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Las moscas 

Vosotras, las familiares, 

inevitables golosas, 

vosotras, moscas vulgares, 

me evocáis todas las cosas. 

¡Oh, viejas moscas voraces 

como abejas en abril, 

viejas moscas pertinaces 

sobre mi calva infantil! 

Moscas de todas las horas, 

de infancia y adolescencia, 

de mi juventud dorada; 

de esta segunda inocencia, 

que da en no creer en nada,  

de siempre. 

Inevitables golosas, 

que ni labráis como abejas, 

ni brilláis cual mariposas; 

pequeñitas, revoltosas, 

vosotras, amigas viejas, 

me evocáis todas las cosas. 

 

The flies 

You, the familiar, 

unavoidably insatiable, 

you, common flies, 

you bring all back to me. 

Oh, old voracious flies, 

like bees in April, 

old pertinacious flies, 

so intent over my infant scalp! 

Flies from all eras, 

from Infancy and adolescence, 

from my Golden youth; 

and now from this second innocence,  

that offers nothing to believe in, 

always flies. 

Unavoidably insatiable, 

you don’t work as bees do, 

you don’t glitter the way butterflies glitter, 

tiny, unruly beings, 

you old friends, 

bring it all back to me.

Antonio Machado, (26th July 1875 – 22nd February 1939) 
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Abstract 
 

Ageing is a malleable process and outstanding discoveries demonstrate that: 1) a 

single point mutation can double the lifespan of model organisms, 2) these long-lived animals 

are healthier and 3) the effect of these interventions is evolutionary conserved from yeast to 

mammals. This offers the possibility that the insights gained from research in ageing could be 

translated to improve health in the elderly and to prevent age-related diseases. Major 

interventions leading to longevity and health improvements include dietary restriction, mild 

down-regulation of insulin and target-of-rapamycin (TOR) signalling.  Interestingly, a common 

underlying characteristic of all these lifespan-extending treatments is that they all lead to a 

reduction of protein synthesis and, in addition, directly lowering translation can also improve 

longevity. However, the underlying mechanism of this effect on longevity is largely elusive. The 

aim of this project was to test a largely neglected hypothesis that lowered translation 

improves fidelity of the proteins synthetized, thereby leading to improved health and 

longevity. To explore this, Drosophila melanogaster was used as a model organism in which a 

focused longevity RNAi longevity screen was performed, and we found that downregulating 

translation-associated factors can extend lifespan in flies. Furthermore, a dual-reporter 

luciferase assay was developed in Drosophila-derived S2R+ cells to study translation fidelity 

and we have found that several drugs known to extend lifespan decrease the level of 

translation errors. In addition, a mutant with a single residue substitution in a ribosomal 

protein was generated by CRISPR/Cas9 and we found that directly improving translation 

fidelity can extend lifespan and improve healthspan in flies. Thus, in vitro and in vivo 

techniques have been used to understand the molecular and cellular mechanisms behind the 

effect of translation, especially its fidelity, in ageing.  
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Impact statement 
The field of biogerontology had a major breakthrough when it was found that a single-

gene mutation could double the lifespan of C. elegans (Kenyon et al., 1993). This led to 

discovering many more mutations that could not only extend lifespan, but also improve 

healthspan and prevent age-related diseases. Importantly, using model organisms, it was 

found that these anti-ageing interventions are evolutionarily conserved from yeast to 

mammals. After decades of studying, we already know many of the molecular mechanisms 

behind ageing, and how they can be pharmacologically targeted to improve longevity. This is 

not only important for the sake of science, but it also opens the possibility of creating drugs for 

humans that can ameliorate the health decline that inherently comes with ageing. This is 

especially important in the 21st century, as there is a great socioeconomic impact rising from 

the fact that the proportion of elderly has been rising, and is predicted to keep increasing, in 

both less and more developed countries (United Nations, 2017). Therefore, it is crucial to find 

ways of tackle age-related diseases.  There are already drugs being investigated for their use in 

humans, but we are still in need of more and better ones (Barzilai et al., 2016, Longo et al., 

2015). Thus, in my research I have studied how these drugs affect the process of translation in 

Drosophila-derived cells and I have found a simple correlation between drugs that can extend 

lifespan in flies and decrease mRNA translation errors, which has the potential to become a 

way of screening for anti-ageing drugs.    

In addition, I have studied a long-standing question in biology, does translation fidelity 

affect ageing? In 1963, L. Orgel theorized that ageing was caused by the translation apparatus, 

which had the potential of causing an ‘error catastrophe’ if it was erroneous (Orgel, 1963). 

There were many studies at the time that showed that errors in translation did not increase 

with age or that directly inducing translation inaccuracy could not lead to ageing. Nevertheless, 

the theory was not totally refuted, as the techniques at the time were limited, and it was still 

argued that maybe the errors had not been properly detected. This has meant that more 

recently, with the advancement in the techniques now available to measure transition errors, 

more laboratories are trying to understand the real relationship between translation fidelity 

and longevity (Shum et al., 2018, Ke et al., 2018). This has led us to adapt for Drosophila the 

gold-standard technique at the moment to measure translation errors, a dual-luciferase assay, 

and study the progress of accuracy with age flies. We are the first group to report the level of 

translation errors in an aged metazoan organism, as we have found that it dramatically 

increases with age in flies. For this reason, we generated using CRISPR/Cas9 the first metazoan 

organism that has a mutation in a ribosomal protein that leads to hyperaccuracy and we have 

found that these mutant flies live longer than the controls thanks to this mutation.  
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List of symbols and abbreviations 
 

/+: Over wild type 

☿: Virgin female 

♀: Female 

♂: Male 

4EBP: Eukaryotic translation initiation factor 4E-binding protein 1 

5': 5 Prime 

5mC: 5-methylcytosine  

A site: Aminoacyl site 

aa: Amino acid 

aaRSs: Aminoacyl-tRNA synthetases 

ABCE1: ATP binding cassette subfamily E member 1 

Act5c: Actin 5C 

AGE: Advanced glycation end-products 

AMP: Adenosine monophosphate  

AMPK: 5' AMP-activated protein kinase  

Aop: Anterior open 

ATM: Ataxia telangiectasia mutated 

ATR: Ataxia telangiectasia and Rad3-related 

ATP: Adenosine triphosphate 

BCA: Bicinchoninic acid 

BDSC: Bloomington Drosophila Stock Centre 

BSA: Bovine serum albumin  

Cas9: CRISPR associated 9 

cDNA: Complementary DNA 

CG: Computer generated 

CIAP: Calf intestinal phosphatase 

CR: Caloric restriction  

CRISPR: Clustered regularly interspaced short palindromic repeats 

CrV: Cricket paralysis virus 

CTDK-1: Carboxyl-terminal domain kinase I  

Cyo: Curly 
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ddH2O: Double-distilled water 

DENR: Density release protein 

dInR: Drosophila insulin-like receptor 

DLR: Dual luciferase reporter  

DMSO: Dimethyl sulfoxide 

DNA Pol: DNA polymerase 

DNA: Deoxyribonucleic acid 

dNTPs: Deoxyribonucleotide triphosphate 

DPP1:  Diacylglycerol diphosphate phosphatase  

DR: Dietary restriction  

dsRNA: Double stranded RNA 

DTT: Dithiothreitol  

ECL: Enhanced chemiluminescence 

EDTA: Ethylenediaminetetraacetic acid  

eEF: Eukaryotic elongation factor 

eEF2K: eEF2 kinase  

EFG: Elongation factor G 

EFTu: Elongation Factor Tu 

eIF: Eukryotic initiation facotr 

ER: Endoplasmic reticulum 

eRF: Eukaryotic release factor 

ERK1/2: Extracellular Signal-Regulated Kinases 1 and 2 

E-site: Exit site 

EtOH: Ethanol 

ETS (E-twenty-six) 

eukaryotic initiation factor 4E-binding protein (4EBP) 

F1 (F2, F3, etc): Filial generation 1, etc.  

FBP: Fructose-1,6-biphosphate  

FBS: Foetal bovine serum  

FOX: Forkhead box  

FOXO: Forkhead box O  

GAAC: General amino acid control 

GAL4: Galactose-induced gene 4 



The role of decreased protein synthesis in delaying ageing                      | Martínez Miguel, V.E. 

 

19 
 

GAPDH: Glyceraldehyde 3-phosphate dehydrogenase  

GCN2 and 4: General control nonderepressible 2 and 4 

GDP: Guanosine diphosphate 

GFP: Green fluorescence protein 

GHR: Growth hormone receptor 

gRNA: Guiding RNA 

GTP: Guanosine-5'-triphosphate 

GTPase: GTP hydrolase 

GTPBP2: GTP binding protein 2 

H27: Helix 27  

H3K27me3: Histone methylation occurring on the amino (N) terminal tail of the core histone H3 

H44: Helix 44 

HATs: Histone acetyltransferases 

HCV: Hepatitis C virus 

HDACs: Histone deacetylases  

Ifs: Initiation factors 

IGF: Insulin-like growth factor  

IIS: Insulin/IGF-like pathway 

InR: Insulin receptor 

IRES: Internal Ribosomal Entry Sites 

IRS: Insulin receptor substrate 

LAR II: Luciferase Assay Buffer II 

LB media: Lysogeny broth media 

LEP: Life energy potential 

m7G: Methylated on the position 7 

MAPK: Mitogen-activated protein kinases 

MCTS1: Multiple copies in T-cell lymphoma-1 

MEK1 and 2: MAPK/ERK Kinase1 and 2 

Met-tRNAi: Initiator methionyl-tRNA 

Mitoribosomes: Mitochondrial ribosomes 

MPN: Mpr1/Pad1 N-terminal 

mRNA: Messenger RNA 

mtDNA: Mitochondrial DNA 
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mTOR: Mechanistic/mammalian target of rapamcyin 

NAD+: Nicotinamide adenine dinucleotide 

NMR: Naked mole rat 

Non-phospho: Non-phosphorylated 

NOS: Reactive nitrogen species 

nos-Cas9 flies: Nanos promoter-Cas9 flies 

NSUN5: NOP2/Sun RNA methyltransferase family member 5  

ORF: Open reading frame 

OXPHOS: Oxidative phosphorylation 

P site: Peptidyl site 

p70S6K: p70 ribosomal protein S6 kinase -1 

PABP: Poly (A) binding protein 

PAM sequence: Protospacer adjacent motif sequence 

pAW: Actin promoter 

PBS: Phosphate-buffered saline 

PCI: Proteasome/CSN/eIF3 

PERK: PKR-like ER kinase 

pHW: Heat shock promoter  

PI3K: phospho-inositol 3 kinase 

PKB: Protein kinase B 

PKR: Protein kinase 

PLB: Passive lysis buffer 

pMT: Metallothionein promoter 

poly (A) cap: 5’ Polyadenylated cap 

poly(U): 3’ Polyuridylation tail 

(p)ppGpp: Guanosine pentaphosphate or tetraphosphate 

PP1: Protein phosphatase 1 

PP1R15a: PP1 regulatory subunit 15A region 

PRAS40: Proline-rich Akt substrate of 40 kDa 

pre-tRNAs: precursor tRNA molecules 

Proteostasis: Protein homeostasis 

Ram: Ribosomal ambiguity mutation 

Rapalog: Rapamycin analogue 
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Res: restrictive phenotype mutation 

RelA: Ribosome-associated protein A 

Ribosomopathies: Diseases caused by ribosomal abnormalities 

RL: Replicative lifespan 

RNA: Ribonucleic acid 

PolI: DNA polymerase I 

PolII or III: RNA polymerase II or III  

RNAi: RNA interference 

RNAse free-DNAse  

ROS: Reactive oxygen species 

RPL: Ribosome protein of the large subunit 

RPS: Ribosome protein of the small subunit 

rRNA: ribosomal RNA 

RT-qPCR: Reverse transcriptase- quantitative polymerase chain reaction 

RU486: Mifepristone 

S1106: Scer\GAL4Switch1.106 

S2R+ cells: Schneider 2 cells  

S6K: p70-S6 kinase 

SAM: Senescence-accelerated mice 

SASP: Senescence-associated secretory phenotype  

SDS-PAGE: Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

SEM: Scanning electron microscope 

Sirtuin: Silent mating type information regulation 2 homolog 1  

ssODN: single-stranded oligodeoxynucleotides 

SDS: Sodium Dodecyl Sulphate  

Sre1: Sterol regulatory element 1 

 ssODN: Single-stranded oligodeoxynucleotides 

SLEs: Standardized laboratory environments 

SmR: Streptomycin-resistant 

SmD: Streptomycin-dependent 

SmS: Streptomycin-sensitive 

SunRISE: SUnSET-based Ribosome Speed of Elongation 

SUnSET: Surface sensing of translation 
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SOD: Superoxide dismutase 

SYA: Sugar Yeast Agar 

TBST: Tris-buffered saline (TBS) and Polysorbate 20 (also known as Tween 20).  

TCER-1: Transcription elongation regulator homolog 

NSAIDs: Nonsteroidal anti-inflammatory drugs 

TISU: Translation Initiator of Short 5′ UTR  

TORC1 or 2: mTOR complex 1 or 2 

TFEB: transcription factor EB 

TSAA: Translation state array analysis 

tRNA: transfer RNA 

TSC2: Tuberous sclerosis protein 2 

2D electrophoresis: Two-dimensional (2D) gel electrophoresis  

UAS: Upstream activation sytem 

UN DESA: United Nations Department of Economic and Social Affairs 

ULK: Unc-51 like autophagy activating kinase 

RelA: Ribosome-associated protein A 

UPR: Unfolded protein response 

uORFs: Untranslated open reading frames 

UTR: Untranslated region 

UTX-1: Ubiquitously transcribed TPR on X 

VDRC: Viena Drosophila Stock Centre 

W1118: white 1118 

wDah : white Dahomey 

WT: Wild-type 

X→Y: X to Y substitution 

YT:  yeast and tryptone 
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1.1. Introduction to the biology of ageing 

In this chapter, I will give a brief introduction about the history of biogerontology, 

followed by an explanation of some of the most relevant evolutionary and mechanistic 

theories of ageing, whilst briefly touching upon some possible anti-ageing interventions.  

1.1.1. Introduction to ageing 

Ageing is defined as “the process of growing old” by the Oxford Dictionary  so if  we 

consider about ageing in this context, we will usually think from an anthropomorphic 

perspective about how, with time, we wrinkle, our movements become slower, our hair falls 

out or greys and we acquire more wisdom and/or lose memory (Oxford-Dictionary, 2018). 

However, ageing is a process that affects from single-cell to multicellular organisms, with many 

shared characteristics but also some unique ones. The main shared characteristics usually 

involve the biologically-caused decline of certain properties, such as impaired metabolism or 

cognitive ability. Therefore, biogerontology (i.e. the study of the biology of ageing) focuses on 

senescence, which is defined as the deterioration of adult organisms that prompts pathologies 

and death (Janac et al., 2017).   

The study of longevity originates in the 19th century, and is either linked to medicine 

and what could affect human longevity or linked to zoology and the differences in lifespan 

among animals. Already some studies of mid-19th century explored how diet and exercise 

affected ageing, but with a certain bias against what ‘civilized’ people should be eating and 

doing to live longer and healthier (Thackrah, 1831, Bell, 1844). Nonetheless, zoologists started 

studying longevity in animals with particular interest at the end of the 19th century. In the 

beginning of the 20th century, for example C. Mitchell, in 1911, published a laborious 

compendium of mammalian and avian lifespans and tried to explain why there was such a 

variation among species (Mitchell, 1911). 

Ageing manipulations started at the beginning of the 20th century, when using 

Drosophila several groups studied what conditions make these insects live longer (Loeb and 

Northrop, 1917, Loeb, 1916, Pearl, 1921). Progressing to the late 1920s beginning of the 1930s, 

scientists were worried about the food shortage during the Great Depression, and two 

important studies opened the field of biogerontology: the first, a study in Drosophila found 

that alternate fasting extended the flies’ lifespan, the second, using laboratory rats, found that 

dietary restriction (DR) could also extend lifespan (McCay et al., 1935, Kopec, 1928, Alpatov, 

1930). Several decades later, in the 1980s and 1990s, when mutagenesis techniques were 



The role of decreased protein synthesis in delaying ageing                      | Martínez Miguel, V.E. 

 

25 
 

improved in C. elegans, it was shown that ageing was a malleable process and that mutations 

in the IIS [insulin/IGF (insulin-like growth factor)-like] pathway could extend the lifespan of this 

organism (Friedman and Johnson, 1988, Kenyon et al., 1993, Klass, 1983, Morris et al., 1996). 

These mechanisms behind ageing have later been found to be evolutionary conserved across 

many model organisms, particularly yeast, flies and mice (Bodkin et al., 2003, Colman et al., 

2009, Miller et al., 2005, Grandison et al., 2009, Clancy et al., 2001, Tatar et al., 2001, Bluher et 

al., 2003, Holzenberger et al., 2003).  

1.1.1.1. Relevance of anti-ageing interventions to societies 

Thanks to medical developments and improvements in lifestyle and sanitation, human 

life expectancy has rapidly increased since the 19th century (Oeppen and Vaupel, 2002). This 

has meant an increment in the population proportion of elderly. In both less and more 

developed countries the number of people over 65 years old has been increasing over the last 

decades and it is forecasted to continue on the rise (Table 1.1) (United Nations, 2017). This 

increase in lifespan is obviously encouraging, but it has a worrying socioeconomic impact too. 

Ageing is the major risk factor for cancer, cardiovascular, respiratory, metabolic and 

neurodegenerative diseases, which are the leading causes of death in upper-middle income 

countries (Partridge, 2014, WHO, 2018). Therefore, it is crucial to tackle these diverse ageing-

related conditions and diseases and, critically, it has been shown that it is possible to improve 

health span and prevent age-related disease in model organisms with anti-ageing interventions 

(Partridge, 2014, Castillo-Quan et al., 2015).  

 

 

 

 

 

1.1.2. Biology of ageing 

Biology is a very broad science, it comprises from basic genetics to physiology or 

evolution; therefore, it is not surprising that biogerontology tries to answer a wide range of 

Table 2.1 Percentage of total population by broad age group, both sexes (per 100 total populations) 
in more developed regions and less developed regions. The proportion of older people has 
increased since 1950 and it is still predicted to increase in the future. Data from United Nations 
DESA/Population division (2017) 

Year 
Age 65+ 75+ 85+ 65+ 75+ 85+ 65+ 75+ 85+ 

7.7 2.4 11.7 4.3 14.3 5.4 1.1 
3.8 1 4 1.1 4.4 1.3 0.2 

Year 
Age 65+ 75+ 85+ 65+ 75+ 85+ 65+ 75+ 85+ 

19.4 8.7 2.5 22.9 11.2 3.2 26.6 15.1 10 
7.4 2.5 0.5 9.7 3.4 0.6 14.2 6.3 1.5 

Less developed countries (%) 

More developed countries (%) 

Less developed countries (%) 

2030 

1950 1980 2000 

2020 2050 

More developed countries (%) 
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questions about ageing. Two of the main questions that can be asked are, why do living 

organisms age and how does this happen? The first one will be reviewed here mainly under 

the ‘1.1.2.1. Evolutionary theories’ section; the second question will be discussed under the 

‘1.1.2.2. Mechanistic theories’ and the ‘1.1.2.3. Molecular mechanisms behind ageing’ 

sections.   

1.1.2.1. Evolutionary theories 

One of the main questions that we have to ask about ageing if we want to understand 

why it happens is: is it an evolved trait or is it just inevitable? Zoology research answers this 

question quite clearly, ageing can be avoided, as there are organisms that do not senesce over 

time, such as Hydra or anemones  (Martinez, 1998) (Fig 1.1). Nevertheless, although mortality 

rates in nature are mainly caused by external hazards or accidents, senescence has been 

recorded in many different wild animals (Nussey et al., 2013), so the question of why would 

senescence, such a deleterious traits, evolve in so many organisms arises logically. Thus, some 

of the main evolutionary theories of ageing will be discussed.  
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Figure 1.1. Mortality, fertility and survivorship in several organisms ranging from vertebrate 
to invertebrate, plants and algae. In some organisms such as modern humans or predators like 
lions, survivorship (grey line) and mortality (red line) are tightly linked. However, in other 
organisms such as red abalones or collared flycatchers, even though mortality is almost flat, 
extrinsic conditions affect survivorship and make it rapidly decline. Fertility (blue line) in most 
organisms remains fairly constant across the lifespan, but in other organisms, like humans or 
bdelloid rotifers, fertility peaks at younger ages to then decrease in adults. Figure from (Jones 
et al., 2014). 
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1.1.2.1.1. Ageing as an evolved trait 

Quoting T. Dobzhansky “nothing in biology makes sense except in the light of 

evolution” so ageing also needs to be explained in the context of evolution  (Dobzhansky, 

1973). This is problematic to study because senescence occurs, in the cases that it does, in very 

different ways across taxa. Thus, a valid evolutionary theory of ageing should take into account 

these discrepancies. Here, some of the most famous and relevant theories will be explained.  

1.1.2.1.2. Ageing to benefit the species 

One of the earliest evolutionary theories argued that ageing has evolved as a trait that 

even though it is detrimental for the individual, it confers an advantage to the group (Wallace, 

1889). This could be done through a removal of the individuals that have reproduced, so they 

no longer consume resources that can be used by the younger and fitter progeny (Wallace, 

1889). Therefore, in order to successfully adapt to the environment, the prosperity of the 

species is more important than that of the individual; this means that it is advantageous to 

remove ‘worn out’ adults to have the majority of the group formed by healthy individuals 

(Weismann, 1889). 

This theory is contradicted by the fact that there are organisms that do not exhibit 

reproductive senescence such as African elephants (Loxodonta africana), damselflies 

(Coenagrion puella) or the flowering plant Hypericum cumulicola or other organisms that have 

prolonged post-reproductive lifespans in the wild, such as humans, Asian elephants (Elephas 

maximus), short-finned pilot whales (Globicephala macrorhynchus), resident killer whales 

(Orcinus orca) or the aphid Quadrartus yoshinomiyai (Hassall et al., 2015, Croft et al., 2015, 

Ackermann et al., 2007, Jones et al., 2014). Moreover, this theory does not take into account 

that resources would become available for genetically distinct individuals that would not 

inherit the ageing-causing genetic information (Ackermann et al., 2007). Another major 

drawback of this theory is that it does not explain why aged animals would exist in the first 

place. Thus, ageing is not selectively favoured in nature as it is not advantageous neither for 

the group nor the individual, so it must have evolved as a side-effect.  

1.1.2.1.3. Extrinsic hazards and natural selection 

Death is part of what defines life, and even ageing-free organisms die from extrinsic 

hazards such as disease, predators and accidents. In wild populations, this is shown by survival 

curves, which are very dependent on the environment; for example, in humans survival curves 

have become rectangular since the 16th century as extrinsic hazards and diseases have lowered 
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(Kertzer and Laslett, 1995). Nevertheless, there are more individuals that survive only the early 

stages of their life and natural selection is higher at this time, especially coupled to the age of 

first breeding. An example of this force of natural selection is shown by the recurrence of 

Huntington’s disease; a genetic neurodegenerative disease caused by a dominant mutation 

which onsets at 35.5 years average. Due to the post-reproductive onset of this mutation, and 

that pre-modern humans had shorter lifespans (usually not reaching beyond their 40s), this 

mutation has not been selected against throughout evolution (Fig. 1.2) (Haldane, 1941). 

Moreover, because natural selection acts on younger individuals that have reproductive 

potential, any trait that is beneficial only at an advanced age will not be selected, and in the 

same way, if a mutation is beneficial earlier in life but has a detrimental side-effect later, it will 

still be selected (Medawar, 1946). These concepts led to the formulation of the ‘Mutation 

accumulation’ theory of ageing by P. Medawar and the ‘Antagonistic Pleiotropy’ theory by G. 

C. Williams.   

 

Figure 1.2. Diagram of the reasoning behind the theories supporting that ageing evolved as a 
consequence of the force of natural selection declining and mutations accumulating with age. 
Extrinsic hazards greatly affect the survival of a species in the wild, so there are more individuals 
at younger ages in any population. Natural selection will favour any mutation that has a 
beneficial effect before or during reproductive maturity, whereas mutations that have beneficial 
effects at more advanced ages will not be “seen” at early reproduction and hence will stay in a 
“selection shadow” and will not expand through population. In addition, if the naturally selected 
mutations have a detrimental side-effect later in life they will not be eliminated from the genetic 
pool (antagonistic pleiotropy).  
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1.1.2.1.4. Mutation accumulation theory 

P. B. Medawar theorized that, if there are no natural selection forces acting in 

advanced ages, the mutation pressure in older individuals is also lower, so detrimental 

mutations can accumulate in the genome without being eliminated. Moreover, these negative 

effects could hide in a ‘selection shadow’ and would not be selected against, as they are not 

apparent until already passed on the progeny (Fig 1.3) (Medawar, 1946). There are plenty of 

studies that show that de novo mutations accumulate with age (Dolle et al., 2000, Lee et al., 

1994, Milholland et al., 2015, Ono et al., 2000).  

However, this hypothesis implies that spontaneous mutations will affect older 

individuals more than younger, or if not, they would be eliminated from the genetic pool over 

time. Nevertheless, it has been shown that new mutations impair survival and fecundity, that 

they affect younger and older individuals and that they are not correlated with mortality rates 

at older ages (Pletcher et al., 1998, Pletcher et al., 1999). Furthermore, mathematical models 

have concluded that although mutation accumulation can have an effect in the mortality 

shapes of extremely old individuals, it does not explain ageing in adults and neither its 

evolution across wild populations (Danko et al., 2012, Moorad and Promislow, 2009). 

Therefore, the mutation accumulation theory is likely to be important in organismal 

senescence, but it cannot fully explain why ageing has evolved.  
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Figure 1.3. Model of the modified mutation accumulation theory. In this theory survival 
depends on extrinsic conditions, so under higher extrinsic hazards (blue line), there is a rapid 
decline in the number of survivors over age in a population so mutations that have positive 
pleiotropic effects (i.e. they are deleterious at both young and old ages, but the phenotypes are 
more pronounced with age) are not selected against (red line). However, when there are low 
extrinsic hazards (green line) these detrimental mutations are removed from the population 
(yellow zone). This selection stops once reproduction ceases (dashed red line). In the species 
that exhibit prolonged reproductive senescence and they continue reproducing at older ages, 
this ‘removal by selection stage will be even longer (chequered-yellow zone). 

1.1.2.1.5. Antagonistic pleiotropy theory 

This theory was proposed by G. C. Williams in 1957 and it expanded on the previously 

explained mutation accumulation theory. Those mutations that are beneficial in the youth but 

have a pleiotropic (i.e. an apparently unrelated phenotypic trait to the original one) and 

detrimental effects in advanced ages will be incorporated in the genetic pool; therefore, 

ageing is just a side-effect of antagonistic pleiotropy (Fig 1.3.) (Williams, 1957).  This occurs as 

a trade-off between current and future fitness. There is evidence that some traits that benefit 

the youth, especially if they confer an advantage in growth or reproduction, have negative 

effects at older ages (Everman and Morgan, 2018, Rodriguez et al., 2017, Sgro and Partridge, 

1999, Luckinbill et al., 1984). For example, Luckinbill et al. (1984) did a classic inbreeding 

selection experiment in which they selected for longer-lived flies and they saw that this 

longevity effect was coupled with later ages of reproduction. However, in a more recent study, 
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Khaezaeli and Curtsinger (2013), took these inbred longer-lived flies and showed that the 

seemingly ‘antagonistic pleiotropic’ effect disappeared when they produced recombinant 

‘superflies’ that had both extended lifespans and early fecundity (Khazaeli and Curtsinger, 

2013). In addition, a recent study also in Drosophila showed that the same alleles that 

conferred higher reproduction and fitness in young flies were the ones that improved lifespan 

at advanced ages (Kimber and Chippindale, 2013).  This suggests that antagonistic pleiotropy 

most likely happens in nature leading to ageing phenotypes, but it is not likely to be the sole 

cause of the evolution of ageing.    

1.1.2.1.6. The disposable soma theory 

This theory of the evolution of ageing was coined by T. B. Kirkwood in 1977. It suggests 

that there is a difference between germ and somatic cells, which are in competition, so the 

individual has to allocate fewer resources to the maintenance of somatic tissues in order to 

keep the demanding process of reproduction active leading to a progressive damage of the 

somatic tissues (Kirkwood, 1977).  This theory has been seen as an explanation of antagonistic 

pleiotropy in a physiological context; however, it assumes that there is a dynamic allocation of 

resources to maximize fitness across the whole lifespan (Reichard, 2017). The individual invests 

in the maintenance and repair of somatic cells as long as it confers a higher chance of survival 

in the wild, but always taking into account that a proportion of the metabolic resources will go 

to maintain reproduction/replication and the germline; this means that across chronological 

time, somatic cells can accumulate damage and other functional problems that cause ageing.  

 It is important to note that T. B. Kirkwood states in his theory that ageing only evolves 

in organisms that have a differentiated soma and germline (Kirkwood and Austad, 2000). 

Observations of different organisms have shown that, for example, Hydra that can swap from 

asexual reproduction to sexual reproduction but still do not age; similarly, two oligochaete 

species that reproduce by symmetrical fission do not age; however, other species (e.g. rotifers, 

ostracod or cladoceran crustacean) that reproduce asexually, but by producing eggs, do age 

(Bell, 1984, Martinez, 1998, Nishimiya-Fujisawa and Kobayashi, 2012). Furthermore, recent 

empirical observations have found that there is a trade-off between reproduction and lifespan 

(Lemaitre et al., 2015, Lemaitre and Gaillard, 2017, Tidiere et al., 2017, Boonekamp et al., 

2014). Selection and genetic experiments, have shown that delaying or reducing reproduction 

in Drosophila extends the lifespan of these flies (Zwaan et al., 1995, Stearns et al., 2000, Sgro 

and Partridge, 1999, Luckinbill et al., 1984)  
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Nonetheless, reproduction and lifespan extensions can also be uncoupled, as it has 

been shown in several studies using worms and flies (Grandison et al., 2009, Partridge et al., 

2005, Kimber and Chippindale, 2013, Kenyon et al., 1993). Moreover, the disposable soma 

theory cannot be applied to some organisms such as flowering plants that age but have 

germline cells that differentiate from somatic cells (Reichard, 2017). It would neither explain 

ageing in unicellular organisms, some reproduce by asymmetric replication, leaving the older 

cell to age and others, such as E. coli have apparent symmetric divisions but also age when 

they inherit the old pole in replication (Stewart et al., 2005)  

1.1.2.1.7. Modified Mutation Accumulation (MMA) theory 

If a mutation has a detrimental effect at young ages that is small enough not to be 

eliminated, it can progressively become stronger at older ages and eventually accumulate in 

the genome (Fig. 1.3.) (Maklakov et al., 2015). This theory accommodates the presence in 

nature of positive pleiotropic alleles (i.e. deleterious at both early and late-life, but with a 

stronger phenotype at later stages) and of the dynamics of survival that are condition-

dependent or independent (Reichard, 2017). Under this theory, mutations that have a mild 

detrimental effect on youth accumulate during times of high extrinsic hazards, when mortality 

is higher and ageing more rapid. However, in times where the extrinsic hazards are lower, 

these mutations that conferred slightly lower fitness in youth are removed and ageing evolves 

to be slower (Maklakov et al., 2015). Moreover, these positive pleiotropic alleles might be 

maintained in the genome because of epistasis (i.e. the interaction between two alleles, one 

masking the other) in an age or condition-dependent context (Reichard, 2017, Houle et al., 

1994).    

It should be noted that positive pleiotropy does not always result in a deleterious 

phenotype, some beneficial phenotypes can also become stronger with age (Kimber and 

Chippindale, 2013).  

1.1.2.2. Mechanistic theories 

Biogerontologists also try to answer how do we age, and several theories have been 

proposed. Nonetheless, this does not come without a problem, since organisms show many 

differences in their senescence patterns. Some of these differences will be because ‘private’ 

mechanisms (i.e. characteristic of certain evolutionary lineages) that cannot be applied to 

global theories. Nonetheless, mounting evidence shows that there are ‘public’ (i.e. in common 

across remotely related evolutionary lineages) mechanisms behind ageing, especially those 
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involving evolutionary conserved molecular pathways (Partridge and Gems, 2002). Here, some 

of the main mechanistic theories with more scientific support will be discussed.  

1.1.2.2.1. Wear and tear theory 

This theory by A. Weismann (1882) supports that ageing occurs as a consequence of 

irremediable mechanical damage accumulation (Weismann, 1889). This damage can result 

from thermal denaturation, glycation or oxidation. Elevated temperatures denature proteins, 

and even though there are repair systems in place, if this damage is considerably greater than 

what the repair machinery can handle, or it directly affects heat-shock factors and chaperones, 

then these non-functional proteins can accumulate and lead to ageing. Although several 

studies have supported this detrimental effect of heat on longevity (Alpatov and Pearl, 1929, 

Loeb and Northrop, 1917, Miquel et al., 1976), heat cannot be held responsible for ageing, as 

there are many organisms that are never exposed to temperatures warm enough to cause 

denaturation and they still age.  

Glycation, or non-enzymatic glycosylation, is the process by which a sugar molecule is 

covalently linked to a protein or lipid. The products of glycation can undergo further 

modifications producing what is termed as advanced glycation end-products (AGE), and these 

were thought to be damaging for the cell (Cerami, 1986).  In older humans, elevated serum 

glucose has been detected, which could make glycation more readily available (Kalyani and 

Egan, 2013). However, more research has shown that AGE formation only affects certain 

proteins that have lower turnover rates, especially eye lens crystallins, elastin and collagen 

(Gkogkolou and Bohm, 2012, Luthra and Balasubramanian, 1993). Therefore AGE products 

have an effect in human ageing, AGE-related damage of these proteins accumulates in humans 

over time and it causes age-related health problems, especially in the skin (Gkogkolou and 

Bohm, 2012).  

Furthermore, oxidative damage and its accumulation were the centre of attention in 

the ageing field a few decades ago, and much research focused on this topic (Gems and 

Doonan 2009). In fact, it gave rise to the ‘Oxidative damage theory´ which will be discussed in 

section 1.2.2.6.  

In conclusion, even if the ‘wear and tear’ theory seems plausible and logical, it 

explicitly requires cellular repair systems not being able to work indefinitely in their required 

capacity, which is not the case in immortal cell lines, the already discussed Hydra or germline 

cells (Hayflick, 1977, Martinez, 1998, Weismann, 1893).  
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1.1.2.2.2. Somatic mutations theory 

This theory was proposed by L. Szilard, a former nuclear physicist that switched to 

biology after working in the Manhattan project; in 1959, he proposed that ageing is caused by 

the accumulation of random mutations in somatic cells, which leads to eventual non-functional 

proteins (Szilard, 1959). As previously discussed, the disposable soma evolutionary theory of 

ageing explains that organisms invest energy repairing their somatic cells if it does not prevent 

maintenance of the germline; therefore, somatic mutations could accumulate more easily than 

in the germline mutations. In fact, germline mutation rates have been found to be significantly 

lower than somatic mutation rates (Lynch, 2010, Milholland et al., 2017a). This also makes 

sense from an evolutionary perspective, as mutations in the germline present a substantial risk 

for the fitness of the species (Kennedy et al., 2012).  

Experiments using senescence-accelerated mice (SAM) mice, which are a progeroid 

model (i.e. progeria is a syndrome in which the individual has accelerated ageing and usually 

stunted lifespan) have shown that these have higher mutation frequencies, whereas long-lived 

Ames dwarf mice and mice under caloric restriction have decreased accumulation of 

mutations (Garcia et al., 2008, Odagiri et al., 1998).  Moreover, human patients suffering from 

progeroid pathologies such as Werner or Cockayne syndromes also have defects in the DNA 

repair machinery (Kennedy et al., 2012). It should be noted that eukaryotic cells have also a 

mitochondrial genome that can be damaged. It has been suggested that mitochondrial DNA 

(mtDNA) mutations contribute to ageing and studies in both aged mice and human tissues 

have found increased levels of damaged mtDNA compared to samples from younger 

individuals (Brossas et al., 1994, Cao et al., 2001, Kraytsberg et al., 2006, Trifunovic et al., 

2004).  

Nevertheless, low doses of DNA-damaging radiation can also extend the lifespan of 

rodents and Drosophila, which is sometimes explained by hormesis, which is the theory 

explaining how low doses of a damaging agent, like radiation, promote activation of repair 

mechanisms that can protect against other cellular insults (Carlson et al., 1957, Sacher, 1963, 

Luckey, 2006).  

Szilard already stated the limitation of his theory as it worked mainly for mammals but 

no other species; however, his theory was a great contribution to the ageing field because it 

regarded ageing as the result of the accumulation of cellular molecular damage.  Therefore, 

even though there is mounting evidence that the accumulation of DNA damage and mutations 

do happen during chronological ageing, it has still not been proven if it directly causes ageing.  
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1.1.2.2.3. The error catastrophe theory 

In 1963, following and expanding, on the somatic mutation theory, L. Orgel proposed 

‘The error catastrophe theory’ of ageing. He suggested that errors in the protein synthesis 

apparatus could contribute to ageing (Orgel, 1963).  A cell inherits the DNA from its mother, 

but also enzymes such as ribosomes; thus, if ribosomes are defective the cell’s fitness could be 

compromised. Moreover, cells could become more erroneous with time, either through the 

accumulation of DNA or RNA mutations or protein errors. If this happened, there are two 

possible scenarios: a) the defective protein is an enzyme taking part in any process but not in 

protein synthesis or b) the defective enzymes are part of the protein synthesis machinery (Fig. 

1.4. A). Under the first scenario, the cell would be affected due to the impairment of the 

average turnover, specificity or control of said enzyme. In the case that the defectiveness 

came from a faulty mRNA, once this was degraded the problem would be solved. Under the 

second scenario, the ‘error catastrophe’ could occur; if the defective enzyme is, for example, a 

tRNA (transfer RNA) synthetase, and the error is in the active site of the enzyme, the proteins 

that tRNA is helping to translate would be affected and an accumulation of error frequency 

would occur (Fig. 1.4. B)  (Orgel, 1963). One of the major draw-backs of this theory is that even 

if there is an error in an enzyme it might not affect its specificity or activity, and that there are 

plenty of other factors in the cell that could cope with translation non-erroneously.  
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Figure 1.4. Orgel’s error catastrophe theory. When there is a non-functional protein this can 
accumulate throughout chronological time and be passed to the progeny. A) When the non-
functional protein takes part of any cellular process that is not protein synthesis, this protein will 
eventually be removed from the proteome as mRNA degrades so it will not be passed into 
daughter cells. B) If the protein forms part of the protein synthesis machinery, it will produce a 
cascade of erroneous proteins which will accumulate throughout chronological time and that 
can also be passed into daughter cells.  

However, this theory was quite attractive, and there were plenty of experiments trying 

to test it. An error catastrophe was attempted in D. suboscura by giving the flies, p-fluoro 

phenylanine, an amino acid analogue that could be incorrectly incorporated in polypeptide 

chains, but no shortening of lifespan was observed (Dingley and Smith, 1969). Later, E. coli was 

used in several experiments to test this theory; in two experiments bacteria were 

supplemented with the error-inducing antibiotic streptomycin, and the level of 

misincorporated cysteine was tracked, however, the mistranslation levels after a steep 

increase reached stability (Edelmann and Gallant, 1977, Gallant and Palmer, 1979). However, 

in other experiments, three with E. coli and one with Neurospora, cultures were supplemented 

with sub-lethal concentrations of streptomycin which resulted in translation errors and after a 

few generations, usually around 15, the cells reached an unstable point and died (Branscomb 

and Galas, 1975, Fast et al., 1987, Rosenberger, 1982, Lewis and Holliday, 1970).  
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In the 1970s and 1980s, a lot of effort was put into measuring the level of translation 

errors in young and old cells, either from ex vivo cultures or from animal samples. By utilizing 

one of the most commonly used techniques of that time, two-dimensional (2D) gel 

electrophoresis—proteins are separated by charge and size, so misincorporated amino acids 

result in ‘stuttering’—the levels of protein ‘stuttering’ were measured in samples from  young 

and old C. elegans or Drosophila and no difference was found (Parker et al., 1981, Vanfleteren 

and De Vreese, 1994). The 2D electrophoresis footprints of early and late passages of human 

derived fibroblasts had no difference either (Harley et al., 1980). Nevertheless the heated 

debate was not over, in 1996, R. Holliday wrote an article explaining why the error catastrophe 

theory had still not been proven wrong (Holliday, 1996). He proposed that cells have proof-

reading mechanisms to ensure optimal translation accuracy, but that these are energetically 

expensive, so the cell has to balance between the need for accuracy and the energy sources 

that can be invested in this accuracy system. Therefore, increasing translation fidelity beyond 

certain level does not confer an evolutionary advantage, but it was still not known how far this 

upper limit set by evolution is, and where aging cells stand. In addition, he criticized that all the 

experiments that had been done trying to measure the levels of translation fidelity were too 

artificial because a) they used amino acid analogues that can interfere with normal translation 

(for example, the histidine amino acid histidol, used in Harley et al. 1980 experiments, is also 

an inhibitor of protein synthesis), b) they had to purify the proteins through very complicated 

processes that could mask the effects of a real cell environment, c) sometimes they were not 

sensitive enough and had to use error-inducing antibiotics, d) they were based on enzymes 

that were heat-liable or d) they used virus-derived RNA that could be translated differently in 

higher eukaryotes.   

This was answered in another set of letters by J. Gallant, C. Kurland and J. Parker 

(Gallant et al., 1997). They proposed that the fact that increasing errors led to shorter lifespans 

could just be a correlation and that cells under normal physiological conditions had stable 

levels of errors that did not lead to any positive feedback or catastrophe. In fact, Galland and 

Kurland proposed that errors in translation are not problematic when they form part of 

ribosomal proteins but if the abrogated proteins that form part of membranes, because these 

could prompt changes in the intracellular ionic conditions, leading to further mistranslation 

and therefore an even more damaged cell. R. Rosenberg , also took part of the debate and 

argued that the 2D gel electrophoresis were not sensitive enough, as they only detect amino 

acid substitutions that lead to charge changes, which only account for 32% of all substitutions 

(Rosenberger, 1997). In addition, he proposed that a very small number of mistranslated 
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proteins are the ones that would account for a positive error feedback, namely ribosomal 

proteins in the decoding centre, ribosomal RNA (rRNA) polymerases, etc. so a low level of 

detected translational errors could still be detrimental. Moreover, R. Rosenberg also argued in 

his letter that E. coli might be able to sustain higher error frequencies than more complex 

organisms. After all, they agreed that a loss of different homeostasis pathways could lead to 

less accurate translation and that the term “error catastrophe” was maybe too overdramatic, 

as the experiments of the time did not show this was happening in any of the organisms 

tested.  

Nowadays, one of the hallmarks of ageing is loss of proteostasis, and recent studies 

with more powerful techniques, such as dual luciferase assays, have shown that translation 

accuracy can be linked to ageing. Experiments in S. cerevisiae have shown that errors in both 

transcription and translation can shorten yeast cellular lifespan (Vermulst et al., 2015, von der 

Haar et al., 2017, Schosserer et al., 2015).  Furthermore, a mutation in a tRNA synthetase that 

increased the level of translation errors also led to shortened lifespan in Drosophila (Lu et al., 

2014). Studies in rodents have shown that maximum lifespan has co-evolved with translation 

fidelity and that the longest-lived rodent, the naked mole rat has shown to have the most 

accurate translation compared to the rest of rodents tested (Azpurua et al., 2013, Ke et al., 

2017). Mutations in polymerase I (PolI, the polymerase (I) that transcribes rRNA) that affect 

translation fidelity have been found to cause the progeroid Cockayne syndrome too (Alupei et 

al., 2018). 

It is also interesting how ‘The somatic mutation catastrophe theory’ has recently 

proposed merging ideas from both Szilard and Orgel’s theories (Milholland et al., 2017b). 

Under this theory, mutations that arise from DNA replication, DNA damage or defective repair 

systems will accumulate during the time in the soma resulting in dysregulation of gene 

expression and altered protein synthesis eventually leading to senescence.   

1.1.2.2.4. Replicative theory of ageing 

In 1961, Hayflick and Moorehead published a breakthrough but controversial finding, 

cultured fibroblasts eventually lose their replicative capacity after a certain number of 

passages (Hayflick and Moorhead, 1961). This phenomenon is called the ‘Hayflick limit’ and it is 

produced by what is known as replicative or cellular senescence. One of the molecular 

mechanisms causing replicative senescence is believed to be telomere shortening. In DNA 

replication, it is impossible to replicate the end of the lagging strand, so most organisms in 

order to protect the end of chromosomes have evolved telomeres, which are repetitive 
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sequences of DNA (TTAGGG)n (Harley et al., 1990). Importantly, telomeres have been found to 

shorten with each division providing a ‘molecular clock’ that can limit replicative lifespan 

(Harley et al., 1990). Nevertheless, the enzyme telomerase can synthesize (TTAGGG)n at the 

end of chromosomes and it can be found in cells from many organisms, for example in the 

immortal Tetrahymena, but also in human embryonic cells, specific germ line cells, or 

proliferative cells of renewal tissues (Greider and Blackburn, 1985, Liu et al., 2007, Shay and 

Wright, 2005). In human somatic proliferative cells, the levels of telomerase are so low that 

they do not prevent senescence. In fact, when telomerase is expressed in normal human 

somatic cells replicative senescence is prevented and immortality achieved (Bodnar et al., 

1998). So, if telomere shortening can be avoided, why do only some cells express telomerase? 

Telomere-based replicative senescence has been proposed to have evolved to protect against 

tumour formation in eutherians (i.e. placental mammals) (Gomes et al., 2010).  This 

evolutionary branch may have evolved replicative senescence by repressing the expression of 

telomerase in the soma in order to avoid tumour formation, which is enhanced by the increase 

in body temperature (Gomes et al., 2010). In fact, invertebrate and some vertebrate such as 

fish, amphibians and reptiles that have lower body temperatures and lower tumour incidence 

also have active telomerase that results in higher regenerative potential.  

Another question to answer is how replicative senescence affects organismal ageing. 

Although in the short term, replicative senescence is cancer protective as it stops cells with 

mutations from proliferating, in the long run, accumulation of senescent cells has been found 

to, promote cancer formation by secreting chemokines and growth factors, called senescence-

associated secretory phenotype (SASP) cells that alter the cellular environment (Krtolica et al., 

2001, Campisi, 2013). Nevertheless, senescent cells also contribute to wound healing and SASP 

are a chemical cue for immune clearance (Munoz-Espin and Serrano, 2014). Thus, this could be 

seen as an example of antagonistic pleiotropy: replicative senescence was evolved to prevent 

tumour formation in younger individuals, but in the older, the accumulation of these cells can 

lead to more tumours. In conclusion, their role in ageing is complicated and more studies are 

needed to reach any conclusion.  

1.1.2.2.5. Rate of living (ROL) theory 

As early as 1889, A. Weismann explained that animals with extremely active 

metabolisms have shorter lifespans than slower-living ones and that this is also affected by the 

rates of personal and reproductive expenditure (Weismann, 1889). However, he also 

concluded that this did not explain the variability of lifespans and that there was not a 
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constant correlation (Mitchell, 1911). Nonetheless, four decades later in 1928 R. Pearl took 

some of these notions applied them to contemporary experiments and proposed the ‘Rate of 

living theory’ of ageing (Pearl, 1928).  Based on his research on the effect of diet, population 

density and temperature on the lifespan of Drosophila he suggested that duration of life is 

inversely related to the rate of energy expenditure, and hence rate of growth is negatively 

correlated to lifespan too.  Pearl also coined the term inherent vitality to explain the total 

capacity of an organism to carry out vital activities; this concept was later explored by H. Atlan 

and colleagues also in Drosophila; they saw that flies reared at temperatures from 18°C to 30°C 

had reduced lifespans as temperature increased but very similar lifetime oxygen consumption, 

ergo, at lower temperatures the flies lived ‘slower’ and used their life energy potential (LEP) 

for longer  (Atlan et al., 1976, Miquel et al., 1976). Later research has had controversial results, 

as correlating body sizes and temperatures to maximum lifespan only works in certain 

organisms, such as most mammals, but not marsupials and bats nor birds  (Austad, 2005).  

1.1.2.2.6. The free radical/ oxidative damage theory of ageing 

Still today, this is one of the most influential and controversial theories of ageing. In 

1956, D. Harman stated that ageing was caused by free radicals damaging the cell’s molecular 

content (Harman, 1956). Free radicals are species containing an unpaired electron and they 

are usually highly reactive, especially with DNA, lipids and proteins (Harman, 1956, Beckman 

and Ames, 1998). This theory was later expanded and termed ‘Oxidative damage theory’ as 

other metabolic by-products such as reactive oxygen species (ROS) and reactive nitrogen 

species (NOS) also produce molecular damage in an analogous way to free radicals. ROS, NOS 

and free radicals occur naturally in cells as a consequence of metabolic or Fenton reactions 

and the levels of oxidized/damaged proteins, lipids and DNA have been shown to accumulate 

with age (Beckman and Ames, 1998, DeGroot, 2004). Therefore, this theory is tightly linked to 

the previously discussed ‘Rate of living’ and ‘Wear and tear’ theories of ageing, as higher 

metabolic rates could link to increased levels of ROS/NOS-resultant molecular damage.  

Nevertheless, cells have a very complex antioxidant defence system, comprised of 

several non-enzymatic and enzymatic antioxidants. An important enzymatic antioxidant is 

superoxide dismutase (SOD). Overexpressing SOD in Drosophila extended the life of these flies 

(Parkes et al., 1998, Sun et al., 2002, Sun and Tower, 1999); however, overexpression of SOD 

or catalase (an H2O2 clearing enzyme) in mice did not affect lifespan (Huang et al., 2000, Perez 

et al., 2009b). The superoxide radical O2
- is a by-product of mitochondrial respiration and it has 

been tightly linked to ageing (Beckman and Ames, 1998, Sohal and Weindruch, 1996). In mice 
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overexpressing mitochondrial-targeted catalase can extend lifespan (Schriner et al., 2005). 

Experiments with C. elegans have been contradictory, supplementing worms with non-

enzymatic antioxidants such as vitamin E or troxol extended lifespan in some studies 

(Benedetti et al., 2008, Harrington and Harley, 1988, Ishii et al., 2004) but not others (Adachi 

and Ishii, 2000, Schulz et al., 2007). Similarly, SOD mimetic experiments have shown that 

increasing SOD activity can extend worm lifespan (Melov et al., 2000) but not in other studies 

(Keaney and Gems, 2003, Keaney et al., 2004, Kim et al., 2008, Van Raamsdonk and Hekimi, 

2012). One of the explanations of these contradictions could be due to dosage differences. 

Another explanation is that the longevity effects could be a result of stress-response induction 

rather than lowering of ROS/free radicals because when lifespan was extended, the heat shock 

resistance also improved (Gems and Doonan, 2009). Moreover, loss of certain cytosolic SOD 

isoforms in C. elegans can slightly shorten lifespan, whereas overexpression of some isoforms 

can extend it, but altering mitochondrial SOD does not affect longevity (Chavez et al., 2007, 

Doonan et al., 2008, Honda et al., 2008, Van Raamsdonk and Hekimi, 2009, Yang et al., 2007, 

Yen et al., 2009).   

It is important to note that ROS such as O2
- and H2O2 are also signalling messengers 

(Gems and Doonan, 2009). In fact, administration of antioxidants to C. elegans or E. coli can 

shorten their lifespan in a dose-dependent fashion (Keaney and Gems, 2003, Keaney et al., 

2004, Kim et al., 2008, Matthijssens et al., 2008). Veritably, the lifespan extension seen in some 

of the studies might be due to changes in other signalling pathways, since most of these 

studies have not been able to directly measure cellular O2
- and H2O2 (Gems and Doonan, 2009).  

To conclude, the oxidative damage theory might hold some truth, as free radicals, ROS 

and NOS can both directly damage other biomolecules when the antioxidant systems fail, and 

they can also alter longevity-related signalling pathways, but there is not enough evidence to 

consider it the sole cause of ageing.  To test the levels of these agents has proven challenging; 

especially there are some ROS which are difficult to accurately measure in vivo. In addition, 

sometimes antioxidants are not targeted to the site of ROS production neither they are potent 

enough to decrease production of all ROS generated. Furthermore, some ROS act as signalling 

molecules that are important for organismal functions (Gough and Cotter, 2011).  

1.1.2.2.7. The green theory of ageing 

Another theory of ageing encompassing some of the notions of the oxidative-damage 

theory is the ‘Green theory of ageing’ by D. Gems and J. McElwee (2005). They argued that 

cells produce metabolic by-products and xenobiotics that can gradually accumulate and cause 
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ageing. Using an analogy with human industry, ‘green’ environmentalists recommend that 

there is more investment in clean waste disposal, reduced pollution and better recycling; 

however, since this is expensive, it does not always happen and waste gathers, thereby 

damaging the environment (Gems and McElwee, 2005). In a similar way, the cell has a 

‘rubbish’ coping systems, especially the smooth ER that moves and excretes toxins preventing 

molecular damage, but they are energetically expensive (Gems and McElwee, 2005). Notably, 

IIS long-lived C. elegans or rats and flies under dietary restriction have improved detoxification 

and chaperonin systems and reduced amounts of damaged compounds (Gems and McElwee, 

2005, Iqbal et al., 2009, Wen et al., 2013).  

1.1.2.2.8. Quasi-programmed and hyper-functional ageing theory.  

This more recent theory of ageing is tightly linked to the ‘Antagonistic pleiotropy 

evolutionary’ theory and the ‘Green mechanistic’ theory. In 2006, M. Blagosklonny proposed 

that ageing and ageing-related disease are a consequence of hyper-functional and damaging 

development  (Blagosklonny, 2006). He explained this with a simple analogy: if to warm a glass 

of water you put a pot of water to boil in the stove (the program) and once your water is 

warm, you leave the pot with the rest of the water and the stove on, the pot will eventually be 

damaged (the quasi-program). The program, to boil water, did not include damaging the pot, 

but consequently it was indeed damaged, the quasi-program. This would be avoidable by 

switching off the stove, but it would require investing extra energy.  

This means that the development process has not evolved to be switched off once it is 

no longer required since most of the population dies of accidental/external causes before the 

effects of hyper-function are shown (Fig. 1.5. A). Therefore, ageing can be regarded as a quasi-

program of the developmental program. Supporting this theory, nutrient sensing pathways 

that are related to growth such as TOR and IIS when reduced, extend lifespan (Fig. 1.5. B) 

(Kenyon, 2010b, Gems and Partridge, 2013b, Castillo-Quan et al., 2015). Moreover, age-related 

pathologies such as neurodegeneration, cancer, inflammation or hypertension can be 

explained as hyper-functional consequences of metabolism and growth; thus, studying not 

only lifespan but age-related pathologies can be a better way to test of this hypothesis (Wang 

et al., 2018).  
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Figure 1.5. Ageing as a quasi-program of development. A) Once development is completed and 
there is no natural selection pressure (t1: external death), development-related pathways 
continue as a hyper-function, leading to ageing-related diseases and damage that eventually 
lead to death (t2: maximum lifespan). B) The mTOR pathway is a pro-ageing pathway that leads 
to ‘hyper-function’ but when it is switched off it can extend lifespan. Figure from (Blagosklonny, 
2006, Blagosklonny, 2008). 
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1.2.3. Model organisms used in ageing research 

To understand how and why ageing happens, plenty of model organisms have been 

used and new ones keep being proposed. The traditional or standard model organisms are 

Saccharomyces cerevisiae, Caenorhabditis elegans, Drosophila melanogaster and Mus 

Musculus (Cohen, 2018). These have shed very important insights about ageing, such as the 

fact that ageing is a malleable process and also that there are several evolutionary conserved 

signalling pathways involved in the ageing of very distant organisms (Gems and Partridge, 

2013b). These four model organisms have several common characteristics that have led to 

their frequent use in laboratories: they have been carefully genetically studied, there are 

plenty of techniques and reagents readily available, the ortholog and homolog genes with 

humans are well known and their lifespans are relatively short (Partridge and Gems, 2002).  

The yeast S. cerevisiae, also knowns as Brewer’s, Baker’s or budding yeast, is a 

unicellular organism mitotically active that undergoes both replicative and chronological 

lifespan. Replicative lifespan (RL) is defined as the number of daughters a mother cell can give 

before it becomes senescent and it lasts around 3 weeks (Mortimer and Johnston, 1959).  It 

has a rapid doubling time and it has been shown that there are conserved genetic modulators 

for RL in yeast and the higher eukaryotic model organisms (Spivey and Finkelstein, 2014). 

Chronological lifespan is measured by the time a non-dividing cell lives and it usually lasts 

around 10 days in wild types (Longo and Fabrizio, 2012). Usually this is achieved by growing a 

yeast culture in a postdiauxic phase (i.e. the period after inoculation in which the extracellular 

glucose gets depleted and the cells switch from mitochondrial respiration to fermentation) 

until the cells exit the cell cycle (Longo and Fabrizio, 2012, Longo et al., 1996). Both assays are 

important and although they are controlled by different mechanisms, many of them, for 

example reduction of mTOR and IIS, reduced translation or enhanced autophagy, have been 

shown to be relevant for the rest of model organisms (Longo and Fabrizio, 2012).   

C. elegans is a free-living nematode that lives in the soil of temperate environments 

feeding on several types of bacteria (Felix and Braendle, 2010). They live around three weeks 

in laboratories, they are very easy to culture and to manipulate genetically, especially by RNA 

interference (RNAi) so they are a very popular organism used in biogerontology (Conte et al., 

2015). To study their lifespan, age-synchronized adults are grown on bacterial agar lawns and 

every few days they are tapped to score their motility (Spivey and Finkelstein, 2014). 

Remarkably, the first genes involved in ageing (i.e. age-1, daf-2) were discovered in this 

organism (Friedman and Johnson, 1988, Morris et al., 1996, Kenyon et al., 1993, Klass, 1983) 
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D. melanogaster, also known fruit or vinegar fly, is a dipteran insect that was first 

described in 1830 by J. Meigen and they have been a crucial instrument in the study of 

genetics but also in ageing studies (Fig. 1.6.) (Meigen and Hoffmannsegg, 1830, Piper and 

Partridge, 2018).  Since 1921, R. Pearl and S. Parker, worked with Drosophila and they found 

several environmental requirements for the flies’ survival, including effects of anesthetics, 

inbreeding, population densities and temperature changes  (Pearl, 1921). Since then, fruit flies 

have become a very useful model organisms in biogerontology due to their inexpensive 

housing requirements, small size and relatively short lifespan (approximately 70 days median 

and 90 days maximum when reared at 25ºC), which makes it possible to generate and study 

large populations  (Ziehm et al., 2013, Ziehm and Thornton, 2013). In addition, fruit flies 

display ageing phenotypes in metabolism (e.g. reduced resting rate, decreased protein and fat 

synthesis), in behaviour (e.g. reduced feeding, courtship and exploration and a decline of 

negative geotaxis, voluntary walking and flying), in fertility (reduced spermatogenesis and 

oogenesis) and impaired learning and memory (Gargano et al., 2005, Grotewiel et al., 2005, 

Iliadi et al., 2012, Tamura et al., 2003);  this makes possible the study of health span apart from 

lifespan.  Furthermore, fly tissues are equivalent to many found in mammals so ageing can be 

studied at the tissue-level too (Piper and Partridge, 2018).  
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Figure 1.6. Illustration of the different eye colour phenotypes associated to mutations in the 
third chromosome. This illustration published in 1923 in an example of how Drosophila 
melanogaster has been used in biology to study the effects of different mutations and their 
phenotypes since an early age. Illustration by E. M. Wallace Pink and published in (Bridges et al., 
1923).  

M. musculus, or house mice, live around three years in laboratories, so they are used 

for having one of the shortest lifespans within rodents and because of their similarities to 

humans at the gene level (Miller et al., 2002). Cancer is the major cause of death in these mice, 

which makes them a good model for cancer biology too (Harper et al., 2006). There are several 

long lived mouse models such as the Snell dwarf, GHR (growth hormone receptor) knockout 

mice and the longer-lived mice under caloric restriction or treated with rapamycin (Briga and 

Verhulst, 2015). However, one of the major drawbacks of mice is that they come from very 

homogeneous backgrounds due to inbreeding (Briga and Verhulst, 2015).  

Importantly, traditional model organisms are kept at standardized laboratory 

environments (SLEs), such as a constant climate, lack of pathogens, sometimes less 
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opportunities to reproduce than in the wild and ad libitum food. These SLEs reduce the level of 

external variability and they allow the animals to reach their maximum lifespan potentials; 

however, the effects seen in longevity might not relate to the wild (Briga and Verhulst, 2015). 

Another implication of keeping model organisms under SLEs, is that the mechanisms that 

extend lifespan under SLEs are probably not the same that can explain the high variation of 

lifespans across taxa —there is a 150,000 fold difference between the shortest and the longest 

living organism (Austad, 2010).  

For this reason, other non-standard model organisms are increasingly studied to 

understand ageing. One example of these models is Arctica islandica, the longest-lived non-

colonial animal, a cold water clam known to have reached 507 years and that has recently 

shown to have exceptional proteome stability and increased stress resistance (Gruber et al., 

2015, Munro and Blier, 2012, Treaster et al., 2014). Heterocephalus glaber, commonly known 

as the naked mole rat (NMR), occurs naturally in hot arid regions of Africa, lives subterraneous 

and notably is the longest-lived rodent (Ma and Gladyshev, 2017). NMR do not show increased 

age-associated mortality risk and they maintain long health spans for approx. 85% of their 

maximum lifespan (Lagunas-Rangel and Chavez-Valencia, 2017). Furthermore, NMRs are the 

only eusocial mammal, but unlike eusocial insects, in which the queens have much longer 

lifespans than the workers, NMRs queens and workers live more than 30 years (Austad, 2010). 

They are also an interesting model because although they have high levels oxidative damage, 

they do not display cancer; in addition, they have improved proteasome activity, protein 

stability and translation fidelity (Andziak et al., 2006, Azpurua et al., 2013, Perez et al., 2009a). 

 Other interesting types of model organism are those considered to be immortal. The 

most well-known is the Hydra, a member of the Cnidaria phylum, a fresh water polyp 

(Martinez, 1998). It does not present senescence, neither a rise in mortality nor a decrease in 

budding reproduction with age. One of the possible reasons behind this apparent immortality 

is its high and continuous rates of division to select against damaged cells (Danko et al., 2015). 

