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Summary  
Aging is the progressive decline of physiological function with time. It is a major 

risk factor for number of diseases including neurodegenerative, metabolic and 

cardiovascular diseases in humans. However, studies in various invertebrate and 

vertebrate model systems indicate the plasticity of aging process and that it is 

amenable to modulation. Furthermore, there is a conservation of various signaling 

pathways regulating healthspan across diverse organisms.  

In this thesis, we used a trans-species approach using either three species 

(Caenorhabditis elegans,  Danio rerio, Mus musculus, part 1), or four different 

species (C. elegans, D. rerio, M. musculus, Nothobrachius furzeri, part 2) to 

analyse aging-associated changes in the expression pattern of conserved genes 

across these organisms. Specifically, I have aimed to characterize and understand 

the downstream mechanisms of action of the consistently regulated genes with 

strong effect on lifespan of C. elegans. This nematode is a popular model system 

for studying aging as it offers a number of advantages including short lifespan, 

ease of genetic manipulation, and conservation of a number of important 

mammalian pathways. 

In the first part of this thesis, I studied the second most prominent candidate 

gene from the three species screen, gcat/T25B9.1 (orthologue of glycine-C-

acetyltransferase, GCAT, EC 2.3.1.29). Its impairment through post 

developmentally applied RNA interference (RNAi) extends the mean lifespan by 

~22% with a concomitant improvement in healthspan related parameters. This 

gene interferes with threonine catabolism and promotes the formation of 

methylglyoxal (MGO, CAS 78-98-8) in an amine oxidase-dependent manner. MGO 

is �D���N�Q�R�Z�Q���.-dicarbonyl compound inducing diabetic complications in mammals by 

causing oxidative stress and damage to cellular components, including proteins 

and DNA, through the formation of advanced glycation end products (AGEs). In 

our study, I observed a non-�O�L�Q�H�D�U�� ���³�K�R�U�P�H�W�L�F�´���� �U�H�V�S�R�Q�V�H�� �R�I�� �0�*�2���� �Z�K�H�U�H�E�\�� �O�R�Z-

dose MGO promotes lifespan extension, whereas higher concentrations of MGO 

exerts toxicity and concomitant lifespan shortening in nematodes. Both 

gcat/T25B9.1 RNAi and the exogenous application of low dose MGO extend 
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lifespan dependent on the stress-responsive transcription factors SKN-1 and HSF-

1. The ubiquitin-proteasome pathway (UPS) serves as one of the main 

mechanisms for the degradation of glycated proteins and is regulated by both SKN-

1 and HSF-1. Indeed, I observed an upregulation of subunits of UPS, namely of 

the PBS-3 and RPN-6.1 upon gcat/T25B9.1 impairment, and a simultaneous 

increase in the proteolytic activity of the proteasome as a response to stress. 

Hence, gcat acts as an evolutionary conserved aging-related gene that 

orchestrates a non-linear impact of proteotoxic MGO on longevity in C. elegans.  

In the second experimental part, we extended the previous three species 

approach with an analogues study including an additional species namely the 

killifish N. furzeri, a short-lived vertebrate that can be raised in captivity. Out of 

evolutionary conserved and similarly aging-regulated 45 genes detected within this 

screen, we observe the most robust extension of C. elegans lifespan upon 

impairing las1l/lY6B3B.9 (orthologue of LAS1 like, LAS1L). Knockdown of this 

gene by RNAi improves healthspan parameters, impairs ribosomal biogenesis, and 

downregulates the 60S subunit of ribosomes in nematodes. Consequently, I 

observed a reduction in global protein turnover. The lifespan extension upon 

las1l/lY6B3B.9 knockdown is dependent on Target of Rapamycin (TOR) signaling 

pathway and activation of AAK-2, the regulatory subunit of AMPK. Moreover, I 

observed a dramatic change in the transcriptional profile and a potential regulation 

of chromatin structure upon impairment of las1l/lY6B3B.9. Further studies are 

required to test whether this is an active regulation of gene expression through 

histone modifications, and to identify the key downstream effectors of the 

healthspan extension. 

In the last part of the thesis, we briefly review the experimental evidence 

supporting lifespan extension upon impairing glucose catabolism, and potential 

pharmacological approaches to mimic low-carbohydrate diet in light of the recent 

�I�L�Q�G�L�Q�J�V���I�U�R�P���³�3�U�R�V�S�H�F�W�L�Y�H���8�U�E�D�Q���5�X�U�D�O���(�S�L�G�H�P�L�R�O�R�J�\�´�����3�8�5�(�����O�L�Q�N���V�W�X�G�\���� 

Taken together, our studies uncovered novel mechanisms of genetic 

regulation of aging. The results suggest that shifting the balance of protein 

homeostasis by either increasing the quality control through the proteasome 

machinery or by impairing translation load benefits healthspan. These concepts 
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open avenues for future studies in mammalian systems to verify the conservation 

of these pathways, to establish novel anti-aging targets, and to ultimately improve 

human healthspan.  
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Zusammenfassung  
Altern ist definiert als das fortschreitende Nachlassen der physiologischen 

Funktionen mit der Zeit. Es ist Hauptrisikofaktor einer Reihe von Krankheiten, 

einschließlich neurodegenerativer, metabolischer und kardiovaskulärer 

Erkrankungen. Studien in verschiedenen Modellorganismen weisen auf eine 

Plastizität des Alterungsprozesses hin und haben zudem gezeigt, dass dieser 

modifizierbar ist. Darüber hinaus sind viele Signalwege, die einen gesunden 

Alterungsprozess regulieren, über verschiedene Organismen hinweg konserviert. 

Im Rahmen dieser Arbeit wurde ein artenübergreifender Ansatz verfolgt, um 

einheitlich regulierte Gene über verschiedene Organismen hinweg zu vergleichen. 

Diese Gegenüberstellung wurde einmal mit drei Arten (Caenorhabditis elegans, 

Danio rerio, Mus musculus, Teil 1) und einmal mit vier Arten (C. elegans, D. rerio, 

M. musculus, Nothobrachius furzeri, Teil 2) durchgeführt. Im Speziellen haben wir 

Gene charakterisiert, die einen relevanten Einfluss auf die Lebensspanne eines 

Organismus ausüben können. Ziel dieser Arbeit war es, diese 

Wirkungsmechanismen dieser Gene zu verstehen und zu charakterisieren. Der 

Nematode C. elegans ist ein beliebtes Modell und das eine Vielzahl von Vorteilen 

bietet, einschließlich einer kurzen Lebensdauer, der Möglichkeit einfacher 

genetischer Manipulation und das Vorhandensein wichtiger Signalwege, die auch 

in Säugetieren aktiv sind. 

Im ersten Teil dieser Arbeit wurde das Gen gcat/T25B9.1 charakterisiert. Es 

zeigte beim Vergleich der drei Arten die zweitstärkste Zunahme der 

Lebenserwartung und wurde deshalb für die Charakterisierung ausgewählt. Die 

Beeinträchtigung durch RNA-Interferenz (RNAi) nach der Entwicklungsphase von 

C. elegans verlängert die mittlere Lebensdauer um ~ 22% bei einer gleichzeitigen 

Verbesserung verschiedener Gesundheitsparameter. gcat/T25B9.1 beeinflusst 

den Abbau der Aminosäure Threonin, und fördert hierdurch die Bildung von 

Methylglyoxal (MGO, CAS 78-98-8). MGO ist eine �.-Dicarbonylverbindung, die 

diabetesbedingte  Komplikationen im Menschen auslöst, indem sie oxidativen 

Stress und Schäden an zellulären Komponenten, einschließlich Proteinen und 

DNA, durch die Bildung von "advanced glycation end products" (AGEs) verursacht. 
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In unserer Studie konnte eine nichtlineare ("hormetische") Antwort auf MGO 

beobachtet werden: Während niedrig dosiertes MGO die Lebensdauer förderte 

und in der Wirkung der Herunterregulierung von gcat/T25B9.1 ähnelte, zeigten 

hohe MGO-Konzentrationen eine toxische Wirkung auf C. elegans. Die schützende 

MGO-abhängige Antwort, die zu einer verlängerten Lebensspanne führt, wird von 

den Stress-regulierten Transkriptionsfaktoren SKN-1/NRF2 und HSF-1 vermittelt. 

Zusätzlich konnte eine Hochregulierung von Untereinheiten des Ubiquitin-

Proteasom-Systems (UPS), namentlich PBS-3- und RPN-6.1, und eine 

gleichzeitige Erhöhung der proteolytischen Aktivität des Proteasoms als Antwort 

auf diesen Carbonyl-Stress beobachtet werden. Zusammenfassend agiert gcat als 

ein evolutionär konserviertes, mit dem Altern assoziiertes Gen, welches eine 

unerwartete, nichtlineare Wirkung von proteotoxischem MGO auf die Langlebigkeit 

koordiniert. 

Im zweiten experimentellen Teil wurde der vorherige Ansatz durch die 

Berücksichtigung einer vierten Spezies, dem Killifisch (N. furzeri), erweitert. Dieser 

ist ein kurzlebiges Wirbeltier, das in Gefangenschaft aufgezogen werden kann. 

Von den 45 Genen, die innerhalb dieses zweiten Screenings identifiziert wurden, 

wurde die robusteste Verlängerung der Lebensspanne in C. elegans für 

las1l/Y6B3B.9 beobachtet. Zusätzlich konnte gezeigt werden, dass die 

Inaktivierung dieses Gens durch RNAi die ribosomale Biogenese beeinträchtigt, 

und die 60S Untereinheit von Ribosomen in Nematoden herunterreguliert. Damit 

übereinstimmend wurde eine Verringerung des globalen Proteinumsatzes 

beobachtet. Weiterhin wurde gezeigt, dass die beobachtete Lebensverlängerung 

abhängig vom TOR-Signalweg und der Aktivierung von AAK-2, der regulatorischen 

Untereinheit der AMPK, ist. Darüber wurde eine dramatische Veränderung des 

Transkriptionsprofils und eine mögliche Regulation der Chromatinstruktur bei 

Beeinträchtigung von las1l/Y6B3B.9 festgestellt. Weiterführende Studien sind 

erforderlich und in Bearbeitung, um aufzuklären, ob es eine aktive Regulation der 

Genexpression bei las1l/Y6B3B.9-Beeinträchtigung und den wichtigsten 

Effektoren des Phänotyps gibt. 

Im letzten Teil der Arbeit werden kurz die experimentellen Befunde, die für 

eine Verlängerung der Lebensspanne aufgrund einer Hemmung der Glykolyse 

sprechen, beleuchtet, sowie mögliche pharmakologische Ansätze zur Imitation 
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kohlenhydratarmer Kost diskutiert. Hierbei wird speziell auf die jüngsten 

Ergebnisse der sogenannten PURE-Studie (eengl. �³�3�U�R�V�S�H�F�W�L�Y�H�� �8�U�E�D�Q�� �5�X�U�D�O��

Epidem�L�R�O�R�J�\�´) Bezug genommen. 

Zusammengefasst konnten unsere Studien einen neuen Mechanismus, durch 

den genetische Regulatoren das Altern modulieren, aufdecken. Des Weiteren 

werden Vorgehensweisen aufgezeigt, die das Gleichgewicht der 

Proteinhomöostase zugunsten eines verbesserten Gesundheitszustandes 

verlagern können, indem entweder die Qualitätskontrolle durch die Proteasom-

Maschinerie erhöht oder die Translationslast verringert wird. Diese neuartigen 

Konzepte eröffnen unerwartete Möglichkeiten für zukünftige Studien in 

Säugetiersystemen, um die Konservierung solcher Signalwege zwischen Arten zu 

verifizieren, neue Anti-Aging Ansatzpunkte zu etablieren und letztlich die 

menschliche Gesundheit zu verbessern. 
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1 Introduction  

1.1 Global population aging and its 
implications   

 

According to the World Population Prospects: the 2017 Revision, the fastest 

growing age group is population aged 60 and over, increasing by 3% every year. 

This trend is expected to continue contributed by both increasing life expectancy 

at birth and declining fertility rates. Although the developed parts of the world have 

the highest percentages of elderly population, the most rapidly aging populations 

are in less developed countries due to access to better healthcare facilities (Fig. 

1). In the year 2017, there are an estimated 962 million people aged 60 or over 

and this number is expected to grow to 2.1 billion by 2050.  

          

Figure 1: Percentage of the population aged 60 years or over for the world and regions, 

1980-2050 (Adapted from United Nations World Population Prospects (2015)). 

The major risk factor for getting a number of chronic diseases including cancer, 

neurodegenerative, cardiovascular and metabolic diseases is age [1]. The 

expected rise in age-related diseases poses a mounting challenge to individuals, 

socio-economic and healthcare systems.  The medical research community has 

thus far focussed on targeting these diseases individually. However, the alternative 

strategy that is gaining momentum is to understand mechanisms of aging and age-

related pathologies as a whole and thereby developing treatments to increase the 

healthspan i.e. period spent in good health as we get old [2, 3]. 
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1.2 Evolutionarily conserved pathways of 
aging  

 

Aging is the progressive loss of physiological function after sexual maturity leading 

to an increase in mortality. While the quest for the fountain of youth has fascinated 

humankind for eons, studies in the last decades have identified several genes and 

pathways regulating the aging process. The use of the various model organisms 

has greatly aided the discovery of these pathways regulating longevity. The most 

commonly used model systems include yeast (Saccharomyces cerevisiae), worm 

(Caenorhabditis elegans), and fly (Drosophila melanogaster) owing to their short 

lifespans and the ease of genetic manipulations.  To further model human aging, 

vertebrate systems such as the mouse (Mus musculus), zebrafish (Danio rerio), 

and the recently established killifish (Nothobranchius furzeri) are employed [4]. 

Additionally, studies in non-human primates, gene polymorphism and longitudinal 

studies in humans further shed light on conservation of these pathways. 

In this section, we will focus on the key conserved pathways that regulate 

physiological aging across these model organisms that might be of relevance in 

understanding the human aging process and potential anti-aging strategies based 

on these pathways. 

1.2.1 Insulin/IGF -1 pathway  
 

One of the most studied signaling pathway known to influence aging in different 

species is insulin/ insulin like growth factor-1 (IGF-1) pathway. The early evidence 

for the involvement of this pathway came with the discovery of hypomorphic mutant 

of C. elegans insulin receptor/ IGF-1 homologue, daf-2 that extend the lifespan 

over two-fold [5-8]. The downstream phosphoinositide kinase, age-1 was identified 

previously by a forward genetics screen aimed to isolate longevity mutants [8-10]. 

Further studies elucidated that the signaling through AGE-1 requires the 

intermediate factors including the phosphoinositide dependent kinase-I, PDK1, and 

Akt/protein kinase B [11, 12]. The loss of function mutant of the PTEN homolog, 

daf-18 opposes the lifespan extension of age-1 and daf-2 by antagonizing AGE-1 

by dephosphorylation [13-15]. The lifespan extension by insulin/IGF-1 mutants acts 
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through a common path dependent on the transcription factor daf-16, the homolog 

of mammalian FOXO [12, 16-20]. The main nodes of this signaling network are 

summarized in Fig 2. 

 

Figure 2: Simplif ied scheme of insulin/IGF-1 (IIS) pathway. This scheme shows showing 

the conservation across species from invertebrates (C. elegans, D. melanogaster) to 

higher mammals (M. musculus, H. sapiens). The orthologous downstream signaling 

components are shown level with each other across the three organisms depicted. 

Drosophila shares similarities with the insulin-signaling pathway of C. elegans 

(Fig. 2). The insulin like receptor (InR) is homologous to daf-2 and insulin/IGF-1 
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receptor. The heteroallelic, hypomorphic mutant of Inr extend the lifespan of female 

flies up to 85%. However, the males exhibit high mortality early in life and extended 

lifespan at late ages, likely due to pleiotropic nature of the gene and some 

developmental defects carrying over to adult stage [21]. The orthologue of insulin 

receptor substrate, CHICO is also associated with longevity. Heterozygous, 

homozygous females and heterozygous male chico mutant flies have extended 

lifespan [22, 23]. Inducible overexpression of dFOXO, the orthologue of daf-16 in 

the fat body increased the lifespan of female flies by ~ 50% and had no effect on 

the lifespan of males [24]. Contrastingly, the overexpression of dFOXO in head fat 

body extends the lifespan of males and females [25].  

Mammals have evolved the two different hormonal systems, of insulin and 

IGF-1 controlling different developmental and metabolic functions with some 

overlapping functions. The first evidence that insulin-signaling pathway regulates 

mammalian lifespan came from studies of spontaneously occurring mutations in 

mice with defects in pituitary function i.e. the Snell and Ames dwarf mice. These 

mice have dysregulated development of anterior pituitary due to mutations in 

pituitary-specific transcription factor 1, Pit-1 and in the prophet of Pit1, PROP-1 

respectively [26-28]. Both mice lack growth hormones, prolactin, thyroid stimulating 

hormones, and have reduced circulating levels of insulin and IGF-1. They exhibit 

increased insulin sensitivity and improved glucose tolerance. They have reduced 

body size; females are sterile and exhibit more than 35-69% increase lifespan 

depending on the genetic background, housing and diet [29-31]. Mice carrying null 

mutations for igf-1 and IGF-1 receptor, igf1r exhibit growth deficiency and die at 

birth or shortly afterward [32]. Heterozygous knockout of igf1r does not develop 

dwarfism and live 26% longer than their wild type littermates. The females live 33% 

longer and male do not show any statistically significant lifespan extension [33]. 

However, on a different genetic background the females showed 11% increase in 

lifespan and even a shortening of maximum lifespan in males [34].   

Mice homozygous for a null allele of insulin receptor develop severe 

hyperglycaemia and die within 72 hours due to diabetic ketoacidosis [35]. Tissue 

specific disruption of insulin receptor exhibit different metabolic phenotypes and 

effect on lifespan. Mice with a fat specific insulin receptor knockout (FIRKO) have 

reduced fat mass despite normal food intake and live 18% longer than their wild 
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type littermates [36]. Liver specific insulin receptor knockout (LIRKO) show insulin 

resistance, glucose intolerance and an inability of insulin to regulate hepatic 

glucose production [37]. Muscle specific knockout of insulin receptor shows altered 

fat metabolism including increased fat mass, serum triglycerides and free fatty 

acids [38]. Neuron specific knockout model of insulin receptor (NIRKO) develop 

diet-sensitive obesity with increased body fat and decreased fertility [39]. More 

recently, the effect of partial or complete disruption of the insulin receptor in 

peripheral tissue of adult mice fail to extend lifespan and the homozygous 

disruption even has a shortening effect [40]. Taken together, it is likely that the 

effect of insulin signaling is more indirect in the control of mammalian longevity. 

Studies in Ashkenazi Jewish centenarians showed that a gene polymorphism 

in IGF1R had lower IGF-1 signaling and was associated with longevity [41].  Other 

studies have shown that low IGF-1 can predict life expectancy and greater 

represented in long-lived subjects [42-44]. Familial longevity is associated with an 

enhanced insulin sensitivity although having similar non fasted serum levels of IGF-

1 and insulin [45].   Additionally, variations in the downstream transcription factor 

FOXO3A is associated with long life in centenarians in different populations by 

independent studies [46-50]. These evidence suggest that pharmacological 

interventions that might lower the adult IGF-1 levels and/or improve the insulin 

sensitivity might prolong health and lifespan.  

1.2.2 TOR signa ling pathway  
 

The target of rapamycin (TOR) belongs to an evolutionarily conserved group of 

serine threonine kinase of phospotidylinositol kinase related kinase family. It 

integrates intra and extracellular cues to regulate cell growth, proliferation, 

metabolism, and survival. This pathway serves as a major determinant of lifespan 

in multiple model organisms and is dysregulated in a number of aging-associated 

diseases including cancer, diabetes, and neurodegeneration. 

The first study that TOR regulates aging came from C. elegans where 

knockdown of the orthologue, let-363 increased the lifespan independently of daf-

16 [51]. Similar effects on lifespan are observed in D. melanogaster and in the 

replicative and chronological lifespan of S. cerevisiae [52-55].  
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The mammalian target of rapamycin, mTOR exists in two distinct complex- the 

mTOR1 and mTOR2 with different subunit compositions. The mTOR1 and mTOR2 

complexes share the catalytic mTOR, its negative regulator DEP-domain 

containing mTOR interacting protein (DEPTOR),  mammalian lethal with Sec-13 

protein 8 (mLST8), TTI1/TEL2 complex [56-58]. The mTOR1 complex further 

contains regulatory associated protein of target of rapamycin (RAPTOR) and 

proline-rich Akt substrate (PRAS40) whereas the mTOR2 complex has mammalian 

stress-activated map kinase interacting protein (mSin1), rapamycin-insensitive 

companion of mTOR (RICTOR) and protein observed with rictor 1 and 2 

(PROTOR) [59-62]. The immunosuppressant macrolide rapamycin binds to a small 

protein, FKBP12 and this inhibits the kinase activity of mTOR1 [56, 63, 64]. 

However, the prolonged exposure of rapamycin also inhibits the assembly of 

mTOR2 and reduces the downstream Akt/PKB signaling [65]. The mTORCs 

senses various environmental cues including amino acid levels, glucose, oxygen, 

and other growth factors including insulin/IGF-1. The major pathways downstream 

of mTOR1 include regulation of protein synthesis through activation of ribosomal 

S6 Kinase (S6K) and inhibition of eukaryotic translation inhibition factor 4E binding 

protein (4E-BP1), repression of autophagy through inhibitory phosphorylation of 

ULK1, promotion of glycolysis and lipid biosynthesis through effect on hypoxia-

inducible factor (HIF1) and sterol regulatory element binding protein (SREBP) 

respectively. mTOR2 regulates the cytoskeleton and also inhibits FOXO3A through 

AKT.  

Rapamycin has solid evidence to extend lifespan in multiple species ranging 

from yeast to mice. Low concentration of rapamycin extends both the chronological 

and replicative lifespan in yeast [55, 66]. It extends lifespan in C. elegans by 19% 

at 100µM concentration [67]. It has varying degree of lifespan extension in both 

sexes of D. melanogaster depending on the concentration and diet used [68]. The 

most convincing data comes from mice study at different test locations through 

National Institute of Aging Interventions Testing Program (ITP). Genetically 

heterogeneous mice, when fed with microencapsulated rapamycin at 20 months of 

age, showed a 9% and 13% increase in mean lifespan for males and females 

respectively [69].  The follow up study with rapamycin feeding at 9 months of age 

increased the median survival by 10% and 18% in males and females respectively 
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[70]. Another study found that the degree of extension of rapamycin on lifespan is 

both dose and sex-dependent, with higher concentration increasing the median 

lifespan by 23% and 26% in males and females respectively [71].  Studies have 

also shown lifespan extension with lower incidences of cancer in normal aging 

129/Sv female mice and in tumour prone mouse models [72] [73, 74]. Transient 

treatment of rapamycin to 20 months old C57BL/6J mice for 3 months increased 

lifespan by 50%, protected them from some forms of cancer, and they showed 

better muscle strength and coordination [75]. Rapamycin is a FDA approved drug 

used as an immunosuppressant following transplantation and in other clinical 

settings such as lymphangioleiomyomatosis, renal carcinoma.  However, 

numerous side effects limit its therapeutic potential as anti-aging drug including 

metabolic dysregulation (increased hyperlipidaemia, reduced insulin sensitivity, 

glucose intolerance), reduced male fertility and dermatological effects (edema, 

aphthous ulcers) amongst others [76-79]. The metabolic side effects of chronic 

rapamycin administration are attributed to mTOR2 inactivation and AKT [80]. 

However, the effect of rapamycin in health human subject to evaluate the safety 

and efficacy in delaying human aging is still underway.  

The exact mechanism by which rapamycin and the inhibition of TOR extend 

lifespan is unclear, but the major effectors are thought to be downstream of 

mTOR1, which regulate translation and autophagy. One of the substrates for 

mTOR1 phosphorylation is S6K which in turn regulates a number of substrates that 

modulate protein production including components of the ribosome, translation 

initiation and elongation complex promoting protein biosynthesis. Transposon 

mutagenesis screening identified mutants of SCH9, the yeast orthologue of S6K 

and it increases the chronological lifespan up to three-fold and the replicative 

lifespan by 18% [53, 81]. Knockdown of the C. elegans orthologue rsks-1 extends 

the mean lifespan by upto 47%, deletion mutant lives longer and has a reduced 

translation rate [82, 83]. Dominant negative flies of S6K has a 22% increase in 

lifespan whereas the dominant active form caused a 34% decrease in the lifespan 

[52]. The S6K1 knockout mice showed a 9% overall increase in mean lifespan as 

compared to the wild type with the females having a 19% increase and the males 

not showing any effect in the median lifespan [84]. S6K- deficient muscles do not 

show alterations in global translation rate and the effects might be cell type specific 
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[85].  The other mechanism by which mTOR1 controls translation is through the 

phosphorylation of 4E-BP, which reduces its affinity for eIF4E and enables cap-

dependent translation. Strong activation of 4E-BP in flies extends the mean 

lifespan by 11% and 22% in males and females respectively [86].    

The global reduction in mRNA translation is hypothesised to have beneficial 

effects due to better protein homeostasis with lower energetic demands for protein 

synthesis, quality control, repair, and degradation. The knockdown of other 

ribosomal proteins, translation initiation factors extend lifespan in different 

organisms [82, 83, 87-90]. A study in yeast showed that depletion of 60S ribosomal 

subunit causes an increased translation of the GCN4 and it is required for the 

complete lifespan extension by deletion of 60S subunit components and TOR [91]. 

Similar mechanism for specific translation of the mammalian orthologue, ATF4 

when low levels of eukaryotic initiation factor 2 is present using mechanisms of 

translational reinitiation at the upstream open reading frames (uORFs) [92]. These 

data indicate alternate mechanisms through which ribosomal components 

modulate longevity through translation of specific mRNA. It remains unclear as to 

the extent to which TOR signaling mediated lifespan regulation is through 

translation inhibition.   

Another potential downstream mechanism of the mTOR1 axis is through the 

control of autophagy whereby portions of the cytoplasm are sequestered and 

digested in the lysosome. In the presence of nutrients, mTOR1 inhibits autophagy 

mainly by phosphorylation of ULK1/2 complex and Atg13 [93]. Inhibition of TOR by 

starvation or rapamycin increases autophagy in different organisms [68, 94-96]. A 

number of other pathways lifespan extension effects are dependent on the 

activation of autophagy. It serves as a protective mechanism for the cells and its 

function declines with age [97]. The association between autophagy and aging is 

discussed further in the subsequent section (1.2.6) on proteostasis.    
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1.2.3 Dietary restriction  
 

The first evidence that restricting calories without causing malnutrition in rats 

extends mean and maximum lifespan came from the 1930s from the seminal 

studies by Crowell and McCay [98]. Various model organisms recapitulate the 

beneficial effects of dietary restriction (DR) on extending health and lifespan. DR 

by reducing glucose concentration in media extends both the replicative and 

chronological lifespan in yeast [54, 99]. Different methods of DR including bacterial 

dilution in solid or liquid cultures, reduction of bacterial peptone, use of axenic/ 

chemically defined media, and genetic alteration of pharyngeal pumping increases 

mean lifespan upto 85% in C. elegans [100-103]. Similarly, the mean and 

maximum lifespan of fruitfly increases upon a number of DR protocols with the 

response of females being greater than the males [104].  Numerous studies of DR 

increases the lifespan of rodent models with a vastly varying degree and it is 

dependent on the severity of restriction, genetic background, sex of animal etc. 

[105]. Importantly, rodent DR has health beneficial effects including reduction of 

spontaneous cancer incidences, suppressing age-related defects in learning and 

memory, increases neurogenesis [106-109]. However, dietary restricted mice 

show impaired wound healing and are susceptible to infections [110, 111]. 

The two main studies of DR, conducted in the non-human primate, rhesus 

monkey (Macaca mulatta) - the National Institute of Aging (NIA) and University of 

Wisconsin Madison (UW), offers insight regarding translatability and relevance to 

human healthspan. The NIA study did not find any changes in the lifespan but 

noted an improvement in metabolic parameters and a delay in age-related 

diseases upon 30% caloric restriction [112]. The UW study showed an extension 

in the lifespan and a delay in age related diseases including cancer, diabetes, 

cardiovascular diseases, and reduced brain atrophy in the caloric restricted 

monkeys [113, 114]. The different lifespan outcomes between the two studies are 

attributed to a number of intrinsic factors of study design including the source of 

monkeys, diet composition and feeding practices [115]. Nevertheless, both studies 

confirm the health benefit of caloric restriction that is potentially transferable to 

humans.  
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An increasing number of lines of evidence shows that dietary composition and 

meal frequency, rather than caloric content significantly modulate health 

parameters and longevity. Reduction of amino acid via reduction of yeast levels 

increases lifespan more substantially than rather than the reduction of dietary 

sugar drosophila and the degree of lifespan extension is not correlated with the 

caloric content [116].   

There are multiple downstream pathways that mediate the response upon DR. 

The previously discussed nutrient sensing pathways- insulin signaling and TOR 

pathways along with sirtuins are the main downstream effectors of DR. AMP-

activated protein kinase (AMPK), the key energy sensor is another important player 

implicated in mediating the DR effects. Genetic deletion of worm AMPK �. subunit 

(aak-2) decreased the lifespan by 12% and the corresponding overexpressor 

increases lifespan [117]. AAK-2 mediates the lifespan extension observed through 

impaired glycolysis in C. elegans and AMPK activation occurs in cell culture model 

upon treatment with D-Glucosamine, an inhibitor of glycolysis [118, 119]. 

Metformin, the commonly prescribed drug to treat type 2 diabetes is a known 

activator of AMPK.  Metformin extends lifespan in C. elegans and in mice [120-

123]. More importantly, its use has been associated with lower incidences of 

cancers, cardiovascular diseases and improved insulin sensitivity [124]. The 

Targeting Aging with Metformin (TAME) study is the first clinical trial that is currently 

underway to test its influence on age-related disease including cancer, 

cardiovascular disease and cognitive disorder in elderly subjects [124]. 

Considering that DR is rather difficult to practice in humans; development of DR 

mimetic offers an interesting therapeutic possibility to delay age-related diseases 

and increase healthspan.  

1.2.4 Sirtuins  
 

Sirtuins are a conserved family of NAD+ (Nicotinamide adenine dinucleotide) - 

dependent deacylases that regulate lifespan in different organisms. The enzymatic 

activity requires cleavage of NAD+ to nicotinamide and serves as a molecular link 

between the energetic states of the cell to downstream effectors. Overexpression 

of silent information regulator, Sir2 protein from S. cerevisiae extends the 
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replicative lifespan [125, 126]. It is also required for the lifespan extension obtained 

by moderate CR (0.5% glucose) but not for more severe CR regimen (0.05% 

glucose) [127], [54].  Furthermore, genetic overexpression studies of the homolog 

of SIR-2 in C. elegans and D. melanogaster showed an increase in lifespan [128, 

129]. However, a later study in 2011 questioned these two initial studies and 

attributed the original finding to confounding genetic background and use of 

inappropriate controls [130]. However, the repetition studies still found an 

extension of lifespan upon sir-2.1 overexpression in nematodes but only to a 

modest extent [131]. Subsequent studies in other organisms and laboratories have 

reconsolidated the relevance of sirtuins in health and aging [132]. 

There are seven sirtuins in mammals, SIRT1-7. SIRT1 is the most well-studied 

member and closest homolog to Sir2. It deacetylates histones and non-histone 

proteins including p53, PGC-1�.���� �)�2�;�2�� �D�P�R�Q�J�� �R�W�K�H�U�V�� �W�R�� �Panifest metabolic 

adaptations including increased mitochondrial biogenesis, catabolism of 

triglycerides, regulation of gluconeogenesis etc.  Overexpression of SIRT1 does 

not extend the lifespan in mice, however, it does improve a number of age-

associated parameters including lower incidences of cancer, better glucose 

homeostasis, reduced DNA damage, and delayed bone loss [133-135]. The brain 

specific Sirt1 overexpressing transgenic mice (BRASTO) has delay in age-

associated mortality and shows an extended median lifespan of 16% in females 

and 9% in males [136].  SIRT6 overexpressing male mice live 15% longer than wild 

type, with no change in lifespan seen in females [137]. Conversely, mice with 

deficiency in Sirt6 show severe hypoglycemia and die early [138].  

Screen to identify small molecules sirtuin activating compounds (STACs) 

mainly focused on SIRT1 activation. One of the most publicized STAC is 

resveratrol, a polyphenolic compound and it extends lifespan in a number of 

organisms including C. elegans, D. melanogaster, the short-lived fish N. furzeri 

[139]. It does not extend lifespan when it is supplemented in mice fed with standard 

diet by independent studies and through the rigorous NIA ITP program [70, 140, 

141]. However, it rescues the shortened lifespan of mice on high-fat diet  [142]. 

The clinical studies on resveratrol show some improvements in glucose 

metabolism, cardiac function, and delay in cognitive decline [143]. However, the 
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effects are variable between the studies and hence there is still no unequivocal 

scientific evidence for disease-preventing effect of the same.  

Another approach that is gaining momentum is to boost the cellular NAD+ 

through supplementation of precursors including nicotinamide riboside (NR) and 

nicotinamide mononucleotide (NMN). It is known that NAD+ levels decrease with 

age in multiple organisms and boosting the levels could extend lifespan and 

improve health parameters [144, 145]. Moreover, it is known that administration 

of nicotinic acid, another precursor for NAD+ improves the cholesterol, blood lipid 

profiles and is used for cardiovascular risk prevention [146]. Sirtuins also convert 

NAD+ to nicotinamide (NAM) and further to 1-methylnicotinamide (MNA) and both 

these compounds increase lifespan in C. elegans [147]. Rigorous testing through 

clinical studies is needed to understand the benefits of these compounds as 

supplements for human healthspan extension.    

1.2.5 ETC -mediated ROS signa ling  
 

Mitochondria are the powerhouse of the cell and it is also the major site of reactive 

oxygen species (ROS) production as a by-product of oxidative phosphorylation 

(OxPhos). The moderate inhibition of mitochondrial respiration chain leads to an 

extension of lifespan in the different model organism including worms, fruit fly and 

mice [148-153].  The mitochondrial free radical theory of aging (MFTRA) was 

proposed by Harman in 1950s and he hypothesised the free radicles generated 

induces oxidative damage to cellular macromolecules and acts as a major driving 

force for aging [154]. This theory is supported mainly by a correlative observation 

that mitochondrial functions decline with age whereas ROS levels and damage 

increase with age and in age associated diseases [155-158]. The cells have an 

internal defence mechanism against ROS through enzymes such as superoxide 

dismutase (SOD) which converts O2�í to hydrogen peroxide, catalase and 

glutathione peroxidase which further catalyses the conversion of hydrogen 

peroxide to water. Inactivation of cytoplasmic SOD (SOD1, Cu-ZnSOD) and the 

mitochondrial SOD (SOD2, MnSOD) decreases the lifespan of in yeast, fruit flies 

and mice [159-166]. However, there is no shortening of lifespan upon deletion of 

SOD in C. elegans and it fails to explain the long lifespan seen in long-lived mutants 
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including daf-2 [167-169]. Meanwhile, overexpression of SOD increases lifespan 

in C. elegans but there are inconsistent results observed in D. melanogaster 

lifespan upon overexpression [170-174].  

The results from mice, on the other hand, calls into question the oxidative 

theory of aging and MFTRA since there is no observable difference in lifespan of 

transgenic mice overexpressing various antioxidant enzymes including CuZnSOD, 

MnSOD, catalase [175-178]. Furthermore, treatment with antioxidants i.e. 

substances that scavenger ROS in humans have shown that there is no effect at 

the best and potentially harmful effects of antioxidants [179, 180]. Moreover, 

healthspan promotion due to physical exercise occurs through induction of 

mitochondrial metabolism and antioxidants abrogate this effect in human subjects 

[181-183]. Another line of evidence questioning MFTRA is that lifespan extension 

upon inhibition of ETC is depended on ROS and the presence of antioxidants 

abolishes this effect [184, 185]. The production of ROS through poisons of ETC 

including rotenone, paraquat (complex I inhibitor) and antimycin A (complex III 

inhibitor) extends lifespan at low concentrations in C. elegans [186, 187]. 

Interestingly, ROS produced by reverse electron transport also extends lifespan in 

D. melanogaster [188]. The mice heterozygous for cofactor ubiquinone Mclk+/- live 

longer than the wildtype and have increased levels of ROS potentially linking the 

two effects [153, 189, 190]. ROS is also increasingly accepted as a signaling 

molecule that regulates a number of physiological functions including cell cycle, 

differentiation etc. [191, 192].  

Figure 3: Non-linear Hormetic 

relationship (green curve) 

commonly exists between 

increasing amounts of stressors 

including ROS on the one hand, 

and mortality events on the y 

axis, as opposed to the 

hypothesised strictly l inear 

relationship between them (red 

curve). Figure adapted from 

[193].   
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All the about mentioned conundrum on the role of ROS in aging and 

healthspan could be explained by a nonlinear relationship between them. This 

concept is referred to as hormesis, whereby a low dose of a potentially harmful 

stressor induces a vaccine like adaptive response leading to better tolerance 

towards stress (Fig. 3).  This concept when specifically applied to mitochondria is 

referred to as mitohormesis. It involves a retrograde response upon mild 

perturbations to the mitochondria leading to better future adaptation of the systems. 

This adaptation process is mediated by potential signals including but not 

exclusively limited to changes in ROS levels and culminated by the increase in 

various stress response mechanisms [194]. The downstream adaptors are 

transcription factors and kinases involved include Nrf2, nuclear factor erythroid 2�±

related factor 2; HIF-1�.�� hypoxia-inducible factor 1-alpha; AMPK; NF-��B, nuclear 

factor kappa-light-chain-enhancer of activated B cells; p53 and regulate pathways 

of oxidative stress defence, autophagy, apoptosis, inflammation etc [179]. The 

signaling mediated by hormesis potentially acts as a regulator of healthspan and 

has to be taken into consideration while developing anti-aging strategies.  

1.2.6 Maintenance of proteostasis  
 

Impaired protein homeostasis at different steps in the lifecycle of proteins including 

synthesis, folding, trafficking/secretion and degradation contributes to cellular and 

organismal aging [195]. The maintenance of good quality control occurs chiefly 

through control of protein folding and degradation upon damage (Fig. 4). Protein 

misfolding and aggregation seems to be a defining feature of several 

�Q�H�X�U�R�G�H�J�H�Q�H�U�D�W�L�Y�H���G�L�V�H�D�V�H�V���L�Q�F�O�X�G�L�Q�J���$�O�]�K�H�L�P�H�U�¶�V�����3�D�U�N�L�Q�V�R�Q�¶�V���D�Q�G���+�X�Q�W�L�Q�J�W�R�Q�¶�V��

disease [196]. There are additional evidence emerging that insoluble fraction and 

protein aggregation per se accumulates with age even in non-disease setting [197-

199]. Moreover, proteins are also subjected to other damaging modifications 

oxidation and formation of crosslinks through Advanced Glycation End products 

(AGE) mediated through ROS and methylglyoxal respectively [200, 201]. Thus, the 

different stages in the lifecycle of protein are linked intrinsically to the aging 

process.     
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Protein synthesis is a tightly regulated, highly energy consuming process that 

involves complex machinery and is reduced upon various stress. As discussed in 

an earlier section (1.2.2), impaired translation through different interventions 

extends lifespan in lower organisms. The unfolding of proteins occurs after being 

subject to various stressors and chaperone-mediated folding helps to mitigate this 

process in the cytosol, endoplasmic reticulum (ER) and mitochondria. The 

induction of chaperones upon stress is impaired upon aging in different models 

[202]. Heat shock factor (HSF) is a transcription factor that responds to various 

proteotoxic insults and binds to heat shock response elements to upregulate 

targets including different heat shock proteins (HSPs), co-chaperones, proteases 

and ubiquitin etc. [203]. The overexpression of C. elegans orthologue, hsf-1 

extends lifespan by 40% and conversely, mutants shorten the lifespan with signs 

of accelerated aging [204, 205]. HSF1 activity and heat shock proteins (HSPs) 

decreases in normal aging [206].  A number of HSPs are linked to promoting better 

adaptation after mild stress resistance in C. elegans and D. melanogaster [207, 

208]. The two sensitive compartment of the cell namely the endoplasmic reticulum 

and mitochondria have their specialized response to deal with unfolded proteins 

called UPR.  

