (DR)
and low cellular energy reflected by the low AMP : ATP ratio (Wong and Roy, 2020;
Gonzalez et al., 2020; Bar et al., 2016). The exact mechanism by which nutrients regulate
TOR is not fully understood. There are two TOR complexes, the TORC1 and TORC2
(target of rapamycin complex 1 and 2), whereas AMPK is composed of two catalytic o
subunits, the AAK-1 and AAK-2 (adenosine monophosphate (AMP) activated kinase
1 and 2). When food is available, AMPK remains inactive and TOR stimulates cell
proliferation, lipid and protein synthesis, promoting growth and development
(Jones et al., 2009; Bar et al., 2016). During nutrient deficiency in adult nematodes,
AMPK is activated upon the binding of AMP and phosphorylation of its T-loop on Thr?*3
by the abnormal embryonic partitioning of cytoplasm 4 (PAR-4) (Wong and Roy, 2020).
Active pAMPK inhibits TOR signaling pathway through its phosphorylation and promotes
the expression of genes related to catabolism, including lipolysis by ATGL-1 and -oxidation
by the CoA fatty acid synthetase 2 (ACS-2) (Li et al., 2020). This leads to a reduction in the
body fat content and an increase in the ATP level (Zaarur et al., 2019; Li et al., 2020).
Nutrient deficiency in larvae leads to the transition of the nematodes into the dauer stage and
fat accumulation. In order to survive unfavorable conditions and protect the energy fat stores,
AMPK is activated, which, through the phosphorylation Ser®® of ATGL-1, inhibits lipid
hydrolysis (Xie and Roy, 2015; Wong and Roy, 2020).

Insulin signaling Nutrients Energy stress Hypoxia
Cell proliferation Protein synthesis Lipid synthesis Lipophagy Fatty acid oxidation

Figure 7. Regulation of metabolism by TOR and AMPK signaling pathway. Based on Goncharova, 2013;
Jones et al., 2009.
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2.4. Methods used to measure body fat levels in C. elegans

C. elegans is a promising model organism for obesity research, because there are
many techniques available to measure and visualize its body fat content. The total body fat
can be determined chemically by thin layer chromatography (TLC) (Aranaz et al., 2020)
or by enzymatic reaction enabling the measurement of TAG content (Yen et al., 2010).
LDs may contain different levels of unsaturated acyl chains depending on the presence or
absence of double carbon bonds (Rinia et al., 2008). Since distinct bonds vibrate differently,
the coherent anti-Stokes Raman scattering (CARS) microscopy may be used to measure the
vibrations of C - C and C - H bonds in lipids (Rinia et al., 2008). Moreover, the transparent
body of C. elegans enables easy observation of animals by Nomarski or DIC microscopy
(Porta-de-la-Riva et al., 2012). At low magnification, the wild-type animals that contain high
TAG content have a dark color. The visible dark appearance is caused by an increased
refractivity of the fat storage granules (Vowels and Thomas, 1992). Therefore, animals with
TAG-lowering mutations have a visible bright / pale appearance (McKay et al., 2003).
The body fat can be easily visualized and measured by various techniques, such as staining
with Nile Red or Oil Red O (ORO) dyes (Hellerer et al., 2007; Habacher et al., 2016).
In addition to lipids, LDs also contain numerous proteins that are located on their surface,
such as ATGL-1, short-chain dehydrogenases 3 (DHS-3), acyl-CoA synthetase 4 (ACS-4)
and DGAT-2 (Vrablik et al., 2015; Zhang et al., 2012; Xu et al., 2012b; Liu et al., 2014).
These proteins tagged with e.g. a green fluorescent protein (GFP) can be used for
visualization and measurement of the amount of LDs, but also determination of their size,
the increase of which reflects metabolic dysfunction and obesity phenotype
(Trayhurn, 2007).

3. REGE-1 as a novel factor regulating fat metabolism in C. elegans

Previous studies on C. elegans aimed to understand the mechanisms responsible for
hibernation, which allow morphological, physiological and behavioral adaptation to seasonal
or daily temperature changes (Habacher et al., 2016). A genetic screening performed to find
genes necessary for the survival of C. elegans at low temperatures, led to the discovery of

the rege-1 gene, the mutation of which increased the amount of the transcription factor
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ETS-4, and at low temperatures caused nematodes’ death. In addition, the rege-1 mutation
affected the body fat content of animals resulting in its significant decrease both at room and
low ambient temperature (Habacher et al.,, 2016). Further studies demonstrated that
REGE-1 is an endoribonuclease similar to mammalian monocyte chemotactic
protein-induced protein MCPIP1 / Zc3hl2a / Regnase-1 (Habacher et al., 2016;
Xu et al., 2012a) and regulates ets-4 expression through the messenger RNA (MRNA)
cleavage on its 3' untranslated region (UTR) (Habacher and Ciosk, 2017). In C. elegans
ETS-4 regulates the expression of genes related to catabolism and immunity
(Habacher et al., 2016). Mammalian Regnase-1 exerts a similar function to nematode’s
REGE-1, as it regulates post-transcriptional gene expression influencing immune
homeostasis as well as cellular adaptation in diseases such as autoimmune disorders and
cancer (Mao et al., 2017; Habacher and Ciosk, 2017).

However, data regarding the effect of MCPIP1 / Zc3hl2a / Regnase-1 on the
regulation of AT are inconclusive. At first, the expression of MCPIP1 was shown to be
increased in obese people compared to individuals with lower body fat content
(Lipert et al., 2014). However, more recent studies have shown that MCPIP1 expression
decreases with increased body mass index (BMI) (Losko et al., 2020). In addition, detailed
analysis using the 3T3-L1 cell line also showed differences in the influence of MCPIP1
expression on fat accumulation. Overexpression of MCPIP1 in 3T3-L1 cells stimulated
adipogenesis, ER stress and autophagy by increasing the amount of iNOS (inducible-nitric
oxide synthase) and reactive oxygen / nitrogen species (Younce and Kolattukudy, 2012).
Moreover, MCPIP1 regulated C / EBPP (CCAAT enhancer-binding protein beta) expression
without affecting the level of the master adipogenic regulator PPARy (peroxisome
proliferator-activated receptor gamma) (Younce et al., 2009). Other studies on the 3T3-L1
cell line demonstrated that overexpression of MCPIP1 led to a decrease in the expression of
genes related to adipocyte differentiation (PPARG, CEBPA), as well as lipid and FAs
metabolism (SCD1, LPL, ELOVL1, STAT5A), TAG biosynthesis (DGAT2, SREBF1) and
dicarboxylic acid transport (SLC25A10) (Losko et al., 2020). Moreover, MCPIP1
downregulated the expression of genes related to carbohydrate metabolism (MGAT1),
insulin-stimulated glucose uptake (SLC2A4 and TBC1D4) and inhibited the activity of 1S
pathway (Losko et al., 2020).
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Introduction

Due to large discrepancies in the results of studies conducted both in humans and
mammalian cell lines on the Regnase-1-mediated regulation of the body fat content
and the similarity of mammalian Regnase-1 to C. elegans REGE-1, nematodes can be used
as a model organism to expand the knowledge about Regnase-1 function and discover new
metabolic pathways regulating fat accumulation in mammals. This can be helpful in the
future for finding new treatments for obesity as well as reducing the incidence of

obesity-related metabolic diseases.
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The aim of the thesis

THE AIM OF THE THESIS

It has previously been found that in C. elegans ribonuclease REGE-1 regulates the
expression of genes involved in lipid metabolism and immunity by targeting the 3' UTR
fragment of the ets-4 mRNA (Habacher et al., 2016). Degradation of ets-4 mRNA and
inhibition of ETS-4 protein synthesis induces rege-1 transcription, which creates an
auto-regulatory module, as shown in Figure 8. Consequently, fat catabolism is repressed,
which results in increased fat accumulation in C. elegans. Conversely, upon knock down of
the rege-1 gene, ETS-4 can activate lipid catabolism, leading to a reduction in the body fat
content (Habacher et al., 2016).

The overall aim of the presented study was to uncover molecular mechanism/s
downstream of the REGE-1 — ETS-4 regulatory axis that lead to inhibition of fat
accumulation in C. elegans. Accordingly, the first aim of this work was to characterize
phenotypic changes that occur in response to RNAi-mediated downregulation of the target
rege-1 mRNAs in nematodes. Changes in the amount of total body fat were visualized using
the Oil red O staining. In addition to the relative triglyceride content, the sizes of the lipid
droplets were determined. The second aim of this study was to identify and determine the
function of potential ETS-4 target genes. Thus, the influence of candidate genes downstream
from ETS-4 found in an unbiased genetic screening and through the RNA sequencing data
analysis on fat accumulation in the rege-1 mutants were examined. The third goal of this
thesis was to test the effect of ETS-4 on cellular functions e.g. by checking the expression of
genes influencing FA, sphingolipid metabolism, glycogen synthesis and by checking the
effect of ETS-4 on cellular respiration.

> ETS-4 —>  regulation of body fat

environment /

nutrients ets-4 mRNA

->\ REGE-1

Figure 8. The REGE-1 - ETS-4 fat regulatory network. Based on Habacher et al., 2016.
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RESULTS

1. Characterization of the rege-1 mutant animals

Mutant nematodes carrying the deletion of the rege-1 gene created via CRISPR-Cas9
are characterized by a large developmental delay compared to wild-type animals
(Habacher et al., 2016). In order to investigate the functional relationship between the body
fat levels and ETS-4, in this PhD thesis the experiments were carried out using animals in
which the rege-1 was silenced through RNAI by feeding animals with E. coli carrying dsSRNA
against the rege-1 mRNA (see details in Materials and Methods). In RNAi-based mRNA
targeting experiments, animals fed with bacteria carrying an empty vector were described as
animals exposed to mock RNAI, while the wild-type exposed to mock RNAI were described
as control. Feeding RNAI did not affect the body fat levels of nematodes, but allowed to

slightly minimize the differences in development length between mutants.

1.1. C. elegans REGE-1 is an ortholog of human Regnase-1

To illustrate the protein sequence conservation, an alignment of H. sapiens
Regnase-1 and C. elegans REGE-1 was performed, as shown in Figure 9 A. The analysis
demonstrated that there is a 35.5% sequence similarity between the C. elegans REGE-1 and
human Regnase-1.

Moreover, the similarity between C. elegans REGE-1 and human Regnase-1 can be
observed in the protein structure proposed in Figure 9 (B, C). Both proteins have four
aspartic acids forming an active center with RNAse activity. Moreover, both proteins have
CCCH-zinc finger domains, which are responsible for binding endoribonuclease to target
RNA and increases the efficiency of its cleavage (Yokogawa et al., 2016). Since both
sequences and protein structures of Regnase-1 and REGE-1 are similar, they might exert

familiar biological functions.
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Figure 9. Comparison of the sequence and protein structure of human Regnase-1 and C. elegans
REGE-1. (A) The alignment of H. sapiens Regnase-1 and C. elegans REGE-1 sequence. The alignment was
performed using the multiple sequence alignment tool ClustalOmega. Marks indicate as follows: “*” perfect
alignment; “:” strong similarity; “.” weak similarity; cyan- four aspartic acids in the active center;
yellow- CCCH-zinc finger domain. (B, C) Structure comparison of human Regnase-1 and
C. elegans REGE-1. (B) Three-dimesional structure of human Regnase-1 made in the program Pyre 2 and
colored in UCSF Chimera. Marks indicate as follows: N- NH; terminus; C- COOH terminus; cyan - four
aspartic acids (D141, D225, D226, D244) in the active center; yellow— CCCH-zinc finger domain.
(C) Three-dimesional structure of C. elegans REGE-1 made in the program Pyre 2 and colored in UCSF
Chimera. Marks indicate as follows: N- NH; terminus; C- COOH terminus; cyan - four aspartic acids
(D231, D313, D314, D332) in the active center; yellow— CCCH-zinc finger domain. Based on
Habacher et al., 2017.

1.2. Mutation in rege-1 increased ets-4 mRNA levels

To confirm the effect of REGE-1 on ETS-4, reported by Habacher et al. 2016,
ets-4 mMRNA expression was measured by quantitative reverse transcription PCR (RT-gPCR)
in single rege-1 and ets-4; rege-1 double mutant animals exposed to mock RNAI. In further
experiments, ets-4; rege-1 double mutants were used as a negative control to exclude the
regulation of gene expression by genes other than rege-1 and ets-4. The ets-4 mRNA levels
in the mutant animals were compared to controls, as shown in Figure 10. To validate the
RNAI plates, rege-1 mRNA was targeted by RNAI in the wild-type animals. As expected,
ets-4 mRNA levels increased significantly in both the wild-type in which rege-1 mRNA has
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been targeted by RNAI and the rege-1 mutants exposed to mock RNAI. In the ets-4; rege-1
double mutants treated with mock RNAI, ets-4 mRNA was significantly lower in comparison
to controls. These results confirmed that functional REGE-1 significantly reduces

ets-4 mRNA levels in the wild-type animals.

efrs-4 mRNA levels

e 12

= -

E kx *

< 9 *

: L

E 67

F]

2 3-
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S 0 =i . :
mock RNAi rege-I RNAI  mock RNAi  mock RNAI

WT WT rege-1 els-4; rege-1

Figure 10. REGE-1 significantly reduced ets-4 mRNA levels in the wild-type animals. The level of ets-4
MRNAs was measured by RT-gPCR in the wild-type animals and in nematodes carrying either rege-1 or
ets-4; rege-1 mutations exposed to mock or rege-1 RNAI. ets-4 mRNA levels were normalized to the levels
MRNA of actin 1 and compared to wild-type animals subjected to mock RNAI. The P values were calculated
using un-paired Student t-test (n = 3). Data are presented as mean; error bars represent SEM
(* indicates p < 0.05; ** p < 0.01).

1.3. Depletion of ets-4 rescued the fat loss phenotype of rege-1 mutants

To confirm that the changes of ETS-4 levels affect body fat (Habacher et al., 2016),
LDs were stained using the lipophilic dye ORO and the amount of TAG was determined
biochemically.

The ORO staining showed that ets-4 mutants exposed to mock RNAI had increased
amount of body fat compared to controls, as presented in Figure 11 (A, B). Both rege-1
mutant animals exposed to mock RNAI and wild-type animals in which rege-1 mRNA has
been targeted by RNAI had reduced body fat content compared to controls. In contrast,
fat accumulation in the ets-4 mutant animals fed with bacteria targeting the rege-1 mRNA,
was significantly greater compared to controls and to the wild-type animals subjected to
rege-1 RNAI.
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Similar results were obtained by the biochemical method measuring TAG content
(Figure 11 C). The ets-4 mutants had increased TAG levels compared to controls.
Both rege-1 mutants subjected to mock RNAI and wild-type animals fed with bacteria
targeting rege-1 mRNA had reduced TAG levels compared to controls. In contrast, targeting
rege-1 mRNA by RNAI significantly increased the amount of TAG in ets-4 mutants
compared to the wild-type animals fed with the same bacteria containing rege-1 RNA..

In summary, high levels of ets-4 mRNA observed in rege-1 mutant animals and
rege-1 RNAI wild-type animals cause a significant reduction in the amount of body fat as
evidenced by the ORO staining and total TAG levels compared to controls. Moreover,
targeting rege-1 mRNA in the ets-4 mutants is sufficient to rescue the fat loss phenotype
of the rege-1 mutants. These findings supported the previous observations by
Habacher et al., 2016.
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Figure 11. Depletion of ets-4 mRNA rescued the fat loss phenotype of rege-1 mutants. (A) Images of
wild-type and animals carrying either rege-1 or ets-4 mutations exposed to mock RNAI or dsRNA targeting
rege-1 mMRNA. The animals were stained with ORO to visualize body fat levels. Scale bar: 100 pm.
(B) Quantification of relative changes in the ORO staining. 30 animals per condition were measured.
Changes in body fat levels were determined in relation to wild-type animals subjected to mock RNAI.
The P values were calculated using un-paired Student t-test (n = 3). Data are presented as mean;
error bars represent SEM (** indicates p < 0.01; **** p < 0.0001). (C) Quantification of changes in TAG levels
relative to the total protein content in wild-type or animals carrying either rege-1 or ets-4 mutations exposed to
mock or rege-1 RNAI. Changes in TAG levels were measured in relation to wild-type animals subjected to
mock RNA.I. The P values were calculated using un-paired Student t-test (n = 3). Data are presented as mean;
error bars represent SEM (** indicates p < 0.05).
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1.4. Deletion in one copy of ets-4 partially rescued the fat loss phenotype of
rege-1 mutants

Silencing of rege-1 mRNA or mutating the rege-1 gene significantly increased the
expression of the ets-4 mRNA, which led to a reduction in total body fat and TAG levels.
To find out what level of the ets-4 mRNA is sufficient to regain fat in rege-1 mutants,
rege-1 mutant animals were crossed with the ets-4; rege-1 double mutant strain, as shown in
Figure 12. In the F1 generation, heterozygotes for the ets-4 gene on chromosome X and

homozygous background for the rege-1 on chromosome | was obtained.

ets-4(+/+)X; rege-1(-/-)I X  ets-4(-/-)X; rege-1(-/-)I = ets-4(+/-)X; rege-1(-/-)I

Figure 12. Scheme demonstrating the procedure of genetic crosses. Generation of heterozygotes for the
ets-4 gene on chromosome X and the homozygous background for the rege-1 gene on chromosome I.
(+/+) gene expression on two alleles; (-/-) lack of gene expression; (+/-) gene expression on one allele.

100 hermaphrodites of similar developmental stage were manually selected for the
RT-gPCR analysis. Examination of ets-4 mRNA levels by RT-gPCR, presented in
Figure 13 A, showed that the loss of one copy of the ets-4 gene in heterozygotes does not
affect the ets-4 mRNA levels, which remain similar to that observed in the rege-1 mutants.
On the other hand, the measurement of the body fat content using the ORO staining,
presented in Figure 13 (B, C), demonstrated that the loss of one copy of the ets-4 gene is
sufficient to significantly increase the level of body fat in ets-4(+/-); rege-1(-/-) mutants
compared to the rege-1 single mutant animals.

In summary, the loss of one copy of the ets-4 gene did not lower ets-4 mRNA levels,
however is sufficient to partially rescue the fat loss in rege-1 mutants. However, the lack of
change in mRNA level does not rule out changes in protein level, which may be crucial for

downstream stimulation of lipolytic genes.
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Figure 13. The loss of one copy of the ets-4 gene was sufficient to partially rescue the fat loss phenotype
of rege-1 mutants. (A) ets-4 mRNA levels in wild-type or animals carrying either rege-1 or
ets-4(+/-); rege-1(-/-) mutantions measured by RT-qPCR from 100 animals per condition. The mRNA levels
were normalized to the levels mMRNA of actin 1 and compared in relation to wild-type animals. The P values
were calculated using un-paired Student t-test (n = 3). Data are presented as mean; error bars represent SEM
(* indicates p < 0.05; ** p < 0.01). (B) Images of wild-type and animals carrying either rege-1 or
ets-4(+/-); rege-1(-/-) mutations. The animals were stained with the ORO to reveal fat level. Scale bar: 100 um.
(C) Quantification of changes in the ORO staining for at least 8 animals per condition were measured.
Changes in the body fat levels were measured in relation to wild-type animals. The P values were calculated
using un-paired Student t-test. Data are presented as mean; error bars represent SEM (** indicates p < 0.01;
***p <0.001; ****p <0.0001).
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1.5. ETS-4 contributed to the regulation of lipolytic genes in rege-1 mutants

To determine whether high levels of ETS-4 lead to a reduction in the body fat content
through the expression of lipases, changes in the mRNA levels of lipl-1 and lipl-2 were
measured in the rege-1 mutants, as shown in Figure 14. The lipl-1 and lipl-2 mRNA levels
were increased in both the wild-type animals with targeted rege-1 mRNA and in rege-1
mutants exposed to mock RNAi compared to controls. Whereas in ets-4; rege-1 mutants
(exposed to mock RNAIi) mRNA levels of lipl-1 and lipl-2 lipases significantly decreased
compared to rege-1 mutants exposed to mock RNAI. These results indicated that ETS-4

stimulated the expression of lipoliytic genes in rege-1 mutant animals.
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Figure 14. ETS-4 modulated the expression of lipolytic genes in the rege-1 mutants. The levels of
lipl-1 (A) and lipl-2 (B) mRNAs were measured by RT-gPCR in the wild-type animals and nematodes carrying
either rege-1 or ets-4; rege-1 mutations exposed to mock or rege-1 RNAI. The mRNA levels were normalized
to the actin 1 mRNA levels and compared in relation to wild-type animals subjected to mock RNA.I.
The P values were calculated using un-paired Student t-test (n = 3). Data are presented as mean;
error bars represent SEM (** indicates p < 0.01; *** p < 0.001; **** p < 0.0001).
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2. ldentification of ETS-4 target genes

In order to study the pathway regulating the level of the body fat through the
REGE-1 - ETS-4 regulatory axis, the first step was to determine downstream ETS-4 target
genes. This was carried out in two parallel ways, through a forward genetic screening and

the analysis of available RNA sequencing data.

2.1. Candidate genes found in an unbiased genetic screening

In order to identify and characterize potential ETS-4 regulated genes responsible for
the fat loss phenotype of the rege-1 mutant animals, a forward genetic screening has
previously been performed in Prof. Rafal Ciosk's laboratory in Basel, as shown in
Figure 15. Forward genetic screen is a method that identifies genes responsible for a specific
phenotype. Due to the fact that the rege-1 mutants have reduced body fat content,
through random mutagenesis using ethyl methanesulfonate (EMS), we searched for genes,
whose mutation would change the fat loss phenotype and thus increase fat accumulation in
rege-1 mutants. EMS is an alkalic agent that, through chemical modification of guanine
bases, leads to miss-pair with an arginine, resulting in mutations (Coulondre and Miller,
1977). Through EMS-mediated mutagenesis of the rege-1 animals carrying two copies of the
ets-4 gene (one endogenous and one GFP-tagged allowing immediate evaluation of the
ETS-4 level) multiple mutations in the multidrug resistance protein 1 (mrp-1) gene were
identified (Table 1). The loss-of-function mutations, which increased the body fat content in

rege-1 deletion mutants were selected for further functional analysis.

ﬁ'viv -~ ﬁ'&iv

Figure 15. The scheme of mutagenesis screen designed to identify genes which can suppress “paleness”
of rege-1 mutants. Gene X- unknown gene; EMS- ethyl methanesulfonate.
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Table 1. Genetic mutations revealed by the EMS screen. Mutations which increased fat accumulation
in the rege-1 mutants.

Gene Mutation Molecular consequences of mutation
chrX:587369 1452F6 splice site
chrX:584039 Y491* STOP
chrX:579256 S1154F MISSENSE
chrX:586330 Q35* STOP
chrX:583762 P569S MISSENSE

mrp-1 chrX:583835 W544* STOP
chrX:583935 W526* STOP
chrX:578570 G1293R MISSENSE
chrX:584508 Q350* STOP
chrX:576778 D1456N MISSENSE
chrX:583104 A752T MISSENSE
chrX:584463 G365R MISSENSE

2.1.1. mrp-1 as a candidate target of ETS-4

The results of EMS mutagenesis showed that mutations in the mrp-1 gene were the
most common among other mutations, which increased fat accumulation in the rege-1
mutants. This suggested that mrp-1 could be a potential downstream target of the
REGE-1 - ETS-4 regulatory axis that could influence the body fat content of nematodes.
The aim of further experiments was to check the possible functional relationship between the
MRP-1 transporter and the REGE-1 - ETS-4 regulatory axis.

2.1.1.1. The schematic representation of mammalian MRP1

Transporters from the ABC superfamily show high sequence homology between all
living organisms (Saurin et al., 1999) including C. elegans, which shows 66%
genomic sequence similarity and 47% identical protein sequence to human MRP1
(Broeks et al., 1996). This suggested that the structure and function of C. elegans MRP-1
might be similar to mammals MRPs, as shown in Figure 16 A. Both, mammalian and
C. elegans MRP1 transporter are homodimers with an MSD1 — NBD1 — MSD2 — NBD2
domain structure (Yang et al., 2010; Sheps et al., 2004) in which membrane spanning
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domains (MSDs) are connected with nucleotide binding domains (NBDs) through the
cytoplasmic loops (CLs) (Iram and Cole, 2011). In this study, a three-dimensional prediction
of the C. elegans MRP-1 structure was performed, which due to high protein sequence

homology may correspond to the MRP1 structure in humans, as shown in Figure 16 (B, C).

A
drugs
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hormone secretion
mediators regulates mediators regulates
redox homeostasis inflammation
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wmembrane 7 T N . =
NBD2
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Figure 16. The structure of MRPL1. (A) The schematic representation of mammalian MRP1 with putative type
of substrates. MSD- membrane spanning domain; CL- cytoplasmic loop; NBD- nucleotide binding domain;
ATP- adenosine triphosphate; ADP- adenosine diphosphate; Pi- inorganic phosphate. Based on Cole, 2014.
(B) Three-dimesional structure of human MRP1. (C) Three-dimesional structure of C. elegans MRP-1
performed in the program Pyre 2 and colored in UCSF Chimera. Different colors correspond to distinct
domains: orange- MSDO; forest green- MSD1 with CL5; green- NBD1; magenta- MSD2 with CL7;
hot pink- NBD2. N- NH; terminus; C- COOH terminus.
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2.1.1.2. Nematode MRP-1 was localized in epithelium and muscle

To determine the subcellular localization of MRP-1 protein in nematodes,
endogenous MRP-1 was labeled with mCherry. The GFP filter and wild-type animals were
used as a control for discrimination and correction of the autofluorescence of intestinal
granules. Analysis based on the Worm Atlas indicates that the signal from the anterior part
of the nematodes, as shown in Figure 17 A, was probably located in the epithelial cells of
the pharynx, whereas the signal from the main body, as shown in Figure 17 B,
corresponded to the epithelial cells of the vulva and spermathecae as well as the vulval
muscles cells. Signal at the tail posteriorly to the intestine, near the rectum, as shown in
Figure 17 C, presumably came from the stomatointestinal muscles and anal depressor
muscle, which play an important role in defecation.

DIC GFP mCherry Merge
wild-type wild-type wild-type wild-type

MRP-1::mCherry MRP-1::mCherry MRP-1::mCherry MRP-1::mCherry
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DIC GFP mCherry Merge
wild-type wild-type wild-type wild-typ

o

MRP-1::mCherry MRP-1::mCherry

DIC GFP mCherry
wild-type wild-type wild-type

MRP-1::mCherry MRP-1::mCherry MRP-1::mCherry

Figure 17. Localization of MRP-1::mCherry. DIC (a, €); GFP (b, f); m::Cherry (c, g) and Merged (d, h)
images of wild-type (a, b, ¢, d) and MRP-1::mCherry (e, f, g, h) animals were shown. Wild-type strain and GFP
filter were used as a control for discrimination and correction of the autofluorescence of intestinal granules.
Scale bar: 20 um. (A) Localization of MRP-1::mCherry in the pharynx. (B) Localization of MRP-1::mCherry
in the vulva and spermathecae. (C) Localization of MRP-1::mCherry in the rectum.
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2.1.1.3. The location of point mutations in mrp-1 revealed by the genetic
screening

The results of EMS mutagenesis presented in Table 1, showed that among all which
can increase fat accumulation in rege-1 mutants, mutations in the mrp-1 gene are the most
common. To verify the location of the mrp-1 mutations and their significance on
MRP-1 function, an alignment of C. elegans MRP-1 and human MRP1 (ABCC1) was
performed, with point mutations from the EMS screen marked, as shown in Figure 18 A.
This analysis showed that all mutations were located in the region encoding conserved
domains of the mrp-1 gene, which can have significant influence on the proper functioning
of MRP-1. Mutations within the MSDs may reduce the efficiency of substrate transport.
Mutations located in the NBDs (Figure 18 B, C), within the conserved ATPase domain
motif, prevent ATP hydrolysis, making the protein inactive and incapable of substrate

transport.
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Figure 18. The location of point mutations in the mrp-1 revealed by the genetic screening.
(A) The alignment of C. elegans and H. sapiens MRP-1 domains, with the location of point mutations indicated
by arrows, revealed by the genetic screening. Red arrows- mutations within MSDs; cyan arrows- mutations
within NBDs. The colors of domains correspond to: orange- MSDO; forest green- MSD1 with CLS5;
green- NBD1; magenta- MSD2 with CL7; hot pink- NBD2. bp- base pair. (B, C) Deduced amino acids sequence
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of the MRP-1 NBDs. The alignment between C. elegans and H. sapiens was performed using the multiple

[73%2)

sequence alignment tool ClustalOmega. Marks indicate as follows: “*” perfect alignment; “:” strong similarity;

[T

.” weak similarity. The Walker A and B motifs and the active transport family signature C motif are indicated
by single lines and denoted as a, b, and ¢ in bold. (B) The aligment of C. elegans and H. sapiens NBD1.
AT52T point mutation identified in the screen is located in a conserved ATPase domain motif in domain 1,
marked as cyan. (C) The aligment of C. elegans and H. sapiens NBD2. G1293R point mutation identified in
the screen, marked as cyan, is located in a conserved ATPase domain motif in domain 2. D1456N point mutation
from the screen, marked as cyan, is placed in a conserved Walker B motif.