Other examples of this type of model organisms are the Planaria, such as Schmidtea 

mediterranea. These are free-living nonparasitic invertebrates with one of the simplest body 

plans (Lagunas-Rangel and Chavez-Valencia, 2017). They are interesting for biogerontology 

because of their remarkable regenerative capacity with tissues being renewed constantly 

leading to a technical immortality too (Cohen, 2018).  

Finally, it is also important to study organisms with uniquely short-lifespans, and one 

that has come up as a promising model for ageing is the African turquoise killifish 
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(Nothobranchius furzeri) (Valenzano et al., 2015). These fish live in African ponds that are only 

present for 4 to 6 months, hence they have adapted to survive in diapause in the dry season; 

however, in captivity they live 4 to 6 months (Reichard et al., 2015). They have been recently 

used to study the genomic variances between strains with different lifespans too (Valenzano et 

al., 2015).  

Therefore, it is important to study both standard and non-standard model organisms in 

ageing to elucidate the private and public mechanisms that govern longevity across taxa 

(Austad 2010 from cell paper killifish). In addition, lifespan might be just one phenotype of 

ageing, and thus it is essential to also monitor health span in any longer-lived organisms—

either with naturally long lifespans or treated with anti-ageing interventions—, as this might 

be one of the main clues to help in tackling age-associated diseases in humans (Briga and 

Verhulst, 2015).   

1.1.3. Molecular mechanisms behind ageing 

One of the milestones of ageing research was the finding that this process is malleable 

(Klass, 1983, Kenyon et al., 1993, Friedman and Johnson, 1988). Since then, several signalling 

pathways and molecular mechanisms have been shown to affect lifespan and postpone age-

related diseases. Most of these longevity-related genes take part in nutrient sensing pathways 

or stress responses. This means that when conditions are optimal (there is enough food and 

low-stress levels) these genes act to promote the organism to grow, develop and reproduce. 

On the contrary, when there are environmental stresses and harder external conditions, the 

organism experiences a physiological change that promotes cell maintenance and protection, 

guarding the organism and extending its lifespan.  Here, the most relevant mechanisms and 

pathways involved in ageing will be discussed.  

1.1.3.1. Insulin/IGF (insulin-like growth factor)-like signalling 

(IIS)  

The ageing field was revolutionized when it was found that single mutations could lead 

to lifespan extension in C. elegans. In 1983, M. Klass  found a mutation that increased lifespan 

of the roundworm but he concluded that this lifespan extension was due to impaired feeding 

and hence the already known caloric restriction (Klass, 1983); nevertheless, further 

characterization of the mutated gene led to the identification of age-1, the worm homologue 

of PI3K (phospho-inositol 3 kinase) (Friedman and Johnson, 1988). Later in 1993, C. Kenyon 

opened the ageing research field by investigating in more detail lifespan-extending mutations, 

and she found that daf-2 mutants, the homologue of the IGF-1 receptor, had doubled lifespan 
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without losing reproductive capacity and with improved health compared to controls (Kenyon 

et al., 1993). All these mutants have reduced IIS signaling, and interestingly this effect is 

evolutionary conserved, as reducing this pathway has been shown to improve lifespan and 

healthspan in Drosophila and mice (Tatar et al., 2001, Clancy et al., 2001, Holzenberger et al., 

2003, Selman et al., 2008, Bluher et al., 2003, Broughton et al., 2005, Grönke et al., 2010).  

The IIS pathway is a nutrient sensing network that has evolved in multicellular 

organisms to coordinate nutritional cues with growth, metabolism and reproduction (Gems 

and Partridge, 2013a). IIS is activated by insulin-like peptides (ILPS) that are secreted in 

response to food or its perception and acts through a kinase signalling cascaded through 

PI3K/Akt (protein kinase B) (Mathew et al., 2017) (Fig. 1.7.). Activation of these protein kinases 

leads to phosphorylation and hence sequestration in the cytoplasm of the transcription factor 

forkhead box O (FOXO) (DAF-16 in C. elegans). In the non-phosphorylated and active form, 

FOXO proteins bind to a conserved DNA binding domain, the forkhead box (FOX) found in 

genes that promote stress resistance, damage repair and cell cycle arrest (Hansen et al., 2007). 

Therefore, activation of FOXO is a signal that promotes cell survival when nutrient levels are 

low, delivering a metabolic shift from glucose to lipid oxidation, suppressing inflammation, 

enhancing mitochondrial biogenesis and autophagy (van Heemst, 2010). Importantly, FOXO 

can act non-autonomously and regulate insulin gene expression in other tissues. In worms, 

expressing daf-16 in one tissue (intestinal or adipose) increases the activity of DAF-16 in other 

tissues, especially in heads (Murphy et al., 2007, Kappeler et al., 2008) 

In humans, IIS also plays a role in longevity. Studies of very long-lived populations such 

as Ashkenazi Jews and Japanese, or centenarians across many countries, have shown that 

these have special variants of Akt or FOXO3A (Anselmi et al., 2009, Flachsbart et al., 2009, 

Kojima et al., 2004, Li et al., 2009, Pawlikowska et al., 2009, Suh et al., 2008, Willcox et al., 

2008, Lunetta et al., 2007, Morris, 2018).  In addition, FOXO activation has been linked to 

prevention of age-related diseases such as cancer, neurodegeneration and diabetes in model 

organisms and humans (Demontis and Perrimon, 2010, Soerensen et al., 2015, Sun et al., 2015, 

Zeng et al., 2016).  

Apart from FOXO, IIS interacts with members of other mechanisms and pathways. The 

interaction of IIS and mechanistic/mammalian target of rapamycin (mTOR) is quite remarkable 

and it can be considered a nutrient-sensing network  (Fig. 1.7.) (Bjedov and Partridge, 2011). 

mTORC2 phosphorylates Akt, this activates it and hence it inhibits proline-rich Akt substrate of 

40 kDa (PRAS40) and tuberous sclerosis protein 2 (TSC2), leading to upregulation of mTOR 
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signalling (Bjedov and Partridge, 2011). mTORC1, however, inhibits IIS by the insulin receptor 

substrate (IRS) via ribosomal p70 S6 kinase (SK6) mediated negative feedback.  Additionally, IIS 

can also alter epigenetic marks that are associated with ageing; which will be further discussed 

under the ‘1.1.3.7. Epigenetics section’.  

  

Figure 1.7. Interactions between the mTOR and IIS pathways and stress-sensing mechanisms. 
The IIS pathway (blue) responds to nutrients and growth factors sequestering FOXO in the 
cytoplasm and preventing the transcription of stress-related genes, but also inhibiting mTORC1 
and the TSC complex. mTOR responds to high amino acid levels leading to protein synthesis, 
ribosomal biogenesis, transcription and metabolism, and inhibit autophagy. Interestingly, mTOR 
inhibits the IIS pathway through the insulin receptor substrate (IRS) and it activates Akt leading 
to further up-regulation of mTOR itself. Low levels of oxygen or energy and oxidative and 
genotoxic stress also regulate mTOR/IIS through the TSC complex. Figure from (Bjedov and 
Partridge, 2011).  
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1.1.3.2. Dietary restriction 

Dietary restriction (DR) is a reduction of nutrients, either partial or total, that does not 

lead to malnutrition; some examples include caloric restriction (CR) (reduction of the total 

level of nutrients provided), intermittent fasting (periodic reduction of nutrients), and the 

elimination or reduction of proteins, lipids or carbohydrates. DR is one of the best-known 

lifespan-extending manipulations, and it has been shown to affect from yeast to primates 

(Bodkin et al., 2003, Colman et al., 2009, Mattison et al., 2012). For long, DR was thought to 

extend lifespan by reducing the level of by-products formed in metabolism; however, now it 

has been shown that DR affects IIS, mTOR, 5' adenosine monophosphate-activated protein 

kinase (AMPK), sirtuins, histone modifications and DNA methylation levels (Fig. 1.8) (Gems and 

Partridge, 2013a, Mathew et al., 2017). Long-lived IIS mutants in C. elegans, Drosophila and 

mice respond to DR as if the two pathways were overlapping to some extent (Arum et al., 

2009, Honjoh et al., 2009, Clancy et al., 2002, Grandison et al., 2009).   

 

Figure 1.8. Mechanisms behind lifespan-extension by dietary restriction. DR mainly delays the 
onset of age-related diseases and improves longevity by downregulating the nutrient sensing 
pathways IIS and mTOR (thick arrows) but also some more recent studies have shown how DR 
can alter epigenetic marks (thinner arrows). DR acts through mTOR and IIS to upregulate 
autophagy, downregulate translation and increase FOXO has been shown to be evolutionarily 
conserved from yeast to mammals. The effect of DR on SIRT1 levels and the relationship 
between SIRT1 and longevity are still controversial (dashed arrow) Figure based on (Kenyon, 
2010b) (Mathew et al., 2017). 

1.1.3.2. Mechanistic/mammalian target-of-Rapamycin (mTOR) 

signaling 

The mTOR pathway senses when nutrients and amino-acids levels are copious, so it 

can stimulate growth. This pathway is tightly linked to ageing, its downregulation by genetic 
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and pharmacological manipulation has been shown to extend lifespan in an evolutionary 

conserved way, from yeast to mammals (Johnson et al., 2013, Kapahi et al., 2004, Lam et al., 

2013, Laplante and Sabatini, 2012, Pyo et al., 2013, Selman et al., 2009, Simonsen et al., 2008).  

mTOR is formed of two complexes, mTORC1 and mTORC2. mTORC1 is sensitive to 

rapamycin, and it phosphorylates and activates p70-S6 kinase (S6K) and it also phosphorylates 

but inhibits eukaryotic initiation factor 4E-binding protein (4EBP) (Fenton and Gout, 2011, 

Wolfson and Sabatini, 2017, Saxton and Sabatini, 2017). mTOR (specifically through mTORC1) 

is the master regulator of translation, so when nutrient levels are high, translation is high too 

and conversely, when nutrients are low, translation is shut down. By inhibitory 

phosphorylation of 4EBP, this protein can no longer sequester eIF4E, which is then free to form 

the eIF4F complex and take part in translation initiation. Activation of S6K allows it to 

phosphorylate eIF4B and possibly eIF4A enhancing translation initiation too (Wolfson and 

Sabatini, 2017). On the contrary, mTORC2 is insensitive to rapamycin in acute doses and it 

phosphorylates several proteins of the AGC (PKA/PKG/PKC) family involved in proliferation and 

cell survival (Saxton and Sabatini, 2017). Some members of the PKC family are known 

substrates of mTORC2 and are involved in cytoskeleton remodelling (Saxton and Sabatini, 

2017). Importantly, it can also phosphorylate and activate Akt, a significant effector of the IIS 

pathway (Sarbassov et al., 2005).  

mTOR also inhibits autophagy when nutrients are plentiful by phosphorylating and 

inactivating Unc-51 like autophagy activating kinase (ULK) (this prevents its binding with 

AMPK, which will be discussed later) and by phosphorylating and sequestering the 

transcription factor EB (TFEB), which regulates the expression of lysosomal biogenesis and 

autophagy genes (Saxton and Sabatini, 2017). This process itself has also been linked to 

longevity; activating autophagy can extend lifespan of worms, Drosophila and mice (Pyo et al., 

2013, Simonsen et al., 2008, Ulgherait et al., 2014, Hansen et al., 2008, Bjedov et al., 2010, 

Toth et al., 2008)   

As already mentioned, DR is closely linked to mTOR (Fig. 1.8). DR cannot further 

increase the lifespan of long-lived mTOR-inhibited organisms, and the physiological effects of 

both manipulations are analogous (Hansen et al., 2007, Kaeberlein et al., 2005, Kapahi et al., 

2004, Bjedov et al., 2010). In fact, the gene expression patterns of mice with life-extending 

mutations in S6K or under DR are actually comparable (Selman et al., 2009).  

Importantly, decreasing mTOR not only extends lifespan but it can also improve 

healthspan. In female mice, knockout of S6K improves age-related locomotor senescence, loss 
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of bone mass and metabolism (Selman et al., 2009). In addition, giving elderly humans a 

rapalog (rapamycin analogue) has been shown to improve their immune response to 

vaccination system (Mannick et al., 2014)  

1.1.3.3. AMP kinase 

Another nutrient and energy sensor associated with ageing is AMPK. AMPK can detect 

low AMP/ATP ratio levels to activate catabolism and inactivate anabolism (Kenyon, 2010b). 

AMPK inhibits protein synthesis and promotes autophagy through inhibition of mTORC1 and 

downregulation of pathways involved in rRNA biosynthesis  (Templeman and Murphy, 2018). 

In C. elegans, reducing the activity of AAK-2 (the worm homologue of AMPK) by mutating its 

catalytic subunits reduces lifespan, whereas overexpression of AAK-2 or its truncated versions 

extends it (Apfeld et al., 2004, Greer et al., 2007, Mair et al., 2011). In Drosophila, RNAi-

mediated knockdown of the catalytic subunit of AMPK can reduce lifespan in a tissue-specific 

manner (Tohyama and Yamaguchi, 2010). Overexpression of AMPK can extend flies and worms 

lifespan (Ulgherait et al., 2014).  AMPK activation decreases with age in rat and mice tissues; 

nonetheless, the effect of directly modifying AMPK has not been tested in mammals yet 

(Templeman and Murphy, 2018).  

1.1.3.4. Sirtuins 

Sirtuins are a family of NAD+ (nicotinamide adenine dinucleotide) - dependent protein 

deacetylases that have been reported to affect lifespan in model organisms. In yeast, C. 

elegans and Drosophila overexpressing Sirtuin 1 (SIRT1) (silent mating type information 

regulation 2 homolog 1) can extend lifespan (Schmeisser et al., 2013, Kaeberlein et al., 1999, 

Whitaker et al., 2013, Tissenbaum and Guarente, 2001, Rogina and Helfand, 2004). 

Nevertheless, this lifespan-extending effect has been contested in another experiment, when 

C. elegans and Drosophila were extensively backcrossed, the longevity effect of SIRT1 was 

suppressed (Burnett et al., 2011). In mice, ubiquitous overexpression of SIRT1 does not extend 

lifespan but overexpression restricted to neurons does (Satoh et al., 2013). Overexpressing 

SIRT2 can extend the lifespan of mice too (Kanfi et al., 2012).  

Resveratrol is a plant stress-response biomolecule, which was found to be an activator 

of SIRT1 on an in vitro screen (Wood 2004). Nevertheless, other studies both in vitro and in 

vivo have failed to show SIRT1 activation by resveratrol (Kennedy and Pennypacker, 2014). In 

the same controversial fashion, some studies found that resveratrol could extend the lifespan 

of C. elegans (Wood et al., 2004) but in a SIRT1-independent manner (Bass et al., 2007b). In 
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flies and mice resveratrol does not affect lifespan either (Miller et al., 2011, Pearson et al., 

2008, Wang et al., 2013). However, this molecule has beneficial effects on high-fat diets 

including in humans (Novelle et al., 2015, Park and Pezzuto, 2015).   

1.1.3.6. Signals from the reproductive system 

As it has been already discussed under the ‘1.2. Mechanistic theories of ageing’ 

section, it has been proposed that organisms decide whether to allocate their energy resources 

to soma maintenance or reproduction. Although there is some evidence for a trade-off 

between longevity and reproduction, it is possible to uncouple these two processes. Strong 

mutations in IIS that extend lifespan decrease reproduction, whereas weaker mutations in IIS 

that still exhibit longer lifespans do not affect reproduction (Kenyon, 2010b).  

However, there are signals from the reproductive system that do affect longevity. 

Removing the germline, but not the somatic cells, from the reproductive system of C. elegans 

extends its lifespan (Hsin and Kenyon, 1999, Kenyon, 2010a). Interestingly when the germline 

is lost, FOXO is activated by TCER-1 (transcription elongation regulator homolog) and KRI-1 in 

an IIS-independent manner (Kenyon, 2010a). Moreover, this intervention has a non-

autonomous effect that activates the overexpression of TCER-1 in other tissues, and in fact, 

overexpressing TCER-1 on fully fertile worms has been also shown to extend lifespan. In adult 

Drosophila, making germline stem cells differentiate and subsequently eliminating them 

prolongs lifespan (Flatt et al., 2008). Furthermore, a recent study in flies has shown that mated 

males live shorter than virgin males and this is accompanied by gene expression changes: 

testis-specific genes are overexpressed whereas metabolic and mitochondrial genes are 

repressed (Branco et al., 2017). In mice, when ovaries from young females were transplanted 

into older recipients this led to an extension of lifespan (Mason et al., 2011, Cargill et al., 

2003). Therefore, although germline manipulations such as removing it or transplanting it from 

younger individuals can be beneficial (Grandison et al., 2009), ageing and reproduction can still 

be uncoupled.   

1.1.3.7. Epigenetics 

Epigenetic alterations are considered one of the hallmarks of ageing (López-Otín et al., 

2013). These are characterized by changes in DNA methylation patterns, histone modifications 

and chromatin remodelling. Therefore, there is an ample array of proteins involved in keeping 

these epigenetic marks under control and some of them have been shown to alter longevity.  



The role of decreased protein synthesis in delaying ageing                      | Martínez Miguel, V.E. 

 

56 
 

DNA methylation changes with age mainly in two ways: a) 5-methylcytosine (5mC) 

varies its distribution across the genome decreasing global gene expression; b) some 

promoters become hypermethylated, therefore decreasing the level of activation of their gene 

(Waki et al., 2003).  These patterns have been well characterized in mammals, especially in 

humans, in which DNA methylation ‘clocks’ that can predict the donor’s age, health status and 

even mortality have been developed (Chen et al., 2016, Hannum et al., 2013, Horvath, 2013). 

Dietary restriction has been shown to prevent cancers by increasing methylation levels of the 

ras proto-oncogene, transcription factor RUNX3 and the tumour suppressor p16INK4a (Hass et 

al., 1993, Kim et al., 2004, Lichtenberg, 2011). Moreover, progeroid patients and mice models 

show DNA methylation patterns that overlap the patterns seen in normal ageing (Osorio et al., 

2010, Shumaker et al., 2006).  

Directly modifying DNA methylation in model organisms is not easy, since neither S. 

cerevisiae, C. elegans nor Drosophila have them. In flies, overexpression of dDnmt2 (DNA 

methyltransferase encoding gene) gene was shown to extend lifespan and knockdown 

decreases it (Lin et al., 2005). Nevertheless, a more recent study showed no changes in the 

methylation of these mutants, so the lifespan extension could be due to other pleiotropic 

effects of the dDnmt2 gene (Benayoun et al., 2015). Thus, more research is necessary, because 

at the moment DNA methylation could be regarded as a private mechanism of mammalian 

ageing or just a hallmark of the ageing process.  

Histone modifications by histone acetyltransferases (HATs), deacetylases (HDACs), 

methyltransferases and demethylases also control gene expression and have been associated 

with ageing in a public fashion (Mathew et al., 2017). Altering HATs and HDACs activity by 

genetic manipulation or by supplementation of certain chemicals and drugs can extend 

lifespan in an evolutionarily conserved way. Spermidine, a natural polyamine that inhibits HATs 

that deacetylate histone H3, led to upregulation of autophagy and extended lifespan in yeast, 

flies, worms and human immune cells (Eisenberg et al., 2009). Sirtuins are class III HDACs, that 

although have other non-histone substrates, as it has been discussed, they have been linked to 

lifespan extension through their deacetylation activity (Benayoun et al., 2015). For example, 

dietary restriction has been shown to stimulate SIRT1 and HDCA1, which leads to deacetylation 

of foxo, p53, ku70 and p16INK4a gene loci (Li et al., 2011). Moreover, the IIS pathway has been 

shown to be epigenetically regulated by the demethylase UTX-1 (Ubiquitously transcribed TPR 

on X), that targets histone methylation occurring on the amino (N) terminal tail of the core 

histone H3 (H3K27me3) (Mathew et al., 2017). Research using C. elegans revealed that UTX-1 
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levels increase with age and that therefore when the H3K27me3 mark is repressed in daf-2, 

akt-1 and akt-2 genes are transcribed more (Jin et al., 2011).  

1.1.3.9. Involvement of translation 

One of the underlying mechanisms behind lifespan extension by nutrient and stress 

sensing pathways is downregulation of translation and in addition, directly downregulating 

translation has been shown to promote longevity in an evolutionarily conserved way. The link 

between translation and ageing is the focus of this thesis, and hence it will be discussed in 

more under the ‘1.2.2.8. Translation and ageing’ section once the translational machinery is 

explained.  

1.1.4. Pharmacological treatments to ameliorate ageing 

As already mentioned, human life expectancy has increased in the last few decades 

and it is predicted to continue increasing; however, this has not been totally paralleled by 

better health in the elderly; meaning there is a rise in age-associated diseases that pose a great 

burden to societies in both less and more developed countries (Hung et al., 2011). Therefore, 

based on our knowledge from longer-lived model organisms with improved health spans, it has 

been proposed to tackle these diseases with anti-ageing drugs (Longo et al., 2015).  

The best known intervention that extends lifespan and decreases morbidity in model 

organisms, and even in humans is chronic DR (Fontana et al., 2010, Mattison et al., 2012, 

Colman et al., 2009, Colman et al., 2014).  However, this intervention must be severe to obtain 

longevity benefits, thus other easier to take treatments, including DR Mimetics, have been 

studied. Intermittent fasting (IF) has shown to extend lifespan of E. coli, C. elegans and mice 

and although it has several benefits in human health, it could have detrimental effects in more 

frail and old patients (Harvie et al., 2011, Heilbronn et al., 2005, Longo and Mattson, 2014). 

Other kind of dietary intervention is protein or selective amino acid restriction. Amino acid 

levels are controlled by mTOR and general control nonderepressible 2 (GCN2), both 

evolutionary conserved and related to longevity in model organisms as already discussed. 

Nevertheless, there are still not many studies following on the effects of reducing protein 

intake in humans (Longo et al., 2015).  

One group of pharmacological interventions that mimic DR are the inhibitors of the 

TOR pathway. Rapamycin is a very well-known mTORC1 inhibitor in acute doses and both 

mTORC1 and mTORC2 when administered chronically (Sarbassov et al., 2006). Although 
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rapamycin is approved to be used in clinical conditions, it has side-effects that make it 

unsuitable for anti-ageing purposes in humans, and hence other rapalogs, and ATP-

competitive inhibitors, such as the Torin family might be considered in future research (Longo 

et al., 2015). Another group of pharmaceuticals that mimic DR are the inhibitors of glycolysis 

(Minor et al., 2010). An example is mannoheptulose, a component naturally occurring in 

unripen avocados, which increased the lifespan of nematodes and mice (Minor et al., 2010).  

Nevertheless, it has to be noted that elderly patients very often present malnutrition and 

hence glycolysis inhibitors could have unwanted side-effects. Inhibitors of the GH/IGF-1 axis 

are also considered DR mimicking-substances; an example is pegvisomant, an approved drug 

that blocks GHR and it is planned to be studied in the future (Trainer et al., 2000).  The last 

group of DR mimicking-pharmaceuticals are the activators of sirtuins pathways (STACs), such 

as resveratrol (Hubbard and Sinclair, 2014). Resveratrol has been shown to contribute to the 

treatment of age-related diseases such as cancer, type 2 diabetes or cardiovascular diseases 

among others in preclinical models (Hubbard and Sinclair, 2014). In humans it has had also 

some positive outcomes in obese humans but not in normal patients (Timmers et al., 2011, 

Yoshino et al., 2012).  

AMPK activators, such as metformin, can lead to insulin-sensitizing effects that result 

in better metabolism and longer lifespan in C. elegans, rats and mice (Anisimov, 2010, Cabreiro 

et al., 2013, Martin-Montalvo et al., 2013). Importantly, this approved drug has shown to 

decrease the risk of cancer and cardiovascular incidence and mortality (UKDS, 1998, Ng et al., 

2014).  Nevertheless, due to its tight link to metabolism, it is important to monitor the effects 

of metformin under different human diets (Longo et al., 2015).  

Finally, there are other drugs that are being considered for anti-ageing interventions in 

humans. Inflammation is associated with a plethora of age-related disease and conditions, so 

inhibitors such as the NSAIDs (nonsteroidal anti-inflammatory drugs) are promising anti-ageing 

treatments (Franceschi and Campisi, 2014). Epigenetic modulators, like spermidine, a naturally 

occurring histone acetyltransferases inhibitor, can extend the lifespan of yeast, C. elegans and 

Drosophila (Eisenberg et al., 2009). Finally, β-blockers, e.g. metoprolol and nebilol, which 

extended the lifespan of Drosophila and male mice are also being studied (Spindler et al., 

2013).  

In conclusion, our knowledge from decades of studies in model organisms and cells 

have paved the ground for possible anti-aging interventions, but we still have to wait to see 

what the clinical trials show about their effects in humans.  
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1.2. Introduction: Translation and translational fidelity 

In this section I will explain the process of translation initiation, elongation and 

termination. I will briefly talk about the ribosomes and the other factors that take part in 

translation. I will also explain the signaling pathways involved in the regulation and protein 

synthesis. Finally, I will focus on translation fidelity and especially, how both protein synthesis 

and translation fidelity link to ageing,  

1.2.1.  Translation. 

Translation is the cellular mechanism by which proteins are synthesised based on the 

information carried by RNA.  This is a complex process because it facilitates the translation of 

the nucleic acid language of RNA to the amino acid language of proteins.  Although many 

protein factors take part in this process, the most important is the ribosome, a 

macromolecular machine that coordinates and catalyses the union of the specific amino acids 

carried by transfer RNAs (tRNAs) based on the nucleotide sequence of a messenger RNA 

(mRNA). Due to the complexity of translating two completely different alphabets, the error 

potential is great; however, the E. coli has an error frequency as low as 10-3, while in yeast 

error per amino acid residue is 10-5, which makes possible to make accurate proteins at a fast 

rate to meet the cell’s needs (Berg et al., 2002, Gingold and Pilpel, 2011).  Different translation 

errors in this complex translation machinery have been implicated in many pathologies and 

ageing. I will further discuss the three main steps of translation, the involved translation 

factors, how translation fidelity is achieved, and how it can affect cells and organisms. 

1.2.1.1. tRNA charging 

One of the main players in protein synthesis is tRNA, which delivers amino acids to the 

translation machinery. tRNAs are produced in a complex process, fairly conserved in 

eukaryotes; they are transcribed by RNA polymerase III (PolIII) as precursor molecules (pre-

tRNAs) and then they experience a set of post-transcriptional changes to become functional 

(Huang and Hopper, 2016). The 5’ and 3’ end sequences are removed and 3’ terminal CCA 

sequence is added, introns have to be removed, and other modifications (more than 100 are 

known) are added in order to give specificity and functionality (Czerwoniec et al., 2009, 

Reuven and Deutscher, 1993, Zhu and Deutscher, 1987). The process of pre-tRNA charging 

with their cognate amino acids is carried out by aminoacyl-tRNA synthetases (aaRSs). Each 

aaRS has specificity for a single amino acid and it also recognizes the cognate tRNA because of 

its identity elements (Pang et al., 2014b). Aminoacylation occurs in a two-step process that 
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allows for proofreading: 1) the aaRS activates an amino acid (aa) via an adenylate intermediate 

(aa-AMP), 2) it covalently links this intermediate to the 3’ end of the tRNA:  

𝐴𝑇𝑃 + 𝑎𝑎 ↔ 𝑎𝑎 − 𝐴𝑀𝑃 + 𝑃𝑃𝑖        (1) 

𝑎𝑎 − 𝐴𝑀𝑃 + 𝑡𝑅𝑁𝐴𝑎𝑎  → 𝑎𝑎 − 𝑡𝑅𝑁𝐴𝑎𝑎 + 𝐴𝑀𝑃    (2) 

Although the selection process is fairly accurate, sometimes non-cognate amino acids 

or tRNAs can be bound, so this process is proofread by the aaRS themselves through their 

hydrolytic editing domain that can get rid of wrong aa-tRNAs (Fig. 1.9) (Mascarenhas and 

Martinis, 2008). Nevertheless, due to the similarities between the near-cognate amino acid 

functional groups, this editing by tRNAs is not the only mechanism to control 

misaminoacylation; one example is alanine -tRNA synthetase (Ala-RS) which can accommodate 

and hence misactivate serine and glycine at very high levels (Guo and Schimmel, 2012). Due to 

this problem, all kingdoms of life also possess AlaXp’s, which are free-standing homologues of 

the editing site of Ala-RS, that help with hydrolysing any misaminoacylated serine or glycine 

(Guo and Schimmel, 2012).   

1.2.1.2. Initiation 

Although translation is well conserved throughout evolution, there are distinct aspects 

between prokaryotes and eukaryotes. One of the main distinctions in the spatial separation 

between transcription (in the nucleus) and translation (in the cytoplasm) in eukaryotes and the 

other is the process of initiation. In prokaryotes, there are only three Initiation factors (IFs) and 

mRNAs are polycistronic (i.e. they encode more than one protein) whereas eukaryotes have 

many initiation factors (eIFs; summarized in Table 1.2) and monocistronic mRNAs (Hinnebusch 

et al., 2016). Initiation is the first step in eukaryotic translation and it is considered to be the 

most highly regulated (Sonenberg and Hinnebusch, 2009).  The classical process of initiation, 

also known as cap-dependent, starts with the formation of the 43S preinitiation complex: this 

occurs by joining of the 40S ribosomal subunit with the eukaryotic initiation factors eIF1 eIF1A, 

eIF3 and eIF5 and the ternary complex (eIF2-GTP and initiator methionyl-tRNA (Met-tRNAi)) 

(Guca and Hashem, 2018) (Fig. 1.9). Once the 43S complex is formed, it is ready to bind 

activated mRNA. This mRNA in eukaryotes has to be capped in the 5’ end, consisting of a 5’ to 

5’ triphosphate linkage with a guanosine that gets methylated on the position 7 (m7G) (if an 

uncapped mRNA reaches the cytoplasm, it is rapidly degraded) and have a 3’ poly(A) tail 

(Labno et al., 2016, Arribas-Layton et al., 2013). eIF4E binds the methylguanosine cap in the 5’ 

end and then the scaffold protein eIF4G; after this, the capped mRNA can be activated through 
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an ATP-dependent reaction facilitated by eIF4A, which together with eIF4G and eIF4E can form 

the eIF4F complex. Then, poly (A)-binding protein (PABP) binds to the 3’ end of the mRNA 

circularizing it. eIF1, homologue of prokaryotic IF3 and eIF1A, homologue of IF1, have 

conserved functions: eIF1 destabilizes codon-anticodon interactions and eIF1A stays in the A 

site preventing early elongation (Shirokikh and Preiss, 2018).  

Once the pre-initiation complex has the mRNA loaded, it can start scanning the strand 

looking for a start codon; this needs hydrolysis of ATP by the helicase activity of eIF4A and 

DHX29 and by the binding of eIF4B and eIF4H. When this is found, eIF1 is ejected which, with 

the help of eIF5, partially hydrolyses eIF2•GTP. This triggers the closure of the pre-initiation 

complex, so mRNA is stabilized, and the scanning process arrested. At this point, eIF2•GDP, 

eIF3 and 5 are released, so eIF5B•GTP (which is partially homologous to prokaryotic IF2) 

together with eIF1A can facilitate the assembly of the 60S ribosomal subunit. Once the 40S and 

the 60S ribosomal subunits join, eIF5B is hydrolysed and released along with eIF1A and hence 

the 80S ribosome is formed and ready to enter the elongation phase of translation (Fig. 1.9) 

(Sonenberg and Hinnebusch, 2009, Aitken and Lorsch, 2012). 

Table 2.2. Proteins involved in eukaryotic translation initiation. Main factors involved in 
initiation.  

Initiation Factor Yeast name Functions 

eIF1A SUI1 Destabilization of codon-anticodon interactions.  

eIF1 TIF11 Scanning and start codon recognition. 

eIF2 (composite)  The positioning of Met-tRNAMeti in the P site. 

eIF2α SUI2 Control of initiation by its phosphorylation in Ser51, 
Recognition of downstream start codon context.  

eIF2β SUI3 Binding to Met-tRNAi and eIF5 

eIFγ GCD11 GTP/GDP binding and GTP hydrolysis 

eIF2A YGR054W Start codon recognition, including noncanonical CUG and 
UUG 

eIF2D TMA64 GTP-independent Met-tRNAi binding and start codon 
recognition 

eIF3  
(composite) 

 Part of Proteasome 



The role of decreased protein synthesis in delaying ageing                      | Martínez Miguel, V.E. 

 

62 
 

COP9, Initiation factor 3 (PCI)/Mpr1/Pad1 N-terminal (MPN) 
Attachment to the cap, coordination of mRNA loading, 
scanning, start codon recognition 

eIF3a RPG1 Interaction with mRNA, MPN/PCI subunit 

eIF3b PRT1 Interaction with mRNA, MPN/PCI subunit 

eIF3c N1P1 MPN/PCI subunit 

eIF3d  Binding to the cap in RNA 

eIF3e  MPN/PCI subunit 

eIF3f  MPN/PCI subunit 

eIF3g TIF35 Interaction with mRNA 

eIF3h  MPN/PCI subunit 

eIF3i TIF34 Exterior subunit 

eIF3j HCR1 Exterior subunit 

eIF3k  MPN/PCI subunit 

eIF3l  MPN/PCI subunit. Possibly binding to the cap.  

eIF3m  MPN/PCI subunit 

eIF4F 
(composite) 

 Formation of mRNA closed loop, loading of mRNA to the 
ribosomal small subunit, mRNA unwinding and possibly 
checking directionality 

eIF4A TIF1/TIF2 ATP-dependent RNA helicase, possibly coupling of ATP 
hydrolysis with scanning 

eIF4E CDC33 Binding to the cap, interaction with eIF4G. Regulation of 
translation by being prevented from binding to eIF4G.  

eIF4G TIF4631/TIF
4632 

Facilitation of mRNA attachment to eIF3 (mammals) or the 
small ribosomal subunit (yeast). Possibly coupling of ATP 
hydrolysis by eIF4A with scanning 
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eIF4B TIF3 Binding single-stranded RNA. Possibly contribution to 
checking for directionality 

eIF4H  Binding to single-stranded RNA 

eIF5A HYP2/ANB1 Stimulates peptide elongation and peptide release during 
elongation 

eIF5B FUN12 GTP-dependent positioning of Met-tRNAi ribosomal subunits 
association 

eIF6 TIF6 Prevention of ribosomal subunits from associating, 
microRNA-mediated silencing 

PABP PAB1 Binding to poly(A) tail, interaction with eIF4G, formation of 
mRNA closed loop. Stimulation of translation and possibly 
promotion of ribosomal recycling 

DAP5  Functional analogue of eIF4G in cap-independent translation  

MCT-1 TMA20 GTP-independent Met-tRNAi delivery on particular mRNAs 
and in  reinitiation 

DENR TMA22 GTP-independent Met-tRNAi delivery on particular mRNAs 
and in  reinitiation 

DHX29 DED ATP-dependent RNA helicase, scanning of 5’ UTRs 
(untranslated region) with highly stable hairpins 

 

New evidence has emerged showing that some of the initiation factors that are 

composed by several subunits, such as eIF3 and eIF4F, can change their composition in 

response to cellular signals (Genuth and Barna, 2018). These factors have several isoforms that 

are regulated by genetic or enzymatic regulation and that serve different functions within 

translation; for example, eIF4G3 is specialized in translating certain mRNAs, amongst them a 

chaperone critical for spermatogenesis in mice, so mutating just this isoform leads to loss of 

spermatogenesis (Sun et al., 2010).    
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Figure 1.9.  Schematic Representation of the steps occurring during translation initiation in 
eukaryotes. Initiation starts when several initiation factors join the small ribosomal subunit 
forming the 43S complex. This is then ready to attach to an activated mRNA and start scanning 
in an ATP-dependent process. Once the start codon is recognized, the large 60S subunit can 
join, the initiation factors leave and elongation start. Phosphate groups are shown as yellow 
and GTPs as green circles.  Figure based on (Sonenberg and Hinnebusch, 2009). 
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Other less common forms of initiation are the cap-independent or noncanonical 

mechanisms of translation, which are quite diverse. These alternative forms of translation do 

not depend on most eIFs for the recruitment of the ribosomal subunits; some of them are 

based on the use of internal ribosomal entry sites (IRES), others use a tRNA-like structure to 

promote ribosome biogenesis or they just “shunt” over mRNA before reaching the start codon 

(Kwan and Thompson, 2018). Cells adopt cap-independent pathways depending on several 

physiological conditions; for example under some viral infections, like hepatitis C virus (HCV), 

the cell host translates the viral IRES mRNAs but also in situations of cellular stress when cap-

dependent translation is halted (Liwak et al., 2012). Although the mechanisms behind cap-

independent ways of translation are not fully understood yet, it is known that these alternative 

translation processes are very varied and they act to maintain synthesis of certain proteins 

required for stress responses by recognizing particular elements in their coding and non-

coding mRNAs (Spriggs et al., 2008).   

Furthermore, recent studies have demonstrated another type of non-classical 

initiation that is cap-dependent but it does not use most eIFs, nor the normal process of 

scanning - it mostly relies on eIF4G1 and eIF1 (Sinvani et al., 2015). This allows efficient 

translation of mRNAs that have short 5’UTR mRNAs and it is governed by the presence of TISU 

elements (translation initiator of short 5’UTR) near the 5’ end, which allow these mRNAs to 

make direct contacts with the ribosomal proteins S3 and S10  (Haimov et al., 2017). TISU 

elements are found in approximately 4% of mammalian genes (mainly “housekeeping” genes) 

and this TISU-driven initiation provides resistance to the stress-induced inhibition of global 

protein synthesis (Sinvani et al., 2015).  

1.2.1.3. Elongation 

The elongation phase is well conserved from prokaryotes to eukaryotes and hence 

most studies have been done using bacteria (Rodnina and Wintermeyer, 2009). This phase 

initiates with the start codon of the mRNA base-paired to the anticodon of the met-tRNA in 

the P (peptidyl) site of the 80S (70S in prokaryotes) ribosomal complex (Fig. 1.10.). After the P 

site, there is an A (aminoacyl) site which has the second codon of the open reading frame 

(ORF) waiting for the eukaryotic elongation factor 1A (eEF1A) (EFTu in prokaryotes) to bind and 

direct the cognate aminoacyl-tRNA (Dever and Green, 2012). When the codon is recognized by 

the aminoacyl-tRNA, GTP is hydrolyzed by eEF1A which triggers its release. After the eEF1A 

release, a peptide bond is rapidly formed between the tRNAs in the A and P sites; this is 

catalysed by ribosomal RNAs (rRNAs) in the large ribosomal subunit (Klinge et al., 2011). After 
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this, the tRNAs are prompted to move to the hybrid P/E and A/P states in which the ends of 

the mentioned tRNAs are in the E (exit) and P sites and the remaining anticodon locks in the P 

and A sites. This translocation is mediated by eEF2 (EFG in prokaryotes) that, by hydrolysing 

GTP, elicits a conformational change that allows movement of tRNA and mRNA and prevents 

backward movement of the tRNA. The release of the phosphate and the eEF2 lock the subunits 

in the post-translocation state, in which a deacylated tRNA can occupy the E site so the 

peptidyl-tRNA can be in the P site. The vacant A site is then ready for the next eEF1A and 

aminoacyl-tRNA and hence more amino acids to be added to the polypeptide chain (Fig. 1.10.) 

(Dever and Green, 2012).   

 

 

Figure 1.10. Schematic representation of the elongation phase of translation in eukaryotes. 
This phase starts with the start codon (AUG) recognition (top of the figure) and paring on the 
met-tRNA. eEF1A helps in recruiting the next corresponding aminoacyl-tRNA (depicted in 
purple). eEF2•GTP triggers peptide formation and the translocation of the tRNAs to the E and P 
sites. The tRNA in the E site does no longer have an aminoacyl group (depicted in grey), so it is 
released from the ribosome and another circle can start with the next corresponding aminoacyl-
tRNA. Phosphate groups are shown as yellow and GTPs as green circles.  Figure based on 
(Schneider-Poetsch et al., 2010b) and (Dever and Green, 2012).  

1.2.1.4. Termination and ribosome recycling 

The termination phase of translation occurs when a stop codon in the mRNA sequence 

reaches the A site. The canonical stop codons are UAA, UAG and UGA, but there are some 

organisms that either only use UAA and UAG (UGA is a sense codon), others in which UGA is 

the only stop codon (UAA and UAG are sense codons) or UAA and UGA are stop codons (and 
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UAG is a sense codon) (Panek et al., 2017, Keeling, 2016). In eukaryotes, eukaryotic Release 

Factor 1 (eRF1) is a tRNA shaped protein that recognizes all three stop codons and hydrolyses 

the peptidyl-tRNA in order to release the polypeptide chain (Dever and Green, 2012). In 

addition, eRF3 is a GTPase that, although not fully necessary for peptide release (eRF1 can 

induce it alone), it facilitates this release and increases termination efficiency with its GTPase 

activity (Eyler and Green, 2011, Alkalaeva et al., 2006) (Fig. 1.11.). Interestingly, eRF1 increases 

the association of eRF3 to GTP by forming a stable ternary complex formed by eRF1:eRF3•GTP 

(Mitkevich et al., 2006, Pisareva et al., 2006). 

 

Recycling of the ribosome is initiated by the ABCE1 (ATP binding cassette subfamily E 

member 1) protein, and it starts when the polypeptide chain is released, but the mRNA, the 

deacetylated-mRNA and eRF1 are still bound (Hellen, 2018). The process of recycling in 

eukaryotes is quite different than in bacteria and it is not fully understood yet. However, it is 

suggested that ABCE1  protein mediates the splitting of the ribosome by an ATP-dependent 

reaction and conformational changes that disrupt the inter-subunit bridges and drive the 

separation of the two ribosomal subunits (Pisarev et al., 2010, Barthelme et al., 2011, Becker 

et al., 2012, Franckenberg et al., 2012). Furthermore, ABCE1 directly enhances the rate of 

peptide release by eRF1:eRF3, GTP dissociation and subsequently their dissociation from the 

ribosome, at least in S. cerevisiae (Shoemaker and Green, 2011) (Fig. 1.11.). Finally, the release 

of deacetylated tRNA and mRNA from the small ribosomal subunit is enabled by eIF1, eIF1A 

and eIF3 initiation factors (Hellen, 2018). The detached subunits are then ready to be recruited 

by the eIFs for another round of initiation.   

 

This full dissociation only happens right after termination in some cases, whereas in 

others there is a partial dissociation called re-initiation. This process is important for control of 

gene expression in eukaryotes and it can happen through different mechanisms. One of the 

mechanisms is based on the presence of short untranslated open reading frames (uORFs) that 

can lead to re-initiation when mRNA is still associated to the 40S subunit (Luukkonen et al., 

1995, Kozak, 2001); which is dependent on the presence of eIF1, eIF1A, eIF2, eIF3 and Met-

tRNAi
Met, and also eIF4F, which provides the 5’ to 3’ directionality (Poyry et al., 2004, Skabkin 

et al., 2013). Other mechanisms of re-initiation are mediated by reinitiation factors such as 

ligatin (eIF2D), density release protein (DENR) and multiple copies in T-cell lymphoma-1 

(MCTS1), they depend on uORF length and they happen at least in human cells and in 

Drosophila (Janich et al., 2015, Skabkin et al., 2013, Schleich et al., 2017, Schleich et al., 2014). 
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Therefore, termination and ribosomal recycling are also complex steps of translation that can 

be regulated at several points to adapt to different conditions.  

 

 

Figure 1.11.  Diagram of the termination phase of translation in eukaryotes. The polypeptide 
chain is attached to the tRNA in the P site until a stop codon is recognized by the eRF1:eRF3•GTP 
complex in the A site. ABCE1 binds and facilitates the peptide release and subunit dissociation. 
In addition, ABCE1 enhances GTP hydrolysis of the eRF1. GTP depicted as green and free 
phosphate as yellow circles.  Figure based on (Dever and Green, 2012).  

1.2.1.5. Ribosomal subunits 

The ribosome is a complex structure comprised of two subunits, in eukaryotes, this is 

formed by more than 5500 nucleotides of rRNA, including the termed expansion segments (ES) 

and 80 ribosomal proteins (RPs) (79 in yeast) with extra r-protein extensions. In eukaryotes, 35 

out of the 80 RPs (79 RPs in yeast) have been found to have homologs in bacteria/archaea, 32 

only have archaeal homologs and hence only 13 (12 in yeast) ribosomal proteins are eukaryotic 

specific (Fig. 1.12.) (Wilson and Cate, 2012). Furthermore, the protein: RNA ratio in the large 

subunit of eukaryotes is 1:1 whereas in bacteria it is 1:2; most of this additional protein mass is 

in the back of the structure and it forms a network that interacts with other conserved 

proteins and rRNA (Fig. 1.12.). Moreover, the mRNA exit site in eukaryotes has two extra 

proteins, RPS26 and RPS28 which might be implicated in the interaction with eIF3 (Srivastava 

et al., 1992, Siridechadilok et al., 2005). The A, P and E sites are composed principally of 

ribosomal RNA (r-RNA) conserved in archaea and eukaryotes; however, in the latter, there are 

also ribosomal proteins that play important roles in decoding, accommodating and stabilizing 

the tRNAs in these sites (Wilson and Cate, 2012). Furthermore, the eukaryotic ribosome has a 

tunnel through which the nascent peptide passes and it is thought to regulate translation rate, 

enhance early folding events and gather translation factors in the exit site (Wilson and 
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Beckmann, 2011). It has to be noted that based on recent evidence, nowadays the ribosome is 

not seen as a fixed entity, but a more heterogeneous machine that can vary its RNA and 

protein composition in response to the environment, during development or diseases (Sauert 

et al., 2015, Guimaraes and Zavolan, 2016, Sloan et al., 2017).  

 

Figure 1.12. The eukaryotic ribosomal subunits based on Tetrahymena thermophila. A) Views 
of the 40S small subunit solvent-expose side and B) subunit interface. C) Views of solvent-
exposed side and D) subunit interface of the 60S large subunit. rRNA is shown in grey and r 
proteins in different colours with the eukaryotic names in red and the prokaryotic homologs in 
light blue; in addition, the yeast-specific name is shown in parentheses. Figure adapted from 
(Klinge et al., 2011).  

Another concept to consider is the presence of specialized ribosomes within cells and 

organisms. New evidence has shown that there is heterogenic compositions of rRNA, 

ribosomal proteins or protein modifications that can result in the ribosome having different 

functions (Xue and Barna, 2012). Although this is still a fairly new field, it has been shown that 

for example, deletion of Rpl38 does not alter global protein synthesis but only the translation 

of specific mRNAs (Kondrashov et al., 2011). Many other ribosomal proteins have specialized 
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functions; RPS11, RPS19 and RPS25 promote IRES translation, RPS26 promotes translation 

from start codons in the Kozak sequence and RPS13a inhibits translation of specific mRNAs 

(Genuth and Barna, 2018) Nevertheless, how this heterogeneity is regulated and how it 

originates is still not clearly understood.  

1.2.1.6. Mitochondrial translation 

Mitochondria are special organelles that evolved from an endosymbiotic bacterium, so 

even though they transferred most of their genetic information to the nucleus of the cell, they 

still have some vestigial ‘own’ genetic system (Ott et al., 2016). Most of their proteins are 

synthesized by the cytosolic host system, but a subset of oxidative phosphorylation (OXPHOS) 

complexes is still synthesized by the mitochondrial translation machinery. The loss of genetic 

information occurred independently through evolution, so the mitochondrial genomes are 

very varied across organisms. However, the mitochondrial-encoded translational machinery is 

quite incomplete and it requires the import of certain factors, importantly all the ribosomal 

proteins are imported from the host cytosol.   

These evolutionary forces have favored mitochondrial translation to be very different 

from the bacterial one. For example, they use a different genetic code from the universal one 

and they have less mt-tRNAs (Anderson et al., 1981, Barrell et al., 1979). In addition, 

mitochondrial ribosomes (mitoribosomes) are very varied between organisms and very 

different from bacterial ones.  One of the striking differences is that many mitoribosomes have 

recruited and changed the function of proteins that were not naturally ribosomal, such as 

yeast mit-RPL50 which originally was a lipid binding protein and human mRPL43 which was an 

oxidoreductase (Amunts et al., 2014, Amunts et al., 2015, Greber et al., 2015).  However, the 

decoding center and the peptidyl transferase catalytic core are still highly conserved and not 

specific to mitochondria, which causes them to be off-targets of certain antibiotics such as the 

aminoglycoside family (Zhang et al., 2005). Not surprisingly, there are also differences in the 

translation steps too, but in all organisms, mitochondria need to use factors imported from the 

cytosol, some homologous to bacterial ones and some adapted from the host. In addition, a 

recent study has shown that mitochondrial translation fidelity can alter cytosolic translation 

fidelity too (Suhm et al., 2018).  

1.2.1.7. Signalling pathways involved in translation  

Translation is the most energetically expensive cellular process, so it is tightly 

regulated by growth factors, hormones, internal and external stressors. Different signalling 
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pathways integrate a variety of stimuli to appropriately adjust translation levels (Fig. 1.13.). 

Growth factors, hormones and cytokines act on receptor tyrosine kinases that can activate the 

Ras pathway or the mTOR pathway through insulin receptor substrate 1 (IRS1). IRS1 activates 

mTORC1 through PI3K and Akt, which results in inhibition of tuberous sclerosis 2 (TSC2) hence 

activating cap-dependent translation and promoting cellular growth and proliferation (Saxton 

and Sabatini, 2017). This results from two main downstream effectors of mTORC1: a) inhibitory 

phosphorylation of 4E-BP which then cannot sequester eIF4E thereby allowing eIF4F complex 

formation and b) activating phosphorylation of S6K, which then phosphorylates and activates 

eIF4B, and possibly eIF4A, increasing in this way the activity of translation initiation. Akt also 

phosphorylates and inhibits PRAS40 facilitating its release from mTORC1 and therefore 

alleviating the inhibition of mTORC1 (Nascimento et al., 2010, Sancak et al., 2007, Vander Haar 

et al., 2007). Although this is an important link between IIS and mTOR, in Drosophila PRAS40 

regulates growth only in ovaries but not in somatic tissues (Pallares-Cartes et al., 2012). Amino 

acids at the surface of the lysosome through a set of Rags activate mTORC1 (Wolfson and 

Sabatini, 2017).  Also, at the surface of the lysosome, AMPK can be switched on when ATP or 

fructose-1,6-biphosphate (FBP; a glycolytic intermediate) are low or when AMP is high (Lin and 

Hardie, 2018, Ben-Sahra and Manning, 2017). Activated AMPK directly inhibits mTORC1 and it 

also phosphorylates eEF2 kinase (eEF2K), activating it and hence slowing down elongation 

(Browne et al., 2004, Johanns et al., 2017).   

Moreover, the transcriptional regulator Myc has been implicated as a direct activator 

of eIF4E in an mTOR-independent manner promoting translation (Matsumoto et al., 2015, 

Pourdehnad et al., 2013). Furthermore, S6K phosphorylates eEF2K, inactivating it, and 

subsequently activating elongation (Dunlop and Tee, 2009). The Ras pathway also results in 

inhibition of TSC2 and TSC1, phosphorylation of eIF4B and activation of Mnk1 and Mnk2 that 

promote translation through phosphorylation of eIF4E and eIF4B (Mendoza et al., 2011). 

Likewise, stress signals can promote the activity of p38 through the MAPK pathway resulting in 

activation of Mnk1 (Blagden and Willis, 2011). In contrast, endoplasmic reticulum (ER) stress 

promotes unfolded protein response (UPR) pathways that lead to activation of double-

stranded RNA-activated protein kinase (PKR), PKR-like ER kinase (PERK) and GCN2 which 

phosphorylate Ser52 in the α-subunit of eIF2 causing repression of global translation but 

paradoxically upregulated translation of mRNAs with IRES and uORFs that are involved in 

cellular adaptation to stress (Do et al., 2009).  



The role of decreased protein synthesis in delaying ageing                      | Martínez Miguel, V.E. 

 

72 
 

 

Figure 1.13. Main pathways that regulate protein translation in response to different stimuli 
such as stress, growth factors and hormones or endoplasmic ER stress. Growth factors, 
hormones and cytokines upregulate translation through the Ras/Raf/MEK pathway (light blue) 
or PI3K/Akt/mTOR pathway (light green). At the lysosomal surface, nutrient and energy levels 
are sensed by Rags (orange) and AMPK (burgundy). In addition, stresses can downregulate or 
upregulate translation through UPRs (purple) or p38 (dark green). All these act directly or 
indirectly on eIFs (light pink) or eEFs (dark pink). Figure based on (Blagden and Willis, 2011) and 
(Silvera et al., 2010). 

1.2.2. Translational fidelity 

One of the fundaments of biology is the expression and conservation of the genome. 

Although this happens with notable accuracy, both in vivo and in vitro experiments have 

shown that gene expression is more erroneous than theoretical calculations. As gene 

expression involves transcription and translation, both their error rates can compromise its 

fidelity; however, DNA replication has been shown to be exceptionally accurate, with error 

rates ranging from 10-8 to 10-10 in prokaryotes and eukaryotes respectively, which means most 

of the inaccuracy comes from translation (Kunkel and Bebenek, 2000). In fact, translation error 

rates in vivo have been calculated to be several orders of magnitude higher, from  10-3 to 10-4 

(Kramer and Farabaugh, 2007).  
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 Errors in translation are a result of 1) aminoacyl-tRNA synthetases adding an incorrect 

aminoacyl to tRNAs, 2) imbalances in the tRNA pool and low abundance of certain tRNAs, 3) 

the ribosome selecting a tRNA with the wrong codon or 4) frameshifts during elongation (Fig. 

1.14.) (Mohler and Ibba, 2017, Ogle and Ramakrishnan, 2005). Aminoacyl-tRNA synthetases 

have been shown to be very accurate enzymes that uses a “double sieve” editing mechanism: 

this mechanism is based on the fact that non-cognate amino acids are too large to fit the active 

site (isosteric first sieve) and that the editing site of aaRSs hydrolyses any mischarged amino 

acids (editing second sieve) (Nureki et al., 1998, Fersht, 1977, Guo and Schimmel, 2012).  This 

proofreading ability by aaRSs is especially important when near-cognate amino acids are too 

similar in topology or size, as is the case of AlaRS, which without the editing site would 

misactivate Ser and Gly at much higher levels (Guo et al., 2009). Despite this high accuracy of 

aaRSs, they can still misactivate tRNAs when the tRNA pool is altered or imbalanced, for 

example by nutritional or environmental stresses (Mohler and Ibba, 2017, Nawrot et al., 2011).    

This means, that the decoding process by the ribosome is the main contributor to the 

high error rates of translation. This decoding had historically been proposed to be mainly 

determined by the affinity of base pairing between the mRNA codon and the trinucleotide 

anticodon of the tRNA (Loftfield, 1963); however, more in-depth knowledge of enzymology 

showed that hydrolysis of GTP to GDP when a catalytic step follows the binding of the 

substrate increases the selectivity of said enzyme, which in translation means that when EF-Tu 

(eEF1)-mediated hydrolysis of GTP enhances the discrimination of tRNA selection (Ogle and 

Ramakrishnan, 2005). Therefore, the current kinetic model of ribosomal decoding explains that 

there are two main steps in this process that ensure fidelity (Fig 1.14.). The ‘initial selection’ 

step is comprised of the initial binding, which is codon-independent and it is driven by the 

interactions between the ternary complex and the ribosome, totally driven by EF-Tu biding 

(Diaconu et al., 2005, Rodnina et al., 1994) and it is followed by a codon-dependent step that it 

is stabilized by the ribosome (Gromadski and Rodnina, 2004a). Finally, the initial binding step 

involves EF-Tu undergoing a rate-limiting conformational change in its active site that 

facilitates GTP hydrolysis and that is dependent on codon-anticodon interactions in the 

decoding helix (Gromadski et al., 2006). It is important to note, that this is the exploited step 

by hyperaccurate mutants, which will be further explained later (Bilgin et al., 1992). The 

second step of decoding that ensures translation fidelity is the proofreading step and it totally 

depends on codon-anticodon interactions; here, the tRNA can either move to the A-site to 

continue into the peptidyl transfer, or it can be rejected leading to its dissociation (Zaher and 
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Green, 2009). This proofreading step is the one exploited by antibiotics that increase the level 

of errors, which will also be explained in more detail later.  

Figure 1.14. Schematic representation of aminoacylation and ribosome decoding: their 
proofreading mechanisms and the possible mistranslation events. Aminoacyl-tRNA 
synthetases activate cognate amino acids by adding adenosine monophosphate (AMP) with high 
fidelity by using kinetic and structural selection mechanisms. Nonetheless, a non-cognate amino 
acid can be misactivated, in which case it can either be hydrolysed, or it can be mischarged to a 
tRNA, which can further proofread and resample it. In addition, an activated cognate amino acid 
can be charged to a non-cognate tRNA, which can be caught by the aaRS proofreading leading 
to hydrolysis, or it can escape this mechanism and interact with an elongation factor. Moreover, 
elongation factors can also select for correct aatRNAs through thermodynamic interactions; 
however, if these two bind, they can be initially selected by the ribosome. However, the 
ribosome itself has a proofreading mechanism that can also avoid mistranslation by being 
separated in two main steps, initial selection and proof-reading. Figure adapted from (Mohler 
and Ibba, 2017, Zaher and Green, 2010). 

1.2.2.1. Mutations and antibiotics affecting fidelity 

For a long time, it was believed that the ribosome acted to just stabilize the codon-

anticodon interactions, but its important role in enhancing specificity for cognate tRNAs was 

not clear (McLaughlin et al., 1966). This all changed with the discovery of ribosomal mutations 

and antibiotics that changed the fidelity of translation (Ogle and Ramakrishnan, 2005).   

1.2.2.1.1. Streptomycin, ram and restrictive mutants 

The work of Gorini and colleagues in the 1960s showed that the use of streptomycin, 

an aminoglycoside antibiotic that binds the small subunit of the ribosome, could induce errors 

in translation (Anderson et al., 1965, Davies et al., 1964, Gorini and Kataja, 1964a, Gorini and 
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Kataja, 1964b). These experiments used auxotrophic variants of E. coli that had premature 

stop codons in certain essential metabolic enzymes, so they could only grow when all the 

metabolites were given, or the media was supplemented with streptomycin (termed SmD for 

their streptomycin dependency). This was further supported by in vitro studies showing that 

wrong amino acids were misincorporated in polypeptides in the presence of streptomycin 

(Davies et al., 1964), which eventually led to the discovery that this antibiotic increased the 

level of stop codon read-through and also that the ribosome could recognize and influence the 

codon-anticodon interaction.  

In addition, new ribosomal mutants were isolated, either showing streptomycin-

resistance (SmR) (also termed restrictive, as they restrict the action of streptomycin) or having 

a revertant phenotype that suppressed streptomycin-dependency (termed ram for ribosomal 

ambiguity) and that were error-prone. These SmR mutations were found in the gene rpsL 

encoding RPS12 and the ram mutations affected RPS4 and RPS5 (rpsD and rpsE genes) in 

bacteria (Ozaki et al., 1969, Hasenbank et al., 1973, Piepersberg et al., 1975). The mutations in 

RPS12 that confer resistance do so by either preventing the binding of the antibiotic to the 

ribosome, as is the case of RPS12 Lys42Arg (K42R) or by both preventing binding and also 

conferring hyperaccuracy that reverts the streptomycin-induced inaccuracy Lys42 → Ala, Thr 

or Gln (K42A, K42T or K42Q) (Funatsu and Wittmann, 1972, Sharma et al., 2007, Vila-Sanjurjo 

et al., 2007).  

1.2.2.1.2. Paromomycin 

It should be noted that not only streptomycin but also the rest of antibiotics in the 

aminoglycoside group, e.g. neomycin, kanamycin or paromomycin, can increase the level of 

translational errors, but in different degrees. Therefore, to further understand the decoding 

process, this group of antibiotics has been widely used in structural studies to see how they 

interfere with the ribosome and how this might affect translation fidelity. For example, 

paromomycin induces conformational changes of the helix 44 (H44) of 16S rRNA to a position 

where it can engage the minor-groove of the codon-anticodon in the A-site (Ogle et al., 2001) 

(Fig 1.15.). This leads to a reduction in the rate of near-cognate tRNA dissociation from the A-

site and it accelerates the reaction rates of tRNA selection, switching the ribosome into a 

‘hyperactive’ state (Pape et al., 2000). In contrast, streptomycin binds between RPS12 and 

helix 27 (H27) of 16S rRNA, reducing the reaction rates of GTPase activation for cognate tRNA, 

inducing a state of intermediate activation and stabilizing the closed domain form (Gromadski 

and Rodnina, 2004b).   
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Figure 1.15. Interactions of streptomycin and paromomycin with the decoding centre on 
prokaryotic ribosomes. A) Streptomycin (brown molecule) binds h44 (helix 44 from 16S rRNA) 
(light blue) on the outside and it also interacts with h27 and h18 (helices 27 and 18 from 16S 
rRNA) (both grey) and importantly RPS12 (u12, light green). B) Paromomycin (purple), 
conversely, binds h44 on the inside inducing a flipped-out conformation of A1492 and A1493 in 
this helix. Figure adapted from (Lin et al., 2018). 

Accuracy mutants can also be either resistant or sensitive to paromomycin. Strains of 

bacteria with mutations in 16S rRNA are more susceptible to this antibiotic, and the same 

mutations that confer resistance to streptomycin (K42R, K42A, K42T and K42Q) also confer it 

to paromomycin (Kalapala et al., 2010). Eukaryotes are also susceptible to aminoglycosides, 

including paromomycin, and in yeast, mutations in 18S rRNA (homologous to bacterial S16) 

also increased the susceptibility to this antibiotic (Kalapala et al., 2010, Prokhorova et al., 

2017). In the same fashion, there are mutations in S. cerevisiae that confer resistance against 

paromomycin; these are mutations in the highly conserved region of RPS23 (formerly known 

as RPS28), which is the equivalent to bacterial RPS12 K42, and they are the same substitutions 

K62R, K62A, K62T and K62Q (Alksne et al., 1993).  