The damaged proteins that accumulate are degraded by the two degradation 

pathway consisting of ubiquitin-proteasome system (UPS) and the lysosome-

mediated autophagy system (Fig. 4). The UPS carries out proteolysis of proteins 

that are tagged with poly-ubiquitin chain. It consists of the 26S complex which has 

two main subunits, the 20S core particle, and two 19S regulatory particles. The 

20S core is a cylindrical structure that has four rings stacked over each other- the 

two inner �����W�\�S�H���U�L�Q�J�V���D�Q�G���W�K�H���W�Z�R���R�X�W�H�U���. type rings, containing 7 different protein 

�H�D�F�K���� �7�K�U�H�H�� �G�L�I�I�H�U�H�Q�W�� ���� �V�X�E�X�Q�Lt, namely �������� ������ ������ �F�R�Q�W�D�L�Q�� �S�U�R�W�H�R�O�\�W�L�F�� �D�F�W�L�Y�L�W�\��

including caspase like, trypsin like, and chymotrypsin like activities respectively to 

hydrolyse the peptide bonds. The 19S regulatory subunit is present on either side 

of the 20S core and it regulates the recognition, deubiquitination, and translocation 

of substrate for degradation. Each 19S subunit consists of two structures namely, 

a ring made up of ATPases and non-ATPases and a lid complex that consists only 

of non-ATPase subunits.  
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Studies in various organisms show a positive association between increased 

proteasome activity and healthspan. Disruption of proteasome via deletion of 

UMP1 encoding a chaperone involved in assembly of proteasome complex in S. 

cerevisiae reduces chronological lifespan and conversely, its overexpression 

increases survival with increased clearance of oxidized proteins [209, 210]. 

Moreover, enhancement of proteasome capacity by increased expression of 

RPN4, a yeast transcription factor regulating proteasome subunits improves 

replicative lifespan [211]. Impairment of proteasome subunits leads to a severe 

reduction in lifespan of C. elegans. Overexpression of rpn-6.1, a protein that 

stabilizes the interaction between 19S and 20S subunits leads to improved stress 

resistance to stress and extended lifespan upon mild heat stress at 25 ºC [212]. 

Furthermore, overexpression of pbs-5, �H�Q�F�R�G�L�Q�J�� �W�K�H�� ������ �V�X�E�X�Q�L�W�� �U�H�V�S�R�Q�V�L�E�O�H�� �I�R�U��

chymotrypsin like activity extends the lifespan by ~ 26% in nematodes [213]. Aging 

causes a substantial decreased levels of the 26S proteasome complex and a 

concomitant decrease in its proteasome activity but not of the 20S complex in D. 

melanogaster [214]. Overexpression of Rpn11, a component of 19S lid complex 

extends lifespan in flies by ~ 35%  and ameliorates polyglutamine toxicity [215]. 

Heterocephalus glaber  i.e. the naked mole rat, the longest living rodent with a 

maximum lifespan of around 28 years has almost 1.5 fold increased activation of 

proteasome [216]. Increased proteasomes confer resistance to oxidative cells in 

human fibroblasts [217]. Moreover, centenarians show an increased activity of 

proteasome similar to younger rather than older control donors highlighting its role 

in maintaining health [218].  

The other mechanism of proteolytic degradation occurs through autophagy 

wherein cytosolic fractions and organelles get degraded in the lysosome. 

Lysosomes are acidic, single membrane vesicles that contain degradative 

enzymes including proteases, lipases etc. The different types of autophagy are 

classified based on the cargo and delivery of cargo to the lysosome for 

degradation.  Macroautophagy occurs when a phagophore engulfs the damaged 

organelle or protein to form autophagosome which fuses with lysosome for 

destruction; microautophagy occurs when lysosomal invaginations sequester 

damaged substrates; chaperone-mediated autophagy occurs when cytosolic 
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proteins are directly targeted to the lysosome for degradation by hsc70/co-

chaperones and taken up by LAMP-2A protein after being unfolded.  

 

Figure 4: Endogenous and exogenous stress including ROS, methylglyoxal causes the 

unfolding, crosslinking or misfolding of proteins. These proteins are usually refolded by 

heat-shock proteins (HSP) or are targeted to destruction by the ubiquit in-proteasome or 

lysosomal (autophagy) pathways.  
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Autophagy inhibition causes shortening of lifespan in a number of lower 

organisms and causes aging-associated symptoms including increased 

inflammation, neurodegeneration and sarcopenia in different mouse models [219]. 

More convincingly, a number of previously discussed aging pathways including 

TOR, dietary restriction, insulin/IGF-1 signaling, and sirtuins activate autophagy. 

Furthermore, the activation of autophagy by overexpression of some autophagy 

genes increases lifespan in model systems including mice where the 

overexpression of Atg5 extends the median lifespan of mice by ~ 17% without 

gender preferences in life extension [198, 220, 221]. A naturally occurring 

polyamine, spermidine extends lifespan in several model organisms including 

median lifespan of mice by 10% and improves cardiac health through the activation 

of autophagy [222, 223]. Activators of autophagy and proteasome function could 

as a potential candidate for rejuvenation, protection against protein aggregation in 

context of neurodegeneration and healthspan. 

1.2.7 Cellular senescence  
 

Hayflick and Moorehead first observed that human fibroblast in culture did not 

proliferate indefinitely but rather undergoes a finite number of cell divisions referred 

to as Hayflick limit [224]. This irreversible loss of proliferation capacity as a 

response to various stressors is referred to as senescence. It serves as a potent 

anti-cancer mechanism by arresting cell cycle and this can be triggered by DNA 

damage, telomere attrition, mitochondrial dysfunction and other unbalanced 

mitogenic signatures [225]. The main effectors of senescence are p53/p21 and 

p16INK4a/pRB tumor suppressor pathways. However, it has the dark side of 

reducing tissue repair, regenerative capacity and senescent cells are associated 

with the production of pro-inflammatory factors secreted as Senescence 

Associated Secretory Phenotype (SASP). The simple model organisms, including 

C. elegans and D. melanogaster are post-mitotic, and hence the major studies of 

senescence in aging comes from tissue culture and rodents models.  

Senescent cells accumulate in aging-associated disease and during normal 

aging in various organs and tissues. There is a growing body of evidence that it is 

casually linked to aging and removal of these cells might be a beneficial strategy 
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to stall age-associated disease. Targeted apoptosis of p16INK4a positive senescent 

cells using INK-ATTAC system in BubR1 hypomorphic progeroid model attenuated 

age-associated phenotypes in skeletal muscle, adipose tissue and formation of 

cataract without changes to the lifespan [226, 227]. A more recent study using the 

same method to ablate senescent cells in two different wild type genetic 

background extended lifespan between 17 to 35% in both the sexes. There was a 

delay in tumor latency and reduced the deterioration of heart and kidney tissue. 

However, other age-sensitive traits such as motor coordination, memory, and 

exercise capacity were not improved upon p16INK4a clearance [228]. Alternate 

strategies to remove senescent cells resulted in improvement in fur quality, fitness, 

kidney function and subsequently creates a pro-regenerative environment to treat 

age-associated diseases such as osteoarthritis, pulmonary fibrosis, and 

atherosclerosis in mice [229-232]. 

A new class of small drugs called senolytics is being developed and tested to 

alleviate age-related disease by selectively killing senescent cells. The rationale 

behind this approach is that senescent cells are typically resistant to apoptosis by 

activating anti-apoptotic, pro-survival pathways and hence targeting these 

protective mechanisms would lead to the selective destruction of these senescent 

cells. These pathways include BCL-2, PI3K/Akt, MDM2/p53/p21, HIF-1�., HSP-90 

and they collectively referred to as Senescent Cell Anti-apoptotic Pathway (SCAP) 

[233, 234]. Several SCAP inhibitors have been tested in mice as senolytics and it 

reduce senescent cells with improvements in parameters similar to genetic ablation 

of these cells [230, 232, 234-236].  This kind of approach to treating geriatric 

symptoms faces several challenges including understanding the unique molecular 

signature of SCAP in different tissue types, identifying the right senolytic 

combination, assessing potential side effects, and adapting the frequency of 

administration depending on re-accumulation rates of senescent cells.  

1.2.8 Conclusions  
 

Based on the above-discussed studies, the use of model organism has proved to 

be indispensable for aging research to uncover the plasticity of the aging process. 

Although various organisms in nature have dramatically different lifespans, a 
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number of pathways regulating aging seem to be conserved across metazoans.  

Since it is a daunting task to perform lifespan studies in higher mammals, these 

simple model systems offer us a chance to understand the molecular underpinning 

of good health and aid in the discoveries that could be translated to modulate 

human health and lifespan.   

1.3 Aim of the thesis  
 

Broadly this thesis aims to address the molecular mechanisms of lifespan 

extension upon gene modulation in the model organism Caenorhabditis elegans. 

These candidate genes were identified based on a trans-species RNA-sequencing 

analysis using either three or four different species commonly used as model 

organisms in aging research. The species were C. elegans, D. rerio, M. musculus, 

N. furzeri. The details of this analysis to identify genes that are consistently 

regulated with age across the species are elaborated upon in subsequent sections 

(Section 2.2 and appendix 7). These genes were individually tested using RNAi 

approach starting post-development in C. elegans and genes that had strongest 

effect on lifespan were chosen to further understand the mechanisms mediating it.  

In the first section (Section 2.1), we characterize the downstream mechanisms 

of the gene which had the second most pronounced effect from the three species 

screen, namely gcat/T25B9.1. We uncover a novel mechanisms involving 

endogenous �µ�S�U�R�W�H�R�K�R�U�P�H�V�L�V�¶ effect through methylglyoxal, a reactive dicarbonyl 

that improves stress response and contributes to lifespan extension via enhancing 

the ubiquitin proteasome pathway.  

In the second section (Section 2.2), we perform the four species analysis and 

further investigate the most prominent candidate las1l/Y6B3B.9 which has a mean 

lifespan extension of ~35%. The details of both the study with specific aims, results, 

discussion and references for each are presented separately.  

In the third section (Section 2.3), we present a mini review on the impact of 

carbohydrates on mortality and pharmacological strategies to mimic low-carb state 

that might be of relevance to human health.   
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These sections are presented cumulatively as published/accepted for 

publication or in a form that reflects the current state of ongoing study.  

Finally, the summarizing discussion (Section 3) describes the outcomes of 

these studies in the global perspective of aging mechanism, speculations, and 

bottlenecks in translating the research further.  
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2.1.1 Abstract  
 

Whether and how regulation of genes and pathways contributes to physiological 

aging is topic of intense scientific debate.  By performing a RNA expression-based 

screen for genes downregulated during aging of three different species, we 

identified glycine-C-acetyltransferase (GCAT, EC 2.3.1.29). Impairing gcat 

expression promotes lifespan of C. elegans by interfering with threonine 

catabolism to promote methylglyoxal (MGO, CAS 78-98-8) formation in an amine 

oxidase-dependent manner. MGO is a reactive dicarbonyl inducing diabetic 

complications in mammals by causing oxidative stress and damaging cellular 

components, including proteins. While high concentrations of MGO consistently 

exert toxicity in nematodes, we unexpectedly find that low-dose MGO promotes 

lifespan, resembling key mediators of gcat impairment. These were executed by 

the ubiquitin-proteasome system, namely PBS-3 and RPN-6.1 subunits, 

regulated by the stress-responsive transcriptional regulators SKN-1/NRF2 and 

HSF-1. Taken together, GCAT acts as an evolutionary conserved aging-related 

gene by orchestrating an unexpected non-linear impact of proteotoxic MGO on 

longevity.   

2.1.2 Introduction  
 

While the process of aging has fascinated humankind for millennia, controlled 

systematic studies on this phenomenon were initiated less than a century ago [1]. 

The first mutations associated with longevity were identified in the model organism 

C. elegans [2]. Subsequently, other organisms including Saccharomyces 

cerevisiae, Drosophila melanogaster, rodents and more recently several fish 

models were employed to characterize genetic pathways linked to physiological 

aging.  

Concomitantly, unbiased screening approaches to identify aging-associated 

genes and pathways have been performed for single model organisms indicating 

that approximately one per cent of coding genes may impact the lifespan of 

nematodes [3, 4]. Subsequently and to identify conserved pathways that may apply 

to several species, two invertebrate model organisms have been compared [5], 
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and genes identified in S. cerevisiae have been, at least in part, found to be 

conserved in C. elegans [6].  

In parallel we initiated an unbiased screening approach to identify aging-

related genes that were regulated similarly during physiological aging in three 

different species, namely C. elegans, zebrafish and mice. The candidate genes 

obtained from this screen were tested for the effect on lifespan by performing RNA 

interference (RNAi) against each individually in young adult nematodes. We first 

characterized branched-chain amino acid transferase (bcat-1) gene to serve as an 

anti-aging gene with the most pronounced effect on lifespan in C. elegans of all 

genes identified [7].  

In the same study, we identified the glycine c-acetyltransferase (gcat) gene to 

be physiologically downregulated during aging in these three species. Glycine C-

acetyltransferase (GCAT, EC 2.3.1.29) is a pyridoxal phosphate-dependent 

enzyme involved in the conversion of L-threonine to L-glycine [8-12]. This 

biochemical pathway consists of two steps, the NAD+ dependent conversion of L-

threonine to the unstable intermediate 2-amino-3-ketobutyrate by the enzyme L-

threonine dehydrogenase (EC 1.1.1.103) followed by the GCAT-mediated 

catalysis to L-glycine and acetyl-CoA (Fig. 1A). Here, we mechanistically dissect 

the role of the nematodal gcat orthologue T25B9.1 and its metabolic effects, 

especially through increased formation of MGO, on the regulation of lifespan. 

2.1.3 Results  
 

2.1.3.1 Impaired gcat /T25B9.1 expression in C. elegans  promotes  
healthspan  
 

When applying RNAi against gcat/T25B9.1 to C. elegans, we observed an 

extension of mean lifespan by 22%, and of maximum lifespan by 17% (Fig. 1B, and 

Fig. S1A, applies in analogy to all subsequent lifespan figures; also see Tbl. S1 for 

lifespan details, applies to all subsequent lifespan figures). Consistently, the 

accumulation of previously identified so-called aging pigments [13], consisting of 

lipofuscin and advanced glycation end products (AGEs) [14], was found to be 

reduced (Fig. 1C) while the average crawling speed on agar plates was increased 
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in 10 day-old nematodes exposed to gcat/T25B9.1 RNAi (Fig. 1D). Moreover, no 

difference in pharyngeal pumping rates reflecting food intake was observed (Fig. 

1E), while triglyceride content was reduced in the gcat/T25B9.1 RNAi-treated state 

(Fig. 1F).  

 

Figure 1: Impair ing gcat/T25B9.1 expression extends lifespan and promotes health. (A) 

Threonine is catabolized to glycine and acetyl-CoA by the enzymes threonine 

dehydrogenase and glycine-C- acetyl-tr ansferase (GCAT) via the unstable intermediate 2-

amino 3-ketobutyrate. (B) Effects of gcat/T25B9.1 RNAi (red) versus control (black) on 

lifespan (p<0.0001, log-rank test); color coding applies to all subsequent panels and 

figures. Effect of gcat/T25B9.1 RNAi versus control nematodes regarding (C) aging 

�‰�]�P�u���v�š�•�� �~�‰�D�ì�X�ì�ì �ñ�U�� �^�š�µ�� ���v�š�[�• t -test, n=8 wells x ~100 worms each) (D), average speed 
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�~�‰�D�ì�X�ì�í �U�� �^�š�µ�����v�š�[�• t -test, �v�A�ñ�î�•�U�� �~���•�� �‰�Z���Œ�Ç�v�P���� �o�� �‰�µ�u�‰�]�v�P�� �Œ���š�� �•�� �~�‰�A�ì�X�ñ�í�U�� �^�š�µ�����v�š�[�• t -

test, n=8 worms x 3 measurements each), ���v�� �� �~�&�•�� �(���š�� ���}�v�š���v�š�� �~�‰�D�ì�X�ì�ì�ñ�U�� �^�š�µ�����v�š�[�• t -

test, n=3 worm pellets). Error bars represent the mean±s.d.  (G) Lifespan analysis of 

gcat/T25B9.1 RNAi (p<0.0001, log-rank test) versus control RNAi in daf-2(e1370) mutant 

nematodes. (H) Lifespan analysis of gcat/T25B9.1 RNAi (p<0.0001, log-rank test) versus 

control RNAi in daf-16(mu86) mutant nematodes.  

Next, and unlike for most other lifespan-extending interventions, no reduction 

of the fecundity of the nematodes was observed (Fig. S2A).  Lastly and given the 

eminent role of impaired insulin/IGF-1-signaling in lifespan extension, we tested 

whether gcat/T25B9.1 impairment would epistatically interact with daf-2 or its 

downstream transcription factor daf-16, which was not the case for both 

backgrounds (Fig. 1G and H).  

Taken together, these results indicate that reduced gcat/T25B9.1 expression 

increases nematodal lifespan, and improves healthspan-related parameters like 

movement speed and accumulation of aging pigments, notably without reducing 

fertility or food uptake. 

2.1.3.2 T25B9.1/gcat -mediated lifespan extension requires  amine 
oxidases  

 

Based on the biochemical function of the gene (Fig. 1A), we hypothesized that the 

knockdown of gcat/T25B9.1 would primarily lead to accumulation of 2-amino-3-

ketobutyrate. However, this reaction product is highly unstable and spontaneously 

decarboxylates into aminoacetone [15]. Aminoacetone can further undergo 

enzymatic oxidation by class of enzymes called amine oxidases which catalyze the 

oxidative deamination of primary amine to corresponding aldehydes, hydrogen 

peroxide and ammonia. Specifically, aminoacetone is oxidized to MGO, and 

additionally produces reactive oxygen species (ROS) in the form of hydrogen 

peroxide.  

C. elegans expresses three known amine oxidases: amx-1, amx-2 and amx-

3. To test the potential role of the conversion of aminoacetone in regards to lifespan 

extension, we first intercrossed amx-1 and amx-2 mutants to obtain a viable double 

mutant named MIR 63 (see Experimental Procedures for details). We then fed 

young adult MIR63 with bacteria containing RNAi against amx-3, combined with 
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gcat/T25B9.1 or control RNAi, respectively. Unlike in wild-type nematodes (Fig. 

1B), gcat/T25B9.1 RNAi failed to further extend lifespan (Fig. 2A) indicating that 

degradation of aminoacetone by AMXs is essential for the longevity phenotype 

initiated by impaired gcat expression.  

 

Figure 2: Methylglyoxal formation is necessary for gcat/T25B9.1 RNAi-mediated lifespan 

extension. (A) Lifespan analysis of amx-1/amx-2 double mutant treated with control RNAi 

and amx-3 (black) RNAi versus amx-3 and gcat/T25B9.1 RNAi (red) (p=0.87, log-rank test), 

respectively. (B) Relative Amplex Red fluorescence in supernatants of alive nematodes 

�~�‰�D�ì�X�ì�ñ�U���^�š�µ�����v�š�[�•���š-test, n=3 biological replicates from ~3000 worms each); 100% reflects 
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1.21 pmol H2O2 in the supernatant per µg of worm protein. (C) Lifespan analysis of N2 

Bristol nematodes treated with gcat/T25B9.1 RNAi the presence (blue) or absence of the 

antioxidant BHA (red) compared with BHA treated worms (grey). (D) Lifespan analysis of 

N2 Bristol nematodes treated with gcat/T25B9.1 RNAi the presence (blue) or absence of 

the antioxidant NAC (red) compared with NAC treated worms (grey). (E) HPLC-based 

measurement of methylglyoxal levels in gcat/T25B9.1 RNAi versus control (p<0.05, 

�^�š�µ�����v�š�[�•�� �š-test, n=5 worm pellets). Error bars represent the mean±s.d. (F) Lifespan 

analysis of gcat/T25B9.1 RNAi (blue) versus control RNAi (grey) on a glod-4 

overexpressing strain (VH725). (G) Lifespan analysis of glod-4 RNAis (from the Ahringer 

[purple] and ORF [orange] libraries) versus control RNAi (black) in N2 Bristol nematodes 

(both p>0.05, log-rank tests). (H) and (I) Lifespan analyses of glod-4 RNAis (from the 

Ahringer [H] and ORF [I] l ibraries) combined with gcat/T25B9.1 RNAi (blue) and control 

RNAi (purple, orange), respectively, in N2 Bristol nematodes (both p<0.0001, log-rank 

tests). 

2.1.3.3 Hydrogen peroxide mediates gcat /T25B9.1-dependent 
lifespan extension  

 

As depicted in Fig. 1A, amine oxidases produce ROS as a reaction by-product. 

Accordingly, we found hydrogen peroxide levels to be increased threefold in states 

of gcat impairment (Fig. 2B). Given the previously established role of low-dose 

ROS in the extension of lifespan [16, 17], we consistently found that application of 

two different antioxidants that quench ROS signals, butylated hydroxyl-anisole 

(BHA) and N-acetyl-cysteine (NAC), interfere fully (Fig. 2C), or at least in part (Fig. 

2D), with the lifespan-extending capabilities of gcat/T25B9.1 RNAi, respectively. 

2.1.3.4 Formation of MGO is required for gcat /T25B9.1-mediated 
lifespan extension  

 

The key reaction product of amine oxidase-mediated conversion of aminoacetone 

is MGO (Fig. 1A). This has been shown to be a highly reactive dicarbonyl aldehyde 

which is elevated in diabetic patients, and reacts with proteins, lipids as well as 

nucleic acids to form AGEs, to cause oxidative stress by forming ROS itself [18-

22], i.e. independent of amine oxidases, and to lastly be involved into the aging 

process [23].  
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Hence and consistent with the biochemical function of GCAT, we observed a 

concomitant increase in MGO levels in whole-worm lysates, as quantified by HPLC 

following exposure to gcat/T25B9.1 RNAi (Fig. 2E). This increase is in apparent 

conflict with the toxic, ROS-producing and pro-aging properties of MGO given that 

the nematodes are long-lived (Fig. 1B). Hence, we first repeated the gcat/T25B9.1 

RNAi analysis in a strain that overexpresses glod-4 [24, 25], the key glyxolase in 

nematodes [26] (named glyoxalase-1 [GLO1] in mammals), out of an evolutionary 

conserved family of enzymes known to enzymatically detoxify MGO [27]. 

Overexpression of glod-4 strongly reduced the effect of the gcat knock-down (Figs. 

2F and S3A, grey vs. blue) while overexpression per se had a limited effect on 

lifespan (Fig. S3A, black vs. blue), indicating that increased removal of MGO 

interferes with the effect of gcat-impairment on lifespan. Moreover and importantly, 

it should be noted that ROS enzymatically produced by amine oxidases (Fig. 1A) 

cannot be affected by overexpression of glod-4, suggesting that amx-mediated 

ROS formation only has a minor effect on lifespan (Fig. 2F).   

Impairment of glod-4 by two different RNAi clones (from the ORF and Ahringer 

libraries, respectively) had no significant effect on lifespan in wild-type worms per 

se (Figs. 2G). Nevertheless, gcat/T25B9.1 impairment still extended lifespan in 

states of glod-4 knock-down (Figs. 2H, I S3B and S3C) suggesting that MGO itself 

promotes longevity, rather than (i) its glod-4-dependend metabolites, or (ii) ROS 

produced by amine oxidases, i.e. ROS not derived from MGO. 

2.1.3.5 MGO per se  modulates lifespan in a hormetic manner  
 

These findings on gcat/T25B9.1 impairment and particularly its metabolic 

consequence, namely increased formation of MGO (Figs. 1A and 2E), suggest that 

this compound may unexpectedly act as small-molecule signal to promote 

longevity. To systematically test this, we exposed wild-type N2 Bristol nematodes 

to increasing concentrations of MGO on E. coli OP50, which were heat-inactivated 

to avoid metabolic inactivation of compound by the bacteria [28]. At the two lowest 

concentrations tested, namely 50 and 100 µM, we observed a pronounced 

increase of lifespan compared to controls (Fig. 3A), and, to a lesser extent, at an 

intermediate concentration, namely 500 µM. At higher concentrations, i.e. 1, 5 and 

10 mM, we observed a reduction in lifespan (Fig. 3A). The resulting dose-response 
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curve (Fig. 3B) reflects a prime example of a hormetic, i.e. non-linear or J-shaped, 

response to increasing concentrations of a potentially toxic compound (as reviewed 

in [29]). Interestingly, and while any impact on lifespan has not been studied, a very 

recent publication indicates that MGO exerts hormetic effects in S. cerevisiae, and 

possibly also in mammalian endothelial cells, notably at a concentration of 100 µM 

[30], i.e. the exact concentration found to be effective in the current study in 

nematodes (Fig. 3A). In addition and fully congruent with our results (Fig. 3A and 

B), recent findings in Drosophila indicate that MGO is capable of increasing 

lifespan [31]. 

 

Figure 3: Methylglyoxal (MGO) affects lifespan in a non-linear ( i.e. hormetic) dose-

response manner. (A) and (B) Effects of MGO supplementation at increasing 

���}�v�����v�š�Œ���š�]�}�v�•�� �~�ñ�ì�� �…�D�� �š�}�� �í�ì�� �u�D�•�� �}�v�� �E�î�� �� �Œ�]�•�š�} �o�� �o�]�(���•�‰���v�U�� �����‰�]���š������ �� �Ç�� �~���•�� �o�]�(�� �•�‰���v�� ���µ�Œ�À���•��

on heat-inactivated E. coli OP50 (log-rank tests) and (B) effects on mean lifespan (log-

�Œ���v�l�� �š�� �•�š�•�•�X�� �~���•�� �� �À���Œ���P�� �� �•�‰������ �� �~�‰�D�ì�X�ì�ñ�U�� �^�š�µ�����v�š�[�•�� �š-test, n=107), (D) aging pigments 

�~�‰�A�ì�X�ì�ò�U�� �^�š�µ�����v�š�[�•�� �š-test, n=7 wells x ~100 worms each), (E) pharyngeal pumping rates 

�~�‰�A�ì�X�î�ô�U�� �^�š�µ�����v�š�[�•�� �š-test, n=8 worms x 3 measurements) and (F) fat content (p=0.62, 

�^�š�µ�����v�š�[�•���š-test, n=3 worm pellets). (C) to (F) were performed on heat-inactivated E. coli 

OP50;  error bars represent the mean±s.d. (G) Lifespan analyses of glod-4 RNAi (from the 
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Ahringer library) combined with 100�…M MGO (red) or water (purple), respectively, in N2 

Bristol nematodes (log-rank test).  

In all subsequent experiments, MGO was applied at a concentration of 50 µM 

whenever heat-inactivated bacteria could be used. However and for RNAi-

experiments, where bacteria cannot be heat-inactivated, 100 µM were used to 

compensate for the ability of alive bacteria to metabolize MGO [28]. Like for 

gcat/T25B9.1-impairment (Fig. 1D), we observed an increase in average crawling 

speed upon MGO exposure (Fig. 3C), and likewise (Fig. 1C), at least by trend, a 

reduction in aging pigments (Fig. 3D). As for gcat/T25B9.1-impairment (Figs. 1E), 

no changes in pharyngeal pumping rates were observed for MGO, notably neither 

at the lifespan-extending concentration of 50 µM (Fig. 3E) nor at the toxic 

concentration of 10 mM (Fig. S2C), precluding the possibility of gcat/MGO-induced 

calorie restriction to mediate daf-2-independent longevity (Fig. 1G, [32, 33]). 

Moreover, and again as for gcat/T25B9.1-impairment (Fig. S2A) no reduction in 

fecundity was observed in the state of MGO treatment (Fig. S2B). By contrast and 

unlike for gcat/T25B9.1-impairment (Fig. 1F), no reduction in body fat was 

observed (Fig. 3F). The latter difference may be due to the fact that gcat/T25B9.1-

impairment reduced acetyl-CoA biosynthesis (Fig.1A), which acts a precursor for 

lipid synthesis, while exposure to MGO per se does not affect formation of this 

metabolite (Fig.1A). Besides this latter and only difference, these findings indicate 

that gcat/T25B9.1-impairment and MGO exposure share a common, yet to be 

determined mechanistic denominator. This is also reflected by the fact that in states 

of impaired glod-4 expression, MGO extends lifespan to a reduced extent (Fig. 

3G), again perfectly reflecting the findings related to gcat/T25B9.1-impairment 

(Figs. 2G to I). 

2.1.3.6 Transcriptional stress -response regulators SKN -1 and 
HSF-1 mediate extension o f lifespan caused by both gcat /T25B9.1 
impairment and MGO  

 

We next performed RNA-Sequencing (RNA-Seq) on nematodes exposed to 

gcat/T25B9.1 RNAi to infer the transcriptional profiling. In comparison to control 

RNAi and depending on the statistical method applied, 679 and 428 genes, 

respectively, were found to be differentially expressed (Fig. 4A). We next 
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performed in silico RSAT promoter analyses to identify transcription factors that 

may initiate these differences in expression.  

 

Figure 4: Lifespan extension of gcat/T25B9.1 RNAi and MGO treatment is mediated by the 

transcription factors SKN-1 and HSF-1 (A) Differentially expressed genes as quantif ied by 

deep sequencing analysis upon treatment with gcat/ T25B9.1 RNAi; black dots indicate no 

differential regulation, dark blue and light blue dots indicate regulation according to 

edgeR and Deseq analyses, respectively. (B) Lifespan analysis of gcat/ T25B9.1 RNAi (red) 
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versus control RNAi (black) in skn-1(zu135) mutant nematodes, on alive E. coli HT115 

(p=0.94, log-rank test). (C) Lifespan analysis in skn-1(zu135) mutant nematodes without 

treatment (black) as well as treatment with 50 �…M MGO, on heat-inactivated E. coli OP50 

(log-rank test). (D) Expression and nuclear localization of GFP in a gst-4-reporter at 

control conditions and after exposure to 5 days gcat/ T25B9.1 or control RNAi (left set of 

panels), as well as after exposure to 100 �…M MGO (right set of panels) (white size bars 

reflect 200 um), and (E) corresponding quantif ications (p<0.0001, Chi square test). (F) 

Lifespan analysis of gcat/ T25B9.1 RNAi versus control RNAi in hsf-1(sy441) mutant 

nematodes, on alive E. coli HT115 (p=0.55, log-rank test). (G) Lifespan analysis in hsf-

1(sy441) mutant nematodes without treatment (black) as well as treatment with 50 �…M 

MGO (red), on heat-inactivated E. coli OP50 (p=0.09, log-rank test). 

Those transcription factors with the maximum number of binding sites were the 

GATA transcription factor ELT-3, and the NRF-2 orthologue SKN-1 (Tbl. S2). When 

experimentally validating these candidates, we found that the lifespan extension 

following gcat/T25B9.1 RNAi exposure was independent of the (highly 

promiscuous) transcription factor ELT-3, as determined by impairing gcat/T25B9.1 

expression in the two available elt-3 mutants (Figs. S4A and B).  

By contrast, the effects of both gcat/T25B9.1 RNAi as well as MGO were 

completely negated in the skn-1 mutant nematodes (Figs. 4B and C). While this 

indicates epistatic interaction of the interventions with skn-1, we moreover found 

that translocation of tagged skn-1 [34] is strongly induced by both gcat/T25B9.1 

RNAi, as well as MGO (Fig. S4C and D).  

 Unlike with several ROS-inducing and also skn-1-dependent lifespan-

extending interventions [16, 35, 36], no induction of the respective activities of 

typical ROS defense enzymes, namely catalase and superoxide dismutase, were 

unexpectedly observed following gcat/T25B9.1 RNAi treatment (Figs. S4E and F). 

Nevertheless, both interventions caused a strong induction of GST-4 expression 

(Figs. 4D and E) indicating activation of the well-established SKN-1 target gene 

gst-4 by both gcat/T25B9.1-impairment as well as MGO per se.  

The lack of induction of ROS defense enzymes (Figs. S4E and F) suggests 

that pathways beyond the skn-1-dependent ROS defense response may contribute 

to the longevity phenotype observed. We therefore analysed previously published 

RNA expression data sets on skn-1 RNAi [37, 38], as well as ROS-inducing and 
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lifespan-extending rotenone treatment [35] by comparing these three to 

gcat/T25B9.1-related changes in gene expression (this study, Fig. 4A). Consistent 

with the lack of ROS defense enzyme induction (Figs. S4E and F), we observed 

only limited congruencies of gcat/T25B9.1-mediated changes in gene expression 

with skn-1-RNAi (Figs. S5A and B, intersections: 14.5% and 10%, respectively), 

and even less with ROS-inducing rotenone (Fig. S5C, 8%). This indicates that a 

limited set of skn-1-regulated genes is sufficient to mediate the lifespan extension 

following gcat/T25B9.1 (Fig. 4B).  

When analysing the promoter regions for putative transcription factor binding 

sites (Fig. 4A), no consensus sequence for nematodal HSF-1 was available, 

implying that this transcription factor cannot be identified by the approach 

employed to extract Tbl. S2. Nevertheless, a previous study performed in 

mammalian cells has suggested a role for HSF-1 in response to MGO-induced 

stress [39]; likewise, HSF-1-controlled HSP70 expression has been recently linked 

to MGO response in yeast [30]. Hence, we tested the effect of both gcat/T25B9.1 

RNAi and MGO on lifespan in hsf-1 mutant nematodes, respectively. The lifespan 

extension effect of both the interventions was found to epistatically dependent on 

HSF-1 (Figs. 4F and G). Additionally, impairment of gcat/T25B9.1 increased 

phosphorylation and by analogy to �P�D�P�P�D�O�V�¶ activity of nematodal HSF-1 (Fig. 

S4G). Thirdly and as above for skn-1, we compared gcat/T25B9.1-regulated (Fig. 

4A) and hsf-1-dependent [40] genes to observe an overlap of 66.6% (Fig. S5D). It 

should, however, be noted that this large percentage may solely reflect the 

extremely high number of genes to supposedly depend on hsf-1 (n=5,951, hence 

unexpectedly reflecting approx. one quarter of all genes expressed in C. elegans 

[41]) whereas the skn-1-dependent genes are remarkably lower in number, i.e. 

n=747 (RNA-Seq, [37]) and n=293 (microarray, [38]).     

2.1.3.7 Impairment of gcat /T25B9.1 activa tes the ubiquitin -
proteasome system  

 

Besides other reaction partners, MGO modifies L-arginine, L-lysine and L-cysteine 

residues of proteins to serve as precursor for AGEs [42]. These glycated proteins 

form covalent cross-links, induce the formation of protein aggregates and are 

associated with number of aging-related pathologies such as type 2 diabetes, 
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hypertension and neurodegenerative diseases [43-46]. Hence, we hypothesized 

that the MGO signal generated upon gcat/T25B9.1 knock-down, or MGO itself, 

may initiate a compensatory stress response mechanism to detoxify such 

dysfunctional proteins.   

The ubiquitin-proteasome pathway is one on the main mechanism for the 

degradation of such post-translationally modified proteins, and notably is regulated 

by both HSF-1 and SKN-1 [38, 39, 47-50].  

We hence further analysed the above-referenced and previously published 

RNA-Seq datasets regarding potential effects of HSF-1 or SKN-1 on the 

expression of proteasome subunits. Despite the high number of n=5,951 genes 

found to be regulated, only three subunits of the proteasome were found to be 

reduced in expression following hsf-1-RNAi (namely pbs-4, p=0.00035; pas-2, 

p=0.00095; pas-5, p=0.0001 [40]). From the, by contrast, limited number of skn-1-

dependent genes (n=747, [37]) a striking number (n=22) was found to be 

downregulated in states of skn-1 RNAi treatment (Fig. S5). Moreover, 15 

proteasome subunits were found to be upregulated by skn-1 upon both normal and 

arsenite (As) exposed condition but not upregulated by As alone through 

hierarchical clustering in a previously published microarray dataset [38].  

Based on these findings, we quantified mRNA expression levels of 

representative members of the proteasome, including 19S ATPases (rpt-2, rpt-6), 

19S components without ATPase activity (rpn-2, rpn-6.1), and lastly components 

of both the 20S alpha-ring (pas-4, pas-5, pas-6) and of the 20S beta-ring (pbs-3, 

pbs-4, pbs-6) by quantitative PCR. We observed an increase of transcripts 

encoding pbs-3, rpn-6.1, and potentially pbs-4 (Fig. 5A). Of note, induction of rpn-

6.1 has been previously shown to promote nematodal healthspan, in a skn-1-

independent [51] but subsequently also skn-1-dependent [37] manner.  

To further test the potential mechanistic involvement of these proteasome 

components, we co-applied RNAi against, pbs-3, rpn-6.1, and pbs-4, each 

combined with gcat/T25B9.1 or control RNAi, respectively. We found that each of 

these subunits are essential for the lifespan extension mediated by gcat/T25B9.1 

RNAi in wild-type nematodes (Fig. 1B versus Fig. 5B to D). Moreover and 

consistently, we observed an increase in the chymotrypsin-, caspase- and trypsin-
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like proteasome activities, respectively, following impairment of gcat/T25B9.1 in 

wild-type nematodes (Figs. 5H to J).  

 

Figure 5: Ubiquit in-proteasome pathway is required for gcat/ T25B9.1-mediated effects 

on healthspan. (A) qPCR analysis of proteasome subunits upon after exposure to five days 

gcat/ T25B9.1 RNAi �À���Œ�•�µ�•�����}�v�š�Œ�}�o���~�Ž���]�v���]�� ���š�� �•���‰�D�ì�X�ì�ñ�U���Æ���]�v�� �]�� ���š�� �•���‰�A�ì�X�í�ì�U���^�š�µ�����v�š�[�•���š-test, 
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n=3 biological replicates each). Lifespan analysis in N2 Bristol nematodes the co-presence 

of gcat/ T25B9.1 RNAi versus control RNAi with (B) pbs-3 RNAi (p=0.35, log-rank test), (C) 

rpn-6.1 RNAi (p=0.42, log-rank test), and (D) pbs-4 RNAi (p=0.058, log-rank test). Lifespan 

analysis in N2 Bristol nematodes exposed to 100 �…M MGO together with (E) pbs-3 RNAi 

(p=0.086, log-rank test) (F) rpn-6.1 RNAi (p=0.26, log-rank test) and (G) pbs-4 RNAi 

(p=0.575, log-rank test), or to respective control RNAi, on alive E. coli HT115. (H) 

Chymotrypsin-like, (I) caspase-like and (J) trypsin-like activit ies of proteasome in N2 

Bristol nematodes treated with gcat/ �d�î�ñ�� �õ�X�í�� �Z�E���]�� �À���Œ�•�µ�•�� ���}�v�š�Œ�}�o�� �~�� �o�o�� �‰�D�ì�X�ì�ñ�U�� �^�š�µ�����v�š�[�•��

t -test, n=3 worm pellets each). (K) Chymotrypsin-like (p<0.05), (L) caspase-like (p=0.63) 

and (M) trypsin-like (p=0.09) activities of proteasome in N2 Bristol nematodes treated 

with 50 �…M MGO (for all: S�š�µ�����v�š�[�•�� �š-test, n>4 worm pellets each). Error bars represent 

the mean±s.d. 

We next tested whether lifespan extension mediated by MGO per se would 

depend on the presence of the proteasome components pbs-3, rpn-6.1 and pbs-4 

as well. As observed for impairment of gcat/T25B9.1 (Figs. 5B to D), the lifespan-

extending capacity of MGO exposure in wild-type nematodes (Fig. 3A and B) was 

found to be abolished in states of pbs-3, rpn-6.1, or pbs-4 impairment (Figs. 5E to 

G). Also, applying MGO to wild-type nematodes induced an increase in 

chymotrypsin-like proteasome activity (Fig. 5K), whereas no significant induction 

of the caspase-like activity was observed (Figs. 5L). Trypsin-like activity was 

induced by trend (Fig. 5M). This difference mainly in the effects on caspase-like 

activities by gcat/T25B9.1 RNAi versus MGO likely reflects the previously 

established, selective sensitivity of specific proteasome activities to substrate 

modifications [52], likely dependent on variations in concentration-dependent 

MGO-mediated posttranslational modifications, and remains to be determined in 

more detail in subsequent studies.    