2.1.1.4. Depletion of mrp-1 slightly increased body fat content in rege-1 mutants

Forward genetic screening enabled the identification of potential ETS-4 targets,
among which MRP-1 was found. To verify whether mutation in the mrp-1 gene could recover
the fat loss phenotype of rege-1 mutants, rege-1 mRNA was silenced via RNAI in the
mrp-1 mutants and the relative amount of body fat was measured by the staining with ORO
and a biochemical measurement of TAG content.

Results from the ORO staining, presented in Figure 19 (A, B), indicate that the
mrp-1 mutant animals had increased amount of body fat compared to controls.
Wild-type animals fed with bacteria targeting rege-1 mRNA had reduced body fat content
compared to controls. On the other hand, the mrp-1 mutants subjected to rege-1 RNAI had
significantly greater body fat mass compared to the wild-type animals exposed to rege-1
RNAI. Results from biochemical measurement, presented in Figure 19 C, showed that
mrp-1 mutant animals had similar TAG levels compared to controls. Similar to the ORO
staining, TAG levels were increased in mrp-1 mutants exposed to rege-1 RNAi compared to
wild-type animals with targeted rege-1 mRNA which had reduced TAG levels.
However, inhibition of mrp-1 in rege-1 mutant animals led only to a partial recovery of the
body fat.

Moreover, differences in the LDs size between mutants and wild-type animals were
measured using the LD biomarker DHS-3 (short chain dehydrogenase) tagged with GFP,
as shown in Figure 20. Wild-type animals were used as a control for discrimination and
correction of the autofluorescence of intestinal granules. The mrp-1 mutants expressing
DHS-3::GFP had larger LDs compared to LDs found in the wild-type animals expressing
DHS-3::GFP. The size of LDs in rege-1 mutants determined using DHS-3::GFP was reduced
as compared to wild-type animals expressing DHS-3::GFP. On the other hand, the size of
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LDs in mrp-1; rege-1 double mutant animals expressing DHS-3::GFP was greater than in
single rege-1 mutants. However, mean LDs size in mrp-1; rege-1 double mutants was smaller
compared to controls.

In summary, mrp-1 mutants were characterized by greater fat accumulation, larger
LDs size and similar amounts of TAG compared to controls. This may indicate that mrp-1
mutants accumulate fat in a form other than TAG e.g. DAG, phospholipids or sphingolipids
(Watts and Ristow, 2017). In contrast, nematodes with targeted rege-1 mRNA via RNAI in
mrp-1 mutants or mrp-1; rege-1 double mutants partially recovered the fat loss phenotype in
rege-1 mutant animals, increased TAG levels and LDs size. Altogether, these results suggest

that MRP-1 might contribute to the fat loss phenotype of rege-1 mutants.
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Figure 19. Depletion of mrp-1 partially rescued the fat loss phenotype of rege-1 mutants. (A) Images of
wild-type and animals carrying mrp-1 mutation exposed to mock or rege-1 RNAI. The animals were stained
with the ORO to visualize body fat levels. Scale bar: 100 um. (B) Quantification of relative changes in the ORO
staining. 30 animals per condition were measured. Changes in the body fat levels were determined in relation
to wild-type animals subjected to mock RNAI. The P values were calculated using un-paired Student t-test
(n = 3). Data are presented as mean; error bars represent SEM (** indicates p < 0.01; *** p < 0.001;
**** p < 0.0001). (C) Quantification of changes in TAG levels relative to the total protein content in wild-type
and mrp-1 mutants exposed to mock or rege-1 RNAI. Changes in TAG levels were measured in relation to
wild-type animals subjected to mock RNAIi. The P values were calculated using un-paired Student t-test
(n = 3). Data are presented as mean; error bars represent SEM (* indicates p < 0.05; ** p < 0.01).
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Figure 20. Mutation in mrp-1 increased lipid droplets size in rege-1 mutants. (A) The dhs-3::GFP strain
(a) was crossed with either mrp-1 (b), rege-1 (c), or mrp-1; rege-1 (d) mutants to observe the size of LDs by
FL microscopy. The wild-type animals were used as a control for discrimination and correction of the
autofluorescence of intestinal granules (e). Scale bar: 10 um. (B) Quantification of LDs size. The diameter of
LDs was measured as an average from 30 droplets per strain from 5 animals. Changes in LDs size were
measured in relation to dhs-3::GFP strain. The P values were calculated using un-paired Student t-test (n = 3).
Data are presented as mean; error bars represent SEM (* indicates p < 0.05; ** p < 0.01; *** p < 0.001).
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2.1.1.5. The mrp-1 expression was independent of the presence of ets-4 mRNA in
rege-1 mutants

The above results has shown that MRP-1 was necessary for the fat loss phenotype
in rege-1 mutants and mutation in the mrp-1 gene led to a partial regain of the body fat.
The next step to establish a possible functional relationship between the ETS-4 transcription
factor and the MRP-1 transporter was to check whether ETS-4 affects mrp-1 transcription.
The results from the RT-gPCR analysis, presented in Figure 21, showed that wild-type
animals subjected to rege-1 RNAI and rege-1 mutants exposed to mock RNAI had greater
mrp-1 mRNA levels compared to controls. Although mutations in the mrp-1 gene increased

body fat content in rege-1 mutants, its expression does not apper to be regulated by ETS-4.

mrp-1 mRNA levels
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Figure 21. The mrp-1 mRNA levels were not dependent on ets-4 expression. The mrp-1 mRNA levels were
measured by RT-gPCR in wild-type or animals carrying either rege-1 or ets-4; rege-1 mutations exposed to
mock or rege-1 RNAIi. The mrp-1 mRNA levels were normalized to actin 1 mRNA levels and compared in
relation to wild-type animals subjected to mock RNAi. The P values were calculated using
un-paired Student t-test (n = 3). Data are presented as mean; error bars represent SEM (* indicates p < 0.05;
**p <0.01).
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2.1.1.6. High ets-4 mRNA levels contributed to an increase in sphk-1 mRNA level
in rege-1 mutants

Due to the fact that the substrates for MRP-1 are not well characterized in C. elegans,
it was checked whether the expression of genes responsible for the synthesis of ligands
transported by the human MRP1, was changed in the rege-1 mutant animals. At first, the
expression of sphingosine kinase 1 (sphk-1) gene encoding the enzyme responsible for the
synthesis of sphingosine-1-phosphate (S1P), was determined, as shown in Figure 22,

S1P
Extracellular fluid
Cytoplasm
Ceramidase SPHK1
Ceramide » Sphingosine
Ceramide synthetase S1P phosphatase

Figure 22. S1P synthesis pathway and transport through MRP1 in humans. S1P is synthesized by
phosphorylation of sphingosine by sphingosine kinase 1 (SPHK1) and exported by MRP1 transporter. S1P can
be dephosphorylated by S1P phosphatase to sphingosine and converted to ceramide through ceramide
synthetase. ATP- adenosine triphosphate; ADP- adenosine diphosphate; Pi- inorganic phosphate;
S1P- sphingosine-1-phosphate. Based on Kwong et al., 2017.

To determine whether ETS-4 had an effect on the S1P synthesis, sphk-1 mRNA levels
were measured in the wild-type and in animals carrying either rege-1 or ets-4; rege-1
mutations exposed to mock or rege-1 RNAI, as shown in Figure 23 A. To validate the RNAI
plates, rege-1 mRNA was targeted with RNAI in the wild-type animals. The sphk-1 mRNA
levels were significantly increased in the wild-type animals subjected to rege-1 RNAi and in
the rege-1 mutants exposed to mock RNAI in comparison to controls. The sphk-1 mRNA
levels in ets-4; rege-1 double mutants exposed to mock RNAI did not differ from controls.
These results suggested that ETS-4 significantly upregulated sphk-1 mRNA levels and thus
might increase S1P levels in the rege-1 mutant animals.

Moreover, it was checked whether the RNAi-mediated silencing of sphk-1 mRNA
affected fat accumulation in rege-1 mutant animals using the ORO staining. The wild-type

nematodes exposed to sphk-1 RNAIi were characterized by a similar level of body fat
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compared to controls (Figure 23 B, C). Fat accumulation in rege-1 mutant animals exposed
to sphk-1 RNAI was slightly higher compared to rege-1 mutants exposed to mock RNAI,
however it did not lead to the regain of body fat compared to controls.

In summary, high levels of sphk-1 mRNA observed in rege-1 mutant animals
and in rege-1 RNAI wild-type animals contributed to a significant reduction in the amount
of body fat as evidenced by RT-gPCR analysis and the ORO staining compared to controls.
However, RNAI targeting sphk-1 mRNA had little effect on fat accumulation in rege-1
mutants. Thus, both mrp-1 and sphk-1 seem to regulate fat metabolism independently of the
REGE-1 - ETS-4 regulatory axis.
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Figure 23. Inhibition of sphk-1 mRNAs in rege-1 mutants did not lead to the regain of body fat compared
to controls. (A) The level of sphk-1 mRNA was measured by RT-gPCR in the wild-type and in animals carrying
either rege-1 or ets-4; rege-1 mutations exposed to mock or rege-1 RNAI. The sphk-1 mRNA levels were
normalized to the levels mRNA of actin 1 and compared in relation to wild-type animals subjected to mock
RNAI. The P values were calculated using un-paired Student t-test (n = 3). Data are presented as mean;
error bars represent SEM (** indicates p < 0.01). (B) Images of wild-type and animals carrying rege-1 mutation
exposed to mock or dsRNA targeting either rege-1 or sphk-1 mRNA. The animals were stained with the ORO
to visualize body fat levels. Scale bar: 100 um. (C) Quantification of relative changes in the ORO staining.
30 animals per condition were measured. Changes in body fat levels were determined in relation to wild-type
animals subjected to mock RNAIi. The P values were calculated using un-paired Student t-test (n = 3).
Data are presented as mean; error bars represent SEM (* indicates p < 0.05; **** p < 0.0001).
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2.2. Candidate genes found through RNA sequencing data analysis

As another approach to find novel factors regulating fat metabolism in C. elegans,
an analysis of RNA sequencing data (RNA-Seq) previously performed in the laboratory of
Prof. Ciosk was made (Habacher et al., 2016). Changes in the mRNA levels between
wild-type animals exposed to rege-1 mRNA RNAI and the rege-1 mutants exposed to RNAI
targeting ets-4 mRNA were compared and further analyzed. Among multiple transcripts
increased in wild-type animals exposed to rege-1 RNAI and decreased in rege-1 mutants
exposed to ets-4 RNAI, respectively, ets-4, the peptide transporter (pept-1), the Na*/ H*
exchanger (nhx-2), paraquat (methylviologen) responsive transcription factor (pgm-1),
fatty acids desaturases (fat-5) and genes involved in sphingolipid metabolism like serine

palmitoyltransferase (sptl-1, sptl-2), were found, as shown in Table 2.

Table 2. Results from RNA-Seq data.

G Up upon rege-1 RNAI Down upon ets-4 RNAI
ene name b .
in wild-type in rege-1 mutant

ets-4 4.43 0.21

pept-1 2.31 0.40

nhx-2 3.58 0.22

pgm-1 2.30 0.31

fat-5 6.43 0.15

sptl-1 2.08 0.37

sptl-2 5.04 0.18

2.2.1. pept-1 as a candidate target for ETS-4

The analysis of RNA-Seq data, shown in Table 2, suggested that pept-1 might be a
potential target for the ETS-4 transcription factor, since pept-1 mRNA levels were increased
in the wild-type animals subjected to rege-1 RNAI and decreased in rege-1 mutants subjected
to ets-4 RNA.. The aim of further experiments was to determine whether REGE-1 — ETS-4
regulatory axis affected fat accumulation in nematodes via PEPT-1 and identify a potential
mechanism of REGE-1 — ETS-4 — PEPT-1 - mediated fat regulation.
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2.2.1.1. C. elegans PEPT-1 is an ortholog of human PEPTL1 transporter

The C. elegans transporter PEPT-1 is an ortholog of human PEPT1 and similar to
humans is a low affinity high capacity transporter, which transports di- and tripeptides from
the gut lumen to the intestine using electrochemical proton gradient as a driving force
(Meissner et al., 2004). The proper function of PEPT-1 transporter depends on the interplay
with a second transporter, NHX-2, which is an ortholog of humans sodium-hydrogen
exchanger 3 (NHE3) (Nehrke, 2003), required to balance intracellular pH by exporting
protons back into the intestinal lumen with simultaneous import of sodium ions
(Spanier et al., 2009), as shown in Figure 24.

In order to confirm protein sequence conservation, an alignment of C. elegans
PEPT-1 and H. sapiens PEPT1 was performed, as shown in Figure 25 A. This analysis
showed that PEPT-1 in C. elegans has similar sequence homology to human PEPT1,
as demonstrated by Meissner et al., 2004, which showed 36.9% sequence similarity
(Meissner et al., 2004). Prediction models for the structure of the human PEPT1 protein and
C. elegans PEPT-1 also show their similarity, as shown in Figure 25 (B, C). The PEPT1
transporter is composed of 12 transmembrane helices (TMs) of the major facilitator
superfamily (MFS), which form two six-helix bundles with the NH2 and COOH ends facing

the cytoplasm and the immunoglobulin-like extracellular domain (ECD) (Killer et al., 2021).

Gly-Pro H* H* Na*
pH=4.1 Yoo a
Intestinal lumen
PEPT-1 NHX-2
pH=7.4
N7

V

Gly-Pro H* - H*  Na*

Figure 24. Scheme representing functional interplay between PEPT-1 and NHX-2 transporters.
Based on Nehrke, 2014.

Intestinal cytoplasm
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Figure 25. Structure and sequence comparison between human PEPT1 and C. elegans PEPT-1.
(A) The alignment of C. elegans PEPT-1 and H. sapiens PEPT1 sequence. The alignment was performed using
the multiple sequence alignment tool ClustalOmega. Marks indicate as follows: “*” perfect alignment;
“.” strong similarity; “.” weak similarity. (B) Three-dimesional structure of human PEPT1 made in the program
Pyre 2 and colored in UCSF Chimera. (C) Three-dimesional structure of C. elegans PEPT-1 made in the
program Pyre 2 and colored in UCSF Chimera. The colors of the domains correspond respectively:
cyan- extracellular domain; yellow- transmembrane N-bundle; blue- transmembrane C-bundle.
N- NH, terminus; C- COOH terminus. Based on Killer et al., 2021.

2.2.1.2. Nematode PEPT-1 was localized in the intestinal apical membrane

Visualisation of PEPT-1 in the wild-type animals was performed by tagging the
endogenous protein with GFP on its COOH terminus, while its anatomical location was
verified based on the Worm Atlas. Signal location analysis showed the presence in the

intestinal apical membrane, as presented in Figure 26.
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Figure 26. Localization of PEPT-1::GFP in the wild-type animals in the intestinal apical membrane.
Scale bar: 10 pm.

2.2.1.3. The levels of pept-1 and nhx-2 mRNAs were increased in rege-1 mutants

The results from RNA-Seq analysis showed that both pept-1 and the nhx-2 mRNA
levels increased in the wild-type exposed to rege-1 RNAI and decreased in rege-1 mutants
exposed to ets-4 RNAI (Habacher et al., 2016). To confirm these results, pept-1 and nhx-2
expression was measured by RT-gqPCR in single rege-1 and ets-4; rege-1 double mutant

animals subjected to mock RNAI, as shown in Figure 27. To validate RNAI plates,
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rege-1 mRNA was targeted by RNAI in the wild-type animals. Both pept-1 and nhx-2 mRNA
levels increased significantly in nematodes in which rege-1 mRNA was targeted via RNAI
and in rege-1 mutants exposed to mock RNAi compared to controls. In the ets-4; rege-1
double mutant animals fed with mock RNAI, pept-1 and nhx-2 mRNA levels were
comparable to control. Altogether, these results showed that pept-1 and nhx-2 mRNA levels
were significantly increased in animals with mutated or inhibited rege-1.
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Figure 27. pept-1 and nhx-2 mRNA levels were increased upon inhibition / mutation of rege-1.
The levels of pept-1 (A) and nhx-2 (B) mRNAs were measured by RT-qPCR in the wild-type and in animals
carrying either rege-1 or ets-4; rege-1 mutations exposed to mock or dsRNA targeting rege-1 mRNA.
The pept-1 and nhx-2 mRNA levels were normalized to actin 1 mRNA levels and compared in relation to
wild-type subjected to mock RNAIi. The P values were calculated using un-paired Student t-test (n = 3).
Data are presented as mean; error bars represent SEM (** indicates p < 0.01; *** p < 0.001; **** p < 0.0001).
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2.2.1.4. Peptide transport activity was increased in rege-1 mutants

In order to investigate PEPT-1 function, the relative amount of endogenous PEPT-1
protein tagged with GFP (PEPT-1::GFP) and the transport activity of peptides through
PEPT-1 in rege-1 mutants were measured, as shown in Figure 28.

Western blot analysis showed that animals expressing PEPT-1::GFP and exposed to
rege-1 RNAI had similar amount of PEPT-1 protein compared to animals expressing
PEPT-1::GFP and subjected to mock RNAI, as presented in Figure 28 (A, B).
However, the transport of a fluorescent dipeptides 3 — Ala — Lys - AMCA, presented in
Figure 28 C, were significantly increased in wild-type animals exposed to rege-1 RNAI and
rege-1 mutants exposed to mock RNAI compared to controls. Both wild-type animals and
rege-1 mutants subjected to pept-1 RNAI displayed no change in the transport activity of
peptides compared to controls suggesting that AMCA was transported also by other
transporters than PEPT-1.
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Figure 28. Peptide transport activity, but not the PEPT-1 protein level was increased in rege-1 mutants.
(A) The amount of PEPT-1::GFP protein was measured by Western blot in wild-type animals carrying
PEPT-1 tag with GFP which were exposed to mock RNAIi (1) or dsRNA targeting rege-1 mRNA (2).
100 ng of protein lysate was loaded per lane on a 10% SDS-gel and a-Actin was used as a loading control.
(B) Quantification of PEPT-1::GFP protein level relative to the total protein content. Changes in protein levels
were determined in relation to the animals expressing PEPT-1::GFP and exposed to mock RNA.. The P values
were calculated using un-paired Student t-test (n = 3). Data are presented as mean; error bars represent SEM
(p < 0.05). (C) Quantification of the relative changes in 3 — Ala — Lys - AMCA transport activity via PEPT-1
were measured in the wild-type and animals carrying rege-1 mutation subjected to mock, pept-1 or rege-1
RNAI. Changes in transport activity relative to the total protein content were measured in relation to wild-type
animals exposed to mock RNAIi. The P values were calculated using un-paired Student t-test (n = 4).
Data are presented as mean; error bars represent SEM (* indicates p < 0.05; ** p < 0.01).
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2.2.1.5. PEPT-2 could exert compensatory role for PEPT-1 transporter

In addition to PEPT1 / PEPT-1, di- and tripeptides in humans and C. elegans are also
transported via PEPT2 / PEPT-2 (Brandsch, 2013; Benner et al., 2011). Thus, changes in
pept-2 mMRNA levels in the wild-type animals and rege-1 mutants exposed to mock, pept-1
or rege-1 RNAI were measured by RT-gPCR, as shown in Figure 29. To validate RNAI
plates, rege-1 mRNA was targeted by RNAI in the wild-type animals. The pept-2 mRNA
levels did not change in wild-type animals subjected to rege-1 RNAI or in rege-1 mutants
subjected to mock RNAIi compared to controls. However, silencing of pept-1 mRNA
significantly increased pept-2 mRNA levels in wild-type animals and rege-1 mutants
suggesting that PEPT-1 and PEPT-2 transporters might play similar roles and compensate
for each other.
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Figure 29. Inhibition of pept-1 mMRNA elevated the expression of pept-2. The pept-2 mRNA levels were
measured by RT-gPCR in the wild-type and in animals carrying rege-1 mutation exposed to mock or dsSRNA
targeting either pept-1 or rege-1 mRNA. The pept-2 mRNA levels were normalized to actin 1 mRNA levels
and compared to controls. The P values were calculated using un-paired Student t-test (n = 3).
Data are presented as mean; error bars represent SEM (* indicates p < 0.05).

2.2.1.6. Depletion of pept-1 increased body fat content in rege-1 mutants

The RNA-Seq data analysis demonstrated that RNAi-mediated silencing of rege-1
MRNA increased pept-1 mRNA levels in wild-type animals (Table 2). To determine whether
inhibition of pept-1 increased fat accumulation in rege-1 mutants, the relative amount of body

fat was measured by the ORO staining and TAG content was measured biochemically.
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Results from the ORO staining, presented in Figure 30 (A, B), showed that wild-type
animals exposed to pept-1 RNAI had an increased amount of body fat compared to controls.
Fat accumulation was reduced in both, the wild-type animals subjected to rege-1 RNAI and
rege-1 mutants subjected to mock RNAIi compared to controls. Targeting pept-1 mRNA via
RNAI in rege-1 mutants caused a significant developmental delay and a reduction in body
size. However, when correcting for the animal volume, the ORO analysis showed a
significant increase in the body fat content in rege-1 mutants exposed to pept-1 RNAI
compared to rege-1 mutants exposed to mock RNAI and recovery of fat at a similar level to
controls.

Surprisingly, targeting pept-1 mRNA by RNAIi markedly decreased TAG levels in
wild-type animals compared to their counterparts exposed to mock RNAI (Figure 30 C).
Similar to the ORO staining, TAG levels were significantly lower in both the wild-type
animals subjected to rege-1 RNAI and rege-1 mutants subjected to mock RNAi compared to
controls. However, rege-1 mutants exposed to pept-1 RNAI did not have altered TAG levels
compared to rege-1 mutants exposed to mock RNA..

In addition to measuring total body fat content and relative TAG levels, the LDs size
was examined via the LD biomarker DHS-3 tagged with GFP, as shown in Figure 30 (D, E).
Wild-type animals exposed to mock RNAi were used as negative control for correction of
the autofluorescence of gut granules. Targeting pept-1 mRNA by RNAI increased LDs in
animals expressing DHS-3::GFP compared to the corresponding strain subjected to mock
RNAI. The size of LDs in rege-1 mutants expressing DHS-3::GFP exposed to mock RNAI
and in animals expressing DHS-3::GFP exposed to rege-1 RNAI, were significantly reduced
as compared to the animals expressing DHS-3::GFP subjected to mock RNAI. rege-1
mutants expressing DHS-3::GFP and subjected to pept-1 RNAI had an increased size of LDs
compared to their counterparts exposed to mock RNAI, however LDs were smaller compared
to animals expressing DHS-3::GFP exposed to mock RNAI.

In summary, inhibition of pept-1 mMRNA by RNAI in rege-1 mutants caused an
increase in the overall body fat content and LDs size, however did not change relative TAG
levels. In addition, pept-1 mRNA silencing in the wild-type animals significantly increased
fat accumulation and LDs size while lowering relative TAG levels. These results suggest that

inhibition of pept-1 mMRNA increased the body fat content through accumulation of lipid
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species other than TAG. Thus, the functional PEPT-1 transporter might be essential for the

fat loss phenotype of the rege-1 mutants.
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Figure 30. Inhibition of pept-1 mMRNA partially rescued the fat loss phenotype of rege-1 mutants.
(A) Images of wild-type and animals carrying rege-1 mutation exposed to mock RNAIi or dsRNA targeting
either pept-1 or rege-1 mRNA. The animals were stained with the ORO to visualize body fat levels.
Scale bar: 100 um. (B) Quantification of relative changes in the ORO staining. 30 animals per condition were
measured. Changes in body fat levels were determined in relation to wild-type animals subjected to mock RNA..
The P values were calculated using un-paired Student t-test (n = 3). Data are presented as mean;
error bars represent SEM (** indicates p < 0.01). (C) Quantification of changes in TAG levels relative to the
total protein content. Changes in TAG levels were measured in relation to wild-type animals exposed to mock
RNAI. The P values were calculated using un-paired Student t-test (n = 3). Data are presented as mean;
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error bars represent SEM (**** indicates p < 0.0001). (D) Determination of LDs size. The dhs-3::GFP strain
was exposed to mock (a), pept-1 (b) or rege-1 (c) RNAI. The dhs-3::GFP; rege-1 strain was exposed to mock
(d) or pept-1 (e) RNAI. Wild-type animals subjected to mock RNAI were used as a negative control for
correction of the autofluorescence of gut granules (f). Scale bar: 5 um. (E) Quantification of the LDs size.
The diameter of the LDs were measured as an average from 30 droplets per strain from 5 animals. Changes in
LDs size were measured in relation to dhs-3::GFP strain subjected to mock RNAI. The P values were calculated
using un-paired Student t-test (n = 3). Data are presented as mean; error bars represent SEM
(** indicates p < 0.01; *** p < 0.001; **** p < 0.0001).

2.2.1.7. Disturbance of dipeptide hydrolysis or proton transport across intestinal
membrane slightly increased body fat content in rege-1 mutants

PEPT-1 transporter in C. elegans exerts dual function, as shown in Figure 31.
In addition to transporting di- and tripeptides from the intestinal lumen into the intestinal
cytoplasm, PEPT-1 works as a symporter, responsible for the influx of proton ions
(Spanier et al., 2009).

Gly-Pro H* H* Na*
pH=4.1 _
Intestinal lumen
PEPT-1 NHX-2
pH=7.4 2V
gene LTAH-lZ + + +
. <::| <::| | Gly-Pro H ‘ H Na
regulation TOR (Psré/ y

Intestinal cytoplasm

Pseudocoelomic space

PBO-5/6

Muscle
CONTRACTION

Figure 31. Model of the interactions between proton and peptides transport with muscle contraction and
TOR signaling in C. elegans. Based on Nehrke, 2014 and Benner et al., 2011.
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2.2.1.7.1. Inhibition of aminopeptidase Itah-1.2 slightly increased body fat
content in rege-1 mutants

In C. elegans, PEPT-1 transports di- and tripeptides from the intestinal lumen to the
intestinal cytoplasm, where they are cut into individual peptides by aminopeptidase,
leukotriene A4 hydrolase homolog (LTAH-1.2) (Baset et al., 1998), as shown in Figure 31.
These peptides can stimulate the function of TOR, one of the major pathways, which can
potentially regulate fat accumulation in nematodes (Meissner et al., 2004). To test whether
the LTAH-1.2 function affected fat accumulation in rege-1 mutants, the ltah-1.2 mRNA was
silenced by RNA. and the relative body fat content was measured by the ORO staining.