1.2.2.2. Ribosomal structures affecting decoding and fidelity 

Several biochemical studies showed that the E. coli ribosomes with mutations 

disrupting certain lysines (e.g. K42R, K42N, K42Q and K42T) of S12 were hyperaccurate, having 

reduced frameshifts and mistranslation errors, which makes the SmR mutants gain their 

resistance to streptomycin not by preventing the binding of the antibiotic, but, generally, by 

compensating its error-inducing effects (Chakrabarti and Gorini, 1975, Davies et al., 1964, 
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Bouadloun et al., 1983, Funatsu and Wittmann, 1972, Finken et al., 1993, Ogle and 

Ramakrishnan, 2005).  The mechanism by which restrictive mutations increase translation 

accuracy has long been studied and high-resolution crystal structures of ribosomes have shed 

light on how this might occur: when cognate aminoacyl-tRNAs bind the decoding center, three 

highly conserved nucleotides, A1492, A1493 and G530 rearrange their conformation in the 

minor groove of the codon-anticodon helix (Ogle et al., 2002, Carter et al., 2001, Wimberly et 

al., 2000); in addition, RPS12 has several lysine residues that form hydrogen bonds with 

backbone phosphate groups from 16S rRNA’s h13 and h44, which enables the closed 

conformation of the small subunit and enhances cognate tRNA to be in contact with the 

codon-anticodon helix in the A site  (Fig 1.16. A) (Carter et al., 2001, Tran et al., 2011). 

Therefore, until recently it was assumed that mutations in RPS12 that disrupt these 

interactions can lead to a more loose closed form of the ribosome, costing more energy to be 

formed (Ogle and Ramakrishnan, 2005). However, a new biochemical study by Zaher and 

Green has shown that RPS12 mutants are hard "proofreaders", which means that their 

hyperaccuracy comes from enhancing the accommodation of cognate and rejecting near non-

cognate, tRNAs in the A site (Zaher and Green, 2010).  

On the contrary, ram mutants are hypoaccurate and reverse the effect of restrictive 

mutations (Brownstein and Lewandowski, 1967, Rosset and Gorini, 1969). These mutants show 

Figure 1.16. Representation of the position of ram or restrictive mutations in the ribosome. A) 
Elements required for decoding in the small 30S subunit of a prokaryotic ribosome. B) Restrictive 
mutations that lead to hyperaccuracy are found to alter the interface between RPS12, h44 (light 
blue) and h27 (yellow) of 16S rRNA, which are located in the A site of small subunit. However, ram 
mutations leading to hypoaccuracy are found to disrupt the interaction between RPS4 and S5. 
Figure adapted from (Ogle and Ramakrishnan, 2005).    



The role of decreased protein synthesis in delaying ageing                      | Martínez Miguel, V.E. 

 

78 
 

a “leaky” phenotype; they enhance mistranslation; they are additive to the effect of 

streptomycin and antagonize the effect of S12 mutations that can restore mistranslation to 

background levels (Biswas and Gorini, 1972). Structural studies have revealed that RPS4 and 

RPS5 have polar interactions that are in the opposite side of the RPS12/h44/h27 interface and 

that are disrupted in the closed domain form (Ogle and Ramakrishnan, 2005). Until recently, 

this was thought to be due to the salt bridges between S4 and S5 being disrupted, which could 

lower the energetic cost of tRNA selection and accommodation, allowing near-cognate tRNAs 

to induce domain closure more easily and therefore lower accuracy (Ogle et al., 2002) (Fig 

1.16. B). However, now it has been proposed that the salt bridges between S4 and S5 are 

broken during the initial codon recognition step before the S12/h44/h13 interface forms, 

which allows EFTu to be activated and hence GTP to be hydrolyzed (Zaher and Green, 2010). 

Thus, ram mutations that reduce these interactions, reduce the free energy necessary to 

activate EFTu, and their effect on initial selection step results in increased errors. 

It should be noted that different mutations in different helices of 16S RNA, can both 

increase and decrease accuracy. In addition, these mutations can confer either resistance or 

sensitivity to streptomycin. Several mutations of h13 and h44 in E. coli led to decreased 

translation fidelity, whereas different substitutions in h27 led to increased accuracy and 

streptomycin resistance in Thermus thermophilus (Gregory and Dahlberg, 2009, Tran et al., 

2011).  

1.2.2.3. Translation fidelity studies in eukaryotes 

As it has been already mentioned, the first studies exploring translation fidelity were 

carried out using bacteria, usually E. coli. However, in 1964 two mutants affecting translation 

were found in S. cerevisiae, sup1 and sup2 (Inge-Vechtomov and Kozhin, 1964, Smirnov et al., 

1974). The name sup comes from suppressor, which refers to a mutant that suppresses the 

phenotype of another mutation in a different gene, in this case, sup1 and sup2 reverse the 

effect of nonsense mutations that led to premature peptide termination. These suppressor of 

nonsense mutations are located in genes SUP45 and SUP35 encoding release factors eRF1 and 

eRF3 respectively and have been shown to be hypoaccurate by having higher levels of stop 

codon read-through (Zhouravleva et al., 1995, Stansfield et al., 1995, Frolova et al., 1994).  

Although this nonsense suppression (SUP) could be intuitively attributed to the 

reduction in the availability of release factors that could lead to termination, further research 

showed that there is a complex interaction between the ribosomes and translation fidelity in 

eukaryotes too (Nizhnikov et al., 2014). After this, many other nonsense suppressors were 
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found by mutating other proteins. Particularly interesting is the finding of two suppressors of 

nonsense mutations, SUP44 and SUP46, which are mutants of the genes encoding RPS2 and 

RPS9, the homologues of bacterial RPS4 and RPS5 cause ram phenotypes (Eustice et al., 1986, 

Ono et al., 1981, All-Robyn et al., 1990, Vincent and Liebman, 1992).  

Furthermore, translation accuracy in yeast can also be affected by mutating RPS23 

(formerly known as RPS28) the homologue of bacterial RPS12. Bacterial S12 mutants show 

hyperaccurate phenotypes, similarly, in S. cerevisiae, several mutations in the lysines of RPS23 

(e.g. RPS23 K62Q, K62N and K62T) can enhance translation fidelity, while the K62R mutation 

surprisingly behaves as antisuppressors and decrease fidelity (Alksne et al., 1993, Anthony and 

Liebman, 1995). The lysine at position 62 forms two hydrogen bonds with paromomycin, and 

also a salt bridge with 18S rRNA; the K62R substitution results in the hydrogen bonds to be 

broken, but not the salt bridge, which results in paromomycin resistance but not increased 

accuracy (Kalapala et al., 2010). In the case of the other lysine substitutions, the salt bridge is 

also disrupted so they are both hyperaccurate and resistant to paromomycin.  One of the 

important implications of these studies was the realization that the ribosomal decoding center 

is highly conserved from bacteria to yeast.   

In addition, suppressors of nonsense mutations were found to be produced by 

mutations in rRNAs of the small and large subunits. Several of these mutations were isolated in 

18S rRNA, which is located in the decoding center of the small subunit (Chernoff et al., 1996, 

Chernoff et al., 1994, Velichutina et al., 2001). The essential role of 18S rRNA in translation 

accuracy was proved by having both suppressor and antisuppressors phenotypes depending 

on the mutation (i.e. being hypo and hyperaccurate). Other suppressors of nonsense 

mutations are due to mutations in 25S and 5S rRNA, evolutionarily conserved rRNAs found in 

the large subunit (Baxter-Roshek et al., 2007, Smith et al., 2001, Panopoulos et al., 2004).  

Furthermore, mutations in elongation factors can also affect translation fidelity making yeast 

become suppressors or antisuppressors. Mutations in TEF2, one of the two genes encoding 

eEF1A, can have either SNM or antisuppressor phenotypes (Sandbaken and Culbertson, 1988). 

When the TEF2 mutation leaves its product not functional, there is an overall reduction of 

eEF1A, which can improve the competition for termination factors and hence have 

antisuppressor i.e. hyperaccurate effects (Silar and Picard, 1994). More recently, a lysine-

specific methyltransferase has been found to mutate an evolutionary conserved lysine in eEF2 

altering translation fidelity, and it has been proposed this might be due to altered contact with 

RPS23 (Davydova et al., 2014).  
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As already mentioned, mitochondria have their own translational machinery, and its 

accuracy has been shown to affect cytoplasmic proteostasis.  In a recent study ram or 

restrictive mutations were introduced in the highly conserved mitochondrial RPS12 (mit-

RPS12) (Suhm et al., 2018). The hypoaccurate mutation, P50R increased the level of cytosolic 

ROS and protein aggregates whereas the hyperaccurate mutation K71T had the opposite 

effect, decreasing the levels of ROS and protein aggregation. Therefore, it is also interesting 

how cytoplasmic translation can be tuned even by mitochondrial translation.  

1.2.2.4. Stress and translation fidelity  

Different environmental or endogenous cues can affect or be affected by transition 

fidelity, either by directly altering the translational machinery or through signaling pathways. 

For example, mistranslation is usually seen in bacteria as a response to antibiotics that target 

the ribosome as it has been discussed above (Tuite and McLaughlin, 1984, Londei et al., 1988).  

In addition, imbalances in the tRNA pool can lead to misincorporation errors. In normal 

translation, the ribosome will encounter mainly non-cognate tRNAs so if there is limited 

availability, for example, due to amino acid starvation, this can terminate the peptide, stall the 

ribosome or misincorporated non-cognate amino acids (Pang et al., 2014a, Lovmar and 

Ehrenberg, 2006, Fluitt et al., 2007).  

Furthermore, ROS arising as byproducts of cellular processes or being internalized 

from the environment can also affect translation fidelity. ROS are known to damage 

carbohydrates, lipids, DNA, proteins and RNA; in fact, oxidation of tRNAs or aaRSs has been 

shown to promote misincorporation (Gu et al., 2014). 

Signaling pathways responding to stress usually trigger a global downregulation of 

translation, but sometimes they can also affect translation fidelity. In the case of amino acid 

starvation, uncharged deacylated tRNAs in the cytoplasm are monitored by GCN2 in 

eukaryotes, which dampens translation; however, sometimes deacylated tRNAs can enter the 

A site of the ribosome, which triggers its pausing (Hinnebusch, 2005). However, it has been 

shown that if there are misaminoacylated tRNAs, these can mask amino acid starvation and 

reduce the response of the nutrient-sensing pathways (Mohler et al., 2017).  Similarly, in 

bacteria, when the ribosome is paused due to a deacylated tRNA, it associates with ribosome-

associated protein A (RelA) which starts the stringent response by synthesizing (p)ppGpp, and 

as in yeast, this pathway can be inhibited if there is misaminoacylation (Brown et al., 2016, 

Loveland et al., 2016, Starosta et al., 2014, Bullwinkle and Ibba, 2016).  
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1.2.2.5. Harmful outcomes of mistranslation  

Changes in the amino acid sequence of a protein can alter its chemical properties, 

especially its conformation, which can have detrimental effects on cells and organisms. Not 

only mistranslation is a waste of valuable nutrients and energy for the cell, but also non-

functional misfolded proteins can lead to a build-up of toxic aggregates if the clearing and 

quality control systems do not work efficiently or they are oversaturated (Reynolds et al., 

2010).  A basic example of the detrimental effect of mistranslation is in the antibacterial effect 

of aminoglycosides, which target the decoding center of bacterial ribosomes. The 

hypoaccuracy triggered by these antibiotics causes misfolded membrane proteins that 

increase the levels of oxidative stress leading to cell death. (Kohanski et al., 2008). 

It has been shown that mistranslation can lead to protein aggregation having severe 

effects on cells and even organisms. When E. coli was mutated to have aaRSs with defects in 

the editing sites, the increased misacylation led to an upregulation of the heat shock response 

(HSR) and aggregation (Ruan et al., 2008). In mice, a mutation in AlaRS that induces 

misacylation to serine, led to increased ubiquitination, aggregation and upregulation of the 

HSR causing the mice with this mutation to have neurodegeneration and hair loss (Lee et al., 

2006). A follow-up experiment in which they tested mouse fibroblast with a mutation in the 

editing domain of ValRS, the autoimmune response was induced leading to apoptosis (Nangle 

et al., 2006).  

Mistranslation is also involved in some human diseases. Erroneous translation can lead 

to protein aggregation which is especially detrimental in neurons, being the cause of several 

neurodegenerative diseases. Interestingly, when the editing site of AlaRS was defective, a 

greater proportion of tRNAs were misacylated with tRNASer, resulting in protein misfolding and 

eventual neuronal loss in mice (Lee et al., 2006). This mutation was first seen in mice models; 

however, it has also been found in patients with microcephaly, hypomyelination and epilepsy 

(Nakayama et al., 2017). In addition, some patients with epilepsy, ataxia, autism or intellectual 

disabilities have missense mutations in eEF1A2 that in yeast produce frameshift and nonsense 

suppression (Inui et al., 2016, Lam et al., 2016, Lopes et al., 2016, Meriin et al., 2012b, 

Nakajima et al., 2015, Veeramah et al., 2013, Sandbaken and Culbertson, 1988, Belin et al., 

2009).  

Furthermore, some ribosomopathies (i.e. diseases caused by ribosomal abnormalities) 

are due to the haploinsufficiency of ribosomal RNA or proteins, interestingly 18S rRNA, which 

is important in decoding, is altered in Treacher Collins syndrome, UTP14-type male infertility 
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and Diamond Blackfan anemia (Narla and Ebert, 2010, Idol et al., 2007). Although it has not 

been studied the level of translational fidelity in patients with these syndromes, another 

ribosomopathy has been directly linked to hypoaccuracy. A mutation in the highly conserved 

decoding region of RPS23 results in microcephaly, hearing loss, dysmorphia and reduced 

intellectual capabilities (Paolini et al., 2017). The mutation is a substitution of Arg69 to a lysine, 

which is in close proximity to the already discussed Lys62 in yeast (Lys60 in humans), and that 

induces high levels of missense and nonsense translation. Nevertheless, it should be noted 

that, to date, none of the restrictive/hyperaccurate mutations have been found in humans.   

 Translation deregulation is associated with some cancers either due to disruptions in 

the signalling pathways that converge with translation or to translation proteins being directly 

oncogenic. However, the effect of this disturbance in translation fidelity is not well 

characterized. Nevertheless, it has been shown that aggressive breast cancer cells that had 

normal levels of global translation had less efficient IRES-mediated initiation and less accurate 

translation (Silvera et al., 2009). Moreover, in p53-inactivated cancer cells, a study showed 

that these cells had modified levels of rRNA methylation that led to higher codon read-through 

and misincorporation (Marcel et al., 2013).  Recently, examination of ovarian carcinomas was 

found to have different mutations in eIF1A, which are predicted to lead to translation initiation 

errors (Etemadmoghadam et al., 2017).   

1.2.2.6. Beneficial effects of translation inaccuracy 

Errors in translation can lead to beneficial outcomes for cells and organisms, by giving 

an evolutionary advantage under environmental, nutritional or immunological stress (Wang 

and Pan, 2015, Ling and Soll, 2010). In unicellular organism having a more varied proteome can 

confer resistance against different environmental stresses that eventually lead to an 

evolutionary advantage. For example, Candida albicans tRNASer (CAG) can also read CUG 

codons that encode leucine, especially under lower pH, higher temperature or in the presence 

of H2O2, thus increasing its phenotypic variability under stress (Gomes et al., 2007). This fungal 

parasite can also benefit from mistranslation as this enhances its antigenic diversity helping it 

to evade the host immune system (Miranda et al., 2013, Sarkany et al., 2014). Another 

example of a unicellular organism benefitting from mistranslation is the sup35 yeast mutants. 

As already discussed, sup35 mutants have higher stop codon readthrough, which during stress 

can lead to the formation of proteins with new C-terminal domains that can enrich their 

phenotypic diversity (True and Lindquist, 2000). Importantly, prokaryotes can develop 

antibiotic resistance through mistranslation. An example of this has been seen in recent 
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studies with Mycobacteria tuberculosis; the antibiotic-resistant strains were found to have 

mutations leading to tRNA misacylation and therefore mistranslation (Javid et al., 2014, Su et 

al., 2016).  

As discussed above, oxidative stress can directly alter tRNA aminoacylation. In E. coli, 

ThrRS has a cysteine in its editing domain that is sensitive to ROS, and upon oxidation, it can 

mischarged serine instead of threonine (Ling and Soll, 2010). Misincorporation of serine can 

lead to misfolding, but also it adds new phosphorylation sites that have been proposed to act 

as a signaling molecule to protect the cell (Ling and Soll, 2010). Another mechanism that acts 

to protect mammalian cells in an innate immune response against ROS-induced damage is 

Met-misacylation, which is triggered in cells that have been exposed to non-infectious viruses, 

toll-like receptor ligands, tunicamycin or MG132 (all increase the level of ROS) (Netzer et al., 

2009).  

1.2.3. Translation and ageing 

As discussed in ‘1.1. Biology of ageing section’, ageing is influenced by evolutionary 

conserved alterations of nutrient-sensing pathways, for instance, IIS, mTOR and MAPK 

signalling pathways (Gems and Partridge, 2013b). Interestingly, one of the common 

mechanisms behind lifespan extension by these nutrient-sensing pathways is decreased 

protein translation.  

mTOR can be regarded as an evolutionarily conserved regulator of longevity and 

translation (Gonskikh and Polacek, 2017). When mTOR is active under plentiful nutrient 

conditions, 4E-BP  gets phosphorylated and it cannot bind eIF4E, which is free to join eIF4G 

initiating translation; thus mTOR affects what is considered one of the most crucial steps of 

translation initiation (Gebauer and Hentze, 2004). mTOR also regulates an essential step of 

elongation: it activates eEF2. mTOR leads to higher activity of eEF2 by inhibition of eEF2K, a 

highly specific kinase that inhibits its substrate by phosphorylation (Wang and Proud, 2006). 

Besides, mTOR activates S6K, which in turn is a kinase and activator of several translation 

factors, importantly ribosomal protein S6 (RPS6), eIF4B and eEF2 (Showkat et al., 2014). IIS 

forms a nutrient sensing network together with mTOR that affects translation. IIS activates AKT 

which in turn activates mTOR; additionally, IIS activates ERK1 and ERK2 that stimulate S6K 

(Tavernarakis, 2008).  Consequently, lifespan-extending reduced levels of mTOR or IIS, either 

through pharmacological or genetic manipulations lead to a global decrease of translation 

both at initiation and elongation (Kaeberlein and Kennedy, 2008, Stanfel et al., 2009). 
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p38 protein kinases belong to the MAPK family which, as it has been discussed, are 

energy sensors largely involved in longevity.  p38 activates mitogen-activated protein kinase-

interacting kinase 1 and 2 (Mnk1 and Mnk2). Mnk1 phosphorylates eIF4E at Ser209, which has 

a conflicting effect: it has been shown to both stabilize the binding of eIF4E and eIF4G (leading 

to higher cap-dependent translation) but also to promote IRES-dependent translation 

(D'Abronzo et al., 2017).   Thus, stress-mediated MAPK activation leads to translational 

changes that can affect ageing.  

Another component linked to translation is the transcription factor Myc, which has 

been demonstrated to extend lifespan when downregulated in C. elegans, Drosophila and mice 

(Johnson et al., 2014, Greer et al., 2013, Hofmann et al., 2015). Most of the genes upregulated 

by myc are directly involved in translation and in fact, in the long-lived Myc +/- mice, there was 

also a decrease in the levels of ribosomal proteins (van Riggelen et al., 2010, Hofmann et al., 

2015).  

A direct role of translation in ageing has been found in several studies that genetically 

or pharmacologically modify levels of ribosomal proteins or translation factors. In yeast, 

lifespan extension has been achieved through a decrease in several ribosomal proteins, S6K or 

initiation factors (Kaeberlein et al., 2005, Smith et al., 2008, Chiocchetti et al., 2007, Steffen et 

al., 2012), also by genetically or pharmacologically depleting 60S ribosomal subunit biogenesis 

(Steffen et al., 2008a). Moreover, a study by the Kennedy and Kaeberlein labs, in which they 

screened 4698 single-gene deletions, showed that the long-lived strains fell mostly in the 

functional category of cytosolic ribosome mutants and were conserved in the nematode 

(McCormick et al., 2015). In C. elegans, decreasing the levels of several initiation factors or 

ribosomal proteins by RNAi or genetic depletion most robustly increases lifespan (Curran and 

Ruvkun, 2007, Hansen et al., 2007, Pan et al., 2007, Rogers et al., 2011, Syntichaki et al., 2007b, 

Dalton and Curran, 2018). In Drosophila, overexpression of 4EBP (i.e. repression of eIF4E 

activity) extends lifespan (Zid et al., 2009). In mouse embryonic fibroblasts and B cells, 

overexpression of eIF4E induces senescence (Ruggero et al., 2004). Furthermore, a study found 

that the most striking hallmark of ageing in human-derived samples was a decrease in the 

expression of genes coding for proteins involved in translation and ribosomal function and that 

this could be a compensatory response to extend lifespan (Jung et al., 2015).  

Despite a clear link between translation and ageing, the mechanism behind it remains 

largely unknown. Current hypotheses suggest that downregulation of translation extends 

lifespan by 1) differential translation of longevity-related genes, 2) improved protein 
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homeostasis and reduced proteotoxicity, 3) ameliorated cellular energy balance, 4) increased 

accuracy of protein synthesis.    

One of the proposed mechanisms behind the lifespan-extending effects of reduced 

translation is that a subset of longevity-related genes is differentially expressed under this 

condition. In a study by the Kennedy and Kaeberlein laboratories, long-lived yeast cells with 

decreased levels of 60S ribosomal subunits had an overall reduction of mRNA levels but 

increased translation of Gcn4 mRNAs (Steffen et al., 2008a). Similarly, flies under dietary 

restriction had reduced cap-dependent translation but increased translation of mRNA with 

smaller 5’UTRs (Zid et al., 2009). Nevertheless, in C. elegans and yeast mutants with reduced 

eIF4G levels, there was not increased translation of any particular mRNA but there was 

enhanced translation efficiency of certain mRNAs compared to wild-type organisms (Rogers et 

al., 2011, Park et al., 2011). These more efficiently translated genes corresponded to proteins 

such as oxidative stress protectors and activating transcription factor 4 (Atf4), which 

interestingly is also translationally-upregulated in mice under dietary restriction or rapamycin 

treatment (Li et al., 2014).  

Protein homeostasis, also known as proteostasis, has to be tightly regulated in cells to 

prevent aggregation of damaged proteins or their toxicity. Although evolution has helped 

develop very efficient protein control mechanisms, older organisms tend to accumulate 

altered and toxic proteins, and this is considered one of the hallmarks of ageing (López-Otín et 

al., 2013).  Thus, if there is a decrease in protein synthesis, the protein control system has an 

increased capacity to eliminate the erroneous, oxidized and ubiquitinated proteins averting 

the ageing phenotype (Hipkiss, 2007). For example, in mammalian cells, inhibiting translation 

has shown to decrease the accumulation of ubiquitinated species and protein aggregates 

(Meriin et al., 2012b). Interestingly, studies with long-lived Snell mice, Crowded-litter mice, 

rapamycin-treated or calorie restricted mice have shown to have an increase in the newly 

synthesised protein to DNA ratio compared to controls, suggesting that these new proteins are 

created in the existing cells to replace damaged ones and thus that these models have better 

proteostasis than the shorter-lived controls (Drake et al., 2014, Drake et al., 2015, Drake et al., 

2013). 

 In addition, translation is one of the most energy-expensive processes in cells, so it 

has been proposed that when there is a downregulation of this process, the cell, or even the 

whole organism, can invest its energy in other processes to maintain a healthier system overall 

(Labbadia and Morimoto, 2015).  
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1.2.3.1. Translation fidelity and ageing.  

One of the less discussed hypotheses is that decreasing protein synthesis, or its rate, 

increases accuracy in the translated proteins.  When translation rate is high, as for example in 

optimal growth conditions, decreasing fidelity and promotion of amino acid misincorporation 

has been described (Thompson and Karim, 1982, Fluitt et al., 2007, Zaher and Green, 2009). 

Although translation accuracy has not been shown to decrease with age, any basal errors 

occurring can pose a special threat to older cells and organisms with less efficient protein 

turnover and clearing systems, because mistranslated and aberrant proteins can aggregate 

or/and accumulate damaging cells and causing age-related diseases (Ke et al., 2018, von der 

Haar et al., 2017).  

Moreover, different drugs known to affect longevity alter translational errors. 

Paromomycin, increases translation errors and it has been shown to decrease the 

chronological lifespan of yeast, to accelerate cellular ageing in fibroblasts and to induce more 

errors in senescent human fibroblasts compared to young fibroblasts and (Holliday and Rattan, 

1983, Luce and Bunn, 1989, Salas-Marco and Bedwell, 2005, von der Haar et al., 2017). 

Rapamycin extends lifespan in several model organisms and decreases the level of 

translational errors (Conn and Qian, 2013, Bjedov and Partridge, 2011); similarly, erythromycin 

that increases the lifespan of yeasts and other fungi also improves translational accuracy 

(Holbrook and Menninger, 2002, Menninger et al., 1994).  

Furthermore, the correlation between translational accuracy and longevity has been 

shown in two recent studies using mammalian tissues. By using luciferase assays, the naked 

mole rat, the longest-lived rodent with unusual resistance to cancer, revealed increased 

translational fidelity compared to normal mice with a decrease in misincorporation, frameshift 

and stop codon skipping errors (Azpurua et al., 2013). Another study that investigated 17 

different rodent species proved that translation fidelity (at the first and second codon 

especially) correlates with species maximum lifespan (Ke et al., 2017).  

Genetically modifying translation accuracy has also been shown to affect lifespan. 

Yeast SUP38 mutants are hypoaccurate RPS2 mutants that have shorter lifespans (von der 

Haar et al., 2017). In another fungus, Podospora anserina,  eEF1α overexpression increased 

both accuracy and lifespan (Silar and Picard, 1994). Importantly, the lifespan-extending effect 

of this mutation is evolutionary conserved, as Drosophila is also longer lived when this 

elongation factor is overexpressed (Shepherd et al., 1989), and in germline-deficient long-lived 

C. elegans eef1 gene is enriched compared to controls, albeit translation accuracy was not 
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measured in these two organisms (Sinha and Rae, 2014). Interestingly, it has been recently 

reported that mitochondrial translation accuracy can also affect ageing in S. cerevisiae (Suhm 

et al., 2018). In this report, the mitochondrial orthologue of bacterial RPS12 (mit-RPS12) was 

mutated either to be hypoaccurate (P50R) or hyperaccurate (K71T); the hypoaccurate strain 

had shorter chronological lifespan, was sensitive to paromomycin, and it had greater protein 

aggregation whereas the hyperaccurate strain had extended chronological lifespan, it was 

resistant to paromomycin it exhibited less aggregation and improved refolding. This translation 

accuracy experiments in yeast, using hyperaccurate and hypoaccurate mutants, suggest 

accuracy could be important pro-longevity effector in multicellular organisms. 
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1.3. Thesis Outline 

The main aim of this thesis is to study if the common denominator of anti-ageing 

interventions is an increase in translation accuracy. For this purpose, I have used Drosophila 

melanogaster to study the effects of translation hyperaccuracy and hypoaccuracy on ageing 

and health span. For this, I have taken advantage of Drosophila’s in vitro and in vivo techniques 

to examine the effects of pharmacological and genetic interventions related to translation (Fig. 

1.17.).  I downregulated in Drosophila several translation factors that can extend the lifespan 

of yeast and C. elegans (Hansen et al., 2007, Steffen et al., 2008b), and found several 

translation factors that when downregulated by RNAi can also improve lifespan and health 

span in flies. In parallel, I optimised for S2R+ cells a translation fidelity dual luciferase assay and 

I tested several anti-ageing drugs to see if they changed the levels of translation accuracy 

(Salas-Marco and Bedwell, 2005). In addition, I have studied how a mutation in the 

evolutionary conserved region of RPS23 that directly alters translation accuracy has an impact 

in the flies development, lifespan and response to environmental conditions (Alksne et al., 

1993) 

Figure 1.17. 
Schematic 
representation of the 
PhD thesis outline. A 
genetic and a 
pharmacological 
approach have been 
used to see how it is 
possible to alter 
translation fidelity 
and the effect that 
this alteration has on 
ageing. Both in vitro 
and in vivo techniques 
have been used for 
this purpose.  
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1.4. Thesis aims and objectives 
 

1. Study if Drosophila’s lifespan can be extended by downregulating translation-related 

factors. This will be done by conducting a UAS-RNAi screen and assessing the lifespan 

of these flies. 

2. Any lifespan extending UAS-RNAi lines will have to be corroborated by RT-qPCR. 

3. We want to know if any of these longer-lived flies have also improved healthspan and 

stress resilience. For this, negative geotaxis assays and heat shock assays will be 

performed.  

4. One of the main objectives is to determine if lifespan-extending interventions alter 

translation accuracy. For this, it will be necessary to adapt for Drosophila-derived S2R+ 

cells different accuracy reporters based on a dual luciferase assay. In addition, this 

assay will have to be optimised by producing lines stably expressing the reporters in 

S2R+ cells and the effect on accuracy of different drugs will be evaluated. 

5. In order to study if the lifespan-extending effect of downregulating translation-related 

factors by UAS-RNAi is due to altered translation accuracy, the dual luciferase assay 

will have to be adapted to work in Drosophila.  

6. In addition, to study how directly altering translation accuracy affects ageing, we aim 

to design and produce Drosophila accurate mutants by mutating evolutionarily 

conserved ribosomal proteins using the CRISPR-Cas9 system.  

7. When these accuracy mutants are produced, we will aim to characterize any 

phenotypes, their developmental behaviour and eventually the effect of translation 

accuracy on lifespan, healthspan and stress resilience.  
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Chapter 2: Materials and 

Methods. 
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2. 1. Drosophila stocks and maintenance 
 

2.1.1. Fly maintenance 

All stocks were kept at 18°C in a 12:12 light: dark cycle in standard 1.0 sugar/yeast (SYA; sugar 

50 g/l, yeast 100 g/l, agar 15 g/l) medium and tipped to fresh food every 4 weeks (Table 2.1). 

Experimental flies were reared at 25°C 60% humidity in a 12:12 light: dark cycle in the 

indicated food and transferred to fresh food every two to three days.  

For experimental crosses, approximately 100 virgin flies and 60 males were left to mate in 

grape juice (Young’s Brew #5017458018513) agar for 48 hours. Upon 8 to 12 hours egg laying 

period, the eggs were collected in phosphate-buffered saline (PBS) pH 7.4 (ThermoFisher 

Scientific #10010023) and 18 µl squirted into bottles of 1.0 SYA food to ensure equal densities 

between treatments.  

For experimental virgin flies were collected every 2 hours during a period of 8 hours post-

emergence by anaesthetising them over ice as adult flies younger than 3 hours are susceptible 

to CO2 (Perron et al., 1972). To split 2 days-old mated experimental females from males, the 

flies were anaesthetised using CO2 (Perron et al., 1972).  

2.1.2. Drosophila medium preparation  

For most of the experiments, flies were fed standard sugar yeast agar (SYA) medium. This 

medium was prepared by boiling water with agar and then mixing sucrose and yeast. Once this 

mixture reaches 60°C, the antifungals nipagin (100 g/l dissolved in ethanol) and propionic acid 

(3 ml/l) were added and the food was dispensed into either vials (around 5 ml) or bottles 

(around 60 ml). Once the food had set, it was covered and stored at 4°C. 

Table 2.9. Ingredients and their measurements necessary to cook 1 L sugar yeast agar medium.  

Ingredient 0.0 SYA 0.5 SYA 1.0 SYA 2.0 SYA Reference 

ddH2O (ml) 700 700 700 700 - 

Agar (g) 15 15 15 15 Sigma #102000476 

Sucrose (g) 50 50 50 50 Silver Spoon 

Yeast (g) 0 50 100 200 MP Biomedicals 

#903312 Additional ddH2O (ml) 223 196 170 118 - 

Nipagin (ml) 30 30 30 30 Sigma #H5501 
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Propionic acid (ml) 3 3 3 3 Sigma #402907 

 

For all the experiments in which GAL4 Gene Switch driver was used, mifepristone 

(RU486) (Cayman Chemicals #10006317) was used for its activation (Fig. 2.1.). For this, a 100 

mM stock was prepared by dissolving 1 g of RU486 in 23 ml ethanol (EtOH). 2 ml of this 100 

mM stock solution was added to each litre of food to have a final concentration of 200 μM.  

For the experimental crosses, grape juice agar is used, as this stimulates their mating 

and it facilitates egg collection (Eisses, 1997). These agar plates were prepared by boiling 25 g 

of agar with 500 ml of water and 300 ml of grape juice. Then, 50 ml of extra water were added 

and once the mixture reached 60°C, 21 ml of nipagin were added. This mixture was then 

dispensed and left to set until it could be stored at 4°C.  

For some specific lifespans, the holidic medium was used as it allows to use less 

amount of drug due to its improved bioavailability compared to SYA medium, for example the 

optimal concentration for lifespan extension of rapamycin is 1 µM or 5 µM in holidic medium 

instead of 50 µM or 200 µM in 1 SYA food. This is a synthetic, chemically defined fly medium 

optimised for adult fly fitness described in (Piper et al., 2014). It was prepared by mixing the 

ingredients in Table 2.2 in a glass bottle, which was autoclaved. Then, the rest of the 

ingredients were added and the food dispensed. Once the food set, it was covered and stored 

at 4°C. 

Table 2.2. Ingredients for one litre of holidic medium.  

Ingredient Amount Stock concentration Reference 

Before Autoclave 

 

 

Agar 20 g - Sigma 

#102000476 Isoleucine 0.58 g - Sigma #I2752 

Leucine 0.82 g - Sigma #L8912 

Tyrosine 0.42 g - Sigma #T375 

Sucrose 17.12 g - Sigma #S1888 

Cholesterol 15 ml 20 mg/ml in 100% EtOH Sigma #C8667 

Acetate Buffer 100 ml 30 ml of acetic acid 
30 g of KH2PO4 and 10 g of 

NaHCO3, topped with water up to 1 l 

ThermoFisher 
Scientific 

#A.0400.PB15 
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Sigma #P9791 
#S8875 

CaCl2●2H2O 1 ml 250 g/l Sigma #C7902 

MgSO4 1 ml 250 g/l Sigma #M7506 

CuSO4●5H2O 1 ml 2.5 g/l Sigma #C7631 

FeSO4●7H2O 1 ml 2.5 g/l Sigma #F7002 

MnCl2●4H2O 1 ml 1 g/l Sigma #M3634 

ZnSO4●7H2O 1 ml 25 g/l Sigma #Z0251 

After autoclave 

 Nucleic acid and 

lipid solution 

8 ml 6.25 g of choline chloride, 0.63 g myo-

inositol, 8.13 g inosine and 7.5 g of 

uridine. Water up to 1 l  

Sigma #C1879 

#I7508 #I4125 

#U3750 

Cholesterol 20 g 20 mg/ml Sigma #C8667 

Glutamate 9.11 ml 100 g/ml Sigma #G5889 

 Cysteine 2.64 ml 50 g/ml Sigma #C127 

Vitamin solution 21 ml 67 mg thiamine, 33 mg riboflavin, 399 

mg nicotinic acid, 516 mg calcium D- 

pentothenate, 83 mg pyridoxine and 7 

mg biotin and water up to 1 l 

Sigma #T4625 

#R4500 #N4126 

#P2250 #P9755 

#B4501 

Folic acid 1 ml 0.5 g/l Sigma #F7876 

Propionic acid 6 ml  Sigma #P5561 

Nipagin 15 ml 100 g/l methyl 4-hydroxybenzoate in 

95% EtOH 

Sigma #H5501 

Essential amino 

acid stock 

solution 

30.255 

ml 

23.51 g arginine, 11.21 g histidine, 

28.70 g lysine, 5.62 g methionine, 

15.14 g phenylalanine, 21.39 g 

threonine, 7.27 g tryptophan, 22.12 g 

valine and water up to 1 l 

Sigma #A5131 

#H8000 #L5626 

#M9625 #P2126 

#T8625 #T0254 

#V0500 

Non-essential 

amino acid stock 

solution 

30.255 

ml 

26.25 g alanine, 13.89 g asparagine, 

13.89 g aspartic acid, 30.09 g 

glutamine, 17.89 glycine, 9.32 g 

proline, 12.56 g serine and water up to 

1 l 

Sigma #A7627 

#A0884 #A6383 

#G3126 #G7126 

#P0380 #S4500 
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2.1.3. Stock list 

To drive the downregulation of the genes of interest we used RNAi lines (from Viena 

Drosophila Research Centre (VDRC)), combined with the Gene-Switch System, which is 

activated in presence of the drug mifepristone (RU486) (Nicholson et al., 2008, Osterwalder et 

al., 2001b). This was achieved by crossing a virgin female fly that has the Gene-Switch driver 

gene with a male carrying the UAS-RNAi construct. The driver expressed a modified version of 

the transcription factor GAL4, Gene-Switch that is activated upon binding to RU486 (Fig. 2.1.). 

This activated Gene-Switch transcription factor then binds the upstream activated sequence 

(UAS) of the RNAi construct, thereby yielding expression of a specific hairpin structure, which 

silences expression of the target gene via RNA interference (RNAi). Different RNAi lines were 

used to downregulate either translational factors, ribosomal proteins or components of 

signalling pathways involved in translation (Table 2.3). The drivers were either S1106, which 

drives expression in the fat body and intestine or the ubiquitous actin Gene Switch (ActGS) 

which drives the expression ubiquitously (Poirier et al., 2008). RU486 was administered in the 

fly food.  

Table 10.3. List of RNAi lines and their Computer Generated numbers (CG). These were 
purchased from the Vienna Drosophila RNAi Centre (VDRC) or Bloomington Drosophila Stock 
Centre (BDSC) so their stock numbers are shown too.  

Protein CG number Stock number Stock centre 

eIF1 CG17737 105763 VDRC 
eIF1α CG1873 102736 VDRC 

eIF2α CG9946 104562 VDRC 

eIF3-S8 CG4954 26667 VDRC 

eIF3-S9 CG4878 26651 VDRC 

eIF3-S9 CG4878 107829 VDRC 

eIF3-S9 CG4880 27609 VDRC 

eIF3-S10 CG9805 34353 BDSC 

eIF4A3 CG7483 32444 BDSC 

eIF4A CG9075 33970 BDSC 

eIF-4E CG4035 7800 VDRC 

eIF-4E CG4035  34096 BDSC 

eIF-4E CG4035 100722 VDRC 

eIF4E CG4035 7800 VDRC 

eIF4G1 CG10811 33049 BDSC 

eIF-4G1 CG10811 17002 VDRC 

eIF4G1 cg10811 17003 VDRC 

eIF-4G2 CG10192 18031 VDRC 

eIF4G2 CG10192 41963 BDSC 

eIF4G2 CG10192 42893 BDSC 

http://stockcenter.vdrc.at/control/product/~VIEW_INDEX=0/~VIEW_SIZE=100/~product_id=105763;jsessionid=987137CCA7BA0BCEB1CC0F3B1B6EAAAF.jvm1
http://stockcenter.vdrc.at/control/product/~VIEW_INDEX=0/~VIEW_SIZE=100/~product_id=104562;jsessionid=987137CCA7BA0BCEB1CC0F3B1B6EAAAF.jvm1
http://stockcenter.vdrc.at/control/product/~VIEW_INDEX=0/~VIEW_SIZE=100/~product_id=26651;jsessionid=5B56197F5BCDE25555E0E5B523C96F06.jvm1
http://stockcenter.vdrc.at/control/product/~VIEW_INDEX=0/~VIEW_SIZE=100/~product_id=107829;jsessionid=987137CCA7BA0BCEB1CC0F3B1B6EAAAF.jvm1
http://stockcenter.vdrc.at/control/product/~VIEW_INDEX=0/~VIEW_SIZE=100/~product_id=27609;jsessionid=5B56197F5BCDE25555E0E5B523C96F06.jvm1
http://stockcenter.vdrc.at/control/product/~VIEW_INDEX=0/~VIEW_SIZE=100/~product_id=108580;jsessionid=987137CCA7BA0BCEB1CC0F3B1B6EAAAF.jvm1
http://stockcenter.vdrc.at/control/product/~VIEW_INDEX=0/~VIEW_SIZE=100/~product_id=100310;jsessionid=987137CCA7BA0BCEB1CC0F3B1B6EAAAF.jvm1
http://stockcenter.vdrc.at/control/product/~VIEW_INDEX=0/~VIEW_SIZE=100/~product_id=17003;jsessionid=987137CCA7BA0BCEB1CC0F3B1B6EAAAF.jvm1
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eEF2 CG2238 107268 VDRC 

EFTuD2 CG4849 21963 VDRC 

EFTuD2 CG4849 108596 VDRC 

EFTuD2 CG4849 10828 VDRC 

EF-G2 CG31159 46144 VDRC 

EF-G2 CG31159 104187 VDRC 

eRF1 CG5605 45027 VDRC 

RpS2 CG5920 20963 VDRC 

RPS2 CG5921 100308 VDRC 

RPS3 CG6779 37742 VDRC 

RPS9 CG3395 100712 VDRC 

RPL9 CG6141 109647 VDRC 

RPS11 CG8857 23475 VDRC 

RPS15 CG8332 104439 VDRC 

RPS20 CG15693 105298 VDRC 

RpS23 CG8415 35421 VDRC 

RpS26 CG10305 33393 BDSC 

RpS26 CG10305 16012 VDRC 

RPL19 CG2746 41952 BDSC 

RPL19 CG10122 110680 VDRC 

mRPL4 RNAi CG5818 101351 VDRC 

Gcn2 CG1609 103976 VDRC 

myc CG10798 36123 BDSC 

myc CG10798 2947 VDRC 

myc CG10798 106066 VDRC 

raptor CG4320 34814 BDSC 

raptor CG4320 41912 BDSC 

raptor CG4320 106491 VDRC 

rictor CG8002 36699 BDSC 
 

http://stockcenter.vdrc.at/control/product/~VIEW_INDEX=0/~VIEW_SIZE=100/~product_id=107268
http://stockcenter.vdrc.at/control/product/~VIEW_INDEX=0/~VIEW_SIZE=100/~product_id=20963;jsessionid=987137CCA7BA0BCEB1CC0F3B1B6EAAAF.jvm1
http://stockcenter.vdrc.at/control/product/~VIEW_INDEX=0/~VIEW_SIZE=100/~product_id=100308;jsessionid=987137CCA7BA0BCEB1CC0F3B1B6EAAAF.jvm1
http://stockcenter.vdrc.at/control/product/~VIEW_INDEX=0/~VIEW_SIZE=100/~product_id=37742;jsessionid=987137CCA7BA0BCEB1CC0F3B1B6EAAAF.jvm1
http://stockcenter.vdrc.at/control/product/~VIEW_INDEX=0/~VIEW_SIZE=100/~product_id=109647;jsessionid=987137CCA7BA0BCEB1CC0F3B1B6EAAAF.jvm1
http://stockcenter.vdrc.at/control/product/~VIEW_INDEX=0/~VIEW_SIZE=100/~product_id=23475;jsessionid=987137CCA7BA0BCEB1CC0F3B1B6EAAAF.jvm1
http://stockcenter.vdrc.at/control/product/~VIEW_INDEX=0/~VIEW_SIZE=100/~product_id=16012;jsessionid=987137CCA7BA0BCEB1CC0F3B1B6EAAAF.jvm1
http://stockcenter.vdrc.at/control/product/~VIEW_INDEX=0/~VIEW_SIZE=100/~product_id=108309;jsessionid=987137CCA7BA0BCEB1CC0F3B1B6EAAAF.jvm1
http://stockcenter.vdrc.at/control/product/~VIEW_INDEX=0/~VIEW_SIZE=100/~product_id=103976;jsessionid=987137CCA7BA0BCEB1CC0F3B1B6EAAAF.jvm1
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Driver flies were backcrossed at least 6 times into the outbred white Dahomey (wDah). 

This is a stock that was produced by incorporating the white 1118 (w1118) mutation into the 

wild-type Dahomey background (Bass et al., 2007b).  

2.1.4. Lifespan analysis 

In the case of lifespan analysis of flies with downregulated translation by RNAi, crosses 

were obtained by mating approximately 100 female virgin flies (with the driver transgene) and 

60 adult males (with the UAS-RNAi transgene) in cages with grape juice agar (see Table 2 for 

the lines used in each lifespan experiment). The eggs were squirted as described in ‘2.1.1 

General fly maintenance section’. Once the adult flies hatched and mated for 48 hours, the 

Figure 2.1. Gene-Switch system in Drosophila melanogaster. Example shown of the S1106 
driver.  Females carrying the Gene-Switch GAL4 driver are crossed with males carrying the UAS-
RNAi lines. In the presence of RU486 the GeneSwitch GAL4 is activated and drives expression 
of the gene after the UAS. These transgenic flies can be split, half with the RU486 supplement 
food and half with control food, making them ideal genetic controls for longevity experiments. 
Figure based on (Osterwalder et al., 2001a). 
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males and females were split, selected and put on ethanol supplemented control food or 200 

μM RU486 supplemented food.  

To study the effect of different drugs on longevity, wDah female and male flies were 

crossed also in cages with grape juice agar plates and the18 µl of eggs were squirted per 

bottle, thereby raising experimental flies under equal densities. Once the adult flies emerged, 

they were left to mate for 48 hours and the females were selected and placed into vials with 

food containing different drug concentration.  

For the lifespan analysis of the translation fidelity mutation rps23-K60R, both 

heterozygotes and homozygotes were generated. For the heterozygous cross, around 100 

female virgin wDah flies were crossed with either experimental or control males. For the 

homozygous cross, virgin female and male flies from the same genotype were crossed.  In both 

cases, the crosses were left to mate and the eggs were squirted at equal densities.  Because of 

the developmental delay of RPS23 K60R mutants, this cross was set and squirted 2 days prior 

to the control cross. Once the adults emerged, they were left to mate for 48 hours and females 

and males were split under CO2 and put in vials with their corresponding media.  

These flies were then reared at 25°C in a 12h: 12h light: dark cycle and constant 60% 

humidity with a density of 15 flies per vial. They were changed to fresh vials three times a 

week and deaths were scored.  

2.1.5. Drugs used in lifespans 

Different drugs were tested to see the effects on longevity. Some of them were 

dissolved in the standard 1.0 SYA food (Bass et al., 2007a), whereas others were dissolved in 

holidic medium, as this medium allows the drug to be more bioavailable and hence ten to 

hundred fold less amount is required (Table 2.4) (Piper et al., 2014).  
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Table 2.4. Drugs used in lifespans.  

Drug Media  

used 

Stock 

Concentr

ation 

Drug 

amount 

Solvent 

volume 

Vol. 

drug / 

Vol. 

media 

Reference 

Cycloheximide 1 SYA 65 mM 7 mg 20 ml EtOH 15 ml/l Sigma 

(C7698) 

Diazaborine Holidic 30 mM 7 mg 778 μl 

DMSO 

1 ml/l Calbiotech 

(5.30729.00

01) 

Paromomycin 1 SYA 106.7 

mM 

0.55 g 5.625 ml  

H2O 

7.5 ml/l Sigma 

(P5057) 

Rapamycin Holidic 20 mM 16.5 mg 902.5 μl 

EtOH 

250 µl/l LC 

Laboratories 

(R5000) 

Salubrinal Holidic 10 mM 3 mg 625 μl 

DMSO 

1 ml/l CruzChem 

(SC202332A) 

Torin 1 Holidic 10 mM 9.1 mg 1.029 ml 

DMSO 

1 ml/l Adooq 

BioScience 

(A11587) 

Torin 2 Holidic 4 mM 1 mg 587 μl 

DMSO 

250 µl/l LC 

Laboratories 

(T8448) 

Tunicamycin Holidic 10  mM 10 mg 1.184 ml 

H2O 

1.5 ml/l Cayman 

Chemical Co. 

(1145) 

 

2.2. Healthspan and behavioural analysis in Drosophila 
 

2.2.1. Negative geotaxis or climbing assay 

Negative geotaxis is a reflex motor behaviour exhibited by flies. When the flies’ 

container is tapped, a climbing behaviour is induced which has been repeatedly shown to 

naturally decline with age (Jones and Grotewiel, 2011). For this purpose, 10 vials (without 

food) with 15 flies in each were kept in a Drosoflipper device with other 10 empty vials on top 
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(Fig. 2.2.). These flies were left for at least 15 minutes to accommodate. Then, a lamp was 

placed above the Drosoflipper to encourage climbing towards the light source, and the vials in 

the Drosoflipper were tapped five times; the flies were left to climb up for one minute and a 

picture was taken. This was repeated three times for each genotype (with 10 vials in each 

Drosoflipper). The number of flies in the upper part and the lower part were scored afterwards 

and the average between the three times was determined. The performance index (PI) for 

each vial was then calculated as ½ ((total number of flies + flies at the top – flies at the 

bottom)/ total number of flies). This assay was performed once a week for the first 5 or 6 

weeks. This assay is a standard assay to estimate fly health.  

 

Figure 2.2. Schematic representation of the negative geotaxis or climbing assay using 
Drosoflippers.  

2.2.2. Stress resistance assays 

For the stress assays, flies were aged for 7-10 days on RU486 or control food before 

the assay was performed. For all the assays, deaths were scored around 3 times a day when 

the flies started dying.  

In order to study the unfolded protein response of the flies, tunicamycin (Cayman 

Chemical Company #11445) the drug was supplemented in holidic medium as shown in Table 

2.4.  

 A heat shock assay was performed to study the resistance of the experimental flies. 

For this purpose, 15 flies were transferred to empty vials. These vials were placed in a water 

bath at 39°C and the number of immobile flies was counted every five minutes.   
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2.2.3. Fertility assay 

A parameter of the health of female flies is their fecundity (Partridge et al., 2005). To 

assess this, flies were in a vial with the corresponding food for approximately 24 hours and the 

eggs they laid were counted. The total number of eggs was divided by the number of flies and 

the exact time spent in the vial. 

2.2.4. Developmental assay 

Flies were let to lay eggs in the corresponding food for 24 hours and the number of 

eggs was counted. Then, the number of pupae was also counted. The adult flies emerging were 

also scored and their sex and phenotype recorded twice every day until no more flies 

emerged.  

2.3. Gene expression analysis 

To measure the level of gene silencing by the RNAi in the experimental flies or S2R+ 

cells treated with double stranded RNA (dsRNA), Reverse Transcriptase- quantitative 

Polymerase Chain Reaction (RT-qPCR) was performed in the RU486 supplemented and control 

flies.  

2.3.1. Tissue preparation 

The flies studied by RT-qPCR were RNAi lines under the S1106 fat body and intestine 

driver; therefore, only these tissues were tested.  From five flies per sample the fat body and 

intestine were dissected in cold 1x PBS and immediately placed in BioPulverizer Lysing Matrix 

D tubes (MP Biomedicals #16913100) on dry ice. The dissected samples were then stored at -

80°C. 

We also examined the RNA abundance of S2R+ cells that had been previously treated 

with dsRNA. For this, Celia Lujan seeded 100,000 cells/ well in 48 well plates and treated with 

dsRNA as indicated in ‘2.9.2. dsRNA treatment of S2R+ cells’. After 72 hours treatment with 

the indicated dsRNA, 12 wells of each condition were pulled together to then extract their 

RNA.   

2.3.2. RNA extraction 

For RNA extraction, 1 ml of trizol (ThermoFisher Scientific #15596026) per sample was 

added to the frozen dissected fly fat body and intestines. These were then homogenised in a 

Ribolyser (FastPrep® Classic) (MP Biomedicals 116004500) at 6.5 m/s for 10 seconds. The 
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samples were incubated at room temperature for 5 minutes and 200 μl of chloroform (Sigma 

#C2432) was added and vortexed for 15 seconds. After 3 minutes at room temperature, the 

samples were centrifuged at 11000 rpm (12000 G) for 15 minutes at 4°C. An aqueous layer was 

formed in the upper part, which was transferred to a new microcentrifuge tube. One volume 

of isopropanol (Sigma #I9516) was added to each sample and incubated for 10 minutes at 

room temperature. After this incubation, the samples were spun at 11000 rpm for 10 minutes 

at 4°C. The pellets were then washed with 1 ml of 75% ethanol and again spun at 11000 rpm 

for 10 minutes at 4°C. Finally, the pellets are resuspended in 20 μl of nuclease-free water 

(ThermoFisher Scientific #AM9937).  Concentration and purity was determined using 

NanoDrop OneC spectrophotometer (ThermoFisher Scientific). The RNA samples were stored 

at -80°C. 

To extract the RNA of the cells that had been previously treated with dsRNA were 

centrifuged at 1200 g for 7 minutes and their media was removed. The pellets were then 

resuspended in 1 ml Trizol and left for 5 minutes at room temperature. After this incubation, 

they were stored at -80°C. These samples were then thawed at room temperature for 5 

minutes and 200 µl chloroform added. These were shaken and incubated for 3 minutes to be 

then centrifuged at 12000 g for 15 minutes at 4°C. To recover the RNA, 500 µl isopropanol 

were added and incubated for 10 minutes at room temperature. These were then centrifuged 

for 10 minutes at 12000 g at 4°C and the pellets were washed twice with 75% ethanol and left 

to air dry. Once the pellets were dried, they were resuspended in 50 µl RNase-free water. The 

RNA concentrations were then measured by NanoDrop OneC spectrophotometer. 

2.3.3. cDNA conversion 

The RNA has to be converted into complementary DNA (cDNA). For this, 1 μg of RNA is 

diluted in 3.5 μl of nuclease-free water. Then, 0.5 μl of 10x DNA Buffer (Ambion DNase I kit) 

(ThermoFisher Scientific #AM2222). This was then incubated at 37°C for 30 minutes. After this 

incubation, 1 μl of 24 mM ethylenediaminetetraacetic acid (EDTA; 0.5 M, pH 8) (ThermoFisher 

Scientific #15575020) was added and the samples were incubated at 75°C for 5 minutes. The 

samples were then chilled on ice for 2 minutes, and 2 μl of Oligo d (T) 23 VN were added and 

followed by an incubation at 65°C for 5 minutes. After this, they were spun briefly and left on 

ice. Then, 10 μl of ProtoScript II Reaction mix (2x) and 2 μl of ProtoScript II Enzyme mix (10x) 

(New England Biolabs #E6560S) were added. Finally, the samples were incubated for 1 hour at 

42°C and the enzyme was then inactivated at 80°C for 5 minutes. The cDNA samples were 

stored at -20°C. 
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2.3.4. RT-qPCR 

This step was performed by Celia Lujan, she prepared a master mix for the RT-qPCR 

with 10 μl Power SYBR Green PCR Master Mix (ThermoFisher Scientific #4367659), 1 μl of the 

forward primer (100 μM) and 1 μl of the reverse primer (100 μM) (Table 2.5). 2 μl of cDNA 

were added to calculate a standard curve with concentrations from 1:1 to 1:32; the rest of the 

cDNA was diluted to 1:2 with nuclease-free water and also 2 μl were loaded in the plate. The 

plate was then read in an Eppendorf Realplex Mastercycler® (Eppendorf EPPE6300000.507) 

and a programme of 95°C for 10 minutes, then 40 cycles of 95°C for 15 seconds, 60°C for 60 

seconds plus a melting curve were run.  

The same primers were used for the S2R+ cell and the flies RT-qPCRs 

Table 2.5. List of primers and their sequence.   

# Name Sequence 

654 Act5c qPCR F GAGCGCGGTTACTCTTTCAC 

655 Act5c qPCR R GCCATCTCCTGCTCAAAGTC 

696 eIF4E qPCR1 F TGTTGGAGACGGAGAAGACC 

697 eIF4E qPCR1 R CCTTGGGCTTGACATCCTTA 

484 eIF4G qPCR F GTTATGATAGAGGTATGCATTCG 

485 eIF4G qPCR R ACTGATGACTGGGCTTTAACAG  

419 eEF2 qPCR F AGCTAATGAACCGATTGTGG 

420 eEF2 qPCR R AGCGTTTGTTGTCAGCCTCT 

429 Rps23 qPCR F CGCTTCAAGGTTGTCAAGGT 

430 Rps23 qPCR R AGATCTTGGGCGTTCCTTCT 

 

2.4. Protein purification and analysis 
 

2.4.1. Protein extraction 

The flies used for western blots were snap frozen in liquid nitrogen and stored at -80°C. 

To prepare the samples 3 whole flies or 6 abdomens without ovaries were homogenized in 60 

μl Laemmli buffer 2x (BioRad #1610737) with 50 mM dithiothreitol (DTT) (Sigma D0632). The 

samples were then boiled at 95°C for 5 minutes and centrifuged at 11000 rpm for 3 minutes.  

When whole flies were used for the western blot, protein quantification was omitted 

as equal loading was achieved by using the same number of flies per samples. However, for 

dissected tissue, sample quantity was more variable so protein amount was determined using 
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the PierceTM BCA (bicinchoninic acid) Protein Assay (ThermoFisher Scientific #23227). For this 

assay, samples were prepared as above in Laemmli sample buffer, but without DTT, as at 

concentration of 50mM DTT interferes with the PierceTM BCA Protein Assay. Different amounts 

of bovine serum albumin was used for the standard curve. Once the protein content was 

calculated, DTT was added and samples were boiled for additional 2 minutes, and adequate 

number of samples loaded to the polyacrylamide gel. 

2.4.2. SDS-PAGE electrophoresis 

The loaded precast gels (BioRad #5678124) were run for 33 minutes at 200 V in 

running buffer (28.8 g glycine (Sigma #G8898), 6.06 g TRIS 1M HCl pH 7.4 base (Sigma #93362) 

and 2 g sodium dodecyl sulphate (SDS) (Sigma L3771)). 

2.4.3. Immunoblotting 

Separated samples transferred to a nitrocellulose membrane using a “wet” transfer at 

100 V for 1 hour in cold transfer buffer (28.82 g glycine , 6.06 g TRIS 1M HCl pH 7.4 base and 

2% EtOH). The membranes were stained with Ponceau S solution (Sigma #P7170) to verify 

efficiency of the transfer, and then blocked for 1 hour with 5% milk (Sigma #70166) in TBS-

Tween (50 ml TRIS 1 M HCl pH 7.4 base, 30 ml NaCl 5 M (Sigma #S3014)) with 0.05% Tween 

(Sigma #P1379). Once blocked, a solution of the primary antibody in 5% Bovine Serum Albumin 

(BSA) (Sigma #A7906) (Bovine Serum Albumin dissolved in TBST) was added and incubated 

overnight at 4°C. The primary antibodies were dissolved as follows: phospho-eIF2α (Ser51) 

1:1000 (CellSignaling #3398S); phospho-4EBP1 (Thr37/46) 1:500 (CellSignaling #2855S); 

phospho-Drosophila p70 S6 Kinase (Thr398) 1:500 (CellSignaling #9206S); non-phospho-4EBP1 

(Thr46) 1:500 (CellSignaling #4923); β-actin 1:2000 (CellSignaling #8457S); GAPDH 1:2000 

(GeneTex #GTX100118); Firefly 1:500 (GeneTex #GTX125849); Renilla 1:500 (GeneTex 

#GTX125851). Subsequently, the membranes were washed 3 times for 5 minutes in TBST and 

incubated for 1 to 2 hours with the secondary antibody anti-rabbit (CellSignaling #7074S) or 

anti-mouse (CellSignaling #7076S) antibodies at 1:2000 dilution in 5% milk in TBST. After 

washes, images were taken after adding Chemiluminescence ECL Substrate (ThermoFisher 

Scientific #34077) or ClarityTM Western ECL (enhanced chemiluminescence) substrate (BioRad 

#170-5060) in an ImageQuant LAS 4000 (GE Healthcare Life sciences # 28955810) 

2.5 Overall translation measurements 

To measure the level of global protein synthesis, a puromycin-based assay was used. 

Puromycin dihydrochloride is a tRNA analogue that gets incorporated into newly-synthesised 
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peptides causing premature chain termination and hence inhibiting protein synthesis, allowing 

its detection in immunoblotting with a puromycin monoclonal antibody (Deliu et al., 2017).   

2.5.1. Sample preparation 

The level of global protein synthesis was measured in S1106>RNAi flies and therefore 

the fat body and intestines are the tissues of interest: however, we only used the fat bodies to 

avoid any cross-contamination from the intestinal microbiota. For this, 3 flies’ abdomens were 

dissected in a drop of Schneider’s Drosophila medium (ThermoFisher Scientific #21720024) 

and transferred to a microcentrifuge tube with 15 μl of puromycin dissolved in Schneider 

medium (10 μg/ml) (Sigma #P8833). The concentration of puromycin was based on previous 

literature (Deliu et al., 2017, Filer et al., 2017). The samples were incubated shaking at 750 rpm 

for 30 minutes at 25°C in an Eppendorf ThermoMixer. After this incubation, the samples were 

snap frozen in dry ice and stored at -80°C.  

When this was performed in S2R+ cells, the plates were centrifuged for 5 minutes at 

600 g media of the cells was aspirated and replaced with Schneider containing 10 μg/ml of 

puromycin. The cells were incubated for 30 minutes at 25°C. After the incubation, 6 wells of 

the same condition were pulled together into a 1.5 ml microcentrifuge tube. The samples were 

centrifuged at 900 rpm for 5 minutes, and then the media was aspirated. The pellets were 

washed with 100 μl PBS and centrifuged again at 900 rpm for 5 minutes. The PBS was 

aspirated, and the pellets frozen in dry ice. The samples were then stored at -80°C. 

2.6. Translation fidelity assay in vivo 

To assess the translation fidelity of the flies, a dual luciferase reporter was 

incorporated in Drosophila. This reporter is based on a Renilla luciferase followed by a firefly 

luciferase that are separated by an in-frame linker sequence that results in the simultaneous 

expression of both proteins (Fig. 2.3.) (Salas-Marco and Bedwell, 2005). This linker sequence 

codes for a sense codon in the controls and the misinformation reporter or a stop-codon 

(UGA) to allow assessment of stop codon readthrough. There is also a reporter with a mutation 

in the active site of firefly (H245K) that allows measuring misincorporation levels.  In all cases, 

Renilla luciferase is used to normalize the level of mRNA abundance and efficiency of 

translation initiation (Salas-Marco and Bedwell, 2005).  
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2.6.1. Cloning of the translation fidelity reporters for Drosophila 

The translation fidelity reporters were cloned in the pattB pUAST vector under the hsp70 

promoter by Ivana Bjedov.  

Figure 2.3. Dual luciferase reporter constructs to measure translation fidelity. There are four 
dual luciferase reporters in total. One has the two luciferases that are linked by a readthrough 
with a control amino acid (Arg) A). Another, the stop codon readthrough reporter has a UGA 
Stop codon in the readthrough A). There is another control with a Gln in the readthrough B). 
The fourth is the misincorporation reporter and it has a mutation in the active site of firefly so 
it renders it inactive B). Figure based on (Salas-Marco and Bedwell, 2005). 
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Figure 2.4. Dual luciferase constructs cloned into the final vector. The Dual-Luciferase 
constructs were cloned into the into the pattB –pUAST vector under the hsp70 promoter. 