Taken together, impaired expression of gcat/T25B9.1 leads to increased 

formation of MGO in an AMX-dependent manner. Subsequently, and dependent 

on MGO-induced transcription factors, namely SKN-1 and HSF-1, activation of the 

ubiquitin-proteasome system mediates extension of lifespan and health-associated 

parameters in nematodes (Fig. 6).   
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Figure 6: Mechanistic summary for gcat/T25B9.1- and MGO-mediated longevity. Impaired 

expression of gcat/ T25B9.1 leads to increased formation of hydrogen peroxide and 

methylglyoxal in an AMX-dependent manner. Subsequently, and dependent on MGO-

induced transcription factors, namely SKN-1 and HSF-1, activation of the ubiquitin -

proteasome system mediates extension of l ifespan and associated health parameters in 

nematodes. 

2.1.4 Discussion  
 

Based on a RNA-seq-based screening approach we have identified genes that 

may affect lifespan in different species, which were subsequently validated in the 

nematode C. elegans. Here, we show that the gene gcat/T25B9.1 found to be 

downregulated in C. elegans, D. rerio and M. musculus during normal aging 

extends healthspan in nematodes when impaired by RNAi through low-dose 

formation of potentially toxic molecules, namely MGO and hydrogen peroxide. 

While ROS and specifically hydrogen peroxide have been shown to prevent aging 

in different settings before [16, 17, 53, 54], the non-linear signaling role of MGO is 

novel, however in partial conflict with the very few previous publications on this 

compound re. the regulation of lifespan.  

  MGO is a highly reactive dicarbonyl aldehyde that has a longstanding and 

established role in the pathogenesis of diabetic complications. This is due to MGO 

being a by-product of glycolysis, implying that high glucose levels in states of 
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diabetes increase the formation of this reactive aldehyde. While glucose has 

repeatedly been shown to shorten lifespan in nematodes, this consistent 

observation has been attributed to different mechanisms, including altered 

oxidative phosphorylation and ROS production [16], changes in glycerol transport 

[55], impairment of the proteasome [56], and lastly MGO accumulation [25]. The 

authors of the latter publication showed that a C. elegans strain overexpressing 

glod-4, named VH725, would exhibit extended lifespan in both the basal [24] as 

well as in the glucose-exposed [25] state. Using the same strain, however on 

different bacteria, i.e. E. coli HT115 (here) versus OP50 [24, 25], we also observe 

an effect of lifespan, however to a lesser extent (Fig. S3A, p=0.04).  

In addition, when applying the Ahringer glod-4 RNAi clone to N2 Bristol at the 

L1 larval stage, i.e. different from the conditions we used, these authors observed 

a reduction of lifespan both in the basal [24] as well as in the glucose-exposed  [25] 

state. Likewise, a recent publication on the role of MGO as an activator of TRPA-1 

by analogy found that nematodes carrying an inactivating glod-4 mutation live 

shorter [26]. By contrast, we did not observe any effect of glod-4 RNAi (from either 

the Ahringer or the ORF library) on lifespan in the basal state when added to post-

L4 nematodes (Fig. 2G). This may be caused by three reasons: Besides 

differences in food source, which may contribute to these differences in phenotype 

[57, 58], another difference is the use of fluorodeoxyuridine (FRdU) in the three 

published papers on glod-4 inactivation [24-26] while we do not use this compound 

for lifespans, also due to potential effects on metabolic traits [59]. Lastly and most 

importantly, the published evidence on glod-4 inactivation affects development, 

either from the egg stage due to the pre-existing mutation [26], or the L1 stage 

when RNAi was added [24, 25]. By contrast and as stated in the Experimental 

Procedures section, we have added our RNAis on the post-L4, i.e. young adult 

stage, precluding any effects on development. In this regard it is relevant to note 

that RNAis are known to have different or even opposing effects depending on the 

developmental stage they are applied at, as previously shown for e.g. both daf-2 

[60] as well as mitochondrial cco-1 [61] impairment.  

Like us, Chaudhuri et al. also have exposed Bristol N2 to increasing 

concentrations of MGO. Both labs reassuringly observe lifespan-shortening effects 

of MGO at higher concentrations [26]. However and by contrast, we see an 



61 
 

extension of lifespan at low doses (Figs. 3A and B) whereas Chaudhuri et al. did 

not. Of note, E. coli, i.e. the nematodal food source, has a remarkable detoxification 

capacity for MGO [28]. We believe that the discrepancy in response to low-dose 

MGO can be explained by the fact that Chaudhuri et al. have used alive E. coli 

OP50, while we used heat-inactivated bacteria, precluding bacterial MGO 

detoxification in the latter setting. Besides these specific reasons that remain to be 

addressed by exchange of conditions and materials, it is meanwhile well 

established that particularly compounds may exert different or even opposing 

effects on nematodal lifespan in different laboratories [62, 63]. 

Supported by findings in prokaryotes [28] and very recently in yeast [30] on 

stress resistance only, as well as unpublished results in Drosophila melanogaster 

regarding stress resistance and lifespan [31], we believe that MGO exerts a non-

linear or hormetic activity on health-associated parameters and lifespan in C. 

elegans. Hormetic responses have been systematically predicted for 

pharmacologically active ingredients more than 400 years ago [64]. Since, they 

have been described more specifically for compounds from evolutionary competing 

�V�S�H�F�L�H�V�� ���³�[�H�Q�R�K�R�U�P�H�V�L�V�´���� �>�����@���� �H�Q�G�R�J�H�Qously produced mitochondrial molecules 

�O�L�N�H���5�2�6�����³�P�L�W�R�K�R�U�P�H�V�L�V�´�������D�Q�R�U�J�D�Q�L�F���W�R�[�L�Q�V���O�L�N�H���D�U�V�H�Q�L�W�H���>�����@���D�Q�G���I�R�U���P�D�Q�\���R�W�K�H�U��

interventions [29]. 

Dicarbonyls, and specifically MGO have been previously proposed to reduce 

proteasome activity, and to hence impair health and potentially lifespan [39, 67, 

68]. By contrast, we here find that gcat-impairment and MGO, the latter when 

applied at low-doses, rather induce proteasome activities (Figs. 5H to M), indicating 

a non-linear response to be called proteohormesis. Correspondingly, expression 

levels of certain subunits of the proteasome are induced in states of impaired gcat-

expression (Fig. 5A), and inversely, interference with expression of these 

proteasome subunit abolishes the effect of both gcat-RNAi and low-dose MGO on 

lifespan (Figs. 5B to G). In full congruence with published evidence on these two 

transcription factors and their role in proteostatic response [69], also in response 

to ROS [70], epistasis analyses indicate that both HSF-1 and SKN-1 are required 

for the response to both gcat-impairment and MGO per se. Interestingly, low-dose 

MGO even exerts toxic effects on nematodes in states of skn-1 impairment (Fig. 

4C), but not hsf-1 impairment (Fig. 4G). This tentatively suggests that SKN-1 may 
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be more relevant for the response, supported by the fact that multiple subunits of 

the proteasome have been previously shown to depend on skn-1 expression (Fig. 

S6) [37], while only three subunits have been previously shown to depend on hsf-

1 [40]. Nevertheless, both SKN-1 and HSF-1 were previously shown to affect 

expression of the proteasome subunit pbs-4 (Fig. S6) [37, 40], which, as shown in 

the current study, is crucial for the response to both gcat-impairment and low-dose 

MGO (Fig. 5D and G).     

The hormetic effects of MGO in prokaryotes and metazoans combined with 

the fact that the key gene of the current study, gcat/T25B9.1 is downregulated 

during physiological aging in different species including mammals, suggests that 

this gene may contribute to an endogenous anti-aging program responding to 

proteotoxic MGO stress. This however remains to be established. It also and 

nevertheless indicates that interventional impairment of GCAT may delay age-

associated disease in humans by promoting proteostasis, as mechanistically 

established here. Future interventional studies in higher organisms are required to 

experimentally address this option. 

2.1.5 Experimental Procedures  
 

2.1.5.1 Nematode strains and maintenance  
 

The following C. elegans strains used for this publication were provided by the 

Caenorhabditis Genetics Center (University of Minnesota, USA): Bristol N2 (wild 

type), EU31 skn-1 (zu135), PS3551 hsf-1 (sy441), CF1038 daf-16 (mu86), CB1370 

daf-2 (e1370), VH725 hdEx231 [C16C10.10: GFP + pha-1(+)], LD1 ldIs7 [skn-

1b/c::GFP + rol-6(su1006)], CL2166 dvIs19 [(pAF15)gst-4p::GFP::NLS], VC143 

elt-3 (gk121), and VC144 elt-3 (gk122). Furthermore, MIR63 was generated by 

crossing RB834 amx-1 (ok659), RB1190 amx-2 (ok1235). Nematodes were grown 

and maintained on Nematode Growth Media (NGM) agar plates at 20°C using E. 

coli OP50 bacteria as food source except for VH725 which was maintained at 25°C. 

After plates were poured, dried, sealed and stored at 4°C. 

2.1.5.2 Microbe strains  
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E. coli (OP-50) bacteria was cultured overnight at 37°C in DYT medium, 

concentrated by centrifugation. They were spotted on NGM plates and allowed to 

grow overnight before use. The clones for RNAi against gcat/T25B9.1 and rpn-6.1/ 

F57B9.10 were obtained from the ORF library v1.1 (Thermo Fisher Scientific, 

Waltham, MA, USA), while the clones for amx-3/F25C8.2, pbs-3/Y38A8.2, and 

pbs-4/T20F5.2 were obtained from the Ahringer library (Source Bioscience, 

Nottingham, UK). The two clones for glod-4/C16C10.10 were obtained from both 

the libraries.  All clones were verified by sequencing (Microsynth AG, Balgach, 

Switzerland) before use. Bacteria were spotted on NGM plates containing 

additionally 1mM isopropyl-b-D-thiogalactoside, 100 mg/ml ampicillin (all from 

Applichem, Darmstadt, Germany). Freshly prepared bacteria were spotted on 

plates on the previous evening and allowed to dry and settle overnight. 

2.1.5.3 RNAi -mediated gene knockdown and compound treatment  
 

For RNAi-mediated gene knockdown experiments, we applied alive E. coli HT115 

to the worms. Incubation with RNAi clones started 64 h after synchronization of the 

population, by washing the synchronized, young adult worms and then transferring 

them to the respective treatment plates using S-Buffer. For maintaining 

synchronized populations in long-term experiments for assays, worms were daily 

washed off NGM plates (90mm dishes) to 15 ml tubes, allowed to settle and 

washed until the supernatant was free of progeny. The clean worm pellet was 

transferred to freshly prepared treatment plates. Methylglyoxal treatment was 

carried out by supplementing the compound in heat-inactivated OP50 (30 min at 

65°C in a water bath suspended in S-buffer with 1M magnesium sulfate and 

5mg/ml cholesterol), unless it co-applied with RNAi clones. 

2.1.5.4 Lifespan assays  
 

All lifespans were performed at 20°C. Briefly, a C. elegans population was 

synchronized as described above at day 0 of the lifespan.  Sixty-four hours after 

egg preparation, around 250 young adults were manually transferred to fresh 

incubation plates (50 worms per 55mm dish). For the first 10-12 days, worms were 

transferred every day and afterwards every other day. Nematodes that showed no 
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reaction to gentle stimulation were scored as dead. Worms that crawled off the 

plates or that displayed internal hatching were censored. Treatments with the 

antioxidants NAC and BHA were performed exactly as previously described [36]. 

2.1.5.5 Age pigment analysis  
 

Worms were synchronized and treated for 10 days with control vector or 

gcat/T25B9.1 RNAi starting at L4 larvae stage. On day 10 worms were washed off 

the plates and distributed on 8 wells of a 96-well plate (Bioswisstec 96-well CG 

black with glass bottom, #5241). Age pigment auto-fluorescence was measured 

using a fluorescence plate reader (FLUOstar Omega, BMG Labtech, Offenburg, 

Germany; excitation: 340-10 nm, emission: 440-80 nm). We normalized the age 

pigment fluorescence to the stable auto-fluorescence signal of the worms (filters: 

excitation: 290-10 nm, emission: 330-10 nm; gain: 1800) as described [7]. 

2.1.5.6 Fertility assay  
 

To determine the fertility, the nematodes were synchronized as previously 

described. The single L4 larvae were transferred on single plates carrying control 

vector or gcat/T25B9.1 RNAi bacteria (10 plates per condition) and subsequently 

to fresh plates. Progeny were allowed to hatch and were counted. 

2.1.5.7 Movement assay  
 

Worms were synchronized and treated for 10 days with control vector or 

gcat/T25B9.1 RNAi bacteria. After 10 days, 10-15 worms were transferred to fresh 

plates and 30-second clips were recorded with a Leica system (Leica M165FC 

microscope with Leica camera DFC 3000G). Subsequently, 5 independent videos 

per condition were analyzed with the wrMTrck plugin for Image J software as 

described [71]. The pixel-to-distance ratio was calibrated, and average speed was 

then computed. 
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2.1.5.8 Pharyngeal pumping rates  
 

To determine the pumping rate, the synchronized worms were treated from L4 

stage for 5 days with gcat/T25B9.1 RNAi bacteria, 50uM, 10mM MGO in heat 

inactivated OP-50 along with respective control. The time taken for 10 pumps was 

timed based on the grinder movement in the terminal bulb and number of 

pharyngeal pumps in a minute was quantified [72]. The worms were maintained on 

bacteria during the measurements, and each worm quantified in triplicates. 

2.1.5.9 Triglyceride content assay  
 

Frozen worm pellets was ground in liquid Nitrogen along with 200ul of water with 

5% Triton X-100. The ground pellets were further sonicated at 50% amplitude for 

three times, diluted and an aliquot was taken for protein determination by BCA 

assay. The remaining sample was slowly heated till 80°C and shaken in 

thermoshaker for 5 minutes. After this, the samples were cooled to room 

temperature and this cycle was repeated once more to solubilize all the 

triglycerides. The samples were centrifuged for 5 minutes at 8000g.  Glycerol 

determination was performed using appropriate standards and samples using the 

triglyceride kit (Diatools, Villmergen, Switzerland, DIA00660). The absorbance 

read at 544nm (FLUOstar Omega, BMG Labtech, Offenburg, Germany) and TG 

content was determined using standard curves followed by normalization to protein 

content. Three independently collected worm pellets were used for each condition.      

2.1.5.10  Detection of MGO using high -pressure liquid 
chromat ography (HPLC)  
 

Frozen worm pellet was ground in liquid Nitrogen along with 100µl of 50mM 

TrisHCl, 250mM NaCl (pH 7.4) buffer and the protein concentration was estimated 

by BCA (Pierce BCA protein assay, ThermoFisher Scientific). The lysate was 

mixed with 100µl of 0.2M HCl, and the samples were derivatized with 200µl of 0.1M 

potassium phosphate buffer pH 7, 200 µl of ethanol, and 20mM DDB (from a stock 

solution prepared in 0.2M HCl). This mixture was incubated at room temperature 

for 4 hours with gentle shaking and centrifuged at 16,000 g for 10 minutes. HPLC 

was performed on a Nexera system (Shimadzu, Kyoto, Japan). The 
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�F�K�U�R�P�D�W�R�J�U�D�S�K�L�F���V�H�S�D�U�D�W�L�R�Q���Z�D�V���S�H�U�I�R�U�P�H�G���R�Q���5�H�S�U�R�V�L�O���3�X�U���&�������$�4���������×���P������������

�î�����×�P�P�����'�U���0�D�L�V�F�K���*�P�E�+�����$�P�P�H�U�E�X�F�K-�(�Q�W�U�L�Q�J�H�Q�����*�H�U�P�D�Q�\�����D�W�������×�ƒ�&�� The mobile 

phase A was 10mM Calcium dihydrogenphosphate (pH 3) and  acetonitrile 90/10 

v/v, while the mobile phase B was acetonitrile/water 70/30 v/v. Detection was 

�F�D�U�U�L�H�G�� �R�X�W�� �X�V�L�Q�J�� �H�[�F�L�W�D�W�L�R�Q�� �Z�D�Y�H�O�H�Q�J�W�K�� �R�I�� �������×�Q�P�� �D�Q�G�� �H�P�L�V�V�L�R�Q�� �Z�D�Y�H�O�H�Q�J�W�K�� �R�I��

�������×�Q�P�����)�L�Y�H��pairs of independently collected worm pellets were used. 

2.1.5.11 Amplex Red �±based quantification of hydrogen peroxide  
 

Synchronized worms were washed from 3 plates with S-buffer, pH 6 and incubated 

in an Eppendorf tube in 100µl of 50mM sodium-phosphate buffer, pH 7.4 with 

100µM Amplex Red (Invitrogen, Carlsbad, USA) and 0.2U/ml of horse radish 

peroxidase. Following incubation in the dark for 3 hours with occasional mixing, 

fluorescence intensity was measured in the supernatant (FLUOstar Omega, BMG 

Labtech, Offenburg, Germany; excitation: 544-10 nm, emission: 590-10 nm). The 

worms were washed with S-buffer, sonicated on ice and centrifuged at 12000g for 

15 minutes at 4°C. The protein continent was determined for normalization using 

BCA assay (Pierce BCA protein assay, ThermoFisher Scientific) according to 

standard protocols using appropriate standards. Three biological replicates of the 

assay was performed. 

2.1.5.12 Immunoblotting  
 

Frozen worm pellets were ground in a liquid nitrogen chilled mortar along with 

phosphate buffer containing protease and phosphatase inhibitors (Roche, 

Penzberg, Germany) with addition of 2mM sodium fluoride, 2mM sodium ortho-

vanadate, 1mM PMSF and 2mM EDTA. The extracts were centrifuged at 12000g 

for 7 minutes at 4°C. The supernatant was used to determine the protein 

concentration, boiled in Laemmli buffer and used for SDS-PAGE. Antibody against 

phospho-HSF-1 (phospho-Serine#326, ADI-SPA-902-D, Enzo, Switzerland) and 

alpha-tubulin (Sigma, clone DM1A) were used at dilutions of 1:1000 and 1:3000, 

respectively. The HRP linked secondary antibody against rabbit (Cell Signaling, 

#7074S) and mouse (Cell Signaling, #7076S) were used at recommended 
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dilutions. The signal was visualized using ECL substrate (Clarity Western ECL 

Substrate, Biorad). Three pairs of independently collected worm pellets were used. 

2.1.5.13 Superoxide dismutase and catalase activity assays  
 

To determine antioxidant enzyme activities superoxide dismutase (SOD), catalase 

(CAT) nematodes were washed with ice-cold buffer and snap frozen pellet in liquid 

nitrogen. The collected pellets were ground in a pre-�F�K�L�O�O�H�G���P�R�U�W�D�U���Z�L�W�K�L�Q���D�������×�P�0��

�S�K�R�V�S�K�D�W�H���E�X�I�I�H�U���F�R�Q�W�D�L�Q�L�Q�J�����×�P�0���(�'�7�$�����V�R�Q�L�F�D�W�H�G���D�Q�G���F�H�Q�W�U�L�I�X�J�H�G���I�R�U�������×�P�L�Q���D�W��

�������������×�J���D�Q�G�����×�ƒ�&�����7�K�L�V���V�X�S�H�U�Q�D�W�D�Q�W���Z�D�V���X�V�H�G���I�R�U���W�K�H���V�X�E�V�H�T�X�H�Q�W���P�H�D�V�X�U�H�P�H�Q�W���R�I��

catalase or superoxide dismutase activity, respectively, as well as for a protein 

quantification to normalize enzyme activities. Determination of catalase and 

superoxide activities were performed as previously described [73, 74] with minor 

changes [36].  Three pairs of independently collected worm pellets were used for 

each assay. 

For the catalase activity, the diluted sample supernatant was mixed with assay 

�E�X�I�I�H�U�����������×�P�0���S�R�W�D�V�V�L�X�P���S�K�R�V�S�K�D�W�H���E�X�I�I�H�U�����S�+���������D�Q�G���P�H�W�K�D�Q�R�O�����)�R�U�P�D�O�G�H�K�\�G�H��

(Applichem, A0877) standards are prepared with assay buffer and methanol. 

Catalase (Sigma-Aldrich, C9322) is used as positive control for the assay. 

�+�\�G�U�R�J�H�Q���S�H�U�R�[�L�G�H�����$�S�S�O�L�F�K�H�P���������������Z�D�V���D�G�G�H�G���D�Q�G���L�Q�F�X�E�D�W�H�G���I�R�U�������×�P�L�Q���X�Q�G�H�U��

�F�R�Q�W�L�Q�X�R�X�V�� �V�K�D�N�L�Q�J�� �D�W�� �����×�ƒ�&���� �5�H�D�F�W�L�R�Q�� �Z�D�V�� �W�H�U�P�L�Q�D�W�H�G�� �E�\�� �D�G�G�L�W�L�R�Q�� �Rf potassium 

�K�\�G�U�R�[�L�G�H�� ���$�S�S�O�L�F�K�H�P���� �����×�0���� �D�Q�G�� �S�X�U�S�D�O�G�� ���6�L�J�P�D-�$�O�G�U�L�F�K���� �����×�P�0�� �L�Q�� �������×�0�� �+�&�O����

���������������� �D�Q�G�� �L�Q�F�X�E�D�W�H�G�� �I�R�U�� �����×�P�L�Q�� �E�\�� �F�R�Q�W�L�Q�X�R�X�V�� �V�K�D�N�L�Q�J�� �D�W�� �����×�ƒ�&���� �3�R�W�D�V�V�L�X�P��

periodate (Sigma-�$�O�G�U�L�F�K���� �������×�P�0�� �L�Q�� �������×�0�� �S�R�W�D�V�V�L�X�P�� �K�\�G�U�R�[�L�G�H���� ���������������� �Z�D�V��

added to oxidize the purpald�±�I�R�U�P�D�O�G�H�K�\�G�H���F�R�P�S�O�H�[���D�Q�G���L�Q�F�X�E�D�W�H�G���I�R�U�����×�P�L�Q�����7�K�H��

plate was centrifuged briefly to avoid bubbles and the absorbance was measured 

�D�W�� �������×�Q�P�� �L�Q�� �D�� �S�O�D�W�H�� �U�H�D�G�H�U�� ���)�/�8�2�V�W�D�U�� �2�P�H�J�D���� �%�0�*�� �/�D�E�W�H�F�K���� �2�I�I�H�Q�E�X�U�J����

Germany). To measure the SOD activity, SOD (Sigma-Aldrich, S7571) standards 

were from 0 till 10U/ml. The standards, sample supernatant was incubated with 

WST-1 working solution (10mM WST-1 (Applichem, A2549) in 50mM Tris�±HCl, pH 

������ �������×���0�� �G�L�H�W�K�\�O�H�Q�H-triamine-penta-acetic acid (Sigma-Aldrich, D6518), 10���×���0��

hypoxanthine (Applichem, A0700) and xanthine oxidase (Sigma-Aldrich, X4500) 

�I�R�U�� �����×�P�L�Q�� �D�W�� �����×�ƒ�&���� �7�K�H�Q���� �D�E�V�R�U�E�D�Q�F�H�� �Z�D�V�� �P�H�D�V�X�U�H�G�� �D�W�� �������×�Q�P�� ���)�/�8�2�V�W�D�U��

Omega, BMG Labtech, Offenburg, Germany). 
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2.1.5.14 Proteasome activity assay  
 

The protocol was adapted from a previous publication [51].  Briefly, the worm 

pellets were ground in a liquid nitrogen chilled mortar with proteasome activity 

�D�V�V�D�\���E�X�I�I�H�U���������×�P�0���7�U�L�V-�+�&�O�����S�+�×�������������×�P�0���0�J�&�O�������������×�P�0���(�'�7�$�������×�P�0���$�7�3���D�Q�G��

���×�P�0���G�L�W�K�L�R�W�K�U�H�L�W�R�O�������7�K�H���O�\�V�D�W�H���Z�D�V���F�H�Q�W�U�L�I�X�J�H�G���D�W���������������J���I�R�U�������×�P�L�Q���D�W�����×�ƒ�&�����)�R�U��

�H�D�F�K���H�[�S�H�U�L�P�H�Q�W���������×���J���R�I���W�R�W�D�O���S�U�R�W�H�L�Q���O�\�V�D�W�H���Z�D�V���W�U�D�Q�V�I�H�U�U�H�G���W�R���D������-well microtiter 

plate (BD Falcon), then respective fluorogenic substrates were added. The 

substrates Suc-Leu-Leu-Val-Tyr-AMC, Z-Leu-Leu-Glu-AMC, and Ac-Arg-Leu-Arg-

AMC (all from Enzo, Switzerland) were used at final concentrations of 100µM to 

measure the chymotrypsin like activity, caspase-like activity and trypsin-like activity 

of the proteasome, respectively. Fluorescence (380 nm excitation, 460 nm 

emission) was monitored on a microplate fluorometer (FLUOstar Omega, BMG 

�/�D�E�W�H�F�K�����2�I�I�H�Q�E�X�U�J�����*�H�U�P�D�Q�\�����H�Y�H�U�\���P�L�Q�X�W�H���I�R�U�����×�K���D�W�������×�ƒ�&�����7�K�U�H�H���W�R���I�L�Y�H���S�D�L�U�V���R�I��

independently collected worm pellets were used for the assay. 

2.1.5.15 Confocal microscopy and scoring of nuclear 
trans location  
 

Worms were mounted on freshly prepared agarose pads (3% agarose in S-buffer) 

and paralyzed using 20mM tetramisole. The skn-1 b/c::GFP worms were scored 

for presence of fluorescence in the intestinal nuclei using fluorescence microscope 

(Tritech Research) using a special filter set (Chroma 69000) to discriminate the 

signal from the intestinal auto-fluorescence, as previously described [34]. The pgst-

4::GFP was scored using Leica M165FC fluorescence microscope with a light 

source Leica EL6000 using a GFP filter set (Leica 10447295). The worms were 

scored as follows: none: no GFP in the nuclei, low: some worms showed GFP, 

medium: more than half of the nuclei showed GFP, and high: all intestinal nuclei 

showed GFP.  

Confocal microscopy was performed using a Leica TCS SP8 microscope with 

inverted stand. The software used for image acquisition was Leica LAS X SP8 

Version 1.0. Z-stacks of groups of worms were acquired by taking images every 

500nm using an HC PL FLUOTAR 10x/0.30 DRY objective and an argon laser with 
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photomultiplier, collecting light from 500 to 541nm. For image processing, 

maximum intensity projections was performed using Fiji ImageJ. 

2.1.5.16 RNA Extraction  
 

Total RNA was isolated using QIAzol (Qiagen, Hilden, Germany) based on the 

phenol�±chloroform extraction method. Afterwards, the RNA was quantified 

photometrically with a NanoDrop 1000 (PeqLab, Erlangen, Germany) and stored 

�D�W���í�����ƒ�&���X�Q�W�L�O���X�V�H�����7�K�U�H�H���S�D�L�U�V��of independently collected worm pellets were used 

for RNA extraction and subsequent  analyses. 

2.1.5.17 cDNA synthesis and qPCR  
 

cDNAs were prepared using High capacity cDNA reverse transcription kit using 

random primers following the manufactures protocol (Applied Biosystems). mRNA 

levels were quantified from biological triplicates and technical duplicates using 

SYBR Green select master mix (Applied Biosystems) fluorescence on a 96-well 

format in CFX96 real time system (Biorad). After an initial denaturation step (95°C 

for 2 min), amplification was performed using 40 cycles of denaturation (95°C for 

15 s) and annealing (60°C for 1 min). Samples were analyzed by ddCT method, 

with normalization to the reference gene Y45F10D.4 [75]; p values were calculated 

by two-sided Student's t-test. The primers used in this study are provided in Tbl. 

S3. 

2.1.5.18 Next -generation sequencing (RNA -Seq) 
 

Total RNA was inspected for degradation using Agilent Bioanalyzer 2100 in 

combination with RNA 6000 nano kit (both Agilent Technologies, Santa Clara, CA, 

�8�6�$������ �)�R�U�� �O�L�E�U�D�U�\�� �S�U�H�S�D�U�D�W�L�R�Q�� �D�Q�� �D�P�R�X�Q�W�� �R�I�� ���×���J�� �R�I�� �W�R�W�D�O�� �5�1�$�� �S�H�U�� �V�D�P�S�O�H�� �Z�D�V��

�S�U�R�F�H�V�V�H�G���X�V�L�Q�J���,�O�O�X�P�L�Q�D�¶�V TruSeq RNA Sample Prep Kit (Illumina, San Diego, CA, 

�8�6�$�����I�R�O�O�R�Z�L�Q�J���W�K�H���P�D�Q�X�I�D�F�W�X�U�H�U�¶�V���L�Q�V�W�U�X�F�W�L�R�Q�����4�X�D�O�L�W�\���D�Q�G���T�X�D�Q�W�L�W�\���R�I���W�K�H���O�L�E�U�D�U�L�H�V��

was determined using Agilent Bioanalyzer 2100 in combination with DNA 7500 kit, 

Sequencing was done on a HiSeq2500 in SR/50 bp/high output mode. Libraries 

�Z�H�U�H�� �P�X�O�W�L�S�O�H�[�H�G�� �L�Q�� �I�L�Y�H�� �S�H�U�� �O�D�Q�H���� �6�H�T�X�H�Q�F�L�Q�J�� �H�Q�G�V�� �X�S�� �Z�L�W�K�� �a�����×�0�L�R�� �U�H�D�G�V�� �S�H�U��

sample. Sequence data were extracted in FastQ format using bcl2fastq v1.8.4 
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(Illumina) and used for mapping approach. The FastQ files were mapped using 

Tophat v.2.0.6  versus the reference genome obtained from Ensembl [76] versus 

the reference genome obtained from Ensembl (WBcel235.74 ). Uniquely mapped 

reads were counted for all genes using featureCounts [77]. RPKM values were 

computed using exon lengths provided by featureCounts and the sum of all 

mapped reads per sample. DEG were identified using the DESeq [78] and edgeR 

[79].  

Intersection of differentially expressed genes (DEGs) of gcat/T25B9.1 RNAi 

(padj<0.05 in edgeR, DEseq) was performed with data from indicated published 

datasets by Venn analysis using the Biovenn tool [80]. 

2.1.5.19 Promoter analysis  
 

The FASTA file containing proximal 1kb upstream region of the differentially 

expressed genes was obtained using WormMart. The sequence files were 

scanned for one or more matches to the position-specific scoring matrices using 

the matrix scan function of the pattern-matching program RSAT (regulatory 

sequence analysis tools) [81]. The position-specific scoring matrices contain a 

nucleotide frequency at each position within binding sites and were obtained from 

the databases Transfac and Jaspar [82-84]. The threshold p-value, which indicates 

the risk of false positive predictions, was set to 0.0001. 

2.1.5.20 Quantification and Statistical Analysis  
 

Statistical analyses for all of the data except for lifespan was carried out using 

Student's t-test (unpaired, two-tailed) or ANOVA after testing for equal distribution 

of the data and equal variances within the data set. If the samples had unequal 

variance, the data was log-transformed before carrying out Student's t-test. 

Experiments were performed in triplicate except where stated otherwise. For 

comparing significant distributions between different groups in the life-span assays 

the statistical calculations were performed using JMP software version 9.0 (SAS 

Institute Inc., Cary, North Carolina, USA), applying the log-rank test. All of the other 

calculations were performed using Excel 2010 (Microsoft, Albuquerque, NM, USA) 
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and GraphPad Prism 7. A p-value <0.05 was considered statistically significant. 

Data are expressed as mean ± standard deviations unless otherwise indicated. 

2.1.5.21 Data and software availability  
 

The sequencing data discussed here have been deposited in NCBI's Gene 

Expression Omnibus and are accessible through GEO Series accession number 

GSE109692. 

2.1.6 Author contributions  
 

Me.R. contributed to the experimental design, performed most of the experiments 

and interpreted the results. B.L. established and performed the HPLC method. 

G.G. performed confocal microscopy experiments and replication lifespans. M.P. 

and M.G. performed the RNA-Seq analyses, S.P. and R.G. analysed and 

interpreted the RNA-Seq analysis, and L.R. did the in silico promoter analysis. K.Z. 

and Mi.R. contributed to the experimental design and interpretation of results. 
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Figure S1: Survival curves of all lifespan assays with different X-axis scaling (Related to Figures 1 to 

5). (A) depicts equivalent of Fig. 1A, (B) of Fig. 1B. (C) of Fig. 1C, (D) of Fig. 2A, (E) of Fig. 

2C, (F) of Fig. 2D, (G) of Fig. 2F, (H) of Fig. 2G, (I) of Fig. 2H, (J) of Fig. 2I, (K) of Fig. 3A, 

(L) of Fig. 3G, (M) of Fig. 4B, (N) of Fig. 4C, (O) of Fig. 4F, (P) of Fig. 4G, (Q) of Fig. 5B, (R) 

of Fig. 5C, (S) of Fig. 5D, (T) of Fig. 5E, (U) of Fig. 5F,  (V) of Fig. 5G, (W) of Fig. S3A, (X) of 

Fig. S3B, (Y) of Fig. S3C, (Z) of Fig. S4A, and (AA) of Fig. S4B.  

 

Figure S2: Egg laying and pharyngeal pumping rates upon gcat/T25B9.1 RNAi or MGO 

treatment (Related to Figures 1 and 3). (A) Effects of gcat/T25B9.1 RNAi (red) versus 

���}�v�š�Œ�}�o�� �~�� �o���� �l�•�� �}�v�� ���Œ�}�}�� �� �•�]�Ì���� �~�‰�A�ì�X�õ�U�� �^�š�µ�����v�š�[�• t -test, n=10 worms)  (B) Effects of �ñ�ì�� �…M 

MGO (red) versus control (black) on brood size (p=0.1, �^�š�µ�����v�š�[�• t -test, n=7 worms) (C)  

���(�(���� �š���}�(���í �ì�u�D���D�'�K���}�v���‰�µ�u�‰�]�v�P���Œ���š�����~�‰�A�ì�X�ì�ó�U���^�š�µ�����v�š�[�• t -test, n=8 x 3 worm replicates). 

Error bars represent the mean±s.d. 
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Figure S3: Survival curves depicted Figs. 2F, H and I with addit ional controls depicted 

(Related to Figure 2). (A) Lifespan analysis of gcat/ T25B9.1 RNAi (red, p<0.0001, log-rank 

test) versus control RNAi (black) in wildtype and  of gcat/T25B9.1 RNAi (blue) versus 

control RNAi (grey) on a glod-4 overexpressing background (VH725). (B) Lifespan analysis 

of equal mix of gcat/ T25B9.1 and control RNAi (red) versus control RNAi (black), equal 

mix of gcat/ T25B9.1 and glod-4 (Ahr) (blue) RNAi versus glod-4 (Ahr) and control RNAi 

mix (purple)  (C) Lifespan analysis of equal mix of gcat/ T25B9.1 and control RNAi (red) 

versus control RNAi (black), equal mix of gcat/ T25B9.1 and glod-4 (ORF) (blue) RNAi 

versus glod-4 (ORF) and control RNAi mix (orange). All statist ical analyses were performed 

by the log-rank-test, all p-values given in the respective panels. 
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Figure S4: Lifespan extension mediated by gcat/T25B9.1 RNAi is independent of the GATA 

transcription factor elt -3, or activation of antioxidant defense enzymes (Related to Figure 

4 and Table S2).  (A) Lifespan analysis of gcat/T25B9.1 RNAi (red, p<0.0001, log-rank test) 

versus control RNAi (black) in elt -3(gk121) nematodes. (B) Lifespan analysis of 

gcat/T25B9.1 RNAi (red, p<0.0001, log-rank test) versus control RNAi (black) in elt -3 

(gk122) nematodes (C) Bar graph depicts nuclear SKN-1::GFP (LD001) of gcat/T25B9.1 

RNAi treated from eggs ti ll L4 (p<0.001, Chi square test). (D) Bar graph depicts nuclear 

SKN-1::GFP (LD001) (p<0.001, Chi square test). (E) Catalase activity in  gcat/ T25B9.1 RNAi 

versus control (n.�•�X�U�� �^�š�µ�����v�š�[�• t -test, n=3 worm pellets). Error bars represent the 

mean±s.d. (F) SOD activity in  gcat/ �d�î�ñ���õ�X�í�� �Z�E���]�� �À���Œ�•�µ�•�� ���}�v�š�Œ�}�o�� �~�v�X�•�X�U�� �^�š�µ�����v�š�[�• t -

test, n=3 worm pellets). Error bars represent the mean±s.d. (G) Western blot analysis of 

whole worm lysates treated with gcat/ T25B9.1 RNAi and control RNAi using anti-phospho-

HSF-1 antibody. 
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Figure S5: Venn analysis of gcat/T25B9.1 RNAi-mediated differential gene expression with 

other publically available datasets (Related to Figure 4). (A) Intersection of differentially 

expressed genes (DEGs) of gcat/T25B9.1 RNAi (upper right, purple, also applies to 

subsequent panels) (padj<0.05 in edgeR, Deseq) with skn-1 RNAi DEGs (p<0.05) (B) 

Intersection of differentially expressed genes (DEGs) of gcat/T25B9.1 RNAi (padj<0.05 in 

edgeR, Deseq) with skn-1 RNAi DEGs (C) Intersection of differentially expressed genes 

(DEGs) of gcat/T25B9.1 RNAi (padj<0.05 in edgeR, Deseq) with rotenone treatment 

(padj<0.05 in edgeR, Deseq). (D) Intersection of differentially expressed genes (DEGs) of 

gcat/T25B9.1 RNAi (padj<0.05 in edgeR, Deseq) with hsf-1 RNAi DEGs (padj<0.05).   
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Figure S6: RNAi-mediated skn-1 impairment globally reduces proteasome subunit 

expression (Related to Figure 5). Expression levels and p-values were extracted from 

previously published RNA-�^���‹ �� �� ���š�� �� �~�^�š���]�v�� ���µ�P�Z�� ���š�� �� �o�X�U�� �î�ì �í�ñ�•�V�� �Z�Ž�[�� �]�v���]�����š���•�� �‰�D�ì�X�ì�ñ�U�� �Z�Æ�[��

indicates p=0.0948; subunits experimentally addressed in this current, gcat-related 

publication are given on the left; all remining subunits are ordered by extent of effect on 

expression  
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Strain  Genotype  RNAi  Chemical 
Treatment  n Exclu -

sions  p-value versus  Mean  
LS  Max 

LS  
                ±SEM 75% 

N2 wild-type L4440 - 218 18     20.30±0.21 23 
N2 wild-type gcat/T25B9.1 - 204 5 <0.0001 L4440 24.76±0.42 27 

CB1370 daf-2(e1370) L4440 - 208 36     38.34±0.59 44 
CB1370 daf-2(e1370) gcat/T25B9.1 - 209 29 <0.0001 L4440 42.28±0.75 51 
CF1038 daf-16(mu86) L4440 - 366 9     16.07±0.098 17 
CF1038 daf-16(mu86) gcat/T25B9.1 - 317 21 <0.0001 L4440 18.48±0.16 21 

N2 wild-type L4440 - 215 6     19.84±0.23 22 
N2 wild-type gcat/T25B9.1 - 166 16 <0.0001 L4440 22.88±0.35 25 

MIR63 amx-1 amx-2 L4440+amx-3 - 168 7 <0.0001 L4440 26.76±0.39 29 
MIR63 amx-1 amx-2 gcat/T25B9.1+amx-3 - 170 0 0.87 L4440/amx-3 26.60±0.43 29 

N2 wild-type L4440 DMSO 202 7     19.95±0.27 21 
N2 wild-type gcat/T25B9.1 DMSO 152 13 <0.0001 L4440(DMSO) 22.94±0.33 26 
N2 wild-type L4440 BHA 221 9 0.18 L4440(DMSO) 19.50±0.24 21 
N2 wild-type gcat/T25B9.1 BHA 222 12 0.13 L4440(BHA) 20.05±0.26 21 
N2 wild-type L4440 H2O 229 11     22.53±0.26 25 
N2 wild-type gcat/T25B9.1 H2O 202 11 <0.0001 L4440(H2O) 26.50±0.33 31 
N2 wild-type L4440 NAC 174 8 0.09 L4440(H2O) 22.22±0.30 24 
N2 wild-type gcat/T25B9.1 NAC 171 16 <0.005 L4440(NAC) 23.37±0.37 26 
N2 wild-type L4440 - 153 2     20.20±0.32 22 
N2 wild-type gcat/T25B9.1 - 157 36 <0.0001 L4440 22.47±0.25 25 