RNAi-mediated silencing of Itah-1.2 mRNA did not influence the body fat levels in
the wild-type animals compared to controls, as presented in Figure 32. However, rege-1
mutants exposed to Itah-1.2 RNAIi had increased fat accumulation compared to their
counterparts exposed to mock RNAI, but did not regain fat to a level observed in the control.
Although, LTAH-1.2 aminopeptidase might modulate fat accumulation in rege-1 mutants,
the results indicate that the PEPT-1 - LTAH-1.2 may work in parallel to and is not exclusively
dependent on the REGE-1- ETS-4 regulatory axis.
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Figure 32. Inhibition of Itah-1.2 partially rescued the fat loss phenotype of rege-1 mutants. (A) Images of
wild-type and animals carrying the rege-1 mutation exposed to mock RNAI or dsRNA targeting either rege-1
or Itah-1.2 mRNA. The animals were stained with the ORO to visualize body fat levels. Scale bar: 100 pm.
(B) Quantification of relative changes in the ORO staining. 30 animals per condition were measured.
Changes in body fat levels were determined in relation to wild-type animals subjected to mock RNAI.
The P values were calculated using un-paired Student t-test (n = 3). Data are presented as mean;
error bars represent SEM (** indicates p < 0.01; *** p < 0.001).

2.2.1.7.2. Inhibition of pbo-1 or pbo-4 slightly increased body fat content in
rege-1 mutants

In addition to peptide transport, PEPT-1 is responsible for translocation of protons
from the intestinal lumen (pH 4.1) into the intestinal cytoplasm (pH 7.4), which cause cell
acidification, as shown in Figure 31 (Spanier et al., 2009; Pfeiffer et al., 2008). The change
in pH activates PBO-1 and PBO-4, which affect proton transport from the basolateral part of
the intestine into the pseudocoelomic space (Benomar et al., 2020; Beg et al., 2008;
Nehrke, 2014) and control the dynamics of the posterior body muscle contraction and cyclic
defecation (Dal Santo et al., 1999). In order to check whether genes controlling proton
transport across biological membranes affect fat accumulation in rege-1 mutants,
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the pbo-1 and pbo-4 mRNAs were targeted by RNAI in rege-1 mutants and the relative body
fat content by the ORO staining and TAG levels were measured, as presented in Figure 33
and Figure 34.

Targeting pbo-1 or pbo-4 mRNAs by RNAI in the wild-type animals did not change
fat accumulation compared to controls. The rege-1 mutants exposed to pbo-1 or pbo-4 RNAI
had an increased total body fat content compared to rege-1 mutants exposed to mock RNAI,
as shown in Figure 33 (A, B) and Figure 34 (A, B). However, the increase in fat content did
not reach the control levels. In addition, targeting pbo-1 or pbo-4 mRNA markedly increased
TAG levels in wild-type animals relative to controls, as presented in Figure 33 C and
Figure 34 C. Surprisingly, rege-1 mutants subjected to pbo-1 or pbo-4 RNAI had similar
levels of TAG compared to their counterparts exposed to mock RNA..

These results suggest that PBO-1 and PBO-4 contribute to a reduction in total body
fat content in rege-1 mutants and in animals with RNAi-targeted rege-1 mRNA. In contrast,
inhibition of pbo-1 or pbo-4 mRNAs in rege-1 mutants increased fat accumulation without a
significant change in the relative TAG levels. Therefore, slight increases in fat accumulation
in rege-1 mutants with RNAI targeted either pbo-1 or pbo-4 might result from the
accumulation of lipid species other than TAGs. Since the recovery of body fat in rege-1
mutants exposed to pbo-1 or pbo-4 RNAI was partial and pbo-1 / pbo-4 mRNAs silencing
increased TAG levels also in wild-type animals, the PEPT-1 - PBO-1/PBO-4 pathway might

regulate fat accumulation not exclusively via the REGE-1 - ETS-4 regulatory axis.
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Figure 33. Inhibition of pbo-1 mRNA partially rescued the fat loss phenotype in rege-1 mutants.
(A) Images of wild-type and animals carrying rege-1 mutations exposed to mock RNAi or dsRNA targeting
either rege-1 or pbo-1 mRNAs. The animals were stained with the ORO to visualize body fat levels.
Scale bar: 100 pm. (B) Quantification of relative changes in the ORO staining. 30 animals per condition were
measured. Changes in body fat levels were determined in relation to wild-type animals subjected to mock RNAI.
The P values were calculated using un-paired Student t-test (n = 3). Data are presented as mean;
error bars represent SEM (** indicates p < 0.01; *** p < 0.001). (C) Quantification of changes in TAG levels
relative to the total protein content. Changes in TAG levels were measured in relation to wild-type animals
exposed to mock RNAI. The P values were calculated using un-paired Student t-test (n = 3). Data are presented
as mean; error bars represent SEM (* indicates p < 0.05; ** p < 0.01).
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Figure 34. Inhibition of pbo-4 mRNAs slightly increased fat accumulation in rege-1 mutants.
(A) Images of wild-type or rege-1 mutant animals exposed to mock RNAI or dsRNA targeting either rege-1 or
pbo-4 mRNAs. The animals were stained with the ORO to visualize body fat levels. Scale bar: 100 pm.
(B) Quantification of relative changes in the ORO staining. 30 animals per condition were measured.
Changes in body fat levels were determined in relation to wild-type animals subjected to mock RNAI.
The P values were calculated using un-paired Student t-test (n = 3). Data are presented as mean;
error bars represent SEM (* indicates p < 0.05; ** p < 0.01; *** p < 0.001). (C) Quantification of changes in
TAG levels relative to the total protein content. Changes in TAG levels were measured in relation to wild-type
animals exposed to mock RNAi. The P values were calculated using un-paired Student t-test (n = 3).
Data are presented as mean; error bars represent SEM (* indicates p < 0.05; ** p < 0.01).
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2.2.2. daf-16 and pgm-1 as candidate targets for ETS-4

As previously mentioned, ETS-4 might modulate transcription of the PQM-1
(Habacher et al., 2016), which is an antagonist of the DAF-16 (Sun et al., 2017). DAF-16 is
regulated by a group of protein kinases which lead to inhibition or activation of DAF-16
function depending on the site of phosphorylation (Sun et al., 2017). The IS pathway via
serine / threonine kinases AKT leads to phosphorylation of DAF-16 which thus remains
inactive in the cytoplasm (Sun et al., 2017), while dephosphorylated PQM-1 enters the
nucleus where it activates transcription of developmental genes via DAF-16 associated
element (DAE) sequence (TGATAAG) (Tepper et al., 2013), as shown in Figure 35.
When the insulin pathway is inactive, PQM-1 is phosphorylated and enters the cytoplasm,
while DAF-16 ceases to be dephosphorylated and moves to the nucleus where it activates the
transcription of stress response genes via DAF-16 binding element (DBE) sequence
(GTAAACA) (Tepper et al., 2013; Dowen et al., 2016). In further experiments, it was
determined whether REGE-1 - ETS-4 regulatory axis regulate fat accumulation via PQM-1
and DAF-16.
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Figure 35. Insulin signaling pathway influence translocation of DAF-16 and PQM-1 between the
cytoplasm and the nucleus. On the left, the active IS pathway leads to inactivation of DAF-16 through its
phosphorylation and activation of the transcription factor PQM-1 and its nuclear translocation.
On the right, the inactive IS pathway leads to inactivation of PQM-1 through its phosphorylation and activation
of the transcription factor DAF-16 and its nuclear translocation. Based on Dowen et al., 2016 and
Tepper et al., 2013.
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2.2.2.1. The levels of daf-16 and pgm-1 mRNAs were increased in rege-1 mutants

To determine whether ETS-4 regulates transcription of daf-16 and pgm-1, daf-16 and
pgm-1 mRNA levels were measured in wild-type animals and in animals carrying either
rege-1 or ets-4; rege-1 mutations exposed to mock or rege-1 RNAI, as shown in Figure 36.
Both daf-16 and pgm-1 mRNA levels increased in wild-type animals subjected to rege-1
RNAI and in rege-1 mutants subjected to mock RNAI compared to controls. Furthermore,
in ets-4; rege-1 double mutants exposed to mock RNAI the levels of daf-16 and pgm-1
MRNAs were similar to controls. These results suggest that ets-4 mRNAs contributed to
increased transcription of daf-16 and pgm-1. However, to determine if they are

transcriptionally active, their subcellular location should be checked.
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Figure 36. The levels of daf-16 and pgm-1 mRNAs were increased in rege-1 mutants. The levels of
daf-16 (A) and pgm-1 (B) mRNAs were measured by RT-gPCR in the wild-type and in animals carrying either
rege-1 or ets-4; rege-1 mutations exposed to mock or rege-1 RNAi. The mRNA levels were normalized to the
actin 1 mRNA levels and compared in relation to wild-type animals subjected to mock RNAI. The P values
were calculated using un-paired Student t-test (n = 3). Data are presented as mean; error bars represent SEM
(p <0.05).
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2.2.2.2. Inhibition of rege-1 mRNA affected the nuclear location of DAF-16

Visualisation of DAF-16 was performed using endogenous DAF-16 protein tagged
with GFP, while its anatomical location was verified based on the Worm Atlas.
Signal location analysis showed the presence of DAF-16::GFP in the nuclei of intestinal cells
in both, animals expressing DAF-16::GFP exposed to rege-1 RNAI and in rege-1 mutants
expressing DAF-16::GFP exposed to mock RNAI, as presented in Figure 37. In contrast,
in the animals expressing DAF-16::GFP subjected to mock RNAI, the signal was present in
the cytoplasm of intestinal cells. Wild-type exposed to mock RNAI were used as a negative
control for correction of the autofluorescence of gut granules. The presence of a signal from
DAF-16::GFP in the nucleus in animals with inhibited rege-1 may indicate its increased

transcriptional activity.

mock RNA.I in
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Figure 37. Localization of DAF-16::GFP in intestinal cells. The daf-16::GFP strain was exposed to mock
or rege-1 RNAI. The daf-16::GFP; rege-1 strain was exposed to mock RNAI. Wild-type animals subjected to
mock RNAI were used as a negative autofluorescence control. Scale bar: 20 um.
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2.2.2.3. DAF-16 and PQM-1 did not affect body fat levels in rege-1 mutants

Previous studies have shown a significant increase in the levels of daf-16 and pgm-1
MRNA (Figure 36) and an increase in nuclear translocalization of the DAF-16::GFP protein
(Figure 37) in rege-1 mutants. Therefore, it was checked whether the DAF-16 or PQM-1 are
involved in the regulation of fat content through the REGE-1 - ETS-4 regulatory axis.
For this purpose, daf-16 or pgm-1 mRNA were targeted by RNAI in rege-1 mutants and
stained by the ORO, as presented in Figure 38.

Targeting daf-16 or pgqm-1 mRNAs by RNAI did not affect fat accumulation in the
wild-type animals compared to controls. In addition, inhibition of daf-16 or pgm-1 mRNAs
did not alter body fat levels in rege-1 mutants compared to the corresponding strain exposed
to mock RNAI. These results suggest that ETS-4 did not affect fat accumulation in the
rege-1 mutants through DAF-16 or PQM-1.
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Figure 38. Inhibition of daf-16 or pgm-1 mRNAs did not affect body fat accumulation in rege-1 mutants.
(A) Images of wild-type and rege-1 mutants exposed to mock or dsRNA targeting either daf-16, pqm-1 or
rege-1 mRNAs. The animals were stained with the ORO to visualize body fat levels. Scale bar: 100 pm.
(B) Quantification of relative changes in the ORO staining. 30 animals per condition were measured.
Changes in body fat levels were determined in relation to wild-type animals subjected to mock RNA.I.
The P values were calculated using un-paired Student t-test (n = 3). Data are presented as mean;
error bars represent SEM (*** indicates p < 0.001).
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2.3. skn-1 as a candidate target for ETS-4

Reports from human colon carcinoma cell line showed that nuclear factor erythroid
2-related factor 2 (NRF2), a counterpart of C. elegans SKN-1, increased the expression of
PEPT1 gene and PEPT1 protein level (Geillinger et al., 2014) as well as MRP1 in small cell
lung cancer cell line (Ji et al., 2013). In addition, SKN-1 increased stress resistance and
reduced body fat content in C. elegans (Steinbaugh et al., 2015). Since the research conducted
here suggest the possible association of PEPT-1 and MRP-1 with body fat loss in rege-1
mutants, it was investigated whether ETS-4 could indirectly influence their expression

through another transcription factor SKN-1.

2.3.1. Depletion of skn-1 mRNA slightly increased body fat content in rege-1
mutants

In order to check whether the REGE-1 - ETS-4 regulatory axis influences the relative
body fat content through SKN-1, its mMRNA levels in the rege-1 mutants and the relative body
fat level by the ORO method in the rege-1 mutants exposed to skn-1 RNAI, were measured.

Quantitative analysis by RT-gPCR presented in Figure 39 A, showed that skn-1
MRNA levels increased in both wild-type animals exposed to rege-1 RNAI and rege-1
mutants exposed to mock RNAIi compared to controls. However, in ets-4; rege-1 double
mutants subjected to mock RNAI, skn-1 mRNA levels were similar to controls.

The ORO staining, presented in Figure 39 (B, C), showed a significant increase in
the body fat content in the wild-type animals subjected to skn-1 RNAi compared to controls.
In contrast, targeting skn-1 mRNAs by RNAI in the rege-1 mutants increased fat
accumulation compared to rege-1 mutants exposed to mock RNAI, however, to a lower level
than in controls.

In summary, skn-1 mRNA levels were increased and thus SKN-1 could be partially
responsible for the fat loss phenotype in rege-1 mutants. However, since inhibition of skn-1
did not fully recover the body fat content in rege-1 mutants compared to controls and
increased fat accumulation also in wild-type animals, SKN-1 may regulate fat metabolism
via signaling independent of the REGE-1 - ETS-4 regulatory axis.
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Figure 39. Inhibition of skn-1 mRNA partially rescued the fat loss phenotype of rege-1 mutants.
(A) The level of skn-1 mRNAs were measured by RT-qPCR in wild-type and animals carrying either
rege-1 or ets-4; rege-1 mutations exposed to mock or rege-1 RNAI. The skn-1 mRNA levels were normalized
to actin 1 mRNA levels of and compared in relation to wild-type animals subjected to mock RNAI. The P values
were calculated using un-paired Student t-test (n = 3). Data are presented as mean; error bars represent SEM
(* indicates p < 0.05; ** p < 0.01). (B) Images of wild-type and animals carrying rege-1 mutation exposed to
mock RNAI or dsRNA targeting either skn-1 or rege-1 mRNAs. The animals were stained with the ORO
to visualize body fat levels. Scale bar: 100 um. (C) Quantification of relative changes in the ORO staining.
30 animals per condition were measured. Changes in body fat levels were determined in relation to wild-type
animals subjected to mock RNAIi. The P values were calculated using un-paired Student t-test (n = 3).
Data are presented as mean; error bars represent SEM (* indicates p < 0.05; ** p < 0.01).
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2.3.2. The expression of oxidative stress response genes was increased in rege-1

mutants

Previous studies demonstrated that high levels of the transcription factor ETS-4
in rege-1 mutants stimulated the expression of genes responsible for catabolism and
immunity in C. elegans (Habacher et al., 2016). Due to the fact that both catabolism and
immune response can cause reactive oxygen species (ROS) formation (Chavez et al., 2007),
and that SKN-1 was activated in response to ROS and oxidative stress, it was checked
whether ETS-4 influenced transcription of the oxidative stress response genes.

Analysis of sod-4 and sod-5 mRNA levels by RT-qPCR showed a significant increase
in both wild-type animals exposed to rege-1 RNAI and in rege-1 mutants exposed to mock
RNAI compared to controls, as shown in Figure 40. However, in the case of ets-4; rege-1
double mutants sod-4 and sod-5 mRNA levels were similar to controls. Moreover,
the expression of SOD-5::GFP was located in neurons in the pharynx of rege-1 mutant
animals compared to their counterparts subjected to mock RNAI (Figure 41). These results

demonstrated high expression of genes related to oxidative response in rege-1 mutants.
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Figure 40. The expression of oxidative stress response genes was increased in rege-1 mutant animals.
The sod-4 (A) and sod-5 (B) mRNAs levels were measured by RT-gPCR in the wild-type and animals carrying
either rege-1 or ets-4; rege-1 mutations exposed to mock or rege-1 RNAI. The mRNA levels were normalized
to the actin 1 mRNA levels and compared in relation to wild-type animals subjected to mock RNA..
The P values were calculated using un-paired Student t-test (n = 3). Data are presented as mean;
error bars represent SEM (* indicates p < 0.05; ** p < 0.01; *** p < 0.001).

Merge GFP
mock RNAI in SOD-5::GFP mock RNAI in SOD-5::GFP

rege-1 RNAI in SOD-5::GFP rege-1 RNAI in SOD-5::GFP

Figure 41. Localization of SOD5::GFP in neurons. GFP (b, d) and megre (a, ¢) images of animals expressing
SOD-5::GFP exposed to mock RNA (a, b) or dsRNA targeting rege-1 mRNA (c, d). Scale bar: 20 um.
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3. Metabolic changes caused by ETS-4

In order to find out how ETS-4 reduces fat accumulation, the expression of genes
affecting lipid composition, as well as changes in cellular respiration and glycogen synthesis

in the rege-1 mutants were determined.

3.1. The effect of ETS-4 on lipid metabolism in rege-1 mutants

High levels of ets-4 mRNA in rege-1 mutants lead to a reduction in the body fat
content (Figure 10 and Figure 11). This chapter describes the effects of ETS-4 on the
expression of genes influencing FA and sphingolipid metabolism.

3.1.1. The expression of genes involved in FA metabolism was changed in
rege-1 mutant animals

Fatty acids are the main components of lipids and the lipid composition is regulated
by the activity of A9 desaturases such as fat-5, fat-6 and fat-7, as shown in Figure 42
(Brock et al., 2007). Disruption of FAT-6 or FAT-7 activity led to an enhancement of the
activity of FAT-5, which changed lipid composition in C. elegans (Brock et al., 2007).
The potential influence of ETS-4 on chages in the lipid composition was checked by

measuring the mMRNA levels of fat-5, fat-6 and fat-7, as shown in Figure 43.
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Figure 42. Scheme of FAs synthesis pathways. Palmitic acid (16:0); palmitoleic acid (16:1n7);
vaccenic acid (18:1n7); stearic acid (18:0); oleic acid (18:1n9); linoleic acid (18:2n6);
gamma linolenic acid (18:3n6); dihomogamma-linolenic acid (20:3n6); eicosatetraenoic acid (20:4n-3);
arachidonic  acid  (20:4n6);  eicosapentaenoic acid ~ (20:5n-3);  short  fatty acids (SFA);
mono-unsaturated  fatty acids (MUFA); poly-unsaturated fatty acids (PUFA). Based on
Mejia-Martinez et al., 2017 and Brock et al., 2007.

RT-gPCR analysis showed a significant increase in fat-5 mRNA levels in the
wild-type animals exposed to rege-1 RNAI and in rege-1 mutants exposed to mock RNAI
compared to controls. In contrast, ets-4; rege-1 double mutants exposed to mock RNAI
had similar levels of fat-5 mMRNA compared to controls. The expression of fat-6 mMRNAs
did not change in rege-1 and ets-4; rege-1 double mutants compared to controls.
The expression of fat-7 mRNA was significantly decreased in both wild-type animals
subjected to rege-1 RNAI and in rege-1 mutants subjected to mock RNAi compared to
controls. In the case of ets-4; rege-1 double mutants, fat-7 mRNA levels were significantly
lower compared to controls.

These results suggested that lipid composition in rege-1 mutants might be affected by
an upregulation of fat-5 mRNA and a reduction in fat-7 mRNA levels presumably via
ETS-4. Upon FAT-7 deficiency, FAT-6 may play a compensating role (Brock ry al., 2006).
In contrast, the expression of fat-6 mMRNA remained unchanged. Given that fat-5 mRNA
levels were significantly decreased in ets-4; rege-1 double mutants it seems that FAT-5
contributes to the regulation of lipid composition in rege-1 mutants, possibly through the
REGE-1 — ETS-4 regulatory axis.
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Figure 43. The expression of genes responsible for FA metabolism was changed in rege-1 mutants.
The levels of fat-5 (A), fat-6 (B) and fat-7 (C) mRNAs were measured by RT-gPCR in the wild-type animals
exposed to rege-1 RNAI or dsRNA targeting rege-1 mRNA. The mRNA levels were normalized to the actin 1
mMRNA levels and compared in relation to wild-type animals subjected to mock RNAI. The P values were
calculated using un-paired Student t-test (n = 3). Data are presented as mean; error bars represent SEM
(** indicates p < 0.01; *** p < 0.001).
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3.1.2. The expression of genes responsible for sphingolipid metabolism was
influenced by inhibition of rege-1

Analysis of the RNA-Seq data showed that sptl-1 and sptl-2 mRNA levels were
increased upon inhibition of rege-1 mMRNAs by RNAI and decreased in the rege-1 mutants
in with ets-4 mRNAs was silenced (Table 2) (Habacher et al., 2016). Due to the fact that
sphingolipids might influence lipid composition (Hénel et al., 2019), it was examined
whether the REGE-1 - ETS-4 regulatory axis affected fat accumulation in nematodes by

influencing genes involved in sphingolipid metabolism, as shown in Figure 44,
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Figure 44. Sphingolipid synthesis pathway. Blue rectangle- substrates; green rectangle- minor lipids and
intermediates; red rectangle- major lipid products; purple rectangle- signaling lipids;
orange rectangle- enzymes. C15iso- 13-methyltetradecanoic acid; FA-coA- fatty acyl coenzyme A;
HYL- homolog of yeast longevity gene; ASAH- acylsphingosine amidohydrolase; FFA- free fatty acid,;
ASM- acid sphingomyelinase; SMS- sphingomyelin synthase; PC- phosphatidylcholine; SPHK- sphingosine
kinases. Based on Watts and Ristow, 2017.
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3.1.2.1. High ets-4 mRNA levels in rege-1 mutants increased expression of genes
responsible for sphingolipid metabolism

To confirm the RNA-Seq results, mRNA levels of sptl-1 and sptl-2 were measured
by RT-qPCR in wild-type or rege-1 mutant animals exposed to mock or rege-1 RNAI,
as shown in Figure 45 (A, B). Both sptl-1 and sptl-2 mRNA levels increased in the
wild-type animals subjected to rege-1 RNAI and in rege-1 mutants subjected to mock RNAI
in comparison to controls. The sptl-1 mRNA levels were lower in ets-4; rege-1 double
mutants exposed to mock RNAI, while the sptl-2 mRNAs were similar to controls.

In addition to sptl-1 and sptl-2 mRNA levels, the expression of other genes involved
in sphingolipid metabolism, hyl-1 and hyl-2 (homologs of yeast longevity genes),
were checked, as shown in Figure 45 (C, D). The hyl-1 and hyl-2 mRNA levels were
significantly increased in wild-type animals exposed to rege-1 RNAI and rege-1 mutants
exposed to mock RNAI compared to controls. In contrast, hyl-1 and hyl-2 mRNA levels in
ets-4; rege-1 double mutants were similar to controls.

In summary, these results indicated that sphingolipid metabolism might be enhanced
in rege-1 mutants as evident by increased expression of sptl-1, sptl-2, hyl-1 and hyl-2 possibly
through the REGE-1 — ETS-4 regulatory axis.
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Figure 45. High ets-4 mRNA levels increased in sptl-1, sptl-2, hyl-1 and hyl-2 mRNA levels in rege-1
mutants. The levels of sptl-1 (A), sptl-2 (B), hyl-1 (C) and hyl-2 (D) mRNAs were measured by RT-gPCR
in the wild-type and in animals carrying either rege-1 or ets-4; rege-1 mutations exposed to mock RNAI or
dsRNA targeting rege-1 mRNAs. The mRNA levels were normalized to the actin 1 mRNA levels and compared
in relation to wild-type animals subjected to mock RNAI. The P values were calculated using un-paired Student
t-test (n = 3). Data are presented as mean; error bars represent SEM (* indicates p < 0.05; ** p < 0.01;

**% 1 < 0.001; **** p < 0.0001).
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3.1.2.2. Inhibition of enzymes regulating sphingolipid metabolism rescued the fat
loss phenotype of rege-1 mutants

Given that ETS-4 stimulates the expression of genes related to sphingolipid
metabolism, it was checked whether genes such as sptl-1 and sptl-2 contribute to the fat loss
phenotype in rege-1 mutants by using ORO staining.

Depletion of sptl-1 mRNA by RNA.i significantly reduced the body fat content and
the body size in the wild-type animals compared to controls, as presented in Figure 46.
Silencing of sptl-1 mRNA in rege-1 mutants caused an increase in body size compared to
wild-type animals exposed to sptl-1 RNAi. Moreover, RNAi-mediated inhibition of sptl-1
in the rege-1 mutants increased the body fat levels compared to rege-1 mutants exposed to
mock RNAI.

The wild-type nematodes exposed to RNAI targeting mRNA of another enzyme
regulating sphingolipid metabolism, sptl-2, were characterized by a similar lavel of body fat
content compared to controls, as shown in Figure 47. In contrast, targeting sptl-2 mRNA
via RNAI in rege-1 mutants, resulted in a significant increase in the body fat content
compared to rege-1 mutants subjected to mock RNAIi. However, the recovery of body fat
was partial compared to controls.

Wild-type animals exposed to RNAI targeting sptl-1 and sptl-2 mRNAs had similar
body fat levels as their counterparts exposed to mock RNAI, as shown in Figure 48.
Simultaneous silencing of sptl-1 and sptl-2 in rege-1 mutants resulted in a significant increase
in fat accumulation compared to rege-1 mutants subjected to mock RNAI. Blocking the
pathway of sphingolipid metabolism allowed for complete fat recovery in rege-1 mutants to
the level comparable to controls.

In summary, increased sptl-1 and sptl-2 mRNA levels could lead to accumulation of
sphingolipids and thus be partially responsible for the fat loss phenotype in rege-1 mutants.
Since silencing of sptl-1 mRNA in rege-1 mutants led to a significant increase in body size
and fat content compared to wild-type animals exposed to corresponding RNAI,
sphingolipids may potentially regulate fat metabolism via the REGE-1 - ETS-4 regulatory
axis. Since silencing of sptl-1 or sptl-2 by RNAI allowed for partial fat recovery in rege-1

mutants, while their simultaneous silencing led to a complete fat recovery compared to
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control, sphingolipids may potentially regulate fat metabolism via the REGE -1 - ETS-4
regulatory axis.
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Figure 46. Inhibition of sptl-1 largely rescued the fat loss phenotype of rege-1 mutants. (A) Images of
wild-type and animals carrying rege-1 mutation exposed to mock RNAI or dsRNA targeting either rege-1 or
sptl-1 mRNAs. The animals were stained with the ORO to visualize body fat levels. Scale bar: 100 um.
(B) Quantification of relative changes in the ORO staining. 30 animals per condition were measured.
Changes in body fat levels were determined in relation to wild-type animals subjected to mock RNAI.
The P values were calculated using un-paired Student t-test (n = 3). Data are presented as mean;
error bars represent SEM (* indicates p < 0.05; *** p < 0.001; **** p < 0.0001).