2.6.2. Fly generation and backcrossing of the translation fidelity 

reporters 

The fidelity reporters were generated by sending the dual luciferase reporters cloned 

in the pUAST-attB vector to be injected by BestGene. They were injected in the chromosome 

2L in the attp33 site. 

These flies were backcrossed to the white Dahomey background as follows:  

F1:          100 ☿  
Dual luciferase reporter (DLR)

Dual luciferase reporter (DLR)
  x  60 ♂ 

wDah 

wDah
 

F2-F9:     100 ☿  
wDahomey

wDahomey
  x  60 ♂ 

DLR 

+
  

F10:        100 ☿  
DLR

+
  x  60 ♂ 

DLR 

+
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F11:         
DLR

DLR
 

In order to check the translation fidelity of the RNAi lines, a double mutant of the dual 

luciferase reporters and the S1106 driver had to be generated. These genes are both in the 

second chromosome, so the chromosome had to recombine to contain both. The crosses were 

as following:   

F1:      100 ☿  
𝑆1106

S1106
;

+

+
  x  60 ♂ 

Dual luciferase reporter (DLR) 

Dual luciferase reporter (DLR)
;

+

+
 

F2:      20 ☿  
S1106

DLR
;

+

+
  x  20 ♂ 

sp 

cyo
; 

MKRS 

TM6B
  

F3:      1 ☿  
S1106,DLR

cyo
;

MKRS

+
  x  1 ♂ 

+ 

cyo
;

MKRS 

+
 

F4:     20 ☿  
S1106,DLR

cyo
;

+

+
  x  20 ♂  

S1106,DLR 

cyo
;

+

+
 

PCR detection of S1106 

F5:     
S1106,DLR

S1106,DLR
   

In addition, S1106 have a red eye marker and the dual luciferase reporters have an 

orange eye marker, so visual identification was not possible and a PCR had to be done to find 

which flies had both S1106 and DLR genes. Flies from the F3 cross were snap frozen at in dry 

ice and their genomic DNA was extracted by adding 50 µl of Squishing Buffer (10 mM Tris HCl 

pH8 (Affymetrix #22638)); 1 mM EDTA (Sigma #EDS-100G); 25 mM NaCl (Sigma #S3014) ) with 

0.2 mg/ml proteinase K (Biotechnology #E195). The flies were mashed and incubated for one 

hour at 37°C and then the proteinase K was inactivated by heating up the samples at 95°C for 

15 minutes. Then, 0.5 µl of this DNA was then mixed with 2.5 µl of Taq Buffer, 0.5 µl dNTPs 

(deoxyribonucleotide triphosphate) (10 mM), 0.5 µl of primer 131 (100 μM) and 435 (100 μM), 

0.25 µl Standard Taq Polymerase and water up to 25 µl (Table 2.6). The samples were then run 

in a PCR for 3 minutes at 95°C, 37 cycles of 95°C for 30 seconds, 60 seconds at 54°C, 2 minutes 

at 68°C and a final annealing for 5 minutes at 68°C. The PCR products were then run for 30 

minutes in a 1.5% agarose gel (Fig. 2.5.).   
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Table 2.6. Primers and their sequences.  

# Name Sequence 
131 Firefly_F GGAAGATCTATGACTTCGAAAGTTTATGATCCAG 
435 Firefly_R GCCTTATGCAGTTGCTCTCC 

 

 

 Figure 2.5. Representative image of the gel for the PCR 

products of the screen for positive S1106, dual luciferase 

reporters double mutants. The PCR with primers 131 and 

435 amplifies a 1048nbp fragment if the DNA has the dual 

luciferase reporter. 

2.6.3. Fly crossing scheme 

Virgin female flies of the four different fidelity reporters were collected and crossed to 

males of the flies of interest as described in ‘2.1. Drosophila stocks and maintenance’ section. 

The adult and mated progeny were split to their corresponding food (15 female flies/vial).  

F0:         ☿ DLR    x    ♂  RPS32 K60R or control 

F1:           DLR, RPS23 K60R or DLR, control 

Or 

F0:         ☿ S1106, DLR    x    ♂  RNAi lines 

F1:           S1106, DLR/+; RNAi/+   

2.6.4. Sample preparation for the dual luciferase assay 

Four flies per sample were mashed with 35 μl of 1x passive lysis buffer (PLB) (Promega 

#E1910) and left shaking for 4 hours at room temperature.  
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2.6.5. Dual luciferase assay in vivo 

30 μl of sample was transferred to a 96 well white microplate (Greiner Bio-one 

#655074) leaving an empty well between samples to avoid signal cross-talk.  

The plate was read in a Varioskan™ LUX microplate reader (ThermoFisher Scientific 

#VL0L0TD0). The program used was: Well loop, 10,000 ms luminescence read, 50 μl Luciferase 

Assay Buffer II (LAR II) (Promega #E1910) dispensed to each well, 10,000 ms luminescence 

read, 50 μl Stop&Glo® buffer dispensed to each well, 10,000 ms luminescence read.  

2.7. Drosophila translation fidelity mutant generation 

2.7.1. CRISPR design 

2.7.1.1. S2R+ cells and Cas9 flies sequencing 

In order to design the guiding RNA (gRNA) and single-stranded oligodeoxynucleotides 

(ssODN), we had to sequence the flies that were going to be injected and the S2R+ cells to 

check if there were any mutations differing from the database sequence in RPS2 and RPS23. 

The genomic DNA of snap frozen nos-Cas9 Flies (BDSC #54591) was extracted by using QIAgen 

DNeasy Blood & Tissue Kit (Qiagen #69506). 5 flies per sample were crushed 180 μl buffer ATL, 

then, 20 μl Proteinase K was added and the mixture was vortexed and incubated at 56°C for 3 

hours. After this, the samples were vortexed and 200 μl Buffer Al was added to the sample.  

200 μl Buffer AL were added to the samples and immediately mixed. This mixture was then 

added to the DNeasy Mini spin column and the manufacturer’s instructions were followed.   

S2R+ cells were grown in 6 well plates (Corning Costar #3516) and a maximum of 5 

x106 cells was transferred to a microcentrifuge tube and spun for 5 minutes at 1200 rpm. The 

media was removed, and the pellets were resuspended in 200 μl PBS. 220 μl Buffer AL with 

10% Proteinase K was added to the samples and they were incubated at 56°C for 1 hour.  200 

μl ethanol was added to the samples and the mixture was pipetted into a DNeasy Mini Spin 

column. Then, the manufacturer’s instructions were followed. The obtained DNA was then 

sent to Sanger sequence to Source BioScience.  

2.7.1.2. gRNA design and screen 

An efficient guiding RNA should be around 20bp and close to the mutation and it 

needs to start with the PAM sequence NGG. In order to clone the gRNA oligoes in the gRNA-
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pAC-Cas-puro vector (Addgene #49330) the oligoes were annealed in a PCR (95°C for 5 

minutes, 85°C and then ramped -0.1°C/second for 1.4 minutes, then the temperature 

decreased in steps of 10°C until reaching 25°C) with the primers described in Table 2.7 and 

then phosphorylated with T4 Polynucleotide Kinase (NEB #M0201S) for 30 minutes at 37°C. In 

parallel, the vector was restricted with BspQI (NEB #R0712S) enzyme for 1 hour at 37°C and 

treated with calf intestinal phosphatase (CIAP) (NEB #M0290S) for 10 minutes at 37°C. After 

purification using QIAquick® PCR Purification Kit and following manufacturer’s instructions, 

(Qiagen #28104), the gRNA and the vector were ligated using T4 DNA ligase (NEB #M0202S) for 

30 minutes at room temperature and DH5-α competent cells were transformed and plated on 

lysogeny broth (LB)-ampicillin (100 μg/ml) plates.  

Table 2.7. List of primers and their sequences. 

# Name Sequence 

258 RPS2 sgRNA1 F TTCGCCCCAGTAGCCACGGCGCA 

259 RPS2 sgRNA1 R AACTGCGCCGTGGCTACTGGGGC 

260 RPS2 sgRNA2 F TTCGCCCCACACCGTGCCCTGCA 

261 RPS2 sgRNA2 R AACTGCAGGGCACGGTGTGGGGC 

262 RPS2 sgRNA3 F TTCGATGGCACCACGGATGGCGG 

263 RPS2 sgRNA3 R AACCCGCCATCCGTGGTGCCATC 

264 RPS23 sgRNA1 F TTCGATGGCAGAGTTAGGCTGCT 

265 RPS23 sgRNA1 R AACAGCAGCCTAACTCTGCCATC 

266 RPS23 sgRNA2 F TTCGCTACCGTCACGGGGCACGA 

267 RPS23 sgRNA2 R AACTCGTGCCCCGTGACGGTAGC 

291 pAC-sg-C9 F AAAAAAGCACCGACTCGGTGC 

292 pAC-sg-C9 R GTTCGACTTGCAGCCTGAAATACG 

 

The isolated colonies were then subjected to PCR (95°C 30 seconds, and then 20 cycles 

of 95°C for 30 seconds, 61°C 30 seconds, 68°C 1 minute and final extension of 68°C) using 

Standard Taq polymerase (NEB # M0273L) and the number 259, 261, 263 and 265 primers 

from Table 2.7 (100 µM) were used as the forward primer of the corresponding reaction with 

number 292 (100 µM) as the reverse primer for all reactions. The PCR products were then run 

in a 1.5% agarose gel for 25 minutes at 100 V. The positive colonies were then cultured in 5 ml 
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of LB with ampicillin (100 μg/ml) at 37°C overnight. For plasmid extraction, GeneEluteTM 

Plasmid Miniprep Kit (Sigma-Aldrich #PLN350) was used. 

In order to select for the best gRNA we tested their DNA cutting efficiency using T7 

endonuclease. To this end, 1x106 S2 cells/well were seeded in a 6 well plate and left to grow 

for 24 hours. After this, they were transfected with the purified gRNA-pAC-Cas-puro plasmids 

as explained above. 48 hours after transfections, the medium was changed to fresh Schneider 

medium and puromycin was added to a final concentration of 9.2 μM. The cells were 6 days 

being selected in this antibiotic, and then their genomic DNA was extracted using DNeasy 

Blood Tissue Kit (Qiagen #69506) incubating the samples with Proteinase K and AL buffer for 2 

hours at 56°C. This DNA was then subjected to PCR (98°C 30 seconds, and then 30 cycles of 

98°C for 10 seconds, 63°C 20 seconds, 72°C 20 seconds and a final extension of 72°C 2 minutes) 

with the primers described in Table 2.8 and using Q5® High fidelity Polymerase (NEB 

#M0491L). 

Table 2.8. List of primers and their sequences. 

# Name Sequence 

310 RPS2 gRNA1 F TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGATTGGTCTGGGC
GTTAAGTG 

311 RPS2 gRNA1 R GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCGAGACAATGC
CAGTACCAC 

312 RPS2 gRNA3 F TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCTGGTCAGCGTA
CCCGTTTC 

313 RPS2 gRNA3 R GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGCACTTGCCGG
TGACCTT 

314 RPS23 gRNA1 F TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAGCAGCGAAAAG
CGACTGAT 

315 RPS23 gRNA1 R GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCACGAAGGCG
GTGATCTTCT 

316 RPS23 gRNA2 F TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGGCCAAGCAGCC
TAACTCTG 

317 RPS23 gRNA2 R GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGTTGGCGACC
TTGACAACCT 

 

The PCR products were then run in a 1.5% agarose gel for 35 minutes at 100 V. The 

DNA was then extracted from the gel using the QIAquick Gel Extraction Kit (Qiagen #28704). 

200 ng of the purified DNA was then subjected to a PCR (95°C for 5 minutes, -2°C/s ramp to 

85°C, -0.1°C/s ramp to 25°C and hold at 4°C) with 2 μl NEBuffer 2 and dH2O up to 19 μl. After 
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this, 10 U T7 endonuclease I (NEB #M0302S) were added to the PCR product and incubated at 

37°C for 15 minutes. The reaction was stopped by adding 2 μl 0.25 M EDTA and immediately 

loaded into a 2% agarose gel, which was run for 45 minutes at 120 V and visualized with 

Syngene UV transilluminator (Fig. 2.6.).  

 

Figure 2.6. Image of the T7 assay to test the efficiency of different gRNAs. The upper part 
shows the samples with T7 whereas the bottom part is the control showing the samples 
without T7.  

2.7.1.3. ssODN design 

We designed and made constructs for the CRISPR-Cas9 system to make three different 

mutants affecting translation accuracy. The single amino acid mutation in RPS2 is reported to 

decrease accuracy in yeast (von der Haar et al., 2017). In RPS23 we aimed to generate one 

single amino acid mutant that also decreases translation accuracy and one that improved 

translation fidelity. In order for this mutations to be introduced in the flies’ genome, 

Drosophila embryos having Cas9 under germline nosGAL4 driver were injected close to 

germline nuclei with a gRNA and ssODN.  

The ssODN were designed to have around 80 nucleotides surrounding the mutation of interest, 

but also several additional mutations: one disrupting the protospacer adjacent motif (PAM) sequence 

and hence stop the Cas9 from cutting it once it is recombined into the genome, a silent mutation 

introducing a novel restriction site (PvuII) for easy PCR screening and stop the heterology block (Fig. 

2.7.).  
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Figure 2.7. RPS2 and RPS23 sequences and mutations introduced by CRISPR. A) Sequence 
from FlyBase (FBgn0033912). Nucleotides changed in the CRISPR mutant highlighted in yellow. 
B) The sequence of the desired CRISPR mutation. Mutated nucleotides highlighted in green. 
ssODN sent to inject highlighted in grey and italics. The novel restriction site for screening 
written in blue.  
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2.7.2. gRNA cloning into pCFD3 vector  

The gRNAs with the best performance in the T7 assay were cloned into the pCFD3U3 

vector for fly embryo injections (Fig 2.8.). The gRNAs oligoes were designed to have 5’ GTCG-

N19/20 in the sense oligo and 5’AAAC-N19/20 reverse complement in the antisense oligo. This 

allows cutting with BbsI enzyme. First, 1 µg of the pCFD3U6 empty vector was digested with 1 

µl of BbsI enzyme (NEB #R0539), 5 µl of NEBuffer 2.1 (NEB #B7202S) and water up to 50 µl. 

After 25 minutes of incubation at 37°C, the products were purified with the QIAquick® PCR 

Purification Kit (Qiagen #28104). Then the inserts were annealed and phosphorylated by 

mixing 2.5 μl of the forward primer at 100 μM (primer 344 for RPS2 and primer 346 for RPS23), 

2.5 μl of the reverse primer (100 μM) (primer 350 for RPS2 and primer 347 for RPS23) (Table 

2.9), 2.5 μl of 10x PNK ligation buffer (NEB #M0201S), 1.25 μl T4 PNK enzyme (NEB #M0201S) 

and up to 15 μl of water. These mixtures were then subjected to a PCR (37°C for 30 minutes, 

95°C for 5 minutes, ramp down to 25°C 5°C/minute). Then, the samples were diluted 1:200. 

These diluted annealed samples were ligated to the restricted and purified samples by mixing 

50 ng of digested pcFD3U6 vector with 1 μl of the diluted inserts, 1.5 μl 10x T4 ligation buffer, 

1 μl T4 DNA ligase and up to 15 μl of water. These samples were left 30 minutes at room 

temperature. Finally, 50 μl of competent DH5-α cells were transformed with 15 μl of the 

annealed mixture. These were incubated 20 minutes on ice, heat shocked for 30 seconds at 

42°C, cooled down on ice for 2 minutes, 250 µl SOC media (NEB #B9020S) added and then they 

were incubated for once an hour at 37°C in a shaker. The transformed bacteria were then 

plated in LB-ampicillin (100 μg/ml) plates and left for 16 hours at 37°C.  

The day after, single colonies were plated into LB-agar and also left to grow for 16 

hours at 37°C. The isolated colonies were then subjected to a PCR to test if they were positive 

for both the insert and the vector. For this, 2.5 μl 10x Standard Taq Buffer were mixed with 0.5 

μl dNTPs (10 mM), 0.5 μl forward primer (100 μM) (primer 344 for RPS2 and primer 346 for 

RPS23), 0.5 μl reverse primer (100 μM) (primer 352 for both RPS2 and RPS23), 0.125 μl 

Standard Taq Polymerase, DNA from a single colony and up to 25 μl of water. These mixtures 

were subjected to 95°C for 30 seconds, 30 cycles of (95°C for 25 seconds, 49°C for 40 seconds, 

68°C for 20 seconds) and 68°C for 5 minutes. Once completed, 15 μl of the PCR product was 

loaded into a 1.5 % agarose gel and run for 40 minutes to find the positive colonies. Positive 

colonies were also left to grow overnight at 37°C in 6 ml of LB-ampicillin (100 μg/ml). 
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Table 2.9. List of primers and sequences. 

# Name Sequence 

344 RPS2 gRNA PCFD3 F GTCGCCCCACACCGTGCCCTGCA 

346 RPS23 gRNA pCFD3 F GTCGCTACCGTCACGGGGCACGA 

347 RPS23 gRNA pCFD3 R AAACTCGTGCCCCGTGACGGTAG 

350 RPS2 gRNA pCFD3 R AAACTGCAGGGCACGGTGTGGGG 

351 pCFD3 F ACCTACTCAGCCAAGAGGC 

352 pCFD3 R GTTCGCTTAATGCGTATGCA 

 

1 ml of these gRNA-pCFD3U6 cultures were prepared as glycerol stocks by adding 500 

μl of 60% glycerol and stored at -80°C. In order to isolate the plasmid DNA from the E. coli 

cultures, the remaining 5 ml were subjected GenEluteTM Plasmid Miniprep Kit (Sigma #PL350) 

and following the manufacturer’s instruction.  Concentration and purity was determined using 

NanoDrop OneC spectrophotometer (ThermoFisher Scientific)These samples were then sent to 

sequence with primer 351 (100 μM).  
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Figure 2.8. Map of pCFD3 with gRNA for RPS2 as an example.  

2.7.3. Embryo injection 

We have used a CRISPR method in which flies expressing Cas9 are injected in the 

germline with the gRNA and ssODN of interest. The Cas9 flies selected were BDSC #54591 

stock and they express the Cas9 protein during oogenesis under control of the nanos GAL4 

driver and have a red eye marker.  

 

 



The role of decreased protein synthesis in delaying ageing                      | Martínez Miguel, V.E. 

 

118 
 

2.7.4. Positive candidates screen 

In order to screen for positive CRISPR mutants, a restriction site has been introduced in 

the ssODN so when the DNA is digested with the specific restriction enzyme and then run on a 

gel, if it has this restriction site, two bands can be seen. In addition, to screen for positive 

candidates that might have the RPS23 K60R/T mutation but not the PvuII restriction site, a PCR 

with a primer that 5’ begins with the mutation we introduced was also designed, as 

mismatches at the front of the primer impede DNA replication, so this primer should only 

amplify the mutant sequence and not the control.   

2.7.4.1. Fly crosses scheme 

Once these flies are adults, they are separated and crossed to double balancers. Then, 

their progeny is also single crossed to   

F0:   1☿ or ♂ Injected Cas9    x   4☿ or ♂   
sp 

cyo
; 

MKRS 

TM6B
 

F1:  1☿ or ♂  
Translation fidelity mutant/+ 

cyo
; 

MKRS 

TM6B
     x   1☿ or ♂  

sp 

cyo
; 

MKRS 

TM6B
 

F2:   
Translation fidelity mutant 

cyo
; 

MKRS 

TM6B
 

2.7.4.2. Screen for positive mutants with the mutations of interest 

The genomic DNA of snap frozen F1 Flies was extracted by crushing them individually 

in 10 μl Squishing Buffer with 0.1% Proteinase K  (10 mM Tris HCl pH 8.0; 1 mM EDTA; 25 mM 

NaCl). Further 40 μl Squishing Buffer with 0.1% Proteinase K was added to each fly and they 

were incubated for 1 hour at 37°C. Proteinase K was inactivated at 95°C for 15 minutes.  

The DNA was amplified by PCR using specific primers near the mutations of interest. 

For RPS2, 1 µl of primer 397 (100 μM) and 1 µl of 398 (100 μM) (Table 2.10) were mixed with 2 

µl DNA, 5 µl  10x Taq Buffer, 0.5 µl Standard Taq Polymerase and water up to 50 µl. These 

mixtures were subjected to a PCR:  98°C 30 seconds, and then 30 cycles of 95°C for 30 seconds, 

50°C 60 seconds, 68°C 30 seconds and a final extension of 68°C for 5 minutes. The products 

were then digested using 20 units of BamHI-HF (NEB # R3136L) per sample for 1 hour and 30 

minutes at 37°C. The digested products were then run in a 1.5% agarose gel and imaged (Fig. 

2.9. A).  
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For RPS23 (Table 2.10) 1 µl of primer 555 (100 µM) and 1 µl of 556 (100 µM) were mixed 

with 2 µl DNA, 5 µl  10x Taq Buffer, 0.5 µl dNTPs (10 mM) 0.5 µl Standard Taq Polymerase and 

water up to 50 µl. These mixtures were subjected to a PCR:  95°C 3 minutes and then 38 cycles 

of 95°C for 30 seconds, 47°C 60 seconds, 68°C 45 seconds and a final extension of 68°C for 5 

minutes. 25 µl of these PCR products were restricted with 8 units of PvuII (NEB #R0151) and left 

overnight at 37°C. Then, the digested products were run in parallel to the non-digested controls 

in a 1.5% agarose gel for 30 minutes at 95V; if the candidate had the PvuII restriction site it gave 

the 646 bp band corresponding to rp23 plus two extra bands of 400 bp and 246 bp corresponding 

to the restricted fragments, whereas the candidates without the restriction site gave only the 

rps23 band of 646 bp. (Fig. 2.9. B)   

Table 2.10. List of primers and their sequences.   

# Name Sequence 

397 RPS2 F TGAGGTGCTGAAGATCATGC 

398 RPS2 R CCGAGTATGCCTGGTAAGGA 

555 RPS23 F  CGACAAGGACTACAAGAAGG 

556 RPS23 R TGCTTGTCTGGAAAAAGATT 

582 RPS23 restriction F     GTCCGAAAATCGCACAAAATCCAG 

583 RPS23 restriction R     GGCTGAGTTGGGCTGGCG 

 

With the aim of finding mutants of RPS23 that had the mutation of interest, an oligo 

primer was designed to start with the mutation sequence, so it only aligns and amplifies 

mutated DNA (Table X). To check this, 0.5 µl of the fly genomic DNA was mixed with 2.5 µl 10x 

Taq Buffer, 0.5 µl dNTPs (10 mM), 0.5 µl of primers 582 (100 µM) and 583 (100 µM)  (Table 

2.10), 0.25 µl Standard Taq Polymerase, and up to 25 µl of water. These mixtures were 

subjected to a PCR: 95°C 3 minutes and then 33 cycles of 95°C for 30 seconds, 60°C 15 seconds, 

68°C for one minute and a final extension of 68°C for 5 minutes. The samples were then run in 

an agarose gel, if the candidate had the K60R mutation, it gave a 692 bp band, but not if it was 

negative (Fig. 2.8 A).  
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Figure 2.9.  Representative images of the gel pictures of the PCR products of the RPS23 screen. 
The PCR with primers 582 and 583 amplifies a 692bp fragment if the DNA has the K60R mutation 
and fails to amplify the wild type rps23 A). The PCR with the primers 555 and 556 amplifies a 
646bp fragment, that if it is restricted with PvuII in a positive mutant, it leaves two extra 
fragments of 400bp and 246bp B).  

2.7.4.3. DNA purification of CRISPR mutants and sequencing 

The previously explained procedures allowed us to choose possible candidates with 

our desired CRISPR-introduced mutations. To verify if they had the mutations, 2 µl of the 

genomic DNA of these flies was amplified by PCR using the same primers described in Table 

2.10 (2.5 µl of each primer (100 μM)) and 0.5 µ Q5® High-Fidelity DNA Polymerase (NEB 

#M0491L) and water up to 50 µl. Then, these samples were subjected to a PCR: 98°C 3 minutes 

and then 35 cycles of 98°C for 10 seconds, 66°C [for RPS2] or 60°C [for RPS23] 30 seconds, 72°C 

25 seconds and a final extension of 72°C for 2 minutes). These PCR products were then purified 

using QIAgen QIAquick® PCR purification kit (Qiagen #28106) following the manufacturer’s 

instructions. These were then sent to Sanger sequence by Source BioScience.  

2.7.5. Backcrossing scheme of the mutants 

To properly analyse the effects of the RPS23 K60R mutation and avoid interpreting the 

effects of cofounding mutations, these flies had to be backcrossed to the wild type (Partridge 

and Gems, 2007). RPS23 K60R flies were backcrossed to wDah flies following the single-cross 

scheme described below.  

F1:       1☿  
RPS23 K60R

cyo
;  

MKRS 

+
  x  2♂ 

cyo 

+
;  

MKRS 

+
  

F2:       3☿  
w𝐷𝑎ℎ𝑜𝑚𝑒𝑦

w𝐷𝑎ℎ𝑜𝑚𝑒𝑦
  x  1♂ 

RPS23 K60R 

cyo
; 

+ 

+
  

F3-F8: 1☿  
RPS23 K60R

+
  x  2♂ 

w𝐷𝑎ℎ𝑜𝑚𝑒𝑦 

w𝐷𝑎ℎ𝑜𝑚𝑒𝑦
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F9:     1☿  
RPS23 K60R

+
  x  1♂ 

cyo 

+
;  

MKRS 

+
 

 F10:     1☿  
RPS23 K60R

cyo
  x  1♂ 

RPS23 K60R 

cyo
 

F11:      
RPS23 K60R

RPS23  K60R
   

RPS23 K60R flies have no visible marker so they had to be identified by sacrificing the 

mutant fly and following the PCR screen described above at each step. 

2.8. S2R+ cells culture and maintenance 

S2R+ cells were grown in T75 cell culture flasks (Corning #430641U) with Schneider 

media with 10% heat-inactivated foetal bovine serum (FBS) (ThermoFisher Scientific 

#16140071) and 50,000 U/l penicillin-streptomycin (ThermoFisher Scientific #15140122). 

These cells were kept at 25°C and passed to fresh medium once a week.  

2.9. RNA interference (RNAi) in vitro 

In order to downregulate the expression of several proteins, we used double-stranded 

(dsRNA)-mediated interference in S2R+ cells. This technique has proved successful in cultured 

Drosophila cells and it is based on the cell’s targeting and destruction of mRNA homologous to 

the dsRNA (Clemens et al., 2000, Kao and Megraw, 2004). The dsRNA was produced by Celia 

Lujan by making template DNA from the genomic DNA of our cultured S2R+ cells, then she 

extracted RNA from the S2R+ cells and made cDNA, which she finally converted to dsRNA. This 

was then used to treat the S2 cells.  

2.9.1. dsRNA preparation 

First, the RNA of S2R+ cells in culture was extracted by transferring 7.5 x 106 cells to a 

7.5 ml Falcon tube and following the same steps described in ‘2.3.2 RNA extraction’.  

The RNA was then converted to cDNA. For this, first, the genomic DNA of S2R+ cells in 

culture was extracted following the same protocol described in ‘2.7.1.1. S2R+ cells and Cas9 

flies sequencing’. This cDNA (at a concentration of 500 ng/µl) was then used as template (1 µl) 

for a PCR with 0.5 µl Q5® High-Fidelity polymerase, 10 µl 5x Q5® buffer, 1 µl dNTPs (10 mM), 

10 µl forward primer (100 µM) and 10 µl reverse primer (100 µM) (Table 2.11), and up to 50 µl.  

These mixtures were subjected to a PCR (30 seconds at 98°C, then 35 cycles of 10 seconds at 

98°C, 20 seconds at 64-72°C (depending on the primer set, see Table 2.11) and 20 seconds at 
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72°C and a final annealing for 2 minutes at 72°C). After this, 5 µl of the PCR products were run 

on a 1.5%  agarose gel to check the purity of these products.  

Table 3.11. List of primers, their sequence and annealing temperature.   

# Name Sequence Annealing 
Tm 

709 eIF4E 
dsRNA F 

TAATACGACTCACTATAGGGGATAACAAAGGGGGTTCCGT 67°C 

710 eIF4E 
dsRNA R 

TAATACGACTCACTATAGGGTGAGATTGGTCACAAGCTGC 

715 eIFG4 
dsRNA F 

TAATACGACTCACTATAGGGAGCAATGAATCGGCGGGAAA 66°C 

716 eIFG4 
dsRNA R 

TAATACGACTCACTATAGGGCGTCCACTTTGTCGGGTGTATC 

711 eEF2 
dsRNA F 

TAATACGACTCACTATAGGGAGTGGTTGGAATGATCTGGC 69°C 

712 eEF2 
dsRNA R 

TAATACGACTCACTATAGGGGACCACGCTTGTATCCCACT 

727 RPS23 
dsRNA F 

TAATACGACTCACTATAGGGGCACTGCCAGGAAGCATGTGAA 72°C 

728 RPS23 
dsRNA R 

TAATACGACTCACTATAGGGGCATGACCCTTACGACCGAAACC 

717 Renilla 
dsRNA F 

TAATACGACTCACTATAGGGGATAACTGGTCCGCAGTGGT 64°C 

718 Renilla 
dsRNA R 

TAATACGACTCACTATAGGGATATCAGGCCATTCATCCCA 

719 Firefly 
dsRNA F 

TAATACGACTCACTATAGGGGCTGGGCGTTAATCAGAGAG 64°C 

720 Firefly 
dsRNA R 

TAATACGACTCACTATAGGGTACAATTTGGACTTTCCGCC 

 

Afterwards, 95 µl of the PCR product were precipitated by adding 10 µl volume of 

sodium acetate (3 M), then 180 µl of cold 100% ethanol. These mixtures were then incubated 

for 15 minutes at room temperature to be later centrifuged at 12000 rpm for 5 minutes. The 

supernatants were discarded, and 1 ml of 70% ethanol was added to each sample. These were 

centrifuged at 12000 rpm for 5 minutes, the supernatants discarded, and the pellets let to air 

dry. Once dried, the pellets were dissolved in 20 µl of nuclease-free water to then measure the 

concentrations using NanoDrop OneC spectrophotometer.  

This DNA was then used as a template for the transcription reaction using 

MEGAscript® kit (ThermoFisher #AM1330). 1 µg of DNA was mixed with 4 µl 10x Reaction 

Buffer, 4 µl ATP solution, 4 µl CTP solution, 4 µl GTP solution, 4 µl UTP solution, 4 µl Enzyme 

Mix and water up to 40 µl and these reactions were left overnight at 37°C. After incubation, 1 
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µl of RNAse free-DNAse I (1 U/µl) was added and left to incubate for 15 minutes at 37°C. After 

this, the samples were annealed by leaving them for 10 minutes at 70°C, then cooled down to 

25°C at a 0.1°C/sec rate. These dsRNA products were then purified by adding 2 volumes of 

nuclease-free water, 1/10 volume of sodium acetate (3 M) and 3 volumes of 100% ethanol and 

leaving these mixtures for 10 mintues at room temperature. After this incubation, the samples 

were centrifuged for 10 minutes at 12000 rpm, the supernatants were discarded and 500 µl of 

80% ethanol were added. These samples were centrifuged for 5 minutes at 12000 rpm, the 

ethanol removed, and the pellets left to air dry. These dry pellets were then dissolved in 100 µl 

of nuclease free water and their concentrations measured using NanoDrop OneC 

spectrophotometer and then stored at -80°C.  

2.9.2. dsRNA treatment in S2R+ cells 

For the treatment, 100,000 cells/well were plated in a 48 well plate with 200 µl 

Schneider + 10% heat-inactivated FBS and penicillin G. These cells were left to sink to the 

bottom of the plates for 2 hours at 25°C. They were then centrifuged for 30 seconds at 600 g, 

their media was removed and 200 µl of Serum-free Schneider medium with the indicated 

amount of dsRNA were added. Then, these were incubated for 30 minutes at 25°C and 300 µl 

of Schneider + 10% heat-inactivated FBS and Penicillin G were added to each well. These plates 

were then left for 72 hours at 25°C before they were analysed.  

2.10. Translation fidelity assay in vitro 

2.10.1. Cloning of translation fidelity reporters  

The translation fidelity reporters had to be adapted to work in Drosophila S2R+ cells. 

For this purpose, Celia Lujan had to insert the dual luciferase reporters into the pENTRTM 3C 

vector using pENTRTM Directional TOPO Cloning kit (Invitrogen #K2400-20) (Fig. 2.10. A). These 

constructs were then transferred to expression vectors with either the Heat Shock promoter 

(pHW) or Actin promoter (pAW) using the Gateway® Technology kit (Invitrogen #12535-019) 

(Fig. 2.9.). For transformation, stable competent E. coli cells (NEB #C3040H) were mixed with 2 

μl of the clone mixture and left on ice for 30 seconds, followed by one minute at 42°C and 5 

minutes on the ice again. Then, the samples were spread into LB agar plates and left at 37°C 

overnight. The day after, the colonies were isolated and left in LB media to culture overnight. 

The DNA was then purified using the GenEluteTM Plasmid Miniprep kit (Sigma-Aldrich 

#PLN350). 
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The promoter was then changed to the metallothionein (pMT) promoter, as this is a 

copper-inducible promoter that allows expression only when desired. A vector containing the 

pMT promoter was kindly provided by Prof. Buzz Baum. This promoter was amplified using two 

primers (394 and 395) that had tails containing NotI and StuI restriction sites (Table 2.12) (Fig . 

2.10. B). For this, 2 µl of template DNA was mixed with 10 µl of Q5® Buffer (NEB #M0491S), 2.5 

µl of each primer (100 µM), 1 µl dNTPs (10 mM), 0.5 µl of Q5® High-Fidelity polymerase and 

water up to 50 µl. This mixture was subjected to a PCR (30 seconds at 98°C, then 35 cycles of 

10 seconds at 98°C, 20 seconds at 72°C and 30 seconds at 72°C and a final annealing for 2 

minutes at 72°C). These products were then purified using QIAquick® PCR Purification kit and 

100 µg were digested with 1 µl of NotI-HF® (NEB #R3189) and 1 µl of StuI (NEB #R0187S), 5 µl 

of CutSmart® Buffer (NEB #B7204S) and water up to 20 µl.  

The dual luciferase reporters were in the pHW vector (688pHW= misincorporation 

control reporter, 868pHW= misincorporation reporter, 690pHW= stop codon readthrough 

control reporter and 691pHW= stop codon reporter) (Fig 2.3)(Salas-Marco and Bedwell, 2005), 

so 1 µg were also digested with 1 µl of NotI-HF® and 1 µl of StuI, 5 µl of CutSmart® Buffer and 

water up to 20 µl. These digested vectors with the dual luciferase reporters were then run in a 

1.5% agarose gel for 50 minutes at 100V and the 6kb band was extracted and purified using 

QIAquick Gel Extraction Kit. 

These purified vectors containing the dual luciferase reporters were then ligated to the 

pMT promoter mixing them in a 1 DNA vector (ng):3 DNA insert (ng) ratio with 3 µl of T4 

Ligation Buffer (NEB #M0202), 1.5 µl T4 DNA Ligase enzyme and up to 30 µl water. These were 

incubated at room temperature for 30 minutes; after this, the enzymes were inactivated by 

heating the samples for 10 minutes at 65°C. Then, 20 µl of the ligated mixtures were added to 

50 µl of competent DH5-α cells. These were transformed as described in section ‘2.8.1.3. gRNA 

cloning into pCFD3 vector’.  

Table 2.12. Table of the primers and sequences.  

# Name Sequence 

394 pMT NotI AAGGAAAAAAGCGGCCGCAATTCGTTGCAGGACAGG 

395 pMT StuI GAAGGCCTCCTTTAGTTGCACTGAGATG 
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Figure 2.10. Dual luciferase constructs cloned into their final vectors. A) The Dual-Luciferase 
constructs were cloned into the pENTR™ vector and then into the expression vectors using 
Gateway LR Technology. The expression vectors for S2R+ cells contained either a pAW promoter 
or pHW promoter. B) However, after optimization, the pHW promoter was replaced by the 
inducible pMT promoter.  
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2.10.2. Stable cell generation 

In order to get better luminescence signal, stable cell lines expressing the translation 

fidelity reporters were made. For this purpose, 1 x106 cells were seeded in a 6 well plate with 3 

ml Schneider with 10% heat-inactivated FBS medium. After 24 hours, they were transfected 

with 0.4 μg of the translation fidelity reporter plasmid (690pMT, 691pMT, 688pMT or 868pMT) 

and 0.4 µg of the pAC5-pCO-Blast plasmid (kindly provided by Dr Yuu Kimata) using the 

Effectene® Transfection Reagent kit (Qiagen #301425) and following manufacturer’s 

instruction. After 48 hours, the cells were centrifuged at 1200 rpm for 10 minutes at 25°C; the 

media was removed and replaced by 3 ml of Schneider with 10% heat-inactivated FBS and 30 

μg/ml Blasticidin S HCl (ThermoFisher Scientific #A1113903). After one week, the cells were 

seeded in a T-25 cell culture flask (Corning Costar #430639) with 5 ml of fresh Schneider with 

10% heat-inactivated FBS and 25 μg/ml Blasticidin. The cells were then passed to new plates 

with fresh media once a week.   

2.10.3. Sample preparation 

Cell viability was measured using Countess™ II Automated Cell Counter (ThermoFisher 

Scientific #AMQAX1000) and 100,000 cells with 500 μl Schneider medium with 10% heat-

inactivated FBS and penicillin G (ThermoFisher Scientific #BP2955-5) were seeded in 48 well 

plates (Corning Costar #3548). After 2 days, 0.5 μl of different drugs at the indicated 

concentration in the Chapter 4. Results section were added to the cells together with 5 μl 

CuSO4 (Sigma #I2852) 110 mM (to give a final concentration of 500 μM). 

To prepare the samples for the dual luciferase assay, the plates were centrifuged for 5 

minutes at 1200 rpm at 25°C. The medium was removed and the pellets washed with 1x PBS; 

then, the plates were centrifuged again at 1200 rpm for 5 minutes. The PBS was then removed 

and the pellets were frozen at -80°C for 30 minutes to enhance lysis. After 30 minutes 20 μl of 

PLB (Passive Lysis Buffer) from the Dual-Luciferase Reporter Assay System (Promega #E1910) 

kit were added to the cells and incubated at room temperature for approximately 15 minutes. 

2.10.4. Dual luciferase assay in vitro 

Once lysed, 10 μl of sample was transferred to a white 96 well plate and read using 

Varioskan™ LUX Microplate Reader. The reader was set to read the luminescence for 2000 ms, 
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then dispense 50 μl of LARII substrate, read luminescence again for 2000 ms and 2 ms lag; 

dispense 50 μl of Stop&Glo® and read luminescence for 2000 ms and 2 ms lag. 

2.10.5. Drugs used in the dual luciferase assay in vitro.  

 The effect on translation fidelity of different drugs was tested. A stock solution and 

then a dilution series were done in order to add the same volume (0.5 μl) of each 

concentration (Table 2.13).  

Table 2.13. Drugs used in the in vitro dual luciferase and their concentrations.  

Drug Stock 

concentration 

Drug 

amount 

Solvent volume Reference 

Cycloheximide 10 mM 4.3 mg 1.5 ml EtOH Sigma (C7698) 

Diazaborine 50 mM 2 mg 133.27 μl DMSO Calbio 

(5.30729.0001) Rapamycin 4 mM 2 mg 547 μl EtOH LC Laboratories 

(R5000) Salubrinal 10 mM 2 mg 46.84 μl DMSO CruzChem 

(SC202332A) Torin 1 2 mM 1 mg 822.88 μl DMSO Adooq BioScience 

(A11587) Torin 2 2.5 mM 1 mg 926 μl DMSO LC Laboratories 

(T8448)  

As a positive control, an error-inducing antibiotic, paromomycin sulphate salt (Sigma 

#P5057) was added to the cells. For this, a 50 mM stock solution was done dissolving 5 mg in 

140 μl of water; then, 5 μl was added to the cells to obtain a 500 μM final concentration.  
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3.1. Introduction 

Since the discovery that ageing is a malleable process, (Kenyon et al., 1993, Klass, 

1983, Friedman and Johnson, 1988, Morris et al., 1996), there have been many studies trying 

to find what processes govern longevity, and in particular if it is possible to improve it. This has 

led to the significant discovery that there are highly evolutionarily conserved mechanisms 

regulating ageing, namely dietary restriction, downregulation of TOR and the IIS pathway 

(Bodkin et al., 2003, Colman et al., 2009, Miller et al., 2005, Grandison et al., 2009, Clancy et 

al., 2001, Tatar et al., 2001, Bluher et al., 2003), which importantly, all lead to reduced 

translation. Therefore, several labs around the same time directly downregulated translation, 

mostly genetically but also pharmacologically, in yeast and C. elegans and they saw that these 

interventions can extend lifespan in these organisms (Hansen et al., 2007, Pan et al., 2007, 

Henderson et al., 2006, Hamilton et al., 2005, Curran and Ruvkun, 2007, Steffen et al., 2008, 

Smith et al., 2008, Osterwalder et al., 2001, Syntichaki et al., 2007a, Syntichaki et al., 2007b). 

Therefore, to study if decreasing individual translation factors can increase lifespan as it does 

in yeast and C. elegans, we performed a focused longevity screen using the inducible GAL4-

UAS system. Resembling the studies in C. elegans, because of the importance of protein 

synthesis during development and since any anti-ageing interventions in humans would be 

done in adults, we downregulated the expression of the translation-associated factors only 

during adulthood. 
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3.2. Results 

 

3.2.1 The effect of downregulation of translation-associated 

proteins by RNAi on lifespan and healthspan in Drosophila 

3.2.1.1. Downregulation of translation-associated proteins by RNAi 

in metabolic tissues can extend lifespan 

In order to gain an insight into the role of protein translation in ageing, a focused 

longevity RNAi screen was performed using female flies. The downregulated transgenes were 

selected due to their reported effects on longevity in other model organisms and because of 

their implication in translation (Lasko, 2000, Kaeberlein and Kennedy, 2008). The targeted 

proteins can be grouped into three categories:  translational initiation and elongation factors, 

ribosomal proteins and components of cellular pathways related to translation (see Table 2.3 

Materials and Methods).  

The Gene-Switch inducible driver flies were crossed with flies carrying an UAS-RNAi 

construct targeting the silencing of a specific mRNA. I am aware that there are some RNAi lines 

from the genetic stocks centres are not very effective in silencing gene expression and that some 

might have off target effects. In addition, a few of the VDRC KK library stocks may have additional 

plasmid integration sites, which can cause phenotypes not specific to the gene of interest (Green 

et al., 2014). Because of that, wherever possible we tested two independent RNAi lines; 

however, due to the numerous genes tested, we did not performed RT-qPCR testing for all the 

RNAi lines used in the screen, but only in the positive candidates. 

The Gene-Switch system was chosen because of its ability to activate the transgene in 

an inducible manner, and hence downregulate the expression of the protein of interest, only 

during adulthood. In addition, this system is ideal for lifespan experiments because flies of the 

same genotype are put on food with RU486 (experimental flies) and without RU486 (control 

flies) (Materials and Methods 2.1). This avoids extensive backcrossing prior to lifespan analysis. 

To study the effect of downregulating these translation-associated proteins on different tissues 

two drivers were used, the Actin Gene-Switch driver, that is ubiquitously expressed, and the 

S1106 driver, which is expressed only in the fat body and the intestine and it was successfully 

used in the past for longevity studies (Roman et al., 2001, Giannakou et al., 2004).  

In the longevity screen, it was found that under the Actin Gene-Switch driver, none of the 

factors had a statistically significant lifespan extension; in fact, they lived shorter than the 
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controls (Fig. 3.1.). In addition, we realised that the factor referred as eEF2 (CG4849) is actually 

eEFTuD2, a pre-mRNA splicer (Frazer et al., 2008).  This shortening of lifespan observed in all 

lines tested could be due to the ubiquitous driver ActGS being too strong, therefore we next 

used a milder driver, the metabolic tissue-specific S1106 driver (see Materials and Methods 

2.1.3). When the same proteins were downregulated using the S1106 driver several candidates 

were found to have statistically significant extensions of their lifespans compared to their 

controls, such as S1106>RPS23-mit (CG1842) RNAi, S1106>eIF1 (CG17737) RNAi, S1106>eIF3-S8 

(CG4954) RNAi, S1106>eEIF3-S10 (CG9805) RNAi, S1106>eIF4E (CG4035) RNAi, S1106>eEF2 

(CG2238) RNAi and S1106>RPS23 (CG8415) RNAi (Fig. 3.2.) (Table 3.1). In parallel, myc 

(CG10798) RNAi was also used as a positive control due to involvement of myc in translation 

regulation and because myc downregulation extend lifespan in flies and mice (Averous and 

Proud, 2006, Greer et al., 2013, Hofmann et al., 2015), which we confirmed in our experiments 

and which validated our experimental set up (Fig 3.2. D) (Table 3.2.).  
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Table 3.1. Median and maximum lifespan data from RU486-induced ActGS>RNAi flies. The 
factors shown here were ubiquitously downregulated via RNAi when RU486 was present in the 
food. Around 150 flies were used per condition. Median and maximum lifespans were 
calculated, and the p values between the survivorship data of the flies fed RU486 and the ones 
fed ethanol control were calculated doing χ2-log-rank tests (statistically significant values 
highlighted in yellow).    

 

 

 

Factor RU486 CG Stock Medium LS (days) Maximum LS (days) p value

eEF2 - CG2238 107268 78.0 94.0 2.8E-24

+ 47 77.5

eEF2 - CG4849 21963 87.0 94.0 1.6E-14

+ 73 83

eEF2 - CG4849 108596 82.0 101.0 2E-07

+ 71 84.5

eEF2 - CG4849 40828 67.0 78.5 0.067361

+ 69.0 78.5

eIF1 - CG17737 105763 84.5 96.0 8.21E-09

+ 71.0 84.5

eIF2alpha - CG9964 104562 82 96 2.9E-05

+ 63.5 84.5

eIF3-S9 - CG4878 177829 82 91.5 2.67E-17

+ 61 79

eIF3-s10 - CG9805 3435 69.0 78.5 2.58E-49

+ 43.5 60.0

eIF4A - CG7483 32444 74.0 78.5 1.17E-07

+ 64.5 78.5

eIF4G - CG10811 17003 82 91.5 1.68E-38

+ 24 59

Gcn2 - CG16096 103976 84.5 98.5 0.086087

+ 77.5 94

RPL9 - CG6141 109647 80 93 2.08E-07

+ 56.5 84.5

RPL19 - CG2746 41952 69.0 76.0 0.196528

+ 69.0 78.5

RPS2 - CG5920 100308 67.0 78.5 2.28E-40

+ 25.5 63.0

RPS2 - CG5920 20963 76.0 85.5 7.21E-09

+ 64.5 78.5

RPS3 - CG6779 37742 91.5 98.5 2.46E-37

+ 66.5 80

RPS11 - CG8857 23475 69.0 78.5 0.171747

+ 69.0 81.0

RPS26 - CG10305 16012 74.0 78.5 2.58E-12

+ 60.0 64.5

RPS26 - CG10305 33393 71.5 78.5 0.463889

+ 69.0 78.5

Driver Act GS
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Table 3.2 (PART 1) Median and maximum lifespan data from RU486-induced S1106>UAS-RNAi 

flies. The proteins shown here were downregulated in the gut and fat body via RNAi when RU486 

was present in the food. Around 150 flies were used per condition. Median and maximum 

lifespans were calculated.  Some of the lifespans were repeated several times. The factors that 

were subsequently further characterised are written in red font. The p values between the 

survivorship data of the flies fed RU486 and the ones fed ethanol control was calculated doing 

a χ2-log-rank test (statistically significant values highlighted in yellow). 
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Table 3.2. (PART 2) Median and maximum lifespan data from RU486-induced S1106>UAS-
RNAi flies. 
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Figure 3.1.  Representative survival curves of ActGS>eIF4G RNAi (CG10811), ActGS>eEF2 RNAi 
(CG2238), ActGS>eIF3-S9 RNAi (CG4878), ActGS>EFTuD2 RNAi (CG4849), ActGS>RPS2 RNAi 
(CG5920), ActGS>eEIF3-S10 RNAi (CG9805), ActGS>RPS26 RNAi (CG10305), ActGS>eEIF4A 
RNAi (CG7483) and ActGS>RPS11 RNAi (CG8857). Dashed lines represent the survival of flies 
fed control food, and the solid lines represent the survival of the flies fed experimental 200 µM 
RU486-supplemented food. Around 150 mated female flies per condition were tested in each 
experiment. The p values between the survivorship data of the flies fed RU486 and the ones fed 
ethanol control food were calculated doing χ2-log-rank tests: A) ActGS>eIF4G RNAi p=1.68 x10-

38. B) ActGS>eEF2 RNAi p=2.8 x10-24. C) ActGS>eIF3-S9 RNAi p=2.67 x10-5. D) ActGS>EFTuD2 RNAi 
(stock line #21963) p=1.6 x10-14. E) ActGS>EFTuD2 RNAi (stock line #108596) p=2 x10-7. F)  
ActGS>RPS2 RNAi (stock line #100308) p=2.28 x10-40. G) ActGS>eIF3-S10 RNAi p=2.58 x10-49. H) 
ActGS>PS26 RNAi p=2.58 x10-12. I) ActGS>eIF4A RNAi p=1.17 x10-7. J)  ActGS>RPS2 RNAi (stock 
line #20963) p=7.2 x10-9 and K) ActGS>RPS11 RNAi p=0.17. 

We chose to focus on the initiation factor eIF4E (CG4035), the elongation factor eEF2 

(CG2238) and the ribosomal protein RPS23 (CG8415) that showed to increase lifespan in several 

independent experiments and independent lines (Table 3.2, marked in red). In Figure 3.3., 

survival curves representative of each line are shown: S1106>eIF4E RNAi had 70.5 days medium 

and 82 days maximum lifespan compared to 63.5 days median and 72 days maximum lifespan 

of the control (p=4.51 x10-11, χ2 log-rank test), S1106>eEF2 RNAi had 63 days median and 74 days 

maximum lifespan compared to the control’s 60.5 days median 67 days maximum lifespan 

(p=2.44 x10-16, χ2 log-rank test), S1106>RPS23 RNAi had 67.5 days median and 72 days maximum 

lifespan compared to the control’s 63 days median 70 days maximum lifespan (p=5.17 x10-11, χ2 

log-rank test) in the represented experiments.  
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Unexpectedly, downregulating eIF4G (CG10811), even with the milder S1106 driver, was 

detrimental to the flies’ lifespan. At the normal 200 µM RU486 concentration, S1106>eIF4G RNAi 

flies had 40 days median and 61 days maximum lifespan compared to the control’s 70.5 days 

median 80 days maximum lifespan (p=4.09 x10-49, χ2 log-rank test) (Fig. 3.3.C). To achieve 

longevity, sometimes gene expression needs to be altered slightly, hence, we used a ten-fold 

lower RU486 concentration for S1106>eIF4G RNAi. Nevertheless, we still saw a decrease in the 

flies’ survival, from 70.5 days median and 80 days maximum lifespan in the control, to 59 days 

median and 70 days maximum lifespan in S1106>eIF4G flies (p=1.44 x10-16, χ2 log-rank test) 

suggesting that eIF4G most likely cannot be targeted to delay Drosophila’s ageing, at least not 

in the fat body and intestine.   

 

Figure 3.2. Representative survival curves of S1106>eIF1 RNAi (CG17737), S1106>eIF3-S8 RNAi 
(CG4954), S1106>RPS23-mit RNAi (CG1842) and S1106>myc RNAi (CG10798). Dashed lines 
represent the survival of flies fed control food, and the solid lines represent the survival of the 
flies fed experimental 200 µM RU486-supplemented food. Around 150 mated female flies per 
condition were tested in each experiment. The p values between the survivorship data of the 
flies fed RU486 and the ones fed ethanol control food were calculated using χ2-log-rank tests: 
A) S1106>eIF1 RNAi p= 1.13 x10-8. B) S1106>eIF3-S8 RNAi p= 2.7 x10-3. C) S1106>RPS23-mit RNAi 
p= 0.005 and D) S1106>myc RNAi p= 6.93 x10-5. 
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Figure 3.3. Representative survival curves of the control, S1106>eIF4E RNAi (CG4035), 
S1106>eEF2 RNAi (CG2238), S1106>RPS23 RNAi (CG8415) and S1106>eIF4G RNAi (CG10811). 
Dashed lines represent the survival of flies fed control food and the solid lines represent the 
survival of the flies fed experimental 200 µM RU486-supplemented food. In the case of 
S1106>eIF4G RNAi, flies fed with 20 µM RU486-supplemented food were also tested (dotted 
line). Around 150 mated female flies per condition were tested in each experiment. The p values 
between the survivorship data of the flies fed RU486 and the ones fed ethanol control food were 
calculated using χ2-log-rank tests: A) Control n.s. B) S1106>eIF4G RNAi 200 µM p= 4.09 x10-49  

and S1106>eIF4G RNAi 20 µM  p= 1.44 x10-16. C) S1106>eIF4E RNAi p= 4.51 x10-11. D) S1106>eEF2 
RNAi p= 2.44 x10-16 and E) S1106>RPS23 RNAi p= 5.17 x10-11. 

To corroborate that the RNAi used was silencing the expression of our genes of 

interest, the levels of specific mRNAs were analysed with the help of Celia Lujan. The 

abdomens without ovaries of the S1106>UAS-RNAi flies were dissected, their RNA extracted 

and converted to cDNA (Materials and Methods 2.3.4). Specific primers for each RNAi line 

were designed to be in exon-exon junctions and to avoid amplification of the RNAi hairpins 
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constructs. In addition, a set of primers for Actin 5 (Act5C) was designed to normalise the 

levels of RNA.  Using these primers, the cDNA was subjected to RT-qPCRs and after 

quantification, we saw that all our lines have statistically significant downregulated expression 

of their target genes in flies fed RU486 compared to their sibling non-induced controls:  

S1106>eIF4E RNAi 37% (p=0.0013, Welch’s test), S1106>eIF4G RNAi 41.5% (p=0.0024 Welch’s 

test), S1106>eEF2 RNAi 33.8% (p=0.0224 Welch’s test), S1106>RPS23 RNAi 57.4% (p=0.003 

Welch’s test) (Fig. 3.4.). 

 

Figure 3.4.  Relative abundance of mRNA in the S1106>UAS-RNAi lines. The abundance of 
mRNA for the targeted genes from our longevity screen was quantified using RT-qPCR and then 
normalised by the abundance of Actin 5C-RNA for each sample. For each line, 6 samples were 
used with 4 flies in each, the calculated average is plotted ±SEM. The p values between the 
samples from the flies fed ethanol-supplemented control food (blue bars) and RU486+ (red bars) 
were calculated using Welch’s t-tests * p<0.05, ** p<0.005: S1106>eIF4E RNAi p=0.0013, 
S1106>eIF4G p=0.0024, S1106>eEF2 test p=0.0224, S1106>RPS23 test p=0.003.  

3.2.1.2. Downregulation of translation-associated proteins by RNAi 

in metabolic tissues can improve health in Drosophila but does not 

confer resistance to heat shock and tunicamycin stresses 

Very often long-lived mutants are also resistant to certain stresses, so in order to study 

this matter, the transgenic flies were subjected to heat-shock and tunicamycin stresses; these 

specific stresses were chosen because of their link to protein folding and stability (Chow et al., 

2013, Tower, 2011).  
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Tunicamycin is an antibiotic that can inhibit N-linked glycosylation, a process that 

happens in the endoplasmic reticulum (ER) membrane and that is important for protein folding 

(Koizumi et al., 1999).  Therefore, when cells are exposed to tunicamycin the cell’s defence 

mechanism is to induce the unfolded protein response (UPR); this response consists in 

transiently reducing overall protein translation and inducing the expression of several specific 

genes such as ER chaperones (Iwata and Koizumi, 2005). We tested how our flies responded to 

the presence of tunicamycin dissolved in a holidic medium that was also supplemented with 

200 µM RU486 or ethanol as control (see Materials and Methods 2.1.5.). Usually, tunicamycin 

is dissolved in sugar agar medium (Girardot et al., 2004, Appocher et al., 2014), but we used 

the holidic medium as the lack of amino acids in sugar-agar medium could downregulate TOR 

and induce a dietary restriction-like response masking the effects of downregulating our 

translation-associated proteins.  None of the lines was resistant when tested, and in fact, 

S1106>eEF2 RNAi was more sensitive to this stress, having the experimental flies a medium 

lifespan of 11.7 days and maximum of 16.1 days compared to the control that had 14.7 days 

median and 18 days maximum lifespan (p=5.09 x10-10, χ2 log-rank test); similarly, the shorter-

lived S1106>eIF4G RNAi experimental flies had 17.2 days median and 22.6 days maximum 

lifespan compared to the control 18.7 days median and 21.6 days maximum lifespan (p=0.008, 

χ2 log-rank test) (Fig. 3.5.). Thus, both one of the longer-lived lines and the shorter-lived line 

were sensitive to induced-ER stress.  

Exposure to high temperature happens in the wild to many organisms, which try to 

cope with this stress by inducing the highly evolutionary conserved heat shock response 

(Akerfelt et al., 2010). Thus, it is often examined if longer-lived organisms have also improved 

survival under heat shock. Our S1106>UAS-RNAi flies were exposed to 38°C as described in 

Materials and Methods 2.2.2. Only eIF4G showed an increased resilience to heat shock, having 

S1106>eIF4G RNAi experimental flies a median survival of 27.5 minutes compared to the 

control’s 22.5 minutes (p=0.006, χ2 log-rank test) (Fig. 3.6.). The rest of the flies tested 

(S1106>eIF4E RNAi, S1106>eEF2 RNAi and S1106>RPS23 RNAi) had no statistically significant 

changes compared to the control flies (Fig. 3.6.). This means that only the shorter-lived flies 

were resistant to heat shock stress and hence they probably have a better heat shock 

response.  
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Figure 3.5. Survival of the S1106>UAS-RNAi flies exposed to the ER stressor tunicamycin. 
Survival curves showing the survival over a 30 day period of the S1106 flies treated with 
tunicamycin dissolved in holidic media and supplemented either with RU486 (solid lines) or 
ethanol (dashed lines). 150 mated female flies in were tested. The p values between the 
survivorship data of the flies fed RU486 and the ones fed ethanol control were calculated 
doing a χ2-log-rank test: A) Control p= 0.5, B) S1106>eIF4E RNAi p=0.19, C) S1106>eIF4G 
p=0.0088, D) S1106>eEF2 test p= 5.09 x10-10 and E) S1106>RPS23 test p=0.266.  
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Figure 3.6. The resistance of the S1106>UAS-RNAi flies to heat shock.  The flies were subjected 
to 39°C and the number of irresponsive flies was scored every 5 minutes. There were 15 flies in 
each vial, and 3 vials per condition were tested. Solid lines correspond to flies that had been fed 
food supplemented with RU486 whereas the dashed lines correspond to flies fed the control 
ethanol food. The p values between the survivorship data of the flies fed RU486 and the ones 
fed ethanol control were calculated doing a χ2-log-rank test: A) Control p= 0.06, B) S1106>eIF4E 
RNAi p=0.53,C) S1106>eIF4G p=0.0026, D) S1106>eEF2 test p= 0.037 and S1106>RPS23 test 
p=0.88.  

We then studied the healthspan of the S1106>UAS-RNAi flies by assessing their 

fecundity. Fecundity is commonly linked to ageing, with several lifespan-extending 

interventions such as dietary restriction or downregulation of IIS leading to decreased 

fecundity (Partridge et al., 2005). Nevertheless, reduced fecundity and increased lifespan can 

be also uncoupled in Drosophila, with long-lived Indy mutants, flies treated with sirtuin 

activating factors or by excluding methionine from the diet having increased and non-affected 
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fecundity (Rogina et al., 2000, Wood et al., 2004, Grandison et al., 2009). A common way of 

studying fecundity in female flies is by counting the number of eggs they lay over a period of 

time, so we counted the number of eggs laid over 24 hours once a week during 6 weeks laid by 

mated flies that were also being assessed for lifespan. The fecundity measurement showed 

that, although the experimental flies had a slight tendency to have fewer eggs, this was not 

significant except in the case of the shorter-lived S1106>eIF4G RNAi, which laid only an average 

of 12 eggs/female compared to an average 30 eggs/female (p=0.0049, Welch’s test) (Fig. 3.7.). 

Therefore, we obtained a lifespan extension independent of fecundity reduction.  

 

Figure 3.7. Fertility assessment of the S1106>UAS-RNAi flies. The number of eggs laid by 15 flies 
for 24 hours was counted once a week for 6 weeks, a total of five vials per condition were 
studied. The average of the sum number of eggs per average female was calculated and plotted 
here ±SEM.  Experimental flies fed RU486 (red) can be compared to their control siblings fed 
ethanol food (blue). The p-value of the data for the RU486- compared to the data for the RU486+ 
was calculated doing a Welch’s t-test, **p≥0.005. Control p= 0.44, S1106>eIF4E RNAi n.s, 
S1106>eIF4G RNAi p=0.0049, S1106>eEF2 RNAi n.s and S1106>RPS23 RNAi n.s.  

Another health parameter that was studied in our S1106>UAS-RNAi flies was the 

senescence of their negative geotaxis behaviour. Negative geotaxis, or climbing assay, is an 

innate behaviour that flies show when they are contained in a vial and the vial is tapped, they 

climb up the surface to the top of the vial (Jones and Grotewiel, 2011). This behaviour has 

been widely studied and it is known to decline with age; thus, when a longer-lived mutant 



The role of decreased protein synthesis in delaying ageing                      | Martínez Miguel, V.E. 

 

145 
 

climbs better it is considered to be healthier.  When the climbing assay was performed in our 

flies (see Materials and Methods 2.2.1), the longer-lived S1106>eIF4E RNAi and S1106>eEF2 

RNAi had improved performance index at older ages, especially at week 5 (p= 0.008 and 

p=0.014 respectively, Student t-test) (Fig. 3.8. B). In addition, S1106>eEF2 RNAi had also 

improved performance index at week 6 (p=0.0065, Student t-test) compared to its control. 

Nevertheless, the also longer-lived S1106>RPS23 RNAi showed a tendency to have better 

performance index at week 5 but it was not statistically significant (Fig. 3.8. D). On the other 

hand, the shorter-lived S1106>eIF4G RNAi had impaired performance index both at week 4 

(p=0.0003, Student t-test) and 6 (p= 0.019, Student t-test) compared to the control (Fig. 3.8. C). 