VH725 pha-1(e2123) III; 
hdEx231 L4440 - 227 8 0.04  L4440 N2 20.62±0.19 22 

VH725 pha-1(e2123) III; 
hdEx231 gcat/T25B9.1 - 229 36 0.048 L4440 21.10±0.20 25 

N2 wild-type L4440 - 204 22     23.61±0.28 25 
N2 wild-type C16C10.10 Ahr - 192 21 0.17 L4440 24.07±0.35 28 
N2 wild-type C16C10.10 ORF - 229 43 0.16 L4440 24.14±0.30 28 
N2  wild-type L4440 - 170 33     21.83±0.34 24 
N2 wild-type gcat/T25B9.1+L4440 - 78 31 <0.0001 L4440 24.70±0.60 30 
N2  wild-type L4440+C16C10.10 Ahr - 141 9 0.58   L4440 21.68±0.36 24 
N2 wild-type gcat/T25B9.1+C16C10.10 Ahr - 197 37 <0.0001 L4440+C16C10.10 Ahr 25.79±0.38 30 
N2  wild-type L4440+C16C10.10 ORF - 103 7  0.94 L4440  22.19±0.39 24 
N2 wild-type gcat/T25B9.1+C16C10.10 ORF - 219 18 <0.0001 L4440+C16C10.10 ORF 24.32±0.27 27 
N2 wild-type - H2O 345 84     25.70±0.25 29 
N2 wild-type - 50µM MGO 439 70 <0.0001 H2O 29.10±0.23 32 
N2 wild-type - 100µM MGO 218 31 <0.0001 H2O 28.92±0.21 31 
N2 wild-type - 500µM MGO 318 61 0.0487 H2O 26.42±0.28 31 
N2 wild-type - 1mM MGO 417 46 0.0002 H2O 24.32±0.23 27 
N2 wild-type - 5mM MGO 220 24 0.0003 H2O 24.24±0.32 27 
N2 wild-type - 10mM MGO 134 27 <0.0001 H2O 23.35±0.41 27 
N2  wild-type C16C10.10 ORF H2O 203 19    21.48±0.33 26 
N2 wild-type C16C10.10 ORF 100µM MGO 162 4 0.02 H2O 22.76±0.34 26 

EU31 skn-1(zu135) L4440 - 260 3     19.82±0.19 21 
EU31 skn-1(zu135) gcat/T25B9.1 - 321 7 0.94 L4440 19.83±0.16 21 
EU31 skn-1(zu135)   H2O 165 15     21.54±0.58 23 
EU31 skn-1(zu135)   50µM MGO 203 17 <0.0001 H2O 19.23±0.31 20 

PS3551 hsf-1(sy441) L4440 - 187 11     17.35±0.17 19 
PS3551 hsf-1(sy441) gcat/T25B9.1 - 163 8 0.55 L4440 17.54±0.17 19 
PS3551 hsf-1(sy441)   H2O 136 24     18.12±0.24 20 
PS3551 hsf-1(sy441)   50µM MGO 133 2 0.09 H2O 17.49±0.23 20 

N2 wild-type L4440+pbs-3 - 202 7     15.23±0.081 17 
N2 wild-type gcat/T25B9.1+pbs-3 - 228 9 0.35 L4440+ pbs-3 15.12±0.07 17 
N2 wild-type L4440+pbs-4 - 291 21     14.91±0.07 15 
N2 wild-type gcat/T25B9.1+pbs-4 - 226 0 0.058 L4440+ pbs-4 15.09±0.07 17 

�5�H�V�X�O�W�V���D�Q�G���6�W�D�W�L�V�W�L�F�D�O���$�Q�D�O�\�V�H�V���R�I���&�����H�O�H�J�D�Q�V���/�L�I�H�V�S�D�Q���$�V�V�D�\�V Table S1  
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Strain  Genotype  RNAi  Chemical 
Treatment  n Exclu -

sions  p-value versus  Mean  
LS  Max 

LS  
                ±SEM 75% 

N2 wild-type L4440+  rpn-6.1 - 225 0     16.42±0.10 18 
N2 wild-type gcat/T25B9.1+ rpn-6.1 - 188 0 0.42 L4440+  rpn-6.1 16.31±0.10 18 
N2  wild-type L4440 H2O 94 17     21.13±0.41 24 
N2 wild-type L4440 100µM MGO 71 10 0.005 L4440 23.03±0.47 27 
N2  wild-type pbs-3 H2O 189 0     16.32±0.16 18 
N2 wild-type pbs-3 100µM MGO 152 0 0.086 pbs-3 15.96±0.16 18 
N2  wild-type pbs-4 H2O 209 0     15.78±0.14 18 
N2 wild-type pbs-4 100µM MGO 202 0 0.575 pbs-4 15.69±0.14 18 
N2 wild-type L4440 H2O 123 1     22.07±0.30 24 
N2 wild-type L4440 100µM MGO 115 1 <0.0001 L4440 23.99±0.31 27 
N2 wild-type rpn-6.1 H2O 214 0     16.48±0.10 18 
N2 wild-type rpn-6.1 100µM MGO 212 0 0.26 rpn-6.1 16.65±0.11 18 

VC143 elt-3(gk121) L4440 - 181 0     19.3±0.01 22 
VC143 elt-3(gk121) gcat/T25B9.1 - 185 2 <0.0001 L4440 22.2±0.02 26 
VC144 elt-3(gk122) L4440 - 202 10     19.5±0.01 22 
VC144 elt-3(gk122) gcat/T25B9.1 - 186 1 <0.0001 L4440 22.4±0.03 26 

 

Table S1: Details of C. elegans lifespan assays (Related to Figures 1 to 5, and Figure S1, 3, 

4). including information regarding the strain used, the genetic state of the strain, RNAi 

application (where applicable), exposure to chemicals ( i.e. MGO)(where applicable, 

number of worms the experiments were started with, number of worms that had to be 

���Æ���o�µ������ �U�� �•�š���š�]�•�š�]���� �o�� �Œ���•�µ�o�š�� �~�^�‰-�À���o�µ���_�•�� �}�(�� �o�} �P-rank-test, data set log-rank-test was 

performed against (typically condit ion one line up), mean lifespan (+S.E.M.) and lastly 

maximum lifespan (75th percentile, i.e. day when 75% of the population was deceased).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Table S1 continued  
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Transcription factor  No of binding sites  
ELT-3 135 
SKN-1 119 
EOR-1 111 
mxl-3 101 

mdl-1(ce):mxl-1(ce) 98 
Skn-1.v1 96 

lin-32(ce):hlh-2(ce) 95 
hlh-11(ce) 95 

hlh-2(ce):hlh-19(ce) 93 
hlh-10(ce):hlh-2(ce) 93 

ref-1(ce) 86 
HLH-1 85 
GEI-11 81 

hlh-2(ce):hlh-14(ce) 80 
hlh-15(ce):hlh-2(ce) 80 

PHA-4 79 
Skn-1.v2 78 

hlh-3(ce):hlh-2(ce) 78 
hlh-26(ce) 78 
BLMP-1 77 

Tra-1.long 76 
hlh-4(ce):hlh-2(ce) 73 

hlh-30(ce) 73 
hlh-2(ce):hlh-8(ce) 71 

EFL-1 71 
mab-3 70 

hlh-25(ce) 69 
hlh-29(ce) 66 
hlh-27(ce) 64 
DAF-12 62 

cnd-1(ce):hlh-2(ce) 61 
ttx-3::ceh-10 60 

ces-2(ce) 60 
ceh-22 58 
daf-16 53 

grh-1(ce):Elf-1(d) 50 
DPY-27 33 
lin-14 0 
che-1 0 

     

�5�6�$�7���D�Q�D�O�\�V�L�V���R�I���J�H�Q�H�V���G�L�I�I�H�U�H�Q�W�L�D�O�O�\���H�[�S�U�H�V�V�H�G���X�S�R�Q���J�F�D�W���7�����%���������5�1�$�L�� 
 

Table S2  
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Primer name  �6�H�T�X�H�Q�F�H�������•���W�R�����•�� 
pbs-3_Fwd ATGAGCTACACTGGTGGAACC 
pbs-3_Rev CGAAGCAATGCACACACATT 

rpn-6.1_Fwd AATATTGGAAAAGCACCTGAAATGT 
rpn-6.1_Rev TTTGATGTGGAAGTGAAGTCATTGT 
pbs-4_Fwd GGCGCTATTCTCGCTGAC 
pbs-4_Rev CGATGCACATCATTGTCAACT 
pbs-6_Fwd AGCGTCCGGAACTCACATT 
pbs-6_Rev AGCACCACGGAACGAATC 
pas-4_Fwd TCGAGATTGCAGTCATGAAAA 
pas-4_Rev CAGTTGACAATACACGTTGCTG 
pas-5_Fwd GCTGCTGAGAAAAGATCGACA 
pas-5_Rev CAATCAAACCTGCGAATGTG 
pas-6_Fwd TTCGGCAACTGTTGGAATC 
pas-6_Rev GACAAATCGTTTTGCGCTCT 
rpt-2_Fwd AAGCGCCGTATCTTCCAGA 
rpt-2_Rev GCTGTGATGAACTCTTCGAGGT 
rpt-6_Fwd CAATGCTCGAGCTTCTCAATC 
rpt-6_Rev ATTGGTTGCCATGATGACCT 
rpn-2_Fwd ACATGTCCAAGATTTGCGAGT 
rpn-2_Rev TGAGAGACTTCGCGATCAAA 

  

�6�H�T�X�H�Q�F�H�V���R�I���T�3�&�5���S�U�L�P�H�U�V�� 

Table S3  
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2.2.1 Abstract  
 

Aging has been defined as a global decline in physiological function depending on 

both environmental and genetic factors. Here we identify gene transcripts that are 

consistently regulated during aging in nematodes, killifish, zebrafish, and mice in 

an evolutionarily conserved manner. Out of 45 genes detected within this screen, 

we observe a robust extension of Caenorhabditis elegans lifespan when impairing 

a gene encoding for the ribosomal biogenesis factor, las1l/Y6B3B.9. This gene 

knockdown downregulates 60S subunit of ribosomes and reduces the protein 

turnover. This lifespan extension is dependent on TOR signaling pathway and 

activation of aak-2, the regulatory subunit of AMPK. Furthermore, we uncover a 

potential regulation of chromatin structure and an active regulation of gene 

expression upon las1l/Y6B3B.9 impairment. 

2.2.2 Introduction  
 

The various theories of aging and if the aging process is per se programmed is a 

subject of intense debate. However, there is consensuses amongst scientists that 

longevity and health are malleable to improvement. This is chiefly based on 

increased lifespan and health parameters upon genetic interference in the model 

organisms and the observation that a number of these pathways are conserved 

amongst metazoans. We had previously performed an unbiased screen to identify 

aging-associated genes in three different species [1].  

Here, we refined this trans-species approach by additionally including the 

short-lived fish, Nothobrachius furzeri along with Caenorhabditis elegans, Danio 

rerio and Mus musculus. Transcriptome analysis of different stages in the lifespan 

of these species along with orthology information and combined clustering analysis 

identified genes consistently regulated in all four species (Fig. S1). Upon testing 

the effect of these genes individually in nematodes we observed the most 

pronounced extension of lifespan upon knockdown of the gene named Y6B3B.9, 

the ortholog of human LAS1L (Fig. 1A). Here, we study its role in ribosomal 
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biogenesis and further characterize the mechanism and downstream pathways 

through which las1l/Y6B3B.9 extends health span in C. elegans. 

2.2.3 Results  
  
2.2.3.1 Four sp ecies analyses identifies aging -associated genes  

 

Initially, RNA was extracted from C. elegans (whole worm), D. rerio (skin), N. furzeri 

(skin), and M. musculus (skin) at different time points and sequencing was done 

by Illumina next-generation sequencing (RNA-seq). Transcripts showing 

statistically significant differences by both software packages DEseq and edgeR at 

least between two-time points, or by the software baySeq test over the different 

ages were regarded as differentially expressed genes (DEGs; C. elegans: 4948; 

D. rerio: 2831; N. furzeri: 4256, M. musculus: 440). All DEGs were combined and 

the expression profiles were clustered, where two of these clusters showed global 

up- or down-regulation with aging over lifetime, respectively. The whole 

experimental design is outlined in (Fig. S1). By this approach, we identified 45 

genes to be evolutionarily conserved candidates in the regulation of physiological 

aging within four species (Tbl. S1).  

All of these 45 genes were individually targeted by feeding respective RNAi to 

young adult worms, revealing that 39 out of 45 genes (86.7%) have an individual 

effect on life expectancy in nematodes (Tbl. S1 and S2, Fig. S2-5). The candidate 

with the most pronounced lifespan extension upon knockdown in C. elegans was 

Y6B3B.9 which is the orthologue of human LAS1L (Fig 1A). 

2.2.3.2 Reduced  las1l/ Y6B3B.9 expression in C. elegans  promotes 
healthspan  
 
Impairing las1l/Y6B3B.9 expression extended the mean and maximum lifespan of 

C. elegans by ~35% and ~24% respectively (Fig. 1A, Tbl. S4 applies to subsequent 

lifespan analysis figures). It also improves the thermotolerance of the nematodes 

at 35°C, indicating enhanced stress resistance (Fig. 1B). Furthermore, there is a 

significant improvement in classic aging markers including reduced accumulation 

of aging pigments (Fig. 1C) and faster movement indicated by average speed upon 

treatment of las1l/Y6B3B.9 RNAi for 10 days post young adult state (Fig. 1D). 
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Worm model of polyglutamine (polyQ) disease i.e. nematodes expressing 

polyglutamine repeats pan-neuronal markedly impairs motility and results in 

paralysis [2]. There was a substantial improvement in the motility, as measured by 

body bends upon las1l/Y6B3B.9 knockdown in nematodes expressing polyQ67 

(Fig. 1E). las1l/Y6B3B.9 impairment reduces the brood size similar to many 

lifespan extending interventions (Fig. 1F). Taken together, these data indicate that 

reduction in las1l/Y6B3B.9 expression extends lifespan and healthspan 

parameters with a slight impairment in fertility. 

 

 

Figure 1: Impairing las1l/ Y6B3B.9 expression extends lifespan and promotes health. (A) 

Effects of las1l/ Y6B3B.9 RNAi (pink) versus control (black) on lifespan (p<0.0001, log-rank 

test); color coding applies to all subsequent panels and figures. Effect of las1l/ Y6B3B.9 

RNAi versus control nematodes regarding (B) thermotolerance after  at 35°C after 5 days 

of prior RNAi treatment (p<0.0001, log-rank test) (C) aging pigments (p<0.0001, 

�^�š�µ�����v�š�[�• t -test, n=6 wells x ~100 worms each) (D), average speed (p<0.0�ì�ñ�U�� �^�š�µ�����v�š�[�• t -

test, n=51), (E) body bends at 2 days and 5 days in AM44 (F25B3.3p::Q67::CFP) (p<0.0001, 

�^�š�µ�����v�š�[�• t -test, n=30 worms)), and (E) brood size (p=�ì�X�ì�ì�ñ�U���^�š�µ�����v�š�[�• t -test, n=7 worms). 

Error bars represent the mean±s.d.   
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2.2.3.3 las1l/ Y6B3B.9 and associated complex components impair 
ribosomal biogenesis and reduce protein turnover  
 

 

 

Figure 2: las1l/ Y6B3B.9 ���v���� ���•�•�}���] ���š������ ���}�u�‰�}�v���v�š�[�•�� �Œ�����µ������ �š�Œ���v�•�o���š�]�}�v (A) Effects 

of las1l/ Y6B3B.9 RNAi versus control on polysome profile after 3 days of treatment  (B) 

Effects of 5 day treatment of las1l/ Y6B3B.9 (pink), tex10/Y48A6C.4 (purple), pro-1 (red) 

RNAi on S-35 incorporation relative to control (black) (* indicates p<0.05, x= 0.09, one 

way ANOVA, n�H3 worm pellets) after 5 days of RNAi treatment Error bars represent the 

mean±s.d (C) Effects of tex10/lY6B3B.9 RNAi (purple), pro-1 (red) versus control (black) 

on lifespan (p<0.0001, log-rank test).  

Las1L has endonuclease activity and it is involved in rRNA processing by cleaving 

the internal transcribed spacers (ITS2) of pre-rRNA to form 5.8S, 28S rRNA that 

are functional components 60S subunit of ribosomes. The evidence for this comes 

from studies in yeast and in mammalian cell culture models [3-5]. To verify if 

Y6B3B.9 is a functional orthologue of mammalian Las1L, we performed polysome 

profiling after its knockdown.  There was a marked reduction in the 60S subunit 

upon las1l/Y6B3B.9 impairment compared to control vector indicating conserved 
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functionality (Fig. 2A). Consequently, there is a reduction in the 80S, and size and 

number of polysomes indicating a marked reduction in translation (Fig. 2A). There 

is an increase in the 40S subunit, potentially through secondary compensatory 

mechanisms that invoked upon translational stress (Fig. 2A).  

To further confirm its role in protein translation, we measured the protein 

synthesis rate using labeled S-35 methionine incorporation assay. There was a 

marked reduction in protein synthesis when performed after 5 days of RNAi 

treatment with las1l/Y6B3B.9 (Fig. 2B). It is known that Las1L serves as a part of 

conserved complex and different studies has shown that it co-purifies together with 

other Tex10, Wdr18, Senp3, Pelp1,  which are involved different functions including 

ribosomal biogenesis  [4, 6, 7]. We tested the C. elegans orthologues for Tex10 

(Y48A6C.4), Wdr18 (pro-1) likewise and found a significant or trend towards 

reduction in protein synthesis respectively (Fig. 2B). Moreover, there was a 

significant increase in lifespan upon knockdown of tex10/Y48A6C.4, pro-1 by 21% 

and 42% of mean lifespan respectively (Fig. 2C). These data indicate the role of 

las1l/Y6B3B.9 in reducing translation and similar roles of its associated proteins. 

2.2.3.4 Epistasis studies in dicated dependence of TOR signal ing 
and AMPK activation upon las1l /Y6B3B.9 impairment  

 

Next, we performed a number of epistasis experiments to identify the potential 

interaction of reduced ribosomal biogenesis with known aging pathways. We first 

tested the dependence of lifespan extension upon las1l/Y6B3B.9 impairment on 

insulin signaling pathway, a major signaling pathway regulating aging in 

nematodes and higher organisms. When applying las1l/Y6B3B.9 RNAi on daf-2 

mutant nematodes, there was a slight extension of lifespan of  ~ 9.6%, which is 

much lower than the extension (Fig. 3A) seen in wildtype worms (Fig. 1A) showing 

a dependence on insulin/IGF1 pathway. However, it should be noted that a large 

fraction of worms (~69%) was censored due to internal hatching i.e. intra-uterine 

hatching resulting in a bag of worms inside the parental hermaphrodite (Tbl. S4). 

These larvae feed on the parent and eventually results in its death. This matricide 

potentially indicates a stress-induced response upon starvation-like response 

invoked upon las1l/Y6B3B.9 RNAi exacerbated upon reduced insulin/IGF-1 

signaling [8]. The treatment of las1l/Y6B3B.9 RNAi on daf-16 mutant, the major 
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transcription factor downstream of insulin/IGF-1 signaling extended the lifespan by 

~16.6% (Fig. 3B).  The Nrf orthologue, skn-1 is another transcription factor 

downstream of insulin signaling regulating lifespan [9, 10]. skn-1 mutants 

dramatically reduced the lifespan extension of las1l/Y6B3B.9 RNAi (Fig. 3C) 

indicating an activation of downstream stress response pathways through skn-1 

rather than daf-16. We earlier observed an increases tolerance towards heat stress 

at 35°C (Fig. 1B). The transcription factor hsf-1 is involved in heat shock response 

and longevity regulation. Hence we subjected the hsf-1 mutants to las1l/Y6B3B.9 

RNAi and found it to be epistatically independent (Fig. 3D). 

It is known that ablation of germ line precursor cells extends the longevity in 

C. elegans [11].  We examined the effect of las1l/Y6B3B.9 knockdown in glp-

1(e2124ts) mutants which have ~1% of meiotic germ cells and found that the 

knockdown still extends the lifespan (Fig. 3E), indicating that germline mediated 

signaling is not necessary for lifespan extension.  Inhibition of translation upon 

�F�H�O�O�X�O�D�U�� �V�W�U�H�V�V�� �W�K�U�R�X�J�K�� �H�,�)�.�� �S�K�R�V�S�Korylation increases translation of specific 

transcripts including mammalian activating factor 4 (ATF4) as part of the integrated 

stress response (ISR) [12]. To check if lifespan extension through reduced 

translation caused by las1l/Y6B3B.9 knockdown is depended on ISR pathway, we 

performed epistasis experiment on atf-5 mutant (ATF4 homolog). We observed 

~18% increase in lifespan indicating little relevance to explain downstream 

response (Fig. 3F). 

Translation is one of the most energy consuming process in the cell and 

reducing translation would potentially free up energy for a number of other 

processes including maintenance and repair contributing to an increase in 

healthspan. AMP activated kinase (AMPK) is one of the main energy sensors and 

is activated upon a decrease in ATP levels. Interestingly, we observe a 

dependence of las1l/Y6B3B.9 RNAi mediated extension on aak-2, the regulatory 

subunit of AMPK (Fig. 3G) indicating activation of the same. TOR signaling is the 

key integrator of environmental cues including the nutrient status, oxygen content, 

energy levels etc and regulates cell growth and proliferation. Downregulation of let-

363, the C. elegans TOR homolog extends lifespan and the knockdown of 

las1l/Y6B3B.9 does not further add to this extension implying they function through 

similar mechanisms (Fig. 3H).  Taken together, we see las1l/Y6B3B.9 mediated 
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lifespan extension depends on insulin/ IGF-1 signaling through skn-1 but not daf-

16, AMPK activation and TOR signaling pathways. 

 

Figure 3: Lifespan analysis of las1l/ Y6B3B.9 RNAi versus control RNAi in (A) daf-2(e1370) 

mutant (p<0.005, log-rank test), (B) daf-16(mu86) (p<0.0001, log-rank test) (C) skn-

1(zu67) (p<0.005, log-rank test) (D) hsf-1(sy441) (p<0.0001, log-rank test) (E) glp-1(e2141) 

(p<0.0001, log-rank test) (F) atf -5(tm4397) (p<0.0001, log-rank test)   (G) aak-2(ok524) 

(p=0.011, log-rank test) nematodes. (H)  Lifespan analysis of N2 Bristol nematodes treated 
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with let -363 RNAi the presence (blue) or absence (grey) of las1l/ Y6B3B.9 RNAi (p=0.39, 

log-rank test).  

2.2.3.5 Knockdown of las1l /Y6B3B.9 elicits pronounced  change s 
at the transcriptional level  
 

 

Figure 4: Transcriptome and pathway analysis upon 5 days treatment with las1l/ Y6B3B.9 

RNAi (A) Differentially expressed genes as quantif ied by deep sequencing analysis upon 

treatment with las1l/ Y6B3B.9 RNAi; black dots indicate no differential regulation, l ight  

blue, dark blue and light pink dots indicate regulation according to DEseq, edgeR and 

intersection of analyses, respectively. (B) KEGG pathway analysis of intersected DEGs 

using GAGE package  
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To further understand the downstream molecular mechanisms, we performed high 

throughput RNA sequencing after 5 days of treatment with las1l/Y6B3B.9 RNAi 

against control treatment. There were 10969, 12935 genes that were differentially 

regulated genes (DEGs) by DEseq, edgeR respectively with p-adjusted < 0.05 (Fig. 

4A). The intersection of the methods yielded 10765 DEGs, which around ~29% of 

total transcripts (Fig. 4A) with 5820 upregulated and 4945 downregulated genes.  

Next, we performed generally applicable gene set enrichment (GAGE) to 

understand the pathways involved. KEGG analysis of the data set revealed a lot 

more pathways downregulated than upregulated.  As expected, the reduction of 

ribosomal biogenesis causes a number of pathways regulating growth including 

DNA replication, RNA biosynthesis, TOR signaling and major energy producing 

pathways including oxidative phosphorylation, TCA cycle to be downregulated (Fig. 

4B). This is consistent with the dependence on aak-2 and let-363 on the lifespan 

extension phenotype upon las1l/Y6B3B.9 RNAi (Fig. 3G, H).  Moreover, genes 

regulating protein processing and turnover including the proteasome pathway are 

downregulated potentially as a response to reduced turnover of proteins (Fig. 4B, 

Fig. 2B).   

Overall, the upregulated pathways have lower significance when compared to 

downregulated pathways (Fig. 4B). The top upregulated pathway is ribosomes, 

potentially reflecting a compensatory mechanism consistent with our observation 

that 40S subunit goes up via polysome profiling (Fig. 4B, Fig. 2A). The neuroactive 

ligand- receptor interaction encompasses various receptors (including G protein 

coupled receptors such as serotonin, cholecystokinin receptors etc.; other ligand-

gated ion channels) and its corresponding ligands. Interestingly, the other 

upregulated terms including peroxisomes related to maintenance of lipid 

homeostasis and unsaturated fatty acids.   

Next, we also performed the gene ontology (GO) analysis on the DEGs for 

both Biological Process (BP) and Cellular Component (CC) terms. The BP terms 

indicate an upregulation of nucleosome/chromatin, G protein and steroid hormone 

signaling among others and a strong downregulation of meiosis, reproduction 

consistent with the fertility reduction we observed previously (Fig. S6 A-B, Fig. 1F).  
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Interestingly, the CC GO term is enriched for similar terms including nucleosome, 

lipid and peroxide particles and histone acetyltransferase complex (Fig. S6 C-D).  

2.2.3.6 las1l Y6B3B.9 impairment affects histone levels and 
regulates a histone acetylation mark  

 

Figure 5: Potential regulation of histone acetylation by las1l/ Y6B3B.9 (A) Western blot 

analysis of independent biological replicates for H3K27ac mark and H3 mark upon 5 days 

knockdown with las1l/ Y6B3B.9 RNAi.  (B) Lifespan analysis of N2 Bristol nematodes 

treated with cbp-1 RNAi the presence (blue) or absence (grey) of las1l/ Y6B3B.9 RNAi 

(p=0.41, log-rank test) (C) Average plot of merged peak analysis of extended mapped 

reads using bigWIG metrics obtained through ChIP sequencing for H3K27ac mark upon 5 

days knockdown with las1l/ Y6B3B.9 RNAi (blue) vs control RNAi (red) (D) Overlay of DEGs 

through both ChIP sequencing and RNA-Seq (fold change cut off for RNA-Seq ±0.6) (R2 

using Pearson correlation, p<2.2e-16).   

We next checked the levels of histones and histone acetylation marks based on 

reasons described below. Firstly, the GAGE analysis from our deep sequencing 
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data indicated enrichment of nucleosome, chromatins, and histone 

acetyltransferase complexes (Fig. S 6 A, C). Las1l has not only been observed in 

the nucleolus (the site of ribosomal biogenesis) but also in the nucleoplasm, which 

contain the chromatins [3, 4, 6]. Additionally, las1l and its interaction partners 

including Sumo-specific protease Senp3, WD-repeat containing protein Wdr18, 

and testis expressing protein Tex10 have other non-ribosomal processing roles.  

They act as complex and modulate transcriptional factor activity through 

desumoylation and transactivation [7]. Interestingly, Wdr18, Tex10, and Las1l were 

found to be physically associated with Sox2 to regulate embryonic stem cell (ESC) 

self-renewal and pluripotency. Tex10 was shown to be important for early embryo 

development and knockout mice were homozygous lethal. It acts as a pluripotency 

factor, binds to transcriptional start sites and acts as a positive regulator of gene 

expression through active enhancer marks including H3K27ac in ESCs [13, 14]. 

Taking these together, we decided to look at open chromatin mark H3K27ac. 

Western blot analysis of the acid-extracted histones shows a slight increase in 

H3K27ac mark upon knockdown of   las1l/Y6B3B.9 (Fig. 5A, Fig. S7A). cbp-1 is 

the known histone acetyltransferase involved in the acetylation of histone H3 at 

lysine 27 in D. melanogaster, mammals [15, 16]. We did the epistasis with 

concomitant application of both cbp-1, las1l/Y6B3B.9 RNAi and found an 

abolishment of lifespan extension (Fig. 5B).  However, care should be noted upon 

these findings given that las1l/Y6B3B.9 increases the expression levels of histones 

per se and also given that cbp-1 dramatically shortens lifespan owing to its lethality 

(Tbl. S3, Fig. 5B).  

All histone acetylation marks positively correlate with gene expression and 

H3K27ac is a mark for active chromatin regions with a presence in the promoter 

and enhancer regions [17, 18]. We since decided to perform ChIP sequencing for 

H3K27ac to further understand the gene elements regulated by this mark. Merged 

peak region analysis is used to compare the peak metrics between the control 

samples, las1l/Y6B3B.9 after 5 days of knockdown whereby the overlapping 

intervals are compared to find the differential H3K27Ac enrichment sites.  As 

depicted, there is an increase in the merged peak region upon las1l/Y6B3B.9 

impairment consistent with our western blot for H3K27ac (Fig. 5C, Fig. 5A).   Next, 

we wanted to study the correlation of changes in this active histone mark at the 
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genomic sites to the changes we observed in the gene expression. One should 

note that the dynamic range by ChIP sequencing is lower than that of RNA-Seq 

(Fig. S7B), hence we set a log2 fold change cutoff of ±0.6 only for DEGs obtained 

by RNA sequencing.  We subsequently overlaid the genes that were regulated in 

both and found a weak positive correlation overall (Fig. S7C). However, while 

plotting the genes that were either up or downregulated in both RNA sequencing 

we see a much stronger correlation with R2 of 0.56 (Fig. 5D). Moreover, when 

analyzing all the four quadrants separately, we observe the strongest correlation 

for the genes in the top right quadrant with R2 of 0.19, consistent with its role in 

enhancing gene expression (Fig. S7D). Taken together, these data indicated a 

potential regulation of gene expression induced by las1l/Y6B3B.9 knockdown 

through modulation of chromatin dynamics.  

2.2.4 Discussions  
 

In our current study, we examined the RNA-Seq data from four different species 

for consistent regulation of gene expression amongst them. We observe through 

an RNAi based screen that ~87% of these candidate genes had an effect on 

lifespan with the majority being lifespan extending (Fig. S2-5). We further examined 

the topmost candidate las1l/Y6B3B.9 RNAi which had strong increase in 

healthspan and observe a conservation of function in ribosomal biogenesis (Fig. 1-

2).  

It is known from previous studies in C. elegans that reduced translation by 

knockdown of ribosomal proteins, translation initiation factors, S6 kinase extends 

lifespan and improves stress resistance [19-21]. A more recent study on reducing 

the level of RNA polymerase III (responsible for tRNA synthesis and 5S rRNA 

which forms a part of 40S subunit) in the gut extends the lifespan of nematodes 

and also in fruit flies [22]. Furthermore, a number of lifespan extending 

interventions including in higher mammalian systems most notably TOR signaling 

pathway and insulin/IGF-1 pathway also reduces translation rate [23, 24].  These 

studies highlight the role and importance of translation in lifespan regulations. 

However, the exact downstream mechanisms still remain unclear as to how this 

lifespan extension is achieved. 
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Here, we find an overlap with TOR signaling pathway, which is also 

downregulated upon las1l/Y6B3B.9 impairment (Fig. 3H, Fig. 4B) indicating a 

feedback loop of the translation state to TOR kinase. AMPK activation potentially 

mediates this feedback, supported by the dependency of las1l/Y6B3B.9 RNAi 

based lifespan extension and a reduction of energy producing pathways including 

TCA cycle and oxidative phosphorylation (Fig. 3G, Fig. 4B). Interestingly, the 

KEGG pathway analysis shows an upregulation of unsaturated fatty acid 

production pat�K�Z�D�\�V���D�Q�G���S�H�U�R�[�L�V�R�P�H�V�����%�R�W�K���P�R�Q�R�X�Q�V�D�W�X�U�D�W�H�G���I�D�W�W�\���D�F�L�G�V���D�Q�G���+-

6 polyunsaturated fatty acids have been linked to lifespan extensions in C. elegans 

[25, 26]. It remains to be tested how the fatty acids profiles change upon 

las1l/Y6B3B.9 impairment through GC/MS and if it causally involved in the lifespan 

extension phenotype. Recent studies indicated that peroxisomes decline with age 

in wildtype worms [27, 28]. Dietary restriction and AMPK activation increases 

peroxisome size and is involved in DR and AMPK mediated lifespan extension [29]. 

These results suggest that the longevity extension mediated upon las1l/Y6B3B.9 

RNAi changes profile to a younger state and resembles in parts to DR and AMPK 

activation. Moving forward, it would be interesting to quantify the peroxisomes size, 

fatty acid oxidation upon las1l/Y6B3B.9 RNAi and check if they functionally 

contribute to the improved healthspan.    

Furthermore, we observe changes to the chromatin including an increase in 

the global histone levels (Tbl. S3). Aging causes a loss of histone levels per se in 

yeast and in human fibroblasts [30, 31]. Overexpression of histones extends 

replicative function, potentially through enhanced genomic stability and tighter 

control of gene expression [31, 32].  However and in contrast to the las1l/Y6B3B.9 

mediated upregulation of histones, we observed in our RNAi screen that 

knockdown of different histone genes initially either increases, decreases or does 

not have an effect on lifespan (Fig. S3-5). This indicates either compensation 

through other elements of histone cluster or different functions of histone variants. 

Moreover, other changes to the chromatin dynamics including epigenetic 

alterations are considered as one of the hallmarks of aging [33]. Here, we hint 

towards an involvement of las1l/Y6B3B.9 in the regulation of gene expression 

through modulation of active histone mark. However, this has to be tested with 

experiments including chemical inhibitors of cbp-1, since its knockdown 
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dramatically shortens lifespan (Fig. 5B). The next step would be to check the 

involvement of the subset of upregulated genes both at the genomic and 

transcriptomic state in lifespan extension with the use of CRISPR/dCas9 

approaches. Moreover, it would be interesting to study the interaction partners of 

las1l/Y6B3B.9 using tagged overexpressor strains. 

2.2.5 Experimental Procedures  
 

2.2.5.1 Chemicals  
 

All chemicals were obtained from Sigma-Aldrich (Munich, Germany) unless stated 

otherwise. 

2.2.5.2 Nematode strains and maintenance  
 

The following C. elegans strains used for this study were provided by the 

Caenorhabditis Genetics Center (University of Minnesota, USA): Bristol N2 (wild 

type), AM44 (F25B3.3p::Q67::CFP), EU1 skn-1 (zu67), PS3551 hsf-1 (sy441), 

CF1038 daf-16 (mu86), CB1370 daf-2 (e1370), CB4037 glp-1 (e2141), RB754 aak-

2(ok524). Collin Ewald kindly provided the LD1325 atf-5 (tm4397).  Nematodes 

were grown and maintained on Nematode Growth Media (NGM) agar plates at 

20°C using E. coli OP50 bacteria as food source except for CB4037 which was 

maintained at 15°C. After plates were poured, dried, sealed and stored at 4°C. 

Freshly prepared E. coli were spotted on plates on the previous evening and 

allowed to dry and settle overnight. 

2.2.5.3 RNAi -mediated gene knockdown  
 

For RNAi-mediated gene knock-down experiments, we applied alive E. coli HT115 

to the worms. The following clones F22D3.2, F25H2.1, C26B2.1, F32A11.1, 

Y49F6B.4, W09H1.3, B0395.3, T23D8.5, F22B3.1, F45F2.3, T10C6.14, C50F4.7, 

T27F2.1, C07G1.4, D2030.9, Y53F4B.4, H28O16.1, K04G7.11, K01A11.2, 

C01A2.5, C16C2.4, K01G5.8, Y106G6H.14, C02F5.6, T24B8.2, C37E2.1, 

las1l/Y6B3B.9 were obtained from the ORF library v1.1 (Thermo Fisher Scientific, 

Waltham, MA, USA). The following clones F55A3.6, K10B3.10, K03A1.6, 
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T28H10.3, F17E9.12, M04C9.5, R11A8.5, tex10/Y48A6C.4, pro-1, and cbp-

1/R10E11.1 were obtained from the Ahringer library (Source Bioscience, 

Nottingham, UK). The missing clones from both the libraries were cloned using 

Gibson assembly (NEB inc, USA) and transformed into HT115 E. coli. The primers 

used are listed in Table S5. The let-363 RNAi clone was provided by Baumeister 

R. All clones were verified by sequencing (Microsynth AG, Balgach, Switzerland) 

before use.  Bacteria were spotted on NGM plates containing additionally 1mM 

isopropyl-b-D-thiogalactoside, 100 mg/ml ampicillin (all from Applichem, 

Darmstadt, Germany). After plates were poured and dried, they were sealed and 

stored at 4°C. Freshly prepared bacteria were spotted on plates on the previous 

evening and allowed to dry and settle overnight.  

Incubations with RNAi clones started 64 h after synchronization of the 

population, by washing the synchronized, young adult worms and then transferring 

them to the respective treatment plates using S-Buffer. For maintaining 

synchronized populations in long-term experiments, worms were daily washed off 

the plates to 15 ml tubes, allowed to settle and washed until the supernatant was 

free of progeny. The clean worm pellet was transferred to freshly prepared 

treatment plates. 

2.2.5.4 Lifespa n assays  
 

All lifespans were performed at 20°C. Briefly, a C. elegans population was 

synchronized as described above at day 0 of the lifespan.  Sixty-four hours after 

egg preparation, around 200 young adults were manually transferred to fresh 

incubation plates (50 worms per 55mm dish). For the first 10-12 days, worms were 

transferred every day and afterwards every other day. Nematodes that showed no 

reaction to gentle stimulation were scored as dead. Worms that crawled off the 

plates or that displayed internal hatching were censored. 

2.2.5.5 Thermotolerance assay  
 

Worms were synchronized to L4 and treated with control vector, or las1l/Y6B3B.9 

RNAi bacteria for 5 days. Around 200 worms per condition was used and the plates 
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were placed at 35°C during the assay. The worms were scored every two hours till 

all the worms died.  

2.2.5.6 Age pigment analysis  
 

Worms were synchronized and treated for 10 days with control vector or 

las1l/Y6B3B.9 RNAi starting at L4 larvae stage. On day 10 worms were washed 

off the plates and distributed on 6 wells of a 96-well plate (Bioswisstec 96-well CG 

black with glass bottom, #5241). Age pigment auto-fluorescence was measured 

using a fluorescence plate reader (FLUOstar Omega, BMG Labtech, Offenburg, 

Germany; excitation: 340-10 nm, emission: 440-80 nm). We normalized the age 

pigment fluorescence to the stable auto-fluorescence signal of the worms (filters: 

excitation: 290-10 nm, emission: 330-10 nm; gain: 1800) as described [1]. 

2.2.5.7 Fertility assay  
 

To determine the fertility, the nematodes were synchronized as previously 

described. The single L4 larvae were transferred on single plates carrying control 

vector or las1l/Y6B3B.9 RNAi bacteria (10 plates per condition) and subsequently 

to fresh plates. Progeny were allowed to hatch and were counted.  

2.2.5.8 Movement assay  
 

Worms were synchronized and treated for 10 days with control vector or 

las1l/Y6B3B.9 RNAi bacteria. After 10 days, 5-10 worms were transferred to fresh 

plates and 30-second clips were recorded with a Leica system (Leica M165FC 

microscope with Leica camera DFC 3000G). Subsequently, 5 independent videos 

per condition were analyzed with the wrMTrck plugin for Image J software as 

described [34]. The pixel-to-distance ratio was calibrated, and average speed was 

then computed. 

2.2.5.9 Thrashing assay  
 

Thrashing rate was determined as previously described [2]. Worms were treated 

from L4 stage with control or las1l/Y6B3B.9 RNAi bacteria. After 2, 5 days they 

transferred to a drop of S buffer one by one and number of body bends was 
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�F�R�X�Q�W�H�G���I�R�U�������×�V�����$���E�R�G�\���E�H�Q�G���Z�D�V���G�H�I�L�Q�H�G��as a change in direction of the bend at 

the midbody of a nematode. 30 worms per condition was used.  