99



Results

A
1 \
1‘}‘ R
4 #
" , '
mock RNAI in sptl-2 RNAI in rege-1 RNAI in mock RNAI in sptl-2 RNAI in
WT WT WT rege-1 rege-1
B
Quantification of the ORO staining
o 1.5 -
& ns
22104 +
£ E ok okk
s 2 - .
S = 0.5 = *ﬂ*
; sk ok ook
S 00 . = -
mock RNAi  sptl-2 RNAi rege-1 RNAi mock RNAi  sptl-2 RNAI
WT WT WT rege-1 rege-1

Figure 47. Inhibition of sptl-2 partially rescued the fat loss phenotype of rege-1 mutants. (A) Images of
wild-type and animals carrying rege-1 mutations exposed to mock RNAi or dsSRNA targeting either rege-1 or
sptl-2 mRNAs. The animals were stained with the ORO to visualize body fat levels. Scale bar: 100 pm.
(B) Quantification of relative changes in the ORO staining. 30 animals per condition were measured.
Changes in body fat levels were determined in relation to wild-type animals subjected to mock RNA.I.

The P values were calculated using un-paired Student t-test (n = 3). Data are presented as mean; error bars
represent SEM (**** indicates p < 0.0001).
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Figure 48. Simultaneous inhibition of sptl-1 and sptl-2 MRNAs by RNAi completely rescued the fat loss
phenotype of rege-1 mutants. (A) Images of wild-type and animals carrying rege-1 mutations exposed to mock
RNAI or dsRNA targeting either rege-1 or sptl-1 / sptl-2 mRNAs. The animals were stained with the ORO to
visualize body fat levels. Scale bar: 100 um. (B) Quantification of relative changes in the ORO staining.
30 animals per condition were measured. Changes in body fat levels were determined in relation to wild-type
animals subjected to mock RNAIi. The P values were calculated using un-paired Student t-test (n = 3).
Data are presented as mean; error bars represent SEM (**** indicates p < 0.0001).

3.2. The effect of rege-1 depletion on energy metabolism

Reduced body fat levels in the rege-1 mutants might result from an increased
[-oxidation which requires a high energy input and contributes to an increase in ROS
production as byproducts (Yu et al., 2019). This chapter examines whether decreased fat

accumulation in the rege-1 mutants was a consequence of changes in energy metabolism.
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3.2.1. The oxygen consumption rate was reduced upon depletion of rege-1

The energy needed for life is mainly obtained through mitochondrial oxidative
phosphorylation, which takes place on the mitochondrial membrane. Therefore, changes in
the energy metabolism of the cell may be associated with disturbances in cellular respiration
(Wilson, 2017). Oxygen consumption rate (OCR) reflects mitochondrial function as well as
metabolic activity of the cell under normal and stressful conditions with high ROS production
(Palikaras et al., 2015). The change in OCR may indicate a switch from oxidative
phosphorylation to aerobic glycolysis (Luz et al., 2016). Thus, it was checked whether
inhibition of rege-1 influenced mitochondrial function by changing OCR, as presented in
Figure 49. As a positive control for the mitochondrial dysfunction, wild-type animals
exposed to mock RNAI were used, which were fasted for 4 hours directly before the
experiment.

OCR were significantly lower in both wild-type animals exposed to rege-1 RNAI
and rege-1 mutants exposed to mock RNAi compared to controls. Moreover, no differences
in OCR were observed between the wild-type animals subjected to rege-1 RNAIi and
wild-type animals subjected to mock RNAI and deprived of food for 4h (stress control).

These results showed that OCR was significantly reduced in animals with depleted rege-1.
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Figure 49. Depletion of rege-1 contributed to reduction in OCR. Quantification of relative changes in the
OCR in the wild-type and the rege-1 mutants exposed to mock RNAi or dsSRNA targeting rege-1 mRNA.
Wild-type animals subjected to mock RNAI and starved for 4h were used as a control for reduced OCR.
Changes in OCR relative to the total protein content were measured in relation to wild-type animals exposed to

mock RNAI. The P values were calculated using un-paired Student t-test (n = 3). Data are presented as mean;
error bars represent SEM (* indicates p < 0.05; ** p < 0.01).
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3.2.2. Sorbitol dehydrogenase transcription was increased in rege-1 mutants

Due to reduction in the OCR and the body fat content in animals with depleted
rege-1, it was indirectly checked whether the energy utilized for functioning came from
carbohydrate metabolism. An inverse relationship between the body fat loss and an increase
in the glycogen levels in the intestine, hypodermis and muscle under hypoxic conditions
in the wild-type animals was previously demonstrated (Zeci¢ et al., 2019;
Heimbucher et al., 2020). Sorbitol dehydrogenase-1 (sodh-1) transforms sorbitol into
fructose which then undergoes further conversions to glycogen (El-Kabbani et al., 2004).
Therefore, it was checked whether the expression of the sodh-1 was changed in rege-1
mutants, as shown in Figure 50.

RT-gqPCR analysis showed that sodh-1 mRNA levels were significantly increased
in both wild-type animals exposed to rege-1 RNAI and rege-1 mutants exposed to mock
RNAI compared to controls. In contrast, in double mutants ets-4; rege-1 exposed to mock
RNAI sodh-1 mRNA levels dropped significantly compared to rege-1 mutants exposed to
mock RNAI. These results suggested that high ets-4 mRNA levels in rege-1 mutants might

have contributed to an increase sodh-1 mRNA levels.
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Figure 50. High ets-4 mRNA levels contributed to increasd expression of sodh-1 upon rege-1 depletion.
The levels of sodh-1 mRNA were measured by RT-qPCR in the wild-type and animals carrying either rege-1
or ets-4; rege-1 mutations exposed to mock RNAI or dsRNA targeting the rege-1 mRNAs. The mRNA levels
were normalized to the actin 1 mRNA levels and compared to the wild-type animals subjected to mock RNAI.
The P values were calculated using un-paired Student t-test (n = 3). Data are presented as mean;
error bars represent SEM (* indicates p < 0.05; ** p < 0.01; *** p < 0.001).
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DISCUSSION

1. The role of REGE-1 - ETS-4 axis in fat accumulation

1.1. C. elegans REGE-1 is as ortholog of human Regnase-1

Obesity is a serious medical problem associated with numerous comorbidities and
reduced quality of life. Given the complexity of human fat metabolism regulation,
biomedical research using a simple model organism such as C. elegans might lead to the
identification of new molecules and signaling pathways that could also function in humans.
The discovery of an endoribonuclease REGE-1 in C. elegans, which is an ortholog of human
Regnase-1, and its role in the regulation of the body fat content, gives opportunities to unravel
the novel function of Regnase-1. Previous findings on the regulation of the body fat via
Regnase-1 in mammals have not been conclusive (Younce and Kolattukudy, 2012;
Younce et al., 2009; Losko et al., 2020), therefore uncovering the pathway regulating fat
accumulation in nematodes through REGE-1 may help in understanding the metabolic
function of Regnase-1.

To confirm the similarity of C. elegans REGE-1 to human Regnase-1, their amino
acid sequences were compared as well as the prediction of their protein structures was
performed, as shown in Figure 9. This analysis showed 35.5% sequence similarity between
REGE-1 and Regnase-1. Both REGE-1 and Regnase-1, as ribonucleases, contain NYN
domains (Nedd4-binding protein 1), with catalytic center rich in four aspartic acids,
which enabled them to function as RNAses (Anantharaman and Aravind, 2006).
The first three aspartic acids are responsible for the chelation of magnesium ions,
leading to the nucleophilic attack of water on the phosphodiester bond of the target mMRNA,
while the fourth aspartic acid, in addition to chelating magnesium ions, is also responsible
for catalyzing the reaction through the interaction of magnesium ions with water
(Anantharaman and Aravind, 2006). Substitution of these amino acids in Regnase-1 led to
the loss of the catalytic activity of RNAse in HEK293 cell line (Matsushita et al., 2009).

The second very important domain for endoribonucleases, which is present in both REGE-1
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and Regnase-1, is the CCCH-type zinc finger (ZF) domain, with a C1X5C>Xs5C3X3H motif,
containing three cysteines and a histidine, responsible for target binding and
the efficiency of RNA cleavage (Yokogawa et al., 2016). Comparative analysis of
the amino acid sequence between C. elegans and humans revealed a sequence difference in
the ZF domain. C. elegans had CPYARKCTYGNKCKFYH, whereas H. sapiens had
CPYGRKCTYGIKCRFFH sequence, respectively. These differences in the ZF domain
suggest its divergent evolution from a common ancestor (Garg et al., 2021).
Studies performed on human embryonic kidney (HEK293T) cells regarding the effect of
C. elegans REGE-1 on the mammalian Regnase-1 mRNA targets, as well as the effect of
human Regnase-1 on C. elegans REGE-1 mRNA targets showed that both, REGE-1
and Regnase-1 were capable of cleavage and degradation of the same mMRNAS
(Sobanska et al., 2021).

Due to the similarities in the amino acid sequence and the protein structure
of REGE-1 and Regnase-1, as well as recent reports indicating that REGE-1 and Regnase-1
regulate the same mMRNA targets, one might presume that these RNAses perform similar
functions. Thus, research on C. elegans REGE-1 could be used to improve understanding of

Regnase-1 function in humans.

1.2. Depletion of ets-4 rescued the pale phenotype of rege-1 mutants

Previous studies demonstrated that the major target mMRNA degraded by REGE-1
in C. elegans was the transcription factor ets-4 localized in the intestine and responsible for
the regulation of expression of genes involved in lipid catabolism, immunity and longevity
(Habacher et al., 2017; Thyagarajan et al., 2010). In humans, the orthologue of ETS-4,
SAM-pointed domain-containing ETS transcription factor (SPDEF) was located in epithelial
cells of the gastrointestinal tract, salivary and mammary glands, endometrial and ovarian
epithelia, prostate, trachea and lungs (Korfhagen et al.,, 2012; Horst et al.,, 2010),
while in mice it was present in epithelial cells in the stomach, caecum, small intestine,
colon, coagulating gland, oviduct, prostate, seminal vesicles, trachea, bronchi and lungs
(Park et al., 2007). Thus, SPDEF was expressed in tissues that required special protection

against pathogens or where an appropriate microbiome had to be maintained.

106



Discussion

The SPDEF regulated the expression of genes associated with the differentiation of
goblet cells that secrete mucus like anterior gradient 2 (Agr2), forkhead box A3 (Foxa3)
and glucosaminyl (N-acetyl) transferase 3 (Gent3) (Horst et al., 2010; Korfhagen et al., 2012;
Chen et al., 2009). Mucus in the lungs serves as the initial barrier to protect the body from
various inhaled toxins, allergens and bacterial colonization. Overexpression of SPDEF
observed in humans with cystic fibrosis, chronic obstructive pulmonary disease or asthma
increased the number of mucus-secreting cells as well as the amount of mucus in the lungs
leading to airway obstruction and increased susceptibility to viral and bacterial infections
(Korfhagen et al., 2012). On the other hand, SPDEF deficiency in mammals led to
colitis (Ray, 2021), but also to breast, ovarian and prostate cancer (Horst et al., 2010;
Moussa et al., 2009). However, so far there are no reports of a direct effect of SPDEF on the
regulation of the body fat content in mammals.

Knowing that ETS-4 affects the expression of genes stimulating lipid catabolism
in C. elegans (Habacher et al., 2016), this thesis attempted to find potential pathways
modulating fat accumulation through the REGE-1 - ETS-4 module. Results from RT-gPCR
analysis, presented in Figure 10, showed that both, animals with targeted rege-1 mRNA and
single rege-1 mutants fed with mock RNAI were characterized by an increase in ets-4 mRNA
levels relative to colntrols. In contrast, ets-4 mRNA was significantly lower in
ets-4; rege-1 double mutants confirming the dependence of the level of ets-4 mRNA on the
presence of REGE-1 ribonuclease.

Further analyses showed that increased ets-4 mRNA levels significantly reduced
total body fat content as well as TAG levels in both the rege-1 mutants and in the rege-1
silenced animals, as presented in Figure 11. Research designed to determine whether
decrease in ets-4 gene expression can prevent fat loss in rege-1 mutants, showed that
heterozygotes ets-4(+/-); rege-1(-/-), with one ets-4 allele, did not affect ets-4 mRNA levels,
however was sufficient for partial regain of fat (Figure 13). Due to the fact that the offspring
in the F1 generation were unsynchronized and a large part of them were males,
100 heterozygotes at a similar stage were selected manually for the analysis. This study
should be carried out on a much larger number of animals, which could give much more
accurate measurements and reduce variations in the results. Gene expression can be

modulated at many stages, not only at the level of transcription, but is also controlled by
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translation efficiency and protein activity through posttranslational modifications. In further
studies, it is worth checking whether the level of ETS-4 protein changes in heterozygotes,
because it is possible that a slight reduction in the ETS-4 level results in increased fat
accumulation. The reduction of total body fat content as well as TAGs in rege-1 mutants may
result from enhanced expression of lipl-1 and lipl-2 lipases, as shown in Figure 14,
which are responsible for TAGs breakdown to free fatty acid (FFA) and glycerol.
In C. elegans, the expression of lipases such as lipl-1 and lipl-2 varied according to nutritional
status and was activated by DR (O'Rourke and Ruvkun, 2013). Since the regulation of ets-4
mMRNA by REGE-1 depends on the environmental conditions, including food availability,
it is also possible that ETS-4 regulates fat accumulation by modulating the expression of
lipolytic genes. Unpublished data from C. Habacher’s thesis showed that ETS-4 did not
affect feeding behavior, as shown by measuring pharyngeal pumping rate in rege-1 mutants
(unpublished data from Habacher, 2018). Therefore, a different mechanism regulating the
body fat content through ETS-4 was sought.

In summary, increased expression of ets-4 mRNA leads to activation of the
expression of lipases, which stimulate catabolism and reduce the overall body fat content
in rege-1 mutants. In further research, RT-qPCR analysis might be used to determine whether
the expression of lipases was stimulated by ETS-4 in response to the increased energy
requirements during the molting period (Cyr et al., 2008; Li et al., 2022). FAs influence the
cuticle formation, thus the body fat loss via changing the lipid composition can cause a
molting defect (Antebi, 2015). During molting the old cuticle is renewed, which allows
the nematode to enter the next developmental stage (Turek and Bringmann, 2014).
If ETS-4 was temporarily active in the molting process to provide energy from the breakdown
of fat, its continued activity could lead to a lean phenotype in the rege-1 mutants.
Moreover, in addition to having a reduced body fat content, the rege-1 mutants have smaller
size and are developmentally delayed, which may indicate a disturbed molting process
(Mullaney et al., 2010).

Further analyzes should be performed to investigate whether heterozygotes
ets-4 (+/-); rege-1(-/-), despite the high level of ets-4 mRNA, regain body fat content by
changing the amount or transcriptional activity of the ETS-4 protein, e.g. by tagging ETS-4

with GFP and observing its subcellular location. In addition to the regulation of gene
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transcription, ETS-4 can affect protein-protein interactions with other transcription factors
(Gamsjaeger et al., 2007). Therefore, through protein interaction assays (Shimokawa, 2005)
it could be checked whether ETS-4 in combination with another transcription factor,

such as SKN-1, regulated transcription in the rege-1 mutants.

2. MRP-1 regulated fat content possibly in parallel to REGE-1 - ETS-4
pathway

Previous research through forward genetic screening has identified mrp-1 as potential
target for the REGE-1 - ETS-4 regulatory axis, which mutation can increase fat content in
rege-1 mutants, as shown in Table 1. However, the analysis conducted in this thesis showed
that MRP-1 may work in parallel to the REGE-1 - ETS-4 regulatory axis. The ORO study
showed that MRP-1 modulates fat accumulation also in wild-type animals (Figure 19 and
Figure 20). RT-gPCR analysis showed that the expression of mrp-1 was independent of
ETS-4 (Figure 21), and moreover RNA-Seq data did not identify mrp-1 as a potential target
for ETS-4 (Table 2).

2.1. MRP-1 is a transporter conserved between nematodes and mammals

ATP-binding cassette (ABC) transporters are the largest transport superfamily present
in both prokaryotes and eukaryotes (Dean, 1995). Through binding of ATP,
ABC transporters obtain the energy needed to transport various molecules through the plasma
membrane (Thiebaut et al., 1987) or the intracellular membranes of organelles such as ER,
mitochondria and peroxisomes, as shown in Figure 16 A (Dean, 1995). ABC transporters
transfer various substrates important for animal physiology like organic anions,
including oxidized and reduced glutathione (GSSG and GSH), as well as anionic conjugates
of GSH, glucuronide and sulfate, which protect cells from toxins, oxidative stress,
regulate hormone secretion and inflammation (Loe et al., 1996a; Loe et al., 1996b;
Leier et al., 1996; Jedlitschky et al., 1996, Lucia et al., 2005). Some ABC transporters like
ABCA and ABCG carry lipids such as cholesterol, phospholipids (PL) and other sterols,
which can be further transported to the bile or to the cellular membrane and regulate its
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composition (Aye et al., 2009; Van Helvoort et al., 1996). In mammals, MRP1 is one of the
best known ABC transporters in the subfamily C1 (ABCC1l). MRP1 is capable of
transporting various chemotherapeutic drugs like Vincristine, Vinblastine or Methotrexate,
and is referred to as multidrug resistance (MDR) (Massey et al., 2013). Its ability to transport
drugs causes "pharmacologic" resistance to chemotherapy in human cancer patients,
as confirmed by research conducted on leukemia (Flens et al., 1994), lung (Flens et al., 1994;
Cole et al., 1992), breast (Morrow et al., 1998), neuroblastoma (Manohar et al., 2004)
and prostate (Zalcberg et al., 2000) tumor cell lines, that could result from higher expression
of the MRP1 transporters and decreased drug absorption (Massey et al.,, 2013).
Moreover, MRP1 was found to regulate inflammation through transport of lipid mediators
such as leukotriene C4 (LTC4), a potent chemotactic factor controlling dendritic cell
migration from peripheral tissues to lymph nodes (Robbiani et al., 2000) and sphingolipids
like S1P (Mitra et al., 2006). The potential involvement of ABCC1 transporter in the
regulation of fat metabolism has also been demonstrated. Abccl mRNA and protein levels
were significantly reduced in the livers of diet-induced obese mice compared to lean mice
(More and Slitt, 2011). On the other hand, another group showed that ABCC1 was expressed
in human AT and was responsible for the export of corticosterone, and its expression was
up-regulated in obese individuals (Nixon et al., 2016). Therefore, C. elegans might be used
as a simple model organism to investigate molecular mechanism/s through which MRP1
might influence fat metabolism.

The C. elegans MRP-1 is an ortholog of human MRP1, which shows 66% genomic
sequence similarity and 47% identical protein sequence (Broeks et al., 1996).
The spatial structures of MRP1 and MRP-1 proteins are very similar, because they are both
homodimers and have MSDO - MSD1 - NBD1 - MSD2 - NBD2 domain structure,
as shown in the Figure 16 (B, C) (Yang et al., 2010; Sheps et al., 2004). In C. elegans,
MRP-1 is involved in transport of vitamin B12, which is an essential nutrient that functions
as a cofactor (McDonald et al., 2017), but also MRP-1 allows animals to survive in
environments rich in heavy metals like cadmium and arsenite (Broeks et al., 1996).
However, the function of MRP-1 in the regulation of nematode’s fat metabolism has not been

demonstrated yet.
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2.2. MRP-1 is localized in the membranes of various types of cells

Examination of the localization of endogenous MRP-1 in C. elegans using MRP-1
tagged with mCherry on the COOH terminus, showed the presence of MRP-1 in epithelial
cells of the pharynx and vulva, but also in spermathecae, rectum in stomatointestinal
and anal depressor muscles, as shown in Figure 17. Other studies on C. elegans,
where MRP-1 was tagged with GFP, showed its localization in the intestine, pharynx, vulva
and neurons (Zhao et al., 2004; Yabe et al., 2005; Broeks et al., 1996). Studies conducted on
the human HEK293 cell line, where MRP1 was fused at the COOH terminus with cyan
fluorescent protein (CFP), showed its location on the plasma membrane and in the post-Golgi
compartment (Westlake et al., 2005), whereas immunostaining of MRP1 showed a
basolateral localization in the rabbit conjunctival epithelial cells (Yang et al., 2007).
Due to the fact that ABC transporters transport a variety of compounds that help to maintain
organism homeostasis, they are present on the membranes of various types of cells.
However, their highest abundance can be seen on the surface of cancer cells.
By pumping drugs out of the cell, ABC transporters protect cell from harmful substances,

often preventing effective chemotherapy (Depeille et al., 2005).

2.3. Loss-of-function mutations in the conserved domains of MRP-1 increased
fat accumulation in rege-1 mutants

MRP1 is built of two MSDs domains each with six TM a-helices that form the TM
channel, which are characteristic for ABC transporters (Iram and Cole, 2011), as shown in
Figure 16 A. Additional MSD domain (MSDO0), with five TM a-helices is probably
necessary for MRP1 retention or recycling to the plasma membrane (Iram and Cole, 2011,
Westlake et al.,, 2005). In addition to MSDs, the MRP1 transporter has two
nucleotide-binding domains (NBD), which contains two short ATP binding motifs like
Walker A and Walker B motif (Zhao et al., 2004; Hyde et al., 1990) and a unique C motif,
which is also known as signature motif, because it can be found in all ABC subunits,
but usually not in other ATPases (Nikaido, 2002; Schneider, 1998). Walker A motif
(G- X-X-G—-X-G-K-Y3)is built with glycine-rich loop and uncapped K-helix and

is responsible for the orienting the triphosphate chain of MgATP to a proper conformation
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required for catalysis (Schneider et al., 1994; Jones and George, 1999). Walker B motif
(h—h —h—h—D) has many hydrophobic residues (h) and aspartate that is involved in the
coordination of the catalytic Mg?* ion (Walker et al., 1982; Jones and George, 1999).
Cmotif (L-S-X-G-0Q-X-0 — X)is rich in glutamine and glycine residues
and is involved in energy transfer from ATP hydrolysis to conformational changes in the
MSD required for translocation of the substrate (Ames and Lecar, 1992; Hyde et al., 1990).
The two NBDs of human MRP1 differs in their functions, because NBD1 is responsible for
ATP binding, while NBD2 is responsible for ATP hydrolysis and ADP binding
(Gao et al., 2000).

The results from EMS mutagenesis, presented in Table 1 and Figure 18 A,
showed that presence of point mutations in each of the conserved domains of the mrp-1 gene
influenced the fat content of the rege-1 mutants. This suggests that all these mutations
affected the function of MPR-1. Mutations located in MSDs may affect the efficiency of
substrate transport, whereas mutations within NBDs, shown in Figure 18 (B, C),
may prevent ATP hydrolysis, making the protein inactive due to lack of energy for substrate
transport. A752T point mutation was located in a conserved ATPase domain motif in NBD1,
G1293R point mutation was present in a conserved ATPase domain motif in NBD2,
whereas D1456N point mutation was placed in a conserved Walker B motif in NBD2.
Mutational analyzes of ABC transporters have shown that the substitutions within the
Walker A and Walker B motifs, in particular substitutions in conserved lysine and aspartate,
that are responsible for ATP hydrolysis, cause inhibition of substrate transport
(Urbatsch et al., 1998, Jones and George, 1999). Two NBDs cannot function independently
as catalytic sites, because their cooperative interaction is required for ATP hydrolysis.
Therefore, mutations in the NBDs domains result in the loss of the transport activity.

An unbiased genetic screening found mutations within the mrp-1 gene which
increased fat content in rege-1 mutants (Table 1). Thus, here a new function of MRP-1
in the regulation of fat accumulation evidenced by measurement of total fat content by ORO
staining and TAG levels (Figure 19), was discovered. In addition, mrp-1; rege-1 double
mutants expressing DHS-3::GFP had a partial recovery of mean LDs size compared to
controls, as shown in Figure 20. However, the RT-gPCR analysis (Figure 21) showed that

mrp-1 mRNA levels increased in both wild-type animals exposed to rege-1 RNAI
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and rege-1 mutants exposed to mock RNAI, as well as in ets-4; rege-1 double mutants in
comparison to controls. Moreover, RNA-Seq data did not identify mrp-1 as a potential target
for ETS-4 (Table 2). Therefore these results suggest that MRP-1 may work parallely to the
REGE-1 - ETS-4 regulatory axis. However, in order to confirm whether MRP-1 regulates fat
metabolism independently of ETS-4 additional analyzes using rege-1 and ets-4; rege-1
double mutants should be performed, e.g. analysis of the MRP-1 activity using the
EFLUXX-ID Green Multidrug Resistance Assay Kit (Prasad et al., 2021) and the
measurement of the MRP-1 protein level e.g. using fluorescently tagged MRP-1,
MRP-1::GFP, via western blot analysis. Taking into account reports that sphingolipids
transported by MRP1 might regulate lipid metabolism, the role of sphingolipids in regulating

body fat content in rege-1 mutants was analyzed (Figure 23).

2.4. ABC transporters are involved in transport of bioactive signaling
molecules

One of the substrates transported by MRP1 in humans is sphingosine 1-phosphate
(S1P), a sphingolipid which is derived from the transformation of d17iso-sphingosine
by sphingosine kinases (SphKs), as shown in Figure 22 (Cartwright et al., 2013). S1P is a
bioactive signaling molecule that, in mammals, activates signaling pathways responsible for
growth, cell survival, angiogenesis and transport of immune cells (Kwong et al., 2017).
Moreover, sphingolipids regulate cellular processes such as proliferation, differentiation,
migration and lipid metabolism (Kwong et al., 2017). In addition, sphingolipids are known
for their impact on the development of multiple human diseases such as atherosclerosis,
osteoporosis, pulmonary arterial hypertension, diabetes and nonalcoholic fatty liver disease
(NAFLD) (Maceyka et al., 2012). Furthermore, S1P through the regulation of
cancer-fibroblast microenvironment niche can influence the development of cancer
metastasis in melanoma, breast, prostate and lung cancer (Pyne et al., 2018). In C. elegans
S1P was associated with immune response to bacterial pathogens, while mutations in the
sphk-1 gene decreased nematode survival after infection, reduced lifespan,
increased susceptibility to oxidative stress and caused a reduction in body size and brood size
(Lee et al., 2020; Chan et al., 2017).
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Due to the fact that sphingolipids are active biomolecules, which activate various
metabolic pathways, it was checked whether MRP-1 via sphingolipids influences fat
accumulation in the rege-1 mutants, as shown in Figure 23. The study showed that
ETS-4 significantly increased sphk-1 mRNA levels in rege-1 mutants and in animals with
targeted rege-1 mRNA by RNAI, resulting in the body fat loss compared to controls as
evidenced by the ORO staining. However, silencing of sphk-1 mRNA slightly increased body
fat content in rege-1 mutants compared to rege-1 mutants exposed to mock RNA..

The role of sphingolipids in the regulation of glucose and lipid metabolism
in mammals may be different depending on the type of tissue. In the liver of diabetic mice,
SphK stimulated 11S and glucose uptake and reduced TAG, cholesterol and low-density
lipoproteins levels (LDL) (Ma et al., 2007). Moreover, mice overexpressing SphK1
in the liver had decreased levels of TAG when fed with a low fat diet (LFD), while mice fed
with high fat diet (HFD) did not have altered TAG levels (Kowalski et al., 2015).
In addition, studies conducted in SphK1 knock-out mice fed with HFD showed an increase
in plasma cholesterol and TAG levels (Qi et al., 2013). Moreover, studies on the effect of
SphK1 in AT showed its rise in ob / ob mice compared to the wild-type mice
(Hashimoto et al., 2009), as well as in HFD-fed mice compared to LFD-fed animals
(Wang et al., 2014). Furthermore, obese patients showed an increase in S1P levels in AT
compared to lean people (Blachnio-Zabielska et al., 2012). The differences in the regulation
of the body fat levels by sphingolipids may be explained by the fact that S1P is a ligand,
which when transported to the intercellular space can bind to various receptors and perform
an autocrine as well as a paracrine function in different tissue (Maceyka et al., 2012).