This demonstrates that our lifespan results consisting of downregulation of translation-related 

factors is correlated with healthspan.  

 

Figure 3.8. Assessment of the senescence of negative geotaxis in the S1106>UAS-RNAi flies. 
The average performance index (n=3) for each week was calculated and plotted ±SEM; solid lines 
correspond to experimental flies that had been fed food supplemented with RU486 whereas the 
dashed lines correspond to flies fed the control ethanol food. For the control, eIF4E RNAi and 
eEF2 RNAi 10 vials with 15 flies in each were tested, for eIF4G and RPS23 RNAi 5 vials were tested 
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with 15 flies in each. The p-value of the data for the RU486- compared to the data for the RU486+ 
was calculated doing a student t-test, *p≥0.05: A) Control n.s. B) S1106>eIF4E RNAi week1, 3, 4 
and 6 n.s.; week 2 p=0.0216 and week 5 p=0.008. C) S1106>eIF4G RNAi week 1 and 2 n.s.; week 
4 p=0.02 and week 6 p=0.038. D) S1106>eEF2 RNAi week 1, 2 and 4 n.s.; week 3 p=0.042; week 
5 p=0.144 and week 6 p=0.0065. E) S1106>RPS23 RNAi n.s. 

 3.2.1.3. Downregulation of translation-associated proteins by RNAi 

in metabolic tissues does not alter signalling pathways related to 

protein synthesis 

To asses if our S1106>UAS-RNAi flies had altered protein synthesis through other 

signalling pathways, we measured the levels of phosphorylation of eIF2α at serine 51, p70 S6K 

at threonine 389 and 4EBP at threonine 37/46. For this purpose, we dissected the fat body and 

intestines of the flies, as these were the tissue where translation factors were downregulated, 

and we subjected these tissues to immunoblotting as described in Materials and methods 2.4. 

eIF2α is phosphorylated, and hence inactivated, under stress conditions to inhibit protein 

synthesis (Kimball, 1999). In our flies, there was no statistical difference in the level of 

phosphorylation of eIF2α between the experimental flies and their respective controls, not 

even in the S1106>eIF4G RNAi flies which had the most pronounced phenotypic changes in 

reduced lifespan, climbing and egg laying (Fig. 3.9.). pS6K is a Ser/Thr protein kinase that 

phosphorylates RPS6 and it is involved in the control of 5’ oligopyrimidine tract mRNAs (Pullen 

and Thomas, 1997). Its phosphorylation at Thr389 by mTOR and Akt leads to activation of pS6K 

(Miron et al., 2003, Fenton and Gout, 2011). S1106>eIF4G RNAi showed a statistically 

significant increase in the level of phosphorylated pS6K (p=0.009, Student t-test) (Fig. 3.9.). 

Finally, 4EBP is an inhibitor of cap-dependent translation through binding and sequestration of 

eIF4E; when 4EBP is hyperphosphorylated, it becomes inactive and hence cap-dependent 

translation can occur (Pause et al., 1994). None of our flies showed a significant difference in 

the level of phospho-4EBP normalised to total 4EBP; however, eIF4E and eIF4G consistently 

showed a reduction of both phospho and non-phospho 4EBP compared to their respective 

controls (Fig 3.9. C). This could be due to degradation of any hypophosphorylated free 4EBP 

when the level of eIF4F is low (Salaun et al., 2003), as the stoichiometry of eIF4F and 4EBP is 

tightly linked (Josse et al., 2016, Alain et al., 2012).  



The role of decreased protein synthesis in delaying ageing                      | Martínez Miguel, V.E. 

 

147 
 

 

Figure 3.9. Levels of phosphorylation of eIF2α (Ser51), pS6K (Thr389) and 4EBP (Thr 37/42) in 
the gut and fat body of the S1106>UAS-RNAi flies.  A), B) and C) S1106>UAS-RNAi flies fed RU486 
are represented in red and flies fed the control food are represented in blue. The levels of 
phosphorylated protein and total protein were normalised to their corresponding GAPDH levels 
before calculating the ratio between phosphorylated and total protein. Three independent 
experiments with total six samples (with 6 dissected flies in each, approximately 30 µg of protein 
loaded per lane) for eIF2α and 4EBP and 3 samples for pS6K. The average were calculated and 
are represented here ±SEM. The p-value between the RU486- and the RU486+ data was 
calculated with a Student’s t-test, *p≤0.05: B) S1106>eIF4G RNAi pS6K (Thr389) p=0.0091. D) 
Representative images of the anti-phospho and total proteins plus their corresponding anti-
GAPDH.  
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3.2.1.4. Measurements of de novo protein synthesis in flies with 

downregulated translation-associated proteins by RNAi in metabolic 

tissues 

Some of the longevity studies in C. elegans in which different translation-associated 

factors and ribosomal proteins were downregulated or knocked out showed that the overall 

newly synthesized protein was also reduced by comparing the relative levels of 35S-methionine 

incorporation (Hansen et al., 2007, Pan et al., 2007). Therefore, we tried to measure the level 

of de novo protein synthesis in the fat body, in which translation-associated proteins were 

downregulated by RNAi. Here we should note that we did not use the intestine, although 

S1106 also drives expression of UAS-RNAi in this organ, in order to avoid potential labelling of 

the microbiota’s peptides and hence cross-contaminate our samples. For this purpose we 

dissected the fat body and incubated them in a solution containing puromycin dihydrochloride, 

a tRNA analogue that can get incorporated into newly-synthesized polypeptide chains allowing 

its detection by immunoblotting with an anti-puromycin monoclonal antibody (Deliu et al., 

2017, Filer et al., 2017) (see Materials and Methods 2.4).  

We optimised the method by trying different ways of incubating the dissected samples 

in the puromycin solution; a) we tried pinning the tissue down and covering it with Schneider’s 

media containing puromycin, b) we left the tissues in microcentrifuge tubes with puromycin 

median without mixing or c) we incubated the samples in a Thermomixer with continuous 

gentle mixing (Fig. 3.10.). We saw that the highest measured levels of puromycin with the least 

variability were obtained when we vortexed the samples, so the rest of experiments were 

performed this way. When we tested the S1106>UAS-RNAi flies, we saw that despite the 

tendency in reduced translation found in the experimental flies, especially S1106>eIF4E RNAi, 

S1106>eIF4G and S1106>RPS23, we still saw variability within the replicate samples and hence 

no significant differences (Fig. 3.11.).  
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Figure 3.10. Sample preparation optimization for the puromycin-based assay to measure de 
novo protein synthesis. The samples had to be incubated in puromycin dihydrochloride 
dissolved in Schneider (10 µg/ml) for 30 minutes at room temperature; thus, to optimise tissue 
absorption we tried diverse ways of incubating the sample. We dissected the fat bodies of 
outbred wDah female flies and we either pinned the samples down and covered them with the 
puromycin-Schneider solution (left part of the membrane), we left the samples in 
microcentrifuge tubes with the solution (middle part of the membrane), or we had these 
samples in a thermomixer (right part of the membrane). We saw that the highest level of 
puromycin detection and less variability between samples was seen in the immunoblot of the 
samples that had been mixed throughout the incubation period.  
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Figure 3.11. Relative levels of de novo protein synthesis in the fat bodies of flies with 
downregulated translation-associated proteins and their relative controls. We treated the 
fat body samples with puromycin dihydrochloride and detected the level of de novo protein 
synthesis by using a monoclonal antibody against puromycin in A) control flies fed control food 
or RU486, B) S1106>eIF4E RNAi fed control or RU486 food; C) S1106>eIF4G RNAi fed control or 
RU486 food; D) S1106>eEF2 RNAi fed control or RU486 food; E) S1106>RPS23 RNAi fed control 
or RU486 food. F) We normalised the data by their corresponding levels of GAPDH and to the 
control fed control EtOH food. Eight samples (with 3 fat bodies in each) for each condition from 
two independent experiments were analysed and the average calculated and plotted here 
±SEM. We calculated the p values between the flies fed RU486 and the flies fed the control 
food using 1 way ANOVA, and no statistical difference was found.   
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If variability of this assay comes from unequal puromycin administration in the fat 

body tissue, then puromycin translation assay in the S2R+ cells should give more consistent 

results. Therefore, we decided to downregulate these same proteins in Drosophila S2R+ cells 

using dsRNA and measure the consequent effect on de novo protein synthesis also using the 

puromycin-based assay. For this, we downregulated eIF4E, eIF4G, eEF2 and RPS23 using 

double-stranded RNA (dsRNA)-mediated interference (Clemens et al., 2000, Kao and Megraw, 

2004) (see Materials and Methods 2.9.). Celia Lujan used the same primers that the RNAi lines 

we used in the flies to create the dsRNA and she corroborated the efficacy of the RNA 

interference by subjecting measuring the abundance of RNA using RT-qPCR (see Materials and 

Methods 2.3.). The RT-qPCR allowed us to see a clear dose response to the increasing 

concentration of dsRNA (Fig. 3.12.). The cells treated with 50 ng/ml dsRNA against eIF4E had 

95 % downregulation of this factor’s mRNA (p=5.7 x10-6, Student t-test), with 12.5 ng/ml they 

had 90% reduction (p=1 x10-5, Student t-test), with 3.125 ng/ml the cells had 83.5% reduction 

(p=1.9 x10-5, Student t-test) and with 0.78 ng/ml they had 63.5% reduction (p=2.2 x10-5, 

Student t-test). When treated with 50 ng/ml dsRNA against eIF4G the cells had 90.5% 

downregulation of this factor’s RNA (p=1.4 x10-4, Student t-test), with 12.5 ng/ml they had 89% 

reduction (p=1 x10-4, Student t-test), with 3.125 ng/ml they had  82.5% reduction (p=1.2 x10-4, 

Student t-test) and with 0.78 ng/ml the cells had 65.5% reduction (p=7.9 x10-4, Student t-test). 

The cells treated with 50 ng/ml dsRNA against eEF2 had 92.5 % downregulation of this factor’s 

RNA (p=1.6 x10-5, Student t-test), with 12.5 ng/ml they had 90.5% reduction (p=1.7 x10-5, 

Student t-test), with 6.25 ng 85.5% reduction (p=2 x10-5, Student t-test) and with 0.78 ng/ml 

they had 76% reduction (p=2 x10-4, Student t-test).  Finally, using 50 ng/ml dsRNA against 

RPS23 reduced the level of the RNA encoding this ribosomal protein by 66% (p=4 x10-6, 

Student t-test), using 12.5 ng/ml by 56.5% (p=1.1 x10-4, Student t-test), using 3.125 ng/ml by 

47% (p=3 x10-4, Student t-test) and with 0.78 ng/ml there was a 15.5% reduction (p=5.5 x10-4, 

Student t-test). These results gave us an idea of how efficient the dsRNA treatment in S2R+ 

cells were, and surprisingly showed how relatively low concentrations of dsRNA suffice for 

potent downregulation of gene expression. To replicate the milder downregulation of the 

translation-associated proteins that we have in the S1106>UAS-RNAi flies, we decided to lower 

the dose of dsRNA for the puromycin-based measurement of de novo protein synthesis. 
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Figure 3.12. Relative abundance of RNA encoding for each translation-associated protein in 
S2R+ cells treated with decreasing amounts of dsRNA downregulating eIF4E, eIF4G, eEF2 or 
RPS23. A RT-qPCR was performed to measure the RNA abundance of each factor of interest in 
cells treated with dsRNA. Two samples were studied (12 wells from a 48 well plate mixed in 
each sample) for each condition. The values were normalised by the level of Actin 5C RNA of 
each individual sample and then they were relativized to the normalised average of the 
control. The averages ±SEM are plotted here and the p values between the cells treated with 
dsRNA and the untreated control were calculated using a Student t-test, **≤0.005:  A) eIF4E 
dsRNA 50 ng/ml p=5.7 x10-6; 25 ng p=1 x10-5; 3.125 ng/ml p=1.9 x10-5 and 0.78 ng/ml p=2.2 
x10-5. B) eIF4G dsRNA 50 ng/ml p=1.4 x10-4; 25 ng p=1 x10-4; 3.125 ng/ml p=1.2 x10-4 and 0.78 
ng/ml p=7.9 x10-4. C) eEF2 dsRNA 50 ng/ml p=1.6 x10-5; 25 ng p=1.7 x10-5; 3.125 ng/ml p=2 x10-

5 and 0.78 ng/ml p=2 x10-4. D) RPS23 dsRNA 50 ng/ml p=4 x10-6; 25 ng p=1.1 x10-4; 3.125 ng/ml 
p=3 x10-4 and 0.78 ng/ml p=5.5 x10-4. 
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Figure 3.13. Relative levels of de novo protein synthesis in S2 cells treated with several 
concentrations of dsRNA against the translation-associated proteins, eIF4E, eIF4G, eEF2 and 
RPS23. We measured de novo protein synthesis by incubating with puromycin cells that had 
been previously treated with dsRNA for 72 hours: A) control (no dsRNA) treatment B) dsRNA 
interfering with eIF4E, C) dsRNA interfering with eIF4G, D) dsRNA interfering with eEF2 and E) 
dsRNA interfering with RPS23. These cells were then subjected to immunoblotting and we 
detected the level of puromycin in each sample. Eight samples were analysed for the control 
(for each sample 6 wells from a 48 well plate were mixed) and three samples were used for 
the rest of the conditions. F) The level of relative puromycin was normalised against the 
corresponding total protein in the membrane detected by Ponceau staining and the average 
calculated. The averages ±SEM are plotted here and the p values between the treated cells 
and the control were calculated using 1 way ANOVA and no statistical significance was found.   

To mimic the RNAi efficiency obtained in the S1106>UAS-RNAi flies, we aimed to 

downregulate the expression of each translation-associated protein to the same level that was 

found in the RT-qPCR previously shown. Therefore, we aimed to downregulate eIF4E by 

approximately 37%, so we used 0.4 ng/ml, 0.2 ng/ml and 0.1 ng/ml dsRNA in the S2R+ cells. 

For eIF4G, we aimed to downregulate this factor by 42%, so we used 0.4 ng/ml, 0.2 ng/ml and 

0.1 ng/ml dsRNA too. For eEF2, the desired downregulation was of 34%, so we used 0.1 ng/ml, 
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0.05 ng/ml and 0.025 ng/ml dsRNA. For RPS23, we wanted to downregulate this factor by 58%, 

so we used 25 ng/ml, 12.5 ng/ml and 6.25 ng/ml dsRNA. After 72 hours treatment with the 

specific dsRNA, we supplemented the cells with puromycin and detected the level of this 

chemical through immunoblotting (see Materials and Methods 2.4.). Again, we saw a tendency 

in the cells treated with these factors to have reduced levels of puromycin incorporation; 

however, these values were not statistically significant nor dose responsive (Fig. 3.13.). In 

order to reliably assess translation in these long-lived mutants, translation measurements 

using puromycin in vivo and in vitro will be repeated and the assay optimized to achieve less 

variability.  

3.2.1.5. Translation fidelity examination in flies with downregulated 

translation factors by RNAi in metabolic tissues 

One of the main questions that we wanted to answer was if the downregulation of 

translation through a decrease in translation factors leads to improved translation fidelity. 

Unfortunately, it was not possible to measure the levels of translation accuracy in our 

S1106>UAS-RNAi flies. We adapted a dual luciferase reporter based on yeast studies to be 

injected in flies using the pUAST-attB vector, to which we cloned the Heat-Shock promoter 

(see Materials and Methods 2.6.1). Heat shock promoter is a mild promoter under optimal 

25°C and we chose it over the stronger Actin and Tubulin promoters to avoid potential 

artefacts linked to very high levels of overexpression of the reporter protein. A double mutant 

of translation fidelity luciferase-reporter flies and the S1106 driver was generated to measure 

translation accuracy in S1106>UAS-RNAi flies. However, the level of luminescence was too low 

in the dissected intestine and fat body tissues where S1106 driver was active, as the reporters 

were mainly expressed in the head and thorax (data not shown). Nevertheless, in Chapter 5. 

Results below, the reporters were used for measurement of translation fidelity in young and 

old flies, based on the signal coming from the head and thorax. A novel reporter was 

constructed using the ubiquitin promoter and it will be used in the future to measure how 

downregulation of translation factors impacts translation fidelity.  

3.2.1.6. Epistasis measurements using paromomycin 

We then wondered how the S1106>UAS-RNAi flies respond to an increase in 

translation errors. For this, we fed the flies with paromomycin, an antibiotic known to increase 

the level of mistranslation by triggering conformational changes in the ribosome (Ogle et al., 

2001). We decided to use 800 µM paromomycin dissolved in 1 SYA with or without RU486 

based on our data with S2R+ cells and after testing three different concentrations in the 
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control S1106 flies (see Chapter 4. Results). In this pilot, we saw no effect of 600, 800 and 1000 

µM on the lifespan of our control flies (Fig. 3.14.). Nonetheless, when we later tested these 

concentrations in our S1106>UAS-RNAi flies, we saw a small beneficial effect of the flies fed 

paromomycin compared to the flies without it (data not shown). We then decided to see if this 

was due to the antibacterial action of paromomycin, so we supplemented the food of the flies 

with 60 mg/L ampicillin, as some antibiotics have already been reported to extend lifespan in 

Drosophila (Loch et al., 2017, Brummel et al., 2004). In fact, when we tested ampicillin-

supplemented food, we also saw a beneficial effect of this antibiotic on our flies. The S1106 

control flies had 69.5 days median lifespans when fed either RU486 or ethanol-supplemented 

media, whereas when fed ampicillin either with or without RU486, they had 74 days median 

lifespans (p=5.2 x10-10, p=2.1 x10-6, χ2 log-rank test) (Fig. 3.14. A). When ampicillin was tested 

in S1106>eIF4E RNAi flies they also lived longer when given the antibiotic. The control 

S1106>eIF4E RNAi flies fed control food had 69.5 median lifespans, whereas when fed ethanol-

ampicillin media they had 72 days median lifespan (p=0.002, χ2 log-rank test) (Fig. 3.14. B). The 

long-lived S1106>eIF4E RNAi had an even longer lifespan when fed ampicillin: the flies fed 

RU486 had 74 days median lifespan and the flies fed RU486 and ampicillin had 76.5 days 

median lifespan (p=1.13 x 10-5, χ2 log-rank test) (Fig. 3.14. C).  

 

Figure 3.14. Optimisation of the conditions required for the paromomycin epistasis 
experiment. A) The control flies were fed different concentrations of paromomycin (600 µM 
orange, 800 µM brown and 1000 µM grey lines), the p values between the survivorship data of 
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the experimental flies supplemented with paromomycin compared to the flies supplemented 
ethanol were calculated doing a χ2-log-rank test: Control 600 µM paromomycin; control 800 µM 
paromomycin and control 1000 µM paromomycin n.s. B) These control flies were also later fed 
ampicillin (green lines), with (solid line) or without RU486 (dashed line), the p values between 
the survivorship data of the experimental flies supplemented with ampicillin and/RU486 
compared to the flies supplemented ethanol control food were calculated doing a χ2-log-rank 
test: Control fed RU486+ n.s.; Control on ampicillin p=2.14 x10-6 and control on RU486+ with 
ampicillin p=4.98 x10-8. C) S1106>eIF4E RNAi was also fed ampicillin in the presence of RU486 
(green solid line) or not (green dashed line).  The p values between the survivorship data of the 
experimental S1106>eIF4E RNAi flies fed RU486+ (either also supplemented with ampicillin or 
control) and the sibling control flies fed ethanol-supplemented food (either also supplemented 
with ampicillin or control) were calculated doing a χ2-log-rank test: S1106>eIF4E RNAi RU486+ 
vs. control on ethanol food p= 0.033; S1106>eIF4E RNAi RU486+ with ampicillin vs. control on 
ampicillin food p= 0.0036; control on ampicillin vs. control eIF4E on control food p= 0.002. 
Around 150 mated female flies per condition were used.   

After these results, we bleached both the S1106 and the RNAi stocks to remove any 

harmful bacteria. Otherwise, paromomycin might have a dual effect on lifespan: lifespan 

prolongation mediated by removal of harmful bacteria in the gut and lifespan shortening 

through increase of erroneous proteins. The fly eggs were bleached, and a few generations 

post-bleaching the progeny were then used to test the effects of paromomycin. In this 

experiment, 800 µM paromomycin slightly shorted the lifespan of the control flies, when fed 

RU486 or the ethanol control (p=5.8 x10-7 and p=0.0007 respectively, χ2 log-rank test). 

S1106>eIF4E RNAi flies when they were fed paromomycin and RU486 or the ethanol 

supplemented food had 56 days median lifespan, whereas the S1106>eIF4E RNAi flies given 

just RU486 had a longer 63 days median lifespan and the flies with ethanol and paromomycin 

had shorter 53.5 median lifespans (Fig. 3.15. B). Therefore, feeding paromomycin shortened 

the lifespan of both the experimental and control S1106>eIF4E RNAi flies (p=8.39 x10-12 and 1.4 

x10-10 respectively, χ2 log-rank test). Paromomycin also decreased the lifespan of both the 

experimental and control S1106>eEF2: S1106>eEF2 RNAi fed RU486 supplemented food had 63 

days median lifespan, compared to S1106>eEF2 RNAi fed both RU486 and paromomycin that 

had 60 median lifespans (p= 0.006, χ2 log-rank test) (Fig. 3.15. D). The control eEF2 RNAi flies 

fed ethanol and paromomycin supplemented food had a shorter lifespan than the flies fed only 

ethanol, 56 and 60.5 days median lifespans respectively (p=8.3 x10-11, χ2 log-rank test) (Fig. 

3.15. D). S1106>RPS23 RNAi flies, however, had shorter lifespan on paromomycin only when 

they were also fed RU486 and hence RPS23 was downregulated; the flies fed paromomycin 

and RU486 had a median lifespan of 63 days compared to 67.5 days median lifespan of the 

experimental flies (p=3.3 x10-7, χ2 log-rank test) (Fig. 3.15. E). The flies fed control ethanol-

supplemented food with or without paromomycin both had 63 median lifespans; therefore 

they were not affected by this antibiotic. In addition, it should be noted that S1106>eIF4E RNAi 
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lived longer than its control (p=6 x10-23, χ2 log-rank test), S1106>eEF2 also lived longer (p=2.4 

x10-16, χ2 log-rank test) and S1106>RPS23 RNAi did too (p=5.2 x10-11, χ2 log-rank test).  

Therefore, paromomycin stopped the lifespan extension of downregulation in metabolic 

tissues of eIF4E, eEF2 or RPS23, making the lifespans be as the ones of the control flies. In 

addition, the shorter-lived S1106>eIF4G RNAi flies were even shorter-lived when they were 

supplemented with paromomycin (p= 7 x10-4, χ2 log-rank test compared to S1106>eIF4G flies 

fed only RU486) (Fig 3.15. C). Interestingly, the control S1106>eIF4G RNAi flies were also 

shorter lived in the presence of paromomycin (p= 5.44 x10-11, log-rank test compared to 

control S1106>eIF4G flies fed control food). Thus, paromomycin had a detrimental effect in 

both experimental S1106>eIF4G flies and controls.  

Therefore, in the presence of paromomycin, the lifespans of eIF4E, eEF2 and eIF4G 

RNAi lines were shifted to the left and longevity proportionally shortened on both the control 

and the RU486-GS-inducing food; thus, increased protein errors by paromomycin equally 

affected controls and long-lived lines (Fig. 3.15.). This shift to the left is less pronounced in 

RPS23 RNAi line, where it appears that paromomycin treatment abolished longevity and where 

longevity of S1106>RPS23 RNAi on RU486 and paromomycin food is nearly undistinguishable 

from the non-induced condition and the control. It could be that increased accuracy has a role 

in longevity by RPS23 downregulation and not in the other RNAi lines. We aimed to use a 

concentration of paromomycin low enough that would not affect longevity of the control flies 

and that would abolish the lifespan extension of the mutants, in case their longevity was 

mediated by an increase in translation accuracy. However, it is difficult to achieve such careful 

paromomycin dosage, and in the future, it would be good to repeat these experiments with 

several paromomycin concentrations. An additional cofounding factor in these experiments is 

that the feeding behaviour of these flies could affect paromomycin intake. In sum, future 

measurement of accuracy using the dual-luciferase reporters will clarify the role of accuracy in 

these mutants.  
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Figure 3.15. Effect of paromomycin on the survival of S1106>UAS-RNAi flies. To activate the 
UAS-RNAi system flies were fed RU486 (red solid lines). As a control, the sibling flies were fed 
ethanol-supplemented food (blue solid lines). 800 µM paromomycin was given to flies fed 
RU486 (red dashed lines) or control food (blue dashed lines). Around 150 mated female flies per 
condition were used. The p values between the survivorship data of the flies were calculated 
doing a χ2-log-rank test: A) Control flies fed RU486+ vs. control flies on control food p= 3.9 x10-

7; control flies on RU486 with paromomycin vs. control flies on RU486 p= 7 x10-4  and control flies 
on paromomycin vs. control flies on control food  p= 5.84 x10-7. B) S1106>eIF4E RNAi on RU486 
vs. eIF4E RNAi control flies on control food p= 6 x10-23; S1106>eIF4E RNAi on RU486+ and 
paromomycin vs. S1106>eIF4E RNAi flies on RU486 p= 8.39 x10-12 and eIF4E RNAi control flies on 
paromomycin vs. eIF4E RNAi control flies without p= 1.48 x10-10. C) S1106>eIF4G RNAi on RU486 
vs. eIF4G RNAi control flies on control food p= 0.001; S1106>eIF4G RNAi on RU486 with 
paromomycin vs. S1106>eIF4G RNAi flies on RU486 p= 7 x10-4 and eIF4G RNAi control flies on 
paromomycin vs. eIF4G RNAi control flies without p= 5.44 x10-11. D) S1106>eEF2 RNAi on RU486 
vs. eEF2 RNAi control flies on control p= 2.44 x10-16; S1106>eEF2 RNAi on RU486 with 
paromomycin vs. S1106>eEF2 RNAi flies on RU486 p= 0.006 and eEF2 RNAi control flies on 
paromomycin vs. eEF2 RNAi control flies without p= 8.2 x10-11. E) S1106>RPS23 RNAi RU486 vs. 
RPS23 RNAi control flies on control food p= 5.2 x10-11; S1106>RPS23 RNAi on RU486 with 
paromomycin vs. S1106>RPS23 RNAi flies on RU486 p= 3.3 x10-7  and RPS23 RNAi control flies on 
paromomycin vs. RPS23 RNAi control flies without  p= 0.023.  
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In addition, we counted the eggs of the flies fed paromomycin to see how this error 

inducing antibiotic affected their fecundity. The only RNAi line that was significantly affected 

by paromomycin was eEF2, which when fed the control food with paromomycin, had fewer 

eggs than the flies fed just the control food (p=0.0096, Welch’s test) (Fig. 3.16. D). 

Interestingly, when the S1106>eEF2 RNAi flies were fed RU486 and paromomycin there was a 

rescue of this phenotype and the flies did not lay significantly fewer eggs than the flies just fed 

RU486 (Fig. 3.16 D). The shorter-lived S1106>eIF4G RNAi laid fewer eggs than their controls, 

independently of the presence or absence of paromomycin on the food (p=0.0028 and 

p=0.0079 respectively, Welch’s test) (Fig. 3.16. C). 

 

Figure 3.16.  Effect of paromomycin on the fertility of S1106>UAS-RNAi flies. The flies were fed 
800 µM paromomycin supplemented food with (red dotted columns) or without (blue dotted 
columns) RU486 and the number of eggs laid over a period of 24 hours was counted once a week 
for 6 weeks. Five vials with 15 flies in each were studied for each condition, run in parallel to the 
lifespan analysis. Data shown here are the average cumulative number of eggs per average 
female ± SEM. The p values between were calculated with a Welch’s t-test * p≤0.05 **p≤0.005: 
A) Control, n.s. B) S1106>eIF4E RNAi n.s. C) S1106>eIF4G RNAi vs control eIF4G RNAi p=0.0079 
and S1106>eIF4G RNAi on paromomycin vs control eIF4G RNAi on paromomycin p=0.0028. D) 
Control eEF2 RNAi vs control eEF2 RNAi on paromomycin p=0.0096. E) S1106>RPS23 RNAi n.s. 
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3.2.1.7. Conclusions about the effect on Drosophila’s longevity of 

downregulating translation-associated proteins by RNAi 

The results explained in this section show that downregulating eIF4E, eEF2 and RPS23 

in the flies’ metabolic tissues can extend their lifespan and improve their health span, the 

latter shown by the negative geotaxis. However, this does not give the flies resistance against 

tunicamycin or heat shock stresses. Downregulating eIF4G in Drosophila’s metabolic tissue 

decreases the lifespan and health span of the flies (both negative geotaxis and fecundity), but 

it confers resistance against heat shock. This suggests that stress resistance does not always 

correlate with longevity. Also, only this short-lived genotype had higher levels of 

phosphorylated pS6K (Thr389).  In addition, several attempts were carried out to measure the 

level of de novo protein synthesis, but unfortunately, no conclusive results were obtained. The 

error-inducing paromomycin decreases the lifespan (but not the fertility) of flies with 

downregulated eIF4E, eIF4G, eEF2 and RPS23 but the lifespan of their respective controls is 

also shortened by paromomycin.  
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3.3. Discussion 
 

3.3.1. Ubiquitously downregulating certain translation-

associated factors in adult flies can be detrimental, but their 

downregulation in the fat body and intestine can extend 

lifespan   

We aimed to study the effect of downregulating translation in Drosophila’s lifespan, 

and resembling the studies carried out in C. elegans (Hansen et al., 2007, Hamilton et al., 2005, 

Curran and Ruvkun, 2007, Syntichaki et al., 2007a, Pan et al., 2007), we first used the 

ubiquitous inducible driver Actin GS. Unlike in the worm studies, we saw that all the RNAi lines 

tested had a negative or non-apparent effect on lifespan, with the exception of CG4849, which 

although it was annotated as eEF2, it actually corresponds to the splicing factor EFTUD2 

(Lasko, 2000, Marygold et al., 2017). This means that the decrease of expression of these 

factors in the whole body of adult flies with the standard 200 µM concentration of RU486 we 

used, was detrimental; for this reason, we decided to use the S1106 driver, which drives the 

expression of the GAL4-UAS system only in the flies’ metabolic tissues (i.e. the fat body and 

intestines) and that has been linked to longevity and it has already been used in lifespan 

experiments (Hwangbo et al., 2004, Giannakou et al., 2004, Alic et al., 2011).  

In our screen using this driver, we found that downregulation in the fat body and 

intestine by RNAi of the expression of eIF1 (CG17737), eIF3-S8 (CG4954), eIF3-S10 (CG9805), 

eIF4E (CG4035), eEF2 (CG2238), RPS23 (CG8415), mitochondrial RPS23 (CG1842) and myc 

(CG10798) increased lifespan. It is important to note that the initiation factors eIF1, eIF3 and 

eIF4E have already been shown to be related to ageing in adult C. elegans, but RPS23, 

mitochondrial RPS23 and eEF2 had not (Pan et al., 2007, Syntichaki et al., 2007a). Interestingly, 

flies with downregulated eIF4G (CG10811) had shorter lifespan than the controls, even when 

10 times less RU486 was supplemented, although worms with downregulated ifg-1 (worm’s 

homolog of eIF4G) had improved longevity (Hansen et al., 2007, Curran and Ruvkun, 2007, Pan 

et al., 2007). Furthermore, some factors that had a robust lifespan extension when 

downregulated in adult worms did not increase lifespan in our screen, namely RPL9 (CG6141), 

RPL19 (CG2746) or RPS3 (CG6779). These inconsistencies between worms and flies could be 

explained by several reasons. One of the causes could be that these factors do not affect 

longevity through metabolism, so their downregulation in this tissue was not enough for 

lifespan extension. Another possibility is that the functions of these proteins are slightly 

different between yeast, worms and flies and hence their effect on longevity differs.  Another 
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reason for these variances in the effects seen between model organisms could be that the 

level of downregulation mediated with the S1106 RNAi driver was not appropriate for lifespan 

extension for these genes. It is common in ageing studies that too low levels of expression 

alteration do not lead to a longevity phenotype while too strong downregulation is 

detrimental, and it is challenging to determine the appropriate alteration of expression. 

Finally, another possibility to take into account is that these RNAi lines might not be silencing 

the gene of expression of the protein of interest, as either, they do not work or have an off-

target. Unfortunately, it was not feasible to corroborate this in all the lines of our focused 

screen, so we had to carry the RT-qPCRs only for the lines in which we decided to focus.  

We decided to concentrate on eF4E, eIF4G, eEF2 and RPS23 because these lines gave 

the most robust lifespan extension we observed and where possible, they had replicate results 

with various independent RNAi lines. In addition, the selection of these lines could give further 

insights into the longevity effects of downregulation of translation initiation, elongation and 

ribosomal biogenesis. We performed a quantitative PCR to measure the level of expression of 

these factors in our flies with downregulation by the S1106-UAS-GAL4 system, and we saw that 

all of them were at least 30% downregulated. Nonetheless, we have still not corroborated if 

the levels of global protein synthesis are altered in these flies. Thus, we worked on optimizing 

for our tissues of interest a method based on the use of puromycin dihydrochloride, a tRNA 

analogue that gets incorporated into newly-synthesized peptides causing premature chain 

termination and allowing its detection in immunoblotting with a puromycin antibody (Deliu et 

al., 2017, Filer et al., 2017). This, together with the results obtained in S2R+ cells that have 

these translation-associated factors downregulated by dsRNA, have shown that despite the 

trend of reduced de novo protein synthesis seen when these factors are downregulated by 

RNAi, there is still too much variability in our results. Therefore, we are still working on the 

optimization of this technique and we are also considering using others (e.g. polysome 

profiling) to quantify translation.  

We also studied the resilience of S1106>eIF4E RNAi, S1106>eIF4G RNAi, S1106>eEF2 

RNAi and S1106>RPS23 RNAi flies to heat shock, as lessening translation, and particularly 

improving accuracy, are expected to render flies heat shock resistant. Notably, the longer-lived 

flies did not show resistance against this stress but the shorter-lived S1106>eIF4G RNAi did. The 

longer-lived worms with downregulated translation were thermotolerant in the Hansen et al. 

experiments (i.e. treated with dsRNA against eIF4E, eIF4G, S6K, RPS6, RPS15, RPL19 and TOR), 

whereas Pan et al. and Syntichaki et al. did not see this heat shock resistance in worms treated 

with dsRNA against S6K, eIF4E and eIF4G (Hansen et al., 2007, Pan et al., 2007, Syntichaki et 
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al., 2007a). These discrepancies could be caused by the age of the worms in which the heat 

shock experiment was performed, Hansen et al. used 3 days old worms but Pan et al. used 5 

days old worms (Syntichaki et al. do not specify the age) (Syntichaki et al., 2007a, Pan et al., 

2007). In our experiment, it could also be that the age of the flies was not appropriate (we 

used 10-12 days old flies) or that the experimental set up that was used was not sensitive 

enough to see any differences, so we are considering repeating it with flies from different ages 

and using different protocols; for example, giving the flies a heat shock in which the 

temperature ramps up or in which the temperature is lower than 38 ֯ C to mimic physiologically 

normal conditions and to give the cells time to cope with the temperature-induced damage as 

the heat shock dose administered is not lethal to the fly (Colinet et al., 2013). Another 

possibility, however, is that the mechanisms behind the longevity effect are not related to 

increases in the heat shock response. In fact, a more recent study in C. elegans with 

downregulated eIF4G showed that the gene required for thermotolerance, hsf-1, was not 

involved in lifespan extension (Howard et al., 2016). It is true that one of the hypotheses 

suggests that decreased translation increases the folding capacity, yet, this does not mean that 

the damage produced by acute heat shock can be improved under the better folding seen in 

normal physiological conditions. For example, a recent paper found that paromomycin 

concentrations that shorten the lifespan of S. cerevisiae by a decrease in translation fidelity did 

not make the yeast sensitive to heat-shock. Therefore, to better explore this hypothesis we 

could perform a re-folding assay (for example, based on luciferase re-folding) (Suhm et al., 

2018).   

 We also tested the resistance of these flies to UPR stress, using tunicamycin as a UPR 

inducer, as it has been shown to be enhanced in worms with downregulated eIF4G and yeast 

with ribosomal subunit deletions (Steffen et al., 2012, Howard et al., 2016). None of our 

S1106>UAS-RNAi flies showed resistance against tunicamycin. One possible explanation of this 

result is that the concentration of RU486 (200 µM) that we put in the tunicamycin-

supplemented holidic medium was too high, as it is the same we put in 1 SYA medium, which, 

as already mentioned, shows less bioavailability than the holidic medium (Piper et al., 2014).  

Thus, we are planning to test it again with a lower concentration of RU486. Furthermore, 

tunicamycin, like other stressors such as paraquat, is administered by feeding and hence any 

flies that feed less may seem more resistant and on the contrary, if our mutants were feeding 

more because of downregulated translation they would be ingesting more tunicamycin. 

Nevertheless, it could still be that these flies are not resistant to this stress because their 

lifespan extension is not by reason of an improvement in the response to UPR or protein 
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folding. Another possible explanation between the discrepancy between the resistance shown 

by worms with eIF4G RNAi and our flies with S1106>eIF4G RNAi is that in worms the 

downregulation was ubiquitous whereas in our case it was tissue-specific, meaning that maybe 

downregulation in more tissues could have led to resistance in our flies too.  

In addition, we studied the fecundity of flies with downregulated eIF4E, eIF4G, eEF2 

and RPS23, since this is a parameter of health span that is tightly linked to ageing and most 

long-lived mutants have impaired fecundity (Khazaeli and Curtsinger, 2013, Stearns et al., 

2000). Remarkably, our longer-lived lines did not have decreased fecundity, whereas the 

shorter-lived eIF4G did. However, this result is different from what was seen in longer-lived 

adult worms with downregulated translation by RNAi, which had significantly reduced 

fecundity (Hansen et al., 2007, Pan et al., 2007). This discrepancy is probably caused by the 

worm treatment being ubiquitous and stronger than ours, and that the germline of our flies 

should be unaffected.  It is important to note too that, although fecundity has been shown to 

be downregulated in longer-lived organisms, including flies, leading to theories of ageing such 

as ‘The disposable soma’, these two effects can also be uncoupled (Giannakou et al., 2004, 

Khazaeli and Curtsinger, 2013, Mason et al., 2018, Sgro and Partridge, 1999, Stearns et al., 

2000). Thus, it is preferable to have anti-ageing interventions that are not detrimental to 

fecundity, like in our case.  

3.3.2. Downregulation in the fat body and intestines of eIF4E 

extends lifespan but downregulation of eIF4G shortens it 

The eukaryotic initiation factors 4E, 4G and 4A belong to the eIF4F complex and have 

been shown to be related to ageing in yeast and in C. elegans (Howard and Rogers, 2014a, 

Curran and Ruvkun, 2007, Hansen et al., 2007, Syntichaki et al., 2007a); however, in our hands 

eIF4E and eIF4G had opposite effects in both lifespan and health span, eIF4E improving them 

and eIF4G worsening them. eIF4E binds the scaffolding eIF4G, which in turn recruits the 

helicase eIF4A factor (Aitken and Lorsch, 2012). When the eIF4F complex is formed, eIF4G 

binds PABP (Poly (A)-binding protein) circularizing the mRNA and facilitating eIF4E to recognize 

the 5’ cap structure and eIF4A to anchor the 5’ UTR of mRNA, hence cap-dependent 

translation can start (Aitken and Lorsch, 2012). In addition, eIF4G also binds eIF3, at least in 

mammalian cells, and eIF5 facilitating recruitment of the pre-initiation complex (PIC), and its 

interaction with eIF4A lead to conformational changes that can modulate its function (Svitkin 

et al., 2005, Aitken and Lorsch, 2012). Importantly, eIF4E is sequestered by 4EBP, when mTOR 

is inhibited, to downregulate cap-dependent initiation; however, in the context of reduced 

eIF4E, the eIF4G factor can still bind eIF4A and trigger IRES cap-independent translation or 
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work with eIF1 to facilitate TISU-mediated translation (Lomakin et al., 2000, Sinvani et al., 

2015).  

In C. elegans there is one gene encoding eIF4G, whereas in Drosophila and mammals 

there are two copies, eIF4G-1 and eIF4G-2 (Marygold et al., 2017). The latter is expressed in 

the testis of Drosophila, whereas eIF4G-1 is expressed in somatic tissues and it is the one that 

was downregulated in our experiments. Nevertheless, the downregulation of this factor in the 

fat body and intestines was sufficient to decrease the fertility and lifespan of Drosophila 

females. Similarly, the C. elegans with downregulated eIF4G by RNAi, although long-lived, also 

had decreased fecundity (Pan et al., 2007, Hansen et al., 2007). This could indicate that the 

downregulation of translation, both cap-dependent and independent, in our flies were too 

severe to exert its benefits, or perhaps that cap-independent translation is the mechanism 

positively impacting longevity. In fact, the furthest reduction in translation in the studies by 

Hansen et al. was seen in the eIF4G RNAi worms (Hansen et al., 2007). Furthermore, this factor 

has been shown to be essential in the development and its reduction can also lead to intestinal 

atrophy in worms and further neurodegeneration in ischemia mice models (Contreras et al., 

2008, Long et al., 2002, Vosler et al., 2011). It is important to remark that the eIF4G flies were 

the only flies that showed heat resistance in our assay; this could be due to eIF4G, as 

suggested by Howard et al. 2016, behaving like a ‘switch’ that regulates the expenditure of 

energy in response to perturbed protein homeostasis (Howard et al., 2016). This means that 

when there are cellular stresses that threaten the proteome, eIF4G halts protein synthesis and 

shifts translation to express factors that can protect the cell, at least in yeast and C. elegans, 

and possibly in flies. In fact, silencing of eIF4G leads to altered gene expression, including the 

upregulation of proteins involved in catabolism or heat shock factors (Ramirez-Valle et al., 

2008). This is also interesting in the context of our results, which indicate that the most 

pronounced resistance does not correlate with an improvement in longevity.  

On the other hand, downregulating eIF4E in the fly’s fat body and intestine was 

sufficient to extend lifespan in our experiments, as it was in adult C. elegans treated with RNAi 

(Syntichaki et al., 2007a, Hansen et al., 2007). Furthermore, overexpression of 4EBP, and hence 

inactivation of eIF4E, can also extend lifespan in flies (Zid et al., 2009). There are seven genes 

encoding different isoforms of eIF4E in Drosophila, five in C. elegans and three in mammals, 

which have different biochemical properties and expression patterns (Marygold et al., 2017, 

Rhoads et al., 2006). We studied the effects of eIF4E-1 (CG4035), the canonical form that is 

expressed ubiquitously and it is essential for cap-dependent translation, especially during 

embryogenesis (Hernandez et al., 2005). One of the lines (VDRC #17003) we used and that had 
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extended lifespan, targeted eIF4E-1 but also off-targeted eIF4E-7, a less expressed isoform that 

has a weaker affinity for eIF4G and that might work to support translation initiation 

(Hernandez et al., 2005).  

The lifespan extension seen in our S1106>eIF4E RNAi flies was accompanied by 

improved performance in the negative geotaxis assay. This assay is used as a parameter to 

measure locomotor senescence and it has been linked with improved ageing (Piper and 

Partridge, 2018, Gargano et al., 2005). Furthermore, the fecundity of our flies was not reduced, 

as it was not reduced in long-lived adult worms treated with eIF4E RNAi (Syntichaki et al., 

2007a). Therefore, both lifespan and healthspan were affected in the opposite direction when 

either eIF4E or eIF4G were downregulated. It will be important to measure in the future both 

the level of overall translation by puromycin and their effects on cap-independent translation, 

for this we can use a common method which is based on bicistronic luciferase reporters 

(usually Renilla and firefly) that that have the upstream cistron translated via canonical cap-

dependent initiation followed by an internal translation initiation sequence that allows the 

translation of the downstream cistron (Jackson, 2013, Van Eden et al., 2004).  

We also tested the level of phosphorylation of eIF2α (Ser51), S6K (Thr389) and 4EBP 

(Thr37/46) and we saw that neither the level of phospho eIF2α (Ser51) nor 4EBP (Thr37/46) 

was changed in S1106>eIF4E RNAi nor S1106>eIF4G RNAi flies. Nevertheless, the level of both 

phospho 4EBP and total 4EBP was strongly reduced in the flies with lower expression of eIF4G 

and eIF4E. Interestingly, it has been shown that these factors are stoichiometrically regulated 

with the amounts of 4EBP (Josse et al., 2016). Additionally, phospho S6K increased in the 

S1106>eIF4G RNAi flies. S6K is a regulator of cell growth and energy metabolism by signalling of 

IIS and mTOR (Um et al., 2006). This kinase requires phosphorylation to be active, and it 

promotes ribosome biogenesis and protein synthesis; therefore, the upregulation of its 

phosphorylation in the S1106>eIF4G RNAi flies could be an attempt by the cell to upregulate 

protein synthesis to safer levels.  Although a direct interaction between S6K and eIF4G has not 

been reported to the best of our knowledge, eIF4F complex has been implicated in the 

upstream inactivation of mTORC1 through TSC2 (Tsokanos et al., 2016); consequently, it could 

be possible that eIF4G leads to activation of S6K but not 4EBP. 

Therefore, there are striking differences in the longevity effects of reducing either 

eIF4E or eIF4G, even if they form part of the same complex. Notably, we tested a line (CG7483) 

that was annotated as eIF4A, but that recently has been shown to not have any initiation 

factor activity (Marygold et al., 2017). These contradictory effects could be due to ageing being 
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regulated by differentially translated genes, which are expressed in a cap-independent manner 

when eIF4E is inhibited but that cannot be expressed when eIF4G is inhibited, as this factor 

regulates both cap-dependent and cap-independent initiation of translation.  In fact, 

Drosophila under dietary restriction have eIF4E repressed by 4EBP binding, which leads to an 

upregulation of cap-independent translation of IRES-containing mRNAs, and interestingly one 

of these mRNAs belongs to the Drosophila insulin-like receptor (dInR), which is only translated 

through this cap-independent mechanism in some tissues (Marr et al., 2007). Furthermore, 

eIF4G also leads to increased expression of certain genes, especially heat shock factors such as 

hsp70 and hsf-1 (Howard et al., 2016, Hernandez et al., 2004), that although they are probably 

the ones leading to thermoresistance in our flies, they are not sufficient to extend lifespan.  

This hypothesis could be tested by performing a translation state array analysis (TSAA), or 

ribosome profiling, a technique that uses ribosome foot-printing and RNA deep sequencing 

(Rogers et al., 2011, Zid et al., 2009, Xiao et al., 2016). Another possibility is that these 

interventions that downregulate translation lead to differential translation that, although still 

governed by cap-dependent initiation mechanisms, depend on the structure of the mRNA; for 

example, Drosophila with upregulated 4EBP had reduced translation of mRNA with highly 

structured 5’ UTRs and increased translation of mRNAs with simpler secondary structures, 

such as mitochondrial ribosomal proteins and genes from the mitochondrial Complexes I and 

IV (Zid et al., 2009). This would mean that the processes involved in improved ageing, such as 

mitochondrial metabolism or tissue-specific dInR are deregulated with reduced eIF4E, but not 

with reduced eIF4G.  

Furthermore, although the overall speed of translation depends on the rate of 

initiation, elongation and termination, initiation has been long considered to be a rate-limiting 

step (Gingold and Pilpel, 2011). In addition, at higher initiation rates there is a higher likelihood 

of ribosome “jamming” or stalling (Tuller et al., 2010), and one of the cellular responses 

against stalling is halting translation initiation (Joazeiro, 2017). Therefore, downregulating 

eIF4F could be leading to a reduction of ribosome stalling that can be beneficial for longevity. 

Although the role of ribosomal stalling is not known in ageing, it has already been linked to 

neurological diseases (Kapur and Ackerman, 2018); a loss-of-function mutation in GTP Binding 

Protein 2 (GTPBP2), which is a ribosome rescue protein that acts to prevent stalls, has been 

found in patients with mental retardation, and neuronal degeneration (Jaberi et al., 2016). 

Interestingly, mice with deficient GTPBP2 or tRNAArg
UCU (which also leads to ribosome stalling) 

activate GCN2 (Ishimura et al., 2016, Dong et al., 2000), which in turn has been found to be 
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linked to ageing in yeast, C. elegans and Drosophila (Kang et al., 2017, Vlanti et al., 2013, Hu et 

al., 2018). 

Our main hypothesis is that improved translation fidelity leads to amelioration of 

ageing; however, a direct link between translation initiation and fidelity is not immediately 

apparent. Nevertheless, it is important to note that translation fidelity can also affect start 

codon recognition (i.e. being more or less prone to start translation in other than AUG codons) 

(Valente and Kinzy, 2003) and that this could be more efficient in our flies with downregulated 

eIF4E and eIF4G. In addition, initiation factors have been directly linked with stop codon 

readthrough: eIF3 can promote stop codon readthrough by interfering with eRF1 and eRF3 and 

stimulating the incorporation of sense codons (Beznoskova et al., 2015). PABP1, which is 

recruited to the poly (A)-cap of mRNA by eIF4F has also been found to negatively regulate stop 

codon readthrough by interacting with eRF3 (Roque et al., 2015). Interestingly, overexpression 

of Pab1 (yeast’s PABP1) leads to decreased stop codon readthrough and to slowed cell growth 

in S. cerevisiae (Cosson et al., 2002, Roque et al., 2015). It is also important to mention that 

PABP1 has been found to decrease with age and in patients with oculopharyngeal muscular 

dystrophy, both leading to accelerated muscle cell ageing (Anvar et al., 2013). Thus, our eIF4E 

flies could have more efficient functioning of PABP1 leading to improved accuracy and 

longevity. Besides, Ctk1, a kinase subunit of the carboxyl-terminal domain kinase I (CTDK-1) 

complex, was found to increase translation fidelity by phosphorylating RPS2 in yeast and to 

lead to severe growth defects when knocked out (Rother and Strasser, 2007). Moreover, later 

it was also shown to be necessary for efficient canonical translation initiation, and although 

the specific mechanism is still unknown, it has been suggested that Ctk1 regulates initiation by 

a process involving eIFs, since cricket paralysis virus (CrV) IRES (i.e. a type of IRES that is totally 

independent of eIFs) function was not affected by Ctk1 depletion (Coordes et al., 2015). These 

results suggest that translation fidelity and initiation can be biologically regulated by the same 

protein, although a link between fidelity and eIF4F has not been shown yet, it is a possibility 

that cannot be ruled out yet.   

3.3.3 Downregulation of eEF2 in the fat body and intestines 

extends lifespan and healthspan 

Translation elongation is a process highly conserved between prokaryotes and 

eukaryotes. In eukaryotes, there are only two major elongation factors, eEF1 (bacterial EFTu) 

and eEF2 (bacterial EFG) (Dever and Green, 2012). eEF2 is a GTP-binding translocase that 

facilitates the movement of the tRNA to the E and P sites, and the mRNA to move down the 

ribosome (Dever and Green, 2012). In our longevity screen, we saw that downregulation of 
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eEF2 by RNAi in the metabolic tissues extended lifespan, improved the senescence of negative 

geotaxis and it did not affect fecundity.  In fact, elongation has been linked to the nutrient 

sensing and longevity regulator, mTOR; phosphorylation and inactivation of eEF2 by a highly 

selective eEF2 kinase, eEF2K, renders this factor inactive, slowing the rate of elongation 

(Browne et al., 2004, Leprivier et al., 2013, Rhoads et al., 2006). This kinase is in turn 

phosphorylated and inactivated by mTOR; nevertheless, eEF2K belongs to the α-family of 

kinases, which is not found in Drosophila, and to date, no other kinase has been identified to 

phosphorylate eEF2 in flies (Lasko, 2000, Marygold et al., 2017, Dever and Green, 2012). This, 

however, does not mean that eEF2 is regulated by an insect-specific protein totally different 

from eEF2K.  

Another question to solve is how downregulating eEF2 can extend lifespan. One of the 

possibilities is linked to the involvement of translocation in fidelity and how this step of 

elongation can lead to errors. When mTORC1 is inhibited by rapamycin in mammalian cells, 

eEF2 is also inhibited, and protein accuracy is improved (Conn and Qian, 2013, Browne and 

Proud, 2002). In fact, a mutation in eEF2 (P596H) found in patients with autosomal dominant 

spinocerebellar ataxia leads to impaired translocation and increased frameshifting errors (Liu 

et al., 2014, Hekman et al., 2012). eEF2 has also been directly implicated in translation 

accuracy: this factor has a unique and highly conserved between archaea and eukaryotes 

histidine to diphthamide modification that, if blocked, leads to a halt in protein synthesis and 

cell death (Greganova et al., 2011, Mateyak and Kinzy, 2013, Van Ness et al., 1980). 

Interestingly, this diphthamide has been proposed to support fidelity of translation, since 

losing it leads to an increase in frameshifting errors, especially when eEF2 is depleted (Uthman 

et al., 2013, Hawer et al., 2018, Liu et al., 2012, Ortiz et al., 2006). It is also important for this 

discussion to note that the yeast without the diphthamide modification, are not only 

hypoaccurate but also very sensitive to high temperatures (Kimata and Kohno, 1994, Hawer et 

al., 2018). It should also be noted that the blocking of this modification is of great biomedical 

relevance, as it can cause embryonic lethality, neurological and developmental disorders and it 

has also been found in ovarian and prostates cancers (Liu et al., 2017, Nakajima et al., 2018, 

Sekiguchi et al., 2018, Webb et al., 2008, Chen and Behringer, 2004).  In addition, the 

mechanisms exploited by some aminoglycosides such as sordarin or anisomycin is to inhibit 

translocation by directly binding eEF2, causing frameshifting (Dinman et al., 1997, Harger et al., 

2001). Therefore, it will be interesting to see if the lifespan extension of our flies is due to 

increased translation fidelity; for this reason, we are planning to measure the level of stop 
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codon readthrough and misincorporation in our S1106>eEF2 RNAi flies with our dual-luciferase 

based reporters.  

Reducing eEF2 could also be beneficial because of a reduction in elongation speed. 

Decreasing elongation speed has been linked to increased folding capacity, for example, the 

presence of non-optimal codons facilitates co-translational folding by reducing the speed of 

the ribosome (Zhang et al., 2009, Shabalina et al., 2013). In another interesting study, it was 

shown that eukaryotic proteins can be properly folded by bacteria when elongation speed is 

slowed down (Siller et al., 2010). In this study, Siller et al. aimed to increase the folding 

efficiency of eukaryotic proteins (firefly, green fluorescent protein (GFP) and Cdc13) which are 

inadequately folded by prokaryotes; thus, they used streptomycin pseudo-dependent E. coli 

hyperaccurate mutants (RPS12 R86S and P91Q), which increase their elongation speed in a 

streptomycin dose-dependent response. They saw that slowing down elongation had a clear 

increase in the folding proficiency of these proteins and that the streptomycin-treated E. coli 

were not less proficient due to increased mistranslation nor enhanced degradation but merely 

because of speed. Furthermore, downregulating translation by a 15-20% reduces the 

accumulation of protein aggregates and misfolded species in mammalian cells (Meriin et al., 

2012a, Meriin et al., 2012b). It is important to note, that this prevention of misfolding is 

achieved by using elongation inhibitors, such as cycloheximide but not initiation inhibitors, 

demonstrating the importance of this step on co-translation folding (Meriin et al., 2012a, 

Meriin et al., 2012b). Nevertheless, this does not rule out an increase in translation fidelity too, 

as it has been discussed in the introduction, increased protein fidelity can lead to improved 

folding capacity.   

Finally, downregulating eEF2 could trigger differential translation of certain genes 

involved in ageing. It has been recently shown that, in Drosophila, drops in initiation rates are 

related to the lower translation of mRNAs containing weak Kozak sequences compared to 

strong Kozak sequences, and on the contrary, drops in elongation rates lead to the opposite 

translation preferences (Acevedo et al., 2018). This means that not only downregulating 

overall translation, but specific steps of this process can promote the differential translation of 

certain subpools of mRNAs that could be affecting ageing differently. In addition, 

phosphorylation of eEF2 in neurons has been related to altered control of gene expression, 

especially of genes encoding microtubule-related proteins (Kenney et al., 2016).   
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3.3.4 Downregulation in the fat body and intestines of RPS23 

extends lifespan 

Contrary to what was seen in C. elegans and yeast, where several ribosomal proteins 

extended lifespan (RPS6, S10, S11, S15, S18, S22, S26, RPL4, L6, L7, L9, L13, L19, L22, L23, L29, 

L30, L31, L34 and L43), (Curran and Ruvkun, 2007, Smith et al., 2008, Hansen et al., 2007, 

Kaeberlein et al., 2005, Steffen et al., 2008b), in our screen, we tested RPS2, S3, S9, S11, S23, 

S26, RPL9 and L19 and the only ribosomal protein that extended the lifespan of our flies was 

RPS23. RPS23 is a ribosomal protein located in the decoding centre of the small 40S ribosomal 

subunit, which in certain regions it has striking amino acid similarity with evolutionary distinct 

organisms and it has been involved in the maintenance of translation fidelity (Alksne et al., 

1993, Carter et al., 2001, Selmer et al., 2006, Gorini and Davies, 1968, Zimmermann et al., 

1971).  

In our screen, although the flies with downregulated RPS23 had their lifespan 

extended, they were the only longer-lived line that had not a significant improvement of the 

senescence of negative geotaxis. Nonetheless, the climbing assay was only performed until 

week 5 in these flies, whereas in the rest it was followed until week 6, so it could be that the 

effect on health span could be seen in later weeks if this had been studied.  

An interesting point to discuss is how decreasing the number of ribosomal proteins can 

extend lifespan. In yeast, when genes encoding 60S subunit proteins were deleted, or when 

the ribosome biogenesis disruptor diazaborine was given to the cells, there was a response 

similar to dietary restriction that was dependent on Gcn4 activation (Steffen et al., 2008b). 

Moreover, Hansen et al. saw that the lifespan extension in worms caused by the reduction of 

ribosomal proteins was DAF-16 (FOXO) independent, whereas the lifespan extension by 

downregulation of initiation factors was DAF-16-dependent (Hansen et al., 2007). This suggests 

that the longevity effects of these two interventions are distinct and that the subset of genes 

transcribed by DAF-16/FOXO is not activated in longer-lived organisms with downregulated 

expression of ribosomal proteins.  

Interestingly, a group of mutants in Drosophila were discovered by T. Morgan and C. 

Bridges in 1919 and they were described to have thinner and shorter bristles, to be 

developmentally delayed and to have reduced fertility, these were the common phenotypes of 

the minute mutants (Bridges et al., 1923, Morgan and Bridges, 1919, Schultz, 1929). Later, it 

was discovered that the minute mutants had in common the haploinsufficiency of ribosomal 

proteins but, to the best of our knowledge, there has not been any minute discovered to have 
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RPS23 insufficiency (Kongsuwan et al., 1985, Marygold et al., 2007, Marygold et al., 2017). 

Although our S1106>RPS23 RNAi flies cannot be considered a minute, since the RPS23 

reduction has been restricted to adulthood and it is not ubiquitous, certain effects seen in 

minutes could apply to our flies too; for example, a recent study has found that the growth-

related phenotypes seen in several minutes are due to the increased expression of a 

transcription factor, Xrp1, which is a master regulator of the expression of genes involved in 

glutathione metabolic processes, iron-sulfur cluster assembly, DNA recombination and 

telomere maintenance (Lee et al., 2018). Therefore, it would be interesting to check if the 

levels of this transcription factor are only required during development or if even in our flies 

with reduced RPS23 only in adulthood also have elevated levels of Xrp1.   

Furthermore, ribosomes are not considered an unalterable entity, but distinct 

ribosomal subpopulations with different compositions, properties and functions have been 

found to exist between and within cells (Xue and Barna, 2012). This means that some 

ribosomal proteins, such as RPL10 are either enriched or depleted in certain ribosomal subsets 

which trigger differential translation of specific mRNAs, especially those involved in 

metabolism, cell cycle and development  (Shi et al., 2017). For example, S. cerevisiae in 

response to stress produces ribosomes lacking RPS26, which interestingly is involved in the 

translation of strong Kozak sequences (Ferretti et al., 2017). Another example is how a 

deletion of RPL38 in mice does not change the level of global protein synthesis but it 

suppresses the translation of a specific Hox mRNA set, leading to defects in skeletal patterning 

(Kondrashov et al., 2011). Nevertheless, to date, RPS23 has not been reported to be involved 

in ribosomal heterogeneity, and since it is an essential protein of the decoding centre its 

downregulation might just lead to a global decrease in ribosomal biogenesis. Suggesting that 

there is a tendency towards overall translation downregulation when the expression of this 

factor is reduced, we have the data from the puromycin-based de novo protein synthesis 

experiment in S2R+ cells and flies. Therefore, to test this hypothesis is crucial to finalize 

optimizing the puromycin assay to unravel if S1106>RPS23 flies have significantly lower 

translation than the controls.   

Recently, RPS23 has been proposed to be an effector of the hypoxic response, at least 

in fungi, through modulation of Sre1 (sterol regulatory element 1) transcription factor, which 

regulates lipid metabolism  (Clasen et al., 2017). Ofd1 (S. pombe nomenclature) is an 

oxygenase that controls the activity of Sre1, but it also hydroxylates newly synthesized RPS23 

at P62 (S. pombe nomenclature), facilitating the formation of a complex formed by Ofd1-

RPS23-Nro1 that moves to the nucleus leading to the incorporation of RPS23 to assembling 
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40S ribosomal subunits (Clasen et al., 2017). Nevertheless, in situations of hypoxia, Ofd1 

cannot hydroxylate RPS23, which stabilizes the complex with Nro1 and hence it becomes 

sequestered and unable to hydroxylate Sre1, which in turn is free to act as a transcription 

factor of genes involved in the hypoxic response and sterol metabolism. Furthermore, RPS23 

expression can modulate the function of Sre1, with higher levels of unassembled RPS23 

leading to higher level of Sre1 activity, which Clasen et al. suggest is regulated by nutrient 

levels (i.e. in nutrient deprivation, lower RPS23 expression leads to higher sequestration of 

Sre1 and hence lower Sre1 activity, so lipid metabolism matches this nutritional state) (Clasen 

et al., 2017). Remarkably, Ofd1 has homologs in S. cerevisiae (Tpa1), humans (OGFOD1) and 

flies (Sudestada1) and they all can hydroxylate RPS23 (Katz et al., 2014, Loenarz et al., 2014, 

Singleton et al., 2014); however, metazoans do not have Nro1, so the sequestration and 

regulation of Sre1 might be different from fungi  (Clasen et al., 2017). In addition, 

hydroxylation of RPS23 by Tpa1 in budding yeast is necessary for transition fidelity, as deletion 

of this enzyme leads to increased stop codon readthrough (Loenarz et al., 2014). Therefore, 

our flies with downregulated expression of RPS23 could be mimicking a state of nutrient 

deprivation in which SREBP (sterol regulatory element binding protein, Drosophila’s Sre1 

homolog) is sequestered more readily by Sudestada1 and hence its transcription activity is 

dampened leading to downregulation of sterol synthesis genes. Remarkably, a few years ago 

SREBP was found to protect C. elegans against the accelerated-ageing phenotype produced by 

high glucose diets through a shift in lipid metabolism (Lee et al., 2015), and recently it has been 

reported that the synergistic effect of a combination of three drugs rifampicin psora-4 and 

allantoin, that strongly extend lifespan in worms, acts through overexpression of SREBP1 

(Admasu et al., 2018). Thus, RPS23 has other cellular functions other than translation that 

could be involved in the ageing phenotype of the S1106>RPS23 RNAi flies. 