2.2.5.10  In-vivo S -35 methionine incorporation assay  
 

The protocol for protein turnover was adapted from a previously published protocol 

[19]. Briefly, OP-50 bacteria (1 mL per worm sample) was cultured with DYT media 

along with S-35 methionine (10 µCi per worm sample, Perkin-Elmer, Boston, MA, 

USA; #NED709A001MC) for 12 h and concentrated to 10 fold. This concentrate 

was spotted on agar plates and allowed to dry for 30 minutes. Age synchronized 5 

day adult old worms were incubated for 3 h with the radioactive bacteria. The 

worms were subsequently purged for 30 minutes with non-radioactive OP50 (10 

fold concentrate).  The worms were washed thrice with S-buffer and flash frozen in 

liquid Nitrogen. The pellets were boiled at 95°C for 10-15 minutes with 1% SDS, 

lysed with a hand held motor and spun down for 10 minutes at 16,000 g.  90µl of 

this lysate was added to scintillation fluid (Ultima Gold, PerkinElmer) and left still 

for 30 minutes before measuring with counter (2000CA, Tri-Carb, Packard). Protein 

content per condition was estimated by measuring the protein concentration from 

the remaining lysate using BCA assay (Pierce BCA Protein Assay Kit, Thermo 

Scientific).   

2.2.5.11 Liquid culture of C. elegans  and polysome profiling  
 

In order to obtain sufficient quantity of worm for performing polysome profiling, 

worms were cultured from young adults for 3 days with protocol modified from 

wormbase 

(http://www.wormbook.org/chapters/www_strainmaintain/strainmaintain.htm#d0e

463). The sterile S-Medium was supplemented with IPTG, ampicillin to final 

concertation of 4mM, 160µM of 5-fluorouracil to prevent progeny along with 20 fold 

concentrate of appropriate bacteria. 100µl of synchronized L4 worms were added 

and gently shaken at 20°C for 3 days. The worm pellet obtained was flash frozen 

in liquid Nitrogen.  

The polysome profiling was performed in sucrose gradient was performed as 

previously described [35]. The worm pellet was lysed by grinding in prechilled 
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mortar and pestle with a buffer containing 10mM Tris-HCL (pH 7.5), 100 mM NaCl, 

30 mM MgCl2.   This lysate is then centrifuged at 14,000 rpm for 10 minutes at 

4°C. The OD of supernatant is measured at 260nm.  7-50% (w/v) sucrose gradients 

are made in 13.2ml SW41 Polyallomer tube and 15OD of the worm lysate coated 

with final concentration 5% glycerol is carefully layered on top.  This gradient is 

subjected to ultracentrifugation at 39,000 rpm for 3 hours at 4°C using Beckman 

SW41 motor. The polysome profile is subsequently recorded at 254 nm with 

TELEDYNE Isco gradient recording system.  

2.2.5.12 Histone extraction by acid extraction  
 

Frozen worm pellets were ground in a liquid nitrogen chilled mortar in cold S buffer 

supplemented with protease inhibitor cocktail (Roche, Germany), 1mM PMSF and 

1mM DTT followed by sonication. The samples were spun down at 12,000g for 10 

minutes at 4°C. The pellet containing the nuclei were resuspended in 0.4N 

sulphuric acid with continuous mixing for 1 hour at 4°C.  The samples were then 

centrifuged at 10,000g for 10 minutes at 4°C. The supernatant was separated and 

precipitated overnight with TCA. This precipitate was pelleted and washed with 

0.1% HCl-acetone, acetone and resuspended in RIPA buffer and protein 

concentration was determined by BCA assay. 

2.2.5.13 Immunoblotting  
 

The protein lysate is boiled in Laemmli buffer and used for SDS-PAGE (4-20% 

gradient Mini Protean TGX precast gel, Biorad). Antibody against H3K27Ac 

(#39133, Active motif) and H3 (ab1791, Abcam) were used at dilutions of 1:1000. 

The anti-rabbit HRP linked secondary antibody (#7074, Cell Signaling) was used 

at dilution of 1:1000. 

2.2.5.14 D. rerio RNA samples  
 

Zebrafish of the TüAB strain were kept in groups of 20-30 animals under standard 

husbandry conditions. Skin tissue from male zebrafish at the age of 6 months 

(n=10), 12 months (n=10), 24 months (n=10), 36 months (n=10) and 42 months 

(n=10) was dissected and stored in RNAlater (Qiagen, Hilden, Germany) at -80 °C.  
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2.2.5.15 N. furzeri  RNA samples   
 

N. furzeri strains MZM-0410 were maintained as described [36]. To minimize the 

effects of environmental variation on gene expression, animals for the longitudinal 

and cross-sectional study were housed in single tanks starting from the age of 4 

weeks. The same setup was used for all experiments and animals were raised on 

a rolling base. To avoid effects of circadian rhythms and feeding, animals were 

always sacrificed at 10 a.m. in fasted state. For tissue preparation, fish were 

euthanized with MS-222 and cooled on crushed ice. The protocols of animal 

maintenance and experimentation were approved by the local authority in the State 

of Thuringia (Veterinär- und Lebensmittelüberwachungsamt, reference number 22-

2684-04-03-011/13). 

2.2.5.16 M. musculus  RNA samples   
 

As described previously young (2 months), mature (15 months) and aged (30 

months) old mice were deeply anaesthetized with isoflurane anesthesia (2.5% in a 

mixture of 3:1 N2O:O2) [1]. One square cm hairless abdominal skin was taken and 

snap-frozen. 

2.2.5.17 Breeding and housing conditions  
 

The study was carried out on male C57BL/6J mice (Jackson Laboratories). 

Animals of given ages were raised in our own facilities. All animal procedures were 

approved by the local government (Thüringer Landesamt, Bad Langensalza, 

Germany) and conformed to international guidelines on the ethical use of animals. 

All mice were maintained in a specific pathogen-free environment at room 

temperature (22 C) at 68% humidity and 12h/12h light/dark cycles with access to 

water and food (V1534-300, SsniffSpezialdiäten GmbH, Soest, Germany), ad 

libitum and were tested negative for parasites and other routine pathogens.  

2.2.5.18 RNA Extraction  
 

Total RNA was isolated using QIAzol (Qiagen, Hilden, Germany) based on the 

phenol�±chloroform extraction method. Afterwards, the RNA was quantified 
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photometrically with a NanoDrop 1000 (PeqLab, Erlangen, Germany) and stored 

�D�W���í�����ƒ�&���X�Q�W�L�O���X�V�H�� 

2.2.5.19 Next -generation sequencing (RNA -Seq) 
 
�)�R�U�� �D�O�O�� �V�D�P�S�O�H�V���� �5�1�$�� �L�Q�W�H�J�U�L�W�\�� �D�Q�G�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �Z�D�V�� �G�H�W�H�U�P�L�Q�H�G�� �E�\�� �$�J�L�O�H�Q�W�¶�V��

Bioanalyzer 2100 (with RNA 6000 nano kit, both Agilent Technologies, Santa 

Clara, CA, USA). Quality and quantity of the libraries were determined again using 

�$�J�L�O�H�Q�W�¶�V�� �%�L�R�D�Q�D�O�\�]�H�U�� ���������� ���Z�L�W�K�� �'�1�$�� ���������� �N�L�W������ �/�L�E�U�D�U�\�� �S�U�H�S�D�U�D�W�L�R�Q�� �D�Q�G��

�V�H�T�X�H�Q�F�L�Q�J���Z�D�V���G�R�Q�H���E�D�V�H�G���R�Q���,�O�O�X�P�L�Q�D�¶�V���Q�H�[�W-generation sequencing technology. 

M. musculus and C. elegans physiological aging samples: 2.5 µg of total RNA 

�Z�D�V�� �X�V�H�G�� �Z�L�W�K�� �,�O�O�X�P�L�Q�D�¶�V�7�U�X�6�H�T�� �5�1�$�� �V�D�P�S�O�H�� �S�U�H�S�� �N�L�W�� �Y���� �I�R�O�O�R�Z�L�Q�J�� �W�K�H��

�P�D�Q�X�I�D�F�W�X�U�H�U�¶�V���L�Q�V�W�U�X�F�W�L�R�Q���I�R�U���O�L�E�U�D�U�\���S�U�H�S�D�U�D�W�L�R�Q�����,�O�O�X�P�L�Q�D���������E�S���V�L�Q�J�O�H���U�H�D�G�V���Z�H�U�H��

obtained using the HiSeq2000 by multiplexing four samples per lane. Sequencing 

resulted in around 40-50 mio reads per sample. The sequence information was 

�H�[�W�U�D�F�W�H�G���X�V�L�Q�J���,�O�O�X�P�L�Q�D�¶�V���V�X�S�S�R�U�W�H�G���&�$�6�$�9�$���Y���������D�V���)�D�V�W�4���I�R�U�P�D�W�� 

D. rerio physiological aging samples: 5 µg of total RNA was used for 

�S�U�H�S�D�U�D�W�L�R�Q�� �R�I�� �P�X�O�W�L�S�O�H�[�� �O�L�E�U�D�U�L�H�V�� �X�V�L�Q�J�� �,�O�O�X�P�L�Q�D�¶�V�� �P�5�1�$-Seq sample prep kit 

���,�O�O�X�P�L�Q�D�����6�D�Q���'�L�H�J�R�����&�$�����8�6�$�����I�R�O�O�R�Z�L�Q�J���W�K�H���P�D�Q�X�I�D�F�W�X�U�H�U�¶�V���L�Q�V�W�U�X�F�W�L�R�Q�����/�L�E�U�D�U�L�H�V��

�Z�H�U�H�� �V�H�T�X�H�Q�F�H�G�� �L�Q�� �R�Q�H�� �S�H�U�� �O�D�Q�H�� �X�V�L�Q�J�� �,�O�O�X�P�L�Q�D�¶�V�� �*�H�Q�R�P�H�� �$�Q�D�O�\�]�H�U�� ���*�$�,�,�[�� in 

single read (SR) mode creating reads with a length of 76bp. Sequencing resulted 

in around 30 mio reads per samples. Sequence information was extracted in FastQ 

�I�R�U�P�D�W���X�V�L�Q�J���W�K�H���,�O�O�X�P�L�Q�D�¶�V���V�X�S�S�R�U�W�H�G���*�$-Pipeline v1.5. 

N. furzeri physiological aging samples: 5 µg of total RNA was used for 

�S�U�H�S�D�U�D�W�L�R�Q���R�I���P�X�O�W�L�S�O�H�[���O�L�E�U�D�U�L�H�V���X�V�L�Q�J���,�O�O�X�P�L�Q�D�¶�V���7�U�X�6�H�T���5�1�$���V�D�P�S�O�H���S�U�H�S���N�L�W���Y����

and sequenced on Illumina HiSeq2500, 50 bp single-read mode. Libraries were 

multiplexed in 5 per lane which resulted in around 50�±40 million reads per sample. 

�7�K�H���V�H�T�X�H�Q�F�H���L�Q�I�R�U�P�D�W�L�R�Q���Z�D�V���H�[�W�U�D�F�W�H�G���X�V�L�Q�J���,�O�O�X�P�L�Q�D�¶�V���V�X�S�S�R�U�W�H�G���&�$�6�$�9�$���Y��������

as FastQ format. 

For las1l/Y6B3B.9 knockdown samples, RNA was inspected for degradation 

using Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA). For 

�O�L�E�U�D�U�\���S�U�H�S�D�U�D�W�L�R�Q���D�Q���D�P�R�X�Q�W���R�I�����×���J���R�I���W�R�W�D�O���5�1�$���S�H�U���V�D�P�S�O�H���Z�D�V���S�U�R�F�H�V�V�H�G���X�V�L�Q�J��

�,�O�O�X�P�L�Q�D�¶�V���7�U�X�6�H�T���5�1�$���6�D�P�S�O�H���3�U�H�S���.�L�W�����,�O�O�X�P�L�Q�D�����6�D�Q���'�L�H�J�R�����&�$�����8�6�$�����I�R�O�O�R�Z�L�Q�J��
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�W�K�H�� �P�D�Q�X�I�D�F�W�X�U�H�U�¶�V�� �L�Q�V�W�U�X�F�W�L�R�Q���� �6�H�T�X�H�Q�F�L�Q�J�� �Z�D�V�� �G�R�Q�H�� �R�Q�� �D�� �+�L�6�H�T���������� �L�Q�� �6�5��������

bp/high output mode. Libraries were multiplexed in five per lane. Sequencing ends 

�X�S���Z�L�W�K���a�����×�0�L�R���U�H�D�G�V���S�H�U���V�D�P�S�O�H�� 

2.2.5.20 RNA-Seq data analysis  
 

Normal aging samples: The resulting FastQ files were mapped using Bowtie [37] 

�Y�H�U�V�X�V���W�K�H���U�H�V�S�H�F�W�L�Y�H���J�H�Q�R�P�L�F���V�H�T�X�H�Q�F�H�V�����³�F�H���´���I�R�U���&�����H�O�H�J�D�Q�V�����³�P�P���´���I�R�U���P�R�X�V�H����

�³�G�D�Q�U�H�U���´�� �I�R�U�� �]�H�E�U�D�I�L�V�K���� �D�Q�G�� �D�Q�� �H�[�R�Q�� �M�X�Q�F�W�L�R�Q�� �G�D�W�D�� �V�H�W�� �F�U�H�D�W�H�G�� �X�V�L�Q�J�� �8�&�6�&�
�V��

RefSeq annotation for each species.  At the time of analysis there was no published 

genomic sequence available for N. furzeri. Therefore, a preliminary transcript 

catalogue was used as reference, created by the Molecular Genetics Group at the 

FLI, Jena, which was published later as a final version [36]. Counting of uniquely 

mapped reads and assignment to RefSeq transcripts/genes was performed using 

R Statistical Language and Bioconductor. Afterwards, RPKM values were 

calculated for each transcript and gene from the corresponding RefSeq annotation 

[38]. For each species differentially expressed genes (DEG) were identified using 

the DESeq, edgeR and baySeq [39-41]. Those genes showing statistically 

significant differences (FDR adjusted p<0.05) by DESeq and edgeR at least 

between two time points or by the baySeq test over the three time points were 

regarded as differentially expressed genes (C. elegans: n=3,608; D. rerio: n=1,721; 

M. musculus: n=339). Next, orthology relations between genes of the three species 

were obtained using EnsemblCompara and the orthology R package [42] in order 

to facilitate the cross-species comparison. Since the individual species exhibit 

different age groups, the gene expression time courses were rescaled, followed by 

a clustering, in order to identify common time courses. The orthologous DEG were 

clustered according to their temporal profiles using a fuzzy c-means algorithm [43]. 

We used the function cmeans from the package e1071 1.6-2 of the R programming 

�O�D�Q�J�X�D�J�H�����3�D�U�D�P�H�W�H�U�V���Z�H�U�H���G�H�I�L�Q�H�G���D�V���P� �����������L�W�H�U���P�D�[� �����������G���R�E�M���I�X�Q� �����í�������7�K�H��

number of trials for the fuzzy algorithm was set to 30. The optimum number of six 

clusters was determined using a combination of several cluster validation indexes 

as described [44]. By intersecting the resulting clustered gene sets with the 

orthology relations extracted previously, gene sets with similar temporal pattern 

across the four species were identified. 
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For las1l/Y6B3B.9 knockdown samples, sequence data were extracted in 

FastQ format and used for mapping approach. The FastQ files were mapped using 

Tophat versus the reference genome obtained from Ensembl [45]. Uniquely 

mapped reads were counted for all genes using featureCounts [46]. RPKM values 

were computed using exon lengths provided by featureCounts and the sum of all 

mapped reads per sample. DEG were identified using the DESeq and edgeR [39, 

40].  

The differentially expressed genes was analysed in R studio using GAGE: 

generally applicable gene set enrichment for pathway analysis package from 

bioconductor. The GO terms for BP and CC were reduced to remove redundancy 

with REVIGO tool (http://revigo.irb.hr/).  

2.2.5.21 ChIP sequencing and data analysis  
 

Input chromatin, ChIP and analysis for H3K27 Ac mark was performed by 

ActiveMotif (Carlsbad, CA, USA) on worm pellets of 3 pooled biological replicates 

of control vector and las1l/Y6B3B.9 RNAi each. The sequencing was done using 

Illumina Nextseq 500 and the 75nt reads were mapped to C. elegans genome 

(Ce10). The density of the ChIP fragments is identified by dividing the genome to 

32nt bins and number of fragments per bin is determined. The main peak callers 

used are MACS and SICER. Active regions were identified comparing the peak 

metrics present in both the samples and are defined by start coordinate of 

upstream element until the end coordinate of downstream element. In location 

where only one sample has an interval, this serves as active region.    

2.2.5.22 Statistical analysis  
 

Statistical analyses for all of the data except for lifespan was carried out using 

Student's t-test (unpaired, two-tailed) or ANOVA after testing for equal distribution 

of the data and equal variances within the data set. If the samples had unequal 

variance, the data was log-transformed before carrying out Student's t-test. 

Experiments were performed in triplicate except where stated otherwise. For 

comparing significant distributions between different groups in the life-span assays 

the statistical calculations were performed using JMP software version 13.0 (SAS 
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Institute Inc., Cary, North Carolina, USA), applying the log-rank test. All of the other 

calculations were performed using either R studio or GraphPad Prism 7. A p-value 

<0.05 was considered statistically significant. Data are expressed as mean ± 

standard deviations unless otherwise indicated. 

2.2.6 Author contributions  
 

Me.R. performed all experiments except where stated otherwise.  N.U., J.M. and 

K.Z. performed lifespan analyses depicted in Fig S2-S5, Table S1, and S2. N.H. 

and C.E. obtained and provided zebrafish samples. L.G. performed lifespan assay 

in Fig. 1B, Fig. 3B and prepared samples for las1l/Y6B3B.9 for RNA sequencing. 

M.G., S.P. and M.P. performed RNA-Seq analyses. K.Z. performed replication 

experiments. K.Z., J.M. and Mi.R. designed the study. Me.R. and Mi.R co-wrote 

the manuscript.  
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2.2.8 Supple mental information   
 

Cluster analysis of genes regulated during physiological aging in four 

species
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C. elegans  lifespan validation experiments where effects were > 5%   

(Data Contribution N.U., J.M. and K.Z. ) 
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C. elegans  lifespan validation experiments where effects were < 5% (p >0.05) 

(Data Contribution N.U., J.M. and K.Z ) 
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C. elegans  lifespan validation experiments where no effects were seen.  

(Data Contribution N.U., J.M. and K.Z ) 

 

 

C. elegans  lifespan validation experiments where effects were lifespan -
shortening.  

(Data Contribution NU, KM, JM)  
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Figure S6: Analyses of RNA-Seq DEGs upon 5 days of las1l/Y6B3B.9 RNAi for GO terms (A) 

Upregulated GO BP terms (B) Downregulated GO BP terms (C) Upregulated GO CC terms 

(C) Downregulated GO CC terms   
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Figure S7: (A) Full blots of western blot analysis of independent replicates for H3K27ac 

mark and H3 mark upon 5 days knockdown with las1l/ Y6B3B.9 RNAi represented in Fig.5 

A.  (B) Box plot of log2FC of DEGs upon ChIP sequencing for and RNA sequencing upon 5 

days knockdown with  las1l/ Y6B3B.9 RNAi (C) Overlay of all common DEGs through both 

ChIP sequencing and RNA-Seq (fold change cut off for RNA-Seq ±0.6) (R=0.31 using 

Pearson correlation, p<2.2e-16) (D) Separate representation of top r ight quadrant of 

FigS7C (R2=0.19 using Pearson correlation, p<2.2e-16).   
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Genes consistently regulated during physiological aging in four species  

(Data Contribution M.G., S.P.  and M.P.)   

M. musculus  N. furzeri  D. rerio  C. elegans 
orthologs  

C. elegans 
orthologs  

gene name  gene name gene name  gene name  sequence name  

Ak3, Ak4 AK3, AK4 ak3, ak4 ZK673.2 ZK673.2 

Alkbh1 ALKBH1 Alkbh1 Y51H7C.5 Y51H7C.5 

Ankrd49 ANKRD49 ankrd49 F26F4.12 F26F4.12 

Atp5a1 ATP5a1 atp5a1 H28O16.1 H28O16.1 

Bsdc1 BSDC1 bsdc1 Y97E10AR.6 Y97E10AR.6 

Chmp7 CHMP7 chmp7 T24B8.2 T24B8.2 

Cluh 
zgc:152873, si:ch211-

166a6.5 cluha clu-1 F55H2.6 

Crat CRATA crata B0395.3 B0395.3 
Dcaf11 DCAF11 dcaf11 wdr-23 D2030.9 
Dctn4 DCTN4 dctn4 dnc-4 C26B2.1 

E130311K13Rik C18H3orf33 C18H3orf33 
F32A11.1 F32A11.1 
W09H1.3 W09H1.3 

Fam32a FAM32AL fam32al K01G5.8 K01G5.8 

Flcn FLCN flcn flcn-1 F22D3.2 

Fra10ac1 FRA10AC1 fra10ac1 C08H9.16 C08H9.16 

Heca HECA heca cri-1 K07A1.7 
Henmt1 HENMT1 henmt1 henn-1 C02F5.6 

Hist1h4n, Hist4h4, 
Hist1h4f, Hist1h4b, 

Hist1h4c 
HIST1H4G hist1h4b, hist1h4k 

his-31 F17E9.12 
his-60 F55G1.11 

his-18 K06C4.10 

Hist1h4n, Hist4h4, 
Hist1h4f, Hist1h4b, 

Hist1h4c 
HIST1H4G hist1h4b, hist1h4k 

his-64 F22B3.1 
his-37 C50F4.7 
his-67 T23D8.5 
his-1 T10C6.14 
his-5 F45F2.3 
his-38 K03A1.6 

Ick, Mak MAK mak dyf-5 M04C9.5 
Idh3b IDH3B idh3b Idhb-1 C37E2.1 

Ik IK ik smu-2 Y49F6B.4 

Ipmk IPMK ipmkb ZK795.1 ZK795.1 
Las1l  LAS1L  las1l  Y6B3B.9  Y6B3B.9  
Lgmn IGMN lgmn T28H10.3 T28H10.3 

Mettl18 METTL18 mettl18 K01A11.2 K01A11.2 

Nme7 NME7 nme7 F55A3.6 F55A3.6 

Nsun5 NSUN5 nsun5 nsun-5 Y53F4B.4 

Ostf1 OSTF1 ostf1 Y106G6H.14 Y106G6H.14 

Pnn PNN pnn R186.7 R186.7 
Ptges2 PTGESL ptgesl pges-2 R11A8.5 

Rtfdc1 C6H20orf43 C6H20orf43 tads-1 C01A2.5 

Snw1 SNW1 snw1 skp-1 T27F2.1 

Spna2, Spna1 SPNA2 spna2 spc-1 K10B3.10 

Syap1 SYAP1 syap1 C16C2.4 C16C2.4 

Syf2 SYF2 syf2 K04G7.11 K04G7.11 

Tollip TOLLIP tollip tli-1 F25H2.1 
Wasl WASLA wasla wsp-1 C07G1.4 

Table S1  
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Details of lifespan assays (Figs. S2 -5) of genes (Tbl. S1)   

(Data Contribution N .U., K.Z., J.M.)  

M. musculus  C. elegans  
Life 

Span p-value  
Mean 
Life 

Span 

Mean 
Life 

Span 

Maximum 
Life Span  

Maximum 
Life Span  

Number  
experiments  

Number 
worms  

Gene name  Gene 
name 

(+/0-) (versus 
control)  

days ± 
SEM 

(%) 

75th 
percentile 
(days) ± 

SEM 

75th 
percentile 

(%) 

Ak3, Ak4 
control     19.98±0.1   22.0±0.0   3 270 

ZK673.2 0 0.84 19.93±0.3 99.75 21.2±0.5 96.36 3 239 

Alkbh1 
control     21.83±0.2   23.6±0.4   3 353 

Y51H7C.5 + <0.05 22.21±0.2 101.73 24.4±0.4 103.39 3 305 

Ankrd49 
control     19.98±0.1   22.0±0.0   3 295 

F26F4.12 + <0.001 21.37±0.2 103.31 22.8±0.5 103.64 3 376 

Atp5a1 
control     20.05±0.2   21.6±0.4   3 365 

H28O16.1 + <0.0001 24.56±0.3 122.48 27.6±0.4 127.78 3 399 

Bsdc1 

control     20.54±0.2   22.0±0.0   3 383 

Y97E10AR.6 + <0.0001 22.10±0.2 107.55 24.0±0.0 109.09 3 346 

Chmp7 
control     19.92±0.1   21.6±0.4   3 373 

T24B8.2 + <0.0001 21.11±0.3 105.98 22.8±0.5 105.56 3 388 

Cluh 
control     20.31±0.3   21.8±0.5   3 352 

clu-1 + <0.0001 22.13±0.3 108.96 23.8±0.5 109.17 3 369 

Crat 
control     19.61±0.1   21.6±0.4   3 374 

B0395.3 + <0.0001 22.00±0.2 112.19 24.0±0.0 111.11 3 394 

Dcaf11 
control     20.31±0.3   21.8±0.5   3 352 

wdr-23 + <0.0001 21.03±0.2 103.52 22.6±0.4 103.67 3 265 

Dctn4 
control     19.61±0.1   21.6±0.4   3 374 

dnc-4 0 0.18 19.90±0.2 101.46 21.6±0.4 100 3 345 

E130311K13Rik 

control     20.08±0.1   21.6±0.4   3 304 

F32A11.1 + <0.05 20.42±0.2 101.57 22.0±0.0 101.85 3 319 

control     19.77±0.1   20.8±0.6   3 379 

W09H1.3 + <0.0001 20.75±0.2 104.97 22.0±0.0 105.77 3 373 

Fam32a 
control     19.87±0.1   20.8±0.5   3 357 

K01G5.8 - <0.0001 19.17±0.2 96.48 20.0±0.0 96.15 3 317 

Flcn 
control     19.77±0.1   20.8±0.6   3 379 

flcn-1 + <0.0001 21.44±0.4 108.47 22.8±0.6 109.62 3 373 

Fra10ac1 
control     19.98±0.1   22.0±0.0   3 270 

C08H9.16 0 0.17 19.66±0.1 98.42 20.8±0.5 94.55 3 253 

Heca 
control     20.31±0.4   21.8±0.6   3 352 

cri-1 + < 0.0001 22.07±0.3 108.68 23.8±0.6 109.17 3 392 

 

Table S2  
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M. 
musculus  

C. 
elegans  

Life 
Span p-value  

Mean 
Life 

Span 

Mean 
Life 

Span 

Maximum 
Life Span  

Maximum 
Life Span  

Number  
experiments  

Number 
worms  

Gene 
name 

Gene 
name (+/0/-) (versus 

control)  
days ± 
SEM 

(%) 

75th 
percentile 
(days) ± 

SEM 

75th 
percentile 

(%) 

Henmt1 
control     22.56±0.1   24.0±0.0   3 428 

henn-1 0 0.19 22.20±0.2 98.4 24.0±0.0 100 3 287 

Hist1h4n, 
Hist4h4, 
Hist1h4f, 
Hist1h4b, 
Hist1h4c  

control     20.14±0.2   21.6±0.4   3 179 

his-31 + <0.05 20.58±0.1  102.17 22.0±0.0 101.85 3 381 

control     21.83±0.2   23.6±0.4   3 353 

his-60 - <0.0001 20.46±0.1 93.72 22.0±0.0 93.22 3 382 

control     19.98±0.1   22.0±0.0   3 270 

his-18 + <0.001 20.78±0.2 104.02 22.0±0.0 100 3 301 

control     22.56±0.1   24.0±0.0   3 428 

his-64 + <0.0001 24.19±0.1 107.2 26.0±0.0 108 3 482 

control     20.90±0.3   22.4±0.4   3 324 

his-37 + <0.01 21.51±0.2 102.93 22.8±0.5 101.79 3 362 

control     20.36±0.1   21.6±0.4   3 296 

his-67 + < 0.0001 20.60±0.2 103.69 22.0±0.0 105.77 3 404 

control     20.36±0.1   21.6±0.4   3 296 

his-1 + <0.0001 21.34±0.1 104.8 22.8±0.5 105.6 3 385 

control     20.36±0.1   21.6±0.5   3 296 

his-5 + < 0.0001 21.52±0.2 105.68 22.8±0.6 105.56 3 399 

control     20.14±0.3   21.6±0.5   3 179 

his-38 0 0.23 20.35±0.2 101.07 22.0±0.0 101.85 3 336 

Ick, Mak 
control     20.14±0.2   21.6±0.4   3 179 

dyf-5 + <0.0001 22.39±0.2 111.17 24.0±0.0 111.11 3 283 

Idh3b 
control     19.92±0.1   21.6±0.4   3 373 

idhb-1 + <0.0001 21.42±0.1 107.55 23.2±0.5 107.41 3 367 

Ik 
control     20.90±0.3   22.4±0.4   3 324 

smu-2 + <0.0001 21.86±0.1 104.6 23.2±0.5 103.57 3 345 

Ipmk 
control     21.83±0.2   23.6±0.4   3 353 

ZK795.1 + <0.0001 24.59±0.3 112.64 26.8±0.5 113.56 3 193 

Las1l  
control      20.78±0.1   22.0±0.0   3 386 

Y6B3B.9  + < 0.0001 26.92±0.4 129.58 29.6±0.4 134.55 3 377 

Lgmn 
control     19.87±0.1   20.8±0.5   3 357 

T28H10.3 + <0.05 20.25±0.1 101.91 22.0±0.0 105.77 3 322 

Mettl18 
control     20.08±0.1   21.6±0.4   3 304 

K01A11.2 + <0.0001 20.97±0.1 104.42 22.0±0.0 101.85 3 359 

 

Table S2 continued  
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M. 

musculus  C. elegans  
Life 

Span p-value  
Mean 
Life 

Span 

Mean 
Life 

Span 

Maximum 
Life Span  

Maximum 
Life Span  

Number  
experiments  

Number 
worms  

Gene 
name 

Gene 
name (+/0/-) (versus 

control)  
days ± 
SEM 

(%) 

75th 
percentile 
(days) ± 

SEM 

75th 
percentile 

(%) 

Nme7 
control     21.67±0.1   24.0±0.0   3 415 

F55A3.6 + <0.001 22.25±0.2 102.7 24.0±0.0 100 3 232 

Nsun5 
control     20.08±0.1   21.6±0.4   3 304 

nsun-5 + <0.0001 21.49±0.1 107 22.6±0.4 104.63 3 366 

Ostf1 

control     19.92±0.1   21.6±0.4   3 373 

Y106G6H.14 + <0.05 20.37±0.1 102.27 22.0±0.0 101.85 3 363 

Pnn 
control     20.24±0.1   22.0±0.0   3 324 

R186.7 + <0.0001 22.56±0.1 111.48 24.2±0.2 110 3 300 

Ptges2 
control     19.77±0.1   20.8±0.5   3 379 

pges-2 + <0.0001 20.94±0.2 105.92 22.8±0.5 109.62 3 389 

Rtfdc1 
control     19.61±0.1   21.6±0.4   3 374 

tads-1 + <0.0001 21.43±0.1 109.26 23.6±0.4 109.26 3 408 

Snw1 
control     21.66±0.1   24.0±0.0   3 352 

skp-1 + < 0.0001 25.61±0.1 118.24 28.0±0.0 116.66 3 379 

Spna2, 
Spna1 

control     21.29±0.1   23.0±0.0   3 309 

spc-1 + <0.0001 22.17±0.1 104.11 23.4±0.4 101.74 3 393 

Syap1 
control     21.67±0.1   24.0±0.0   3 415 

C16C2.4 0 0.35 21.71±0.1 100.2 24.0±0.0 100 3 310 

Syf2 
control     20.78±0.1   22.0±0.0   3 386 

K04G7.11 - <0.0001 18.69±0.2 89.95 20.0±0.0 90.91 3 378 

Tollip 
control     20.90±0.3   22.4±0.4   3 324 

tli-1 - <0.01 20.23±0.2 96.79 21.6±0.4 96.43 3 253 

Wasl 
control     21.29±0.1   23.0±0.0   3 309 

wsp-1 + <0.0001 23.50±0.1 108.26 25.0±0.0 108.7 3 397 

 

 

  

Table S2 continued  
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Histone genes upregulated upon las1l/ Y6B3B.9 knockdown through RNA-
Seq    

 

DEGS Gene ID Wormbase description  
log2FC  

(Y6B3B.9 RNAi/L4440)  
5 days RNAi  FDR DESeq FDR edgeR 

C01B10.5 hil-7 H1 linker histone 4.65 5.4183E-199 1E-299 
F08G2.1 his-44 H2B histone 4.42 1.04226E-05 3.31029E-23 
ZK131.5 his-11 H2B histone 4.06 1.43042E-17 9.98197E-51 
ZK131.6 his-12 H2A histone 3.89 6.76709E-08 1.35133E-15 
ZK131.9 his-15 H2B histone 3.74 7.605E-06 1.09313E-19 
ZK131.8 his-14 H4 histone 3.57 8.82898E-08 2.88964E-15 
F08G2.2 his-43 H2A histone 3.42 1.20906E-06 2.83422E-11 
ZK131.10 his-16 H2A histone 3.07 0.00415383 1.64657E-06 
F54E12.4 his-58 H2B histone 3.00 1.6574E-47 8.1425E-118 
F55G1.3 his-62 H2B histone 2.92 5.23147E-68 2.0097E-109 
T23D8.5 his-67 H4 histone 2.92 1.22435E-63 6.74888E-97 

T10C6.12 his-3 H2A histone 2.80 5.09697E-05 8.76393E-11 
ZK131.4 his-10 H4 histone 2.77 0.00010319 9.7181E-10 
H02I12.6 his-66 H2B histone 2.75 1.41508E-27 5.7012E-69 
B0035.8 his-48 H2B histone 2.70 1.60539E-46 3.74253E-97 
ZK131.2 his-25 H3 histone 2.57 1.93134E-09 3.18568E-20 
ZK131.1 his-26 H4 histone 2.56 0.003820158 1.41552E-09 
ZK131.3 his-9 H3 histone 2.55 2.80188E-06 2.63141E-11 
ZK131.7 his-13 H3 histone 2.46 6.69341E-06 6.931E-11 

F54E12.5 his-57 H2A histone 2.44 2.87891E-10 6.72036E-22 
B0035.9 his-46 H4 histone 2.31 1.20327E-12 6.01237E-30 

F54E12.3 his-56 H4 histone 2.27 5.87798E-15 6.5793E-27 
F54E12.1 his-55 H3 histone 2.26 5.271E-12 6.84727E-25 
H02I12.7 his-65 H2A histone 2.25 9.70572E-05 1.63905E-13 
B0035.10 his-45 H3 histone 2.19 5.18386E-18 1.01001E-27 
B0035.7 his-47 H2A histone 2.14 3.09594E-21 1.14636E-42 
F22B3.1 his-64 H4 histone 2.13 3.6466E-14 1.51883E-31 

F55G1.11 his-60 H4 histone 2.01 1.07184E-35 7.27056E-61 
F22B3.2 his-63 H3 histone 1.95 2.19113E-11 1.90969E-20 
F55G1.2 his-59 H3 histone 1.91 2.33436E-23 1.01732E-39 

K06C4.10 his-18 H4 histone 1.78 0.008811275 8.38549E-06 
F55G1.10 his-61 H2A histone 1.40 7.54325E-05 4.92726E-09 
F17E9.10 his-32 H3 histone 1.39 8.85716E-05 6.42796E-10 
C50F4.13 his-35 H2A histone 1.22 1.38519E-19 1.1011E-35 
T23D8.6 his-68 H2A histone 1.21 4.29769E-10 1.11236E-18 
F45E1.6 his-71 H3 histone 1.12 3.95623E-08 2.47574E-16 
C50F4.7 his-37 H4 histone 1.07 4.36158E-12 6.22762E-22 
C30G7.1 hil-1 H1 histone  member 1.01 5.60676E-07 8.04232E-12 
C50F4.5 his-41 H2B histone 1.01 2.57604E-09 1.18148E-22 

 

Table S3  
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Lifespan analysis of all  remaining lifespan assays  

 

 

Strain  Genotype  RNAi  N Exclusions  p-value  Versus  Mean LS  
Max 
LS  

              ±SEM 75% 
N2 wild-type L4440 275 0     21.46±0.25 25 

N2 wild-type las1l/Y6B3B.9 220 0 <0.0001 L4440 28.96±0.34 31 
N2 wild-type L4440 199 0     9.05±0.20 12.5 

N2 wild-type las1l/Y6B3B.9 185 0 <0.0001 L4440 10.51±0.19 12.5 
CB1370 daf-2(e1370) L4440 174 36     38.46±0.60 44 
CB1370 daf-2(e1370) las1l/Y6B3B.9 66 145 <0.005 L4440 42.17±1.43 51 
CF1038 daf-16(mu86) L4440 260 0     15.14±0.14 17 

CF1038 daf-16(mu86) las1l/Y6B3B.9 238 0 <0.0001 L4440 17.92±0.24 19 
PS3551 hsf-1(sy3551) L4440 188 0     16.12±0.15 15 

PS3551 hsf-1(sy3551) las1l/Y6B3B.9 201 33 <0.0001 L4440 20.07±0.22 18 
CB4037 glp-1(e2141) L4440 237 16     26.63±0.35 32 

CB4037 glp-1(e2141) las1l/Y6B3B.9 238 8 <0.0001 L4440 32.11±0.42 38 
LD1325 atf-5 (tm4397) L4440 114 9     21.43±0.49 25 

LD1325 atf-5 (tm4397) las1l/Y6B3B.9 170 21 <0.0001 L4440 25.31±0.44 28 
EU1 skn-1(zu67) L4440 144 1     19.26±0.20 21 
EU1 skn-1(zu67) las1l/Y6B3B.9 114 11 <0.005 L4440 20.21±0.21 21 

RB754 aak-2 (ok524) L4440 175 0     17.23±0.19 20 
RB754 aak-2 (ok524) las1l/Y6B3B.9 188 1 0.011 L4440 17.90±0.21 20 

N2 wild-type L4440 176 7     22.30±0.28 25 

N2 wild-type 
L4440+ 

las1l/Y6B3B.9 168 5 <0.0001 L4440 25.63±0.37 29 

N2 wild-type L4440+let-363 225 7 <0.0001 L4440 25.02±0.35 29 

N2 wild-type 
let-363+ 

las1l/Y6B3B.9 153 4 0.39 
L4440+ 
let-363 25.48±0.42 29 

N2 wild-type L4440 168 0     21.39±0.37 25 

N2 wild-type 
L4440+ 

las1l/Y6B3B.9 210 34 <0.0001 L4440 26.87±0.31 31 

N2 wild-type L4440+cbp-1 355 0 <0.0001 L4440 14.33±0.05 14 

N2 wild-type 
cbp-1+ 

las1l/Y6B3B.9 420 0 0.41 
L4440+ 
cbp-1 14.32±0.06 16 

Table S4  
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Sequence for Gibson assembly for generating RNAi clones   

 

Primer name  Sequence (5' to 3')  
ZK795.1 Fwd TCCCCCGGGCTGTGACTAGCTTTTGGTGGC 
ZK795.1 Rev TCCCCCGGGACCAACGGAGATATGAGCTTGA 

C08H9.16_Fwd CCGGATATCTGGAGATGAGCCTTCAAGTAGC 
C08H9.16_ Rev CCGGATATCTCCTGATTACGGTACTTTTCTGACA 
F26F4.12_Fwd TCCCCCGGGACGATAAAAGAGGGCGTGGA 
F26F4.12 Rev TCCCCCGGGTGAATTTTATCATAAGTTCCCCGGT 
F55G1.11 Fwd TCCCCCGGGGGTTCAATGTGACTCCGCCT 
F55G1.11 Rev TCCCCCGGGCTAAAGAGGGCCGTTGGGTT 
K06C4.10 Fwd TCCCCCGGGTCCTTCACACCGCATAGTGG 
K06C4.10 Rev TCCCCCGGGGGGTTCGGTTGGTTTGTTGT 
R186.7  Fwd TCCCCCGGGTGTTAGTTGAAGAGCTTGAATCCG 
R186.7_ Rev TCCCCCGGGAGTTGTCTCTCCGTGGCTTG 

Y51H7C.5 Fwd TCCCCCGGGAATGGCCGCTGAAACTTGTC 
Y51H7C.5_ Rev TCCCCCGGGTTCGGATTAACCTGCCGAATC 
ZK673.2_Fwd TCCCCCGGGCTTTAATTTCCACTTTTTCAGCCG 
ZK673.2_ Rev TCCCCCGGGGCCGAGGCAAAATAATTGCT 

  

Table S5  



127 
 

2.3 Dietary carbohydrates impair healthspan 
and promote mortality  

 

Meenakshi Ravichandran1, 2, Gerald Grandl3, Michael Ristow1   

 

1Energy Metabolism Laboratory, Institute of Translational Medicine, Swiss 

Federal Institute of Technology (ETH) Zurich, Zurich-Schwerzenbach, CH 8603, 

Switzerland 

2Life Sciences Zurich Graduate School, Molecular and Translational Biomedicine 

Program 

3Institute for Diabetes and Obesity, Helmholtz Zentrum München, Garching, D-

85748, Germany  

 

Status : Published in Cell Metabolism  

             PMID: 28978421 DOI: 10.1016/j.cmet.2017.09.011  

 

 

 

 

 

 

 

 

 

 



128 
 

2.3.1 Abstract  
 
The prospective cohort study named PURE found in >135.000 participants from 18 

countries that nutritive carbohydrates increase human mortality, whereas dietary 

fat reduces it, requesting a fundamental change of current nutritional guidelines. 