Results presented in this thesis showed a significant influence of sphingolipids and
the MRP-1 transporter on the regulation of fat accumulation in nematodes. Although both
MRP-1 and SPHK-1 seem to have contributed to the reduction of fat accumulation in
rege-1 mutants, silencing of their mRNAs allowed for the recovery of the fat content
to a small extent. Thus, and the fact that they modulate fat accumulation in wild-type animals
indicate that they might function in parallel to the REGE-1 - ETS-4 regulatory axis.
However, it would be very interesting to check whether SPHK-1 in rege-1 mutants,
like in mammals, could stimulate IS pathway, for example by checking the expression of

genes from the 1IS pathway such as daf-2, age-1, akt-1, akt-2, sgk-1. Due to the fact that
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sphk-1 mRNA level was increased in the rege-1 mutants, as presented in the Figure 23 A,
and SphK could stimulate glucose uptake in mice (Ma et al., 2007), it might be interesting to
check whether the rege-1 mutants had increased glucose uptake using 2-deoxy-D-glucose
(2DG) containing 3H-2DG (Kitaoka et al., 2016). In addition, liquid chromatography-
electrospray ionization-tandem mass spectrometry (LC - ESI - MS / MYS)
(Yamada et al., 2018) could be used to determine whether the transport of S1P via MRP-1

was increased in rege-1 mutants.

3. PEPT-1 regulated fat content possibly in parallel to REGE-1 — ETS-4
pathway

Data analysis from RNA-Seq previously performed in the laboratory of Prof. Ciosk
revealed that the PEPT-1 transporter is another potential factor enabling body fat regulation
downstream of REGE-1 - ETS-4 regulatory axis, as shown in Table 2. Due to the fact that
in forward genetic screening the selection of genes that increased the body fat content in the
rege-1 mutants was carried out by visual selection of animals with a dark appearance,
which indicated greater amount of fat (Table 1), some genes potentially important for the
regulation of fat accumulation through the REGE-1 - ETS-4 regulatory axis could have been
omitted. For example, pept-1 mutants had a clear appearance, which might have indicated
low body fat content, however, the ORO and TAG analyzes carried out in this PhD thesis
showed that they had 2.5 times more fat than the wild-type, while the TAG levels were very
low (Figure 30). This proves that the dark appearance does not reflect the amount of body
fat. Thus, it may be assumed that the pept-1 gene could also be found via forward genetic
screening, when a more accurate method to asses body fat levels, such as CARS analysis,
would have been used. The following section describes the effect of PEPT-1 on the regulation

of fat accumulation in C. elegans and a possible downstream signaling pathway.

3.1. PEPT-1is a transporter conserved between nematodes and mammals

Nutrients provided with the food are needed to supply energy for the survival of all

living organisms, therefore animals possess specialized membrane proteins responsible for

115



Discussion

the transport of various substances (Daniel et al., 2006). Short amino acids can be transported
from the intestinal lumen via transmembrane transporters in free or protein-bound form
(Meissner et al., 2004). Human PEPT1 and PEPT2 are transmembrane transporters which,
in addition to transporting di- and tripeptides from food, could transport peptide-mimicking
drugs into the intestine (Brandsch, 2013; Ganapathy et al., 1995). C. elegans transporter
PEPT-1 is an ortholog of human PEPT1, which via electrochemical proton gradient could
also transport di- and tripeptides from the gut lumen to the intestine (Meissner et al., 2004;
Ganapathy and Leibach, 1983), as shown in Figure 24. Moreover, PEPT-1 stimulated
development and growth of nematodes, whereas its mutation caused delayed post-embryonic
development and reduction in the amount of progeny and body size (Meissner et al., 2004).

To confirm the relatedness between C. elegans PEPT-1 and human PEPT1,
an amino acid sequence comparison was performed, as shown in Figure 25 A.
These results confirm the conservative amino acids sequence of this transporter, which was
also shown by Meissner et al., 2004 indicating 36.9% sequence similarity between them
(Meissner et al., 2004). Moreover, the spatial visualization of PEPT1 and PEPT-1 showed
high similarity between their structures, as shown in Figure 25 (B, C). Both transporters are
constructed of 12 MSD domains, which form two six-helix bundles and the ECD domain
(Killer et al., 2021), while their amino and carboxyl ends are located in the cytosol
(Daniel et al., 2006).

Moreover, the similarity between C. elegans PEPT-1 and human PEPT1
is demonstrated by anatomical location of these transporters. Visualization of PEPT-1
in C. elegans by tagging the endogenous protein with GFP on its COOH terminus,
showed its presence in the intestinal apical membrane, as presented in Figure 26.
Other research conducted on C. elegans revealed that PEPT-1 was located in intestinal
epithelial cells, suggesting it played a role in absorption of peptides from the gut lumen
(Meissner et al., 2004). Similar, studies on mammals have shown the presence of PEPT1
in the apical membrane of epithelial cells in the small intestine and kidney, while PEPT2 was
present only in the epithelial cells in the kidney (Wolf et al., 2010; Ganapathy et al., 1995).
Despite some similarities, further research is needed to determine whether remaining
differences in the sequence and structure of these proteins significantly affect their function,

which might be distinct in nematodes and mammals.
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3.2. Depletion of rege-1 increased pept-1 mRNA level and peptide transport
activity

The RNA-Seq results showed that wild-type animals with rege-1 RNAI had elevated
pept-1 mMRNA levels, (Table 2). The activity of the PEPT-1 transporter depends on the
membrane potential and extracellular pH, which enables the transport of peptides together
with protons and leads to an intracellular acidification (Ganapathy and Leibach, 1983;
Spanier et al., 2009). Therefore, for its proper function PEPT-1 needs a second NHX-2
transporter, which is responsible for restoring intracellular pH by proton export into the
intestinal lumen with simultaneous import of sodium ions (Spanier et al., 2009), as shown in
Figure 24. Interestingly, RNA-Seq results indicated that wild-type animals exposed to
rege-1 RNAI also increased the expression of nhx-2 (Table 2), which is a human NHE3
counterpart (Nehrke, 2003). In this thesis, the RT-gPCR analysis showed that high ets-4
expression increased mMRNA levels of pept-1 and nhx-2 transporters, in both wild-type
animals exposed to rege-1 RNAI and rege-1 mutants exposed to mock RNAI, as shown in
Figure 27.

Next, it was checked whether ETS-4 affected PEPT-1 protein levels or its transport
activity, as shown in Figure 28. Western blot analysis showed no increase in PEPT-1 protein
levels in animals expressing PEPT-1::GFP and subjected to rege-1 RNAI in comparison to
the same strain but exposed to mock RNAI. The measurements of PEPT-1 transport activity
using a fluorescent dipeptide 8 — Ala — Lys - AMCA showed an increase in both wild-type
animals subjected to rege-1 RNAIi and rege-1 mutants subjected to mock RNAI.
The transport activity of peptides did not change in the wild-type animals or rege-1 mutants
in which the pept-1 mRNA was targeted via RNAI. Large standard deviations in these
experiments could have been caused by the presence of an intracellular pool of
aminopeptidases, like LTA4H. LTA4H could hydrolyze intracellular di- and tripeptides
(Benner et al., 2011), which could have an impact on stability of the fluorescent dipeptide
and thus reduce the intensity of its intracellular signal.

Due to the fact that peptide transport was not changed in animals exposed to pept-1
RNAI, it was checked whether depletion of pept-1 mRNA influenced the expression of
another peptide transporter, pept-2. RT-gPCR analysis presented in Figure 29, showed that
silencing of pept-1 mRNA enhanced the expression of pept-2. In addition to the fact that the
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amino acid sequence of mammalian PEPT1 is approximately 50% homologous to PEPT2
(Shen et al., 2003), it has been shown that PEPT2 could also transport di- and tripeptides
in rats (Alghamdi et al., 2017). Thus, in C. elegans PEPT-2 might play a compensatory role
when PEPT-1 transporter is inactive, to maintain proper protein absorption.

According to data, the high levels of ets-4 mRNA have contributed to an increase in
pept-1 mRNA levels, whereas pept-1 mRNA silencing increased the expression of pept-2,
and that both PEPT-1 and PEPT-2 can transport di- and tripeptides, it should be further
investigated whether the lack of functional PEPT-1 enhanced PEPT-2 mediated peptide
transport. It could be checked whether the PEPT-2 protein levels were changed in the pept-1
mutants by western blot analysis. Moreover, it could be determined whether targeting
pept-2 mMRNA by RNAI in rege-1 mutants would affect the transport activity of PEPT-1.
In addition, through the LC - MS / MS analysis (Spanier et al., 2018), amino acid profiles

in rege-1 mutants could be examined.

3.3. PEPT-1 affected the body fat content in C. elegans

The experiments presented above demonstrated a possible involvement of PEPT-1
transporter in the maintenance of intestinal homeostasis in C. elegans. Studies using human
intestinal epithelial cell line, Caco-2, showed involvement of PEPT1 in fat metabolism,
where both, the amount of PEPT1 and its transport activity were stimulated by leptin
and insulin hormones (Thamotharan et al., 1999; Buyse et al., 2001; Hindlet el al., 2009).
Moreover, studies on mammals demonstrated that Peptl reduced postprandial blood glucose
levels, whereas intake of peptides during high-protein diet treatment improved glycemic
control in the upper small intestine (Dranse et al., 2018). On the other hand Peptl knock-out
mice were characterized by a reduced fat content and disturbed intestinal homeostasis
through shortened intestinal microvilli (Kolodziejczak et al., 2013; Zhang et al., 2016).
At first, studies on C. elegans showed that pept-1 mutants had a reduced fat content
(Ashrafi et al., 2003; Nehrke, 2003). However, few years later other studies on C. elegans
indicated that a mutation in the pept-1 gene increased fat accumulation, possibly through
enhanced transport of FFAs across the intestinal membrane by a flip-flop diffusion
(Spanier et al., 2009; Benner et al., 2011; Brooks et al., 2009). Altogether, these findings

118



Discussion

indicate that PEPT-1 might influence the body fat content by affecting intestinal homeostasis
through enhanced nutrient absorption from bacterial food. However, the exact mechanism by
which PEPT-1 could regulate fat accumulation remains unknown.

The rege-1 mutants exposed to pept-1 RNAIi had increased fat accumulation,
evidenced by the ORO staining presented in Figure 30 (A, B), with a corresponding
increased size of LDs, as shown in Figure 30 (D, E). However, the relative TAG levels
in the rege-1 mutants subjected to pept-1 RNAIi remained unchanged compared to the
rege-1 mutants exposed to mock RNAI, as presented in Figure 30 C. Similarly, targeting the
pept-1 mMRNA by RNAI in the wild-type animals significantly increased fat accumulation
and LD size, while the relative TAG levels were lower in comparison to controls.
Thus, RNAi-mediated pept-1 mRNA silencing might increase the body fat content through
accumulation of lipid species other than TAG. These results are surprising, since microscopic
analysis indicate that rege-1 mutants exposed to mock or pept-1 RNAI as well as a wild-type
animals subjected to pept-1 RNAIi were transparent, which could indicate that they had a low
amount of fat compared to the wild-type, that has dark appearance and high levels of fat.
The overall increase in the body fat levels observed by the ORO with reduced relative TAG
content in wild-type animals or rege-1 mutants exposed to pept-1 RNAi might also be
explained by the fact that the ORO is not a specific fat-soluble dye, while it stains all lipid
types and other structures, such as lysosome-related organelles (Escorcia et al., 2018;
Yen et al., 2010). The analysis of fat measurement using the ORO method should be
supported by other methods such as CARS microscopy, which is sensitive to molecular
vibration of CH: groups and thus enables visualization of lipid-rich organelles
(Yen et al., 2010). However, a similar example of a mutant that is transparent, but contains
fat is HP1 like heterochromatin protein 2 (hpl-2) mutant (Meister et al., 2011). Although the
ORO staining showed no differences in fat accumulation compared to controls, hpl-2 mutants
were transparent, suggesting reduced body fat content (Meister et al., 2011). In these mutants
quantitative lipid analysis showed changes in the composition of PL and sphingolipids which
are the components of cellular membranes (Meister et al., 2011). Thus, further lipidomic
analyzes should be performed to determine whether ETS-4, presumably via PEPT-1,
affects the overall lipid composition and how it might influence the body fat levels and LDs

size in rege-1 mutants. Due to the fact that the pept-1 mutants had increased body fat content
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through enhanced transport of FFAs via the flip-flop mechanism (Spanier et al., 2009),
it would be very interesting to check whether FFASs transport across the intestinal membrane
was reduced in the rege-1 mutants using the fluorescent dye C1- BODIPY 500 / 510 C12
(Sheng et al., 2015; Spanier et al., 2009; Benner et al., 2011; Brooks et al., 2009).

3.4. PEPT-1 might regulate the body fat levels in rege-1 mutants by increasing
the intracellular pool of amino acids

PEPT-1 might regulate fat accumulation in C. elegans via two potential mechanisms,
either by altering the content of intracellular peptides or by changing the intracellular pH,
as shown in Figure 31. The first mechanism assumes that di- and tripeptides, transported
by PEPT-1, are hydrolyzed to individual peptides by the aminopeptidase LTAH-1.2,
which then stimulates the function of TOR, one of the major pathways which might
regulate fat metabolism by affecting transcription, protein translation and degradation
(Benner et al., 2011; Meissner et al., 2004). In this thesis, it was demonstrated that Itah-1.2
mMRNA silencing in the rege-1 mutants led to an increase in body fat levels compared to
rege-1 mutant exposed to mock RNAI, as shown in Figure 32. This indicated that the level
of intracellular peptides might influence the body fat content in the rege-1 mutants.
Due to the fact, that TOR work as an intracellular amino acid sensor (Goberdhan et al., 2009),
reduced pool of intracellular amino acids in C. elegans pept-1 mutants inhibited TOR
function, resulting in increased fat content (Meissner et al., 2004). Studies in human HepG2
cell lines treated with ethanol showed that supplementation with branched chain amino acids
(BCAA) activated mTOR signaling, which led to improved fat oxidation and mitochondrial
function, reduction of the body fat levels, as well as increased expression of genes related to
anti-reactive oxygen species compared to untreated cells (Tedesco et al., 2018).
In humans supplementation with leucine, which is one of the BCAAs activating the mTOR
signaling pathway in mammals, inhibited food intake and fat mass gain and stimulated
glucose metabolism and leptin secretion, thereby contributing to satiety (Li et al., 2011).
In addition, unpublished data from Johansen and Fergeman thesis showed that glutamine,
serine and asparagine levels were increased in rege-1 mutants in comparison to the wild-type

animals (unpublished data from Johansen and Fargeman, 2018).
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Due to the fact that pept-1 mRNA (Figure 27) and possibly the PEPT-1-mediated
peptide transport were increased in the rege-1 mutants (Figure 28 C), peptides and TOR
signaling pathway might at least in part influenced the lean phenotype of the rege-1 mutants.
However, since the rege-1 mutants exposed to Itah-1.2 RNAI did not lead to a full recover
fat content compared to controls, it is possible that the PEPT-1 - LTAH-1.2 - TOR pathway
regulates the fat metabolism in parallel to the REGE-1 - ETS-4 regulatory axis. To verify this
hypothesis, further analyzes should be performed. It could be checked whether the level of
metabolites related to lipid oxidation and TOR signaling pathway were changed in the
rege-1 mutants subjected to mock, pept-1 or Itah-1.2 RNAI via gas chromatography /
time-of-flight mass spectrometry (GC / TOF MS) (Yun et al., 2017).

3.5. PEPT-1 might regulate fat accumulation in rege-1 mutants via changes
in intracellular pH

Another possible pathway of PEPT-1-mediated regulation of the body fat content
is its plausible effect on cell acidification in the intestine, as shown in Figure 31
(Spanier et al., 2009; Pfeiffer et al., 2008). In C. elegans changes in the intestinal pH might
regulate the calcium ions (Ca?*) wave and rhythmic defecation behavior (Allman et al., 2009;
White et al., 1991; Pfeiffer et al., 2008). Ca?* ions, transported from the ER to the intestinal
cytoplasm via the inositol 1,4,5-trisphosphate receptor (InsP3R receptor), control the
dynamics of the posterior body muscle contraction and cause cyclic defecation every 45 - 50
seconds (Dal Santo et al., 1999). Ca?* ions bind to PBO-1, which is an ortholog of human
calcineurin homolog protein 1 (CHP1), and stimulate sodium-proton exchanger PBO-4
to secrete protons from the basolateral part of the intestine into the pseudocoelomic space
(Benomar et al., 2020; Beg et al., 2008; Nehrke, 2014). Protons by binding to the muscle cell
receptors PBO-5 and PBO-6, cause depolarization of the membrane, muscle contraction
and consequently, defecation (Beg et al., 2008). The return of Ca?* ions to the initial level
by transport through the sarco(endo)plasmic reticulum calcium ATPase SCA-1 receptor
(SERCA) to the ER and the equalization of the intestinal cytoplasm pH level by Na*/ H*
antiport through NHX-2, are essential steps in the re-transport of peptides and protons
through the PEPT-1 transporter (Allman et al., 2009).
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Targeting pbo-1 and pbo-4 mRNAs by RNAI in the rege-1 mutants resulted in partial
recovery of the body fat content, as shown in Figure 33 and Figure 34. Considering that
pbo-1 and pbo-4 belong to the defecation motor program (DMP) and that their action depend
on the proton transport, these results indicated that changes in the intestinal pH could have
a significant effect on the body fat reduction in rege-1 mutants. However, there were no
apparent changes in the relative TAG content in the rege-1 mutants upon pbo-1 or pbo-4
RNAI, respectively. This might result from the accumulation of lipid species other than
TAGs. Although reports from studies conducted on C. elegans indicate a significant effect
of the pH changes in the cytoplasm of intestinal cells on the DMP (Pfeiffer et al., 2008)
and the body fat content (Nehrke, 2003), molecular mechanisms leading to these phenotypic
changes remain unknown. Silencing of nhx-2 mRNA led to acidification of the intestinal
cytoplasm, inhibition of dipeptide transport and reduction of body fat content in C. elegans
(Nehrke, 2003). Moreover, the reduction of the activity of another proton transporter,
VHA-6 (vacuolar H ATPase 6), led to impeded intracellular pH recovery after defecation,
inhibition of dipeptide transport and reduction of fat levels (Allman et al., 2009).
On the other hand, mutations in the InsP3R receptor reduced the level of cytoplasmic Ca?*
in the intestine and slowed down defecation, while its overexpression accelerated defecation
(Dal Santo et al., 1999). Moreover, high calcium intake increased insoluble Ca?* in the
intestinal lumen, thereby binding to bile acids, enhancing fecal excretion and stimulating
weight loss in calves (Xu et al., 1998; Bendsen et al., 2008).

These findings indicate that acidification of intestinal cells by enhanced proton
transport might promote weight loss by Ca?* stimulation of defecation. Considering that
both pept-1 and nhx-2 mRNA levels are elevated in the rege-1 mutants (Figure 27),
the intense transport of protons together with peptides may lead to over-stimulation of DMP.
Given that silencing of pbo-1 or pbo-4 mRNAs did not result in complete recovery of body
fat in rege-1 mutants, the PEPT-1 - PBO-1/PBO-4 signaling may influence fat accumulation
in parallel to the REGE-1 - ETS-4 regulatory axis. Thus, further research is needed to
establish the relationship between PEPT-1 and REGE-1 - ETS-4 in fat regulation,
and to investigate how PBO-1 / PBO-4 contributes to fat loss in rege-1 mutants.
Thus, potential changes in the intestinal pH levels in rege-1 mutants could be

determined using the pH-sensitive fluorescent dye (KR35) (Benomar et al., 2020).
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Moreover, pbo-1 mutants were shown to have altered pH and thus failed to protect the host
from pathogens, while treatment with pH-buffering bicarbonates regained this ability
(Benomar et al., 2020). Thus, it could be checked whether treatment of rege-1 mutants with
the bicarbonate resulted in the recovery of body fat content. Exposure of nematodes to
cadmium telluride quantum dots (CdTe QDs) prolonged defecation cycle length and caused
an increase in the body fat content (Wu et al., 2016), whereas Ca?* waves stimulated
the defecation cycle (Dal Santo et al.,, 1999). Moreover, silencing of elo-2 mMRNA,
which is responsible for FA elongation, led to reduction in the body fat levels and shorter
defecation cycle (Horikawa and Sakamoto, 2010; Kniazeva et al., 2003). Thus, it could be
checked whether rege-1 mutants had an accelerated intercellular Ca** wave by measuring
Ca?* oscillation period (Espelt et al., 2005) and whether the defecation cycle length was

shortened in rege-1 mutants (Sheng et al., 2015).

4. ETS-4 regulated fat accumulation irrespective of DAF-16 and PQM-1

The PQM-1 transcription factor was another potential factor regulating the body fat
content in C. elegans downstream of the REGE-1 - ETS-4 regulatory axis, as shown in
Table 2. The mechanism of transcriptional regulation through PQM-1 along with its
antagonist DAF-16 was presented in Figure 35. PQM-1 is a transcription factor,
which controls transcription of genes responsible for development, growth and reproduction
(Heimbucher et al., 2020; Tepper et al., 2013). In contrast, DAF-16, integrates the response
from various signaling pathways, such as IIS, AMPK, TOR, germline signaling and JNK
signaling pathways, which influence aging, longevity, stress resistance and fat metabolism
(Sun et al., 2017; Hansen et al., 2013). DAF-16 can activate or inhibit gene transcription
depending on the stimulation of upstream signaling pathway (Sun et al.,, 2017).
The 11S pathway inhibits transcriptional activity of DAF-16, while inactivation of 11S leads
to dephosphorylation of DAF-16 and its nuclear translocation where it activates transcription
of genes such as pantothenate kinase (pnk-1) involved in coenzyme A biosynthesis
(Lee et al., 2003), gluconeogenic genes e.g. pyruvate carboxylase (pyc-1) and
phosphoenolpyruvate carboxykinase PEPCK (R11A5.4, W05G11.6) (McElwee et al., 2006)

and fat-7 involved in unsaturated FAs synthesis (Murphy et al., 2003), leading to an increase
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in the body fat accumulation (Shi et al., 2013). On the other hand, the AMPK signaling
pathway through phosphorylation of DAF-16 causes its activation and translocation to the
nucleus and stimulation of oxidative metabolism (Greer et al., 2007). Increased oxygen
consumption, lipid mobilization by lipolysis and FA p-oxidation as well as decreased
synthesis of PUFAs led to a reduction in body fat content (Moreno-Arriola et al., 2016).
Since PQM-1 and DAF-16 regulate transcription of genes involved in many of the
major metabolic pathways in C. elegans, their effect on the regulation of the body fat content
in rege-1 mutants were investigated. RT-gPCR analysis confirmed the results from
RNA-Seq (Table 2) and demonstrated an increase in pgm-1 mRNA levels in both wild-type
animals exposed to rege-1 RNAI and rege-1 mutants exposed to mock RNAIi (Figure 36 B).
Although DAF-16 usually acts as an antagonist of PQM-1 (Sun et al., 2017), its expression
increased in animals with depleted rege-1, as shown in Figure 36 A. The analysis of
subcellular localization of DAF-16::GFP, presented in Figure 37, showed its presence in the
nuclei in the rege-1 mutants and in animals with targeted rege-1 mRNA, whereas in the
wild-type animals expressing DAF-16::GFP and exposed to mock RNAI, the signal was
stronger in the cytoplasm. The nuclear localization of DAF-16 suggested its enhanced
transcriptional activity. However, silencing of daf-16 or pgm-1 mRNAs in rege-1 mutants
did not change their body fat levels compared to rege-1 mutants exposed to mock RNAI
(Figure 38). This results suggest that although DAF-16 was activated, as observed by its
enhanced nuclear translocation, its function might not be related to the regulation of the body
fat content in the rege-1 mutants. Similarly, despite an increase in pgm-1 mRNA level in
rege-1 mutants, it did not regulate fat accumulation. Thus, a lot of open questions, such as
which metabolic pathways affect DAF-16 activation, what function DAF-16 plays and
whether the location of PQM-1 changes in the rege-1 mutants, still remain to be answered.
DAF-16 may regulate other aspects of physiology in rege-1 mutants related to the oxidative
stress. Therefore, additional experiments are required for deeper understanding of metabolic
changes occurring in rege-1 mutants. It would be interesting to check whether the active
DAF-16 signaling pathway in rege-1 mutants was responsible for stimulation of the oxidative
stress response by measuring ROS production through Amplex Red assay for
H>O> measurements (Chavez et al., 2007) or by ROS-sensitive dye dihydroethidium (DHE)
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(Senchuk et al., 2018). Moreover, PQM-1 tagged with GFP could be used to determine the
subcellular localization and thus the activity of PQM-1 in rege-1 mutants.

5. SKN-1 regulated fat content possibly in parallel to REGE-1 — ETS-4
pathway

SKN-1 is a transcription factor, which enhanced the activity of the pept-1 promoter
and increased its mRNA and protein levels (unpublished data from Geillinger, 2012).
Moreover, research carried on PAM212 mouse keratinocytes showed that a mammalian
orthologue of C. elegans SKN-1, NRF2, increased Mrpl mRNA levels, as well as the amount
and activity of MRP1 protein (Udasin et al., 2016). However, it is not known whether
SKN-1 can be the molecular link between PEPT-1 and MRP-1 or whether they work
independently. Glutathione (GSH) is a tripeptide y — Glu — Cys - Gly responsible for
antioxidant defense and detoxification (Lu, 2009). Many substances are exported from the
cell in the form of GS-conjugated anions via MRP1 (Cole, 2014). Therefore further research
Is required to investigate whether the function of the PEPT-1 transporter is necessary for the
transport of di- and tripeptides needed for GSH synthesis.

In this thesis, it was checked whether REGE-1 - ETS-4 regulatory axis could
indirectly regulate the body fat content by influencing another transcription factor, SKN-1.
Although skn-1 was not found through forward genetic screening (Table 1) and RNA-Seq
analysis (Table 2), due to its functional connection to the regulation of PEPT-1 and MRP-1
expression, it was decided to determine its possible relationship with REGE-1 and ETS-4.
The RT-gPCR study, presented in Figure 39 A, showed a significant increase in skn-1
mMRNA levels in both wild-type animals exposed to rege-1 RNAI and rege-1 mutants exposed
to mock RNAI compared to controls. In addition, targeting skn-1 mRNA by RNA.I increased
fat accumulation in rege-1 mutants. However, the recovery of body fat was partial compared
to controls (Figure 39 B and Figure 39 C). Research conducted on both C. elegans and mice
has shown that constitutive activation of skn-1 / Nrf-2 causes starvation-like phenotype
(Pang et al., 2014b; Paek et al., 2012). People suffering from anorexia have a high level of
antioxidant markers compared to healthy individuals, however whether oxidative stress
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caused a reduction of the body fat or lower fat levels increased oxidative stress remained
unknown (Solmi et al., 2015).

The activity of SKN-1 is tightly regulated by phosphorylation (Li et al., 2017).
Phosphorylation at specific serine and threonine sites via the p38 / mitogen-activated protein
kinase (MAPK) signaling pathway activated SKN-1, while phosphorylation through
glycogen synthase kinase-3 (GSK-3) and I1S signaling pathways resulted in its inactivation
(Li et al., 2017). Oxidative stress activates SKN-1 through its phosphorylation
(An and Blackwell, 2003). Given the possible effect of the oxidative stress on the body fat
loss, it was plausible that SKN-1 by influencing oxidative stress response genes could have
influenced some phenotypic changes observed in the rege-1 mutants.

Oxidative stress is caused by increased ROS production through transformation of
oxygen to superoxide anion or into hydrogen peroxide, while its neutralization is based on
the reduction of superoxide anion to hydrogen peroxide through superoxide dismutase
(SOD), and then transformation of hydrogen peroxide to harmless water and oxygen by
catalase (Chavez et al., 2007; Clifford and Repine, 1982). ROS production usually occurs
on cellular membranes or organelle membranes due to the solubility of molecular oxygen,
leading to peroxidation of lipids, which promotes apoptosis and autophagy (Su et al., 2019).
Bacteria produce ROS to kill its host by modifying DNA, proteins and lipids
(Bolm et al., 2004; McCallum and Garsin, 2016). Moreover, ROS can be produced by
C. elegans to increase the expression of antioxidants and ingest bacterial pathogens
(Chavez et al., 2007), as well as wound repair (Zou et al., 2013).