3.3.6. Translation fidelity in flies with downregulated 

eIF4E, eIF4G, eEF2 and RPS23 in the metabolic tissues 

One of the hypotheses of why decreasing protein synthesis leads to improved 

longevity is that this occurs through enhanced translation accuracy; for this reason, we 

downregulated several translation factors and ribosomal proteins and we saw that some of 

them can extend lifespan. We tried to measure the level of translation errors by expressing a 

mistranslation and a stop codon readthrough reporter based on the dual-luciferase assay as 

they are a gold standard in measuring these kinds of errors (Salas-Marco and Bedwell, 2005, 

Kramer et al., 2010). Nevertheless, although accuracy has been measured in flies by using 2D-
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gels (Parker et al., 1981), to the best of our knowledge, the dual-luciferase technique for 

translation fidelity has never been used in flies, and hence we had to optimize the system for 

its use in Drosophila. To minimize possible artefacts from very high overexpression of a non-

endogenous protein, we cloned these luciferase reporters under a mild promoter, the heat 

shock promoter (Qin et al., 2010, Brand and Perrimon, 1993). Unfortunately, we were unable 

to detect luminescence that is sufficiently higher than the background levels in the fat tissue, 

as most of its expression was detected in the thorax and heads. We have since then cloned 

these vectors under a stronger promoter, the ubiquitin promoter, and we already have the 

flies in the laboratory so they can be processed. In case the measurements are still not high 

enough to be reliable to measure luminescence in the flies’ metabolic tissues, we are planning 

to downregulate our specific factors in S2R+ cells by dsRNA and using the dual luciferase assay 

that has already been optimized in cells to measure fidelity.  

An indication of whether long-lived flies having lower eIF4E, eEF2 and RPS23 have 

increased translation fidelity can be achieved by performing an epistatic experiment using the 

error-inducing antibiotic, paromomycin. Epistasis is defined as the phenomenon by which a 

mutation’s phenotype depends on a gene at a different locus (Cordell, 2002). In our case, we 

wanted to see if artificially increasing the level of errors returned the lifespan of our long-lived 

flies to the level of the control flies. We first optimized the concentration of paromomycin to 

be the highest possible without disturbing the lifespan of the control flies. The first time we 

tested paromomycin, counterintuitively, had a beneficial effect on our flies. This, as it was 

briefly mentioned in the results section, was suspected to be due to the antibiotic effect of 

paromomycin. In fact, it has been previously tested how antibiotics can extend the lifespan of 

Drosophila through clearing certain malignant bacteria  (Loch et al., 2017, Brummel et al., 

2004), and in our experiments, when the flies were supplemented with ampicillin, their 

lifespans were also extended. Moreover, when we bleached the eggs to remove any bacteria 

and repeated the lifespan with wild-types on paromomycin, we no longer saw any effect of 

this antibiotic neither on lifespan nor on egg-laying.  

 When we tested the same concentration of paromomycin in our experimental flies, 

we saw that the S1106>RPS23 RNAi flies fed control non-RU486 food lived the same 

independently of the presence of paromomycin, as expected by the optimization assay. 

Interestingly, S1106>RPS23 RNAi flies fed inducing-drug RU486 and paromomycin did not have 

increased lifespan anymore. This can be explained by two hypotheses; first one, the lifespan 

extension caused by downregulation of RPS23 is due to an improvement in fidelity and hence 

when an error-inducing drug is given, the longevity effect is no longer seen, or the second, the 
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downregulation of RPS23 in the metabolic tissues renders the flies sensitive to paromomycin.  

These hypotheses will be clarified by the results of our direct fidelity measurements.  

For the rest of the lines tested, however, we saw that paromomycin also affected all 

the flies fed the non-RU468 control food supplemented with this antibiotic. The difference 

between this experiment and the experiment in which we optimized the concentration of 

paromomycin was that in the former we cooked the paromomycin food fresh each week; 

therefore, maybe the potency of the error-promoting antibiotic was enhanced this time. 

Nevertheless, although S1106>eIF4E RNAi flies were negatively affected by the antibiotic 

regardless of the presence or absence of RU486, the lifespan of the flies fed RU486 and 

paromomycin was reduced to the same level of the control lifespan. Therefore, we can 

conclude that either lowered eIF4E exert its lifespan-extending effect through improved 

translation accuracy, or that these flies are neither more resistant nor more sensitive to the 

antibiotic. In addition, both the experimental and the control S1106>eIF4G RNAi flies had also a 

decrease in lifespan because of supplementation of this antibiotic. However, it was interesting 

to see that the S1106>eIF4G RNAi flies fed control food with paromomycin had a shorter 

lifespan that was almost identical to S1106>eIF4G RNAi fed RU486, meaning that translation 

errors can provoke the same reduction in lifespan than downregulated eIF4G. Therefore, it 

would be interesting to repeat these experiments with a wider range of paromomycin 

concentrations and see if the effect follows a dose-response. We could also monitor the 

feeding status of these flies, because, as it was explained in the tunicamycin discussion, any fly 

that is feeding more will become more susceptible to the toxic agent. Nevertheless, we will 

have to wait until the direct measurement of translation fidelity to see if the lifespan reduction 

of lowered eIF4G is due to a deterioration of translation accuracy. 

Remarkably, although both the S1106>eEF2 RNAi flies fed either RU486 or non-RU486 

control food were negatively affected by paromomycin, the flies with the activated 

suppression of eEF2’s expression showed certain resistance to the antibiotic compared to the 

control. In addition, the number of eggs laid by flies fed the control food with paromomycin 

was significantly lower than the flies fed just the control food, whereas the number of eggs laid 

by the flies fed RU486 and paromomycin was not significantly affected compared to flies fed 

RU486. Thus, there is a differential effect of paromomycin in the longevity and the fecundity of 

the flies with reduced eEF2 in the metabolic tissue.  
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Chapter 4. Pharmacological 

screen for drugs that improve 

translation fidelity and their 

potential to be anti-ageing 

treatments in Drosophila 
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4.1. Introduction 
 

 Due to the improvements in lifestyle and sanitation, the life expectancy of humans has 

been rapidly increasing since the 19th century (Oeppen and Vaupel, 2002), and this has led to a 

dramatic increase in the proportion of elderly in the world, both in less and more developed 

countries (United Nations, 2017). Although these are great news, there is a socioeconomic 

impact caused by the higher prevalence of ageing-related diseases, and hence it is crucial to 

look for anti-ageing interventions that prevent these (Partridge, 2014, Castillo-Quan et al., 

2015). One way of tackling these plethora of diseases is by looking for drugs that extend 

lifespan and health span (Fontana et al., 2010, Barzilai et al., 2016), and this search usually 

starts by finding drugs that extend lifespan in an evolutionary conserved way in different 

model organisms. Therefore, we wanted to investigate if some of the drugs that can extend 

lifespan also alter translation fidelity in S2+ cells, which could also eventually lead to a new in 

vitro anti-ageing drug screen.  
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4.2. Results 

4.2.1. Drugs that extend lifespan improve translation fidelity in 

vitro 

4.2.1.1. Validation of translation fidelity reporters for Drosophila 

derived S2R+ cells 

One of the main aims of this thesis was to study how drugs that affect lifespan or 

translation alter translation fidelity. For this purpose, we adapted for Drosophila a set of dual 

luciferase reporters that are a gold standard to measure the level of stop codon readthrough 

and amino acid misincorporation (Salas-Marco and Bedwell, 2005).  In order to optimise the 

dual luciferase assay, we tested several conditions that could affect our set-up. First, we 

wondered how the number of plated Drosophila-derived S2R+ cells could affect the assay, so 

we seeded 80,000, 100,000 and 130,000 cells. These cells were then transiently transfected 

with the translation fidelity reporters or a GFP-containing vector control (Fig. 4.1. A). We saw 

that the best levels of luminescence intensity were measured when 100,000 cells were seeded 

in a 48 well plate, and so was the transfection efficiency. 

S2R+ cells are normally cultured in Schneider medium containing heat-inactivated FBS 

and a mixture of streptomycin and penicillin; however, streptomycin, as discussed in 

Introduction 1.2.2.1.1., is known to increase the level of errors in bacteria, so we wondered if 

this could interfere with our translation fidelity assay as it could perhaps affect mitochondrial 

ribosomes. We first tested stop codon readthrough in cells seeded at different densities with 

or without this antibiotic (at the standard concentration of 85 µM), and we did not see much 

difference between the stop codon readthrough in the presence or absence of streptomycin 

(Fig. 4.1. B). Nevertheless, when streptomycin was given together with paromomycin, 

especially at the highest concentrations of paromomycin (Fig. 4.1. C), the level of stop codon 

readthrough increased, so in later assays, we used Schneider media with heat-inactivated FBS 

and just penicillin.  

For several reasons we tested different concentrations of paromomycin: first, to 

validate our dual luciferase assay in measuring translation fidelity, since, to the best of our 

knowledge, this has never been used in Drosophila, second, to see which concentration of 

paromomycin would work best as a positive control in our future assays and third, to see if the 

combination of streptomycin and paromomycin had an effect compared to streptomycin on its 

own (Fig. 4.1.). Doing this, we validated our novel system for measurements of translation 

accuracy in Drosophila cells — the level of stop codon readthrough increased in a dose-
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dependent manner when the cells were given paromomycin. We also decided to use 500 µM 

in subsequent assays, as it gave one of the highest increases in stop codon readthrough.  

 

Figure 4.1. Dual luciferase assay optimisation. A), B) and C) Panel showing the density and 
plated number of S2R+ cells and the transfection efficiency with GFP. D) We tested the effect on 
stop codon readthrough of streptomycin (85 µM) in addition to paromomycin (500 µM) at 
70,000, 100,000 and 130,000 cells densities. E) We also tested the effect on stop codon 
readthrough of different concentrations of paromomycin on their own or with streptomycin (85 
µM), when 100,000 cells were seeded.  

4.2.1.2. Several drugs that extend lifespan decrease the level of 

translation errors 

We aimed to explore the effect of several drugs on translation errors, both stop codon 

readthrough and misincorporation, so for this, we used the luciferase-based reporters that we 

adapted for Drosophila (Salas-Marco and Bedwell, 2005). After optimizing the cell density, the 

concentration of paromomycin required and the optimal media conditions, we improved the 

assay by stably transfecting the S2R+ cells with vectors containing the translation fidelity 

reporters (see Materials and Methods 2.10.2.). This stable transfection allowed us to increase 

the level of luminescence detected, which had been shown to be especially low for the 

misincorporation reporter when transiently transfected (data not shown) and that we 

expected to be even lower if any of the drugs improved the level of errors. In fact, when we 
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studied the transfection efficiency in transiently transfected cells with a control vector 

containing GFP, we saw that this was around 20% (Fig. 4.1. A).  Furthermore, we cloned the 

translation fidelity reporters to use in the creation of stable cell lines under the Drosophila 

metallothionein (MT) copper (II) sulphate-inducible promoter (Bunch et al., 1988) (see 

Materials and Methods 2.10.1.). Thus, we were able to induce the expression of the reporters 

by adding this chemical just after treating the cells with the indicated drugs (see Materials and 

methods 2.10.3.). Thereby all luciferase produced upon induction by copper sulphate was in 

the presence of anti-ageing drugs and our results were not affected by the pre-existing 

luciferase. These treatments were carried out overnight and consisted of different drugs 

known to either extend lifespan in model organisms (rapamycin, Torin 1, trametinib and 

diazaborine) or to directly affect protein translation (cycloheximide, salubrinal and Torin 2). It 

should also be noted that firstly, a screen was performed for each drug with a larger number of 

concentrations (data not shown), and then a concentration window was selected to further 

study with more samples and repeats (which are the results that will be shown below).  

Rapamycin is an inhibitor of TORC1, and hence an inhibitor of translation too, that has 

been repeatedly shown to extend lifespan in an evolutionary conserved way from yeast to 

mammals (Bjedov and Partridge, 2011, Bjedov et al., 2010, Johnson et al., 2013, Kapahi et al., 

2004, Miller et al., 2011, Pan et al., 2007), and that decreases the level of stop codon 

readthrough and misincorporation in mouse fibroblasts (Conn and Qian, 2013). When the S2R+ 

cells were given rapamycin, the level of stop codon readthrough was reduced in all the 

concentrations tested (2.5 nM p=0.0028, 10 nM p=0.0003; 25 nM p=0.003; 100 nM p<0.0001 

and 250 nM p<0.0001, Welch’s test) and the level of misincorporation was also reduced at 

several rapamycin concentrations (10 nM p=0.0044; 25 nM p=0.0028 and 100 nM p=0.037, 

Welch’s test) (Fig. 4.2. A). Importantly, although misincorporation seemed to be higher when 

the cells were treated with 250 nM rapamycin, this was not statistically significant (p=0.134, 

Welch’s test) (Fig. 4.2. B).  

Torin 1 and 2 are more potent inhibitors of mTOR than rapamycin since they are 

catalytic inhibitors that block the action of both TORC1 and TORC2 (Guertin and Sabatini, 2009, 

Liu et al., 2011). In addition, Torin 1 has been shown to extend lifespan in flies (Mason et al., 

2018). This drug decreased the level of stop codon readthrough in all the concentrations 

tested (0.2 nM p=0.0101; 0.5 nM p=0.0236; 1 nM p=0.0021; 5 nM p=0.0016 and 20 nM 

p=0.0049, Welch’s test) (Fig. 4.2. C), and it also decreased the levels of misincorporation when 

the cells were given the highest concentrations tested (1 nM p=0.0021; 10 nM p=0.044; 50 nM 

p=0.0007 and 100 nM p=0.0011, Welch’s test) (Fig. 4.2. D). Nevertheless, at the lowest 
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concentrations it seemed to be an increase of mistranslation, which nonetheless was not 

significant (0.2 nM p=0.286; 0.5 nM p=0.069 and 5 nM 0.078, Welch’s test) except for 1 nM 

(p=0.0236, Welch’s test) (Fig. 4.2. E). Surprisingly, Torin 2 did not alter significantly the level of 

translation errors, neither up nor down (Fig. 4.2. F).  

We also tested two drugs that have been reported to extend lifespan, trametinib and 

diazaborine. Trametinib is an inhibitor of MAPK/ERK Kinase (MEK) 1 and 2 and it has been 

shown to extend lifespan in flies (Slack et al., 2015, Yamaguchi et al., 2011). This drug 

decreased the levels of stop codon readthrough at several concentrations (1 nM p=0.0064; 5 

nM p=0.0304 and 10 nM p=0.0022, Welch’s test) (Fig. 4.2. G) and the levels of 

misincorporation at the highest concentrations tested, 5 nM and 10 nM (p=0.0012 and 

p=0.0039, respectively, Welch’s test) (Fig. 4.2. H). Diazaborine is a drug that inhibits ribosome 

biogenesis (Loibl et al., 2014) and that extends lifespan in yeast (Steffen et al., 2008b). 

However, when this drug was tested in our S2R+ cells, it did neither decrease nor increase 

significantly the level of errors (Fig. 4.2. I and J).  

We also tested two drugs that directly alter the levels of translation, salubrinal and 

cycloheximide. Salubrinal is a drug that increases eIF2α phosphorylation and blocks its 

dephosphorylation, leading to an arrest of translation initiation (Boyce et al., 2005). When this 

drug was given to the S2R+ cells, the highest concentration tested, 10 µM, significantly 

decreased the level of amino acid misincorporation but not stop codon readthrough 

(p=0.0082, Welch’s test) (Fig. 4.2. K and L). Cycloheximide is a molecule that binds the large 

ribosomal subunit inhibiting translation elongation (Schneider-Poetsch et al., 2010a). When we 

tested its effect on translation fidelity, this drug showed to decrease the level of stop codon 

readthrough in the lowest concentrations (25 nM p=0.0002; 100 nM p<0.0001 and 250 nM 

p<0.0001, Welch’s test) (Fig. 4.2 M). However, despite being a drug that decreases translation, 

it did not affect amino acid misincorporation, and even the concentrations that seemed to 

increase the level of this error were not significant (25 nM p=0.4225 and 100 nM p=0.173, 

Welch’s test) (Fig. 4.2. N).  
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Figure 4.2. Drugs known to affect lifespan in model organisms, translation or both, can also 
alter the level of stop codon readthrough or amino acid misincorporation. S2R+ cells were 
treated with different concentrations of certain drugs overnight. In each experiment, there are 
two negative controls (black columns), one in which nothing was added (0) and other 
representing the solvent in which the drug was dissolved (Ethanol or DMSO) plus a positive 
control, 500 µM paromomycin (blue column). The signal of firefly luminescence was divided by 
the signal of Renilla for each individual sample to calculate the firefly/Renilla ratios. Then, the 
percentage stop codon readthrough was calculated by dividing each sample’s firefly/Renilla 
ratio of the stop-codon reporter by the average firefly/Renilla ratio of the control reporter of 
each condition.  Similarly, the percentage misincorporation was calculated by dividing each 
sample’s firefly/Renilla ratio of the misincorporation reporter by the average firefly/Renilla ratio 
of the control reporter. The background luminescence was always subtracted to the firefly 
luminescence values. Total n≥18 from at least three independent experiments were studied. 
The p values were calculated with a Welch’s t-test between the corresponding solvent control 
and each drug concentration * p≤0.05 **p≤0.005. A) Stop codon readthrough paromomycin 
p=0.003; rapamycin 2.5 nM p=0.0028, 10 nM p=0.0003; 25 nM p=0.003; 100 nM p<0.0001 and 
250 nM p<0.0001. B) Misincorporation paromomycin p=0.0321; rapamycin 10 nM p=0.0044; 25 
nM p=0.0028 and 100 nM p=0.037. C) Stop codon readthrough paromomycin p<0.0001; Torin 1 
0.2 nM p=0.0101; 0.5 nM p=0.0236 and 1 nM p=0.0021; 5 nM p=0.0016; 20 nM p=0.0049. D) 
Misincorporation paromomycin p<0.0001; Torin 1 1 nM p=0.0236; 10 nM p=0.044; 50 nM 
p=0.0007 and 100 nM p=0.0011. E) Stop codon readthrough paromomycin p=0.0004; Torin 2 
n.s. F) Misincorporation paromomycin p<0.0001; Torin 2 n.s. G) Stop codon readthrough 
paromomycin p<0.0001; trametinib 1 nM p=0.0064; 5 nM p=0.0304 and 10 nM p=0.0022. H) 
Misincorporation paromomycin p=0.03; trametinib; 5 nM p=0.0012 and 10 nM p=0.0039.  I) Stop 
codon readthrough paromomycin p=0.0042; diazaborine n.s. J) Misincorporation paromomycin 
p<0.0001; diazaborine n.s. K) Stop codon readthrough paromomycin p<0.0001, salubrinal n.s.  
L) Misincorporation paromomycin p=0.0069; salubrinal 10 µM p=0.0082. M) Stop codon 
readthrough paromomycin p<0.0001; cycloheximide 25 nM p=0.0002; 100 nM p<0.0001 and 
250 nM p<0.0001. N) Misincorporation paromomycin p=0.0037; cycloheximide n.s. 
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Our results strongly suggest that there is a correlation between the drugs that increase 

fidelity in flies (rapamycin, Torin 1 and trametinib) and an improvement of both stop codon 

readthrough and misincorporation. On the contrary, other drugs that decrease translation but 

have not been shown to increase lifespan in flies (cycloheximide, diazaborine and salubrinal), 

do not reduce the level of errors, or only reduce stop codon readthrough (as cycloheximide), at 

least at the tested concentrations and treatment duration. This suggests that to achieve 

longevity, both types of translation errors need to be reduced, and to test this further we 

examined longevity in the presence of these drugs. 

4.2.1.3. Effect on lifespan of the drugs tested on the translation 

fidelity assay  

Some of the drugs we tested in our dual luciferase assay for translation fidelity 

measurements, such as rapamycin, trametinib, Torin 1 and diazaborine, have been reported to 

extend lifespan in model organisms, while Torin 2, cycloheximide and salubrinal have not been 

tested for ageing to the best of our knowledge. We decided to study the effect of these drugs 

on longevity in our conditions using the outbred strain wDah flies. For this, once the flies 

became adults, they were split into media supplemented with a few different concentrations 

of each drug (see Materials and Methods 2.1.5.).  It is critical to test several drug 

concentrations because it is usually mild downregulation of a signalling pathway that has anti-

ageing effects, while high drug concentrations may have undesirable side effects that can be 

detrimental for lifespan (Castillo-Quan et al., 2015).  

We used rapamycin as a positive control, as this is a drug that has been several times 

reported to extend lifespan in different model organisms, including flies. We dissolved this 

drug in holidic medium as it increases the bioavailability of drugs, compared to standard sugar-

yeast food,  and therefore it allows for lower drug concentrations to be used (Piper et al., 

2014). For example, Bjedov et al. supplemented rapamycin to flies dissolved in 1 SYA, and 200 

µM extended the lifespan significantly (Bjedov et al., 2010); however, Piper et al. showed that 

only 5 µM was required for lifespan extension when dissolved in holidic media (Piper et al., 

2014). Similarly, in our experiment, flies fed 5 µM rapamycin-supplemented food lived longer, 

68.5 days median and 75.5 days maximum lifespan, compared to the flies fed the control 

ethanol-supplemented medium, which had 64 days median lifespan and 78 days maximum (p= 

6.4 x10-9, χ2 log-rank test) (Fig. 4.3. A). The flies fed 10 µM rapamycin-supplemented medium 

had 71 days median and 85 days maximum lifespan, so they were also longer-lived compared 

to the control flies fed ethanol-supplemented medium (p=2.28 x10-15, χ2log-rank test). 
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While our experiments were in progress, Torin 1 was reported to extend the lifespan 

of flies (Mason et al., 2018). In our experiment, we supplemented this drug dissolved in holidic 

media and we saw that the highest concentration tested, 10 µM, had a longer lifespan 

compared to the flies fed control DMSO-supplemented medium (Fig. 4.3. B). The flies were 

given 10 µM Torin 1 had 68.5 days median and 80.5 days maximum lifespan compared to the 

control flies that had 66 days median and 78 days maximum lifespan (p=0.037, χ2 log-rank 

test). Torin 2 has not been reported to extend lifespan, but in our experiment, the highest 

concentration tested, 4 µM very slightly but statistically significantly extended the lifespan of 

the flies compared to the flies fed the control DMSO (Fig. 4.3. C):  66 days median and 80 days 

maximum lifespan compared to the control’s 64 days median and 80 days maximum lifespan 

(p=1.6 x10-5, χ2 log-rank test).  

Diazaborine and cycloheximide both shortened the flies’ lifespan compared to their 

respective controls at several concentrations. When the flies were given 3 µM diazaborine 

dissolved in the holidic medium, they had 64 days median and 75.5 days maximum lifespan 

compared to the DMSO controls 64 days median and 78 days maximum lifespan (p=0.014, χ2 

log-rank test). At the highest concentration, 30 µM, they lived even shorter, 61.5 days median 

and 75.5 maximum lifespans (p=0.002, χ2 log-rank test compared to the control) (Fig. 4.3. D). 

Flies treated with cycloheximide had significantly shorter lifespan at almost all the 

concentrations tested than the flies given the control ethanol-supplemented 1 SYA medium 

(Fig. 4.3. E). The control flies had 63 days median and 75.5 days maximum lifespan, whereas 

the flies treated with 0.1 µM lived 61 days median and 72.5 days maximum (p=0.318, χ2 log-

rank test), the 1 µM had 58.5 days median and 69.5 days maximum lifespan (p=0.00066, χ2 

log-rank test), with 10 µM they had 58.5 days median and 75.5 days maximum lifespan 

(p=0.039, χ2 log-rank test), with 100 µM they had 58.5 days median and 69.5 days maximum 

lifespan (p=0.0005, χ2 log-rank test) and with 1 mM they had 47 days median and 69.5 days 

maximum lifespan (p=6.6 x 10-18, χ2 log-rank test). Finally, when we treated the flies with 

salubrinal dissolved in holidic medium, none of the concentrations tested had any significant 

effect on the flies’ lifespan (Fig. 4.3. F).  
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Figure 4.3. Effect on lifespan of rapamycin, Torin 1, Torin 2, diazaborine, cycloheximide and 
salubrinal.  Flies were given several concentrations of each drug, and the average survival date 
of these have been plotted together with the average survival data of the flies fed the control 
media with the solvent used to dissolve each drug. Around 150 mated female flies per condition 
were tested, the p values between the survivorship data of the flies fed the drug of interest and 
the ones fed the solvent control medium were calculated doing a χ2-log-rank test: A) Rapamycin 
5 µM p= 0.02  and rapamycin 10 µM p= 1.9 x 10-6. B) Torin 1 0.8 µM, 0.4 µM, and 2 µM were n.s. 
and 10 µM p= 0.0369. C) Torin 2 0.25 µM and 1 µM n.s. and 4 µM p=0.02 µM. D) Diazaborine 
0.3 µM n.s., 3 µM p= 0.014 and 30 µM p= 0.0023. E) Cycloheximide 0.1 µM n.s., 1 µM p=0.0006; 
10 µM p=0.039; 100 µM p=0.0005 and 1 mM p=6.6 x 10-18. F) Salubrinal n.s. 
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4.2.1.4. Conclusions about the effect of longevity-related drugs on 

translation fidelity.   

Our in vitro study of how different drugs affect translation fidelity has shown that 

rapamycin, Torin 1 and trametinib are potent downregulators of both stop codon readthrough 

and amino acid misincorporation. These three drugs also extend lifespan in model organisms 

including flies. Cycloheximide only improved the level of stop codon readthrough and it 

shortened the lifespan of flies. Diazaborine and Torin 2 had no effect on translation fidelity, 

despite a range of concentrations tested, but diazaborine shortened lifespan and Torin 2 

slightly increased lifespan at the highest concentration tested. Salubrinal, however, affected 

neither translation errors nor lifespan. Therefore, it can be concluded that the improvements 

of stop codon readthrough and misincorporation can be uncoupled and that the drugs that 

lead to fewer errors of both misincorporation and stop-codon readthrough also have the most 

robust lifespan extensions in Drosophila. Importantly, this suggests that our in vitro luciferase 

assay for translation fidelity could be used to evaluate if a translation-related drug is a 

potential anti-ageing drug. In addition, given that these drugs affect translation differently, and 

that only some of them lead to potent improvements in fidelity and in longevity, future work is 

expected to reveal complex anti-ageing mechanisms.  
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4.3. Discussion 

4.3.1. The lifespan extending effect of the drugs tested 

correlates with increased translation fidelity  

Anti-ageing interventions in humans are a step closer to come true, as there are 

already several trials on the run and many scientific groups around the world searching for 

promising drugs (Fontana et al., 2010, Longo et al., 2015, Barzilai et al., 2016). For this reason, 

we decided to study the effect on translation fidelity of drugs already known to either extend 

lifespan or that reduce protein synthesis. For this purpose, we treated S2R+ cells with different 

concentrations of these drugs and we checked if the levels of stop codon readthrough and 

misincorporation changed. First, we tested rapamycin, which is known to extend lifespan in 

several organisms (Bjedov et al., 2010, Harrison et al., 2009, Johnson et al., 2013, Sharp and 

Strong, 2010, Robida-Stubbs et al., 2012).  Rapamycin is an inhibitor of mTORC1, preferentially 

inhibiting the phosphorylation of S6K and in mammalian cells, it also inhibits the partial 

phosphorylation of 4EBP at Ser65 (Guertin and Sabatini, 2009, Liu et al., 2011, Kang et al., 

2013); in addition, when given chronically, in some mammalian cells at least, it also inhibits 

mTORC2 (Sarbassov et al., 2006).  mTORC1 regulates cap-dependent translation through eIF4E; 

when nutrients are abundant mTOR is active, so 4EBP is hyperphosphorylated and it cannot 

bind to eIF4E, which can become part of eIF4F and hence initiate translation (Ben-Sahra and 

Manning, 2017); however, 4EBP is largely insensitive to rapamycin (Saxton and Sabatini, 2017). 

In addition, mTORC1 phosphorylates S6K promoting translation too by the inactivation of 

eEF2K, in a rapamycin-sensitive manner (Saxton and Sabatini, 2017).  Interestingly, rapamycin 

has already been shown to decrease the level of stop codon readthrough and misincorporation 

in mouse fibroblast in an S6K dependent manner (Conn and Qian, 2013). We also found that 

rapamycin decreased the level of both stop codon readthrough (UGA) and misincorporation in 

S2R+ cells, but in our case, it might not be by inhibition of eEF2K as it was suggested by Conn 

and Qian, since this kinase has not been found in Drosophila (Ryazanov, 2002, Conn and Qian, 

2013). Furthermore, our assay was different from Conn and Qian’s in the fact that they used a 

single luciferase reporter plasmid, not a dual luciferase reporter, which is used in translation 

accuracy field and which can detect more subtle differences and at the same time reduces 

experimental variability. The plasmid they used contained a firefly that either had a stop codon 

(UAG) or an R218S substitution in the middle of firefly's sequence. This means that rapamycin 

can also improve another kind of stop codon readthrough and that the improvement in 

misincorporation was also based in changes at the first, second or both codons (the 
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misincorporation that could give firefly its activity back was a UCU→Arg (CGC, CGU, CGA, CGG, 

AGA or AGG)) (Conn and Qian, 2013).  

In addition, we tested another drug that was recently shown to extend lifespan in 

Drosophila, Torin 1 (Mason et al., 2018); this is a mTOR inhibitor more potent than rapamycin, 

as it a catalytically inhibits the phosphorylation of all mTORC1 substrates, including S6K, 4EBP 

(at both Thre37/46 and Ser65), Grb10 (growth factor receptor-bound protein 10), PRAS40 

(proline-rich Akt substrate 40) and ULK1 (unc-51 like autophagy activating kinase 1) and it also 

inhibits mTORC2 (Guertin and Sabatini, 2009). Torin1 also decreased the level of both 

translation errors in some of the highest concentrations tested. Interestingly, when we 

checked the effect of this drug on Drosophila’s lifespan in our laboratory, we also found that 

only the highest tested concentration extended lifespan. The lowest concentration that we 

tested, 1 nM, increased the level of misincorporation but it still lowered the level of stop 

codon readthrough. This could have been caused by this low concentration affecting only 

certain substrates of mTOR that lead to a stress response that increases the level of translation 

errors. However, the results obtained at the highest concentrations still indicate a correlation 

between translation fidelity and extended lifespan. It is interesting to note that this more 

potent mTOR inhibitor had less pronounced effects on both lifespan and accuracy than 

rapamycin. The stronger effect of rapamycin compared to Torin 1 could be due to rapamycin 

specifically activating the pathways that are the most beneficial for longevity, namely, 

autophagy, reprogramming of protein synthesis and upregulation of certain genes (e.g. 

mitochondrial metabolism genes) (Guertin and Sabatini, 2009, Wang and Proud, 2006, Kapahi 

et al., 2004, Zid et al., 2009, Bjedov and Partridge, 2011, Cope et al., 2014). Similarly, the 

weaker, although significant, improvement of accuracy seen in cells treated with Torin 1 

compared to rapamycin treatment could arise from supplementary targets of this drug acting 

through mTORC2 that mask the fidelity effects. 

Another drug that we tested was Torin 2, since, like Torin 1, inhibits both TORC1 and 

TORC2 (Liu et al., 2011). This molecule was developed to be more potent than rapalogs and 

than other ATP-competitive kinase inhibitors such as Torin 1, and at certain concentrations it 

can inhibit ataxia telangiectasia mutated (ATM) and ataxia telangiectasia and Rad3-related 

(ATR), DNA -protein kinase and PI3Kα and it shows prolonged kinetics, meaning that the effect 

on the substrates is kept for longer than for rapamycin but shorter than Torin 1 (Liu et al., 

2013). This drug had not been previously reported to extend lifespan, but in our experiments, 

the highest concentration slightly extended the lifespan of our flies; however, the level of 

translation errors was unchanged in all the concentrations. Here, there is no correlation 
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between lifespan extension and accuracy, at least at the tested concentrations. One possibility 

is the in vitro set up did not replicate the in vivo one, and that we did not hit the right 

concentration window to see a change in translation accuracy. Another possibility is that Torin 

2 affected longevity through a mechanism independent of translation accuracy, as at high 

concentrations it has been shown that it becomes a pan-inhibitor of not only mTOR but other 

kinases of the same family (Liu et al., 2013). Clearly, this drug did not behave as Torin 1 or 

rapamycin, and in fact, Torin 1 has been reported to be one of the second generation mTOR 

inhibitors that behaves the most like rapamycin in both the concentration required for the 

inhibition of the phosphorylation of mTORC1’s substrates and also in its anti-ageing effects, 

whereas Torin 2 is the most different to rapamycin, as it is more potent and less selective for 

the anti-ageing effects (Leontieva and Blagosklonny, 2016).  

Trametinib has also been shown to extend the lifespan of Drosophila and to protect 

mice against some of the detrimental effects of obesity (Slack et al., 2015, Banks et al., 2015). 

Trametinib binds and blocks Mek1 and Mek2 (mitogen-activated protein kinase kinase 1 and 2) 

hence it is an inhibitor of the Ras-Erk-ETS (E-twenty-six) signalling pathway (Yamaguchi et al., 

2011). Interestingly, Mek2 phosphorylates ERK1 and ERK2, which have been shown, in 

mammalian cells, to phosphorylate MetRS in two sites that render this tRNA synthetase more 

promiscuous, mischarging Met to other tRNAs and hence triggering misincorporation of this 

amino acid (Lee et al., 2014). Thus trametinib, by inhibiting Mek2 could be leading to less Met-

misincorporation. In addition, Mek2 has also been shown to be directly inhibited by 

deacetylated tRNA levels, which increase in periods of lower nutrient availability, to slow down 

the cell cycle (Wang et al., 2016).  Furthermore, this pathway has been shown to act 

downstream of the lifespan extension produced by downregulation of chico (Drosophila’s 

insulin receptor substrate), by regulating Aop (anterior open) and Foxo transcription factors 

(Slack et al., 2015). In our screen, this drug downregulated the level of both misincorporation 

and stop codon readthrough. This could have been by Aop regulating the expression of genes 

related to translation, as it has been recently shown that this gene takes part on the regulation 

of genes encoding proteins involved in translation and energy metabolism in Drosophila 

(Dobson et al., 2018). Importantly, these results correlate again translation accuracy with 

lifespan.   

In addition, we tested diazaborine, which has not been shown to extend lifespan in 

flies, but it extended the lifespan of yeast (Steffen et al., 2008b). This drug is an inhibitor of 

ribosomal biogenesis that works through inhibiting Drg1 and hence blocking the release of 

Rlp24 from the 60S in fungi (Loibl et al., 2014). When we tested, if anything, it shortened the 
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lifespan of the flies and it did not change the level of translation errors. Its efficacy in insects 

has not been tested, but it has been recently reported that it also blocks the action of certain 

enzymes, the serine proteases, in human cells (Antonio et al., 2018). Therefore, it could be that 

it is not effective in insects or that it simply does not increase lifespan neither it decreases 

errors.   

Similarly, we tested salubrinal, that although it has not been implicated in ageing, it 

arrests translation through an increase in eIF2α phosphorylation by inhibiting protein 

phosphatase 1 (PP1) (Boyce et al., 2005, Carrara et al., 2017). This drug did not increase the 

lifespan of our flies, but it decreased the level of misincorporation at the highest concentration 

tested. Although this drug works in zebrafish and C. elegans, it has been proposed to not be 

effective on Drosophila due to the lack of PP1 (protein phosphatase 1) in flies (Julien et al., 

2016). Nevertheless, recently an eIF2α phosphatase specific for non-mammals has been found 

and it has certain common characteristics with mammalian PP1, in particular, the PP1R15a 

(PP1 regulatory subunit 15A region) that salubrinal inhibits (Malzer et al., 2013, Boyce et al., 

2005). Therefore, it could still be that lowering the level of misincorporation is not sufficient to 

extend lifespan if stop codon is not decreased too.  

Finally, we tested cycloheximide, which has not been implicated in ageing either, but it 

is an inhibitor of translation elongation through binding to the E-site in the large subunit 

(Schneider-Poetsch et al., 2010a). This drug did not extend Drosophila’s lifespan, and in the 

highest concentrations it shorted the flies’ lifespan. It has been found that elevated 

concentrations of cycloheximide block both translation and transcription (Schneider-Poetsch 

et al., 2010a). Cycloheximide has also been proposed to promote the depletion of ubiquitin, 

leading to cell death (Keeven et al., 2002, Hanna et al., 2003); therefore, it would be 

interesting to check if in our flies ubiquitin levels are affected and this is one of the causes of 

mortality. Interestingly, cycloheximide decreased the level of stop codon readthrough but it 

did not alter the level of misincorporation in our S2R+ cell-based assay. Furthermore, early 

studies on the relationship between the rate of elongation and translation fidelity exploited 

the use of cycloheximide; an in vitro system based on the mRNA of  the tobacco mosaic virus 

(TMV) showed that this drug decreased the level of both stop codon readthrough and 

misincorporation, but later studies on eukaryotic cells showed that cycloheximide could only 

decrease the level of misincorporation when cognate substrates were limiting (Abraham and 

Pihl, 1983). Therefore it was suggested that it was not the elongation rates that affected 

misincorporation but the accumulation of cognate substrate when translation itself was 

reduced (Abraham and Pihl, 1983).  This could mean that cycloheximide inhibits elongation, 



The role of decreased protein synthesis in delaying ageing                      | Martínez Miguel, V.E. 

 

193 
 

but it does not exploit the two steps that ensure the accuracy of elongation: the initial 

selection step and the proofreading step. 

In fact, there are more factors that can affect stop codon readthrough than 

misincorporation and, therefore, the drugs that decreased the level of stop codon readthrough 

in our screen (rapamycin, Torin1, trametinib and cycloheximide) could have done it through a 

plethora of mechanisms. The main players in stop codon recognition are release factors; after 

binding the ribosome their ‘switch’ loop docks in the domain closure pocket formed by RPS23, 

18S rRNA and 28S rRNA and structural rearrangements trigger the open domain (Prabhakar et 

al., 2017). Then, peptidyl and RFs release need to also occur accurately. This means that there 

are some antibiotics, such as the oxazolidines, that increase only stops codon readthrough but 

not misincorporation, as they bind to 23S and 16S rRNA (Thompson et al., 2002). These two 

rRNAs are part of the peptidyl transferase centre, which in the termination step of translation 

is required to be activated by release factors, but when the drugs are bound, it is 

hyperactivated and hence aminoacylated tRNAs can be loaded and the termination missed 

(Thompson et al., 2002). In addition, it has been recently found that stop codon recognition in 

eukaryotes is influenced by nucleotides in the entry channel that can recognize certain 

nucleotides downstream of the stop codon itself, and hence they can interact with 18S rRNA, 

25S rRNA, and other proteins of the large subunit (Panopoulos et al., 2004, Cridge et al., 2018). 

In conclusion, we can infer from our data that lifespan-extending drugs also decrease 

the level of both stop codon readthrough and misincorporation. The effect of specific aspects 

of translation accuracy and longevity has already been reported. In a study using different 

rodent species, Ke et al. found that translation accuracy at the first and second codon correlate 

with the species lifespan, meaning that the more accurate species also had the longer lifespans 

(Ke et al., 2017). In our experiment, the misincorporation reporter had a CGC→His (CAC or 

CAU) substitution and consequently, the misincorporation necessary to give the activity back 

to firefly in our set up is also at the second codon. Importantly, our results differ from Ke. et 

al., as they did not see that improving in stop codon readthrough had coevolved with 

longevity. Nevertheless, our results together with what we have seen in RPS23 K60R flies, 

show that in Drosophila enhancing the fidelity of both stop codon and misincorporation play a 

role in longevity.  
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Chapter 5. Impact on 

development and longevity of a 

substitution point mutation that 

alters translation fidelity 
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5.1 Introduction 

 

Translation is a process that has to happen fast and accurately, to provide the cell with 

functional proteins at efficient speed; however, due to the complex nature of this process and 

how two different alphabets need to be used, the error rates in vivo are still quite significant 

(Kramer and Farabaugh, 2007, Ogle and Ramakrishnan, 2005). Importantly, translation fidelity 

is mainly governed by the decoding centre, and this was first shown by a breakthrough study 

by Gorini and Kataja that found that aminoglycoside antibiotics bind the small subunit of the 

ribosome and induce errors (Gorini and Davies, 1968, Gorini and Kataja, 1964a, Gorini and 

Kataja, 1964b). This led to the discovery of streptomycin resistant, dependent and sensitive 

strains that had these phenotypes because of mutations in ribosomal proteins, which also 

caused them to be hyper or hypoaccurate (Gorini et al., 1966, Gorini et al., 1967, Funatsu and 

Wittmann, 1972, Hasenbank et al., 1973). So far, translation accuracy mutants have been 

isolated or generated in microorganisms, both bacterial and yeast (Liu and Liebman, 1996, 

Piepersberg et al., 1975, Smith et al., 2001, Alksne et al., 1993, Synetos et al., 1996, Anthony 

and Liebman, 1995, Bjorkman et al., 1999, Chiou and Jones, 1995, Gregory et al., 2001, Inaoka 

et al., 2001). However, to the best of our knowledge, there are no metazoan organisms with 

these mutations; thus, taking advantage of the CRISPR/Cas9 technique, we have aimed to 

develop ribosomal fly mutants that alter translation accuracy. These will be a powerful tool to 

directly study how translation fidelity can affect ageing. 
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5.2. Results 

 

5.2.1. Generation and characterisation of the first metazoan 

translation fidelity mutant 

5.2.1.1. Design of the translation fidelity mutations by CRISPR Cas-9 

To further investigate the role of translation accuracy in ageing, three mutants with 

single point substitutions RPS2 (Y143C), RPS23 (K60R) and RPS23 (K60T) were designed (see 

Materials and Methods 2.7.1.). These mutations were chosen because they have been 

reported in E. coli and S. cerevisiae to alter translation accuracy and they are in very 

evolutionarily conserved regions of these ribosomal proteins (Alksne et al., 1993, Anthony and 

Liebman, 1995, Velichutina et al., 2000, von der Haar et al., 2017) (Fig. 5.1. A). With the 

purpose of introducing these mutations in the Drosophila genome, the CRISPR/Cas9 system 

was used (see Materials and Methods 2.7.). We decided not to introduce any visual marker to 

avoid any potential functional changes, but we introduced in our ssODN design a silent 

restriction site for each mutant that would allow for genetic screening (see Materials and 

Methods 2.7.4.). Unfortunately, after an extensive screening for the possible CRISPR-edited 

candidates, we found only flies with the RPS23 K60R mutation. We were also able to find 

mutants that either had just the RPS23 K60R mutation and those that had both RPS23 K60R 

and the restriction site PvuII mutation (introduced for easier screening) (Fig. 5.1. B). We 

decided to backcross all these mutants to wDah flies (see Materials and Methods 2.7.5.). For 

backcrossing we used the PCR primers that contained the introduced amino acid substitution 

and silent mutation and that hence did not amplify wild-type rps23 at a narrow temperature 

window.  
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Figure 5.1. A single point mutation in an evolutionarily conserved region of RPS23 can alter 
translation. A) The protein 23 of the small ribosomal subunit (40S) is located at the decoding 
centre of the ribosome. When a highly conserved lysine (RPS12 K42 in E. coli and RPS23 K62 in 
S. cerevisiae) is substituted by other amino acids, there are direct changes in the levels of 
translation errors. B) Sequences of some of the mutants we got by CRISPR-Cas9 are depicted. 
RPS23 K60R has CGC (arginine) instead of AAG (lysine) and an extra mutation to disrupt the 
guiding RNA sequence; the RPS23 K60R PvuII mutant has two extra mutations in the site of the 
guiding RNA also to disrupt it and a silent substitution T→G to become a PvuII restriction site.  

RPS23 K60R was first discovered as a mutation conferring resistance to streptomycin 

(StrR) in E. coli (Gorini and Kataja, 1964a).  This (K42R in bacteria) and other mutations in 

RPS12 (the bacterial homologue of RPS23), such as K42N, K42Q, K42T, R85R, K87R, P90L, P90Q 

and P90R, were further characterised and they were found to decrease the level of translation 

errors and hence confer either resistant or even dependence to the error-inducing drug 

streptomycin (Bohman et al., 1984, Bjorkman et al., 1999, Tubulekas et al., 1991, Funatsu and 
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Wittmann, 1972, Timms et al., 1992). However, when these same mutations were introduced 

in S. cerevisiae’s RPS23 (in the old nomenclature it was known as RPS28), RPS23 K62R was 

found to decrease accuracy (Alksne et al., 1993). Importantly, the K60R mutation is in a highly 

conserved region of RPS23, the KQPNSA region (Alksne et al., 1993, Anthony and Liebman, 

1995, Chumpolkulwong et al., 2004); thus, we decided to see the incidence of this lysine in 

nature. For this reason, we run the amino acid sequence through BLAST using Ensembl and we 

looked at the variations of the KQPNSA region across the tree of life (Ensembl, 2018). 

Interestingly, we saw that the lysine at that position is highly conserved across kingdoms, and 

that the only other amino acid that is found in that position in nature is arginine (Fig. 5.2 A and 

B). Arginine instead of lysine is only present in several extreme thermophilic archaea species 

(Fig. 5.2 C).  
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Figure 5.2. Highly conserved region across all living organisms in the homologues of 
Drosophila’s RPS23. A) and B) show that there is a highly conserved amino acid region in the 
homologues of RPS23 comprising KQPNSA residues. C) When several model organisms such as 
Neurospora, S. cerevisiae, S. pombe, C. elegans, chimpanzees, Xenopus or Arabidopsis are 
compared, this conservation is even more clear. There is only another possibility that occurs 
naturally, RQPNSA, which is seen in some thermophilic archaea (marked in red). BLAST 
comparison using Ensemble Metazoan (GeneTree code EGGT00050000005347) (Ensembl, 
2018).  
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5.3.1.2. Translation fidelity is improved in RPS23 K60R flies 

As already mentioned, there are some discrepancies in the reported alterations of 

translation fidelity due to the RPS23 K60R mutation, which is mostly considered to have a mild 

restrictive (i.e. hyperaccurate) effect in bacteria and a ram (i.e. hypoaccurate) phenotype in S. 

cerevisiae. Therefore, we studied the level of translation errors of our mutant flies. For this, we 

used the dual-luciferase stop codon readthrough reporters by crossing these flies to our RPS23 

K60R mutants and control (see Materials and Methods 2.6.). We then used samples from 

whole flies, either young (10 days) or old (60 days), and the luminescence intensities were at 

least 5 times higher than the background, so we did not have the same problems reported in 

the samples from dissected tissues of S1106>UAS-RNAi. Most likely this is because of the 

higher expression of the dual luciferase reporter in muscles and neuronal tissues compared to 

the fat body.  

This assay allowed us to see that the level of stop codon readthrough in the RPS23 

K60R PvuII compared to the RPS23 WT control was significantly decreased in young and old 

samples (p=0.0239 and p=0.0017, respectively, Welch’s test) (Fig. 5.3.). The RPS23 K60R young 

flies were not significantly different from the controls but there was a tendency towards 

improved accuracy. Nevertheless, the old RPS23 K60R flies had significantly less stop codon 

readthrough than the old controls (p=0.002, Welch’s test). Therefore, Drosophila’s RPS23 K60R 

substitution leads to improved stop codon readthrough, being this more similar to E. coli than 

to S. cerevisiae.   

Importantly, measuring accuracy in the control flies enabled us to address a long-

standing question in the field, whether translation errors increase with age in metazoan 

organisms (Ke et al., 2018). Interestingly, we saw that the level of stop codon readthrough 

drastically increased from a mean of 7.5% in young WT flies to 20.1% in the old WT flies 

(p=0.017, Welch’s test), while the level of this type of translational error did not significantly 

change between young and old RPS23 K60R nor K60R PvuII flies. It is also interesting to note 

that the measured percentage of stop codon readthrough in vivo was much higher (ranging 

from the average 2.1% in the old RPS23 K60R flies to the average 20.1% in the old WT flies) 

compared to the values obtained in vitro (ranging from the average 0.4% in cells treated with 

250 nM rapamycin to the average 1.67% in cells treated with paromomycin).  
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Figure 5.3. The RPS23 K60R mutation leads to decreased stop codon readthrough in young and 
old flies. The WT control (blue columns) had increased levels in old flies (60 days) compared to 
young flies (10 days). The RPS23 K60R PvuII (grey columns) have less stop codon readthrough 
than the control at both, young and old ages. In addition, the RPS23 K60R flies (orange) had also 
decreased levels of errors compared to the control. The signal of firefly luminescence was 
divided by the signal of Renilla for each individual sample to calculate the firefly/Renilla ratios. 
Then, the percentage stop codon readthrough was calculated by dividing each sample’s 
firefly/Renilla ratio of the stop-codon reporter by the average firefly/Renilla ratio of the control 
reporter of each genotype and age.  The background luminescence was always subtracted to 
the firefly luminescence values.  For the young flies, 24 samples with 6 flies per sample for each 
genotype were analysed from two independent experiments. For the old flies, 12 samples with 
6 flies per sample for each genotype were analysed from two independent experiments. The 
average ±SEM are represented in this graph. The p values were calculated with a Welch’s t-test* 
p≤0.05 **p≤0.005: RPS23 K60R PvuII (young) vs WT (young) p= 0.0239; WT (old) vs WT (young) 
p= 0.017; K60R (old) vs WT (old) p= 0.0017; K60R PvuII (old) vs WT (old) p= 0.002.  

5.3.1.3. Directly altering translation fidelity by a mutation in the 

ribosomal decoding centre delays development independently of the 

environment   

Drosophila ribosomal protein mutants, called minutes are often developmentally 

delayed, as expected given the importance of translation in development (Dunn, 1937, 

Marygold et al., 2007, Schultz, 1929). Therefore, to further characterise RPS23 K60R mutation 

in Drosophila, we studied the flies’ developmental patterns. For this, we assayed the flies’ 

fecundity (defined by the number of eggs laid), the ratio of pupae: eggs, the ratio of flies: 

pupae and the developmental rates (the time of emergence of adult flies) in both 
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homozygotes and heterozygotes. Furthermore, we wanted to see if these fecundity and 

developmental parameters changed under different environmental conditions, since external 

stimuli have been shown to affect the growth rates of Drosophila minute mutants and also of 

bacterial hyperaccurate mutants (Isono et al., 1976, Sakka et al., 1987, Mikkola and Kurland, 

1988, Sinclair and Kaufman, 1984). Therefore, we left the flies to lay eggs and then these eggs 

to develop either at different temperatures (18°C, 25°C and 30°C), on different diets (poor 0.5 

SYA or standard 1 SYA media) or in the presence of the aminoglycoside paromomycin (see 

Materials and methods 2.1.2).  

To assess fecundity of the female flies, we counted the number of eggs that mated 

flies laid over a 24 hours period time. The number of eggs was only decreased by the 

homozygous RPS23 K60R mutation compared to the control flies in normal 1 SYA medium at 

25°C (p=0.0047, Welch’s test) (Fig. 5.4. A). Interestingly, in the presence of the error inducing 

drug paromomycin, the number of eggs of the homozygous RPS23 K60R PvuII flies was higher 

than the control (p=0.0144, Welch’s test).  The ratio pupae: eggs was reduced in the fidelity 

mutants under several conditions; it was reduced in the 0.5 SYA-fed homozygous K60R and 

K60R PvuII flies compared to the WT (p=0.03 and p=0.003 respectively, Welch’s test) and it was 

also reduced in the 0.5 SYA-fed heterozygous K60R PvuII flies compared to the control flies 

(p=0.0089, Welch’s test) (Fig. 5.4. C). The pupae: eggs ratio was also reduced in heterozygous 

K60R flies fed the standard 1 SYA medium at 25°C (p=0.0276, Welch’s test) (Fig. 5.4. A). There 

were also fewer pupae: eggs in both homozygous and heterozygous K60R and K60R PvuII 

compared to the control when they were given paromomycin (homozygous K60R p=0.003; 

homozygous K60R PvuII p=0.0123; heterozygous K60R p=0.0144 and heterozygous K60R PvuII 

p=0.0429, Welch’s test) (Fig. 5.4. E). The ratio flies: pupae was only lower in homozygous K60R 

flies supplemented with paromomycin compared to the respective control (p=0.0002, Welch’s 

test).  

In conclusion, neither fecundity nor the ratio of flies: pupae were affected by the 

RPS23 K60R mutation in most of the conditions tested, but the ratio pupae: eggs was 

significantly reduced compared to controls in RPS23 K60R homozygous and heterozygous 

under the poor 0.5 SYA media and in the presence of paromomycin.  
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Figure 5.4. The fertility and various stages of development of the RPS23 K60R flies are affected 
by several environmental conditions. The number of eggs, pupae and emerged flies were 
counted for RPS23 WT (blue columns), RPS23 K60R (orange columns) and RPS23 K60R PvuII (grey 
columns). For this, 5 female virgin flies and 5 males were crossed in a single vial (containing the 
indicated medium) and left to mate 24 hours in the studied condition. Around 10 vials per 
condition of the homozygous flies and 15 vials per condition of the heterozygous flies were 
tested, the averages are shown here ± SEM. To calculate the p values between the WT and the 
RPS23 K60R or K60R PvuII, Welch’s t-tests were used, *p=0.05, **p=0.005: A)  Eggs laid by RPS23 
K60R p=0.0047; B) n.s.; C) Pupae: eggs RPS23 K60R p= 0.0299 and RPS23 K60R PvuII p=0.003; D) 
Pupae: eggs RPS23 K60R p=3 x10-4 and RPS23 K60R PvuII p=0.0123. E) n.s.; F) Pupae: eggs K60R 
PvuII p=0.0089; G) Pupae: eggs RPS23 K60R p=0.0114 and RPS23 K60R PvuII p=0.043.  

 We also studied the rate at which the adult translation accuracy mutant and control 

flies emerged from the pupae under different conditions. We saw a delay in the emergence of 

the RPS23 K60R and K60R PvuII flies compared to the controls in all the conditions tested, but 

it varied in the degree of delay. At 25°C and a standard 1 SYA diet, 50% of the control flies had 

emerged in day 10, while the homozygous K60R and K60R PvuII had approximately one day 

delay emergence, (Fig. 5.5. A and B). Whereas the heterozygous, under this same standard 
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condition, were only half day delay compared to the controls that emerged in day 10 (Fig. 5.5. 

C and D). Development of flies at 30°C is faster and control flies emerged in day 8.5, but still, at 

this elevated temperature, the homozygous K60R and K60R PvuII flies emerged almost 1 day 

later than the controls (Fig. 5.5. E and F), whereas the heterozygous emerged around half a day 

later (Fig. 5.5. G and H). At 18°C, where 50% of the flies have emerged by day 17.5, the delay of 

the ribosomal mutants was even more pronounced, the homozygous K60R and K60R PvuII 

emerged more than 2 days after the controls (Fig. 5.5. I and J). When a poorer 0.5 SYA food 

with half the yeast content was tested, 50% of the control flies had emerged by day 10, both 

homozygous and heterozygous K60R and K60R PvuII adult flies emerged only around half a day 

later (Fig. 5.5. K, L, M and N). However, the error-inducing antibiotic, paromomycin, slowed 

down emergence of the homozygous flies more than the heterozygous RPS23 mutants 

differently: homozygous K60R and K60R PvuII emerged more than 2 days later than the control 

flies, which had emerged by day 10 (Fig. 5.5. O and P), whereas the heterozygous K60R and 

K60R PvuII were only one day delayed (Fig. 5.5. Q and R). All the described effects were almost 

equal between the males and females of each condition. Thus, the fly accuracy mutant is 

developmentally delayed especially at low temperature and low yeast content.  
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Figure 5.5. RPS23 K60R adult flies emerged later than the controls under all the conditions 
tested. The number of flies emerging was recorded and classified according to sex every few 
hours for the WT control (blue lines), RPS23 K60R (orange lines) and RPS23 K60R PvuII (grey 
lines). The cumulative frequency percentage of adult flies over time was then calculated for 
each condition. Around 10 vials per condition of the homozygous flies and 15 vials per 
condition of the heterozygous flies were examined. 
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5.3.1.4. Directly altering translation fidelity in Drosophila influences 

longevity in a condition-dependent manner 

The main aim of this thesis is to explore how translation fidelity affects longevity, so 

for this purpose, we studied the lifespan of RPS23 K60R flies. In addition, we tested the effect 

of the accuracy mutation on lifespan under different environmental conditions, as these 

conditions had shown to alter the developmental phenotype of the K60R flies; this time we 

also tested the lifespan of these flies under a higher temperature, 30°C, as the K60R 

substitution naturally occurs in thermophiles.  

We first tested the lifespan of both homozygous and heterozygous RPS23 control, 

RPS23 K60R and RPS23 K60R PvuII female and male flies at standard 25°C. We saw that at this 

standard temperature, female homozygous K60R flies had statistically the same lifespan than 

the control (65.5 days median, 77.5 maximum lifespan of the K60R flies compared to 65.5 days 

and 74.5 days maximum lifespan of the control), but the K60R PvuII had a shorter lifespan (56 

median and 68.5 maximum lifespan) than the control (p=1.49 x 10-6, χ2 log-rank test) (Fig. 5.6. 

A). Interestingly, the homozygous K60R and K60R PvuII males had a shorter lifespan than the 

control (p=2.24 x10-17 and p=5 x10-33 respectively, χ2 log-rank test). The control males lived 

68.5 days median and 77.5 days maximum lifespan whereas the K60R male flies had 56 median 

and 71.5 maximum lifespan and the K60R PvuII flies had 53.5 median and 63 maximum 

lifespan. However, at 30°C, homozygous K60R females had 35 days median and 39.5 days 

maximum lifespan, which was significantly longer than the 32.5 median and 37 maximum 

lifespan of the controls (p=0.0028, χ2 log-rank test). However, the homozygous K60R males 

lived the same than the controls, 32.5 days median lifespan for both and 37 days or 39.5 days 

maximum for K60R and the control respectively (Fig. 5.6. B).  

The longevity effect of this mutation was different on heterozygous flies. The 

heterozygous female K60R and K60R PvuII flies at 25°C lived longer (70 days median, 82 days 

maximum and 72.5 days median, 86 days maximum lifespan, respectively) than the control 

(63.5 days median and 75 days maximum lifespan) (p=1.17 x10-20 for K60R and p=6.93 x10-28 

for K60R PvuII compared to the controls, χ2 log-rank test) (Fig. 5.6. C). Similarly, the males with 

the heterozygous K60R mutation had a 61 days median and 75 days maximum lifespan, which 

was longer (p=0.017, χ2 log-rank test) than the control’s 59 days median and 70 maximum 

lifespan. This effect was very similar at 30°C for the heterozygous flies: female K60R and K60R 

PvuII flies lived longer than the controls (33 days median and 35.5 days maximum lifespan) 

(p=2.96 x10-30 and p=3.54 x10-9, respectively, χ2 log-rank test) with a 38 days median and X 

maximum lifespan and a 35.5 median and 38 maximum lifespan respectively. The K60R males 
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had a 35.5 days median and 40 days maximum lifespan, which was longer than the control 

28.5 days median and 35.5 days maximum lifespan (5 x10-20, χ2 log-rank test) (Fig. 5.6. D).  
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Figure 5.6. Effect of RPS23 K60R mutation on lifespan under two different temperatures.  The 
lifespans of both females (solid lines) and males (dashed lines) were studied in A) homozygous 
and B) and heterozygous C) and D) RPS23 WT control (blue lines), RPS23 K60R (orange lines) and 
RPS23 K60R PvuII (grey lines) reared at 25°C and 30°C. Around 150 mated flies per condition 
were tested, the p values between the survivorship data of the RPS23 K60R or K60R PvuII and 
the RPS23 WT controls were calculated doing a χ2-log-rank test: A) Homozygous RPS23 K60R 
females vs control females n.s.; RPS23 K60R PvuII females vs control females p=1.49 x 10-6; 
RPS23 K60R males vs control males p=2.24 x 10-17; RPS23 K60R PvuII males vs control males 
p=6.93 x 10-28. B) Homozygous K60R females vs control females p=0.0028; RPS23 K60R males vs 
control males n.s. C) Heterozygous RPS23 K60R females vs control females p=1.17 x 10-20; RPS23 
K60R PvuII females vs control females p=6.93 x 10-30; RPS23 K60R males vs control males 
p=0.017; RPS23 K60R PvuII males vs control males n.s. D) Heterozygous RPS23 K60R females vs 
control females p=2.96 x 10-30; RPS23 K60R PvuII females vs control females p=3.54 x 10-9; RPS23 
K60R males vs control males p=5 x 10-20; RPS23 K60R PvuII males vs control males n.s. 
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As we saw that food plays an important part in the development of RPS23 K60R 

mutant flies, we then tested how a diet of 0.5 SYA (poor yeast content), 1 SYA (standard yeast 

content) and 2 SYA (rich yeast content) could affect the lifespan of females. For this, 

homozygous and heterozygous flies at 25°C were studied.  We saw that homozygous K60R flies 

lived shorter than the control when fed 0.5 SYA medium (19 days median, 62.1 days maximum 

lifespan compared to the control’s 49.2 median and 72.6 maximum lifespan, p=8.7 x10-8, χ2 

log-rank test) (Fig. 5.7. A). Nevertheless, there was no statistical change in survivorship when 

they were given 1 SYA, 61 days median and 72.6 maximum lifespan for the K60R flies 

compared to 61 days median and 68.1 maximum lifespan of the control flies. On the contrary, 

they lived longer than the controls in a 2 SYA diet, the K60R lies had 58.6 median and 69.1 

maximum lifespan whereas the controls had 51.6 median and 65.6 maximum lifespan in this 

diet (p=0.00018, χ2 log-rank test) (Fig. 5.7. C). The results for the heterozygous K60R flies were 

slightly different; the K60R flies lived the same as the controls when fed 0.5 SYA medium (58.6 

days median for both and 88 days maximum lifespan for the control and 75 days for the K60R 

flies), but the K60R PvuII flies lived significantly shorter than the control, with only 19 days 

median and 71 days maximum lifespan (p=2.2 x10-16, χ2 log-rank test) (Fig. 5.7. D). 