Experimental evidence from animal models provides synergizing mechanistic 

concepts, as well as pharmacological options to mimic low-carb or ketogenic diets. 

2.3.2 Main Text  
 

�,�W���L�V���N�Q�R�Z�Q���V�L�Q�F�H���W�K�H�����������¶�V���W�K�D�W���J�O�R�E�D�O���U�H�G�X�F�W�L�R�Q���R�I���I�R�R�G���X�S�W�D�N�H�����V�R-called calorie 

restriction, extends lifespan of rodents, other model organisms including rhesus 

monkeys and possibly humans, due to an interacting set of experimentally 

established mechanisms. By contrast and based on observational coincidence 

rather than prospective causality, dietary recommendations to maintain human 

health have selectively focused on reduction of nutritive fats, specifically of 

�V�D�W�X�U�D�W�H�G���W�U�L�J�O�\�F�H�U�L�G�H�V���F�R�Q�W�D�L�Q�H�G���Z�L�W�K�L�Q�����V�L�Q�F�H���W�K�H�����������¶�V�����$�Q���L�Q�F�U�H�D�V�L�Q�J���Q�X�P�E�H�U���R�I��

prospective studies in large cohorts of humans in the last two decades have 

repeatedly questioned this practice, but remained widely unnoticed in the general 

public but also major parts of the scientific community.  

Recently, the findings of the PURE study consisting of >135,000 individuals 

recruited from 18 countries of different developmental stages world-wide has been 

published [1]. While clinical parameters, socio-economic factors, and detailed food 

and exercise questionnaires were obtained during initiation of the study, and 

individuals with pre-existing cardiovascular diseases (but not diabetes) were 

excluded, after a median follow-up of 7.4 years, together more than 10,000 deaths 

or events like myocardial infarction or stroke had occurred. These were then 

statistically correlated with the parameters at initiation. The authors find that 

carbohydrate intake was associated with increased total mortality. By contrast, any 

(saturated / monounsaturated / polyunsaturated) type of dietary fat reduced the 

likelihood to die. Moreover, there was no link to cardiovascular events or related 

mortality, except for saturated fats which were unexpectedly associated with a 
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�O�R�Z�H�U�� �U�L�V�N�� �R�I�� �V�W�U�R�N�H���� �&�R�Q�V�L�V�W�H�Q�W�O�\���� �W�K�H�� �D�X�W�K�R�U�V�� �F�R�Q�F�O�X�G�H�� �W�K�D�W�� �³�J�O�R�E�D�O�� �G�L�H�W�D�U�\��

�J�X�L�G�H�O�L�Q�H�V���V�K�R�X�O�G���E�H���U�H�F�R�Q�V�L�G�H�U�H�G�´���>���@���� 

Most dietary carbohydrates relevant for human nutrition contain the 

monosaccharide D-glucose as a key building block which consequently is 

transported into the blood to exert release of insulin from the pancreatic beta-cells. 

Glucose is ultimately transported into and metabolized within multiple cell types in 

a partly insulin-dependent fashion. Impaired insulin and/or insulin-like growth factor 

1 (IGF-1) signaling has been shown to extend lifespan of various model organisms 

([2] and follow-ups). The glucose-induced release of insulin to activate the 

corresponding signaling cascade may be considered the key reason as to how 

increased carbohydrate uptake promotes mortality. Conversely, hyperinsulinemia 

not only is a hallmark of lifespan-impairing type 2 diabetes, but specifically 

promotes malignant growth as reflected by an increased incidence of cancers in 

diabetics. Notably, while the PURE study could not establish an increase in 

mortality from cardiovascular causes (see above), the observed increase in global 

mortality likely is related to the second-frequent cause of death, namely cancers, 

in states of high-carbohydrate uptake.  

From a therapeutic perspective, if carbohydrates are relevant factors in 

promoting mortality, then not only reduced uptake of these but also inhibition of 

carbohydrate uptake or glucose catabolism should extend lifespan. This has been 

experimentally tested:  

(i) The conversion of D-glucose into metabolic intermediates, namely 

glycolysis, can be inhibited by compounds like (the highly efficient but rather toxic) 

2-deoxy-D-glucose, or (the less efficient but completely harmless) D-glucosamine 

(GlcN). The latter is widely used to treat arthrosis with the questionable claim of 

inducing cartilage regeneration. Both compounds have been shown to extend C. 

elegans lifespan [3, 4], while only GlcN extends lifespan in rodents [4]. Notably, 

GlcN uptake has been also associated with reduced mortality in a large human 

cohort [5].  

(ii) Acarbose is an inhibitor of alpha-glucosidase, an enzyme that 

releases D-glucose from complex nutritive carbohydrates, most importantly starch, 

in the intestine. It is used for the treatment of diabetics to prevent absorption of 
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�F�D�U�E�R�K�\�G�U�D�W�H�V�� �I�U�R�P�� �W�K�H�� �J�X�W�� �V�L�Q�F�H�� �W�K�H�� ���������¶�V���� �&�R�Q�V�L�V�W�H�Q�W�� �Z�L�W�K�� �W�K�H�� �U�R�O�H�� �R�I��

carbohydrates in impairing health, acarbose has been shown to extend lifespan of 

mice [6].  

(iii) Inhibitors of the renal sodium-glucose co-transporter 2 (SGLT-2) 

promote removal of D-glucose from the blood via the urine. These rather newly 

developed inhibitors are being used for the treatment of diabetics. Potential effects 

on lifespan of model organisms or humans have not been published to date but 

appear warranted.   

(iv) The antidiabetic compound metformin, which is currently under 

prospective investigation in regards to lifespan extension (TAME study), exerts its 

action by reducing glucose production (gluconeogenesis) from the liver, and hence 

to cause a reduction in circulating blood glucose.   

Next, a number of studies has evaluated the effects of specific macronutrients 

on lifespan, initially in S. cerevisiae [7], subsequently in C. elegans ([3] and follow-

ups), and mice. Out of the latter, two studies in the previous issue of Cell 

Metabolism have studied this in mice starting at 12 months of age. In regards to 

the PURE study most notably, the almost complete removal of carbohydrates 

(<1%) from the diet to generate a ketogenic diet extended lifespan compared to a 

high-carb diet. However, reconstituting only 10% energy of the ketogenic diet by 

sugar abolished this effect [8], suggesting that specifically sugar (rather than 

carbohydrates in general) has the most relevant effect on lifespan. Along this line 

it is also interesting to note that when nutritive sugar content is kept constant, a 

different (and less extreme) high-carb diet exerts the best effects on murine 

lifespan. By contrast, a high-fat diet still containing the same amount of sugar but 

no other carbs reduced lifespan slightly. Lastly, when combining high-fat and high-

carb components from the two previous diets the worst effect on lifespan was 

observed [9]. Moreover, lifespan extension in mice was also obtained when dietary 

protein was replaced by carbs, possibly independent of the total uptake in calories 

[10].  Taken together, these studies suggest that dietary sugar may be one 

important, but not the only nutritional factor in limiting healthspan in rodents, hence 

additional studies are definitely required to establish firm evidence in model 

organisms.  
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The PURE study has already been criticized for misleadingly generalizing a 

statistical effect that may be also due to confounding factors. Specifically, income-

and geography-dependent nutritional habits of specific subgroups would not be 

applicable to Westernized high-income societies (which however had been 

included into PURE). Indeed, the authors did not analyze which specific source of 

carbohydrates (e.g. sugar/refined carbs versus whole-grain products) may 

contribute to the detrimental effects of carbs observed, especially since income 

and wealth do impact the quality of dietary choices significantly. This criticism, 

however, misses the fact that a (not immediately accessible) re-analysis 

additionally adjusting for household income and wealth, as well as for 

socioeconomic status of the respective country, did not affect the key observations 

of the study by any means (appendix, p. 34 of [1]).  

Taking the body of preceding evidence both from model organisms as well as 

human epidemiology into account we therefore believe that current nutritional 

recommendations in regards to macronutrients, but most importantly re. refined 

carbs and sugar, should indeed be fundamentally reconsidered. Moreover, 

pharmacological options to mimic low-carb nutrition (i.e., without the need for an 

actual reduction of carbohydrate intake) may offer a promising approach easier to 

obtain than achieving changes in nutritional habits of the general population.   

 

Figure 1: Factors, Modulators and Executers of Carbohydrate-Mediated Healthspan 

Regulation.  A) Physiological and environmental factors that may regulate healthspan in 
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relation to carbohydrate uptake or glucose catabolism. B) Therapeutic modulators of the 

individual factors depicted above. C) Selected mechanistic regulators that cumulatively 

mediate the downstream execution of A) and B), respectively. 

2.3.3 Author contributions  
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3 Summarizing discussion  
In this chapter, I would like to summarize the key findings in light of previous studies 

and discuss the conclusions of individual studies in a broader perspective. I will 

also explore the common threads between the studies, potential bottlenecks, and 

outlook for future research directions. 

Genome-wide screening approaches done previously identified genes 

regulating aging in simple organisms [1-4]. Most of the genes identified were 

involved in oxidative phosphorylation, caloric restriction, and insulin-like pathway 

but they also included a number of novel players involved in signaling, chromatin 

regulation, translation, and metabolism. Moreover, the different RNAi screens in C. 

elegans identified mostly non-overlapping gene sets extending lifespan, indicating 

that such screens are not saturated and far from comprehensive [5].  

The advent of omics technology mainly through RNA-seq enables high 

throughput comparison with age and amongst different species. Transcriptional 

profiling of human muscles across age found age-dependent regulation of genes 

associated with extracellular matrix, ribosomes, cell growth components and 

mitochondrial electron transport chain [6]. Similar studies have been done to 

decipher age-associated changes in other human tissues including the brain [7-9]. 

Meta-analysis of age-related gene expression from mice, rat, and human dataset 

revealed pathways related to inflammation, mitochondria, lysosomal function, and 

extracellular matrix as top annotation clusters [10]. However, these studies did not 

involve further characterisation on how individual players affect health.   

Furthermore, these high throughput methods still do come with considerable 

limitations including statistical limitations leading to false positives and negatives, 

and biological limitations including variability amongst individuals, tissue specificity 

etc. [11]. Hence, this necessitates functional validation of the candidates and 

mechanistic understanding of downstream pathways in lower organisms to then 

subsequently test them in higher vertebrate systems.  

Here, we identify genes based on a trans-species approach clustering 

consistently regulated genes across different organisms using either three species 

(C. elegans, D. rerio, M. musculus) or four different species (C. elegans, D. rerio, 
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N. furzeri,  M. musculus). These genes were ranked based on degree of lifespan 

extension and gcat/T25B9.1, las1l/Y6B3B.9 emerged as strong candidates for 

further investigation.    

In our first study, we observe a lifespan extension upon knockdown of 

gcat/T25B9.1, hormetic role of methylglyoxal, MGO (and ROS) in promoting stress 

defence and increased proteasome activity. Previously, the role of gcat/T25B9.1 in 

C. elegans has not been described except in one study where transgenic worm 

overexpressing human �.-synuclein increased gcat/T25B9.1 expression [12]. 

Interestingly, GCAT was downregulated in elderly human fibroblasts- similar to 

what we observe with age in nematodes, zebrafish, and mice [13]. A recent study 

developed a GCAT knockout mice and discovered that it is not embryonic lethal 

with no macroscopic abnormalities, showing it is not developmentally required [14]. 

However, no functional characterization was done and hence further studies are 

required to understand if/how it modulates aging and health in this mouse model.  

We show that knockdown of gcat/T25B9.1 produces MGO and ROS in 

nematodes. MGO being a highly reactive �.-ketoaldehydes, interacts with the side 

chains of amino acids mainly to arginine and lysine to form AGEs including 

hydroimidazolones (MG-Hs), carboxyethyllysine (CELs), carboxymethyllysine 

(CMLs) and argpyrimidines. Here, we uncover the hormetic nature of MGO and 

that it activates downstream stress response pathways at low concentrations. This 

hormetic role of MGO has reassuringly been observed in other model systems. In 

yeast, preconditioning with MGO enhances survival to insults with higher 

concentrations of MGO and reduces the level of protein adducts through the 

induction of heat shock chaperones [15]. Low concentrations of MGO increased 

neuronal viability, excitability whereas higher concentrations were cytotoxic in 

primary neurons isolated from mice [16].  Physical exercise, a known inducer of 

ROS has a biphasic response on parameters including on the redox profile and 

MGO related dicarbonyl protein damage in rodent brain [17, 18]. However, a 

number of age-related diseases including diabetes, neuropathy and 

neurodegenerative diseases are associated with high levels of MGO and 

associated AGEs [19-21]. Moreover, MGO was first tested as an anti-cancer agent 

in 1960s, but it did not gain a lot of momentum as treatment strategy potentially 

due to its high cytotoxicity to normal cells [22]. Recent studies indicate that cancer 
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cells also show a biphasic response with the low dosage having a  pro-tumour 

growth with increased adaptation to stress through activation of Nrf2 [23, 24]. MGO 

per se induces ROS though unclear mechanisms, potentially through inhibition of 

glutathione peroxidase and mitochondrial respiratory complexes [25-27]. Taking 

these together, it remains challenging to find the Goldilocks zone in vivo and to 

develop anti-aging strategies based on hormesis. However, the findings from our 

study call into question the administration of antioxidants, and MGO scavengers in 

healthy aging.  

Furthermore, we find that the SKN-1/Nrf is key for the downstream stress 

response invoked through increased proteasomal defence. Activators of this 

transcriptional factor by small molecules such as sulforaphane have a number of 

health benefits including attenuating nephropathy, anti-inflammatory properties, 

reducing protein carbonylation and AGEs [28]. The enhancement of proteasome 

that we observe could either be due to the increased amount of damaged proteins 

�R�U�� �P�R�U�H�� �S�R�V�V�L�E�O�\�� �G�X�H�� �W�R�� �D�� �³�E�R�X�Q�F�H-�E�D�F�N�� �U�H�V�S�R�Q�V�H�´�� �Z�K�H�U�H�E�\ the inhibition of 

proteasome induces a compensatory upregulation, which is observed in a number 

of systems [29-31]. The latter is a more likely explanation for hormesis, given that 

MGO glycates some of the proteasome subunits by itself [32]. The proteasome 

activity positively correlates with increased stress resistance and longevity, and 

screening for pharmacological activators of proteasome offers a potential strategy 

against proteotoxicity in normal aging, neurodegeneration, and hyperglycaemia 

[32-34�@�����*�L�Y�H�Q���W�K�H���³�E�R�X�Q�F�H-�E�D�F�N���U�H�V�S�R�Q�V�H�´�����L�W���Z�R�X�O�G���E�H���L�P�S�R�U�W�D�Q�W���W�R���V�Wudy the long-

term vs short-term effects on the administration of modulators of proteasome while 

developing interventions. 

In our next study, we show that the downregulation of strongest candidate from 

our four species screen, las1l/Y6B3B.9 improves lifespan and reduces protein turn 

over in C. elegans.  Translation directly affects the proteostasis of the cell and 

hence signaling pathways affecting cell growth including PI3K/Akt, TOR pathway 

integrates mitogenic cues to regulate it. Reduction of ribosomes and translation 

inhibitions as discussed earlier increase lifespan in different species including 

yeast, worms and fruit flies [4, 35-40]. Conversely, there is an increase in ribosomal 

biogenesis/protein synthesis in quiescent fibroblasts from patients with 

Hutchinson-Gilford progeria syndrome, a premature aging disorder [41]. Moreover, 
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the size of nucleolus (site of ribosomal biogenesis) correlates with age in healthy 

human fibroblasts and smaller nucleoli predict longevity in C. elegans [41, 42]. 

Other modifications of rRNA including reduction of methylation through knockdown 

of nsun-5 increase lifespan and confer stress resistance to yeast, nematodes, and 

flies [43]. Interestingly, the same gene came up as one of candidates in our four 

species analysis and we observed lifespan extension upon knockdown. These 

evidences highlight a direct role of protein synthesis in lifespan regulation. 

However, how this modulation of ribosomes and reduced translation extends 

lifespan still remains unclear. Overall, the translation inhibition is thought to be an 

example of antagonistic pleiotropic phenotype, whereby genes conferring 

beneficial effects early on may have deleterious effect later (post-reproductive) 

period due to reduced selective pressure. Under normal conditions favourable 

conditions, there is an increased need for proteins for growth and reproduction. 

Moreover, translation is one of the most energy consuming process and hence its 

reduction would lead to increased overall energy availability for repair and 

maintenance [44]. However, in our model of translation inhibition by las1l/Y6B3B.9 

RNAi we see almost complete dependence on aak-2, the regulatory subunit of 

AMPK. This indicates an active energy depletion and it further supported by 

downregulation of oxidative phosphorylation, TCA cycle we observe in the 

transcriptome profile. Further experiments including studying AMPK activation, 

ATP content, oxygen consumption rate are required to confirm this. Environmental 

conditions tightly modulate protein synthesis, downregulating it upon unfavourable 

conditions, and concomitantly increases stress resistance. This is supported by a 

number of experimental findings whereby reducing protein levels boosts the 

response to heat and oxidative stress. The depletion of large ribosomal subunit 

increases the replicative lifespan of S. cerevisiae dependent on transcription factor 

GCN4 through its preferential translation [36, 45]. The analogous C. elegans 

transcription factor, atf-5 is responsible for extension of translation inhibition 

through cyclohexamide (Ewald, personal communication). However, we see an 

independence of atf-5 for las1l/Y6B3B.9 knockdown effect indicating either a 

divergence in downstream pathways upon different modes of translation inhibition 

or other non-translation roles of las1l/Y6B3B.9.   



137 
 

The cellular stress response can be mediated through multiple mechanisms 

including modification of chromatin architecture. In a recent study, the 

mitochondrial stress and histone stress through knockdown of cco-1, a subunit of 

mitochondrial respiratory chain complex IV and his-3, a H2A histone increases 

levels of histones proteins H3 protein and chromatin remodelers  [46]. Here, we 

observe an upregulation of histones as a consequence of las1l/Y6B3B.9 inhibition. 

Further experiments need to be done to understand if it is a special case with 

las1l/Y6B3B.9 or if it is a common feature of translation inhibitions at other stages 

including initiation and elongation steps.  

There are a number of extra-ribosomal function of ribosomal proteins whereby 

it interacts with other non-ribosomal components of the cell and exhibits different 

physiological functions [47, 48]. A study on ribosomal protein L22 in D. 

melanogaster showed that it co-localized, co-purified with histone and 

overexpression of either resulted in suppression of the same set of genes [49]. 

Given the localization of Las1L in both the nucleolus and nucleoplasm, it would be 

interesting to understand its role apart from that of ribosomal biogenesis. The next 

steps would be to study the interaction partners of las1l/Y6B3B.9 through pull-down 

studies to check for interaction partners. We also need to check for the functional 

relevance of gene expression profile to lifespan extension phenotype observed 

upon las1l/Y6B3B.9 and chemically blocking the action of cbp-1. It would also be 

interesting to understand the tissue specific knockdown to understand which 

contribute to lifespan extension and to further understand if there exists a cross-

talk between translation state to the chromatin state.  

On a more global scale, it is not clear if the direct inhibition of translation 

extends lifespan in mammals. However, the knockout of ribosomal S6 kinase, 

which reduces translation, extends the median lifespan by 9% relative to wildtype 

mice [50]. One potential problem of inhibition of translation is that it might cause 

p53-dependent cell cycle arrest and a subsequent induction of senescence [51]. 

Hence, it would be particularly interesting to study these processes in post-mitotic 

cells such as in neurons and in degenerative diseases.  Furthermore, the 

phenotype could vary between cell types, potentially with the nature and degree of 

inhibition playing a vital role.  
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Taken together, these studies indicate genetic modulators of lifespans in C. 

elegans. Further studies are necessary to understand the conservation of these 

genetic pathways and downstream mechanisms in higher organisms.  Moreover, 

our study further highlights the role of protein homeostasis in aging. Loss of 

proteostasis is one of the primary hallmarks of aging and age-associated disease 

[52]. The enhancement of proteostasis through higher quality control via 

proteasome or reducing the protein synthesis strongly impacts the healthspan. 

Hence, perturbations to affect the same needs to be tested in mammalian context. 
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Abstract  

Ageing has been defined as a global decline in physiological function depending 

on both environmental and genetic factors. Here we identify gene transcripts that 

are similarly regulated during physiological ageing in nematodes, zebrafish and 

mice. We observe the strongest extension of lifespan when impairing expression 

of the branched-chain amino acid transferase-1 (bcat-1) gene in C. elegans, which 

leads to excessive levels of branched-chain amino acids (BCAAs). We further 

show that BCAAs reduce a LET-363/mTOR-dependent neuro-endocrine signal, 

which we identify as DAF-�����7�*�)������ �D�Q�G�� �W�K�D�W�� �L�P�S�D�F�W�V�� �O�L�I�H�V�S�D�Q�� �G�H�S�H�Q�G�L�Qg on its 

related receptors, DAF-1 and DAF-4, as well as ultimately on DAF-16/FoxO and 

HSF-1 in a cell-non-autonomous manner. The transcription factor HLH-15 controls 

and epistatically synergizes with BCAT-1 to modulate physiological ageing. Lastly 

and consistent with previous findings in rodents, nutritional supplementation of 

BCAAs extends nematodal lifespan. Taken together, BCAAs act as periphery-

derived metabokines that induce a central neuro-endocrine response, culminating 

in extended healthspan. 

Introd uction  

While the process of aging has been fascinated humankind for several thousands 

of years, interventions that reproducibly delay physical decline have first been 

described less than a century ago [1, 2]. With the rise of genetic methods, specific 

pathways that control the process of aging have been identified and analyzed, 

giving rise to novel approaches to improve quality of life at higher age [3, 4]. 

The first systematic studies to identify random mutations associated with 

longevity were performed in the model organism C. elegans [2]. Subsequently, 

other organisms including Saccharomyces cerevisiae, Drosophila melanogaster, 

rodents and more recently several fish models were employed to dissect genetic 

pathways linked to physiological aging. The best-studied one is the insulin/IFG-1 

signaling pathway that has been identified in C. elegans to extend lifespan [5, 6]. 

This role has then been extended to other organisms including Drosophila [7, 8] 

and rodents [9-11]. Given its evidently conserved nature, it was anticipated and 

subsequently confirmed that this pathway may impact human longevity as well [12-
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14]. While this and few other signaling pathways mediated by AMPK [15], mTOR 

[16, 17], sirtuins [18] or reactive oxygen species (ROS) [19, 20] are evolutionary 

conserved, multiple others appear restricted to individual model organisms with 

little or no impact to mammals nor humans.  

Concomitantly, unbiased screening approaches to identify aging-associated 

genes and pathways have been performed for single model organisms indicating 

that approximately 1 per cent of coding genes may impact the lifespan of 

nematodes [21, 22]. Subsequently and to identify conserved pathways that may 

apply to several species, two invertebrate model organisms have been compared 

[23], and genes identified in S. cerevisiae have been, at least in part, found to be 

conserved in C. elegans [24].  

We here have extended these approaches by comparing aging-related gene 

expression patterns in three different organisms, namely C. elegans, zebrafish and 

mice, to identify aging-related regulations of gene expression levels. We identify a 

crucial step for the catabolism of BCAAs, encoded by a gene named branched-

chain amino acid transferase 1 (bcat-1) to be consistently regulated in three 

different organisms, and dissect the signaling role of BCAAs in C. elegans to 

promote increased healthspan. 

Results  

Identification of aging -related genes in three species  

We have studied three well-established model organisms, the invertebrate 

nematode C. elegans, the vertebrate fish D. rerio, and the mammalian M. musculus 

strain C57BL/6J, to identify genes that are similarly regulated on a transcriptional 

level during physiological aging. We obtained skin samples from individual 

zebrafish and mice, as well as pellets containing approximately 2000 C. elegans 

Bristol N2, at three different ages (see Fig. 1 for details). RNA was extracted from 

these samples and subjected to Illumina next-generation sequencing (RNA-seq). 

About 13 to 82 million reads were obtained for each individual sample 

(Supplementary Data 1-3). Data analysis had to be restricted to genes for which 

orthologs could be identified in all three species (C. elegans: 4,850; D. rerio: 6,064; 

M. musculus: 5,904) (Fig. 1). Those with transcript levels showing statistically 



150 
 

significant differences by both DESeq and edgeR at least between two time points 

or by the baySeq test over the three time points were regarded as differentially 

expressed genes (DEG; C. elegans: 3,608; D. rerio: 1,721; M. musculus: 339) 

(Supplementary Data 1-3). All DEGs were combined and the expression profiles 

optimally clustered into six courses, two of which each showed global up- or down-

regulation with aging, respectively (Fig. 2 and Suppl. Fig. 1). We identified 13 genes 

to be up-regulated during aging in all three species, while 16 genes were found to 

be down-regulated (Fig. 2).  

 

Figure 1:  Sample acquisition and data processing scheme of the trans-species screening 

approach. RNAs of each sample were sequenced. After passing quality control and sample 

clustering, the sequences were mapped to the referring genome. The number of reads of 

the result ing annotated genes were used for statist ical evaluation. Commonly regulated 
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genes over the three species were subsequently tested individually for putative impact 

on lifespan in C. elegans. 

 

Figure 2:  A trans-species screening approach to identify aging�tassociated genes. (A) 

depicts species subjected to RNA extraction at three different ages. (B) depicts relative 
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RNA transcript levels uniformly up-regulated during physiological aging. (C) depicts 

relative RNA transcript levels uniformly down-regulated during physiological aging. (D) 

and (E) show results of Venn analysis from genes identified in (B) and (C), respectively. C. 

elegans results are show in black, D. rerio in green, and M. musculus in blue. 

RNAi -based validation of aging -related genes in C. elegans  

�(�I�I�H�F�W���R�Q���O�L�I�H�V�S�D�Q �8�S���U�H�J�X�O�D�W�H�G��
�J�H�Q�H�V �'�R�Z�Q���U�H�J�X�O�D�W�H�G���J�H�Q�H�V 

�V�K�R�U�W�H�Q�H�G �V�P�D���������P�R�G��������
�P�I�E���� 

�F�D�O�X���������V�S�G�V���������V�V�T��
�������D�F�W���������I�D�W���������D�F�W���� 

�X�Q�F�K�D�Q�J�H�G �P�U�S���������F�I�W��������
�0���������������F�K�W���� 

�F�S�Q���������W�E�D���������L�I�D��������
�R�V�W���������V�V�T���������V�V�T���������L�I�F���� 

�H�[�W�H�Q�G�H�G���������� �<�����*�����%����������
�=�&���������� 

�S�O�N���������W�E�D���������L�I�E��������
�)�����$�����������L�I�E���������L�I�F���������F�\�E��

������ 
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�Q�G�N���������L�I�G���������W�E�D���������L�I�D��������

�W�U�\���������L�I�S���� 

Table 1: Effects of individual RNAis on C. elegans lifespan 

All of these 29 genes and 12 additionally predicted paralogs (Supplementary Table 

1) were individually targeted by feeding respective RNAi to young adult worms, 

revealing that 30 out of 41 genes (73%) have an individual effect on life expectancy 

in worm (Table 1, Figs. 3-6 and Supplementary Table 2). 

Out of the 30 genes, interference with twelve genes did extend mean lifespan 

by 5% or more (Table 1 and Supplementary Table 2). The most pronounced 

extension of lifespan was observed when applying RNAi against a crucial step for 

the catabolism of BCAAs, encoded by a gene named branched-chain amino acid 

transferase 1 (bcat-1). 
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Figure 3:  Lifespan analyses in C. elegans for validation of impact on aging with 

significantly increased lifespan (>5%). Panels (A-K) depict l ifespan assays following RNAi 

treatment during adult l ife with control vector (black) or RNAi against the respective gene 

(blue) start ing at L4 larvae stage. For p-values and number of experiments see 

Supplementary Table 2. Note that results for bcat -1 have been omitted since shown 

subsequently. 
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Figure 4:  Lifespan analyses in C. elegans for validation of impact on aging with 

significantly increased lifespan (<5%). Panels (A-I) depict lifespan assays following RNAi 

treatment during adult l ife with control vector (black) or RNAi against the respective gene 

(blue) start ing at L4 larvae stage. For p-values and number of experiments see 

Supplementary Table 2. 
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Figure 5:  Lifespan analyses in C. elegans for validation of impact on aging with no 

significant effect on lifespan. Panels (A-K) depict l ifespan assays following RNAi 

treatment during adult l ife with control vector (black) or RNAi against the respective gene 

(blue) start ing at L4 larvae stage. For p-values and number of experiments see 

Supplementary Table 2. 
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Figure 6:  Lifespan analyses in C. elegans for validation of impact on aging with 

significantly shortened lifespan. Panels (A-I) depict l ifespan assays following RNAi 

tr eatment during adult l ife with control vector (black) or RNAi against the respective gene 

(blue) start ing at L4 larvae stage. For p-values and number of experiments see 

Supplementary Table 2. 

Impaired bcat -1 expression extends C. elegans  lifespan  

Applying RNAi against bcat-1 did abolish expression of the gene (Fig. 7A) and 

extended mean lifespan by 25 % and maximum lifespan by 19 %, reflecting the 

strongest effect of all genes identified (Fig. 7B, Figs. 3-6, Supplementary Table 2 

and ). We next re-analyzed our RNA samples using quantitative PCR to validate 

the RNA-seq results, and confirmed the down-regulation of bcat-1 transcript levels 

during physiological aging in all three species (Fig. 7C). Additional support for the 

important role of BCAT-1 during aging comes from an analysis of differentially 

regulated metabolic pathways during aging in C. elegans, in which we found that 

the degradation of BCAAs, whose first step is catalyzed by BCAT-1, was the most 
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significantly down-regulated pathway (26 out of 29 BCAA-metabolizing reaction 

steps, Suppl. Table 3). Moreover, published metabolomics-based evidence 

suggest that BCAAs are up-regulated in long-lived daf-2 nematodes in a daf-16-

�G�H�S�H�Q�G�H�Q�W���P�D�Q�Q�H�U���³�P�D�N�L�Q�J���W�K�H�P���V�W�U�R�Q�J���F�D�Q�G�L�G�D�W�H�V���I�R�U���E�H�L�Q�J���F�D�X�V�D�O�O�\���L�Q�Y�R�Oved in 

longevity [25] while a putative role of bcat-1 has not been analyzed in this regard. 

Taken together these findings suggest that bcat-1 expression may promote aging, 

and that aging organisms may endogenously down-regulate this gene, potentially 

to counteract aging across species. 

 

Figure 7: Validation and characterization of bcat-1 as an aging-related gene. (A) shows 

bcat-1 RNA levels in whole worm RNA extracts after treatment of C. elegans with RNAi 

against bcat-1 (red bar) versus control RNAi (open bar) �~�‰�D�ì�X�ì�ì �í �U�� �^�š�µ�����v�š�[�•�� �š-test, n=3). 
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(B) depicts the effect of bcat-1 RNAi (red) versus control (black) on lifespan (p<0.0001, 

log-rank test, n=3). (C) depicts quantitative PCR results (grey) in comparison to RNA-Seq 

results (black)(samples as depicted in Fig. 1C) (p<0.05 versus first t ime point; one-way 

ANOVA, n=3). (D) shows a Venn analysis of transcripts that are regulated by physiological 

aging (blue) and bcat-1 RNAi treatment (red), respectively. (E) shows transcript levels as 

in (d) quantitatively (p<0.001, correlation, n=3).  (F) to (I) depict bcat-1 RNAi-treated (red) 

versus control (open) nematodes regarding (F) aging pigments �~�‰�D�ì�X�ì�ì �í�U�� �^�š�µ�����v�š�[�•���š-test, 

n=8), (G) progeny �~�‰�A�ì�X�ó�U�� �^�š�µ�����v�š�[�•�� �š-test, n=10), (H) maximum crawling speed (p<0.05, 

�^�š�µ�����v�š�[�•�� �š-test, n=5), as well as changes in whole-worm amino acid concentrations as 

determined by (I) HPLC (*p<0.05, **p<0.01, *** p<0.001 versus control, one-way ANOVA, 

n=4), and (J) mass spectrometry (*p<0.05, **p<0.01, *** p<0.001 versus control, one-way 

ANOVA, n=4). Error bars represent the means ± SD.  

 

We next applied RNA-Seq to nematodes exposed to bcat-1 RNAi for five days, 

and analyzed the number of genes consistently regulated during physiological 

aging (Fig. 2) as well as in the state of bcat-1 impairment . We found that 

physiological aging and bcat-1 impairment affects differentially expressed genes 

(DEGs) similarly where 45.8 % (physiological aging) and 54 % (bcat-1 RNAi) of the 

respective DEGs overlapped (Fig. 7D). Moreover, we found that physiological 

aging and bcat-1 RNAi up- or downregulate the same DEGs, respectively: while 

1700 DEGs were up- and 1378 DEGs were down-regulated in the same direction, 

only 619 and 822 DEGs were regulated in an opposing manner (Fig. 7E), 

respectively. Lastly, statistical analysis revealed a highly significant (MonteCarlo, 

p=0.00099) correlation between DEGs of normal aging versus bcat-1 RNAi, 

suggesting a global functional relevance of BCAT-1 for the process of physiological 

aging.   

Impairing bcat -1 expression promotes C. elegans  healthspan  

We next aimed at quantifying a number of aging-associated parameters, including 

the accumulation of previously established aging pigments [26], which was 

observed to be reduced in 13 days-old nematodes exposed to bcat-1 RNAi (Fig. 

7F). While interventions to extend lifespan typically reduce fecundity, we did not 

observe such effect of bcat-1 RNAI treatment (Fig. 7G and Suppl. Fig. 2A). In 

addition, we quantified maximum movement speed of nematodes and found 
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impairment of bcat-1 expression to increase this parameter (Fig. 7H). Hence, 

reduced bcat-1 expression extends lifespan without affecting fecundity, reduces 

aging pigments, and promotes physical activity, consistent with increased health. 

Impairing bcat -1 expression increases BCAAs  

We next questioned whether blocking bcat-1 expression would affect accumulation 

of its substrates, namely L-leucine, L-isoleucine, and L-valine. Consistent with the 

biochemical role of the enzyme BCAT-1, all three BCAAs were found to be 

increased by 158 % or more (L-val+167%, L-ile +158%, L-leu +225%), while L-

alanine, L-glutamine and L-glutamate were found to be slightly decreased (Fig. 7I), 

possibly resembling anaplerotic refueling of the Krebs cycle, while other amino 

acids remained unchanged (Suppl. Fig. 2B). The increase in BCAAs was 

independently confirmed using mass spectrometry-based metabolomics (Fig. 7J). 

The latter methodology in addition indicated a metabolic shift in bcat-1-impaired 

worms (Supplementary Data 4), further corroborated by RNA-seq pathway 

analysis of such nematodes (upregulated: Neuro-active ligand-receptor interaction 

[cel04080]; downregulated: TGF-beta signaling pathway [cel04350], Oxidative 

phosphorylation [cel00190], BCAA degradation [cel00280]), both in comparison to 

wild type controls, at an age of five days. 

Increasing BCAA levels promotes C. elegans  longevity  

Based on the findings on increased BCAA levels (Fig. 7I, J), we then exposed wild-

type N2 nematodes to the BCAA L-leucine at a concentration of 5 mM, while L-

alanine served as a control. While L-alanine had no effect on C. elegans lifespan, 

L-leucine did promote longevity (Fig. 8A, Suppl. Table 4, applies to all subsequent 

lifespan analyses) however to a lesser extent than bcat-1 RNAi (Fig. 7B). Similar 

results were obtained for the remaining BCAAs, namely L-isoleucine (Suppl. Fig. 

2C) and L-valine (Suppl. Fig. 2D). These findings suggest that impaired bcat-1 

expression may promote lifespan, at least in part, by increasing organismal levels 

of different BCAAs.  

We next tested whether and to which extent known transcriptional executers 

of lifespan-extending interventions may contribute to the phenotype by performing 

epistasis experiments. While the NRF2/SKN-1 pathway appears dispensable for 

the bcat-1 RNAi- as well as the L-leucine-mediated lifespan extension (Suppl. Fig. 
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2E, F), both FoxO/DAF-16 and HSF-1 appear to be epistatically relevant, since 

impairment of hsf-1 abolished lifespan extension (Fig. 8B, Suppl. Fig. 2G), and 

impaired daf-16 expression reduced it almost completely (Fig. 8C and Suppl. Fig. 

2H). Moreover, application of bcat-1 RNAi to nematodes increases phosphorylation 

of the C. elegans equivalent of the murine Ser326 residue of HSF-1 (Suppl.Fig. 2I 

to L).  

 

Figure 8: Increased BCAAs act through neuronal LET-363/mTOR and peripheral DAF-

7/TGFbeta signaling to extend lifespan. (A) shows lifespan data of wild-type nematodes 

without treatment (black), as well as exposure to L-alanine (grey, 5mM) and L-leucine 



161 
 

(blue, 5mM) for their entire adult l ifespan, maintained on non-metabolizing bacteria 

(p=0.24 for L-ala and p<0.0001 for L-leu both vs. control, log-rank test, n=3) . (B) and (C) 

show effects of bcat-1 RNAi (red) on lifespan in strains mutant for (B) hsf-1 (p=0.67, log-

rank test, n=3) and (C) daf-16 (p<0.001, log-rank test, n=3). (D) depicts the effects of the 

mTOR inhibitor rapamycin (100 microM)on wild-type worms (grey versus black) versus the 

lack of effect of non-neuronal bcat-1 RNAi in the presence of rapamycin (100 microM), all 

on lifespan (p<0.05 for control RNAi/rapamycin versus control RNAi/DMSO, p=0.07 for 

bcat-1 RNAi/rapamycin versus control RNAi/rapamycin, p<0.0001 for bcat-1 

RNAi/rapamycin versus bcat-1 RNAi/DMSO, p<0.0001 for bcat-1 RNAi/DMSO versus 

control RNAi/DMSO, log-rank test, n=3). (E) depicts the effects of neuronal bcat-1 RNAi 

on lifespan in the presence (purple) and absence (red) of neuronal RNAi against let -

363/mTOR (p=45 for control/let -363 RNAi versus control RNAi, p<0.05 for control/let -363 

RNAi versus let -363/ bcat-1 RNAi, p<0.0001 for control/bcat-1 RNAi versus let -363/ bcat-1 

RNAi, p<0.0001 for control RNAi versus control/bcat-1 RNAi, log rank test, n=3). (F) and 

(G) depict the lack of effect of (F) peripheral bcat-1 RNAi (p=0.73, log-rank test, n=3) and 

(G) L-leucine supplementation (p=0.96, log-rank test, n=3) on an ASI-ablated reporter 

strain. (H) to (J) show the lack of effect of bcat-1 RNAi on strains mutant for (H) daf-7 

(p=0.15, log-rank test, n=3) and (I) daf-1 (p=0.84, log-rank test, n=3), as well (J) in the co-

presence (purple) or absence (red) of RNAi against daf-4 (p=0.8 for control/bcat-1 RNAi 

versus daf-4/ bcat-1 RNAi, p<0.0001 for all treatments versus control, log-rank test, n=3). 

For p-values and number of repetit ions see Supplementary Table 4. 

Bcat -1-mediated longevity depends on mTOR activation  

Quantifying individual amino acid concentrations following bcat-1 impairment (Fig. 