The RT-gPCR analysis presented in Figure 40 showed in both wild-type animals
exposed to rege-1 RNAI and rege-1 mutants exposed to mock RNAI significant increase
in the expression of genes involved in the response to oxidative stress like sod-4 and sod-5
MRNAs. Moreover, targeting rege-1 mRNA by RNAI increased the expression of
SOD-5::GFP in neurons in the pharynx, as shown in Figure 41. Previous studies on
C. elegans showed that high levels of ETS-4 stimulated the transcription of genes
responsible for catabolism and immunity in rege-1 mutants (Habacher et al., 2016). One of
the reasons why oxidative stress might be increased in the rege-1 mutants is the fact that the
catabolic processes occurring in the intestine can lead to its acidification, which directly or

indirectly affect cell function (Johnson and Nehrke, 2010). Active PEPT-1 transporter,
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through enhanced proton transport, could influence intracellular pH in the intestine and also
cause its acidification (Nehrke, 2014). Moreover, intestinal acidification protected nematodes
from pathogenic bacteria by regulation of the immune response (Benomar et al., 2020)
associated with ROS formation and oxidative stress signaling (Chavez et al., 2007;
Johnson and Nehrke, 2010). Therefore, an increase in the expression of oxidative stress
response genes might result from enhanced transport of di- and tripeptides and protons
via PEPT-1 that leads to intracellular acidification, which could, at least in part,
be responsible for the metabolic phenotype of the rege-1 mutants.

Studies presents in this thesis indicate that SKN-1 might play a possible role in the
regulation of the body fat content via the REGE-1 - ETS-4 regulatory axis. Next, it could be
determined whether dsRNA targeted skn-1 mRNA in the rege-1 mutants reduced pept-1
MRNA levels. Moreover, it would be interesting to check whether, RNAi-mediated silencing
of pept-1 mRNA in the rege-1 mutant, by reducing intracellular acidification, inhibited the
expression of genes related to the oxidative stress response. Moreover, by using
stable-isotope labeling with amino acids (SILAC) (Larance et al., 2011) it could be examined
whether PEPT-1 transported peptides, needed for GSH synthesis, can be further transported
by MRP-1.

6. The effect of rege-1 depletion on lipid metabolism

Lipid composition determines the function and fluidity of cellular membranes
(Ntambi, 1999). Moreover, lipids mediate signal transduction (Kahn-Kirby et al., 2004)
and are the components of TAG and CE (Ntambi, 1999). Lipids are responsible for the
transmission of extracellular signals to the interior of the cell, they affect cell polarity
and membrane structural stability (Choi et al., 2016). Alterations in lipid composition
of the mitochondrial cell membrane can disrupt mitochondrial energy metabolism
(Calzada et al.,, 2016), cause development of human diseases such as Alzheimer's
and atherosclerosis, but can also contribute to obesity through hyperlipidemia
(Casares et al., 2019; Kao et al., 2020; Engelmann et al., 1992; Muller et al., 1990;
Gillies and Robinson, 1988). Since the compositions of membrane lipids and their functions
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were often studied in vitro (Casares et al., 2019; Harrison and Vickers, 1990),
the genetic mechanisms regulating this process in vivo are not fully understood.

The research carried out in this thesis showed a significant effect of ETS-4
on the expression of genes influencing FA and sphingolipid metabolism. These factors,
possibly through their influence on lipid composition, could also be responsible for the lean
phenotype of rege-1 mutants.

6.1. Depletion of rege-1 influenced fatty acid metabolism

In C. elegans MUFA, which are transformed through D9 desaturases from
saturated FAs to unsaturated FAs (Brock et al., 2007), as shown in Figure 42, can be
accumulated as TAG or form biological membranes as components of cholesterol and PL
(Brock et al., 2007). Reports have shown that changing the expression of genes affecting FA
compositions causes changes in the overall body fat content and survival of nematodes.
Single fat-5, fat-6 or fat-7 mutants show a small effect on lipid composition
(Brock et al., 2006). Due to the fact that FAT-6 and FAT-7 play a compensatory role to each
other, the effect of limiting one of them is reduced (Brock et al., 2006). In contrast,
fat-6; fat-7 double mutants were characterized by reduced fertility, slow growth,
increased expression of genes responsible for FA B-oxidation, as well as decreased level
of body fat and LD size, increased level of saturated FA and reduced amount of PUFA
(Brock et al., 2006; Brock et al., 2007; Shi et al., 2013). In addition fat-5; fat-6; fat-7
triple mutants were lethal unless additional oleic acid supplementation was provided
(Brock et al., 2006).

In this thesis, RT-gPCR analysis was performed to check the expression levels of
D9 desaturases, as shown in Figure 43. This analysis showed significant increase in the level
of fat-5 mRNA and a decrease in the level of fat-7 mRNAs in both wild-type animals
exposed to rege-1 RNAI and rege-1 mutants exposed to mock RNAI compared to controls.
In contrast, the expression of fat-6 remained unaffected. Similar observations, i.e. decrease
in the body fat content with a simultaneous reduction in fat-7 mRNA levels
were reported in studies conducted on wild-type animals treated with chemical hypoxia

(Heimbucher et al., 2020). FAT-7 requires oxygen as an electron acceptor to function

128



Discussion

properly (Heimbucher et al., 2020). Upon chemical hypoxia, fat-7 mRNA levels decreased,
which led to a decline in the body fat levels (Heimbucher et al., 2020). The fat-2 mutants
had slower growth and reduced fertility, albeit the body fat content was unchanged,
which further suggested that among other desaturases functional FAT-7, which acts upstream
of FAT-2, was crucial for proper fat accumulation in nematodes (Brock et al., 2007).
Since FAT-6 and FAT-7 play a compensatory role to each other (Brock et al., 2006),
PUFA synthesis in rege-1 mutants could be slightly changed or remain similar to the control.
Given an increased expression of fat-5, MUFA synthesis could be increased in the rege-1
mutants and thus alter lipid composition.

LDs contain TAGs surrounded by a phospholipid monolayer, composed of PC
and PE (Vrablik et al., 2015). D9 desaturases, by modulating the ratio of PC to PE,
regulate the size of LDs and the correct membrane lipid composition (Shi et al., 2013).
In mutant animals characterized by excessive fat accumulation like aak-1, ribosomal protein
S6 kinase (rsks-1) and daf-2, a higher PC : PE ratio compared to the wild-type animals
was observed (Shi et al., 2013). In contrast, fat-6; fat-7 double mutants had a lower PC : PE
ratio compared to the wild-type nematodes (Shi et al., 2013). Preliminary unpublished data
from Johansen and Feergeman thesis, showed that rege-1 mutants had decreased levels of
phosphatidylserine (PS) 40:4 and 40:1 along with increased levels of PS 38:1
(unpublished data from Johansen and Faergeman, 2018). Moreover, rege-1 mutants
contained higher phosphatidylglycerol (PG) 38:6 and PE 36:2 and lower PE 40:6 levels
compared to the wild-type animals. Furthermore, rege-1 mutants were characterized by
arise in PC 35:3 levels with a concurrent decrease in PC 38:4 and sphingomyelin (SM) 38:2;1
and an increase in 39:2;2 and 40:2;2 ceramides. In addition, DAGs’ levels were altered in the
rege-1 mutants with a noticed increase in 33:1 and a simultaneous decrease in 34:2 and 36:2
(unpublished data from Johansen and Fergeman, 2018).

These studies indicated that a specified lipid composition was important for the body
fat accumulation. The expression of genes influencing lipid composition was altered in
rege-1 mutants and some PL were increased while other decreased. Thus, further research
should be carried out in order to discover whether the amount of specific PL was responsible
for obtaining the lean phenotype of rege-1 mutants for example by increasing the amount of

detectable lipids in lipidomic analysis or by using stable isotope profiling.
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6.2. Depletion of rege-1 influenced sphingolipid metabolism

Sphingolipids influence the function of cellular membranes through the formation of
lipid rafts (Hénel et al., 2019). Moreover, sphingolipids as bioactive molecules regulate a
wide range of cellular functions and their excessive production in mammals was
stimulated by stress such as oxidative stress, pro-inflammatory cytokines and starvation
(Nikolova-Karakashian and Rozenova, 2010). In mammals, sphinganine is the precursor
of sphingolipids formed from the junction of I-serine and palmitoyl-CoA via serine
palmitoyltransferase (SPT) (Deevska and Nikolova-Karakashian, 2017). Sphinganine is then
converted to dihydroceramide and later to ceramides. Next, the phosphocholine group
from PC is attached to the ceramides via sphingomyelin synthase (SMS), resulting in the
formation of SM, the major mammalian sphingolipid.

The pathway of sphingolipid formation in C. elegans depicted in Figure 44 is very
similar to that of mammals. Interestingly, the expression of many genes encoding
enzymes involved in sphingolipid metabolism turned out to be increased in rege-1 mutants.
In addition to the rise in sphk-1 mRNA levels, which RNAi-mediated inhibition increased
the body fat in rege-1 mutants, as presented in Figure 23, ETS-4 had a significant effect on
the mRNA levels of other enzymes related to the ceramide synthesis such as sptl-1, sptl-2,
hyl-1 and hyl-2, as presented in Figure 45. Moreover, inhibition of sptl-1 or sptl-2 mRNAs
by RNAI resulted in partial body fat recovery in rege-1 mutants (Figure 46 and Figure 47),
while their simultaneous inhibition caused a complete fat recovery compared to controls
(Figure 48). The observed large phenotypic similarity between rege-1 mutants exposed to
sptl-1 / sptl-2 RNAIi and controls, suggested that sphingolipid metabolism could be
responsible for the regulation of fat accumulation via the REGE-1 - ETS-4 regulatory axis.

The observed phenotypic changes can be explained by the interplay between
sphingolipids and TAG metabolism (Deevska et al., 2017). In humans excess dietary calories
promoted an ectopic accumulation of TAG and sphingolipids within the skeletal muscle,
which led to the development of insulin resistance and obesity (Kelley and Goodpaster, 2001,
Meikle and Summers, 2016; Choi and Snider, 2015). However, high levels of sphingolipids
like SM, could lower TAG levels in the HepG2 cells lines with overexpressed SMS1
(Deevska et al., 2017). Consuming large amounts of fatty foods increased the blood level of
palmitic acid, which was responsible for the development of ER stress and increased ROS

130



Discussion

production. In turn, this led to recruitment of macrophages to the pancreas, liver and AT
causing an inflammation (Korbecki and Bajdak-Rusinek, 2019). Under conditions of
elevated levels of palmitic acid, the activity of SPT increased, which led to an enhancement
of sphingolipids’ production like ceramides (Deevska et al., 2009). In the HepG2 cell line
with overexpressed SMS1, SMS1 increased de novo PC synthesis, which together with
ceramides formed SM (Deevska et al., 2017). PC is produced by adding phosphorus to DAG
via the enzyme choline / ethanolamine phosphotransferase 1 (CEPT1). Acylation of DAG
leads to TAG synthesis via the enzyme diacylglycerol acyltransferase 1 (DGATL).
Thus, the activities of DGAT1 and CEPT1 determine whether DAG is used for TAG and /
or PC synthesis (Deevska et al., 2017). Therefore, overexpression of genes involved in the
sphingolipid synthesis pathway like SMS1 divert DAG away from DGAT and increase PC
synthesis relative to TAG (Deevska and Nikolova-Karakashian, 2017). Consuming large
amounts of fatty foods increased the level of palmitic acid, which favored the increased
production of SM in relation to TAG (Deevska et al., 2017).

Body fat accumulation is not only regulated by the balance between the amount of
sphingolipids and TAGs, but also by the relative levels of SM and ceramides. In C. elegans,
a mutation in the acid sphingomyelinase 3 (asm-3) gene, responsible for the transformation
of SM into d17iso-ceramide, caused an increase in the amount of SM compared to the amount
of ceramides and an increase in the size of LDs (Schmokel et al., 2016). Moreover, mice with
the Sms2 knock out, which had lower levels of SM than ceramides, had reduced body weight
(Yano et al., 2011) and LDs’ size (Mitsutake and lgarashi, 2013). Furthermore, Sms1-null
mice, in addition to enhanced ceramide production, were characterized by increased levels
of ROS, mitochondrial dysfunction and impaired insulin secretion in response to high
glucose levels (Yano et al., 2011).

Results presented in this thesis suggested that, most likely, REGE-1 — ETS-4
regulatory axis reduced fat accumulation in rege-1 mutants through changes in sphingolipid
metabolism. In order to determine whether in C. elegans, similarly to mammals,
a physiological competition between the TAG and sphingolipid formation pathway exists,
it would be necessary to check the expression of Dgatl and Ceptl orthologs in nematodes,
membrane bound O-acyl transferase (mboa-2) and cept-1, respectively. In addition,

it could be determined whether inhibition of the sphingolipid metabolism by simultaneous
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silencing of sptl-1 and sptl-2 mMRNAs increased the amount of TAG in the rege-1 mutants.
Moreover, sphingolipidomic profiling analysis using liquid chromatography — mass
spectrometry coupled with multiple reaction monitoring mode (LC — MS - MRM) could be
performed (Cheng et al., 2019) in order to discover the composition of sphingolipids,

in particular whether the SM levels were changed in rege-1 mutants.

7. Depletion of rege-1 affects energy metabolism

FAs play an important biological role. They act as energy source and can be stored
in the form of TAG in AT. Moreover, they are structural components of the membranes
and affect the fluidity of cell membrane and membranes of other organelles, such as
mitochondria (Rustan and Drevon, 2005). PUFAs are responsible for the formation of the PL
that form the mitochondrial membranes, such as PC and PE, as well as cardiolipins,
which are crucial for the optimal mitochondrial function (Stanley et al., 2012).
Moreover, FAs are substrates for mitochondrial B-oxidation (Stanley et al., 2012) and as
ligands of nuclear receptors might regulate the expression of mitochondrial proteins
(Noy, 2007). The transport of electrons through the electron transport chain to the inner
mitochondrial membrane causes polarization of the mitochondrial membrane and generation
of an electron potential, which is used for the synthesis of ATP from ADP by oxidative
phosphorylation (Li and Graham, 2012). As a result of oxidative phosphorylation, oxygen is
consumed and reduced by protons to form water (Li and Graham, 2012).

In C. elegans mitochondrial dysfunction, caused by a reduction in mitochondrial
function (Ng and Gruber, 2019) or a reduction in the number of mitochondria
(Hibshman et al., 2018) can be measured by OCR (Li and Graham, 2012). In both C. elegans
and humans proper function, shape and mitochondrial number are maintained through
mitochondrial fission and fusion (Luz et al., 2015), the disturbance of which negatively
affects OCR (Son et al.,, 2017). In C. elegans, mitochondrial fission is regulated by
dynamin-related protein 1 (DRP-1), which is an ortholog of human DRP1, whereas
mitochondrial fusion is regulated by Fzo mitochondrial fusion protein 1 (FZO-1), which is
an ortholog of human dynamin-related GTPases mitofusin-2 (MFN2) (Son et al., 2017;
Luz et al., 2015).
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Since in C. elegans mitochondrial disfunction increased ROS production and induced
oxidative stress response (Palikaras et al., 2015), which also increased in animals with
depleted rege-1 (Figure 40 and Figure 41), it was checked whether mitochondrial function
was also altered by measuring OCR. Animals with depleted rege-1 had significantly lower
OCR levels compared to controls, as presented in Figure 49, which may suggest abnormal
mitochondrial function. In murine 3T3-L1 preadipocytes mitochondrial uncoupling
inhibited FA synthesis and stimulated lipolysis, which in turn decreased TAG content
(Tejerina et al., 2009; De Pauw et al., 2012). In contrast, mitochondrial dysfunction
also contributed to the excessive fat accumulation in the skeletal muscle in rats
(Gumucio et al., 2019). However, the potential relationship between mitochondrial function
and body fat loss in the rege-1 mutants need to be further tested.

Alterations in lipid composition of the mitochondrial cell membrane had an effect on
the disturbance of mitochondrial energy metabolism (Calzada et al., 2016). Given that in
rege-1 mutants the expression of genes affecting lipid composition were altered (Figure 43),
this could have influenced mitochondria and result in lowering OCR (Figure 48) compared
to controls. Thus, in rege-1 mutants energy might be obtained from processes other than FA
B-oxidation. Carbohydrates and FASs are the main source of energy. Altough FA B-oxidation
provides more ATP it requires more oxygen per mole for ATP synthesis compared to
glycolysis (Leverve et al., 2007; Heimbucher et al., 2020). Under conditions of oxygen
deficiency, anaerobic glycolysis is activated to save oxygen, but at the cost of lower ATP
production compared to mitochondrial lipid catabolism (Leverve et al.,, 2007).
Among carbohydrates, glucose and glycogen supply the energy for C. elegans maintained in
axenic medium (i.e. bacteria-free) (Zeci¢ et al., 2019) and under anoxic conditions
(Heimbucher et al., 2020). Both humans and C. elegans can store glucose in the form of
glycogen in the skeletal muscle and liver, while C. elegans in the intestine, muscle and
hypodermis (Zeci¢ et al., 2019). Under conditions of limited access to oxygen, in C. elegans
an inverse relationship between the body fat loss and an increase in the glycogen levels was
observed (Zecic et al., 2019; Heimbucher et al., 2020). In C. elegans the enzyme responsible
for conversion of sorbitol into fructose, which is then further converted into glycogen,
is sodh-1 (El-Kabbani et al., 2004). Therefore, it was checked whether the level of sodh-1
MRNA was changed in rege-1 depleted animals, as shown in Figure 50. The sodh-1 mMRNA
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levels significantly increases in wild-type animals exposed to rege-1 RNAI and in rege-1
mutants exposed to mock RNAIi compared to controls, indicating possible contribution of
carbohydrate metabolism to energy supply upon limited lipid availability. Prior studies
indicated that PQM-1 could control OCR, as well as reduce glycogen levels by inhibiting
sodh-1 transcription (Heimbucher et al., 2020). RNA-Seq data analysis performed in this
thesis indicated that pgm-1 mRNA levels were increased in the rege-1 mutants in comparison
to controls (Table 2 and Figure 37 B). Given increased pgm-1 expression, the activity of its
protein should be determined. Since reduced PQM-1 transcriptional activity can lead to
reduction of fat accumulation in nematodes (Heimbucher et al., 2020), the analysis of
subcellular localization of PQM-1::GFP would enable determination of its activity in rege-1
mutants.

The results presented in this thesis showed that mutations within the rege-1 gene had
far-reaching consequences. Changing the lipid composition in rege-1 mutants might cause
structural changes in the mitochondrial membrane, which could influence their ability to
produce energy. However, to verify these assumptions, additional lipidomic analyzes should
be performed to determine the exact composition of lipids in the mitochondrial membrane,
including cardiolipin. It would be interesting to check mitochondrial activity by determining
the mitochondrial membrane potential (AWm) using rhodamine 123, the activity of
respiratory chain complexes in isolated mitochondria via Clark-type electrode and
mitochondrial integrity via transmission electron microscopy (Dilberger et al., 2019).
Moreover it might be worth to check whether the reduced OCR in rege-1 mutant was caused
by a change in the membrane structure or as a result of a reduction in the mitochondrial
content by measuring the expression of genes responsible for fusion and fission
(Sonetal., 2017; Luz et al., 2015). Studies in mice showed that glycogen accumulation was
regulated via AMPK signaling pathway and glycogen was utilized for the survival during
hyperosmotic stress or under conditions of low ATP levels (Possik et al., 2015). Due to the
fact that low ATP level affects the AMPK signaling (Apfeld et al., 2004), it could be checked
whether the AMP / ATP ratio was altered in the rege-1 mutants. Since the expression of
sodh-1 was increased in the rege-1 mutants, glycogen levels, e.g. via the Glycogen Assay Kit

(Gusarov et al., 2017), could be determined.
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CONCLUSIONS

Obesity is a serious global problem affecting people all over the world. Prior research
revealed that rege-1 inhibition increased the expression of the transcription factor ETS-4
and led to the body fat loss in C. elegans (Habacher et al., 2016). The aim of this PhD thesis
was to discover downstream metabolic pathway/s which regulated the body fat in the rege-1
mutants through the REGE-1 — ETS-4 axis. Since depletion of ets-4 led to the recovery of
body fat levels in rege-1 mutants, a search for targets downstream of ETS-4, which inhibition
in rege-1 mutants would allow recovery of body fat to the levels comparable to controls, was
performed.

Numerous studies have shown that rege-1 mutants undergo various metabolic
changes that lead to fat loss. Unbiased genetic screening allowed the discovery of the mrp-1
gene, whose numerous mutations increased fat accumulation in rege-1 mutants. RNA-Seq
data analysis of changes in rege-1 mutants compared to control animals, showed an increase
in the expression of sphk-1, responsible for the synthesis of ligands transported by the
MRP-1. Preliminary results indicate that the activity of PEPT-1 transporter was enhanced in
rege-1 mutants. PEPT-1 could modulate fat accumulation in several ways, either by altering
the content of intracellular peptides which stimulate the function of TOR or by changing the
intracellular pH, which might regulate the calcium ions wave and rhythmic defecation
behavior in nematodes. However, silencing potential ETS-4 targets, including mrp-1,
sphk-1, Itah-1.2, pbo-1 or pbo-4, resulted only in a partial recovery of the body fat levels in
rege-1 mutants, which may suggest that they regulate fat metabolism in parallel to
REGE -1 - ETS-4 regulators axis. Another possible scenario assumes ETS-4 as a master
metabolic regulator affecting multiple down-stream targets which simultaneously modulate
fat metabolism and thus all together exert an additive effect on the fat loss phenotype in
rege-1 mutants.

Another ETS-4 candidate gene found through RNA sequencing data analysis was
pgm-1, which was considered to work together with its antagonist daf-16. The expression of
pgm-1 and daf-16 increased in rege-1 mutants. Moreover, enhanced DAF-16::GFP signal in

the nuclei was observed, indicating that its transcriptional activity was increased upon
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rege-1 deletion. However, RNAi-mediated silencing of pgm-1 and daf-16 mRNAs did not
cause any changes in the amount of body fat in rege-1 mutants suggesting that the
REGE-1 - ETS-4 regulatory axis did not regulate fat metabolism through DAF-16 and
PQM-1 transcription factors. Yet, DAF-16 can regulate other aspects of physiology in
rege-1 mutant animals, such as oxidative stress response.

The last candidate downstream target of ETS-4 considered in the study was the
transcription factor SKN-1, which could influence the expression of mrp-1 or pept-1 genes.
However, silencing of skn-1 mRNA in rege-1 mutants enabled only partial recovery of body
fat. Therefore, SKN-1 may contribute to the fat loss or exert a different function in rege-1
mutants e.g. SKN-1, similarly to DAF-16, could increase the expression of genes associated
with the oxidative stress response e.g. sod-4 and sod-5.

In animals with depleted rege-1, in addition to the reduced level of body fat,
an increased response to ROS was observed. Enhanced formation of ROS could be associated
with acidification of the intestine via increased proton transport by the PEPT-1 transporter.
Catabolic processes related to the stimulation of lipases (lipl-1, lipl-2) or the change in the
expression of genes responsible for the lipid composition (fat-5, fat-7), may indirectly affect
mitochondrial function and cause oxidative stress. Inhibition of genes modulating
sphingolipid metabolism like sptl-1, sptl-2 or sphk-1, led to partial body fat recovery, whereas
simultaneous inhibition of sptl-1 and sptl-2 resulted in total body fat recovery in rege-1
mutants compared to controls. This may suggest that changes in sphingolipid metabolism
might contribute to the fat loss in rege-1 mutants through inhibition of TAG production.
Moreover, mitochondrial function indicated by decreased OCR levels, may be impaired in
rege-1 mutants. Mitochondrial uncoupling can inhibit FA synthesis and stimulate lipolysis
leading to a reduction in fat accumulation. In addition, reduced OCR, TAG and the body fat
content suggested that rege-1 mutants obtain energy from a source other than high-energy
fats, such as carbohydrates, e.g. glucose and glycogen. An increase in sodh-1 mRNA levels
further indicated that lipid availability could be limited in the rege-1 mutants and the energy
could be obtained from carbohydrate metabolism.

In conclusion, results presented in this thesis demonstrate the complexity of the
regulation of body fat content through the REGE-1 - ETS-4 regulatory axis. Simultaneous

activation of different metabolic pathways and their action lead to a reduction of fat
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accumulation in rege-1 mutants. Although inhibition of chosen signaling pathways through
silencing of individual mMRNAs increased fat accumulation in rege-1 mutants it did not lead
to full recovery of the body fat levels. Concomitant silencing of sptl-1 and sptl-2 mRNAs
resulted in the greatest phenotypic change, indicating that changes in sphingolipid
metabolism may exert the strongest effect on fat accumulation in rege-1 mutants.
Thus, the pathway of sphingolipid metabolism most likely regulates fat accumulation
downstream of the REGE-1 - ETS-4 regulatory axis, as shown in Figure 51.

In addition, this work showed a great advantage of using C. elegans as a model
organism in metabolic research as each signaling pathway examined had their functional
counterpart in humans. This suggests that similar mechanisms may regulate fat accumulation
in C. elegans and humans. Thus, the discovery of molecular mechanism/s regulating the body
fat content in nematodes in the future may lead to the discovery of new treatments for obesity

and reduce the incidence of obesity-related metabolic diseases.
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Figure 51. Possible mechanism of the REGE-1 - ETS-4 fat regulatory network in C. elegans.
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Experimental procedures

EXPERIMENTAL PROCEDURES

1. Materials

1.1. C. elegans strains

C. elegans strains used in this study are listed in Table 3. The strains were ordered
from the Caenorhabditis Genetics Center (CGC), obtained from the Ciosk Laboratory
collection or were created in this study. Nematode strains from the Ciosk Laboratory
collection were marked as 'RAF'. The mCherry tagged mrp-1b(syb2461)X strain and
GFP::FLAG tagged pept-1(syb3497)X and daf-16(syb707)l strains were made by
SunyBiotech via a CRISPR / Cas9 genome editing method. The animals expressing
DHS-3::GFP Idris1[dhs-3p::dhs-3::GFP + unc-76(+)] was a kind gift from Anne Spang
(Zhang et al., 2012). The animals expressing SOD-5::GFP wuls57[pPD95.77 sod-5::GFP;
rol-6(su1006)] was a kind gift from David Gems (Doonan et al., 2008). The genetic sequence
of each strain was confirmed using PCR-based genotyping or DNA sequencing using Sanger
method performed at the Laboratory of Molecular Biology Techniques at the University of
Adam Mickiewicz in Poznan. Files in ab.1 format with Sanger-type sequencing results were
visualized in Chromas program. Obtained sequence in FASTA format was entered into the
USCS Genome Browser Gateway Blast Search Genome program, where the sequence

consistency was checked.
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Table 3. The list of C. elegans stains used in this study.