Nevertheless, when fed 1 SYA, the K60R flies and K60R PvuII flies lived the same, 68.1 median 

and 77 days maximum lifespans, but the K60R PvuII flies were statistically significantly longer 

lived than the control (p=0.03 compared to the control, χ2 log-rank test) (Fig. 5.7.D). When the 

flies were given 2 SYA medium, both heterozygous K60R and K60R PvuII lived longer than the 

control (p=1.3 x10-10 and p=2.85 x10-5, respectively, χ2 log-rank test) (Fig. 5.7.F).  The K60R flies 

had a 58.6 median, 72.5 maximum lifespan and the K60R PvuII flies had 56.2 median and 68.1 

maximum lifespan compared to the control’s 51.6 median and 65.6 maximum lifespan. In sum, 

longevity of RPS23 K60R mutants was promoted on food with increased yeast content.  
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Figure 5.7. Effect of RPS23 K60R mutation on lifespan fed 0.5 SYA, 1 SYA and 2 SYA. The 
lifespans of females were studied in RPS23 WT (blue lines), RPS23 K60R (orange lines) and RPS23 
K60R PvuII (grey lines).  We studied both homozygous A) fed 0.5 SYA medium, B) 1 SYA medium 
and C) 2 SYA, and heterozygous D) fed 0.5 SYA medium, E) 1 SYA medium and F) 2 SYA. Around 
230 mated homozygous and 150 heterozygous female flies per condition were tested, the p 
values between the survivorship data of the RPS23 K60R or K60R PvuII and the RPS23 WT 
controls were calculated doing a χ2-log-rank test: A) Homozygous RPS23 K60R flies vs control at 
0.5 SYA p=8.7 x10-8. B) Homozygous RPS23 K60R flies vs control at 1 SYA n.s. C) Homozygous 
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RPS23 K60R flies vs control at 2 SYA p=0.00018. D) Heterozygous RPS23 K60R flies vs control at 
0.5 SYA n.s.; RPS23 K60R PvuII vs control at 0.5 SYA p=2.2 x10-16. E) Heterozygous RPS23 K60R 
flies vs control at 1 SYA n.s.; RPS23 K60R PvuII vs control at 1 SYA p=0.03. F) Heterozygous RPS23 
K60R flies vs control at 2 SYA 1.31 x10-10; RPS23 K60R PvuII vs control at 2 SYA p=2.85 x10-5. 

5.3.1.5. RPS23 K60R female flies have improved healthspan when 

reared under standard conditions 

In ageing, it is not only important to asses lifespan but also healthspan, and in flies, this 

is commonly measured by performing a negative geotaxis or climbing assay, which is known to 

decline with age (Gargano et al., 2005, Jones and Grotewiel, 2011). For this reason, we 

performed the negative geotaxis assay once a week for 5 weeks in female WT and RPS23 K60R 

flies reared at standard conditions (Fig. 5.8.). We saw that homozygous K60R flies performed 

significantly better than the control at week 2 and week 3 (p=7.7 x10-4 and p=0.018 

respectively, Student t-test); however, the mutant flies had a worse performance index than 

the control at week 5 (p=0.017, Student t-test). The heterozygous K60R flies had improved 

performance indices than the control flies at week 2 (p= 0.0065, Student t-test), week 3 

(p=0.026, Student t-test) and week 4 (p=3.87 x10-5, Student t-test). It should be noted that this 

experiment was performed in parallel to the lifespan shown in Fig. 5.6., in which the 

homozygous K60R flies lived the same than the control but the heterozygous K60R flies lived 

significantly longer than the control (p=0.0056). This means that the lifespan extension was 

accompanied by an improvement in healthspan in the accuracy mutants.  

 



The role of decreased protein synthesis in delaying ageing                      | Martínez Miguel, V.E. 

 

214 
 

 

Figure 5.8. Assessment of the senescence of negative geotaxis in the RPS23 K60R flies. The 
average performance index (n=3) for each week was calculated and plotted ±SEM for RPS23 
K60R (orange lines) and control flies (blue lines). 10 vials with 15 flies in each were tested. The 
p-values of the data for the K60R flies compared to the data for the controls were calculated 
doing a Student t-test,*p≥0.05: A) Homozygous K60R flies at week 1 n.s.; week 2 p=7.7 x10-4; 
week 3 p=0.019; week 4 n.s. and week 5 p=0.017. B) Heterozygous K60R flies at week 1 n.s.; 
week 2 p=0.0065; week 3 p=0.025; week 4 p=3.87 x10-5 and week 5 n.s. 

5.3.1.6. Homozygous RPS23 K60R female flies are sensitive to 

paromomycin but heterozygous RPS23 K60R flies were not  

Accuracy mutants were first discovered because of their resistance to streptomycin, an 

antibiotic that increases the level of translation errors (Bilgin et al., 1992, Birge and Kurland, 

1969, Gorini and Kataja, 1964b, Gorini et al., 1967); therefore, we decided to test the 

resistance of the accuracy RPS23 K60R flies to the error-inducing drug paromomycin, which is 

known to affect eukaryotic cells too (Carter et al., 2000, Chernoff et al., 1994, Fan-Minogue 

and Bedwell, 2008, Prokhorova et al., 2017, Tuite and McLaughlin, 1984). For this, we put adult 

female control flies and both homozygous and heterozygous RPS23 K60R flies on 1 SYA 

supplemented with 800 µM paromomycin, similarly to the epistasis experiments explained in 

Chapter 3. Results.  
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We saw that homozygous K60R flies were sensitive to paromomycin, with 46 days 

median and 57.5 days maximum lifespan compared to the control flies supplemented this 

drug, which had 60 days median and 71.5 days maximum lifespan (p=6.6 x10-31, χ2 log-rank 

test) (Fig. 5.9. A).  The heterozygous K60R flies, however, did not show any significant 

difference in their resistance to paromomycin, they had 60 days median and 67 days maximum 

lifespan compared to the 57.5 days median and 73 days maximum lifespan of the controls 

supplemented with this drug (Fig. 5.9. B). Therefore, the RPS23 K60R are not resistant to this 

aminoglycoside as their bacterial homologues, and actually, they are sensitive when the 

mutation is homozygous.  

 

Figure 5.9. Effect of paromomycin on the lifespan of RPS23 K60R flies. The lifespans of females 
were studied in RPS23 WT (blue lines) and RPS23 K60R (orange lines), fed control 1 SYA food 
(solid lines) or 800 µM paromomycin (dashed lines). The mutations were either homozygous A) 
or heterozygous B). Around 150 female flies per condition were tested, and the average 
survivorship calculated and plotted here. The p values between the survivorship data of the 
RPS23 K60R flies and the RPS23 WT controls (either fed control food or paromomycin 
accordingly) were calculated doing a χ2-log-rank test: A) Homozygous RPS23 K60R flies vs control 
n.s.; RPS23 K60R on paromomycin vs control on paromomycin p=6.6 x10-31. B) Heterozygous 
RPS23 K60R flies vs control p=0.0056; RPS23 K60R on paromomycin vs control on paromomycin 
n.s.  
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5.3.1.7. Conclusions about the characterisation of the translation 

fidelity mutant RPS23 K60R 

Our study of the effects on translation accuracy of the RPS23 K60R mutation in the 

highly evolutionarily conserved accuracy-region of this ribosomal protein showed that, at least, 

in heterozygous females, it leads to improved stop-codon readthrough that remains at very 

low levels even in old flies. Notably, we also saw that the level of this type of error increases 

drastically in aged wild-type flies, which had not been previously reported in a metazoan 

organism. In addition, we saw that the developmental patterns of the flies with this fidelity 

mutation are very sensitive to the environment (i.e. low temperature and poor yeast content 

diet), especially the pupa: egg ratio. Nevertheless, they are always delayed in the emergence 

of adult flies from pupae, being this more pronounced in homozygous flies and when they are 

reared at 18°C or when given paromomycin.  Interestingly, the lifespan of the K60R mutant 

was longer than the control in heterozygous flies, especially at higher temperatures and under 

richer diets, and at the standard rearing conditions, it correlated with an improvement of 

healthspan. Nonetheless, and unlike most hyperaccurate mutants, the homozygous K60R flies 

are sensitive to paromomycin, but the heterozygous are not. Therefore, we can conclude that 

introducing a mutation that alters translation fidelity has very significant phenotypical effects, 

both in delayed development and longer lifespan, and that these effects are exacerbated by 

the environment.  
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5.4. Discussion 
 

 

 5.4.1. K60R reduces stop codon readthrough in Drosophila 

In order to study the direct link between translation fidelity and ageing, we designed 

three different mutants based on yeast and E. coli studies; one had a Y152C substitution in 

RPS2, which would lead to a ram hypoaccurate mutation, and then other two substitutions in 

RPS23, K60R and K60T, which would render the ribosome hypoaccurate and hyperaccurate 

respectively (Alksne et al., 1993, Synetos et al., 1996, Gorini and Kataja, 1964a, Ozaki et al., 

1969, Funatsu and Wittmann, 1972, Birge and Kurland, 1969). For this purpose, we used the 

CRISPR/Cas9 system; we designed ssODNs with the specific substitutions and a silent mutation 

leading to a restriction site, and together with our guiding RNAs they were injected in embryos 

of germline-expressing Cas9 flies (Hsu et al., 2014). We had to screen for positive candidates 

within the progeny of these flies; unfortunately, we were able to find only flies with the RPS23 

K60R mutation. The lack of positive candidates for RPS23 K60T or RPS2 Y152C could be due to 

either a lethal effect of these mutations in the flies, a detrimental effect in development that 

made them be outcompeted by the wild-type flies, or because the inefficiency of the 

CRISPR/Cas9 system requires more F1 progeny to be screened. Thus, we are planning to repeat 

the same process to obtain other accuracy mutants such as RPS23 K60N or K60Q (Kalapala et 

al., 2010, Alksne et al., 1993, Synetos et al., 1996).  

The flies we obtained in our laboratory bear a lysine to arginine substitution at K60 in 

RPS23, which was first identified in E. coli RPS12 K42R (together with RPS12 K42N, K42Q and -

K42T) to be hyperaccurate due to its streptomycin resistance (Gorini and Kataja, 1964a, 

Funatsu and Wittmann, 1972). These mutations are in the rpsL gene (encoding for RPS23) in a 

region, KQPNSA, with a highly conserved amino acid sequence among evolutionary distant 

organisms, and interestingly, it has been observed that some organisms, such as S. enterica, E. 

amylovora, M. tuberculosis, T. thermophilus and X. oryzae naturally acquire streptomycin 

resistance by introducing a Lys to Arg mutation in this region (Bjorkman et al., 1999, Bjorkman 

et al., 1998, Chiou and Jones, 1995, Dobner et al., 1997, Gregory et al., 2001, Zhang et al., 

2015, Finken et al., 1993). The first translation fidelity characterization of these mutations 

showed that in E. coli K42R mutants, although protected against streptomycin, did not have 

reduced stop codon readthrough nor misincorporation (Bohman et al., 1984). Bohman et al. 

measured nonsense errors using an assay in which the lacZ gene (coding β-galactosidase) and 

the lacI gene (coding a β-galactosidase-repressor) are separated by a UGA stop codon and 
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hence stop codon readthrough can be measured by the activity of the enzyme. 

Misincorporation was measured by a cell-free poly (U)-directed phenylalanine to leucine 

misincorporation assay, in which purified ribosomes are mixed with synthetic mRNA and other 

reagents necessary for poly (U) directed translation of the radio-labelled Leu and its near-

cognate Phe (Bohman et al., 1984).  Nevertheless, the experiments by Bohman et al. showed 

that the K42N mutation did not have effects on accuracy either; however, later studies found 

that the same mutation in Salmonella Typhimurium and Bacillus subtilis decreases the level of 

errors quite significantly (Bjorkman et al., 1999, Inaoka et al., 2001). In both these studies, 

nonsense suppression was also measured by the lacI-lacZ fusion gene β-galactosidase assay, 

but Inaoka et al., measured not only UGA but also UAA and UAG stop codons; in addition, 

Inaoka et al. measured misincorporation in the cell-free poly (U)-directed Phe to Leu assay. 

Interestingly, in the experiments by Inaoka et al. they found that the K56R mutation (the 

equivalent of K42R for B. subtilis), had no difference with the wild-type for UAG and UAA stop 

codons readthrough or misincorporation but it had higher rates of UGA readthrough  (Inaoka 

et al., 2001). Furthermore, based on these bacterial studies, the same accuracy mutations 

were introduced in yeast on a plasmid. The modeled mutations, RPS23 (formerly referred as 

RPS28 in yeast) K62T, K62N and K62Q showed increased translational accuracy whereas, 

unexpectedly, K62R showed it to be decreased as measured by the lacZ-based β-galactosidase 

UGA stop codon readthrough assay (Alksne et al., 1993, Anthony and Liebman, 1995, Synetos 

et al., 1996).  

The differences in accuracy amongst these rpsL mutants have been proposed to be 

due to the way these amino acids interact with streptomycin and the 16S rRNA (18S rRNA in 

eukaryotes). Streptomycin binds the phosphate backbone of 16S rRNA at four sites, through 

salt bridges and hydrogen bonds, and it also contacts RPS12 K42; the hyperaccurate mutations 

K42N, K42T or K42Q destabilize these bonds reducing the affinity for streptomycin and, 

moreover, when the antibiotic is not present they also destabilize the contacts with helices 18 

and 27 of 16S rRNA, making the ribosome a harder proof-reader and hence hyperaccurate 

(Carter et al., 2000, Kalapala et al., 2010, Sharma et al., 2007). Similarly, it has been proposed 

that K42R also disrupts the hydrogen bonds between RPS12 and streptomycin, conferring 

resistance, but it does not disrupt the salt bridges with the 16S rRNA when streptomycin is not 

present and hence it does not increase accuracy (Kalapala et al., 2010, Carter et al., 2001).  

Unexpectedly, when we studied the level of stop codon readthrough in our 

heterozygous mutant RPS23 K60R flies, they had significantly lower rates of this type of error 

at both young and old ages than the control WT flies. This lysine to arginine mutation is often 
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considered hypoaccurate because of the results by Bohman et al. in E. coli and by the Liebman 

and Alksne laboratories in yeast (Bohman et al., 1984, Alksne et al., 1993, Synetos et al., 1996); 

however, it is important to remark that there is another study showing K42R is an accurate 

mutant in E. coli (Chumpolkulwong et al., 2004). In that study, K42R had misincorporation rates 

that were significantly lower compared to the wild-type control, albeit higher than the rest of 

K42 mutants tested, suggesting K42R is a mild accuracy mutation. Both Bohman et al. and 

Chumpolkulwong et al. used the Leu to Phe poly (U)-directed misincorporation system; 

however, these two studies used different media, M9 minimal medium or 2x YT (yeast and 

tryptone) respectively (Bohman et al., 1984, Chumpolkulwong et al., 2004).  This could be a 

critical difference, as our studies clearly demonstrate that K60R mutants are longer-lived on 

high yeast content food (corresponding accuracy measurements on different food types are 

underway). We can hypothesize that this media richer in yeast leads to increased levels of 

available protein and essential sterols and that in this plentiful status there is an increased 

energy supply, which will be favourable to hyperaccurate mutants that have lower levels of 

translation (Davey et al., 2012). In addition, our experiments were done with tissue extracts 

that had minimal processing (just lysing with a and adding the luciferases’ substrates), whereas 

the Leu to Phe poly (U)-directed misincorporation assay is based on the use of highly purified 

ribosomes in addition to artificial buffers, templates and translation-associated factors, which 

may not fully replicate the natural cell environment.  

The discrepancies of accuracy between bacteria, yeast and flies could also be due to 

variances in the adjacent regions of KQPNSA between organisms that make the lysine to 

arginine mutation to have contrasting effects in each organism.  Also, as it has been explained, 

the contacts made by RPS12/RPS23 with rRNA 16S (prokaryotes) or 18S (eukaryotes) are 

essential to translational accuracy, and these could also vary between organisms. Remarkably, 

the flies we tested for stop codon readthrough were heterozygous for RPS23 K60R and reared 

under standard conditions, in which they were longer-lived than the controls. However, the 

homozygous K60R flies were not longer-lived under these same standard conditions, which 

could mean that either the homozygous mutation results in an even more extreme 

hyperaccurate phenotype that becomes detrimental or that, the homozygous K60R mutation 

leads to hypoaccuracy such as their yeast counterparts. Here, it should be noted, that despite 

the contrary effects on stop codon readthrough by RPS23 K60R in yeast and flies, one of our 

results agrees with the results by Alksne et al. it is the fact that heterozygous female K60R flies 

had their lifespan unaffected by paromomycin but the homozygous K60R flies were sensitive 

to this aminoglycoside (Alksne et al., 1993). Therefore, to test if the homozygous are extreme 
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hyperaccurates or hypoaccurates, we are making a double mutant of the translation fidelity 

reporter flies and the RPS23 K60R flies, so we can have homozygous flies to test.   

We have not been able to measure the level of misincorporation in our flies yet, 

because as it has been discussed before, the bioluminescence values are too close to the 

background level due to the heat shock promoter that we were using. For this reason, we have 

changed the promoter for the stronger ubiquitin promoter and we are planning to cross this 

flies to the RPS23 K60R flies to also study this type of error, since us and other laboratories 

have shown that misincorporation and stop codon readthrough can be uncoupled and have 

diverse correlations with longevity (Ke et al., 2017) 

5.4.2. The level of stop codon readthrough increases with age 

in Drosophila 

One of the most noteworthy results obtained in this thesis is that we found that 

translation errors increase with age in flies.  When we measured the levels of stop codon 

readthrough in WT flies of 10 or 60 days of age, we saw that there was a significant rise in this 

kind of error in the older flies. This is a remarkable result as, to the best of our knowledge, stop 

codon readthrough has not been measured in an aged metazoan organism yet. After L. Orgel’s 

‘Error catastrophe’ theory of ageing in 1963 (Orgel, 1963), there were multiple attempts to 

study the level of translation errors in aged samples; however, the experiments in aged worms 

and flies or senescent fibroblasts did not show any accumulation of translation errors  (Parker 

et al., 1981, Vanfleteren and De Vreese, 1994, Harley et al., 1980). The available technique at 

that time to measure translation errors was the 2D gel electrophoresis footprint, where errors 

are detected as ‘stuttering’ of protein spots, which was criticized by some scientists to not be 

sensitive enough (it only accounts for errors that change the polarity of the proteins)  and 

because it requires artificial procedures and purifications that do not replicate the cell 

environment (Gallant et al., 1997, Holliday, 1997). In addition, it has been argued that in older 

studies they used extremely low concentrations of Mg2+, which weakens the near-cognate 

codon recognition in comparison to the cognate codon recognition, leading to artificially 

elevated levels of accuracy (Wohlgemuth et al., 2010). For example, all the experiments 

carried by the Kurland laboratory follow a protocol in which the concentration of Mg2+ is 5 mM 

(Andersson et al., 1982, Bohman et al., 1984, Bouadloun et al., 1983, Fast et al., 1987, Mikkola 

and Kurland, 1988, Ruusala et al., 1984), but in more recent experiments this concentration 

has been raised to even 14 mM (Wohlgemuth et al., 2010, Chumpolkulwong et al., 2004). In 

our experiments, we saw that the level of stop codon readthrough measured in vivo was quite 
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high in the wild-type flies. This is not totally surprising, as Drosophila has been reported to 

have a pervasive readthrough that is hypothesized to provide the flies with new C’ terminal 

sequences in existing proteins or even new proteins to adapt to stresses (Dunn et al., 2013, 

Jungreis et al., 2011).  

More recently, using a dual-luciferase assay similar to the one used in this report, it has 

been shown that fibroblasts derived from longer-lived rodent species have more accurate 

translation than shorter-lived rodent species, and that reduced misincorporation caused by 

misreading of the first and second codon correlate positively with the species maximum 

lifespan (Ke et al., 2017, Ke et al., 2018, Azpurua et al., 2013). Interestingly, another recent 

study in yeast, showed that although inducing translation errors via paromomycin via a similar 

error-inducing drug or nourseothricin supplementation and RPS2 mutations (SUP38 and 

SUP38-5) significantly decreased the lifespan of S. cerevisiae, the basal level of stop codon 

readthrough and misincorporation (using the same reporters used in our experiments) did not 

change in control chronological ageing cells (von der Haar et al., 2017). These differences 

observed between aged yeast and aged flies could be explained by the multicellular organisms 

accumulating more errors than unicellular organisms, which could be produced by less 

efficient protein turnover rates or proteostasis systems. Another remark is that the 

heterozygous RPS23 K60R flies, which are longer lived in this condition, had the same level of 

stop codon readthrough in young and old ages; namely, their translation accuracy was 

improved compared to the WT flies. Thus, it could be that in some aged organisms the 

damaged proteins produced by translation errors are maintained to safe levels through costly 

protein quality control systems, such as autophagy, proteasomal degradation or chaperone-

mediated refolding, but in others, these systems cannot efficiently cope. Therefore, improving 

translation accuracy could result in less pressure to the protein quality control system and 

better invested cellular energy; this can be inferred from comparisons between longer-lived 

organisms within the same species, as our WT and RPS23 K60R flies, or studies such as the one 

by Ke et al. in rodent fibroblasts (Ke et al., 2017). Ke et al. (2017) did not see a correlation 

between longevity and stop codon readthrough; nonetheless, it could be that the 

heterozygous K60R flies have also improved mistranslation. In fact, the results obtained in 

S2R+ cells treated with different drugs (discussed in Chapter 4.3.), show that in Drosophila it is 

drugs that extend lifespan also improve both stop codon readthrough and misincorporation. 

Thus, we have already generated flies that have the luciferase-based misincorporation 

reporters under a stronger promoter, we have used a reporter that has an H245R mutation in 

the active site of firefly, meaning that a CGC (Arg) misincorporation to CAU or CAC (His) has to 
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happen to render the luciferase active again. In addition, to test if there the proteostasis 

systems are under less pressure in our RPS23 K60R flies, we are planning to check the levels of 

autophagy, which we can do by immunoblotting against Atg8-I and Atg8-II or p62. In addition, 

we are planning to study the refolding capacity in these mutants by using a refolding-luciferase 

based assay. 

5.4.3. K60R delayed development 

We aimed to characterize the phenotype of our RPS23 K60R mutant, and since minute 

mutants are developmentally delayed (Marygold et al., 2007, Dunn, 1937) we looked at their 

developmental rates, quantified by the time in which adult flies emerged from the pupae. We 

saw that at 25°C under standard 1 SYA food, the flies with the K60R mutation were delayed 

when the mutation is homozygous o heterozygous, and this holds true for both females and 

males.  The delay in developmental rate seen in minute mutants varies in degree depending on 

the haploinsufficiency and it has been shown to vary at from 0.7 days to 3.5 days at 25°C 

(Schultz, 1929, Bridges et al., 1923, Dunn, 1937). A more recent study has suggested that the 

developmental delay, amongst other phenotypes, seen in minutes are due to a signal sent by 

impaired ribosomal biogenesis, possibly through RPS12 (Drosophila’s nomenclature), that 

elevates the expression of Xrp1 transcription factor (Lee et al., 2018). This developmental 

delay attributable to a reduction of translation has also been recently reported in longer-lived 

C. elegans (Dalton and Curran, 2018). Moreover, hyperaccurate mutants also have slower 

growth rates, which have been linked to slower translation elongation rates and less efficient 

translation (Ruusala et al., 1984, Tubulekas and Hughes, 1993, Nagel and Chan, 2006, Gregory 

et al., 2001).  

In addition, we looked at fecundity by monitoring the number of eggs laid by the 

mutants and the controls, and we also studied the effects of these mutations and the 

environment in larval development, by calculating the pupae:  eggs and the flies: pupae ratios. 

We saw that at 25°C under standard 1 SYA food the number of eggs was reduced in the 

homozygous K60R flies but not in the heterozygous flies. This means that the detrimental 

effect on fecundity is restored in the heterozygous state. However, heterozygous RPS23 K60R 

flies had a lower ratio of pupae: eggs than the control and the RPS23 K60R PvuII flies. This 

difference in RPS23 K60R flies as a result of the silent PvuII restriction site could be due to 

several reasons; first, the modification in the codon we selected could be having a detrimental 

effect because of different codon usages that can alter the speed or efficiency of the 

translation of this specific leucine, but this is unlikely, since both CTC (the original codon) and 
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CTG (the one introduced to give the PvuII restriction site) have extremely similar theoretical 

and experimental codon optimality measurements (i.e. CTC scores 1 and CTG 0.98) (Acevedo 

et al., 2018, Shields et al., 1988). Another possible cause of the variances between these two 

mutants is the breeding process of these flies; for the RPS23 K60R flies we have 6 independent 

families that were backcrossed independently into the wDah background and are kept separate, 

whereas for RPS23 K60R PvuII we only have two. Thus, if there is any spontaneous mutation or 

CRISPR off-target mutation in any other locus in one of the two families, it will have a very 

strong effect in the phenotype of the RPS23 K60R PvuII experimental flies (which are 

generated by mixing both families). For this reason, we are now testing the lifespan and 

healthspan of every individual line.   

Since very early studies in Drosophila, it has been known that many mutations and 

their phenotypes are more altered by external conditions than the wild-type, and accordingly, 

we decided to see if temperature and diet could vary the developmental delay and fecundity 

status of the RPS23 K60R mutant (Dunn, 1937, Bridges et al., 1923). The homozygous RPS23 

K60R flies at 30°C had a shorter developmental delay than at 25°C. In the heterozygous RPS23 

K60 flies there was a very slight delay compared to the controls. Furthermore, at 30°C, the 

number of eggs, the pupae: egg or the flies: pupae ratios were not altered in comparison to 

the controls by neither the homozygous nor the heterozygous K60R substitution; therefore, 

the accuracy flies were less affected at this temperature. This means that, although the 

homozygous were less affected at higher temperatures than at the optimal 25°C, this was even 

less pronounced in the heterozygotes and conversely, at 18°C the delay was exacerbated. In 

literature, it has been reported that there is a variation between the delays in adult emergence 

of minutes too: the minute mutants that both minute mutants and hyperaccurate mutants are 

often also more affected in their growth rates at lower temperatures (Sinclair and Kaufman, 

1984, Isono et al., 1976, Sakka et al., 1987).  This could be due to the slower and reduced 

translation rates seen in colder temperatures affecting mutants that have reduced protein 

synthesis even more, and on the contrary, higher temperatures that lead to higher rates of 

translation being better tolerated in the hyperaccurate mutants.  

In addition, we checked how a poorer 0.5 SYA diet could affect the developmental 

delay of RPS23 K60R. We saw that both homozygotes and heterozygotes females and males 

were slightly less delayed than at the standard 1 SYA diet. This is in accordance with what has 

been seen in hyperaccurate E. coli mutants, whose growth rates were less inhibited in poor 

media than in rich media (Mikkola and Kurland, 1988). They also saw that neither translation 

errors nor elongation rates depended on the media and that hence bacteria were 
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compensating for the loss of efficiency in poorer media through other mechanisms. Moreover, 

although the controls, the homozygous K60R and heterozygous K60R laid similar amounts of 

eggs in this poorer diet, the ratio pupae: eggs was significantly reduced in both homozygous 

and heterozygous RPS23 K60R flies compared to the controls. This is not caused by mating or 

fertility problems, as the same flies were used for assays at 1 and 2 SYA food where such a 

severe developmental problem was not observed. This means that despite fecundity not being 

affected by this diet in the accuracy mutants, the K60R larvae were hypersensitive to the poor 

yeast content and could not reach pupation as well as the controls; nevertheless, the fewer 

flies that reached adulthood emerged with a shorter delay compared to the controls than 

when reared at standard conditions. This could be due to the higher translation requirements 

of larvae, which could not be met by the lower efficiency of translation by ribosomes with an 

RPS23 K60R mutation in addition to the lowering of protein synthesis caused by nutrient 

deprivation. Codon usage bias is a phenomenon that occurs across all taxa, and it is 

characterized by the preferential use of certain synonymous codons over others and it has 

been related to an evolutionary advantage towards higher translation speed, with extreme 

bias happening in the translation of genes that require higher speed (Brandis and Hughes, 

2016). Interestingly, it has been found that Drosophila has the highest codon usage bias in 

larvae, which require the highest de novo protein synthesis (Vicario et al., 2008). Furthermore, 

our results are in accordance to the explanation given by Mikkola and Kurland, who argued 

that the compensation to the reduced efficiency by the hyperaccurate bacteria in poorer 

media would be through a global increase in protein synthesis that would exceed the 

requirements (Mikkola and Kurland, 1988). As a result, maybe the RPS23 K60R larvae invest 

ample energy in compensating for the lower efficiency and that is why most of them cannot 

reach pupation, but the ones that do are not so developmentally delayed. We will be able to 

explore this theory when we perform immunoblots against phospho-4EBP and phospho-S6K in 

these flies and larvae.  

Finally, we tested the effect of the error-inducing drug paromomycin. Interestingly, the 

developmental delay was intensified in females and males with the homozygous RPS23 K60R 

mutation. This had already been observed with the yeast equivalent RPS23 K62R mutants, and 

other hyperaccurate mutants, which were hypersensitive to paromomycin and their growth 

was even further reduced (Synetos et al., 1996, Panopoulos et al., 2004). As expected, in the 

heterozygous K60R flies, the developmental rates were much less affected by paromomycin 

than in the homozygous flies. Usually, a detrimental effect by paromomycin is considered to be 

due to a cumulative effect of translation errors, and although it is possible that the 
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homozygous RPS23 K60R flies are hypoaccurate, this is an unlikely result due to heterozygous 

K60R flies having shown to be hyperaccurate. Thus, another possibility is that paromomycin is 

inhibiting translocation, as it was found to be by Tsai et al., and that this together with the 

reduced efficiency of K60R flies is inhibiting growth (Tsai et al., 2013).   

In addition, the pupae: egg ratio was reduced when paromomycin was supplied in both 

homozygous and heterozygous K60R flies but not in the K60R PvuII homozygous flies. Again, 

this means that the K60R larvae are hypersensitive to paromomycin, independently of being 

homozygous or heterozygous for the mutation. A reason why there are some differences in 

the effect of paromomycin on the K60R and K60R PvuII flies could be that the K60R PvuII flies 

having developed a suppressor mutation that is affecting the binding of paromomycin to the 

ribosome or to 18S rRNA. Although the levels of stop codon readthrough were measured in 

both sets of mutants, the developmental assay for the flies treated with paromomycin was 

performed two months after the level of translation fidelity had been tested, therefore this 

suppressor mutations could have arisen. Therefore, we are planning to repeat these results 

with more flies to see if these effects replicate.  

5.4.4. K60R can extend lifespan and improve healthspan in a 

condition-dependent manner 

The main aim of this thesis was to study how altering translation fidelity affects ageing, 

so our RPS23 K60R flies can give us an insight into the link between translation accuracy and 

lifespan. Under standard conditions, 25°C and 1 SYA food, we saw that the homozygous K60R 

female flies lived the same than the control, whereas the lifespan of the males was shorter; 

however, the lifespan of both females and males K60R PvuII was shorter than the control. 

Therefore, the silent PvuII mutation or the breeding circumstances of this mutant can 

influence the lifespan of these flies. It is also interesting that there is a sexually dimorphic 

effect of the homozygous K60R mutation since males were shorter lived, but females were not. 

We can hypothesize that this sexually dimorphic phenotype could be a result of different 

translation and accuracy requirements for each sex; if homozygous K60R mutants are 

extremely hyperaccurate (even more than the heterozygotes) this will be accompanied by a 

less efficient translation, meaning that males cannot cope with reduced translation. On the 

other hand, if these homozygous RPS23 K60R flies are hypoaccurate, the errors might be 

affecting more the male flies than the females. We will find out which of these two is the 

correct hypothesis when we test the level of translation fidelity in the homozygous mutants. 

Curiously, this sexually dimorphic effect was also seen in the heterozygous flies under standard 
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conditions: K60R and K60R PvuII female flies were long-lived whereas the males lived the same 

than the controls. This is important, because the fidelity data we have is for the heterozygous 

flies in this standard 25°C 1 SYA condition, and it showed that both K60R and K60R PvuII 

female flies are more accurate than the control which means that hyperaccuracy leads to 

improved lifespan, at least, in females.  

The sexually dimorphic effect of lifespan-extending interventions has been previously 

reported; dietary and caloric restriction lead to a more pronounced effect on the female 

lifespan (Nakagawa et al., 2012), this has been explained by the different energetic cost of 

reproduction in each sex, being higher in female flies (Partridge et al., 2005, Maklakov et al., 

2009). This has been reinforced by the observation that caloric restriction leads to reduced 

fecundity, which has been explained as a shift of energy resources allocated to somatic 

maintenance rather than reproduction (Chapman et al., 1998, Partridge et al., 2005). 

Nevertheless, this sexually dimorphic effect can be reversed when the lifespan is extended not 

by dietary restriction but by lowering the level of dietary protein, even if fecundity is still more 

reduced in females than in males (Jensen et al., 2015). It should be clarified at this point too 

that the lifespan extension seen in our female heterozygous RPS23 K60R flies is not due to a 

reduction in fertility, as the number of eggs laid by these flies was the same as the WT; 

however, the homozygous K60R flies laid significantly fewer eggs than the controls and their 

lifespan was reduced.   

Another interesting remark is that, as it has been discussed in the Chapter 3.3. section, 

in yeasts, humans and Drosophila, RPS23 is naturally hydroxylated in the proline belonging to 

the highly conserved KQPNSA region (Loenarz et al., 2014, Katz et al., 2014, Singleton et al., 

2014). This hydroxylation leads to newly synthesized RPS23 forming a complex with Nro1 (not 

found in metazoa) and Ofd1 (Sudestada1 in Drosophila) leading to the nuclear localization of 

the r-protein and its subsequent incorporation in the 40S ribosomal subunit (Clasen et al., 

2017). Therefore, there is a possibility that our mutation at K60 could be affecting this 

hydroxylation and hence leading to a reduction in ribosomal biogenesis and therefore a 

lifespan extension through a reduction of protein synthesis. For this, it would be interesting to 

study ribosomal biogenesis by either measuring the levels of different rRNAs through RT-qPCR 

or northern blots (Sanchez et al., 2016). It would also be informative to see the polysome 

profiling of these flies where the proportion of 40S, 60S and 80S can be studied (Chasse et al., 

2017). 
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We also assessed the healthspan of these flies by measuring the decline in their 

locomotor behaviours under standard conditions and we saw that both homozygous and 

heterozygous K60R flies performed better than the controls. Therefore, this mutation leads to 

improved locomotor behaviour, which is coupled with improved lifespan in the heterozygous 

K60R flies, but it is not with the homozygous flies. This improvement in negative geotaxis could 

be linked to the extreme sensitivity of the neurological system to translational errors (Kapur 

and Ackerman, 2018). Increases in frameshifting, nonsense mutations and missense 

suppression have been linked to neurological diseases in patients and model systems as a 

consequence of mutations in aminoacyl-tRNA synthetases, elongation factors and ribosomal 

proteins (de Ligt et al., 2012, Inui et al., 2016, Lam et al., 2016, Lopes et al., 2016, Nakajima et 

al., 2018, Nakajima et al., 2015, Paolini et al., 2017, Sekiguchi et al., 2018, Nakayama et al., 

2017, Brooks et al., 2014, Klauck et al., 2006, Thevenon et al., 2015). Additionally, there could 

be a link between neurological age-related diseases or the natural decline in cognitive capacity 

and translational fidelity, but it remains unexplored.    

In addition, we looked at the effect of higher temperatures on the lifespan of these 

flies, and we saw that both female and male homozygous K60R were unaffected this time. This 

shows that, as we deduced from the developmental assay, at 30°C, this mutation does not 

affect the flies negatively, even males. Importantly, the heterozygous K60R and K60R PvuII 

female flies and the K60R male flies were markedly longer lived than the control at 30°C. 

Again, we see an effect of the silent PvuII mutation, but only in the male flies, which could 

again be explained by the rearing conditions of these flies or by suppressor mutations having 

spontaneously arisen. Even more interesting is how at elevated temperatures hyperaccuracy 

has a protective effect even in males. This again supports the hypothesis that male flies have 

less capacity to cope with lower translation efficiency and that only in conditions where 

translation is higher, then, hyperaccuracy can be beneficial. In fact, accuracy and 

thermoresistance are tightly linked because both hyperaccuracy and slower elongation speeds 

produce reduced levels of misfolding, which is particularly protective under heat shock 

(Gingold and Pilpel, 2011, Lee et al., 2006, Siller et al., 2010, Hekman et al., 2012, Hawer et al., 

2018, Crombie et al., 1992), and hypoaccuracy can lead to heat sensitivity  (Kimata and Kohno, 

1994, Hawer et al., 2018). Furthermore, if the hyperaccurate mutants spend less energy 

correcting and degrading mistranslated polypeptides, more energy can be spent in chaperones 

and the heat-shock response (Gingold and Pilpel, 2011). Nevertheless, the homozygous K60R 

flies did not live longer at elevated temperatures, which could mean that either the translation 

efficiency is so low owing to hyperaccuracy, that it cannot suffice the organism when its 
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requirement for protein synthesis is higher, or that the homozygous state of RPS23 K60R 

renders translation inaccurate, but we would expect this to have a detrimental effect at higher 

temperatures.  

We also tested the effect of the mutation in female flies fed a poor or a rich diet 

because the translation efficiency requirements could vary in flies, although older studies in 

bacteria show that there is no difference in the levels of translation accuracy in richer or 

poorer diets (Mikkola and Kurland, 1988). We saw that the homozygous K60R female flies lived 

shorter than the control under the poor 0.5 SYA diet, but contrarily the lived longer than the 

control under the richer 2 SYA food. The heterozygous RPS23 K60R flies, however, lived the 

same as the controls and K60R PvuII lived slightly shorter than the controls in the 0.5 SYA food 

and longer than the controls in 2 SYA food. Again, in the poorer conditions there is an 

exacerbated detrimental effect on the homozygous flies, this could be due to the same reason 

as K60R flies lived longer at higher temperatures; in a richer medium, there is a higher level of 

protein synthesis, and therefore any effect of accuracy will be more accentuated than when 

translation is lower. On the contrary, it has been shown that the main response to nutrient 

deprivation is a decrease in translation, by both degrading ribosomal proteins and halting 

translation through mTOR and the general amino acid control pathway (GAAC)  (Spriggs et al., 

2010, Davey et al., 2012); thus, if the homozygous K60R flies are extremely hyperaccurate, 

their lower levels of protein synthesis might not suffice the organism under nutrient 

deprivation. On the other hand, it has been shown that hypoaccurate E. coli mutants were 

unable to respond to the stringent response because of a reduction in the level of deacylated 

tRNAs, which are effectors of this response (Bullwinkle and Ibba, 2016). Thus, if the K60R 

homozygous mutants are hypoaccurate they would be misincorporating amino acids and 

reducing their deacetylated tRNA pools too.  

These shifts of lifespan behaviour depending on food are not unusual, some good 

examples are flies with overexpressed dFOXO, which have only extended lifespan under richer 

diets but not in DR-like diets or chico null mutants (Drosophila’s insulin receptor substrate) 

which under restricted diets live shorter than the controls but under richer diets their lifespan 

is extended (Clancy et al., 2002, Clancy et al., 2001, Min et al., 2008). Furthermore, it has been 

seen that NSUN5, which methylates 25S rRNA in a conserved region, increases stop codon 

readthrough and extends Drosophila’s lifespan in poorer media but in richer diets it can be 

even detrimental (Schosserer et al., 2015). Remarkably, the food that in their study was 

considered as ‘poor’ corresponded to media containing 22 g/l sugar 18 g/l yeast and 80 g/l 

corn (our poorest food, 0.5 SYA contained 50 g/l sugar and 50 g/l yeast) and the ´rich’ media 
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was more similar contained 60 g/l sugar, 100 g/l yeast and 2 g/l peptone (our 1 SYA food 

contains 50 g/l sugar and 100 g/l yeast). Therefore, this is exactly the opposite that we see in 

our hyperaccurate flies, meaning that maybe the balance between translation efficiency and 

translation accuracy must be shifted depending on the environmental conditions to improve 

lifespan (Fig. 5.10.).  

 

Figure 5.10. Schematic representation of the accuracy requirements for the best fitness 
depending on the translation load. In normal conditions, for example, when nutrients are 
neither scarce nor abundant and the temperature is optimal for normal metabolism, the 
translation load is ‘medium’ and to have the best fitness accuracy should also be in a medium 
range. However, when translation is naturally lower owing to, for example, scarce nutrients or 
lower temperatures, it is better to have lower translation accuracy to obtain longer lifespans. In 
the opposite direction, if the translation is high because of elevated temperature or ad libitum 
nutrients and rich diets, hyperaccuracy is beneficial.  Therefore, evolution will favour a level of 
accuracy that keeps the organism the fittest depending on the environment.   

Finally, we tested the resistance of these flies to the error-inducing drug paromomycin 

by assessing the survival of the female homozygous and heterozygous RPS23 K60R and WT 

flies on this antibiotic. We saw that homozygous RPS23 K60R flies were very sensitive to this 

drug, but heterozygous were unaffected. This replicates the effects of the drug on the 

developmental delay too, in which homozygous larvae were very sensitive to this drug. Even 

though resistance to another error-inducing drug, streptomycin is usually an indicator of 

increased accuracy, this is not the case with paromomycin. In fact, a large screen of 

omnisuppressor (i.e. hypoaccurate mutants) showed that these could be from resistant to 

hypersensitive to paromomycin and that this phenotype was totally independent of the degree 
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of accuracy (Wakem and Sherman, 1990). This was further explored in yeast with a mutation in 

the 25S rRNA (C2658U, termed rdn5), that is hypoaccurate but resistant to paromomycin and 

that achieves these two phenotypes by disrupting the sarcin/ricin loop of the 25S rRNA and 

hence its interactions with RPS23, eEF2 and paromomycin (Panopoulos et al., 2004, Liu and 

Liebman, 1996). Thus, it has been proposed that the rdn5 mutation alters the normal 

interaction between 25S rRNA and eEF2 and hence it prevents paromomycin from accelerating 

the accommodation and GTP hydrolysis steps of translocation (Panopoulos et al., 2004). 

Moreover, paromomycin and ram mutations have been shown to exploit the thermodynamics 

of the initial selection stage of elongation (lowering the necessary energy for discrimination), 

whereas the restrictive mutations act through the proofreading phase of elongation 

(increasing rejection) (Zhang et al., 2018, Zaher and Green, 2010). This difference between the 

effect of paromomycin and streptomycin is also highlighted by the fact that streptomycin 

directly binds prokaryotic K42 whereas paromomycin does not (Panecka et al., 2014). 

Furthermore, paromomycin interacts with 18S rRNA, and it has been shown that the 

susceptibility to this drug and its misreading effects are influenced by this interaction (Fan-

Minogue and Bedwell, 2008). Therefore, the RPS23 K60R mutation (which directly interacts 

with 18S rRNA in C912 (E. coli nomenclature) in flies could be rendering the structure of the 

decoding centre more susceptible to paromomycin, independently of the higher accuracy of 

the K60R mutants under standard conditions. In fact, a study in extreme thermophile archaea, 

including S. solfataricus which we found using Ensembl BAST that it has arginine in the 

homologous position of our mutation, are hyperaccurate and unaffected by streptomycin but 

sensitive to paromomycin (Londei et al., 1988) 
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Chapter 6: General discussion 
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An evolutionarily conserved mechanism of lifespan extension is the reduction of 

protein synthesis, either by downregulating mTOR, by using translation inhibitors or by 

genetically downregulating translation factors or ribosomal proteins (Hansen et al., 2007, 

Curran and Ruvkun, 2007, Hamilton et al., 2005, Henderson et al., 2006, Kaeberlein et al., 

2005, Steffen et al., 2008b, Steffen et al., 2012, Kapahi et al., 2004, Pan et al., 2007, Rogers et 

al., 2011, Zid et al., 2009). In this thesis, I aimed to study if downregulation of translation 

improves longevity through an increase in translation fidelity.  For this purpose, first, I carried 

out a focused RNAi longevity screen, in which I found that downregulating in adult flies eIF4E, 

eEF2 and RPS23 could extend their lifespan and health span. Then, I studied the effect of 

several drugs on translation fidelity and I saw a correlation between reduced mistranslation 

and improved ageing. Lastly, I studied how directly altering translation could affect longevity 

and I found that introducing an amino acid substitution in the highly conserved RPS23 resulted 

in developmental delay and a condition-dependent lifespan extension.   

One of the main parts of this thesis was to find if downregulating translation by RNAi 

can extend lifespan as it does in C. elegans and yeast (Syntichaki et al., 2007b, Steffen et al., 

2008b, Hansen et al., 2007, Curran and Ruvkun, 2007, Hamilton et al., 2005, Pan et al., 2007). 

Successfully, we found several translation-associated proteins that can extend lifespan in flies 

when RNAi is used in the metabolic tissue, despite seeing that under the ubiquitous act-GS 

driver, most of the RNAi lines were shorter-lived, signifying the importance of appropriately 

downregulating translation in Drosophila. Nevertheless, we focused on eIF4E, eEF2 and RPS23, 

which consistently extended lifespan when downregulated in the metabolic tissue. As it has 

been discussed, there are many reasons why they can be long-lived, and unfortunately, we 

have not been able to corroborate yet that the main cause of this longevity effect is improved 

fidelity. Nevertheless, there are possible links between these proteins and improved fidelity. 

Downregulating eIF4E or eIF4G had totally opposite effects, the first extending lifespan and 

health span the second shortening them. These effects can be caused by a plethora of 

mechanisms, ranging from the suppression of Cap-independent mechanisms in eIF4G RNAi 

flies that are still allowed in eIF4 RNAi flies and consequently regulate the expression of genes 

involved in stress-resistance and longevity (Ramirez-Valle et al., 2008, Hernandez et al., 2004, 

Marr et al., 2007, Howard and Rogers, 2014b) to the differential translation of mRNAs with 

certain structures (Zid et al., 2009, Acevedo et al., 2018) or decreased ribosome stalling (Tuller 

et al., 2010). Nevertheless, if following our hypothesis, downregulating eIF4E improves 

translation accuracy, this will happen through indirect ways; lowering eIF4E could be triggering 

a factor, such as Ctk1, that increases translation fidelity and regulates canonical translation 
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through its interaction with initiation factors that have not been identified yet (Coordes et al., 

2015, Rother and Strasser, 2007). Another possibility is that downregulating eIF4E but not 

eIF4G could be leading to improved PABP1 function, which can promote translation errors 

when overexpressed and that interestingly, is naturally downregulated in elderly (Cosson et al., 

2002, Roque et al., 2015, Anvar et al., 2013).  

Similarly, eEF2 RNAi could be extending lifespan trough several mechanisms that we 

have not pinpointed yet. One of these could be that eEF2 triggers the differential translation of 

certain genes that can improve longevity, by for example altering gene expression or 

promoting the translation of mRNAs with weaker mRNA Kozak sequences (Acevedo et al., 

2018). Lowering eEF2 could also improve folding capacity by slowing down elongation speed 

(Rodnina et al., 2017, Siller et al., 2010), as for example cycloheximide, an elongation inhibitor 

can do (Meriin et al., 2012a, Meriin et al., 2012b), in addition, protein folding could be 

enhanced by a decrease is mistranslation. This is feasible since eEF2 has been directly 

implicated in the generation of frameshifting errors, both by antibiotics (Dinman et al., 1997, 

Harger et al., 2001) and by deletion of a highly conserved histidine to diphthamide 

modification (Hawer et al., 2018, Liu et al., 2012, Ortiz et al., 2006, Uthman et al., 2013) 

Likewise, slower elongation speed is one of the main trade-offs of translational fidelity 

(Wohlgemuth et al., 2010), meaning that tuning speed can also be a way of tuning fidelity. 

Importantly, rapamycin, which improved misincorporation and stop codon readthrough in our 

experiments and others, has been proposed to do so by a slowing of elongation trough eEF2K 

(Conn and Qian, 2013).  

The last factor that when downregulated extended lifespan in our screen was RPS23. 

The most apparent cause behind the longevity effect of this RNAi line could be due to a global 

downregulation of translation by impairing ribosome biogenesis. This is supported by 

depletion of RPS23 leads reduced ribosomal biogenesis in humans (Fumagalli et al., 2009) and 

that none of the minute mutants has been found to be caused by RPS23 haploinsufficiency 

suggests that the importance of this protein is such that ribosomes do not form without it 

(Marygold et al., 2007, Genuth and Barna, 2018); thus, S1106>RPS23 most likely have lower 

levels of global translation Nevertheless, this still does not explain how downregulating protein 

synthesis can extend lifespan. Steffen et al. explained the extended lifespan of their yeast with 

deleted ribosomal proteins as the cause of GCN4 activation (Steffen et al., 2008b). In addition, 

it has been proposed that decreasing translation, the most energetically expensive cellular 

process, provides the cell with energy that can be spent in other repair mechanisms 

(Kaeberlein and Kennedy, 2008).  
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Furthermore, recently RPS23 has been also proposed to be a sensor of nutrient 

availability that affects the regulation of the hypoxic response and sterol metabolism (Clasen 

et al., 2017). When RPS23 levels are down, Ofd1 is free to sequester the Sre1 transcription 

factor, leading to a shift in lipid metabolism that matches nutrient deprivation. Thus, RPS23 

downregulation could be a way of mimicking dietary restriction. Interestingly, the 

hydroxylation of RPS23 by Ofd1 (Sudestada1 in Drosophila) is a safe keeper of translation 

fidelity and it happens at P62 (Drosophila’s nomenclature) in yeast, flies and humans (Katz et 

al., 2014, Loenarz et al., 2014, Singleton et al., 2014). Remarkably, this residue is the proximity 

of K60, which is the amino acid that we engineered by CRISPR/Cas9, reinforcing the 

importance of this protein in translation accuracy. Interestingly, when paromomycin was given 

to S1106>RPS23 RNAi flies, they were not longer-lived anymore, and this treatment had a 

greater effect on this mutant than on the controls, which suggests that the lifespan extension 

probably occurs through an improvement in translation fidelity.  

RPS23 has been a central protein in this thesis, as it forms part of the accuracy centre 

and it has been widely characterized to be involved in translation accuracy (Anthony and 

Liebman, 1995, Bohman et al., 1984, Chumpolkulwong et al., 2004, Finken et al., 1993, Funatsu 

and Wittmann, 1972, Inaoka et al., 2001, Panecka et al., 2014, Sharma et al., 2007, Synetos et 

al., 1996, Zaher and Green, 2010, Gorini, 1966, Gorini, 1969). We were able to introduce a 

Lys→Arg substitution at K60 in this protein, which according to some studies should have led 

to hypoaccuracy (Bohman et al., 1984, Alksne et al., 1993), but to others to no effect or to 

hyperaccuracy (Chumpolkulwong et al., 2004, Inaoka et al., 2001). This indicates that the effect 

of this mutation on accuracy is highly condition-dependent and affected by the heterozygous 

and homozygous states. Interestingly, when we tested the level of stop codon readthrough, 

we saw that this was reduced in the mutant flies compared to the wild types; as it has been 

discussed in more detail in Chapter 5.3., this could be caused by structural modifications that 

alter the interactions of this residue between organisms, or just because of the different 

experimental procedures used. Nonetheless, here it should be remarked that RPS12 K42R 

mutation (E. coli nomenclature) was considered (and it can still be, depending on the 

organism/context) to be hyperaccurate because it confers streptomycin resistance in a variety 

of prokaryotes (Gorini and Kataja, 1964b, Gregory et al., 2001, Bjorkman et al., 1999, Chiou 

and Jones, 1995, Dobner et al., 1997, Finken et al., 1993, Zhang et al., 2015), but it did not 

against paromomycin in S. cerevisiae (Alksne et al., 1993, Synetos et al., 1996) and neither in 

our flies. In fact, homozygous RPS23 K60R were sensitive to this aminoglycoside, both at their 

development and in the survival analysis, but heterozygous were unresponsive. However, it is 
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important to mention that paromomycin, on the contrary to streptomycin, does not interact 

directly with K60 and that not only interacts with the interface between RPS23 and 18S RNA, 

as streptomycin does with prokaryotic RPS12 K42 and 16S RNA, but it also induces the closed 

conformation of the decoding site by activating the activity of GTPase through binding 23S 

rRNA in helix 69 (Rodnina et al., 2017, Kalapala et al., 2010). This implies that maybe the K60R 

eukaryotic mutants are hyperaccurate but hypersensitive to this aminoglycoside, or that on 

the other hand, their hyperaccuracy is not strong enough to compensate for the error-inducing 

effects of paromomycin.  

Importantly, we saw that the heterozygous RPS23 K60R flies were longer lived and had 

improved locomotor behaviour than the wild-type under standard rearing conditions, on rich 2 

SYA food or at 30°C, which implies that increasing translation fidelity (at least stop codon 

readthrough) can extend lifespan under certain environmental conditions. This is also in 

accordance to our data in S2R+ cells, which has shown a correlation between lifespan-

extending drugs (i.e. rapamycin, trametinib and Torin 1) and reduced stop codon readthrough 

and misincorporation (at the second codon). Although this is slightly in disagreement with the 

studies by Ke et al. who saw a correlation between increased longevity and reduced 

misincorporation (at the first and second codons), but not stop codon readthrough in rodents 

(Ke et al., 2017), it does not mean that in Drosophila, or even insects, improving stop codon 

readthrough together with misincorporation is a mechanisms behind healthier ageing. 

Furthermore, another indication that if this type of error can be ameliorated, an improvement 

in ageing can be achieved, is that the mutant K60R flies had the same level of stop codon 

readthrough when measured in young and old flies, whereas the wild-type flies had a 

significant age-dependent increase of this type of error. This, in addition, is one of the most 

exciting results obtained in this thesis as the level of mistranslation has not been appropriately 

measured in an aged metazoan organism yet (Ke et al., 2018). Interestingly too, the level of 

stop codon readthrough that we detected in vitro was much lower than what was obtained in 

vivo, which could mean that the effects of any fidelity-improving interventions can have an 

exponential effect on the multicellular organism. Finally, when we combine the results of the 

screen for drugs that improve fidelity in vitro and lifespan in vivo and the results obtained in 

the measurements of fidelity in vivo wild-type flies, we can conclude that we could use the 

translation fidelity assay in S2R+ cells to screen for new lifespan-extending drugs and their 

optimal concentrations.   

At this point, we can say that an improvement in translation can lead to extended 

lifespan; however, it can also have detrimental consequences, as both homozygous and 
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heterozygous RPS23 K60R mutants were developmentally delayed compared to the wild-types 

especially under certain rearing conditions, and in addition, the homozygous flies were longer-

lived under 2 SYA but shorter-lived when fed a poor 0.5 SYA diet. This implies that translation 

accuracy can be beneficial under certain circumstances, e.g. elevated temperatures and richer 

diets, but it is detrimental in others, e.g. under nutrient starvation or colder temperature. 

These food-dependent contradictory effects can be attributed to the different requirements 

for translation efficiency. Translation is the most energetically expensive process in the cell, 

taking up to 50% of the cell’s energy (Sonenberg and Hinnebusch, 2009); therefore, when 

nutrients are scarce, the cell downregulates global protein synthesis through mTOR and the 

general amino acid control pathway (GAAC) (Spriggs et al., 2010). Therefore, if our flies on the 

0.5 SYA diet have translation downregulated through these pathways and in addition they are 

translating less efficiently due to hyperaccuracy, their fitness will be compromised. This is also 

in accordance of the results by Schosserer et al., who saw that C. elegans and flies were longer 

lived with the hypoaccurate NSUN5 mutation under very poor diets but shorter lived in normal 

or richer diets (Schosserer et al., 2015). On the other hand, under a richer diet, the surplus 

energy being generated will compensate for the reduced translation efficiency and the 

benefits of hyperaccuracy will be exerted. These benefits include a better proteome that leads 

to better folding and less aggregation, removing some pressure from the protein quality 

control system (Komar et al., 1999, Tsai et al., 2008, Pedersen, 1984). Similarly, at higher 

temperatures, the stability of the proteome is reduced (Mohler and Ibba, 2017, Akerfelt et al., 

2010); therefore, if translation is more accurate, the quality of the proteins will be better and 

hence the quality control systems will have more capacity to take care of the proteome 

(Kaushik and Cuervo, 2015). In fact, it has been shown that hypoaccurate mutants are more 

sensitive to hot temperature whereas hyperaccurate are more sensitive to cold (Isono et al., 

1976, Bennoun et al., 1980, Hawer et al., 2018). Furthermore, the longest-lived animal, Arctica 

islandica, has been found to have an extremely stable proteome with higher resistance to 

stress-induced aggregation and unfolding, and it would be interesting to measure translation 

accuracy in this species (Treaster et al., 2014).   

In the wild, these conditions of ad libitum nutrients and very rich diets are not usually 

encountered and therefore, evolution has not favoured the incorporation of the hyperaccurate 

amino acid substitutions in most species. It is actually known that the maximum possible 

accuracy is not achieved in nature because of a phenomenon known as the ´trade-off’ 

between accuracy, efficiency and energy expenditure (Wohlgemuth et al., 2010).  For example, 

discriminating for a stronger binding or a more frequent rearrangement would lead to higher 
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accuracy but at the expense of efficiency, and this has not been selected for in most 

organisms, as these individuals would be quickly outcompeted (Prabhakar et al., 2017). In fact, 

molecular evolutionary simulations have concluded that the selection for translation accuracy 

occurs when misfolding promotes a direct fitness cost and hence it is required to prevent toxic 

misfolded products (Drummond and Wilke, 2008). This could also be why we, and others, have 

seen thermophile archaea such as A. fulgidus, P. aerophilum, T. pendens, A. pernix, H. 

butylicus, S. solfataricus, C. korarchaeum cryptofilum and N. equitans and 4% of all bacterial 

species have Lys→Arg because this could be conferring an advantage towards protein damage 

by higher temperatures (Panecka et al., 2014). Despite being certain evidence of the improved 

accuracy of some extreme thermophilic archaea (Londei et al., 1988), the overall fidelity of 

these species is largely unexplored (de Koning et al., 2010). Nevertheless, there is plenty of 

evidence showing that in evolution across organisms, there has been a selection for more 

accurate translation and less misfolding (Warnecke and Hurst, 2010), less frameshifting 

(Farabaugh and Bjork, 1999) and fewer nonsense errors (Gilchrist et al., 2009). In addition, 

slower speed is beneficial when more complex secondary structures are required and to aid in 

co-translational folding, and indeed rarer codons that slow down elongation rates are used in 

proteins with these requirements (Komar et al., 1999, Tsai et al., 2008, Pedersen, 1984). 

Recently, it has also been shown that a hypoaccurate  E. coli mutant with defective tyr-tRNAPhe 

editing site was not able to respond to nutrient deprivation (Bullwinkle and Ibba, 2016).  

Nevertheless, extreme hyperaccuracy has not been generally selected for, not only 

because of the unavoidable slowness trade-off that this would mean but because sometimes 

mistranslation is beneficial (Ribas de Pouplana et al., 2014). In a groundbreaking study, it was 

shown that HeLa cells, under oxidative stress, increase Met-misacylation that protects the cells 

due ROS-protective capacity of this amino acid (Netzer et al., 2009); later, it was found that 

this Met-misacylation occurs also in bacteria and yeast (Jones et al., 2011, Wiltrout et al., 

2012). Another benefit from mistranslation is found in the pathogenic Candida albicans, which 

shows an especially high serine/leucine ambiguity, which has been proposed to be a way of 

providing this fungus with genome-wide rearrangements that can favor its pathogenicity and 

phenotypic diversity (Bezerra et al., 2013, Gomes et al., 2007, Miranda et al., 2013, Sarkany et 

al., 2014). In addition, it has been demonstrated that varied species of Drosophila have amino 

acid coding sequences following stop codons, meaning that readthrough is necessary for their 

translation (Dunn et al., 2013, Jungreis et al., 2011). This readthrough might probably be a 

mechanism to regulate the expression of genes that are necessary to adapt under stress 

conditions or produce new C-terminal extensions that provide the protein with novel functions 
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(Dunn et al., 2013). Therefore, to adapt to the environment, accuracy must be finely tuned, 

and either improved or impaired fidelity can be beneficial depending on the situation. In 

situations where competition is high, energy levels are low, or translation has been halted, 

mistranslation can be preferred; however, when nutrients are plentiful, translation is 

upregulated, or the stability of the proteome is imperative, misfolding imposes a special risk, 

then hyperaccuracy will be beneficial (Fig. X). If we think about human health, in most 

developed countries, food is plentiful and there is a trend towards richer diets, with obesity is 

a burden to socioeconomic states that has reached epidemic proportions (Wang and Ren, 

2018, Hinnig et al., 2018); therefore, any anti-ageing drug that is designed to target these 

societies will have to be studied taking into account the effect on translation accuracy.  