7I) also indicated a global increase (+38.4 %) in organismal free amino acids. 

Increased levels of amino acids activate the mTOR pathway, or its C. elegans 

ortholog let-363, respectively. Inhibition of this pathway is known to extend lifespan 

in different species [17], being in apparent conflict with our current findings (Figs. 

7B and 8A, Suppl. Fig. 2C, D). We therefore repeated the experiments depicted in 

Fig. 7B in the presence of the mTOR-inhibitor rapamycin and the respective solvent 

control. As previously observed [27], rapamycin extended lifespan of C. elegans 

(Fig. 8D). Interestingly, the effect of bcat-1 on lifespan was reduced by chemically 

inhibiting LET-363 to the same extent as lifespan was increased by rapamycin 

alone (Fig. 8D). This unexpectedly indicates that bcat-1 disruption acts lifespan-

extending in a let-363-dependent manner (Fig. 8d) paralleled by increased BCAAs 

and global amino acid levels (Figs. 7I, J).  
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Neuronal mTOR signaling transduces bcat -1 impairment  

Treatment with RNAi is known to affect all tissues of the wild-type Bristol N2 strain 

except for neurons, while small molecule-based compounds like rapamycin also 

act on this latter cell type. This together with the findings summarized above raised 

the hypothesis that non-neuronal bcat-1 interference would generate a cell-non-

autonomous small-molecule signal that exerts its lifespan-extending effects in the 

neuronal compartment in a let-363-dependent manner. To test this, we used the 

C. elegans TU3311 strain known to respond to RNAi feeding by preferentially 

impairing expression of the corresponding gene in neurons only [28]. Impairing 

expression of let-363 in neurons only had no effect on C. elegans lifespan (Fig. 

8E), while the effect of reducing bcat-1 in neurons had a strongly reduced, albeit 

still detectable effect (Fig. 8E). Interestingly, impairing expression of both bcat-1 

and let-363 in neurons in parallel almost completely abolished the effect of bcat-1 

RNAi on lifespan (Fig. 8E). Given the fact that mTOR transduces availability of 

anabolic substrates and specifically the BCAA L-leucine in the murine 

hypothalamus [16, 29], we next analyzed a possible involvement of the nematodal 

ASI neurons which are considered the hypothalamus equivalent in C. elegans. To 

test this, we laser-ablated these two neurons in nematodes and found the effect of 

bcat-1 RNAi (Fig. 8F) and L-leucine feeding (Fig. 8G) on lifespan to be abolished, 

while sham-treated worms still responded to the respective intervention (Suppl. 

Fig. 3A, B). Altogether this indicates that peripheral BCAAs activate neuronal let-

363 as well as ASI neuron-specific pathways to exert a lifespan-extending 

response. 

Hypothalamic TGFbeta signaling executes bcat -1 impairment  

Given this potentially ASI-specific response (Fig. 8D, E) as well as the RNA-seq-

based pathway analysis (Fig. 7l), we next studied the nematodal paralog of 

mammalian TGF-beta, daf-7, as a putative candidate to explain the BCAA-

dependent activation of let-363 in neurons, also since daf-7 expression is restricted 

to ASI neurons [30] and to the daf-16 pathway [31, 32], while hypothalamic TGF-

beta is linked to aging in mammals [33]. When exposing a strain with a constitutive 

inactivation of daf-7, namely daf-7 (m62), to bcat-1 RNAi no effect of this treatment 

was observed (Fig. 8H) opposing the effect in wild-type nematodes (Fig. 7B). This 
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indicates that ASI-specific release of DAF-7 may execute the effect of bcat-1 

impairment on lifespan. To further support this, we epistatically tested whether the 

absence of known DAF-7-receptor genes, namely daf-1 and daf-4, would affect 

bcat-1 RNAi-mediated lifespan extension. Indeed, the impairment of either daf-1 

(Fig. 8I) or daf-4 (Fig. 8J) expression completely inhibited the bcat-1 RNAi effects 

on lifespan: while daf-1-mutated worms were long-lived, and so were nematodes 

treated with daf-4 RNAi, addition of bcat-1 RNAi would not extend lifespan further, 

indicating that bcat-1 and daf-1/daf-4 epistatically share a downstream pathway. 

Notably and since daf-4 RNAi does not affect neurons, while daf-7 expression is 

limited to ASI neurons [30], this also indicates that this TGFbeta/daf-7 signal 

qualifies as a cell-non-autonomous feedback loop linking peripheral signals that 

activate neuronal (and potentially ASI-specific) mTOR back to the periphery. 

Overexpression of bcat -1 impairs lifespan and fecun dity  

We next questioned whether overexpression of bcat-1 would have opposing effects 

on lifespan, particularly in comparison to states of impaired expression, as shown 

above (Fig. 7B). To this purpose, we expressed a bcat-1-�F�'�1�$�� ���¶-/C-terminally 

fused to a GFP-cDNA under the control of the endogenous bcat-1 promoter. 

Fluorescent microphotographs indicated a reduction of BCAT-1 expression with 

increasing age (Fig. 9A), consistent with the gene expression levels of the 

endogenous bcat-1 in wild-type worms (Fig. 7c). Importantly and opposing the 

findings on bcat-1 RNAi (Fig. 7B), overexpression of bcat-1 shortens C. elegans 

lifespan (Fig. 9B), further supporting a regulatory role in the regulation of lifespan. 

Moreover, overexpression of bcat-1 decreased fertility of nematodes (Fig. 9C) 

which, from an evolutionary perspective, suggests a selective advantage of low 

bcat-1 expression levels, notably independent of aging.  

HLH-15 is a transcriptional regulator of bcat -1 

Based on the fact that reduced versus increased levels of BCAT-1 exhibit opposing 

effects on lifespan (Figs. 7B versus 9B), we next questioned whether and how bcat-

1 expression may be systemically controlled during physiological aging. We in-

silico analyzed a 1000 base-pair promoter fragment upstream of the bcat-1 start 

codon, and identified a transcription factor named helix-loop-helix factor 15 (hlh-

15) to (i) show the highest (n=3) number of binding sites within this promoter 
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fragment  and to have (ii) the highest p-value for binding probability (Markov Chain 

model, p=8.7e-07) (Suppl. Table 5).  
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Figure 9: Transcriptional control of bcat-1-mediated regulation of l ifespan. (A) 

Fluorescent microscopy of nematodes transgenically expressing bcat-1 fused to GFP under 

the control of the endogenous bcat-1 promoter, at different ages (scale bar equals 100 

micrometer). (B) shows the effect of bcat-1 overexpression on lifespan (p<0.001, log-rank 

test, n=3). (C) depicts ferti lity as reflected by the number of eggs �~�Ž�Ž�Ž�‰�D�ì�X�ì�ì�í �U���^�š�µ�� ���v�š�•�[�•��

t -test, n=10).  (D) depicts transcript levels of bcat-1 in the presence of control RNAi 

(white), RNAi against hlh-15 (blue) and bcat-1 (red) in wild-type nematodes (***p< 0.001, 

*** *p<0.0001 versus control, one-way ANOVA, n=4). (E) shows transcript levels of bcat-1 

(black) and hlh-15 (grey) during physiological aging in wild-type worms (*p<0.05, one-way 

ANOVA, Pearson correlation Fisher Z, p=0.053,  n=3). (F) depicts the effects of control 

RNAi (black), control RNAi combined with bcat-1 RNAi (red) (p<0.0001 versus control, log-

rank test, n=3), control RNAi combined with hlh-15 RNAi (blue) (p<0.0001 versus control, 

log-rank test, n=3), and bcat-1 RNAi combined with hlh-15 RNAi (purple, epistasis) 

(p<0.0001 versus control, p=0.08 versus control/bcat-1 RNAi, log-rank test, n=3) on C. 

elegans lifespan. (G) summarizes the effects of hlh-15-controlled bcat-1 expression, or 

BCAA supplementation, on neuronal let -363/ daf-7 signaling looping back to the periphery 

to control l ifespan. For p-values and number of repetit ions see Supplementary Table 4. 

Error bars represent the means ± SD.  

To confirm the in silico prediction that HLH-15 may control the expression of 

bcat-1, we applied RNAi against hlh-15 to wild-type nematodes and found 

expression of bcat-1 to be reduced by more than 50% (Fig. 9D). When analyzing 

the RNA-Seq data obtained from C. elegans during physiological aging (Fig. 2), we 

found expression levels of bcat-1 (Fig. 9E, Pearson r=-0.9964) and hlh-15 (Fig. 9E, 

Pearson r=-0.9693) to be correlated by trend (Pearson p=0.0537), suggesting that 

HLH-15 may regulate bcat-1 expression during physiological aging. To lastly test 

this, we have performed the corresponding epistasis experiments: RNAi against 

bcat-1 or against hlh-15, respectively, extended nematodal lifespan to the exact 

same extent (Fig. 9F). Co-application of both RNAis did show the same effect as 

each RNAi individually (Fig. 9F), altogether suggesting that HLH-15 and BCAT-1 

may actively synergize in the regulation of physiological aging (Fig. 9G).        

Discussion s 

Increased BCAA catabolism and specifically increased activity of the 

corresponding enzyme, BCAT, has been linked to various pathological states, 

including accelerated growth of malignant gliomas [34], decreased sepsis survival 
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[35], and increased accumulation of liver fat [36], the latter being linked to a number 

of metabolic diseases [37]. Consistently, systemic disruption of one BCAT isoform 

[38], namely BCATm, in mice increases energy expenditure and reduces body 

weight [39]. 

More specifically, L-leucine is capable of reducing food uptake in rodents when 

injected into the hypothalamus, notably depending on neuronal mTOR [16, 29]. By 

contrast, others have linked hypothalamic BCAAs to increased insulin resistance, 

providing a potential link to type 2 diabetes [40, 41].  Since nematodal ASI neurons 

are considered the homolog of the mammalian hypothalamus [42], and ablation of 

these two neurons abolishes the effect of both L-leucine (Fig. 8G) and bcat-1 RNAi 

(Fig. 8F), the effect of increasing organismal L-leucine levels on lifespan (Fig. 7B, 

I, J) may be translatable into mammals. Indeed, feeding increased amounts of 

BCAAs to middle-aged mice did improve healthspan depending on induction of 

endothelial nitric oxide synthase (eNOS) [43], an enzyme not known in C. elegans 

[44]. Moreover, other hypothalamic signals have been recently linked to the 

regulation of lifespan in rodents [45, 46], while mTOR signaling has not been tested 

in this regard. 

Global inhibition of mTOR is generally considered to promote lifespan in different 

species [17] including C. elegans [27] (also confirmed by our control findings, Fig. 

8D). By contrast and unexpectedly, we here find that activation of mTOR in 

nematodal neurons due to a peripheral BCAA signal promotes lifespan (Fig.7E) 

and parameters of healthspan (Figs. 7F, H) without affecting fecundity (Fig. 7G). 

Exerting the BCAA signal in neurons only still exerts an effect on lifespan, however 

to a reduced extent (Fig.8E). Activation of mTOR is known to induce HSF-1 [47], 

and the latter suppresses daf-7 [48], consistent with our findings which link mTOR 

activation to suppression of daf-7/TGF-beta signaling (Fig. 7l, and Figs. 8H to J). 

Since daf-7  is expressed in ASI neurons only [30], while its receptors daf-1 and 

daf-4 act in the periphery[49], daf-7/TGFbeta may now be considered to act cell-

non autonomous as a neuro-endocrine hormone that impairs lifespan in otherwise 

healthy animals in response to evolutionary conserved pathways and amino-acid 

signals derived thereof (Fig. 9G). 
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C. elegans  strains and maintenance  

C. elegans strains used for this publication were provided by the Caenorhabditis 

Genetics Center (Univ. of Minnesota, USA).  Nematodes were grown and 

maintained on NGM agar plates at 20°C using E. coli OP50 bacteria as food source 

[50]. After plates were poured and dried, they were sealed and stored at 4°C.  

Freshly prepared E. coli were spotted on plates on the previous evening and 

allowed to dry and settle overnight. For all experiments we used Bristol N2 wild-

type except the following we received from CGC: EU31 skn-1(zu135), PS3551 hsf-

1(sy441), CF 1038 daf-16(mu86), CX3596 kyIs128[str-3::GFP]; lin-15B(n765), 

TU3311 uIs60[unc-119p::YFP + unc-119p::sid-1], SJ4100 zcIs13[hsp-6::GFP], 

DR62 daf-7(m62)and DR40 daf-1(m40). 

Sample preparation for physiological worm aging experiments  

Freshly prepared bacteria OP50 were spotted on 10 cm NGM agar plates on 

the previous evening and allowed to dry and settle overnight. Synchronized, young 

adult worms (64 h after synchronization) were transferred to fresh plates using S-

Buffer [51]. For maintaining synchronized populations in long-term experiments, 

worms were daily washed off the plates to 15 ml tubes, allowed to settle and 

washed until the supernatant was free of progeny. The clean worm pellet was 

transferred to freshly prepared treatment plates. Worms were pelleted and frozen 

at an adult age of 1, 10 and 20 days. 

RNAi -mediated gene knock -down and compound treatment  

For RNAi gene knock-down experiments we applied E. coli HT115 to the 

worms as previously described [52]. The clones for act-1,daf-4, cyb-2.1, ssq-1, 

F13A7.1, ssq-4, T25B9.1, ifa-1, ifa-3, ifb-2, ifc-2, ifd-1, ndk-1, plk-3, try-1, calu-1, 

fat-7, spds-1, cpn-2, tba-4, tba-6, mfb-1, lgg-1 and hlh-15 RNAi were obtained from 

feeding RNAi ORF library v1.1 (Thermo Fisher Scientififc, Waltham, MA, USA). 

The clone for bcat-1, let-363, cht-1, ost-1, ifb-1, ifp-1, sma-1, tba-9, mod-5, 

Y50C1A.1, ZC373.4 derived from Ahringer library (Source BioScience, 

Nottingham, UK). The following clones were generated from PCR products of 

genomic DNA and were cloned into control vector L4440 using its EcoRV 

restriction site. Primer sequences are listed in Suppl. Table 6. All (i.e. also 

commercially obtained) clones were sequenced prior use. 
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The bacteria were spotted on NGM plates containing additionally 1 mM IPTG, 

100 microg/ml Ampicillin and, if required, 12.5 microg/ml tetracycline (all from 

Applichem, Darmstadt, Germany). After plates were poured and dried, they were 

sealed and stored at 4°C.  Freshly prepared bacteria were spotted on plates on the 

previous evening and allowed to dry and settle overnight. Incubations with 

compounds started 64 h after synchronization of the population, by washing the 

synchronized, young adult worms and then transferring them to the respective 

treatment plates using S-Buffer [51]. For maintaining synchronized populations in 

long-term experiments, worms were daily washed off the plates to 15 ml tubes, 

allowed to settle and washed until the supernatant was free of progeny. The clean 

worm pellet was transferred to freshly prepared treatment plates.  

For compound treatments, all agar plates were prepared from the same batch 

of NGM agar, whereas treatment plates were supplemented with L-leucine, 

L-alanine (both 5 mM final concentration) or water as solvent control. Rapamycin 

was used in a concentration of 100 microM and DMSO served as solvent control. 

For all experiments with amino acid supplementation only heat-inactivated bacteria 

were used, to avoid influences on bacterial metabolism. The bacteria were heat-

inactivated for 45 min at 65°C in a shaking incubator and re-suspended and 

concentrated (20x) in S-Buffer containing 5 microg/ml and 10 mM MgSO4. The 

experimental procedures are the same as described above for RNAi treatment 

experiments.  

Nematodal life span assays  

All life span assays were performed at 20°C according to standard protocols and 

as previously described [52]. Briefly, a C. elegans population was synchronized as 

described above at day zero of the lifespan. 64h after egg preparation around 100 

nematodes were manually transferred to fresh incubation plates containing the 

respective compounds. Experiments were conducted in triplicates. For the first 10 

days, worms were transferred every day and afterwards every second day. 

Nematodes that show no reaction to gently stimulation were scored as death. 

Those animals that crawled off the plates or display non-natural death due to 

internal hatching were censored. 
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D. rerio :  

Zebrafish of the TüAB strain were kept in groups of 20-30 animals under standard 

husbandry conditions. Skin tissue from male zebrafish at the age of 5 months 

(n=12), 24 months (n=12) and 42 months (n=6) was dissected and stored in 

RNAlater (Qiagen, Hilden, Germany) at -80 °C. Total RNA was isolated with TRIzol 

(Life Technologies, Darmstadt, Germany) according to the instructions of the 

manufacturer.  

M. musculus :  

Young (2 months), mature (15 months) and aged (30 months) old mice were deeply 

anaesthetized with isoflurane anesthesia (2.5% in a mixture of 3:1 N2O:O2). One 

square cm hairless abdominal skin was taken and snap frozen. The isolated skin 

was homogenized in 500 �� l QIAzol (Qiagen) by subsequently adding 100 �� l 

chloroform. Following phase separation, the aqueous phase was transferred into a 

fresh tube, then 0.16 volume NaAc (2 M, pH 4.0) and 1.1 volume isopropanol were 

added. The RNA was precipitated by centrifugation and the pellet was washed with 

75% ethanol. Total RNA was re-suspended in 20 �� l water and stored at �±80°C until 

use. 

 

Breeding and housing conditions  

The study was carried out on male C57BL/6J mice (Jackson Laboratories). 

Animals of given ages were raised in our own facilities. All animal procedures were 

approved by the local government (Thueringer Landesamt, Bad Langensalza, 

Germany) and conformed to international guidelines on the ethical use of animals. 

All mice were maintained in a specific pathogen-free environment at room 

temperature (22 C) at 68% humidity and 12h/12h light/dark cycles with access to 

water and food (V1534-300, SsniffSpezialdiäten GmbH, Soest, Germany), ad 

libitum and were tested negative for parasites and other routine pathogens.  

 

RNA-Seq 

�5�1�$���L�Q�W�H�J�U�L�W�\���Z�D�V���G�H�W�H�U�P�L�Q�H�G���E�\���$�J�L�O�H�Q�W�¶�V���%�L�R�D�Q�D�O�\�]�H�U���������������Z�L�W�K���5�1�$�������������N�L�W����

both Agilent Technologies, Santa Clara, CA, USA). M. musculus and C. elegans 

physiological aging samples: 2.5 �—�J���R�I���W�R�W�D�O���5�1�$���Z�D�V���X�V�H�G���Z�L�W�K���,�O�O�X�P�L�Q�D�¶�V�7�U�X�6�H�T��
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�5�1�$�� �V�D�P�S�O�H�� �S�U�H�S�� �N�L�W�� �Y���� �I�R�O�O�R�Z�L�Q�J�� �W�K�H�� �P�D�Q�X�I�D�F�W�X�U�H�U�¶�V�� �L�Q�V�W�U�X�F�W�L�R�Q���� �,�O�O�X�P�L�Q�D�� ���� bp 

single reads were obtained using the HiSeq2000 by multiplexing four samples per 

lane. Sequencing resulted in around 40-50 mio reads per sample. The sequence 

�L�Q�I�R�U�P�D�W�L�R�Q�� �Z�D�V�� �H�[�W�U�D�F�W�H�G�� �X�V�L�Q�J�� �,�O�O�X�P�L�Q�D�¶�V�� �V�X�S�S�R�U�W�H�G�� �&�$�6�$�9�$�� �Y�������� �D�V�� �)�D�V�W�4��

format. 

D. rerio: 5 µg of total RNA was used for preparation of multiplex libraries using 

�,�O�O�X�P�L�Q�D�¶�V���P�5�1�$-Seq sample prep kit (Illumina, San Diego, CA, USA) following the 

�P�D�Q�X�I�D�F�W�X�U�H�U�¶�V�� �L�Q�V�W�U�X�F�W�L�R�Q���� �/�L�E�U�D�U�L�H�V�� �Z�H�U�H�� �V�H�T�X�H�Q�F�H�G�� �L�Q�� �R�Q�H�� �S�H�U�� �O�D�Q�H�� �X�V�L�Q�J��

�,�O�O�X�P�L�Q�D�¶�V���*�H�Q�R�P�H���$�Q�D�O�\�]�H�U�����*�$�,�,�[�����L�Q���V�L�Q�J�O�H���U�H�D�G�����6�5�� mode creating reads with 

a length of 76bp. Sequencing resulted in around 30 mio reads per samples. 

�6�H�T�X�H�Q�F�H�� �L�Q�I�R�U�P�D�W�L�R�Q�� �Z�D�V�� �H�[�W�U�D�F�W�H�G�� �L�Q�� �)�D�V�W�4�� �I�R�U�P�D�W�� �X�V�L�Q�J�� �W�K�H�� �,�O�O�X�P�L�Q�D�¶�V��

supported GA-Pipeline v1.5. 

C. elegans bcat-1 RNAi perturbation samples: 1 µg of total RNA was used for 

library preparation using TruSeq RNA sample prep kit v2 following the 

�P�D�Q�X�I�D�F�W�X�U�H�U�¶�V���L�Q�V�W�U�X�F�W�L�R�Q�����6�H�T�X�H�Q�F�L�Q�J���Z�D�V���G�R�Q�H���R�Q���D���+�L�6�H�T�����������L�Q���6�5�������E�S���K�L�J�K��

output mode. Libraries were multiplexed in 5 per lane. Sequencing resulted in 

around 35-45 mio reads per sample. The sequence information was extracted 

�X�V�L�Q�J���,�O�O�X�P�L�Q�D�¶�V���V�X�S�S�R�U�W�H�G���E�F�O���)�D�V�W�4���Y�������������D�V���)�D�V�W�4���I�R�U�P�D�W�� 

RNA-Seq data analysis  

Normal aging samples: The resulting FastQ files were mapped using Bowtie [53] 

versus the respective genomic sequences and a splice site data set created using 

UCSC's RefSeq annotation for each species. Counting of uniquely mapped reads 

and assignment to RefSeq transcripts/genes was performed using R Statistical 

Language and Bioconductor. Afterwards, RPKM values [54] were calculated for 

each transcript and gene from the corresponding RefSeq annotation. For each 

species differentially expressed genes (DEG) were identified using the DESeq [55], 

edgeR [56], and the baySeq [57] packages. Those genes showing statistically 

significant differences (FDR adjusted p<0.05) by DESeq and edgeR at least 

between two time points or by the baySeq test over the three time points were 

regarded as differentially expressed genes (C. elegans: n=3,608; D. rerio: n=1,721; 

M. musculus: n=339). Next, orthology relations between genes of the three species 

were obtained using EnsemblCompara and the orthology R package [58] in order 
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to facilitate the cross-species comparison. Since the individual species exhibit 

different life span, the gene expression time courses were rescaled, followed by a 

combined fuzzy c-means clustering with the exponent m = 2 of the orthologous 

DEG expression profiles [59], in order to identify common time courses. The 

optimal number of six clusters was estimated by the vote of several cluster validity 

indices, which capture different aspects of a clustering structure [60]. By 

intersecting the resulting clustered gene sets with the orthology relations extracted 

previously, gene sets with similar temporal pattern across all three species were 

identified. 

For the analysis of differentially regulated metabolic pathways in the normal 

aging samples, C. elegans genes were mapped to metabolic pathways using the 

PathwayTools software [61]. A reaction was assumed differentially regulated if at 

least one enzyme catalyzing this reaction was significantly differentially expressed 

between young and old worms. Pathways were assumed significantly differentially 

regulated if a hypergeometric test of differentially regulated reactions yielded a 

FDR adjusted p-value < 0.05. 

C. elegans bcat-1 RNAi perturbation samples: FastQ files were mapped using 

Tophat (v2.0.6) [62] versus the reference genome WBcel235.74 obtained from 

Ensembl. Uniquely mapped reads were counted for all genes using featureCounts 

[63]. RPKM values were computed using exon lengths provided by featureCounts 

and the sum of all mapped reads per sample. DEG were identified using the DESeq 

and edgeR. Generally applicable gene set enrichment for pathway analysis 

(GAGE) [64] was used in order to detect significantly regulated KEGG pathways 

(FDR adjusted p<0.05).  

In order to evaluate whether the probability for the intersection of two gene 

expression sets is significantly different from the intersection of random sets we 

applied a Monte Carlo-based test. We first randomly generated subsets out of our 

two universe lists of all genes which were measured in both datasets according the 

number of genes of our real data sets. Then, we counted the number of genes in 

these random intersection for 1,000 iterations which resulted in a distribution of 

random intersection values. If the observed intersection value was larger than the 

95% quantile we considered our intersection of genes to be significant. 
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Accession codes  

RNA-Seq data were deposited in gene expression omnibus (GEO) under 

accession codes GSE46051 (normal aging of C. elegans), GSE46916 (normal 

aging of D. rerio and M. musculus) and GSE60672 (bcat-1 RNAi perturbation in C. 

elegans). 

Reverse transcriptase quantitative PCR (R T-qPCR) 

Reverse Transcription of RNA into cDNA was generated with the iScript cDNA 

synthesis kit (Bio-Rad, Munich, Germany) and quantitative PCR was carried out 

with the SybrGreenERqPCRSupermix (Life Technologies, Darmstadt, Germany) 

for iCycler. All PCR reactions were performed in triplicates and negative controls 

were always included. Ct-values of bcat1 were normalized to two reference genes 

(for C. elegans: cdc-42 and pmp-3; for zebrafish: tbp and insra; for mouse: gapdh 

and hmbs) (see Suppl.Tabl 7 for sequences). Determination of age-specific 

expression and statistical analysis was carried out using the relative expression 

software tool [65]. Bcat-1 RNAi perturbation C. elegans: Adult wild-type worms 

were treated for 48 h with control vector L4440 or bcat-1 RNAi, respectively.  

Laser ablation of ASI neurons  

The laser ablation of ASI neurons was performed as described [42, 66] and as 

follows: For focused laser ablation the output laser beam of a UV pulsed laser 

(diode-pumped, Q-Switched Frequency-Tripled Laser System: Triton; TEM00, 349 

nm; maximum power 1 W, pulsed; repetition rate: 1 Hz - 1000 Hz; pulse width: 

<15ns; pulse energy: adjustable from 1 to 200 microJ; Spectra Physics, Darmstadt, 

Germany) was expanded by a telescope system and was coupled into a confocal 

laser scanning microscope (LSM510) via epi-fluorescence illumination path. The 

laser beam was focused into the object plane by a Zeiss Plan-Neofluar 100/1.30 

oil objective (spot diameter < 500 nm) after reflection by a dielectric mirror (Laser 

Optik, Germany). The dielectric mirror is placed on the empty laser scanning 

position of the fluorescence reflector slider and transmits the scanning lasers as 

well as the emitted fluorescence and reflects the pulsed laser beam of Triton. Thus 

the imaging functions of the LSM are not reduced. Before entering the microscope, 

laser pulse energy was reduced by a gradient position dependent attenuator (Laser 

Optik) to 80%. 
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Paralyzed post-L4 nematodes that expresses GFP from a ASI-specific str-3 

promoter (kyIs128[str-3::gfp]) were irradiated by several laser pulses at laser 

energy of 4 microJ. The live cell damage was recorded and controlled by time 

series function of the Zeiss laser scanning microscope which is equipped with an 

Argon ion laser and emission filter sets for the detection of EGFP signals 

(BP530/20) and the Zeiss LSM software version 3.2. Immediately after ablation, 

worms were transferred to the corresponding treatment plates and analyzed for life 

expectancy according to the described lifespan protocol above. 

Protein quantification  

Protein content in nematodes and cells was determined by the Bradford method 

[67] or the BCA method [68]. Assays were performed in 96-well plates using 

commercial available kits (Bio-Rad Laboratories AG, Cressier, Switzerland, and 

Thermo Scientific, Waltham, MA, USA). Absorbance was measured in a micro-

plate reader (Fluostar Optima, BMG Labtech, Offenburg, Germany). 

Determination of amino acid concentrations by HPLC  

Frozen worm pellets have been ground with 200 microl PBS (pH=7.4) and de-

proteinized with sulfo-salicylic acid (final concentration 2%; Sigma Aldrich, St. 

Louis, MO, USA). The cell debris and protein precipitate were separated by 

spinning. For the measurements 30 microl of supernatant was used. 

Determination of amino acid concentration was carried out on a Biochrome 

30+ Amino Acid Analyzer (Biochrom, Cambridge, UK) following �P�D�Q�X�I�D�F�W�X�U�H�U�¶�V 

instructions. This standard method in clinical diagnostics is based on separation 

on a retention column with lithium citrate buffer of different pH. The post-column 

derivatization with ninhydrin enables photometric detection at 570 nm and 440 nm. 

Samples were normalized to protein content as described above. 

Non-targeted m etabolomics analysis  

Metabolite extracts were prepared from worms by smashing (Schütt rotation 

homogenizer) and heating to 70°C for 10 min in ethanol. After centrifugation the 

supernatant was stored at -80°C until use. 
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Non-targeted analysis of the metabolome was performed by flow injection 

analysis-time of flight mass spectrometry on an Agilent 6550 QTOF instrument 

[69]. All samples were injected in duplicates. Ions were annotated based on their 

accurate mass and the Kyoto Encyclopedia of Genes and Genomes (KEGG) has 

reference list allowing a tolerance of 0.001 Da. Unknown ions and those annotated 

as adducts were discarded. 

Locomotion analysis  

Worms were synchronized and treated for 10 days with control vector or bcat-1 

RNAi as described above. After 10 days four to five worms were picked from RNAi 

plates and released on fresh plates without bacteria. We defined the refuge 

behavior induced velocity as maximum speed. Directly after release 1 min movie 

clips were recorded with a Leica system (Leica M165FC with Leica camera DFC 

3000 G). Subsequently, the videos were analyzed using parallel worm tracker 

software developed by Goodman Lab which tracks based on centroid position of 

the worms [70]. The pixel to distance ratio was calibrated. For each treatment five 

independent videos were used. 

Age pigment analysis  

Age pigments in C. elegans reflect biological age [26]. Worms were synchronized 

and treated for 10 days with control vector or bcat-1 RNAi starting at L4 larvae 

stage. On day 10 worms were washed off the plates and distributed on 8 wells of 

a 96 well plate (Bioswisstec 96 well CG black with glass bottom, art. No.: 5241). 

The fluorescence of the age pigments was measured using a fluorescence plate 

reader (FLUOstar Omega, BMG Labtech, Offenburg, Germany; exciatition: 340-10 

nm, emission: 440-80 nm; gain: 1844). We normalized the age pigment 

fluorescence to the stable auto-fluorescence signal of the worms (filters: excitation: 

290-10 nm, emission: 330-10 nm; gain: 1800) as described [26]. 

Fertility assay  

For determination of fertility we synchronized nematodes as previously described 

[52]. Single L4 larvae were transferred on single plates carrying RNAi bacteria and 

subsequently every 24h to fresh plates. Progeny were allowed to hatch and 

counted. For every condition 10 worms were used. 
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Bcat -1 overexpression  

We combined a 1 kb endogenous promoter with a bcat-1 cDNA C-terminally 

fused to GFP, as well as an unc-119 rescue gene, and implemented the construct 

into nematodes using ballistic transformation techniques as described before [71]. 

The generated transgenic lines were selected for stable integration. The resulting 

strain named MIR23 carrying the integrated construct risIs[Pbcat-1::bcat-

1::gfp+unc119] has been used for experiments.  

Immunoblotting  

Nematodes were washed three times with ice-cold S-Buffer and pellets were 

shock-frozen in liquid nitrogen.  Frozen pellets were grinded in a nitrogen-chilled 

mortar and suspended in phosphate buffer containing protease and phosphatase 

inhibitors (Complete protease inhibitor cocktail [Roche, Penzberg, Germany] and 

additionally 2 mM sodium fluoride, 2 mM sodium orthovanadate, 1 mM PMSF, and 

2 mM EDTA).  Extracts were sonicated three times and centrifuged for 7 min at 

12000 x g at 4 °C.  Supernatants were used for protein quantification, and an 

aliquot was boiled in Laemmli buffer and applied to SDS-PAGE.  Antibodies against 

phospho-HSF1 (1:1000, pSer326, Enzo, order number ADI-SPA-902-D) and 

alpha-tubulin (1:2000, clone DM1A; Sigma-Aldrich; order number T6199) were 

used.  

Promoter analyses  

The search for transcription factor binding sites (TFBS) was done within the 

proximal bcat-1 promoter region 1 kb upstream of the predicted start codon.  

Therefore, a FASTA file containing the promoter region of bcat-1 was created using 

WormMart[44].  Next, the remaining sequence file was scanned for one or more 

matches to the position-specific scoring matrices (PSSM) of all available 

transcription factors using the matrix scan function of the pattern-matching program 

RSAT (regulatory sequence analysis tools)[72].  The PSSM contains the nucleotide 

frequency at each position within the binding sites and were obtained from the 

databases Transfac and Jaspar[73-75]. The threshold P-value, which indicates the 

risk of false positive predictions, was set to 0.0001. 
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Statistical analyses  

Data are expressed as means ± standard deviation (SD) unless otherwise 

indicated.  Statistical analyses for all C. elegans data except lifespan assays were 

�S�H�U�I�R�U�P�H�G�� �E�\�� �6�W�X�G�H�Q�W�¶�V��t-test (unpaired, two-tailed) or one-way ANOVA after 

testing for equal distribution of the data and equal variances within the data set.  

For comparing significant distributions between different groups in the lifespan 

assays and stress resistance assays, statistical calculations were performed using 

JMP software version 10 (SAS Institute Inc., Cary, NC, USA) applying the Log-

Rank test. The comparison of correlation between bcat-1 and hlh-15 expression 

over age was performed by applying Fisher z transformation of the Pearson 

correlation coefficients.  

 

 

 

 

 

 

 

 

 

 

 

 

 



178 
 

 References  

1. McCay, C.M., M.F. Crowel, and L.A. Maynard, The effect of retarded growth 
upon the length of the life span and upon ultimate body size. J Nutr, 1935. 
10: p. 63-79. 

2. Klass, M.R., A method for the isolation of longevity mutants in the nematode 
Caenorhabditis elegans and initial results. Mech Ageing Dev, 1983. 22(3-
4): p. 279-86. 

3. Kirkwood, T.B. and S. Melov, On the programmed/non-programmed nature 
of ageing within the life history. Curr Biol, 2011. 21(18): p. R701-7. 

4. Gems, D., What is an anti-aging treatment? Exp Gerontol, 2014. 58C: p. 14-
18. 

5. Johnson, T.E., Increased life-span of age-1 mutants in Caenorhabditis 
elegans and lower Gompertz rate of aging. Science, 1990. 249(4971): p. 
908-12. 

6. Kenyon, C., et al., A C. elegans mutant that lives twice as long as wild type. 
Nature, 1993. 366(6454): p. 461-4. 

7. Tatar, M., et al., A mutant Drosophila insulin receptor homolog that extends 
life-span and impairs neuroendocrine function. Science, 2001. 292(5514): 
p. 107-10. 

8. Clancy, D.J., et al., Extension of life-span by loss of CHICO, a Drosophila 
insulin receptor substrate protein. Science, 2001. 292(5514): p. 104-6. 

9. Brown-Borg, H.M., et al., Dwarf mice and the ageing process. Nature, 1996. 
384(6604): p. 33. 

10. Holzenberger, M., et al., IGF-1 receptor regulates lifespan and resistance to 
oxidative stress in mice. Nature, 2003. 421(6919): p. 182-7. 

11. Blüher, M., B.B. Kahn, and C.R. Kahn, Extended longevity in mice lacking 
the insulin receptor in adipose tissue. Science, 2003. 299(5606): p. 572-4. 

12. Bonafe, M., et al., Polymorphic variants of insulin-like growth factor I (IGF-I) 
receptor and phosphoinositide 3-kinase genes affect IGF-I plasma levels 
and human longevity: cues for an evolutionarily conserved mechanism of 
life span control. J Clin Endocrinol Metab, 2003. 88(7): p. 3299-304. 

13. van Heemst, D., et al., Reduced insulin/IGF-1 signalling and human 
longevity. Aging Cell, 2005. 4(2): p. 79-85. 

14. Pawlikowska, L., et al., Association of common genetic variation in the 
insulin/IGF1 signaling pathway with human longevity. Aging Cell, 2009. 8(4): 
p. 460-72. 

15. Burkewitz, K., Y. Zhang, and W.B. Mair, AMPK at the nexus of energetics 
and aging. Cell Metab, 2014. 20(1): p. 10-25. 

16. Martinez de Morentin, P.B., et al., Hypothalamic mTOR: the rookie energy 
sensor. Curr Mol Med, 2014. 14(1): p. 3-21. 

17. Johnson, S.C., P.S. Rabinovitch, and M. Kaeberlein, mTOR is a key 
modulator of ageing and age-related disease. Nature, 2013. 493(7432): p. 
338-45. 

18. Sinclair, D. and E. Verdin, The longevity of sirtuins. Cell Rep, 2012. 2(6): p. 
1473-4. 

19. Sena, L.A. and N.S. Chandel, Physiological roles of mitochondrial reactive 
oxygen species. Mol Cell, 2012. 48(2): p. 158-67. 



179 
 

20. Ristow, M., Unraveling the truth about antioxidants: Mitohormesis explains 
ROS-induced health benefits. Nat Med, 2014. 20(7): p. 709-11. 

21. Lee, S.S., et al., A systematic RNAi screen identifies a critical role for 
mitochondria in C. elegans longevity. Nat Genet, 2003. 33(1): p. 40-8. 

22. Hamilton, B., et al., A systematic RNAi screen for longevity genes in C. 
elegans. Genes Dev, 2005. 19(13): p. 1544-55. 

23. McCarroll, S.A., et al., Comparing genomic expression patterns across 
species identifies shared transcriptional profile in aging. Nat Genet, 2004. 
36(2): p. 197-204. 

24. McCormick, M.A., et al., A Comprehensive Analysis of Replicative Lifespan 
in 4,698 Single-Gene Deletion Strains Uncovers Conserved Mechanisms of 
Aging. Cell Metab, 2015. in press . 

25. Fuchs, S., et al., A metabolic signature of long life in Caenorhabditis 
elegans. BMC Biol, 2010. 8(1): p. 14. 

26. Gerstbrein, B., et al., In vivo spectrofluorimetry reveals endogenous 
biomarkers that report healthspan and dietary restriction in Caenorhabditis 
elegans. Aging Cell, 2005. 4(3): p. 127-37. 

27. Robida-Stubbs, S., et al., TOR Signaling and Rapamycin Influence 
Longevity by Regulating SKN-1/Nrf and DAF-16/FoxO. Cell Metab, 2012. 
15(5): p. 713-24. 

28. Calixto, A., et al., Enhanced neuronal RNAi in C. elegans using SID-1. Nat 
Methods, 2010. 7(7): p. 554-9. 

29. Cota, D., et al., Hypothalamic mTOR signaling regulates food intake. 
Science, 2006. 312(5775): p. 927-30. 

30. Schackwitz, W.S., T. Inoue, and J.H. Thomas, Chemosensory Neurons 
Function in Parallel to Mediate a Pheromone Response in C. elegans. 
Neuron, 1996. 17(4): p. 719-728. 

31. Ogg, S., et al., The Fork head transcription factor DAF-16 transduces 
insulin-like metabolic and longevity signals in C. elegans. Nature, 1997. 
389(6654): p. 994-9. 

32. Shaw, W.M., et al., The C. elegans TGF-beta dauer pathway regulates 
longevity via insulin signaling. Curr Biol, 2007. 17(19): p. 1635-45. 

33. Yan, J., et al., Obesity- and aging-induced excess of central transforming 
growth factor-beta potentiates diabetic development via an RNA stress 
response. Nat Med, 2014. 20(9): p. 1001-8. 

34. Tonjes, M., et al., BCAT1 promotes cell proliferation through amino acid 
catabolism in gliomas carrying wild-type IDH1. Nat Med, 2013. 19(7): p. 901-
8. 

35. Lang, C.H., C.J. Lynch, and T.C. Vary, BCATm deficiency ameliorates 
endotoxin-induced decrease in muscle protein synthesis and improves 
survival in septic mice. Am J Physiol Regul Integr Comp Physiol, 2010. 
299(3): p. R935-R944. 

36. Greco, D., et al., Gene expression in human NAFLD. Am J Physiol 
Gastrointest Liver Physiol, 2008. 294(5): p. G1281-G1287. 