Genotype CGC/RAF
wild-type N2 /5044
daf-16(syb707)I 5010
daf-16(syb707)1; rege-1(rrr13)l 5123
ets-4(rrrl6)X 1729
ets-4(rrrl6)X; rege-1(rrrl13)l 1759
Idris1[dhs-3p::dhs-3::GFP + unc-76(+)] 1964
Idris1[dhs-3p::dhs-3::GFP + unc-76(+)]; rege-1(rrri3)l 1972
Idris1[dhs-3p::dhs-3::GFP + unc-76(+)]; mrp-1(pk89)X 5092
Idris1[dhs-3p::dhs-3::GFP + unc-76(+)]; mrp-1(pk89)X;
5095

rege-1(rrrl13)I
mrp-1(pk89)X NL147 / 2096
mrp-1b(syb2461)X 5117
pept-1(syb3497)X 5151
rege-1(rrr13)I 1657
rrrSi400[Pets-4::ets-4-GFP::ets-4 3'UTR; unc-119(+)]II; 1769

unc-119(ed3)11l; ets-4(rrrl6)X; rege-1(rrrl13)l
wuls57[pPD95.77 sod-5::GFP; rol-6(su1006)] 5106

1.2. Bacterial strains and plasmid

OP50 strain used in this study come from the CGC, whereas DH5a strain and 1.4440
plasmid are a gift from Friedrich Miescher Institute for Biomedical Research in Basel
(Switzerland), listed in Table 4. Bacterial strains used as C. elegans feeding bacteria for RNA
interference, listed in Table 5, came from Ahringer or Vidal libraries, respectively, and

possessed HT115 bacteria resistant to ampicillin and tetracycline.

Table 4. Bacteria and plasmid used for cloning in this study.

Name Description

OP50 Bacteria Escherichia coli

DH5a Bacteria Escherichia coli used for RNAI
L4440 Plasmid used for RNAI, resistant for ampicillin
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Table 5. Bacterial strains used as C. elegans feeding bacteria for RNA interference.

Gene Source

empty vector

daf-16 Ahringer library
Itah-1.2 Vidal library
pbo-1 Vidal library
pbo-4 Ahringer library
pept-1 Created in this study
pgm-1 Vidal library
rege-1 Ahringer library
skn-1 Ahringer library
sphk-1 Ahringer library
sptl-1 Ahringer library
sptl-2 Ahringer library

1.3. Instruments and Kits

Table 6. List of instruments and materials used in this study.

Instrument Company
0.22 pm pore syringe filter Bionovo, cat. 6-0044
0.45 x 25mm hypodermic needles Henke-ject

1.5 ml protein LoBind tubes

Eppendorf, cat. 0301081160

1.5 ml Semi-Micro Disposable Cuvettes

Plastic Group, cat. 7590 15

10 ml syringe

BD Discardit Il

96 x 0.1 ml Well Plate

Bioplastics, cat. B17489

96 Well Polystyrene Cell Culture Microplates

Greiner bio-one, cat. 655086, black

Azure Biosystem c600

Bioanalytical Imaging System

Centrifuge 5424R Eppendorf
Centrifuge 5804R Eppendorf
Cigarette paper Commercial

Confocal Microscopy DMI 4000B

Leica Microsystems, Germany

Cover Glass 24 x 50 mm

VWR, cat. 631-0146P

Digital incubators 1L10

Incu-Line

Disposable Glass Pasteur Pipettes 230 mm

VWR, cat. 612-1702

Exella E24 Incubator Shaker

New Brunswick Scientific

Extended Length Tip

Gantour
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Filter papers

Watman Benchkote surface protector,
cat. WHA2300917

Five Easy F20 pH meter

Mettler Toledo

Horizontal bench-top autoclave DB-65 Systec
Horizontal electrophoresis BTLab Systems
Hotplate VWR

HTL pippetes HTL Lab Solution
Incubator Hett Cube 600R Hettich

KS 130 Basic IKA

LH-930 Aspirator Lab Helper
Light Cycler 480 Il Roche

LSE Mini microcentrifuge Corning
Magnetic stirrer MS11HS Wigo

Mediajet and Mediaclave 10 Integra
Microscope Imager Z2 with Axiocam 506 Zeiss

mono camera

Microscope slides

VWR, cat. 631-1551P

Mini Protean 15-well, 1.5 mm Comb Bio-Rad
Mini Protean glass plates and short plates Bio-Rad
Mini Protean Tetra Cell tank Bio-Rad

Nalgene Rapid-Flow Sterile Single Use
Vacuum Filter Units

Thermo Fisher Scientific, cat. 564-0020

NanoDrop One C

Therno Fisher Scientific

Neptune barrier tips

Gentaur

Opti-Seal Optical Sealing Sheet

Bioplastics, cat. 157300

Oxygraph+

Hansatech, serial number: 19035

Picoruptor with Minichiller 300

Diagenode, Huber

Pioner PA512CM/1

Ohaus

Polytetrafluorethylene (PTFE) membrane

Hansatech

ProFlex PCR System

Applied Biosystems by Life Technology

PVDF membrane

BioRad, cat. 1704156

Resin Mixer MX-T6-S Dlab

SimpliAmp Thermal Cycler Thermo Fisher Scientific
Microscope SMZ25, DeltaPix colour camera ~ Nikon

Stereo Zoom Microscope SMZ745 Nikon

Swiftped Pro Pippetor HTL Lab Solution
Technical 10 Hydrolab

Thermomixer F1.5 Eppendorf

Trans-Blot Turbo Transfer System Bio-Rad
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Victor Nivo Multiple Plate Reader

PerkinElmer

Vortex-Genie 2

Scientific Industries

Table 7. Free software online tools used in this study.

Name Web-adress Purpose

Add Gene http://addgene.org/1654/ Map of L4440
Clustal Omega https://www.ebi.ac.uk/Tools/msa/clustalo/ ~ Sequence alignment
Genemania http://genemania.org Networks analysis
KEGG https://www.genome.jp/kegg/mapper/ Pathway analysis

Oligo Calculator

http://biotools.nubic.northwestern.edu/Olig
oCalc.html

Calculation of Tm

Primer 3.0 software

http://bioinfo.ut.ee/primer3

Primer design

UCSC Genome .
http://genome.ucsc.edu Genomic sequence, blast

Browser Gateway

Worm Base http://wormbase.org General information

Worm Atlas http://wormatlas.org General information

Table 8. Software packages employed during this work.

Software Purpose

ApE Primer design

Chromas Visualization of sequencing results
DeltaPix InSight Analysis of ORO pictures

Fiji / imageJ Quantification ORO staining
Gimp 2.10.22 Creating figures

Graph Pad / Prism 8

Statistical analysis

Image Studio Lite Version 5.2.5

Western blot analysis

LAS X SP8ax

Analysis of confocal microscope pictures

Microsoft Excel

Data analysis

Microsoft Word

Generation of text files

Microsoft Power Point

Design of overviews

OxyTrace+ Recording 1.0.48

Analysis of oxygen consumption rate

Pyre 2

3D protein structure

UCSF Chimera

Analysis of protein structure

Zen 2.6 and 3.3 blue edition

Analysis of microscope pictures
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Table 9. Commercially available kits used during this work.

Kit Company

Direct-zol RNA MicroPrep Zymo Research, cat. R2062

Electrode Maintenance Kit Hansatech

E:?h-Capamty CDNA Reverse Transcription Thermo Fisher Scientific, cat. 4368814
Monarch PCR and DNA Cleanup Kit New England BioLabs, cat. T1030S
Plasmid Mini Kit A&A Biotechnology, cat. 020250
Phusion High-Fidelity PCR Kit New England BioLabs, cat. EO553L
QIAgiuck PCR Purification Kit Qiagen, cat. 28104

Triglyceride Quantification Colorimetric /

Fluorometric Kit Biovision, cat. K622-100

1.4. Oligonucleotides

Table 10. The list of primers used for PCR-based genotyping.

Primer name Direction 5' Sequence
Forward GTAAATCGACACATGGCGCT
daf-16::GFP
Reverse CCAGACAACCATTACCTGT
. ) Forward GCTCAGTCGGTCACAGATGG
ets-4 outside deletion
Reverse GGAGGCAGGAATTTGTACACC
sts-4 inside deletion Forward GCTCAGTCGGTCACAGATGG
Reverse GCATATCCATCGGATGTGG
L4440 vector Forward AACCTGGCTTATCGAAATTAATAC
mrp-1 outside deletion Forward AATTACTTTCGTGGCTTTGGC
Reverse GGAGTCGGTAGTCGATGACG
mip-1 inside deletion Forward AATCATTCGCAACGGACTTC
Reverse CCGCTTCTTTTTCAATGAGC
mrp-1::mCherry Forward GCAGTTCAAAGATTGTACTG
Reverse CCATACATGAACTGTGGAG
oept-1 clone Forward GACCCGGGCTATACCACACCACTTCT
Reverse CTCCCGGGATCATAGATCCTGCGTT
pept-1::GFP Forward AGCTCTGGTACAAGCCCTCT
Reverse TTCACCCTCTCCACTGACAGA
rege-1 Forward ACAGAGCAACTAAGTCAC
Reverse TCTGTGGTCACTTAGTTA
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Table 11. The list of primers used for gene expression analysis by RT-qPCR.

Gene name Direction 5' Sequence
actin 1 Forward GTTGCCCAGAGGCTATGTTC
Reverse CAAGAGCGGTGATTTCCTTC
daf-16 Forward CGACTACAAAGGCTCAACTCG
Reverse CGTGAGAAATCGTTTGAATCG
ots-4 Forward ACATGCAGTCAAAAACTAATTGGCTAG
Reverse ACATGTTTGGATACCCTCCGTTTC
ta1-5 Forward GGACGGATACTGATGCTGAC
Reverse GGATCCTCGTACAAATCGCT
(216 Forward CCATCACACATTCCCACAAG
Reverse TTCCGGTCGTAGACAAGTCC
tat7 Forward CCCATCGTCTCTGGTCTCAT
Reverse ACGGGTGGTGTTATGTGGAT
hyl-1 Forward AGTCGGAACCTTGATTCTTC
Reverse CCCAAAGTATGTAATCTGGC
hyl-2 Forward CTTTCTCAGCCGCAAAAATC
Reverse ACAAGGTACAACCCGCAGAC
lipl-1 Forward CGGTTTGCGCTGGACTTA
Reverse GAACACGAGTTGCGTTAA
lipl-2 Forward TGGATGCAGATGGTTCGC
Reverse GCCCTTGATGGCTCCGAA
mrp-1 Forward GCATACGGAGGAACAGACTCTG
Reverse CAAGTTGACCACGCTTGATG
2 Forward GCCGTGTTCGGAGAATCTCTA
Reverse CCACCAAATGCAACAACCA
pept-1 Forward ACTATGGAATGAGAACGGT
Reverse CTTGTCCGATTGCGTAT
pept-2 Forward AGCGTTAGCTCGAAAGGCAA
Reverse CGCAGAATTCGTTGGACACG
oqm-1 Forward CCTCCAATCAAATGCAACG
Reverse CGAGAACCTTGGTCGATACTCTC
skn-1 Forward CTGGCATCCTCTACCACCAC
Reverse TTGGTGATGATGGCCGTGTT
sodh-1 Forward CTGGATGGCAACTTGGAGAC
Reverse AATTCGCAGTTGAGGCAGTT
sod-4 Forward AATCATTGGCCGAAGTGTGG
Reverse AAGTCGGCTTCCAGCATTTC
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s0d-5 Forward ATTGCCAATGCCGTTCTTCC
Reverse AGCCAAACAGTTCCGAAGAC
sodh-1 Forward CTGGATGGCAACTTGGAGAC
Reverse AATTCGCAGTTGAGGCAGTT
sphk-1 Forward AAAGCCGACCTTGGAAAGTT
Reverse GAACAATTCCGATTGGGAGA
sptl-1 Forward TCGGCCAAGCATTCGAGTAA
Reverse AACAGAAAAATTTGGCACGAGA
sptl-2 Forward TCTGGCACATATGACAGTCCG
Reverse TGGCGAATTTCGTTTCGCTAC

1.5. Antibodies

Table 12. List of antibodies used in Western blot.

Raised against Source Dilution Company

Anti-actin, clone C4 Mouse 2:4000 Merck / Milipore, cat. MAB1501
Anti-mouse Horse 1:5000 Cell Signaling, cat. 7076S
Anti-rabbit Goat 2:5000 Cell Signaling, cat. 7074S

GFP Rabbit 3:4000 Cell Signaling, cat. 2555S

1.6. Chemicals and reagents

Table 13. Chemicals and reagents used in this study.

Substance

Company

1 kb Plus DNA Ladder

New England BioLabs, cat. N3200L

35 - 38% hydrochloric acid

Chempur, cat. 115752837

99.5% chloroform

POCH, cat. 234430111

99.7% 2-propanol

POCH, cat. 750006411

99.8% ethanol POCH, cat. 396420113
Agarose Bioshop, cat. AGA001.1
Ampicillin Bioshop, cat. AMP201

AmplifyMe SG Universal Mix

Blirt, cat. AM02-020
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- Ala—Lys- AMCA

BioTrend, cat. NB-48-0188-5 mg

Bovine Serum Albumine

Sigma Life Technology, cat. A1470

Bradford reagent

Sigma, cat. B6916

Cell Lysis Solution

Qiagen, cat. 158906

CIP

New England BioLabs, cat. M0290S

Cut Smart Buffer

New England BioLabs, cat. B7204S

Femtogram HRP substrate

Azure Biosystem Radiance Plus,
cat. AC2103

GoTaq G2 Green Master Mix 2x

Promega, cat. M7823

Levamisole hydrochloride

Abcam, cat. ab141217

Methanol pure

Chempur, cat. 116219904

Oil red O

Sigma Aldrich, cat. 00625-25G

Page Ruler Plus Prestained Protein Ladder

Thermo Fisher Scientific, cat. 26619

Proteinase K

Promega, cat. V3021

Protein Precipitation Solution

Qiagen, cat. 158910

RNase A

Bioshop, cat. RNA675.50

SimplySafe

EURX, cat. E4600-01

Skim Milk Powder

Bioshop, cat. SK1400.500

Sodium chloride

Bioshop, cat. SOD001

T4 DNA ligase buffer 10x

New England BioLabs, cat. B0202S

T4 DNA ligase New England BioLabs, cat. M0202S
TAE buffer Bioshop, cat. TAE222.4

Tetracycline Bioshop, cat. TET701

Tri Reagent Thermo Fisher Scientific, cat. AM9738

Xmal restriction enzyme

BioLabs

1.7. Buffers and solutions

All buffers and solutions were prepared in ddH20 unless otherwise noted.

Table 14. List of buffers and solutions used in this study.

Buffer for hypochloride treatment (1 1)

1.5%
0.75 mM

Sodium hypochlorite, 5% (VWR, cat. CHMP528066500.1000)
Potassium hydroxide (POCH, cat. P5958)

filter through Nalgene Rapid-Flow Sterile Single Use Vacuum Filter
Units (Thermo Fisher Scientific, cat. 564-0020)

store at 4°C

147



Experimental procedures

LB buffer (L 1)

20% LB Broth Lennox (Bioshop, cat. LBL405)
autoclave

M9 10x buffer (1 1)

0.22 M Potassium phosphate monobasic (Bioshop, cat. PPM302)
0.485 M Sodium phosphate dibasic (Bioshop, cat. SPD307.500)
0.85 M Sodium chloride (Bioshop, cat. SOD001)
2 mM Magnesium sulphate (Bioshop, cat. MAG513)
autoclave
PBS 1x (1 1)
137 mM Sodium chloride (Bioshop, cat. SOD001)
2.7 mM Potassium chloride (Bioshop, cat. POC888.500)
10 mM Sodium phosphate dibasic (Bioshop, cat. SPD307.500)
10 mM Potassium phosphate monobasic (Bioshop, cat. PPM302)

adjust pH to 7.4 with concentrated Hydrochloric acid (Chempur,
cat. 363-115752837)

PBS-T 1x (1)
137 mM Sodium chloride (Bioshop, cat. SOD001)
2.7 mM Potassium chloride (Bioshop, cat. POC888.500)
10 mM Sodium phosphate dibasic (Bioshop, cat. SPD307.500)
10 mM Potassium phosphate monobasic (Bioshop, cat. PPM302)

adjust pH to 7.4 with concentrated Hydrochloric acid (Chempur,
cat. 363-115752837)
0.05% Tween20 (Bioshop, cat. TWN510.100)

S-basal buffer (1 1)

98.6 mM Sodium chloride (Bioshop, cat. SOD001)
50 mM sterile Potassium phosphate, pH 6.0
(132 mM Potassium phosphate dibasic (Bioshop, cat. PPD303.500)
868 mM Potassium phosphate monobasic (Bioshop, cat. PPM302))
adjust pH of 1 M Potassium phosphate to 6.0 with 1 M Potassium
hydroxide (POCH, cat. P5958))
5 ng/ml sterile Cholesterol (Bioshop, cat. CHL500) (in EtOH from POCH,
cat. 396420113)
autoclave
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Trehalose-DMSO nematode freezing solution (1 1)

80 mM D-(+)-Trehalose dihydrate (Bioshop, cat. TRE222)
3.5% DMSO (Bioshop, cat. DMS666)
fillto11 1x M9 buffer

filter through Nalgene Rapid-Flow Sterile Single Use Vacuum Filter
Units (Thermo Fisher Scientific, cat. 564-0020)

Tris-buffered saline (TBS) 1x (1 1)

50 mM Tris Base (Bioshop, cat. TRS003)
150 mM Sodium chloride (Bioshop, cat. SOD001)
adjust pH to 75 with 1 M Hydrochloric acid (Chempur,
cat. 363-115752837)
filter through Nalgene Rapid-Flow Sterile Single Use Vacuum Filter
Units (Thermo Fisher Scientific, cat. 564-0020)

Tris-buffered saline (TBS) 1x + protease inhibitors (5 ml)

1.7 cOmplete EDTA-free Protease Inhibitor Cocktail (Sigma Aldrich,
cat. 4693159001) (1 tablet dissolved in 1.5 ml nuclease-free H>0)
0.1M PMSF (Bioshop, cat. PMS123.5)

fill to 5 ml TBS
store at 4°C

Western blot 4% stacking gel (5.6 ml)

1.26 ml 0.5 M Tris-HCI pH 6.8

0.48 ml 40% Acrylamide / Bis-Acrylamide (Bioshop, cat. ACR004.500)
50 ul 10% SDS (Bioshop, cat. SDS002.500)

25 ul 10% APS (Bioshop, cat. AMP001.10)

15 pl TEMED (Bioshop, cat. TEM001.25)

Western blot 10% separating gel (10 ml)

2.5 ml 1.5 M Tris-HCI pH 8.6

2.5 ml 40% Acrylamide / Bis-Acrylamide (Bioshop, cat. ACR004.500)
100 pl 10% SDS (Bioshop, cat. SDS002.500)

50 ul 10% APS (Bioshop, cat. AMP001.10)

15 ul TEMED (Bioshop, cat. TEM001.25)
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Western blot 5x loading buffer (10 ml)

10% 20% SDS (Bioshop, cat. SDS002.500)
0.3125 M Tris-HCI pH 6.8

25 mM DTT (Bioshop, cat. DTT001)

25% Sucrose (Bioshop, cat. SUC600)

store at -20°C

Western blot 10x SDS-PAGE running buffer (1 1)

0.25 M Tris Base (Bioshop, cat. TRS003)
1.92 M Glycine (Bioshop, cat. GLN001.1)
1% 20% SDS (Bioshop, cat. SDS002.500)

Western blot transfer buffer (1 1)

25 mM Tris Base (Bioshop, cat. TRS003)
192 mM Glycine (Bioshop, cat. GLN001.1)
20% Methanol pure (Chempur, cat. 116219904)

store at 4°C

Nematode lysis buffer (50 ml)

52 mM Potassium chloride (Bioshop, cat. POC888.500)
10 mM Tris pH 8.0 (Bioshop, cat. TRS222.500)

2.5 mM Magnesium chloride (Bioshop, cat. MAG520)
0.45% 10% NP40 (Bioshop, cat. NON505.500)

0.45% Tween20 (Bioshop, cat. TWN510.100)

0.05% 2% Gelatin (Bioshop)

store as aliquots at 4°C

1.8. Media for culture bacteria and C. elegans

Table 15. Components of bacterial and nematode plates.

LB plates with Ampicillin (1 1)

20% LB Broth Lennox (Bioshop, cat. LBL405)
15% Agar (Bioshop, cat. AGR001)

autoclave and cool down to 50°C, then add:
100 ug/ml  Ampicillin (Bioshop, cat. AMP201)
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20%
15%

100 pg/mi
12.5 pg/ml

LB plates with Ampicillin and Tetracycline (1 1)

LB Broth Lennox (Bioshop, cat. LBL405)
Agar (Bioshop, cat. AGR001)

autoclave and cool down to 50°C, then add:
Ampicillin (Bioshop, cat. AMP201)
Tetracycline (Bioshop, cat. TET701)

20%
2.5%
0.51 mM

5 pg/ml

1 mM
1 mM
25 mM

NGM 2% plates (1 1)

Agar (Bioshop, cat. AGR001)

Peptone, Bacteriological (Bioshop, cat. PEP403.1)

Sodium chloride (Bioshop, cat. SOD001)

autoclave and cool down to 50°C, then add:

sterile Cholesterol (Bioshop, cat. CHL500) (in EtOH from POCH,
cat. 396420113)

sterile Calcium chloride, dihydrate (Bioshop, cat. CCL302.500)

sterile Magnesium sulfate (Bioshop, cat. MAG513)

sterile Potassium phosphate, pH 6.0

(132 mM Potassium phosphate dibasic (Bioshop, cat. PPD303.500)

868 mM Potassium phosphate monobasic (Bioshop, cat. PPM302))

adjust pH of 1 M Potassium phosphate to 6.0 with 1 M Potassium
hydroxide (POCH, cat. P5958))

RNA. plates (1 1)

20%
2.5%
0.51 mM

5 ng/ml

1mM
1 mM
25 mM

1mM
50 pg/ml

Agar (Bioshop, cat. AGR001)

Peptone, Bacteriological (Bioshop, cat. PEP403.1)

Sodium chloride (Bioshop, cat. SOD001)

autoclave and cool down to 50°C, then add:

sterile Cholesterol (Bioshop, cat. CHL500) (in EtOH from POCH,
cat. 396420113)

sterile Calcium chloride, dihydrate (Bioshop, cat. CCL302.500)

sterile Magnesium sulphate (Bioshop, cat. MAG513)

sterile Potassium phosphate, pH 6.0

(132 mM Potassium phosphate dibasic (Bioshop, cat. PPD303.500)

868 mM Potassium phosphate monobasic (Bioshop, cat. PPM302))

adjust pH of 1 M Potassium phosphate to 6.0 with 1 M Potassium
hydroxide (POCH, cat. P5958))

IPTG (Blirt, cat. B35) sterile and fresh, covered with aluminum foil

Ampicillin (Bioshop, cat. AMP201)
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2. Methods

2.1. General animal handling

Animals were grown at 20°C in Hettich incubator on standard 9 cm normal growth
medium 2% (NGM 2%) plates made in Integra Mediajet and Mediaclave 10 and seeded with
1 ml of OP50 E. coli bacteria cultured overnight in New Brunswick Scientific Exella E24
Incubator Shaker at 37°C 200 rpm (Brenner, 1974). Gravid adults were synchronized by
hypochlorite treatment and incubated in 1x M9 buffer overnight on shaker. Synchronized
nematodes in L1 stage were counted and a defined number of larvae were transferred to
seeded NGM 2% plates or RNAI plates. For all experiments animals were grown to young

adult stage.

2.2. Synchronization of nematodes by hypochlorite treatment

Gravid nematodes with many eggs were harvested with 1x M9 buffer in a 15 ml tube,
centrifuged at 1600 g for 1 min and the supernatant was removed. After washing in 1x M9
buffer (1 - 3 times) 8 ml of pre-cooled bleaching solution was added to the pellet and the tube
was shaken at room temperature (RT) until destruction of adult animals which was monitored
under the microscope. Bleaching reaction was stopped by centrifuging at 1600 g for 1 min,
removing the supernatant and adding 1x M9 buffer. Pellet was washed 2 times in 1x M9
buffer. After the last wash, pellet was resuspended in 10 ml of 1x M9 buffer and rotated
at 20°C overnight. The next morning, synchronized L1 nematodes were counted and a

defined number of larvae were transferred to seeded plates.
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2.3. Generating double and triple mutant animals

2.3.1. Crossing of strains

Naturally C. elegans are self-fertilizing hermaphrodites. In order to cross different
strains of C. elegans, males were generated by heat shocking nematodes in L4 / young adult
stage for 1 h at 37°C in incubator INCU-Line IL10 and transferring them to 25°C.
After 3 - 4 days at 25°C, 2% - 5% of animals in the F1 generation developed into males.
20 males from one strain and 10 hermaphrodites in the L4 stage from the other strain were
transferred to 3.5 cm NGM 2% plate and incubated for additional 24 h at 25°C.
Next day, single hermaphrodites were transferred to a new plate and incubated at 20°C.
Animals from the F1 generation were moved to a new plate and incubated at 20°C.
Crossing was considered successful if males were visible in the F1 generation.
Nematodes from the F2 generation at the L4 stage were separated to a new plate and
incubated at 20°C. For strains with deletions, single worm PCR and agarose gel
electrophoresis were performed to select a homozygous strain of a specific genotype.
For strains with a point mutation, the genotype was confirmed by Sanger Sequencing at the
Laboratory of Molecular Biology Techniques at the University of Adam Mickiewicz in
Poznan. Obtained strains were added to the database of Ciosk’s laboratory with an indicated
RAF number. One day starved animals from two 9 cm NGM 2% plates were rinsed with a
nematode freezing solution and snap-frozen in a volume of 0.25 ml in cryotubes. Next, tubes
were incubated on ice for 15 min and then transferred to -80°C and liquid nitrogen. After a
few days of freezing the strain one tube of nematodes was thawn at RT, then the animals
were transferred to NGM 2% plates to check if they were able to recover.

2.3.2. Nematode lysis for genotyping

For genotyping, C. elegans were lysed in 9.5 ul of nematode lysis buffer
supplemented with 0.01 mg/ml Proteinase K dissolved in ddH-O. Single animal in a gravid
stage was put into this solution and spin down for 10 sec. Lysis was performed in a

Thermocycler ProFlex PCR System, according to protocol listed in Table 16.
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Table 16. Nematode lysis protocol.

Temperature Time Cycles
65°C 19 min 1
95°C 11 min 1
4°C ©

2.3.3. PCR reaction and agarose gel electrophoresis

Primers for standard PCR reaction were designed based on gene sequences available
in the UCSC Genome Browser Gateway database. Primers were designed using Primer 3.0
software, by selecting pairs of primers of approximatively 20 base pairs (bp), for which the
melting temperatures did not differ more than 2°C. Primers ordered from Sigma Aldrich are
listed in Table 10. 0.7 ul of the nematode lysate was added to 5 ul of GoTaq G2 Green
Master Mix 2x, mixed with 0.3 ul of 10 uM forward primer, 0.3 ul of 10 uM reverse primer
and 3.7 ul of nuclease-free H,O. PCR reaction was performed in a thermocycler ProFlex
PCR System, according to protocol described in Table 17. Electrophoresis was performed
on a 2% agarose gel for products less than 800 bp and on a 1% agarose gel for products
longer than 800 bp supplemented with SimplySafe (5 ul / 100 ml of gel) for band
visualization. PCR products of the expected size were identified using a control DNA 1 kb
Plus DNA Ladder and run for 35 min at 100 mV in 1x tris-acetate-EDTA (TAE) buffer.

The agarose gel was scanned using Azure Biosystems c600.

Table 17. PCR thermocycler cycling protocol.