37. Angulo, P., Nonalcoholic fatty liver disease. N Engl J Med, 2002. 346(16): 
p. 1221-31. 

38. Hall, T.R., et al., Branched chain aminotransferase isoenzymes. Purification 
and characterization of the rat brain isoenzyme. J Biol Chem, 1993. 268(5): 
p. 3092-8. 



180 
 

39. She, P., et al., Disruption of BCATm in mice leads to increased energy 
expenditure associated with the activation of a futile protein turnover cycle. 
Cell Metab, 2007. 6(3): p. 181-94. 

40. Shin, A.C., et al., Brain Insulin Lowers Circulating BCAA Levels by Inducing 
Hepatic BCAA Catabolism. Cell Metab, 2014. 

41. Newgard, C.B., et al., A branched-chain amino acid-related metabolic 
signature that differentiates obese and lean humans and contributes to 
insulin resistance. Cell Metab, 2009. 9(4): p. 311-26. 

42. Bishop, N.A. and L. Guarente, Two neurons mediate diet-restriction-induced 
longevity in C. elegans. Nature, 2007. 447(7144): p. 545-9. 

43. D'Antona, G., et al., Branched-chain amino acid supplementation promotes 
survival and supports cardiac and skeletal muscle mitochondrial biogenesis 
in middle-aged mice. Cell Metab, 2010. 12(4): p. 362-72. 

44. Harris, T.W., et al., WormBase 2014: new views of curated biology. Nucleic 
Acids Res, 2014. 42(1): p. D789-93. 

45. Zhang, G., et al., Hypothalamic programming of systemic ageing involving 
IKK-beta, NF-kappaB and GnRH. Nature, 2013. 497(7448): p. 211-6. 

46. Satoh, A., et al., Sirt1 extends life span and delays aging in mice through 
the regulation of Nk2 homeobox 1 in the DMH and LH. Cell Metab, 2013. 
18(3): p. 416-30. 

47. Chou, S.D., et al., mTOR is essential for the proteotoxic stress response, 
HSF1 activation and heat shock protein synthesis. PLoS One, 2012. 7(6): 
p. e39679. 

48. Barna, J., et al., Heat shock factor-1 intertwines insulin/IGF-1, TGF-beta and 
cGMP signaling to control development and aging. BMC Dev Biol, 2012. 12: 
p. 32. 

49. Gumienny, T.L. and C. Savage-Dunn, TGF-���� �V�L�J�Q�D�O�L�Q�J�� �L�Q�� �&���� �H�O�H�J�D�Q�V��ed. 
e.T.C.e.R.C. WormBook. 2013. 

50. Brenner, S., The genetics of Caenorhabditis elegans. Genetics, 1974. 77(1): 
p. 71-94. 

51. Zarse, K., et al., Impaired insulin/IGF1-signaling extends life span by 
promoting mitochondrial L-proline catabolism to induce a transient ROS 
signal. Cell Metab, 2012. 15(4): p. 451-465. 

52. Schulz, T.J., et al., Glucose restriction extends Caenorhabditis elegans life 
span by inducing mitochondrial respiration and increasing oxidative stress. 
Cell Metab, 2007. 6(4): p. 280-293. 

53. Langmead, B., et al., Ultrafast and memory-efficient alignment of short DNA 
sequences to the human genome. Genome Biol, 2009. 10(3): p. R25. 

54. Mortazavi, A., et al., Mapping and quantifying mammalian transcriptomes 
by RNA-Seq. Nat Meth, 2008. 5(7): p. 621-628. 

55. Anders, S. and W. Huber, Differential expression analysis for sequence 
count data. Genome Biol, 2010. 11(10): p. R106. 

56. Robinson, M.D., D.J. McCarthy, and G.K. Smyth, edgeR: a Bioconductor 
package for differential expression analysis of digital gene expression data. 
Bioinformatics, 2010. 26(1): p. 139-40. 

57. Hardcastle, T. and K. Kelly, baySeq: Empirical Bayesian methods for 
identifying differential expression in sequence count data. BMC 
Bioinformatics, 2010. 11(1): p. 422. 

58. Priebe, S. and U. Menzel, Assignment of orthologous genes by utilization of 
multiple databases: the orthology package in R. , in BIOINFORMATICS 



181 
 

2013 - International Conference on Bioinformatics Models, Methods and 
Algorithms, P. Fernandes, et al., Editors. 2013. p. 105-110. 

59. Cannon, R.L., J.V. Dave, and J.C. Bezdek, Efficient Implementation of the 
Fuzzy c-Means Clustering Algorithms. IEEE Trans Pattern Anal Mach Intell, 
1986. 8(2): p. 248-55. 

60. Guthke, R., et al., Dynamic network reconstruction from gene expression 
data applied to immune response during bacterial infection. Bioinformatics, 
2005. 21(8): p. 1626-1634. 

61. Karp, P.D., et al., Pathway Tools version 13.0: integrated software for 
pathway/genome informatics and systems biology. Brief Bioinform, 2010. 
11(1): p. 40-79. 

62. Kim, D., et al., TopHat2: accurate alignment of transcriptomes in the 
presence of insertions, deletions and gene fusions. Genome Biology, 2013. 
14(4): p. R36. 

63. Liao, Y., G.K. Smyth, and W. Shi, featureCounts: an efficient general 
purpose program for assigning sequence reads to genomic features. 
Bioinformatics, 2014. 30(7): p. 923-930. 

64. Luo, W., et al., GAGE: generally applicable gene set enrichment for pathway 
analysis. BMC Bioinformatics, 2009. 10(1): p. 161. 

65. Pfaffl, M.W., G.W. Horgan, and L. Dempfle, Relative expression software 
tool (REST©) for group-wise comparison and statistical analysis of relative 
expression results in real-time PCR. Nucleic Acids Research, 2002. 30(9): 
p. e36. 

66. Schmeisser, S., et al., Neuronal ROS signaling rather than AMPK/sirtuin-
mediated energy sensing links dietary restriction to lifespan extension. 
Molecular Metabolism, 2013. 2: p. 92-102. 

67. Bradford, M.M., A rapid and sensitive method for the quantitation of 
microgram quantities of protein utilizing the principle of protein-dye binding. 
Anal Biochem, 1976. 72: p. 248-54. 

68. Smith, P.K., et al., Measurement of protein using bicinchoninic acid. Anal 
Biochem, 1985. 150(1): p. 76-85. 

69. Fuhrer, T., et al., High-throughput, accurate mass metabolome profiling of 
cellular extracts by flow injection-time-of-flight mass spectrometry. Anal 
Chem, 2011. 83(18): p. 7074-80. 

70. Ramot, D., et al., The Parallel Worm Tracker: a platform for measuring 
average speed and drug-induced paralysis in nematodes. PLoS ONE, 2008. 
3(5): p. e2208. 

71. Schmeisser, K., et al., Role of sirtuins in lifespan regulation is linked to 
methylation of nicotinamide. Nat Chem Biol, 2013. 9: p. 693-700. 

72. Turatsinze, J.V., et al., Using RSAT to scan genome sequences for 
transcription factor binding sites and cis-regulatory modules. Nat Protoc, 
2008. 3(10): p. 1578-88. 

73. Matys, V., et al., TRANSFAC: transcriptional regulation, from patterns to 
profiles. Nucleic Acids Res, 2003. 31(1): p. 374-8. 

74. Sandelin, A., et al., JASPAR: an open-access database for eukaryotic 
transcription factor binding profiles. Nucleic Acids Res, 2004. 32(Database 
issue): p. D91-4. 

75. Mathelier, A., et al., JASPAR 2014: an extensively expanded and updated 
open-access database of transcription factor binding profiles. Nucleic Acids 
Res, 2014. 42(Database issue): p. D142-7. 



182 
 

Supplemental information   

 

 

Supplementary Figure 1: Cluster analysis of similarly regulated genes in all three species 

analyzed. The pattern of the 6 analyzed clusters (panels A-F)of gene regulation during 

aging. Number of genes regulated in each species is specified in the referring box (Ce �t 

Caenorhabditis elegans, Dr �t Danio rerio, Mm �t Mus musculus).  (A and C) depict genes 

uniformly upregulated during aging, (D and F) genes uniformly downregulated. (B and E) 

depict genes that were intermittentely upregulated (B) or downregulated (E). 
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Supplementary Figure 2: Increased BCAAs act through neuronal let -363/mTOR 

and peripheral daf -7/TGFb  signaling to extend l ifespan (addit ional panels). (A) 

shows effect of bcat -1 RNAi on number of hatched eggs laid within in the first 

four days of adulthood by singled worms compared to control (open bar) (all 

p>0.05, one -way ANOVA, n=10). (B ) Lack of chan ges on depicted free amino acid 

concentrations in whole -worm as determined by HPLC following treatment of 

bcat -1 RNAi (red) versus control (open bars) (all  p>0.05, one -way ANOVA, n=4). 

(C) and (d) depict lifespan effect of 5 mM L -isoleucine (dark green) (p <0.0001, 

log -rank test, n=3) and L -valine (bright green) (p<0.001, log -rank test, n=3) vs. 

control (black) in N2 wildtype worms. ( E) and (F) depict l ifespan effect of bcat -

1 RNAi (red) (p<0.0001, log -rank test, n=3) and 5 mM L -leucine (blue) (p<0.05, 

log -rank test, n=3) vs. control (black) in skn -1(zu135)  K.O. mutants. (G) and (H ) 

depict the lack of l ifespan extending effects of 5 mM L -leucine (blue) (p=0.059 

in skn -1 K.O., p=0.26 in daf -16 K.O., log -rank test, n=3) vs. control (black) in 

hsf -1(sy441) and d af -16(mu86)  K.O. mutants. (I ) shows increased 

phosphorylation status of HSF -1  in bcat -1 RNAi treated N2 wildtype worms, (J ) 

the  corresponding complete fi lm, (K ) an  independent experiment as in (I ), and 

(L ) the corresponding membrane.   

 

 



185 
 

 

 

 

Supplementary Figure 3: Increased BCAAs act through neuronal let -363/mTOR and 

peripheral daf-7/TGFb signaling to extend lifespan (addit ional panels - continued). (A) 

and (B) show effect on lifespan of bcat-1 RNAi (red) (p<0.0001, log-rank test, n=3) and 5 

mM L-leucine (blue) (p<0.001, log-rank test, n=3) vs. control (black) in sham-treated str-

3::gfp (GFP-labeled ASI neurons).  
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Supplementary Table 1: List of genes consistantly regulated during 

physiological aging  

Mouse  
gene name  

C.elegans orthologs  
Gene name  

C.elegans orthologs  
Sequence name  

Acta1/Actc1 act-1 T04C12.6 
act-4 M03F4.2b 

Bcat1 bcat-1 K02A4.1 
Ccnb1 cyb-2.1 Y43E12A.1 

Eln 
F13A7.1 F13A7.1 

ssq-1 K07F5.11 
ssq-3 ZC477.1 
ssq-4 T28H11.1 

Gcat T25B9.1 T25B9.1 

Lmnb1 

ifa-1 F38B2.1 
ifa-3 F52E10.5 
ifb-1 F10C1.2 
ifb-2 F10C1.7 
ifc-1 F37B4.2 
ifc-2 M6.1 
ifd-1 R04E5.10 
ifp-1 C43C3.1 

Nme1 ndk-1 F25H2.5 
Plk1 plk-3 F55G1.8 

Prss53 try-1 ZK546.15 
Rcn3 calu-1 M03F4.7 
Scd3 fat-7 F10D2.9 
Sparc ost-1 C44B12.2 
Srm spds-1 Y46G5A.19 

Tagln3 cpn-2 D1069.2 

Tuba8 
tba-4 F44F4.11 
tba-6 F32H2.9 
tba-9 F40F4.5 

Abcc2 mrp-2 F57C12.4 
cft-1 C18C4.2 

Casp1/Casp4 csp-2 Y73B6BL.7 
Clmn sma-1 R31.1 

Fbxo32 mfb-1 DY3.6 
Foxp2 fkh-7 F26D12.1 

Gabarapl1 lgg-1 C32D5.9 
Gyg M116.2 M116.2 

Mylk2 ZC373.4 ZC373.4 
Ovgp1 cht-1 C04F6.3 
Ptpn22 Y71G12B.31 Y71G12B.31 
Slc6a4 mod-5 Y54E10BR.7 
Zranb1 Y50C1A.1 Y50C1A.1 
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Supplementary  Table 2: Lifespan assay details of validation experiments of 

41 aging -related genes  

Gene Name  Gene 
Name 

Life 
Span p-value  Mean Life 

Span 
Mean Life 

Span 
Maximum 
Lifespan  

Maximum 
Life Span  Number  

(M.musculus)  (C.elegans  (+/0/-) (versus 
control)  days ±SEM  (%)  75th percentile 

(days) ±SEM  

75th 
percentile 

(%) 
Nematodes  

 control   20.68  23.6 ±0.9  250 

Bcat1 bcat-1 + < 0.0001 25.85 125.00 28.0 ±0.0 118.64 250 

 control   20.48 ± 0.2  22.4 ± 0.4  285 

Nme1 ndk-1 + < 0.0001 23.10 ± 0.2 112.78 25.2 ± 0.5 112.50 388 

 control   20.48 ± 0.2  22.4 ± 0.4  285 

Scd3 fat-7 - < 0.0001 16.96 ± 0.1 82.81 18.0 ± 0.0 80.36 316 

 control   20.48 ± 0.2  22.4 ± 0.4  285 

Gcat T25B9.1 + < 0.0001 23.45 ± 0.1 114.49 25.2 ± 0.5 112.50 394 

 control   20.06 ± 0.1  21.0 ± 0.0  302 

Fbxo32 mfb-1 - < 0.01 19.55 ± 0.3 97.48 21.0 ± 0.0 100.00 305 

 control   20.06 ± 0.1  21.0 ± 0.0  302 

Gabarapl1 lgg-1 + < 0.0001 21.22 ± 0.2 105.77 23.0 ± 0.0 109.52 384 

 control   21.92 ± 0.1  23.0 ± 0.0  411 

Rcn3 calu-1 - < 0.01 21.28 ± 0.2 97.08 22.2 ± 0.5 96.52 311 

 control   21.92 ± 0.1  23.0 ± 0.0  411 

Tagln3 cpn-2 o 0.1559 21.53 ± 0.3 91.20 23.0 ± 0.0 100.00 291 

 control   21.92 ± 0.1  23.0 ± 0.0  411 

Ccnb1 cyb-2.1 + < 0.01 22.46 ± 0.4 102.41 23.8 ± 0.5 103.48 399 

 control   21.31 ± 0.3  22.2 ± 0.5  243 

Tuba8 tba-4 + < 0.0001 22.88 ± 0.2 107.37 25.0 ± 0.0 112.61 398 

 control   21.31 ± 0.3  22.2 ± 0.5  243 

Lmnb1 ifa-1 o 0.66 21.42 ± 0.2 100.49 22.6 ± 0.4 101.80 284 

 control   21.31 ± 0.3  22.2 ± 0.5  243 

Clmn sma-1 - < 0.05 20.33 ± 0.4 95.40 21.8 ± 0.5 98.20 340 

 control   20.06 ± 0.1  21.0 ± 0.0  302 

Prss53 try-1 + < 0.0001 21.36 ± 0.2 106.50 23.0 ± 0.0 109.52 346 

 control   20.54 ± 0.1  22.0 ± 0.0  307 

Srm spds-1 - < 0.001 19.85 ± 0.2 96.63 20.8 ± 0.5 94.55 240 

 control   20.54 ± 0.1  22.0 ± 0.0  307 

Eln ssq-1 - < 0.0001 19.63 ± 0.2 95.56 21.2 ± 0.5 96.36 245 

 control   20.06 ± 0.1  21.0 ± 0.0  302 

Plk1 plk-3 + < 0.05 20.57 ± 0.2 102.56 22.0 ± 0.5 104.76 218 

 control   20.85 ± 0.2  22.0 ± 0.0  321 

Sparc ost-1 o 0.72  20.88 ± 0.1 100.16 22.0 ± 0.0 100.00 315 

 control   20.85 ± 0.2  22.0 ± 0.0  321 

Mylk2 ZC373.4 + < 0.0001 21.74 ± 0.2 104.28 24.0 ± 0.6 109.09 318 

 control   20.85 ± 0.2  22.0 ± 0.0  321 

Slc6a4 mod-5 - < 0.001 20.13 ± 0.1 96.54 21.6 ± 0.4 98.18 270 
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Supplementary  Table 2  continued  

Gene Name  Gene 
Name 

Life 
Span p-value  Mean Life 

Span 
Mean Life 

Span 
Maximum 
Lifespan  

Maximum 
Life Span  Number  

(M.musculus)  (C.elegans  (+/0/-) (versus 
control)  days ±SEM  (%)  75th percentile 

(days) ±SEM  

75th 
percentile 

(%) 
Nematodes  

  control     20.85 ± 0.2   22.0 ± 0.0   321 

Zranb1 Y50C1A.1 + < 0.001 21.94 ± 0.2 105.22 24.0 ± 0.6 109.09 361 

  control     20.33 ± 0.2   21.6 ± 0.4   377 

Gyg M116.2 o 0.32 20.21 ± 0.2 99.42 21.6 ± 0.4 100 384 

  control     20.33 ± 0.2   21.6 ± 0.4   377 

Abcc2 mrp-2 o 0.18 20.62 ± 0.2 101.47 22.0 ± 0.0 101.85 375 

  control     19.22 ± 0.1   21.0 ± 0.0   344 

Casp1 csp-2 + < 0.0001 20.67 ± 0.1 107.59 21.8 ± 0.5 103.81 401 

  control     19.22 ± 0.1   21.0 ± 0.0   344 

Foxp2 fkh-7 + < 0.0001 21.27 ± 0.2 110.68 23.0 ± 0.0 109.52 394 

  control     19.22 ± 0.1   21.0 ± 0.0   344 

Ptpn22 Y71G12B.31 + < 0.05 19.60 ± 0.1 101.98 21.0 ± 0.0 100 368 

  control     19.88 ± 0.2   21.0 ± 0.0   276 

Acta1 act-4 - < 0.0001 16.54 ± 0.2 83.14 17.4 ± 0.4 82.86 342 

  control     23.30± 0.12   24.0 ± 0.0   545 

Ovgp1 cht-1 o 0.48 23.26± 0.1 99.83 24.0 ± 0.0 100 592 

  control     19.79 ± 0.1   21.0 ± 0.0   370 

Eln ssq-4 o 0.06 20.11 ± 0.1 101.6 21.0 ± 0.0 100 372 

  control     19.79 ± 0.1   21.0 ± 0.0   370 

Eln F13A7.1 + < 0.001 20.45 ± 0.2 103.35 21.4 ± 0.4 101.9 374 

  control     20.13 ± 0.2   21.6 ± 0.4   378 

Lmnb1 ifa-3 + < 0.0001 21.60 ± 0.3 107.3 23.6 ± 0.4 109.26 373 

  control     20.13 ± 0.2   21.6 ± 0.4   378 

Lmnb1 ifb-2 + < 0.0001 20.95 ± 0.1 104.08 22.8 ± 0.5 105.56 374 

  control     20.13 ± 0.2   21.6 ± 0.4   378 

Lmnb1 ifb-1 + < 0.01 20.77 ± 0.2 103.16 22.8 ± 0.5 105.56 292 

  control     20.13 ± 0.2   21.6 ± 0.4   378 

Acta1 act-1 - < 0.0001 16.27 ± 0.1 80.8 18.0 ± 0.0 83.33 381 

  control     22.43 ± 0.1   25.0 ± 0.0   350 

Tuba8 tba-6 + < 0.0001 23.38 ± 0.3 104.23 25.8 ± 0.5 103.2 365 

  control     22.43 ± 0.1   25.0 ± 0.0   350 

Tuba8 tba-9 o 0.16 22.02 ± 0.2 98.19 23.8 ± 0.5 95.2 365 

  control     22.43 ± 0.1   25.0 ± 0.0   350 

Lmnb1 ifp-1 + < 0.0001 23.73 ± 0.4 105.81 26.2 ± 0.5 104.8 368 

  control     21.25 ± 0.2   23.0 ± 0.0   400 

Lmnb1 ifc-2 + < 0.001 21.84 ± 0.1 102.76 23.0 ± 0.0 100 301 

  control     21.25 ± 0.2   23.0 ± 0.0   400 

Lmnb1 ifd-1 + < 0.0001 23.87 ± 0.1 112.35 26.2 ± 0.5 113.91 389 
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Supplementary  Table 2  continued  

Gene Name  Gene 
Name 

Life 
Span p-value  Mean Life  

Span 
Mean Life 

Span 
Maximum 
Lifespan  

Maximum 
Life Span  Number  

(M.musculus)  (C.elegans  (+/0/-) (versus 
control)  days ±SEM  (%)  75th percentile 

(days) ±SEM  

75th 
percentile 

(%) 
Nematodes  

Lmnb1 ifc-1 o 0.12 19.92 ± 0.2 98.43 20.4 ± 0.4 92.73 296 
 

control 
  

20.24 ± 0.1 
 

22.0 ± 0.0 
 

324 

Eln ssq-3 o 0.67 20.32 ± 0.1 100.4 21.6 ± 0.4 98.18 295 
 

control 
  

20.68 ± 0.1 
 

22.0 ± 0.0 
 

295 

Abcc2 cft-1 o 0.0686 21.00 ± 0.1 101.56 22.0 ± 0.0 100 302 
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Supplementary Table 3: Metabolic pathways differentially expressed during 

aging in C. elegans . 

Gene ID Reaction ID  Reaction name  
Differentially 
expressed  

Genes Reaction  
alh-8 1_2_1_27_RXN Methylmalonate-semialdehyde dehydrogenase 

(acylating) yes yes 
acdh-7 2_MEBUCOA_FAD_RXN 2-methylacyl-CoA dehydrogenase no yes 

acdh-10 2_MEBUCOA_FAD_RXN 2-methylacyl-CoA dehydrogenase no yes 
acdh-8 2_MEBUCOA_FAD_RXN 2-methylacyl-CoA dehydrogenase yes yes 
acdh-3 2_MEBUCOA_FAD_RXN 2-methylacyl-CoA dehydrogenase no yes 

K09H11.1 2_MEBUCOA_FAD_RXN 2-methylacyl-CoA dehydrogenase yes yes 
B0250.5 3_HYDROXYISOBUTYRATE_DEHYDROGEN

ASE_RXN 3-hydroxyisobutyrate dehydrogenase yes yes 
F09F7.4 3_HYDROXYISOBUTYRYL_COA_HYDROLA

SE_RXN 3-hydroxyisobutyryl-CoA hydrolase yes yes 
kat-1 ACACT1 Acetyl-CoA C-acetyltransferase yes yes 

T02G5.7 ACACT1 Acetyl-CoA C-acetyltransferase yes yes 
T02G5.4 ACACT1 Acetyl-CoA C-acetyltransferase yes yes 
F35A2.7 ACACT10 acetyl-CoA:propanoyl-CoA 2-C-

acetyltransferase no yes 
B0303.3 ACACT10 acetyl-CoA:propanoyl-CoA 2-C-

acetyltransferase yes yes 
acdh-3 ACOAD9 isobutyryl-CoA dehydrogenase no no 

T08B2.7 ECOAH9i Tiglyl-CoA hydratase no yes 
ech-7 ECOAH9i Tiglyl-CoA hydratase yes yes 
ech-6 ECOAH9i Tiglyl-CoA hydratase yes yes 
ech-5 ECOAH9i Tiglyl-CoA hydratase yes yes 
ech-3 ECOAH9i Tiglyl-CoA hydratase no yes 
ech-1 ECOAH9i Tiglyl-CoA hydratase no yes 
ard-1 HACD9 3-hydroxy-2-methylbutyryl-CoA dehydrogenase yes yes 

F25B4.6 HMGCOAS Hydroxymethylglutaryl-CoA synthase no no 
Y71G12B.10 HMGL Hydroxymethylglutaryl-CoA lyase no no 

bcat-1 ILETA Isoleucine transaminase yes yes 
Y44A6D.5 ILETA Isoleucine transaminase no yes 

bcat-1 LEUTA Leucine transaminase yes yes 
Y44A6D.5 LEUTA Leucine transaminase no yes 

ech-7 METHYLACYLYLCOA_HYDROXY_RXN Methylacrylyl-CoA hydratase yes yes 
ech-6 METHYLACYLYLCOA_HYDROXY_RXN Methylacrylyl-CoA hydratase yes yes 
ech-5 METHYLACYLYLCOA_HYDROXY_RXN Methylacrylyl-CoA hydratase yes yes 
ech-3 METHYLACYLYLCOA_HYDROXY_RXN Methylacrylyl-CoA hydratase no yes 
ech-1 METHYLACYLYLCOA_HYDROXY_RXN Methylacrylyl-CoA hydratase no yes 

T08B2.7 METHYLACYLYLCOA_HYDROXY_RXN Methylacrylyl-CoA hydratase no yes 
ech-5 MGCH Methylglutaconyl-CoA hydratase yes yes 

ZK669.4 OIVD2 2-oxoisovalerate dehydrogenase (acylating) yes yes 
tag-172 OIVD2 2-oxoisovalerate dehydrogenase (acylating) no yes 
LLC1.3 OIVD2 2-oxoisovalerate dehydrogenase (acylating) yes yes 

Y39E4A.3 OIVD2 2-oxoisovalerate dehydrogenase (acylating) no yes 
ZK669.4 OIVD3 2-oxoisovalerate dehydrogenase yes yes 
tag-172 OIVD3 2-oxoisovalerate dehydrogenase no yes 
LLC1.3 OIVD3 2-oxoisovalerate dehydrogenase yes yes 

Y39E4A.3 OIVD3 2-oxoisovalerate dehydrogenase no yes 
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Supplementary  Table 3 continued  

Gene ID Reaction ID  Reaction name  Differentially expressed  
Genes  Reactions  

ZK669.4 RXN909_116 Branched-chain & alpha-keto acid dehydrogenase 
complex (for 4-mehtyl-2-oxopentanoate) yes yes 

tag-172 RXN909_116 Branched-chain & alpha-keto acid dehydrogenase 
complex (for 4-mehtyl-2-oxopentanoate) no yes 

LLC1.3 RXN909_116 Branched-chain & alpha-keto acid dehydrogenase 
complex (for 4-mehtyl-2-oxopentanoate) yes yes 

Y39E4A.3 RXN909_116 Branched-chain & alpha-keto acid dehydrogenase 
complex (for 4-mehtyl-2-oxopentanoate) no yes 

gta-1 RXN909_117 L-3-amino-isobutanoate:2-oxoglutarate aminotransferase yes yes 
hacd-1 RXN909_15 (2S,3S)-3-hydroxy-2-methylbutanoyl-CoA:NAD+ 

oxidoreductase yes yes 
F54C8.1 RXN909_15 (2S,3S)-3-hydroxy-2-methylbutanoyl-CoA:NAD+ 

oxidoreductase no yes 
ech-9 RXN909_15 (2S,3S)-3-hydroxy-2-methylbutanoyl-CoA:NAD+ 

oxidoreductase yes yes 
ech-8 RXN909_15 (2S,3S)-3-hydroxy-2-methylbutanoyl-CoA:NAD+ 

oxidoreductase yes yes 
B0272.3 RXN909_15 (2S,3S)-3-hydroxy-2-methylbutanoyl-CoA:NAD+ 

oxidoreductase yes yes 
ard-1 RXN909_15 (2S,3S)-3-hydroxy-2-methylbutanoyl-CoA:NAD+ 

oxidoreductase yes yes 
acdh-7 RXN909_24 isobutyryl-CoA dehydrogenase no yes 
acdh-10 RXN909_24 isobutyryl-CoA dehydrogenase no yes 
acdh-8 RXN909_24 isobutyryl-CoA dehydrogenase yes yes 

K09H11.1 RXN909_24 isobutyryl-CoA dehydrogenase yes yes 
F54C8.1 RXN909_26 3-hydroxyisobutyrate dehydrogenase no yes 

ech-9 RXN909_26 3-hydroxyisobutyrate dehydrogenase yes yes 
B0272.3 RXN909_26 3-hydroxyisobutyrate dehydrogenase yes yes 
hacd-1 RXN909_26 3-hydroxyisobutyrate dehydrogenase yes yes 
ech-8 RXN909_26 3-hydroxyisobutyrate dehydrogenase yes yes 
alh-9 RXN909_28 (S)-Methylmalonate semialdehyde:NAD+ oxidoreductase yes yes 

R2RD2 RXN909_28 (S)-Methylmalonate semialdehyde:NAD+ oxidoreductase no yes 
alh-1 RXN909_28 (S)-Methylmalonate semialdehyde:NAD+ oxidoreductase yes yes 

K09H11.1 RXN909_34 isovaleryl-CoA dehydrogenase yes yes 
acdh-8 RXN909_34 isovaleryl-CoA dehydrogenase yes yes 
acdh-7 RXN909_34 isovaleryl-CoA dehydrogenase no yes 
acdh-10 RXN909_34 isovaleryl-CoA dehydrogenase no yes 

ivd-1 RXN909_35 3-Methylbutanoyl-CoA:(acceptor) 2,3-oxidoreductase yes yes 
ech-7 RXN909_36 3-Hydroxyisopentyl-CoA hydro-lyase yes yes 

T08B2.7 RXN909_36 3-Hydroxyisopentyl-CoA hydro-lyase no yes 
ech-6 RXN909_36 3-Hydroxyisopentyl-CoA hydro-lyase yes yes 
ech-5 RXN909_36 3-Hydroxyisopentyl-CoA hydro-lyase yes yes 
ech-3 RXN909_36 3-Hydroxyisopentyl-CoA hydro-lyase no yes 
ech-1 RXN909_36 3-Hydroxyisopentyl-CoA hydro-lyase no yes 

F32B6.2 RXN909_37 3-Methylcrotonoyl-CoA:carbon-dioxide ligase (ADP-
forming) yes yes 

C05C10.3 RXN909_38 succinyl-CoA:acetoacetate CoA-transferase yes yes 
bcat-1 VALTA Valine transaminase yes yes 

Y44A6D.5 VALTA Valine transaminase no yes 
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Supplementary Table 4: Lifespan assay details of all remaining experiments  

strain  genotype  

RNAi  

treatment  
p-val 
vs.  p-value  p-val vs.  

p-
value  

Mean LS  
Max 
LS  

worm 
no. treatment  ±SEM -75% 

N2 wildtype L4440 - - -     20.68±0.27 24 250 

N2 wildtype bcat-1  - L4440 <0.0001     25.85±0.27 28 250 

TU3311 sid-1::gfp L4440 - - -     23.69±0.22 25 194 

TU3311 sid-1::gfp 
L4440/let-

363 - L4440 0.45 
    

23.73±0.22 25 172 

TU3311 sid-1::gfp 
L4440/bcat-

1 - L4440 <0.0001 

let-363/ 

<0.0001 26.24±0.18 28 292 bcat-1 

TU3311 sid-1::gfp 
let-

363/bcat-1 - let-363 <0.05 
    

24.56±0.30 28 149 

N2 wildtype L4440 DMSO - -     23.00±0.24 25.2 247 

N2 wildtype bcat-1  DMSO L4440 <0.0001 

L4440/ 

<0.0001 27.05±0.21 28.8 220 rap 

N2 wildtype L4440 

rapamycin  

L4440 0.0148 

    

23.94±0.29 26.4 216 
[100 

microM] 

N2 wildtype bcat-1  

rapamycin  

bcat-1 <0.0001 L4440/rap 0.0705 24.85±0.23 27.2 232 
[100 

microM] 

CX3596  (str-3::gfp) L4440 

ablated 

- - 
    

23.92±0.85 26 39 ASI neuron  

CX3596  (str-3::gfp) bcat-1  

ablated 

L4440 0.734 
    

24.46±0.94 28 37 ASI neuron  

CX3596  (str-3::gfp) L4440 
sham 

treated - - 
    

20.42±0.31 22.8 133 

CX3596  (str-3::gfp) bcat-1  
sham 

treated L4440 <0.0001 
    

23.75±0.45 26.8 89 

PS3551 hsf-1(sy441) L4440 - - -     18.94±0.26 20.8 250 

PS3551 hsf-1(sy441) bcat-1  - L4440 0.671     18.84±0.28 20.4 245 

EU31 skn-1(zu135) L4440 - - -     18.39±0.19 20.2 250 

EU31 skn-1(zu135) bcat-1  - L4440 <0.0001     22.47±0.24 25 221 

CF1038 daf-16(mu86) L4440 - - -     20.84±0.21 23.4 214 

CF1038 daf-16(mu86) bcat-1  - L4440 0.0003     21.91±0.25 24.4 208 

DR62 daf-7(m62) L4440 5-FU - -     31.6±0.31 34.25 222 

DR62 daf-7(m62) bcat-1  5-FU L4440 0.148     30.73±0.31 33.75 249 

DR40 daf-1(m40) L4440 5-FU - -     33.69±0.24 36 260 

DR40 daf-1(m40) bcat-1 5-FU L4440 0.8383     33.23±0.28 36.6 251 

N2 wildtype 

L4440/ 

- L4440 <0.0001 
    

25.06±0.25 28.2 280 daf-4 

N2 wildtype 

L4440/ 

- L4440 <0.0001 
    

25.34±0.28 29 264 bcat-1 
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Supplementary  Table 4 continued  

strain  genotype  

RNAi  

treatment  
p-val 
vs.  p-value  

p-val 
vs.  

p-
value  

Mean LS  
Max 
LS  

worm 
no. treatment  ±SEM -75% 

N2 wildtype 

daf-4/ 

- L4440 <0.0001 bcat-1 0.7953 25.37±0.24 27.8 269 bcat-1 

N2 wildtype - H2O - -     25.30±0.21 27.3 292 

N2 wildtype - 
L-Leucine 

[5mM] H2O <0.0001 
    

27.03±0.29 29.3 306 

N2 wildtype - 
L-

Alanine[5mM] H2O 0.243 

    

25.69±0.25 27 228 

CX3596  (str-3::gfp) - 
ablated ASI 

neuron +H2O - - 

    

27.15±0.75 29.7 40 

CX3596  (str-3::gfp) - 

ablated ASI 
neuron  

H2O 0.9577 

    

27.12±0.65 30.3 51 
+ L-leu 
[5mM] 

CX3596  (str-3::gfp) - 

sham treated 

- - 

    

25.69±0.21 29 412 + H2O 

CX3596  (str-3::gfp) - 

sham treated 

H2O <0.001 

    

28.76±0.25 32 406 +L-leu [5mM] 

PS3551 hsf-1(sy441) - H2O - - 
    25.76± 

0.21 29 405 

PS3551 hsf-1(sy441) - 
L-Leucine 

[5mM] H2O 0.059 
    26.61±0.23 

30 694 

EU31 skn-1(zu135) - H2O -       29.90±0.26 33 317 

EU31 skn-1(zu135) - 
L-leucine 

[5mM] H2O 0.0269 
    

31.57±0.29 34 240 

CF1038 daf-16(mu86) - H2O -       21.24±0.17 23 462 

CF1038 daf-16(mu86) - 
L-leucine 

[5mM] H2O 0.2539 
    

21.69±0.16 23.7 416 

N2 wildtype - - - -     22.2±0.3 25 265 

MIR23 bcat-1::gfp - - wildtype <0.001     19.66±0.29 22 262 

N2 wildtype L4440 - - -     21.46±0.17 24 360 

N2 wildtype 
L4440/ 
bcat-1 - L4440 <0.0001 

bcat-1/ 
hlh-15 0.0798 24.52±0.24 28 374 

N2 wildtype 
L4440/ hlh-

15 - L4440 <0.0001 
    

24.43±0.29 28 299 

N2 wildtype 
bcat-1/ hlh-

15 - L4440 <0.0001 
    

23.84±0.27 28 297 

N2 wildtype - H2O - -     27.37±0.23 31 372 

N2 wildtype - L-valine H2O <0.01     28.59±0.19 31 421 

N2 wildtype - L-isoleucine H2O <0.0001 
    

29.97±0.18 33 421 
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Supplementary Table 5: Putative transcription factor binding sites within 1 

kb of the bcat -1 promoter  

 

TF name start  end sequence  p value  
hlh-15 -473 -458 TCCCCACGTGCGCCCG 8.7e-07 
mdl-1 -474 -459 CTCCCCACGTGCGCCC 3.3e-06 
eor-1 -347 -333 CGAGAAACATAGAGA 1.3e-05 
mxl-3 -474 -459 CTCCCCACGTGCGCCC 2.3e-05 
hlh-15 -187 -172 ATAGCAGCTGGACATT 3.5e-05 
hlh-10 -189 -173 GCATAGCAGCTGGACAT 3.6e-05 
gei-11 -574 -563 CGGTCGGTCGCC 4.3e-05 
skn-1 -848 -834 GAAATGATGAAGTAG 4.7e-05 
hlh-4 -188 -172 CATAGCAGCTGGACATT 7.0e-05 
efl-1 -231 -217 ATATGGCGCCAGTTC 7.3e-05 
hlh-19 -188 -173 CATAGCAGCTGGACAT 7.5e-05 
tra-1 -592 -585 CGGGAGGC 7.6e-05 
hlh-15 -457 -442 CCACCACGGGGGCCCA 8.8e-05 
ref-1 -475 -459 TCTCCCCACGTGCGCCC 9.7e-05 
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Supplementary Table 6: Sequences of PCR primers (cloning ) 

Primer sequences containing SmaI  �U�H�F�R�J�Q�L�W�L�R�Q���V�L�W�H���X�V�H�G���I�R�U���5�1�$�L���S�O�D�V�P�L�G���F�O�R�Q�L�Q�J�������¶�Æ���¶�� 

Gene  Forward primer sequence  Reverse primer sequence  

act-4 TCCCCCGGGGGATTGGACGCCCAAGACATCAA TCCCCCGGGGGATTTGAGCGTTGTGGGTGGAA 

ssq-3 TCCCCCGGGAGCTGGAGGGTCTTCGACT TCCCCCGGGACCTCCCATAGCTCCAGATCC 

ifc-1  TCCCCCGGGCGCTGAGATCGCGTTGAAAA TCCCCCGGGGTTGCTTGCTTTGCGTCCA 

mrp-2 TCCCCCGGGGGACACAGATCCAACCGCTTCCA TCCCCCGGGGGACACTCTTGTTGCGCACACTC 

cft-1 TCCCCCGGGCATACGAGCTCGGCAAATGG TCCCCCGGGAAAATTCAGTGTGGTTTCCCTCA 

csp-2 TCCCCCGGGGGAACGTCTTGCTGGAGACATCC TCCCCCGGGGGACTTACGCTCTTCTGCCCACT 

fkh-7 TCCCCCGGGGGAGGGGACTGACGTATCGGTTG TCCCCCGGGGGAGTCCATTGTGTGGCTCGCTA 

M116.2 TCCCCCGGGGGATGAATGGCCGGATATGCTCG TCCCCCGGGGGAGACTTCCGAGCACCGATGAA 

Y71G21B.31 TCCCCCGGGGGACGCACCCCTTGATAAAGCCT TCCCCCGGGGGATACTTGAACGCACCCACCTG 

 

Supplementary Table 7: Sequences of PCR primers (qPCR)  
 

�3�U�L�P�H�U���V�H�T�X�H�Q�F�H�V���X�V�H�G���I�R�U���T�X�D�Q�W�L�W�D�W�L�Y�H���3�&�5�������¶�Æ���¶���� 

Gene Forward primer sequence  Reverse primer sequence  

C. elegans  

bcat-1  GATTGGGATGCCGAGAGAGG TTCTGGACGGAACATGCGAA 

cdc-
42 

AGCCATTCTGGCCGCTCTCG GCAACCGCTTCTCGTTTGGC 

pmp-
3 

TGGCCGGATGATGGTGTCGC ACGAACAATGCCAAAGGCCAGC 

D. rerio  

bcat1 CCAGGCTGTTCTGCCCTG  CCGATGAGCAGACTTCAACA 

tbp CACTTCGAGCCAGAAATGCT GCCAATCGAGACTGTTCCTC 

insra TCACCTGTGAGGTGTTCGAG CTTCCTGGATACGCAGTGGT 

M. musculus  

bcat1 GAAGGAGATGTTCGGCTCAG TCAGTCAGCTTTCCCAGGAT 

hmbs GCGTTTTCTAGCTCCTTGGTAA GAAATCATTGCTATGTCCACCA 

gapdh CAACAGCAACTCCCACTCTTC GGTCCAGGGTTTCTTACTCCTT 
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