Temperature Time Cycles
94°C 1 min 1
94°C 15 sec
xx°C 15 sec 35
72°C yy min
4°C 00

xx — the melting point of the primers
yy - time depends on the length of the product, 1 kb of the product requires 1 min
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2.4. RNA interference

2.4.1. Preparation of genomic DNA

Wild-type animals from two completely starved 9 cm NGM 2% plates were collected
and washed three times with 1x M9 by centrifugation at 1600 g for 1 min. 600 pul of Cell
Lysis Solution was added to 100 pl of the nematode pellet and transferred to a 1.5 ml
microcentrifuge tube. 20 pl of 20 mg/ml Proteinase K was added, mixed by inverting and
incubated at 55°C for about 4 h under agitation, with periodic inversion. 10 mg/ml RNase A
was added with a final concentration 40 pg/ml, mixed by inverting and incubated
at 37°C for 1 h, with mixing by inversion every 15 min. Then, the sample was incubated on
ice for 1 min. 200 ul of Protein Precipitation Solution was added to the lysate, the sample
was vortexed for 20 sec at high speed, incubated on ice for 5 min and centrifuged at 15000 g
for 10 min at 4°C. The upper phase was transferred to a new 1.5 ml microcentrifuge tube.
600 ul 0f 99.7% 2-propanol was added, mixed, centrifuged at 15000 g for 15 min at 4°C and
the supernatant was removed. The pellet was washed with 1 ml of 70% ethanol and
centrifuged at 7500 g for 5 min at 4°C. The pellet was dissolved in 50 pl of nuclease-free
H>0O. The concentration of genomic DNA was measured using Nanodrop One C and adjusted
to 100 ng/pl.

2.4.2. Preparation of the RNAI bacterial clone for pept-1 gene

In order to create RNAI bacterial clone for pept-1, primers were designed based on
the genomic sequence available on UCSC Genome Browser Gateway database (Table 7).
The primer sequences are listed in Table 10 and the schematic design of pept-1 cloning
primers is shown in Figure 52. The restriction site for Xmal and two additional nucleotides
were added at the 5' ends of oligonucleotides to avoid potential problems during PCR
amplification. A PCR reaction was performed using 200 ng of genomic DNA
in a 50 pul reaction according to the protocol for the Phusion High-Fidelity PCR Kit. The PCR
cycle protocol is shown in Table 18. After amplification, the expected size of the PCR

product was checked during 2% agarose gel electrophoresis ran at 60 V for 45 min in 1x TAE
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buffer using a control 1 kb Plus DNA Ladder. The PCR product band stained with
SimplySafe (5 ul / 100 ml of gel) was visualized in Azure Biosystems c600, purified by the
QIAgiuck PCR Purification Kit and dissolved in 20 ul of nuclease-free H,O. The vector
L4440 shown in Figure 53 was used to create the RNAI bacterial clone for pept-1.
L4440 vector and PCR-amplified insert were digested with Xmal restriction enzyme
according to the protocol shown in Table 19. During ligation, 2.5 ul of nuclease-free H20,
1 ul of vector, 1 ul of T4 DNA ligase buffer 10x and 0.5 ul of T4 DNA ligase were added to
5 ul of insert. The reaction mixture was incubated for 1 h at RT and put on ice for 1 min.
For transformation, competent Escherichia coli DH5a bacteria strain were briefly
centrifuged and thawed on ice. 5 ul of ligation reaction was added to 50 pul of thawed DH5a.
bacteria and incubated on ice for 15 min. Then, mixture was heat shocked at 42°C for 45 sec
and put on ice for 1 min. 800 pul of RT LB buffer was added to the sample and incubated
at 37°C for 40 min on Thermomixer F1,5 at 300 rpm. After centrifugation of the sample
at 500 g for 1 min, 800 ul of supernatant was discarded and the pellet was resuspended in the
remaining LB buffer and poured on 9 cm fresh LB plate with Ampicillin. After overnight
incubation at 37°C in an incubator INCU-Line IL10, 3 colonies were taken and colony PCR
was performed. To 5 ul of GoTaq G2 Green Master Mix 2x, mixed with 0.3 ul of 10 uM
forward primer, 0.3 ul of 10 uM reverse primer for pept-1 clone and 3.7 ul of nuclease-free
H-0, one bacterial colony was added. PCR reaction was performed according to the cycling
protocol provided in Table 20. After confirming the presence of the insert in the bacterial
colony on a 2% agarose gel electophoresis, the same colonies were suspended in 3 mL of LB
buffer with 3 ul of 100 mg/ml Ampicillin and 3 ul of 12.5 mg/ml Tetracycline and incubated
overnight in New Brunswick Scientific Exella E24 Incubator Shaker at 37°C 200 rpm.
The plasmid DNA was isolated using Plasmid Mini Kit and sent for sequencing analysis with
forward primer complementary to L4440 vector listed in Table 10. Chosen constructs with
correctly oriented protein coding DNA fragments were used for further experiments.
Bacterial glycerol stock was prepared by mixing 0.5 ml of overnight bacterial culture with
0.5 ml of 50% glycerol and frozen at -80°C.
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5' Forward GA CTATACCACACCACTTCT
5' Reverse CT ATCATAGATCCTGCGTT
additional restriction site genomic
nucleotides sequence sequence

Figure 52. Scheme presenting primers used for pept-1 cloning.

Table 18. PCR thermocycler cycling protocol.

Temperature Time Cycle
98°C 30 sek 1
98°C 10 sec
56°C 30 sec 2
72°C 34 sec
98°C 10 sec
67°C 30 sec 28
72°C 35 sec
72°C 10 min 1
4°C 00

promoter

Egl

Bgl Il Sac | Sac Il Not |
T7 promoter CCGGCAL?ATCTGATATCATCGATGAATTCG AGCT CACCGCGGTGGCGGCC"CTC

Xma |
Xbal Spel Agel Nco| Nhe Mlul Smal Pstl
TAGATCTAGAACTAGTGGATCCACCGGTTCC TGGCTAG ACGTGACGCGTGGATCCCCCGGGCTGCA

sal |
Hind Il Hincll _ Xhol Apal  Kpnl
GGAATTCGATATCAAGCTTATCGATACCGTCGACCTCGAGGGGGG CC GGTACCCAATT T7 promoter
Figure 53. Map of L4440 vector. Image from AddGene.
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Table 19. Restriction enzyme digestion protocol.

Incubation Vector L4440 PCR amplified insert
2 ul Cut Smart Buffer 2 ul Cut Smart Buffer
37°Cfor1lh 0.5 ul Xmal 0.5 ul Xmal
1 ng L4440 17.5 pl insert
50°C for 15 min 1 ul CIP -
Purify with Monarch PCR and Purify with Monarch PCR
) DNA Cleanup Kit and DNA Cleanup Kit
elute in 20 pl of elute in 15 pul of
) nuclease-free H.0 nuclease-free H,O

Table 20. Colony PCR thermocycler cycling protocol.

Temperature Time Cycles
95°C 3 min 1
94°C 1 min 1
94°C 15 sec
67°C 15 sec 35
72°C 35 sec
4°C 00

2.4.3. Preparation RNAI plates with bacteria from RNAI libraries

RNAI clones from the RNAI libraries (Ahringer or Vidal), listed in Table 5,
were streaked onto the LB Ampicillin-Tetracycline plates and incubated overnight at 37°C.
Next day, a liquid bacterial culture was prepared from 3 bacteria colonies in 3 ml of LB
buffer containing 3 ul of 100 mg/ml Ampicillin and 3 pul of 12.5 mg/ml Tetracycline and
incubated at 37°C 200 rpm overnight. Plasmid DNA was isolated using Plasmid Mini Kit
and sequenced using forward primer for L4440 (Table 10). If the sequence of the bacterial
clone was correct, mMRNA silencing was performed. RNAI bacteria was cultured in 5 ml of
LB buffer containing 5 ul of 100 mg/ml Ampicillin and 5 ul of 12.5 mg/ml Tetracycline in
New Brunswick Scientific Exella E24 Incubator Shaker at 37°C 200 rpm overnight.
Culture was diluted 1:20 in LB buffer containing 100 mg/ml Ampicillin and incubated at
37°C 200 rpm for 4h until an exponential growth phase. 9 cm RNAI plates with 1 mM IPTG
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and 50 pg/ml Ampicillin were seeded with 0.5 ml of diluted RNAI bacteria culture.
To silence the two mRNAs in animals, both overnight cultures were mixed 1:1 and 0.5 ml of
this mixture was applied to RNAI plates. The L4440 (empty) vector was used as a negative
RNAI control. C. elegans were placed on RNAI plates as L1 larvae and grown until L4 or

young adult stage at 20°C protected from light.

2.5. Amino acids sequence alignment

The amino acids sequences of H. sapiens Regnase-1 (NM_025079),
PEPT1 (NM_005073) and C. elegans REGE-1 (NM_059584.7), PEPT-1 (NM_076686.6)
were downloaded from UCSC Genome Browser Gateway (Table 7). The alignment was

performed using the multiple sequence alignment tool ClustalOmega (Table 7).

2.6. 3D protein structure

The amino acids sequences of H. sapiens Regnase-1 (NM_025079),
PEPT1 (NM_005073) and C. elegans REGE-1 (NM_059584.7), PEPT-1 (NM_076686.6)
were downloaded from UCSC Genome Browser Gateway (Table 7). 3D protein structure
prediction were made in the program Pyre 2 (Table 7) and colored in UCSF Chimera
(Table 7).

2.7. Oil red O staining

Oil red O staining (ORO) was performed to measure the fat content. 0.5 g of ORO
was mixed with 100 ml of 99.7% 2-propanol and stirred for 24 h on Magnetic Stirrer
MS11HS Wigo 500 turns / min 20°C, protected from direct light. Solution was filtered
through 0.22 um pore syringe filter, diluted in ddH20O to 60%, stirred for 12 h and filtered
again. Animals were synchronized by hypochlorite treatment and grown on RNAI plates
at 20°C to the young adult stage. About 3000 young adult animals were washed off
the plates and washed three times with 1x M9 buffer. Animals were fixed with 1 ml of 75%

2-propanol, transferred to 1.5 ml microcentrifuge tube and shaken for 15 min at 1400 g.
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After fixation followed by spinning and removal of 2-propanol, animals were suspended in
1 ml of 60% ORO solution and stained for 3 h on a shaker at 1400 g, protected from light.
Stained nematodes were washed four times with PBS-T, centrifuged for 1 min at 1600 g,
placed on 3% agar pads and imaged on Nikon SMZ25 with DeltaPix color camera and
60x zoom. All image-processing steps were done with the Fiji / imagel software
(Schindelin et al., 2012). The analyzes were performed using photographs containing an
image of whole nematode. The calculations were performed in two steps. At first, the signal
from the red color was measured. The raw image was converted from RGB to HSB color
space, the background was subtracted and then red signal selection was performed through
the red pixel threshold for the Hue channel between 0 and 7. The next step was to create a
binary mask with the saturation channel and use it for the thresholded image. Image was
converted to 32-bit and zero pixel values were replaced by NaN. For further analysis,
the integrated density of all remaining pixels was used as the signal coming from the
ORO-stained nematode. In the next step, the area of the nematode was calculated. Raw image
was converted to 8-bits and background was subtracted. To measure the surface of the
nematode, a threshold for 250 was set and the area of the particles larger than 3000 pixels
was measured. The signal from red pixels was compared to the animal area. 30 animals were
imaged per strain in three biological replicates. Relative fat level was calculated in relation
to wild-type animals. Two tailed t-test was used to calculate significance with Graph Pad /

Prism 8.

2.8. Triglyceride assay

Total TAG content was determined using Triglyceride Quantification Colorimetric /
Fluorometric Kit. Animals were synchronized by hypochlorite treatment and grown on RNA.
plates at 20°C to the young adult stage. After collecting 6000 animals and two washes in
PBS, the sample was divided into two 15 ml falcons with an equal volume. One part was
used to measure the TAG content and the other part was used to measure the amount of
protein. The samples were transferred to 1.5 ml protein LoBind tubes using a glass pipet.
Samples were centrifuged for 3 min at full speed and 4°C. Sample used for protein

quantification was washed with 0.5 ml of PBS and sample used for TAG assay was washed
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with 0.5 ml of TAG buffer. After centrifugation for 10 min at full speed at 4°C,
buffers were removed using a syringe with a thin needle to have approximately 70 pl of
buffer left, frozen in liquid nitrogen and kept at -80°C until lysis. All samples were sonicated
using precooled Picoruptor with Minichiller 300 for 30 cycles with 30 sec on and 30 sec off.
Samples suspended in PBS were centrifuged for 10 min at full speed at 4°C, diluted 5 times
in 0.15 M NaCl and the protein concentration was determined by measuring absorbance
at A280 using Nanodrop One C by diluting 2 ul of the sample with 8 ul of 0.15 M NaCl and
blank 2 ul PBS with 8 ul of 0.15 M NaCl. For TAG measurement samples were filled to
300 ul with TAG buffer, heated twice to 95°C for 5 min and animal debris was excluded by
centrifugation for 10 min at full speed and 4°C. 25 ul of the supernatant were used to assess
TAG content according to the manufacturer’s protocol. Measurements were performed in
biological triplicates and technical duplicates using 96 Well Polystyrene Cell Culture
Microplates and Victor Nivo Multiple Plate Reader. Calculations of the TAG level were
carried out according to manufacturer’s protocol adjusted to the protein content of the
sample. Relative TAG level was calculated in relation to wild-type animals fed with bacteria
containing an empty vector. Two tailed t-test was used to calculate significance with Graph
Pad / Prism 8.

2.9. Visualization of lipid droplets

LDs were visualized through the lipid marker DHS-3 tagged with GFP.
The Idris1[dhs-3p::dhs-3::GFP + unc-76(+)] strain was crossed with the target strain or the
MRNA of gene of interest was silenced using RNAI. Animals in the young adult stage were
transferred and anesthetized into a drop of 1 M levamisole hydrochloride on 3% agar pads,
covered with a cover slip and immediately imaged using Leica confocal microscope with
objective 63x and zoom 10x by taking photos from multiple layers and overlaying the images.
Pictures were taken next to the vulva, as shown in Figure 54, for 5 animals per strain in three
biological replicates. The background was removed in LAS X SP8 software. The diameter
of the LDs was measured as an average from 30 droplets per strain per one biological
replicate in Fiji / imageJ software. Two tailed t-test was used to calculate significance with
Graph Pad / Prism 8.
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Figure 54. Anatomical localization for imaging of lipid droplets. Picture was taken using 20x with 1x zoom
lens. The red frame marks the place where the pictures were taken in order to measure the size of LDs at a
magnification of 63x with 10x zoom on Leica confocal microscope. Scale bar represents 50 pm.

2.10. Visualization of PEPT-1::GFP

The localization of PEPT-1 transporter was determined using the pept-1(syb3497)X
strain where PEPT-1 was tagged with GFP. Animals in young adult stage were transferred
and anesthetized into a drop of 1 M levamisole hydrochloride on 3% agar pads, covered with
a cover slip and immediately imaged using Leica confocal microscope with objective 63x
and zoom 5.8x. 5 animals were imaged per strain in three biological replicates.
The background was removed in LAS X SP8 software. The signal location was determined
based on information provided in the Worm Atlas.

2.11. Imagining using microscope ZEISS Imager Z2 with Axiocam 506 mono

Animals in the young adult stage were transferred and anesthetized into a drop of
1 M levamisole hydrochloride on 3% agar pads, covered with a cover slip and immediately
imaged using microscope ZEISS Imager Z2 with Axiocam 506 mono camera.
The localization of MRP-1 transporter was visualized using animals expressing MRP-1
protein tagged with mCherry, mrp-1b(syb2461)X, and objective 63x with exposure time
500 ms. The localization of SOD-5 was determined using animals expressing SOD-5 protein
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tagged with GFP, wuls57[pPD95.77 sod-5::GFP; rol-6(sul006)], and objective 63x with
exposure time 50 ms. The localization of DAF-16 was determined using animals expressing
DAF-16 protein tagged with GFP, daf-16(syb707)I, and objective 63x with exposure time
200 ms. The signal location was determined based on information provided in the Worm
Atlas (Table 7).

2.12. RT-gPCR

2.12.1. Total RNA isolation and cDNA synthesis

Animals were synchronized by hypochlorite treatment, placed on NGM 2% or RNA.
plates as L1 larvae and grown to young adult stage at 20°C. After collecting 3000 animals
and two washes in 1x M9, samples were re-suspended in 700 ul of Tri Reagent, snap-frozen
in liquid nitrogen and kept at -80°C until lysis. Animals were lysed by five freeze-thaw cycles
in liquid nitrogen and 42°C. Then, 140 pl of 99.5% chloroform was added to the sample,
shaken for 20 sec and left to stand for 2 min at RT. After centrifugation at 12000 ¢
for 10 min at 4°C, 700 ul of upper phase was transferred to a new microcentrifuge tube.
RNA purification was performed according to the Direct-zol RNA MicroPrep protocol.
1000 ng (final 50 ng/ul) of RNA was used for reverse transcription according to the
manufacturer’s protocol using High-Capacity cDNA Reverse Transcription Kit. The protocol
for cDNA synthesis performed in ProFlex PCR System thermocycler is shown in the
Table 21.

Table 21. Protocol used for cDNA synthesis.

Temperature Time Cycle
25°C 10 min 1
37°C 120 min 1
85°C 5 min 1
4°C 0
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2.12.2. RT-gPCR reaction

For RT-gPCR cDNA was diluted 12.5 times (final 4 ng/ul). 4 pl of diluted cDNA,
5 ul of AmplifyMe SG Universal Mix and 0.5 pl of 10 uM forward and reverse primers were
mixed and pipetted to a 96 x 0.1 ml Well Plate and sealed with Opti-Seal Optical Sealing
Sheet. Primers were designed complementary to the coding sequences available in the UCSC
Genome Browser Gateway database (Table 7). Primers of approximately 20 bp, with similar
annealing temperature (+ 2°C), giving a PCR product of approximatively 200 bp, were
designed using Primer 3.0 software, and are listed in Table 11. Self-dimerization and hairpin
formation was checked in the Oligo Calculator software. Primers were ordered from Sigma
Aldrich and dissolved in ddH-O to a final primer concentration of 10 uM. Actin 1 was used
as a reference gene. RT-qPCR cycling protocol is shown in Table 22. Ct values were
calculated using Light Cycler 480 Il. Measurements were done in biological and technical

triplicates.

Table 22. RT-gPCR thermal protocol.

Temperature Time Cycles
95°C 3 min 1
95°C 5 sec
60°C 30 sec 4
95°C 5sec 1
70°C 1 min 1
95°C 0

2.12.3. Calculations

The AACt method was used to calculate the relative amount of transcript in tested
samples. The difference (A) between the Ct of the tested gene and the reference gene, and
the difference between the calculated values for the control and research group were
determined. The obtained value was substituted into the formula allowing to calculate the
fold change (Fc): Fc = 2~ 24¢t, Two tailed t-test was used to calculate the significance with

Graph Pad / Prism 8.
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2.13. Western blot

2.13.1. Preparation of the C. elegans protein extract

Animals were synchronized by hypochlorite treatment and grown on RNA. plates at
20°C to the young adult stage. 3000 synchronized young adult animals were collected using
the 1x M9 buffer, centrifuged at 1600 g for 1 min and pellets were washed three times using
the 1x M9 buffer. After the last wash, pellets were centrifuged and washed using cold tris
buffered saline (TBS) buffer pH 7.5. Pellets were resuspended in 0.5 ml cold TBS with
protease inhibitors and transferred to the 1.5 ml protein LoBind tubes using glass pipets.
After centrifugation for 1 min at full speed at 4°C, buffer was removed using a syringe with
a thin needle to have approximately 70 ul of buffer, frozen in liquid nitrogen and kept at
-80°C until lysis. For lysis, thawed samples were centrifuged for 10 min at full speed at 4°C.
Nematodes were sonicated using precooled Picoruptor with Minichiller 300 for 30 cycles,
with 30 sec on and 30 sec off, centrifuged for 20 min at full speed at 4°C and the supernatant
was transferred to the new tube. The amount of protein was determined using Nanodrop
One C by measuring absorbance at A280 (2 ul sample with 8 ul 0.15 M NaCl) with blank
(2 ul TBS containing protease inhibitors with 8 ul 0.15 M NaCl).

2.13.2. SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

For protein electrophoresis samples were diluted with cold TBS containing protease
inhibitors to obtain 100 pg of proteins in 24 ul mixed with 6 ul of 5x western blot loading
buffer. Samples were incubated at 95°C for 5 min, mixed by vortexing, spun down and placed
on ice. To separate proteins denaturing 10% polyacrylamide gel with 4% stacking gel on the
top was used. Electrophoresis was performed in 1x SDS-PAGE running buffer using 30 pl
of sample per well and 6 pl of Page Ruler Plus Prestained Protein Ladder, as a protein size
marker, at 90 V for 10 min and 130 V for 1.5 h using Mini Protean Tetra Cell tank.
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2.13.3. Semi-dry transfer

After SDS-PAGE gel was washed once with ddH.O. To activate the 0.2 pm
polyvinylidene fluoride membrane (PVDF), it was soaked in methanol for 20 sec. Then, gel,
filter papers, PVDF membrane were rinsed with transfer buffer. The gel sandwich was
prepared as followed: filter paper, PVDF membrane, gel, filter paper and air bubbles were
removed. The transfer was carried out at 1.3 A 25V for 10 min in Trans — Blot Turbo Transfer
System. After transfer, the PVDF membrane was washed 3 times in PBS-T for 5 min on
shaker IKA KS 130 Basic with 180 rpm. In the meantime, 5% skim milk was prepared
(2.5 g of Skim Milk Powder was dissolved in 50 ml of PBS-T). To prevent the non-specific
binding of antibodies, the membrane was incubated with 10 ml of skim milk for 1 h on Mixer
MX-T6-S at 45 turns / min. Then, the membrane was incubated with primary antibodies,
listed in Table 23, diluted in 4 ml of 5% skim milk, overnight at 4°C on a shaker. Next day,
the PVDF membrane was washed in PBS-T 3 times for 5 min on a shaker. Then, the
membrane was incubated with secondary antibodies, listed in Table 23, diluted in 5 ml of
5% skim milk for 1 h on a shaker. The PVDF membrane was washed 3 times in PBS-T
for 5 min on a shaker. Femtogram HRP substrate was prepared by mixing 200 ul of Radiance
Peroxide with 200 pl of Radiance Plus and applied to the membrane for 2 min. The membrane
was scanned in Azure Biosystems c¢600. Experiments were done in biological triplicates.
The relative protein levels were calculated using Image Studio Lite Version 5.2.5. Two tailed
t-test were used to calculate significance with Graph Pad / Prism 8. As the PEPT-1 protein
size is 94 kDa and the size of the GFP protein is 27 kDa, a band for PEPT-1::GFP of
121 kDa was expected. Antibodies to anti-actin of the size of a protein 42 kDa were used as

a control.

Table 23. List of antibodies used in Western blot.

Primary antibodies Secondary antibodies Band size
GFP Anti-rabbit
3:4000 2:5000 27 kDa
Anti-actin, clone C4 Anti-mouse
2:4000 1:5000 42 kDa
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2.14. Dipeptide transport activity

Dipeptide transport activity assay was carried out similar as previously reported by
Benner et al. 2011. Animals were synchronized by hypochlorite treatment, placed on
RNAI plates as L1 larvae and grown to L4 stage at 20°C, protected from light. 2000 animals
were washed twice in S-basal and divided into two falcons, centrifuged at 2200 g for 3 min
and 450 ul of animals’ pellet was transferred to new 1.5 ml microcentrifuge tube.
50 ul of 2.5 mM stock solution of the B — Ala — Lys — AMCA was added to the sample
(final concentration 0.25 mM). To the second sample 50 ul of ddH>O was added as negative
control. All samples were incubated for 5 h at 20°C on a rotor, protected from light.
Samples were washed four times with S-basal buffer followed by centrifugation at 1600 g
for 3 min. 100 pl of the sample was placed per well in a 96 Well Polystyrene Cell Culture
Microplates and the fluorescence (Ex: 340 nm, Em: 445 nm) was measured using Victor
Nivo Multiple Plate Reader. After measurement, animals were transferred with glass pipet
from the 96-well plate to the 1.5 ml protein LoBind tubes and washed two times with PBS
followed by centrifugation at full speed for 3 min at 4°C. After the last wash, PBS was
removed using a syringe with a thin needle to have approximately 70 ul of buffer, frozen in
liquid nitrogen and kept at -80°C until lysis. Thawed samples were sonicated using precooled
Picoruptor with Minichiller 300 for 30 cycles, with 30 sec on and 30 sec off, and centrifuged
for 20 min at 4°C max speed. The protein concentration was measured by the Bradford
method. After subtraction of the autofluorescence, the signal was related to the protein level.
Dipeptide uptake was calculated relative to the wild-type fed with bacteria containing an
empty vector. The experiment was performed in four biological replicates. Two tailed t-test

was used to calculate significance with Graph Pad / Prism 8.

2.15. Determination of protein concentration by the Bradford method

The protein concentration of samples obtained from nematode lysates was determined
using colorimetric reaction performed with the Bradford reagent (Bradford, 1976).
A standard curve of known concentrations of bovine serum albumin (BSA) was prepared
as follows: 0 pg/ml, 125 pg/ml, 250 pg/ml, 500 pg/ml, 750 pg/ml, 1000 ug/ml by mixing
50 pl of diluted BSA with 450 pul of Bradford reagent in 1.5 ml Semi-Micro Disposable
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Cuvettes. The samples were prepared accordingly: 35 ul of 0.15 M NaCl, 15 ul of the tested
sample and 450 pl of Bradford reagent. The measurements were made using a

spectrophotometer Nanodrop One C at a wavelength of A= 595 nm.

2.16. Oxygen consumption rate (OCR)

2.16.1. Preparation of samples

To determine OCR in C. elegans, animals were synchronized by hypochlorite
treatment. 3000 animals were placed on RNAI plates as L1 larvae and were grown to the
young adult stage at 20°C, protected from light. To test stress conditions like starvation,
where there is a reduction in oxygen consumption, wild-type animals fed with bacteria
carrying an empty vector were incubated at 20°C until the late L4 stage, then the nematodes
were washed three times in 1x M9, centrifuged for 1 min at 1600 g and transferred to RNAI
plates without bacteria for a further 4 h in 20°C. Animals were washed three times in 1x M9

followed by centrifugation at 1600 g for 1 min.

2.16.2. Preparation of the chamber and calibration

Cigarette paper and polytetrafluorethylene (PTFE) membrane were cut into 1.5 cm?
pieces. On top of the dome of the electrode, a drop of KCI, a piece of cigarette paper and
PTFE membrane were placed. A small O-ring and a large O-ring were placed around the
electrode, and the electrode was connected to both the electrode chamber and to the control
unit. The water bath was set to 25°C and connected to the electrode chamber. To calibrate
the electrode, the chamber was rinsed twice with sterilized distilled water and 1 ml of 1x M9
at the same temperature (25°C). In the OxyTrace+ program, the temperature was set to 25°C
and the stirrer was turned on. In order to establish zero oxygen condition, sodium hydrosulfite
(Sigma Aldrich, cat. 71699) was added until the oxygraph reached a plateau. After successful
calibration, the chamber was rinsed with 60% ethanol and water, and then a new electrode

membrane was prepared in the same manner as described above.
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2.16.3. OCR measurement

1 ml of nematodes pellet was transferred to the electrode chamber, stirring was turned
on and oxygen consumption was measured for 5 min. After the measurement, nematodes
were collected from the chamber into a 15 ml falcon tube with 1x M9 buffer, washed three
times in PBS followed by 3 min centrifugation at 2500 g and transferred with a glass pipet
into 1.5 ml protein LoBind tubes. After the last centrifugation, at full speed for 10 min
at 4°C, PBS was removed using a syringe with a thin needle to have approximately 70 pl
of buffer, frozen in liquid nitrogen and kept at -80°C until lysis. Thawed samples were
sonicated using precooled Picoruptor with Minichiller 300 for 30 cycles, with 30 sec on and
30 sec off, and centrifuged for 20 min at 4°C max speed. The protein concentration was
measured by the Bradford method. The oxygen consumption slope was divided by the
amount of protein (nmol / min / ml / mg). OCR was calculated relative to the wild-type
animals fed with bacteria carrying an empty vector. The experiment was performed in three
biological repeats with three technical replicates per strain. Two tailed t-test was used to
calculate the significance with Graph Pad / Prism 8.
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