 

Figure 6.1. There is an inherent trade-off between speed and accuracy, and this has to be 
balanced depending on the physiological requirements. There are environmental conditions 
that favour an improvement in accuracy whereas there are others that favour an improvement 
in speed, so depending on these, and the organism will benefit from its effects or will be harmed 
by them.  
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6.2 Future work 

Although we have been able to answer some questions regarding the role of protein 

translation and translation accuracy in ageing, there are still some important ones that remain 

unanswered. The main inquiry after the RNAi focused longevity screen is if these lines have 

improved fidelity. For this, we are making a double mutant of flies carrying the S1106-Gal4 

driver and the luciferase-based fidelity reporters, so we can cross them to our RNAi lines 

(Nicholson et al., 2008, Salas-Marco and Bedwell, 2005).  In addition, now that we have set up 

and corroborated the efficiency of RNAi on S2R+ cells, we are planning to also test how 

different concentrations of dsRNA against our proteins of interest can affect translation in 

vitro.  Furthermore, we would like to know if downregulating these translation-associate 

proteins also reduces the level of global translation, and for this purpose we are finishing 

optimizing the puromycin-based assay to measure the level of de novo protein synthesis, both 

in vivo and in vitro (Deliu et al., 2017).  We are also planning to study the polysome profiles of 

these flies, which would inform us of the status of the translatome; this technique is based on 

the separation of polysome-associated mRNAs from free-mRNAs in a sucrose gradient, which 

makes it ideal for studying the total levels of translation (i.e. including UTRs) (Chasse et al., 

2017). Nonetheless, if this does not work, we will measure translation by 35S-Methonine, which 

consists of labelling cells with the 35S-methionine radioisotope, which gets incorporated in 

polypeptides and allows for its quantification in SDS-PAGE (Pollard, 1994). Finally, to 

understand the mechanisms behind the lifespan extension of these flies, we have thought of 

several assays that we can perform. We could analyze the level of cap-independent IRES 

initiation by using a bicistronic dual-luciferase assay, similar to the one we have used to study 

translation fidelity, that has Renilla and firefly separated by an IRES sequence (Jackson, 2013, 

Van Eden et al., 2004). We could use this assay both by crossing the reporters to the flies, 

which would take longer as double mutants with the S1106 driver are necessary, or by using it 

in the S2R+ cells treated with dsRNA against our proteins of interest. It would be very 

interesting to uncover in the long-lived flies having downregulation of eIF4E, eEF2 and RPS23, 

which mRNAs are being translated. To this end, it would be very informative to perform 

ribosome profiling (Ingolia, 2016), a technique that provides a snapshot of proteins being 

synthetized. This could both reveal which proteins might be accountable for the longevity, as 

well as it would indicate some mechanistic about translation.  

We have been able to design a screen for anti-ageing drugs; thus, we are planning to 

test for other drugs implicated in translation and their optimal concentrations for longevity to 

see if they also extend lifespan in flies. Furthermore, we are planning to test if the 
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concentrations of rapamycin that extend lifespan in Drosophila also improve translation 

fidelity in vivo, as we have shown it does in the S2R+ cells.  

Finally, although we have found that lowering stop codon readthrough can extend 

lifespan in flies, we still need to find what happens with misincorporation in the RPS23 K60R 

mutants. For this, we are going use the luciferase-based misincorporation reporter under the 

stronger ubiquitin promoter. We are also already generating a double mutant of the two 

luciferase-based fidelity reporters and RPS23 K60R so we can study the translation errors in 

the homozygous mutants. Moreover, we are planning to study both the stop codon 

readthrough in the accuracy mutants and the wild-types under different diets and 

temperatures. This will give us an insight not only of the environment can alter the fidelity of 

the RPS23 K60R mutants, but also how different environmental conditions affect accuracy in 

wild-type flies. Moreover, it will be important to see how translation efficiency is affected in 

the hyperaccurate flies, since there is an inherent trade-off between speed and accuracy 

(Wohlgemuth et al., 2010). This can be studied by using polysome profiling, and even better 

ribosome profiling, since this technique allows for a detailed measurement of translation 

almost at the nucleotide level (King and Gerber, 2016). This procedure is based on the 

treatment with RNAse (which degrades any unprotected mRNA) of cell lysates to allow the 

subsequent deep-sequencing of ribosome-protected RNA fragments (Ingolia et al., 2009). This 

technique requires also total mRNA extractions and sequencing done in parallel so they can be 

normalized (King and Gerber, 2016). It is also important to note that this technique can 

provide insightful information about the state of both initiating ribosomes (if treated with 

lactimidomycin) or elongating ribosomes (treated with cycloheximide or harringtonine, termed 

‘run-off’) (Ingolia et al., 2011). A new high-throughput technique called SunRISE allows for 

elongation rate to be measured in single-cells under their normal physiological conditions 

(Arguello et al., 2018).  This is achieved by using puromycin and detecting it by flow cytometry 

or immunoblotting together with run-off ribosome profiling. 

Importantly, the mechanism of how increased translation fidelity improves ageing 

remains unknown. One of the hypothesis is that this is due to the lower misfolding and 

aggregation. For this we can cross our RPS23 K60R flies to Drosophila models of protein 

misfolding disorders and study if their phenotypes are ameliorated. Many of these models take 

advantage of the expression in the eye of the disease-associated proteins (e.g., Huntingtin, Aβ, 

Tau, Atx) making a clear rough-eye phenotype when the proteins are misfolded or aggregated 

(Rincon-Limas et al., 2012). Furthermore, there is a refolding assay based on the refolding of 

firefly luciferase that we could also do both in vivo and in vitro. In this assay, the luciferase is 
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denatured by heat and progressive measurements of its activity are taken, which indicate if 

the enzyme has refolded or not (Michels et al., 1995). Moreover, we want to study the 

physiological status of these flies since this can indicate if they are altering certain mechanisms 

involved in protein synthesis; we will assess the levels of phosphorylation of eIF2α as an 

indication of the activation of GCN2 (i.e. effector of GAAC) and S6K and 4EBP (i.e. effectors of 

mTOR) (Saxton and Sabatini, 2017, Vlanti et al., 2013).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



The role of decreased protein synthesis in delaying ageing                      | Martínez Miguel, V.E. 

 

242 
 

References 
 

ABRAHAM, A. K. & PIHL, A. 1983. Effect of protein synthesis inhibitors on the fidelity of 
translation in eukaryotic systems. Biochim Biophys Acta, 741, 197-203. 

ACEVEDO, J. M., HOERMANN, B., SCHLIMBACH, T. & TELEMAN, A. A. 2018. Changes in global 
translation elongation or initiation rates shape the proteome via the Kozak sequence. 
Sci Rep, 8, 4018. 

ACKERMANN, M., CHAO, L., BERGSTROM, C. T. & DOEBELI, M. 2007. On the evolutionary origin 
of aging. Aging Cell, 6, 235-44. 

ADACHI, H. & ISHII, N. 2000. Effects of tocotrienols on life span and protein carbonylation in 
Caenorhabditis elegans. J Gerontol A Biol Sci Med Sci, 55, B280-5. 

ADMASU, T. D., CHAITHANYA BATCHU, K., BARARDO, D., NG, L. F., LAM, V. Y. M., XIAO, L., 
CAZENAVE-GASSIOT, A., WENK, M. R., TOLWINSKI, N. S. & GRUBER, J. 2018. Drug 
Synergy Slows Aging and Improves Healthspan through IGF and SREBP Lipid Signaling. 
Dev Cell, 47, 67-79 e5. 

AITKEN, C. E. & LORSCH, J. R. 2012. A mechanistic overview of translation initiation in 
eukaryotes. Nat Struct Mol Biol, 19, 568-576. 

AKERFELT, M., MORIMOTO, R. I. & SISTONEN, L. 2010. Heat shock factors: integrators of cell 
stress, development and lifespan. Nat Rev Mol Cell Biol, 11, 545-55. 

ALAIN, T., SONENBERG, N. & TOPISIROVIC, I. 2012. mTOR inhibitor efficacy is determined by 
the eIF4E/4E-BP ratio. Oncotarget, 3, 1491-2. 

ALIC, N., HODDINOTT, M. P., VINTI, G. & PARTRIDGE, L. 2011. Lifespan extension by increased 
expression of the Drosophila homologue of the IGFBP7 tumour suppressor. Aging cell, 
10, 137-147. 

ALKALAEVA, E. Z., PISAREV, A. V., FROLOVA, L. Y., KISSELEV, L. L. & PESTOVA, T. V. 2006. In vitro 
reconstitution of eukaryotic translation reveals cooperativity between release factors 
eRF1 and eRF3. Cell, 125, 1125-36. 

ALKSNE, L. E., ANTHONY, R. A., LIEBMAN, S. W. & WARNER, J. R. 1993. An accuracy center in 
the ribosome conserved over 2 billion years. Proceedings of the National Academy of 
Sciences, 90, 9538-9541. 

ALL-ROBYN, J. A., BROWN, N., OTAKA, E. & LIEBMAN, S. W. 1990. Sequence and functional 
similarity between a yeast ribosomal protein and the Escherichia coli S5 ram protein. 
Mol Cell Biol, 10, 6544-53. 

ALPATOV, W. W. 1930. Experimental studies on the duration of life. XIII. The influence of 
different feeding during larval and imaginal stages on the duration of life of the imago 
of Drosophila melanogaster. American Naturalist, 64, 37-55. 

ALPATOV, W. W. & PEARL, R. 1929. Experimental studies on the duration of life XII. Influence 
of temperature during the larval period and adult life on the duration of the life of the 
imago of Drosophila melanogaster. American Naturalist, 63, 37-67. 

ALUPEI, M. C., MAITY, P., ESSER, P. R., KRIKKI, I., TUORTO, F., PARLATO, R., PENZO, M., 
SCHELLING, A., LAUGEL, V., MONTANARO, L., SCHARFFETTER-KOCHANEK, K. & IBEN, S. 
2018. Loss of Proteostasis Is a Pathomechanism in Cockayne Syndrome. Cell Rep, 23, 
1612-1619. 

AMUNTS, A., BROWN, A., BAI, X. C., LLACER, J. L., HUSSAIN, T., EMSLEY, P., LONG, F., 
MURSHUDOV, G., SCHERES, S. H. W. & RAMAKRISHNAN, V. 2014. Structure of the 
yeast mitochondrial large ribosomal subunit. Science, 343, 1485-1489. 

AMUNTS, A., BROWN, A., TOOTS, J., SCHERES, S. H. W. & RAMAKRISHNAN, V. 2015. Ribosome. 
The structure of the human mitochondrial ribosome. Science, 348, 95-98. 

ANDERSON, S., BANKIER, A. T., BARRELL, B. G., DE BRUIJN, M. H., COULSON, A. R., DROUIN, J., 
EPERON, I. C., NIERLICH, D. P., ROE, B. A., SANGER, F., SCHREIER, P. H., SMITH, A. J., 



The role of decreased protein synthesis in delaying ageing                      | Martínez Miguel, V.E. 

 

243 
 

STADEN, R. & YOUNG, I. G. 1981. Sequence and organization of the human 
mitochondrial genome. Nature, 290, 457-65. 

ANDERSON, W. F., GORINI, L. & BRECKENRIDGE, L. 1965. Role of ribosomes in streptomycin-
activated suppression. Proc Natl Acad Sci U S A, 54, 1076-83. 

ANDERSSON, D. I., BOHMAN, K., ISAKSSON, L. A. & KURLAND, C. G. 1982. Translation rates and 
misreading characteristics of rpsD mutants in Escherichia coli. Mol Gen Genet, 187, 
467-72. 

ANDZIAK, B., O'CONNOR, T. P., QI, W., DEWAAL, E. M., PIERCE, A., CHAUDHURI, A. R., VAN 
REMMEN, H. & BUFFENSTEIN, R. 2006. High oxidative damage levels in the longest-
living rodent, the naked mole-rat. Aging Cell, 5, 463-71. 

ANISIMOV, V. N. 2010. Metformin for aging and cancer prevention. Aging (Albany NY), 2, 760-
74. 

ANSELMI, C. V., MALOVINI, A., RONCARATI, R., NOVELLI, V., VILLA, F., CONDORELLI, G., 
BELLAZZI, R. & PUCA, A. A. 2009. Association of the FOXO3A locus with extreme 
longevity in a southern Italian centenarian study. Rejuvenation Res, 12, 95-104. 

ANTHONY, R. A. & LIEBMAN, S. W. 1995. Alterations in ribosomal protein RPS28 can diversely 
affect translational accuracy in Saccharomyces cerevisiae. Genetics, 140, 1247-58. 

ANTONIO, J. P. M., GONCALVES, L. M., GUEDES, R. C., MOREIRA, R. & GOIS, P. M. P. 2018. 
Diazaborines as New Inhibitors of Human Neutrophil Elastase. ACS Omega, 3, 7418-
7423. 

ANVAR, S. Y., RAZ, Y., VERWAY, N., VAN DER SLUIJS, B., VENEMA, A., GOEMAN, J. J., VISSING, J., 
VAN DER MAAREL, S. M., T HOEN, P. A., VAN ENGELEN, B. G. & RAZ, V. 2013. A decline 
in PABPN1 induces progressive muscle weakness in oculopharyngeal muscle dystrophy 
and in muscle aging. Aging (Albany NY), 5, 412-26. 

APFELD, J., O'CONNOR, G., MCDONAGH, T., DISTEFANO, P. S. & CURTIS, R. 2004. The AMP-
activated protein kinase AAK-2 links energy levels and insulin-like signals to lifespan in 
C. elegans. Genes Dev, 18, 3004-9. 

APPOCHER, C., KLIMA, R. & FEIGUIN, F. 2014. Functional screening in Drosophila reveals the 
conserved role of REEP1 in promoting stress resistance and preventing the formation 
of Tau aggregates. Hum Mol Genet, 23, 6762-72. 

ARGUELLO, R. J., REVERENDO, M., MENDES, A., CAMOSSETO, V., TORRES, A. G., RIBAS DE 
POUPLANA, L., VAN DE PAVERT, S. A., GATTI, E. & PIERRE, P. 2018. SunRiSE - measuring 
translation elongation at single-cell resolution by means of flow cytometry. J Cell Sci, 
131. 

ARRIBAS-LAYTON, M., WU, D., LYKKE-ANDERSEN, J. & SONG, H. 2013. Structural and functional 
control of the eukaryotic mRNA decapping machinery. Biochim Biophys Acta, 1829, 
580-9. 

ARUM, O., BONKOWSKI, M. S., ROCHA, J. S. & BARTKE, A. 2009. The growth hormone receptor 
gene-disrupted mouse fails to respond to an intermittent fasting diet. Aging Cell, 8, 
756-60. 

ATLAN, H., MIQUEL, J., HELMLE, L. C. & DOLKAS, C. B. 1976. Thermodynamics of Aging in 
Drosophila-Melanogaster. Mechanisms of Ageing and Development, 5, 371-387. 

AUSTAD, S. N. 2005. Diverse aging rates in metazoans: targets for functional genomics. Mech 
Ageing Dev, 126, 43-9. 

AUSTAD, S. N. 2010. Methusaleh's Zoo: how nature provides us with clues for extending 
human health span. J Comp Pathol, 142 Suppl 1, S10-21. 

AVEROUS, J. & PROUD, C. G. 2006. When translation meets transformation: the mTOR story. 
Oncogene, 25, 6423-35. 

AZPURUA, J., KE, Z., CHEN, I. X., ZHANG, Q., ERMOLENKO, D. N., ZHANG, Z. D., GORBUNOVA, V. 
& SELUANOV, A. 2013. Naked mole-rat has increased translational fidelity compared 
with the mouse, as well as a unique 28S ribosomal RNA cleavage. Proceedings of the 
National Academy of Sciences, 110, 17350-17355. 



The role of decreased protein synthesis in delaying ageing                      | Martínez Miguel, V.E. 

 

244 
 

BANKS, A. S., MCALLISTER, F. E., CAMPOREZ, J. P., ZUSHIN, P. J., JURCZAK, M. J., LAZNIK-
BOGOSLAVSKI, D., SHULMAN, G. I., GYGI, S. P. & SPIEGELMAN, B. M. 2015. An 
ERK/Cdk5 axis controls the diabetogenic actions of PPARgamma. Nature, 517, 391-5. 

BARRELL, B. G., BANKIER, A. T. & DROUIN, J. 1979. A different genetic code in human 
mitochondria. Nature, 282, 189-94. 

BARTHELME, D., DINKELAKER, S., ALBERS, S. V., LONDEI, P., ERMLER, U. & TAMPE, R. 2011. 
Ribosome recycling depends on a mechanistic link between the FeS cluster domain 
and a conformational switch of the twin-ATPase ABCE1. Proc Natl Acad Sci U S A, 108, 
3228-33. 

BARZILAI, N., CRANDALL, J. P., KRITCHEVSKY, S. B. & ESPELAND, M. A. 2016. Metformin as a 
Tool to Target Aging. Cell Metab, 23, 1060-1065. 

BASS, T. M., GRANDISON, R. C., WONG, R., MARTINEZ, P., PARTRIDGE, L. & PIPER, M. D. 2007a. 
Optimization of dietary restriction protocols in Drosophila. J Gerontol A Biol Sci Med 
Sci, 62, 1071-81. 

BASS, T. M., WEINKOVE, D., HOUTHOOFD, K., GEMS, D. & PARTRIDGE, L. 2007b. Effects of 
resveratrol on lifespan in Drosophila melanogaster and Caenorhabditis elegans. Mech 
Ageing Dev, 128, 546-52. 

BAXTER-ROSHEK, J. L., PETROV, A. N. & DINMAN, J. D. 2007. Optimization of ribosome 
structure and function by rRNA base modification. PLoS One, 2, e174. 

BECKER, T., FRANCKENBERG, S., WICKLES, S., SHOEMAKER, C. J., ANGER, A. M., ARMACHE, J. P., 
SIEBER, H., UNGEWICKELL, C., BERNINGHAUSEN, O., DABERKOW, I., KARCHER, A., 
THOMM, M., HOPFNER, K. P., GREEN, R. & BECKMANN, R. 2012. Structural basis of 
highly conserved ribosome recycling in eukaryotes and archaea. Nature, 482, 501-6. 

BECKMAN, K. B. & AMES, B. N. 1998. The free radical theory of aging matures. Physiol Rev, 78, 
547-81. 

BELIN, S., BEGHIN, A., SOLANO-GONZALEZ, E., BEZIN, L., BRUNET-MANQUAT, S., TEXTORIS, J., 
PRATS, A. C., MERTANI, H. C., DUMONTET, C. & DIAZ, J. J. 2009. Dysregulation of 
ribosome biogenesis and translational capacity is associated with tumor progression of 
human breast cancer cells. PLoS One, 4, e7147. 

BELL, G. 1984. Evolutionary and Nonevolutionary Theories of Senescence. American Naturalist, 
124, 600-603. 

BELL, J. 1844. On Regimen and Longevity: Comprising Materia Alimentaria, National Dietetic 
Usages, and the Influence of Civilization on Health and the Duration of Life. Med Chir 
Rev, 41, 23-29. 

BEN-SAHRA, I. & MANNING, B. D. 2017. mTORC1 signaling and the metabolic control of cell 
growth. Curr Opin Cell Biol, 45, 72-82. 

BENAYOUN, B. A., POLLINA, E. A. & BRUNET, A. 2015. Epigenetic regulation of ageing: linking 
environmental inputs to genomic stability. Nat Rev Mol Cell Biol, 16, 593-610. 

BENEDETTI, M. G., FOSTER, A. L., VANTIPALLI, M. C., WHITE, M. P., SAMPAYO, J. N., GILL, M. S., 
OLSEN, A. & LITHGOW, G. J. 2008. Compounds that confer thermal stress resistance 
and extended lifespan. Experimental Gerontology, 43, 882-891. 

BENNOUN, P., MASSON, A. & DELOSME, M. 1980. A method for complementation analysis of 
nuclear and chloroplast mutants of photosynthesis in chlamydomonas. Genetics, 95, 
39-47. 

BERG, J. M., TYMOCZKO, J. L. & STRYER, L. 2002. Protein Synthesis Requires the Translation of 
Nucleotide Sequences Into Amino Acid Sequences. 

BEZERRA, A. R., SIMOES, J., LEE, W., RUNG, J., WEIL, T., GUT, I. G., GUT, M., BAYES, M., 
RIZZETTO, L., CAVALIERI, D., GIOVANNINI, G., BOZZA, S., ROMANI, L., KAPUSHESKY, M., 
MOURA, G. R. & SANTOS, M. A. 2013. Reversion of a fungal genetic code alteration 
links proteome instability with genomic and phenotypic diversification. Proc Natl Acad 
Sci U S A, 110, 11079-84. 



The role of decreased protein synthesis in delaying ageing                      | Martínez Miguel, V.E. 

 

245 
 

BEZNOSKOVA, P., WAGNER, S., JANSEN, M. E., VON DER HAAR, T. & VALASEK, L. S. 2015. 
Translation initiation factor eIF3 promotes programmed stop codon readthrough. 
Nucleic Acids Res, 43, 5099-111. 

BILGIN, N., CLAESENS, F., PAHVERK, H. & EHRENBERG, M. 1992. Kinetic properties of 
Escherichia coli ribosomes with altered forms of S12. J Mol Biol, 224, 1011-27. 

BIRGE, E. A. & KURLAND, C. G. 1969. Altered ribosomal protein in streptomycin-dependent 
Escherichia coli. Science, 166, 1282-4. 

BISWAS, D. K. & GORINI, L. 1972. Restriction, de-restriction and mistranslation in missense 
suppression. Ribosomal discrimination of transfer RNA's. J Mol Biol, 64, 119-34. 

BJEDOV, I. & PARTRIDGE, L. 2011. A longer and healthier life with TOR down-regulation: 
genetics and drugs. Biochem Soc Trans, 39, 460-5. 

BJEDOV, I., TOIVONEN, J., KERR, F., SLACK, C., JACOBSON, J., FOLEY, A. & PARTRIDGE, L. 2010. 
Mechanisms of life span extension by rapamycin in the fruit fly Drosophila 
melanogaster. Cell metabolism, 11, 35-46. 

BJORKMAN, J., HUGHES, D. & ANDERSSON, D. I. 1998. Virulence of antibiotic-resistant 
Salmonella typhimurium. Proc Natl Acad Sci U S A, 95, 3949-53. 

BJORKMAN, J., SAMUELSSON, P., ANDERSSON, D. I. & HUGHES, D. 1999. Novel ribosomal 
mutations affecting translational accuracy, antibiotic resistance and virulence of 
Salmonella typhimurium. Mol Microbiol, 31, 53-8. 

BLAGDEN, S. P. & WILLIS, A. E. 2011. The biological and therapeutic relevance of mRNA 
translation in cancer. Nature reviews Clinical oncology, 8, 280-291. 

BLAGOSKLONNY, M. V. 2006. Aging and immortality: quasi-programmed senescence and its 
pharmacologic inhibition. Cell Cycle, 5, 2087-102. 

BLAGOSKLONNY, M. V. 2008. Aging ROS or TOR. Cell Cycle, 7, 3344-3354. 
BLUHER, M., KAHN, B. B. & KAHN, C. R. 2003. Extended longevity in mice lacking the insulin 

receptor in adipose tissue. Science, 299, 572-4. 
BODKIN, N. L., ALEXANDER, T. M., ORTMEYER, H. K., JOHNSON, E. & HANSEN, B. C. 2003. 

Mortality and morbidity in laboratory-maintained Rhesus monkeys and effects of long-
term dietary restriction. J Gerontol A Biol Sci Med Sci, 58, 212-9. 

BODNAR, A. G., OUELLETTE, M., FROLKIS, M., HOLT, S. E., CHIU, C. P., MORIN, G. B., HARLEY, C. 
B., SHAY, J. W., LICHTSTEINER, S. & WRIGHT, W. E. 1998. Extension of life-span by 
introduction of telomerase into normal human cells. Science, 279, 349-52. 

BOHMAN, K., RUUSALA, T., JELENC, P. C. & KURLAND, C. G. 1984. Kinetic impairment of 
restrictive streptomycin-resistant ribosomes. Mol Gen Genet, 198, 90-9. 

BOONEKAMP, J. J., SALOMONS, M., BOUWHUIS, S., DIJKSTRA, C. & VERHULST, S. 2014. 
Reproductive effort accelerates actuarial senescence in wild birds: an experimental 
study. Ecol Lett, 17, 599-605. 

BOUADLOUN, F., DONNER, D. & KURLAND, C. G. 1983. Codon-specific missense errors in vivo. 
EMBO J, 2, 1351-6. 

BOYCE, M., BRYANT, K. F., JOUSSE, C., LONG, K., HARDING, H. P., SCHEUNER, D., KAUFMAN, R. 
J., MA, D., COEN, D. M., RON, D. & YUAN, J. 2005. A selective inhibitor of eIF2alpha 
dephosphorylation protects cells from ER stress. Science, 307, 935-9. 

BRANCO, A. T., SCHILLING, L., SILKAITIS, K., DOWLING, D. K. & LEMOS, B. 2017. Reproductive 
activity triggers accelerated male mortality and decreases lifespan: genetic and gene 
expression determinants in Drosophila. Heredity (Edinb), 118, 221-228. 

BRAND, A. H. & PERRIMON, N. 1993. Targeted gene expression as a means of altering cell fates 
and generating dominant phenotypes. Development, 118, 401-15. 

BRANDIS, G. & HUGHES, D. 2016. The Selective Advantage of Synonymous Codon Usage Bias in 
Salmonella. PLoS Genet, 12, e1005926. 

BRANSCOMB, E. W. & GALAS, D. J. 1975. Progressive decrease in protein synthesis accuracy 
induced by streptomycin in Escherichia coli. Nature, 254, 161-3. 



The role of decreased protein synthesis in delaying ageing                      | Martínez Miguel, V.E. 

 

246 
 

BRIDGES, C. B., MORGAN, T. H. & GALTON, L. 1923. The third-chromosome group of mutant 
characters of Drosophila melanogaster, Washington, Carnegie Institution of 
Washington. 

BRIGA, M. & VERHULST, S. 2015. What can long-lived mutants tell us about mechanisms 
causing aging and lifespan variation in natural environments? Exp Gerontol, 71, 21-6. 

BROOKS, S. S., WALL, A. L., GOLZIO, C., REID, D. W., KONDYLES, A., WILLER, J. R., BOTTI, C., 
NICCHITTA, C. V., KATSANIS, N. & DAVIS, E. E. 2014. A novel ribosomopathy caused by 
dysfunction of RPL10 disrupts neurodevelopment and causes X-linked microcephaly in 
humans. Genetics, 198, 723-33. 

BROSSAS, J. Y., BARREAU, E., COURTOIS, Y. & TRETON, J. 1994. Multiple deletions in 
mitochondrial DNA are present in senescent mouse brain. Biochem Biophys Res 
Commun, 202, 654-9. 

BROUGHTON, S. J., PIPER, M. D., IKEYA, T., BASS, T. M., JACOBSON, J., DRIEGE, Y., MARTINEZ, 
P., HAFEN, E., WITHERS, D. J. & LEEVERS, S. J. 2005. Longer lifespan, altered 
metabolism, and stress resistance in Drosophila from ablation of cells making insulin-
like ligands. Proceedings of the National Academy of Sciences of the United States of 
America, 102, 3105-3110. 

BROWN, A., FERNANDEZ, I. S., GORDIYENKO, Y. & RAMAKRISHNAN, V. 2016. Ribosome-
dependent activation of stringent control. Nature, 534, 277-280. 

BROWNE, G. J., FINN, S. G. & PROUD, C. G. 2004. Stimulation of the AMP-activated protein 
kinase leads to activation of eukaryotic elongation factor 2 kinase and to its 
phosphorylation at a novel site, serine 398. J Biol Chem, 279, 12220-31. 

BROWNE, G. J. & PROUD, C. G. 2002. Regulation of peptide-chain elongation in mammalian 
cells. Eur J Biochem, 269, 5360-8. 

BROWNSTEIN, B. L. & LEWANDOWSKI, L. J. 1967. A mutation suppressing streptomycin 
dependence. I. An effect on ribosome function. J Mol Biol, 25, 99-109. 

BRUMMEL, T., CHING, A., SEROUDE, L., SIMON, A. F. & BENZER, S. 2004. Drosophila lifespan 
enhancement by exogenous bacteria. Proc Natl Acad Sci U S A, 101, 12974-9. 

BULLWINKLE, T. J. & IBBA, M. 2016. Translation quality control is critical for bacterial responses 
to amino acid stress. Proc Natl Acad Sci U S A, 113, 2252-7. 

BUNCH, T. A., GRINBLAT, Y. & GOLDSTEIN, L. S. 1988. Characterization and use of the 
Drosophila metallothionein promoter in cultured Drosophila melanogaster cells. 
Nucleic Acids Res, 16, 1043-61. 

BURNETT, C., VALENTINI, S., CABREIRO, F., GOSS, M., SOMOGYVARI, M., PIPER, M. D., 
HODDINOTT, M., SUTPHIN, G. L., LEKO, V., MCELWEE, J. J., VAZQUEZ-MANRIQUE, R. P., 
ORFILA, A. M., ACKERMAN, D., AU, C., VINTI, G., RIESEN, M., HOWARD, K., NERI, C., 
BEDALOV, A., KAEBERLEIN, M., SOTI, C., PARTRIDGE, L. & GEMS, D. 2011. Absence of 
effects of Sir2 overexpression on lifespan in C. elegans and Drosophila. Nature, 477, 
482-5. 

CABREIRO, F., AU, C., LEUNG, K. Y., VERGARA-IRIGARAY, N., COCHEME, H. M., NOORI, T., 
WEINKOVE, D., SCHUSTER, E., GREENE, N. D. & GEMS, D. 2013. Metformin retards 
aging in C. elegans by altering microbial folate and methionine metabolism. Cell, 153, 
228-39. 

CAMPISI, J. 2013. Aging, cellular senescence, and cancer. Annu Rev Physiol, 75, 685-705. 
CAO, Z., WANAGAT, J., MCKIERNAN, S. H. & AIKEN, J. M. 2001. Mitochondrial DNA deletion 

mutations are concomitant with ragged red regions of individual, aged muscle fibers: 
analysis by laser-capture microdissection. Nucleic Acids Res, 29, 4502-8. 

CARGILL, S. L., CAREY, J. R., MULLER, H. G. & ANDERSON, G. 2003. Age of ovary determines 
remaining life expectancy in old ovariectomized mice. Aging Cell, 2, 185-90. 

CARLSON, L. D., SCHEYER, W. J. & JACKSON, B. H. 1957. The combined effects of ionizing 
radiation and low temperature on the metabolism, longevity, and soft tissues of the 
white rat. I. Metabolism and longevity. Radiat Res, 7, 190-7. 



The role of decreased protein synthesis in delaying ageing                      | Martínez Miguel, V.E. 

 

247 
 

CARRARA, M., SIGURDARDOTTIR, A. & BERTOLOTTI, A. 2017. Decoding the selectivity of 
eIF2alpha holophosphatases and PPP1R15A inhibitors. Nat Struct Mol Biol, 24, 708-
716. 

CARTER, A. P., CLEMONS, W. M., BRODERSEN, D. E., MORGAN-WARREN, R. J., WIMBERLY, B. T. 
& RAMAKRISHNAN, V. 2000. Functional insights from the structure of the 30S 
ribosomal subunit and its interactions with antibiotics. Nature, 407, 340-8. 

CARTER, A. P., CLEMONS, W. M., JR., BRODERSEN, D. E., MORGAN-WARREN, R. J., HARTSCH, T., 
WIMBERLY, B. T. & RAMAKRISHNAN, V. 2001. Crystal structure of an initiation factor 
bound to the 30S ribosomal subunit. Science, 291, 498-501. 

CASTILLO-QUAN, J. I., KINGHORN, K. J. & BJEDOV, I. 2015. Genetics and pharmacology of 
longevity: the road to therapeutics for healthy aging. Adv Genet, 90, 1-101. 

CERAMI, A. 1986. Aging of Proteins and Nucleic-Acids - What Is the Role of Glucose. Trends in 
Biochemical Sciences, 11, 311-314. 

CHAKRABARTI, S. & GORINI, L. 1975. Growth of bacteriophages MS2 and T7 on streptomycin-
resistant mutants of Escherichia coli. J Bacteriol, 121, 670-4. 

CHAPMAN, J. C., CHRISTIAN, J. J., PAWLIKOWSKI, M. A. & MICHAEL, S. D. 1998. Analysis of 
steroid hormone levels in female mice at high population density. Physiol Behav, 64, 
529-33. 

CHASSE, H., BOULBEN, S., COSTACHE, V., CORMIER, P. & MORALES, J. 2017. Analysis of 
translation using polysome profiling. Nucleic Acids Res, 45, e15. 

CHAVEZ, V., MOHRI-SHIOMI, A., MAADANI, A., VEGA, L. A. & GARSIN, D. A. 2007. Oxidative 
stress enzymes are required for DAF-16-mediated immunity due to generation of 
reactive oxygen species by Caenorhabditis elegans. Genetics, 176, 1567-77. 

CHEN, B. H., MARIONI, R. E., COLICINO, E., PETERS, M. J., WARD-CAVINESS, C. K., TSAI, P. C., 
ROETKER, N. S., JUST, A. C., DEMERATH, E. W., GUAN, W., BRESSLER, J., FORNAGE, M., 
STUDENSKI, S., VANDIVER, A. R., MOORE, A. Z., TANAKA, T., KIEL, D. P., LIANG, L., 
VOKONAS, P., SCHWARTZ, J., LUNETTA, K. L., MURABITO, J. M., BANDINELLI, S., 
HERNANDEZ, D. G., MELZER, D., NALLS, M., PILLING, L. C., PRICE, T. R., SINGLETON, A. 
B., GIEGER, C., HOLLE, R., KRETSCHMER, A., KRONENBERG, F., KUNZE, S., LINSEISEN, J., 
MEISINGER, C., RATHMANN, W., WALDENBERGER, M., VISSCHER, P. M., SHAH, S., 
WRAY, N. R., MCRAE, A. F., FRANCO, O. H., HOFMAN, A., UITTERLINDEN, A. G., 
ABSHER, D., ASSIMES, T., LEVINE, M. E., LU, A. T., TSAO, P. S., HOU, L., MANSON, J. E., 
CARTY, C. L., LACROIX, A. Z., REINER, A. P., SPECTOR, T. D., FEINBERG, A. P., LEVY, D., 
BACCARELLI, A., VAN MEURS, J., BELL, J. T., PETERS, A., DEARY, I. J., PANKOW, J. S., 
FERRUCCI, L. & HORVATH, S. 2016. DNA methylation-based measures of biological age: 
meta-analysis predicting time to death. Aging (Albany NY), 8, 1844-1865. 

CHEN, C. M. & BEHRINGER, R. R. 2004. Ovca1 regulates cell proliferation, embryonic 
development, and tumorigenesis. Genes Dev, 18, 320-32. 

CHERNOFF, Y. O., NEWNAM, G. P. & LIEBMAN, S. W. 1996. The translational function of 
nucleotide C1054 in the small subunit rRNA is conserved throughout evolution: genetic 
evidence in yeast. Proc Natl Acad Sci U S A, 93, 2517-22. 

CHERNOFF, Y. O., VINCENT, A. & LIEBMAN, S. W. 1994. Mutations in eukaryotic 18S ribosomal 
RNA affect translational fidelity and resistance to aminoglycoside antibiotics. EMBO J, 
13, 906-13. 

CHIOCCHETTI, A., ZHOU, J., ZHU, H., KARL, T., HAUBENREISSER, O., RINNERTHALER, M., 
HEEREN, G., OENDER, K., BAUER, J., HINTNER, H., BREITENBACH, M. & BREITENBACH-
KOLLER, L. 2007. Ribosomal proteins Rpl10 and Rps6 are potent regulators of yeast 
replicative life span. Exp Gerontol, 42, 275-86. 

CHIOU, C. S. & JONES, A. L. 1995. Expression and identification of the strA-strB gene pair from 
streptomycin-resistant Erwinia amylovora. Gene, 152, 47-51. 



The role of decreased protein synthesis in delaying ageing                      | Martínez Miguel, V.E. 

 

248 
 

CHOW, C. Y., WOLFNER, M. F. & CLARK, A. G. 2013. Using natural variation in Drosophila to 
discover previously unknown endoplasmic reticulum stress genes. Proc Natl Acad Sci U 
S A, 110, 9013-8. 

CHUMPOLKULWONG, N., HORI-TAKEMOTO, C., HOSAKA, T., INAOKA, T., KIGAWA, T., 
SHIROUZU, M., OCHI, K. & YOKOYAMA, S. 2004. Effects of Escherichia coli ribosomal 
protein S12 mutations on cell-free protein synthesis. Eur J Biochem, 271, 1127-34. 

CLANCY, D. J., GEMS, D., HAFEN, E., LEEVERS, S. J. & PARTRIDGE, L. 2002. Dietary restriction in 
long-lived dwarf flies. Science, 296, 319. 

CLANCY, D. J., GEMS, D., HARSHMAN, L. G., OLDHAM, S., STOCKER, H., HAFEN, E., LEEVERS, S. J. 
& PARTRIDGE, L. 2001. Extension of life-span by loss of CHICO, a Drosophila insulin 
receptor substrate protein. Science, 292, 104-6. 

CLASEN, S. J., SHAO, W., GU, H. & ESPENSHADE, P. J. 2017. Prolyl dihydroxylation of 
unassembled uS12/Rps23 regulates fungal hypoxic adaptation. Elife, 6. 

CLEMENS, J. C., WORBY, C. A., SIMONSON-LEFF, N., MUDA, M., MAEHAMA, T., HEMMINGS, B. 
A. & DIXON, J. E. 2000. Use of double-stranded RNA interference in Drosophila cell 
lines to dissect signal transduction pathways. Proc Natl Acad Sci U S A, 97, 6499-503. 

COHEN, A. A. 2018. Aging across the tree of life: The importance of a comparative perspective 
for the use of animal models in aging. Biochim Biophys Acta Mol Basis Dis, 1864, 2680-
2689. 

COLINET, H., OVERGAARD, J., COM, E. & SORENSEN, J. G. 2013. Proteomic profiling of thermal 
acclimation in Drosophila melanogaster. Insect Biochem Mol Biol, 43, 352-65. 

COLMAN, R. J., ANDERSON, R. M., JOHNSON, S. C., KASTMAN, E. K., KOSMATKA, K. J., BEASLEY, 
T. M., ALLISON, D. B., CRUZEN, C., SIMMONS, H. A., KEMNITZ, J. W. & WEINDRUCH, R. 
2009. Caloric restriction delays disease onset and mortality in rhesus monkeys. 
Science, 325, 201-4. 

COLMAN, R. J., BEASLEY, T. M., KEMNITZ, J. W., JOHNSON, S. C., WEINDRUCH, R. & ANDERSON, 
R. M. 2014. Caloric restriction reduces age-related and all-cause mortality in rhesus 
monkeys. Nat Commun, 5, 3557. 

CONN, C. S. & QIAN, S.-B. 2013. Nutrient signaling in protein homeostasis: an increase in 
quantity at the expense of quality. Science signaling, 6, ra24-ra24. 

CONTE, D., JR., MACNEIL, L. T., WALHOUT, A. J. & MELLO, C. C. 2015. RNA Interference in 
Caenorhabditis elegans. Curr Protoc Mol Biol, 109, 26 3 1-30. 

CONTRERAS, V., RICHARDSON, M., HAO, E. & KEIPER, B. 2008. Depletion of the cap-associated 
isoform of translation factor eIF4G induces germline apoptosis in C. elegans. Cell Death 
& Differentiation, 15, 1232-1242. 

COORDES, B., BRUNGER, K. M., BURGER, K., SOUFI, B., HORENK, J., EICK, D., OLSEN, J. V. & 
STRASSER, K. 2015. Ctk1 function is necessary for full translation initiation activity in 
Saccharomyces cerevisiae. Eukaryot Cell, 14, 86-95. 

COPE, C. L., GILLEY, R., BALMANNO, K., SALE, M. J., HOWARTH, K. D., HAMPSON, M., SMITH, P. 
D., GUICHARD, S. M. & COOK, S. J. 2014. Adaptation to mTOR kinase inhibitors by 
amplification of eIF4E to maintain cap-dependent translation. J Cell Sci, 127, 788-800. 

CORDELL, H. J. 2002. Epistasis: what it means, what it doesn't mean, and statistical methods to 
detect it in humans. Hum Mol Genet, 11, 2463-8. 

COSSON, B., COUTURIER, A., CHABELSKAYA, S., KIKTEV, D., INGE-VECHTOMOV, S., PHILIPPE, M. 
& ZHOURAVLEVA, G. 2002. Poly(A)-binding protein acts in translation termination via 
eukaryotic release factor 3 interaction and does not influence [PSI(+)] propagation. 
Mol Cell Biol, 22, 3301-15. 

CRIDGE, A. G., CROWE-MCAULIFFE, C., MATHEW, S. F. & TATE, W. P. 2018. Eukaryotic 
translational termination efficiency is influenced by the 3' nucleotides within the 
ribosomal mRNA channel. Nucleic Acids Res, 46, 1927-1944. 

CROFT, D. P., BRENT, L. J., FRANKS, D. W. & CANT, M. A. 2015. The evolution of prolonged life 
after reproduction. Trends Ecol Evol, 30, 407-16. 



The role of decreased protein synthesis in delaying ageing                      | Martínez Miguel, V.E. 

 

249 
 

CROMBIE, T., SWAFFIELD, J. C. & BROWN, A. J. 1992. Protein folding within the cell is 
influenced by controlled rates of polypeptide elongation. J Mol Biol, 228, 7-12. 

CURRAN, S. P. & RUVKUN, G. 2007. Lifespan regulation by evolutionarily conserved genes 
essential for viability. PLoS Genet, 3, e56. 

CZERWONIEC, A., DUNIN-HORKAWICZ, S., PURTA, E., KAMINSKA, K. H., KASPRZAK, J. M., 
BUJNICKI, J. M., GROSJEAN, H. & ROTHER, K. 2009. MODOMICS: a database of RNA 
modification pathways. 2008 update. Nucleic Acids Res, 37, D118-21. 

D'ABRONZO, L. S., BOSE, S., CRAPUCHETTES, M. E., BEGGS, R. E., VINALL, R. L., TEPPER, C. G., 
SIDDIQUI, S., MUDRYJ, M., MELGOZA, F. U., DURBIN-JOHNSON, B. P., DEVERE WHITE, 
R. W. & GHOSH, P. M. 2017. The androgen receptor is a negative regulator of eIF4E 
phosphorylation at S209: implications for the use of mTOR inhibitors in advanced 
prostate cancer. Oncogene, 36, 6359-6373. 

DALTON, H. M. & CURRAN, S. P. 2018. Hypodermal responses to protein synthesis inhibition 
induce systemic developmental arrest and AMPK-dependent survival in Caenorhabditis 
elegans. PLoS Genet, 14, e1007520. 

DANKO, M. J., KOZLOWSKI, J. & SCHAIBLE, R. 2015. Unraveling the non-senescence 
phenomenon in Hydra. J Theor Biol, 382, 137-49. 

DANKO, M. J., KOZLOWSKI, J., VAUPEL, J. W. & BAUDISCH, A. 2012. Mutation accumulation 
may be a minor force in shaping life history traits. PLoS One, 7, e34146. 

DAVEY, H. M., CROSS, E. J., DAVEY, C. L., GKARGKAS, K., DELNERI, D., HOYLE, D. C., OLIVER, S. 
G., KELL, D. B. & GRIFFITH, G. W. 2012. Genome-wide analysis of longevity in nutrient-
deprived Saccharomyces cerevisiae reveals importance of recycling in maintaining cell 
viability. Environ Microbiol, 14, 1249-60. 

DAVIES, J., GILBERT, W. & GORINI, L. 1964. Streptomycin, Suppression, and the Code. Proc Natl 
Acad Sci U S A, 51, 883-90. 

DAVYDOVA, E., HO, A. Y., MALECKI, J., MOEN, A., ENSERINK, J. M., JAKOBSSON, M. E., 
LOENARZ, C. & FALNES, P. O. 2014. Identification and characterization of a novel 
evolutionarily conserved lysine-specific methyltransferase targeting eukaryotic 
translation elongation factor 2 (eEF2). J Biol Chem, 289, 30499-510. 

DE KONING, B., BLOMBACH, F., BROUNS, S. J. & VAN DER OOST, J. 2010. Fidelity in archaeal 
information processing. Archaea, 2010. 

DE LIGT, J., WILLEMSEN, M. H., VAN BON, B. W., KLEEFSTRA, T., YNTEMA, H. G., KROES, T., 
VULTO-VAN SILFHOUT, A. T., KOOLEN, D. A., DE VRIES, P., GILISSEN, C., DEL ROSARIO, 
M., HOISCHEN, A., SCHEFFER, H., DE VRIES, B. B., BRUNNER, H. G., VELTMAN, J. A. & 
VISSERS, L. E. 2012. Diagnostic exome sequencing in persons with severe intellectual 
disability. N Engl J Med, 367, 1921-9. 

DEGROOT, J. 2004. The AGE of the matrix: chemistry, consequence and cure. Curr Opin 
Pharmacol, 4, 301-5. 

DELIU, L. P., GHOSH, A. & GREWAL, S. S. 2017. Investigation of protein synthesis in Drosophila 
larvae using puromycin labelling. Biol Open, 6, 1229-1234. 

DEMONTIS, F. & PERRIMON, N. 2010. FOXO/4E-BP signaling in Drosophila muscles regulates 
organism-wide proteostasis during aging. Cell, 143, 813-25. 

DEVER, T. E. & GREEN, R. 2012. The elongation, termination, and recycling phases of 
translation in eukaryotes. Cold Spring Harb Perspect Biol, 4, a013706. 

DIACONU, M., KOTHE, U., SCHLUNZEN, F., FISCHER, N., HARMS, J. M., TONEVITSKY, A. G., 
STARK, H., RODNINA, M. V. & WAHL, M. C. 2005. Structural basis for the function of 
the ribosomal L7/12 stalk in factor binding and GTPase activation. Cell, 121, 991-1004. 

DINGLEY, F. & SMITH, J. M. 1969. Absence of a life-shortening effect of amino-acid analogues 
on adult Drosophila. Exp Gerontol, 4, 145-9. 

DINMAN, J. D., RUIZ-ECHEVARRIA, M. J., CZAPLINSKI, K. & PELTZ, S. W. 1997. Peptidyl-
transferase inhibitors have antiviral properties by altering programmed -1 ribosomal 



The role of decreased protein synthesis in delaying ageing                      | Martínez Miguel, V.E. 

 

250 
 

frameshifting efficiencies: development of model systems. Proc Natl Acad Sci U S A, 94, 
6606-11. 

DO, A. N. D., KIMBALL, S. R., CAVENER, D. R. & JEFFERSON, L. S. 2009. eIF2α kinases GCN2 and 
PERK modulate transcription and translation of distinct sets of mRNAs in mouse liver. 
Physiological genomics, 38, 328-341. 

DOBNER, P., BRETZEL, G., RUSCH-GERDES, S., FELDMANN, K., RIFAI, M., LOSCHER, T. & RINDER, 
H. 1997. Geographic variation of the predictive values of genomic mutations 
associated with streptomycin resistance in Mycobacterium tuberculosis. Mol Cell 
Probes, 11, 123-6. 

DOBSON, A., BOULTON-MCDONALD, R., HOUCHOU, L., REN, Z., HOTI, M., RODRIGUEZ-LOPEZ, 
M., GKANTIRAGAS, A., GREGORIOU, A., BAEHLER, J., EZCURRA, M. & ALIC, N. 2018. A 
family of transcription factors that limit lifespan: ETS factors have conserved roles in 
longevity. 

DOBZHANSKY, T. 1973. Nothing in Biology Makes Sense except in Light of Evolution. American 
Biology Teacher, 35, 125-129. 

DOLLE, M. E., SNYDER, W. K., GOSSEN, J. A., LOHMAN, P. H. & VIJG, J. 2000. Distinct spectra of 
somatic mutations accumulated with age in mouse heart and small intestine. Proc Natl 
Acad Sci U S A, 97, 8403-8. 

DONG, J., QIU, H., GARCIA-BARRIO, M., ANDERSON, J. & HINNEBUSCH, A. G. 2000. Uncharged 
tRNA activates GCN2 by displacing the protein kinase moiety from a bipartite tRNA-
binding domain. Mol Cell, 6, 269-79. 

DOONAN, R., MCELWEE, J. J., MATTHIJSSENS, F., WALKER, G. A., HOUTHOOFD, K., BACK, P., 
MATSCHESKI, A., VANFLETEREN, J. R. & GEMS, D. 2008. Against the oxidative damage 
theory of aging: superoxide dismutases protect against oxidative stress but have little 
or no effect on life span in Caenorhabditis elegans. Genes Dev, 22, 3236-41. 

DRAKE, J. C., BRUNS, D. R., PEELOR, F. F., BIELA, L. M., MILLER, R. A., HAMILTON, K. L. & 
MILLER, B. F. 2014. Long-lived crowded-litter mice have an age-dependent increase in 
protein synthesis to DNA synthesis ratio and mTORC1 substrate phosphorylation. 
American Journal of Physiology-Endocrinology and Metabolism, 307, E813-E821. 

DRAKE, J. C., BRUNS, D. R., PEELOR, F. F., BIELA, L. M., MILLER, R. A., MILLER, B. F. & 
HAMILTON, K. L. 2015. Long‐lived Snell dwarf mice display increased proteostatic 
mechanisms that are not dependent on decreased mTORC1 activity. Aging cell, 14, 
474-482. 

DRAKE, J. C., PEELOR, F. F., BIELA, L. M., WATKINS, M. K., MILLER, R. A., HAMILTON, K. L. & 
MILLER, B. F. 2013. Assessment of mitochondrial biogenesis and mTORC1 signaling 
during chronic rapamycin feeding in male and female mice. The Journals of 
Gerontology Series A: Biological Sciences and Medical Sciences, 68, 1493-1501. 

DRUMMOND, D. A. & WILKE, C. O. 2008. Mistranslation-induced protein misfolding as a 
dominant constraint on coding-sequence evolution. Cell, 134, 341-52. 

DUNLOP, E. A. & TEE, A. R. 2009. Mammalian target of rapamycin complex 1: Signalling inputs, 
substrates and feedback mechanisms. Cellular Signalling, 21, 827-835. 

DUNN, J. G., FOO, C. K., BELLETIER, N. G., GAVIS, E. R. & WEISSMAN, J. S. 2013. Ribosome 
profiling reveals pervasive and regulated stop codon readthrough in Drosophila 
melanogaster. Elife, 2, e01179. 

DUNN, L. C. C. M., J. 1937. The effects of the minute mutations of Drosophila melanogaster on 
developmental rate. Hereditas, 23, 70-90. 

EDELMANN, P. & GALLANT, J. 1977. On the translational error theory of aging. Proc Natl Acad 
Sci U S A, 74, 3396-8. 

EISENBERG, T., KNAUER, H., SCHAUER, A., BUTTNER, S., RUCKENSTUHL, C., CARMONA-
GUTIERREZ, D., RING, J., SCHROEDER, S., MAGNES, C., ANTONACCI, L., FUSSI, H., 
DESZCZ, L., HARTL, R., SCHRAML, E., CRIOLLO, A., MEGALOU, E., WEISKOPF, D., LAUN, 
P., HEEREN, G., BREITENBACH, M., GRUBECK-LOEBENSTEIN, B., HERKER, E., 



The role of decreased protein synthesis in delaying ageing                      | Martínez Miguel, V.E. 

 

251 
 

FAHRENKROG, B., FROHLICH, K. U., SINNER, F., TAVERNARAKIS, N., MINOIS, N., 
KROEMER, G. & MADEO, F. 2009. Induction of autophagy by spermidine promotes 
longevity. Nat Cell Biol, 11, 1305-14. 

EISSES, K. T. 1997. The influence of 2-propanol and acetone on oviposition rate and oviposition 
site preference for acetic acid and ethanol of Drosophila melanogaster. Behav Genet, 
27, 171-80. 

ENSEMBL. 2018. Ensembl Drosophila melanogaster BLAST RpS23 FBgn0033912 [Online]. 
Available: 
http://metazoa.ensembl.org/Drosophila_melanogaster/Gene/Compara_Tree/pan_co
mpara?g=FBgn0033912;r=2R:14215096-14216627 [Accessed August 2018 2018]. 

ETEMADMOGHADAM, D., AZAR, W. J., LEI, Y., MOUJABER, T., GARSED, D. W., KENNEDY, C. J., 
FEREDAY, S., MITCHELL, C., CHIEW, Y. E., HENDLEY, J., SHARMA, R., HARNETT, P. R., LI, 
J., CHRISTIE, E. L., PATCH, A. M., GEORGE, J., AU-YEUNG, G., MIR ARNAU, G., 
HOLLOWAY, T. P., SEMPLE, T., PEARSON, J. V., WADDELL, N., GRIMMOND, S. M., 
KOBEL, M., RIZOS, H., LOMAKIN, I. B., BOWTELL, D. D. L., DEFAZIO, A. & AUSTRALIAN 
OVARIAN CANCER STUDY, G. 2017. EIF1AX and NRAS Mutations Co-occur and 
Cooperate in Low-Grade Serous Ovarian Carcinomas. Cancer Res, 77, 4268-4278. 

EUSTICE, D. C., WAKEM, L. P., WILHELM, J. M. & SHERMAN, F. 1986. Altered 40 S ribosomal 
subunits in omnipotent suppressors of yeast. J Mol Biol, 188, 207-14. 

EVERMAN, E. R. & MORGAN, T. J. 2018. Antagonistic pleiotropy and mutation accumulation 
contribute to age-related decline in stress response. Evolution, 72, 303-317. 

EYLER, D. E. & GREEN, R. 2011. Distinct response of yeast ribosomes to a miscoding event 
during translation. Rna, 17, 925-32. 

FAN-MINOGUE, H. & BEDWELL, D. M. 2008. Eukaryotic ribosomal RNA determinants of 
aminoglycoside resistance and their role in translational fidelity. RNA, 14, 148-57. 

FARABAUGH, P. J. & BJORK, G. R. 1999. How translational accuracy influences reading frame 
maintenance. EMBO J, 18, 1427-34. 

FAST, R., EBERHARD, T. H., RUUSALA, T. & KURLAND, C. G. 1987. Does streptomycin cause an 
error catastrophe? Biochimie, 69, 131-6. 

FELIX, M. A. & BRAENDLE, C. 2010. The natural history of Caenorhabditis elegans. Curr Biol, 20, 
R965-9. 

FENTON, T. R. & GOUT, I. T. 2011. Functions and regulation of the 70kDa ribosomal S6 kinases. 
Int J Biochem Cell Biol, 43, 47-59. 

FERRETTI, M. B., GHALEI, H., WARD, E. A., POTTS, E. L. & KARBSTEIN, K. 2017. Rps26 directs 
mRNA-specific translation by recognition of Kozak sequence elements. Nat Struct Mol 
Biol, 24, 700-707. 

FERSHT, A. R. 1977. Editing mechanisms in protein synthesis. Rejection of valine by the 
isoleucyl-tRNA synthetase. Biochemistry, 16, 1025-30. 

FILER, D., THOMPSON, M. A., TAKHAVEEV, V., DOBSON, A. J., KOTRONAKI, I., GREEN, J. W. M., 
HEINEMANN, M., TULLET, J. M. A. & ALIC, N. 2017. RNA polymerase III limits longevity 
downstream of TORC1. Nature, 552, 263-267. 

FINKEN, M., KIRSCHNER, P., MEIER, A., WREDE, A. & BOTTGER, E. C. 1993. Molecular basis of 
streptomycin resistance in Mycobacterium tuberculosis: alterations of the ribosomal 
protein S12 gene and point mutations within a functional 16S ribosomal RNA 
pseudoknot. Mol Microbiol, 9, 1239-46. 

FLACHSBART, F., CALIEBE, A., KLEINDORP, R., BLANCHE, H., VON ELLER-EBERSTEIN, H., 
NIKOLAUS, S., SCHREIBER, S. & NEBEL, A. 2009. Association of FOXO3A variation with 
human longevity confirmed in German centenarians. Proc Natl Acad Sci U S A, 106, 
2700-5. 

FLATT, T., MIN, K. J., D'ALTERIO, C., VILLA-CUESTA, E., CUMBERS, J., LEHMANN, R., JONES, D. L. 
& TATAR, M. 2008. Drosophila germ-line modulation of insulin signaling and lifespan. 
Proc Natl Acad Sci U S A, 105, 6368-73. 

http://metazoa.ensembl.org/Drosophila_melanogaster/Gene/Compara_Tree/pan_compara?g=FBgn0033912;r=2R:14215096-14216627
http://metazoa.ensembl.org/Drosophila_melanogaster/Gene/Compara_Tree/pan_compara?g=FBgn0033912;r=2R:14215096-14216627


The role of decreased protein synthesis in delaying ageing                      | Martínez Miguel, V.E. 

 

252 
 

FLUITT, A., PIENAAR, E. & VILJOEN, H. 2007. Ribosome kinetics and aa-tRNA competition 
determine rate and fidelity of peptide synthesis. Computational biology and chemistry, 
31, 335-346. 

FONTANA, L., PARTRIDGE, L. & LONGO, V. D. 2010. Extending healthy life span--from yeast to 
humans. Science, 328, 321-6. 

FRANCESCHI, C. & CAMPISI, J. 2014. Chronic inflammation (inflammaging) and its potential 
contribution to age-associated diseases. J Gerontol A Biol Sci Med Sci, 69 Suppl 1, S4-9. 

FRANCKENBERG, S., BECKER, T. & BECKMANN, R. 2012. Structural view on recycling of archaeal 
and eukaryotic ribosomes after canonical termination and ribosome rescue. Curr Opin 
Struct Biol, 22, 786-96. 

FRAZER, L. N., NANCOLLIS, V. & O'KEEFE, R. T. 2008. The role of Snu114p during pre-mRNA 
splicing. Biochem Soc Trans, 36, 551-3. 

FRIEDMAN, D. B. & JOHNSON, T. E. 1988. A mutation in the age-1 gene in Caenorhabditis 
elegans lengthens life and reduces hermaphrodite fertility. Genetics, 118, 75-86. 

FROLOVA, L., LE GOFF, X., RASMUSSEN, H. H., CHEPEREGIN, S., DRUGEON, G., KRESS, M., 
ARMAN, I., HAENNI, A. L., CELIS, J. E., PHILIPPE, M. & ET AL. 1994. A highly conserved 
eukaryotic protein family possessing properties of polypeptide chain release factor. 
Nature, 372, 701-3. 

FUMAGALLI, S., DI CARA, A., NEB-GULATI, A., NATT, F., SCHWEMBERGER, S., HALL, J., 
BABCOCK, G. F., BERNARDI, R., PANDOLFI, P. P. & THOMAS, G. 2009. Absence of 
nucleolar disruption after impairment of 40S ribosome biogenesis reveals an rpL11-
translation-dependent mechanism of p53 induction. Nat Cell Biol, 11, 501-8. 

FUNATSU, G. & WITTMANN, H. G. 1972. Ribosomal proteins. 33. Location of amino-acid 
replacements in protein S12 isolated from Escherichia coli mutants resistant to 
streptomycin. J Mol Biol, 68, 547-50. 

GALLANT, J., KURLAND, C., PARKER, J., HOLLIDAY, R. & ROSENBERGER, R. 1997. The error 
catastrophe theory of aging. Point counterpoint. Exp Gerontol, 32, 333-46. 

GALLANT, J. & PALMER, L. 1979. Error propagation in viable cells. Mech Ageing Dev, 10, 27-38. 
GARCIA, A. M., BUSUTTIL, R. A., CALDER, R. B., DOLLE, M. E., DIAZ, V., MCMAHAN, C. A., 

BARTKE, A., NELSON, J., REDDICK, R. & VIJG, J. 2008. Effect of Ames dwarfism and 
caloric restriction on spontaneous DNA mutation frequency in different mouse tissues. 
Mech Ageing Dev, 129, 528-33. 

GARGANO, J. W., MARTIN, I., BHANDARI, P. & GROTEWIEL, M. S. 2005. Rapid iterative negative 
geotaxis (RING): a new method for assessing age-related locomotor decline in 
Drosophila. Exp Gerontol, 40, 386-95. 

GEBAUER, F. & HENTZE, M. W. 2004. Molecular mechanisms of translational control. Nat Rev 
Mol Cell Biol, 5, 827-35. 

GEMS, D. & DOONAN, R. 2009. Antioxidant defense and aging in C. elegans: is the oxidative 
damage theory of aging wrong? Cell Cycle, 8, 1681-7. 

GEMS, D. & MCELWEE, J. J. 2005. Broad spectrum detoxification: the major longevity 
assurance process regulated by insulin/IGF-1 signaling? Mechanisms of Ageing and 
Development, 126, 381-387. 

GEMS, D. & PARTRIDGE, L. 2013a. Genetics of longevity in model organisms: debates and 
paradigm shifts. Annu Rev Physiol, 75, 621-44. 

GEMS, D. & PARTRIDGE, L. 2013b. Genetics of longevity in model organisms: debates and 
paradigm shifts. Annual review of physiology, 75, 621-644. 

GENUTH, N. R. & BARNA, M. 2018. Heterogeneity and specialized functions of translation 
machinery: from genes to organisms. Nat Rev Genet, 19, 431-452. 

GIANNAKOU, M. E., GOSS, M., JUNGER, M. A., HAFEN, E., LEEVERS, S. J. & PARTRIDGE, L. 2004. 
Long-lived Drosophila with overexpressed dFOXO in adult fat body. Science, 305, 361. 



The role of decreased protein synthesis in delaying ageing                      | Martínez Miguel, V.E. 

 

253 
 

GILCHRIST, M. A., SHAH, P. & ZARETZKI, R. 2009. Measuring and detecting molecular 
adaptation in codon usage against nonsense errors during protein translation. 
Genetics, 183, 1493-505. 

GINGOLD, H. & PILPEL, Y. 2011. Determinants of translation efficiency and accuracy. Mol Syst 
Biol, 7, 481. 

GIRARDOT, F., MONNIER, V. & TRICOIRE, H. 2004. Genome wide analysis of common and 
specific stress responses in adult drosophila melanogaster. BMC Genomics, 5, 74. 

GKOGKOLOU, P. & BOHM, M. 2012. Advanced glycation end products: Key players in skin 
aging? Dermatoendocrinol, 4, 259-70. 

GOMES, A. C., MIRANDA, I., SILVA, R. M., MOURA, G. R., THOMAS, B., AKOULITCHEV, A. & 
SANTOS, M. A. 2007. A genetic code alteration generates a proteome of high diversity 
in the human pathogen Candida albicans. Genome Biol, 8, R206. 

GOMES, N. M., SHAY, J. W. & WRIGHT, W. E. 2010. Telomere biology in Metazoa. FEBS letters, 
584, 3741-3751. 

GONSKIKH, Y. & POLACEK, N. 2017. Alterations of the translation apparatus during aging and 
stress response. Mech Ageing Dev, 168, 30-36. 

GORINI, L. 1966. The action of streptomycin on protein synthesis in vivo. Bull N Y Acad Med, 
42, 633-7. 

GORINI, L. 1969. The contrasting role of strA and ram gene products in ribosomal functioning. 
Cold Spring Harb Symp Quant Biol, 34, 101-9. 

GORINI, L. & DAVIES, J. 1968. The effect of streptomycin on ribosomal function. Curr Top 
Microbiol Immunol, 44, 100-22. 

GORINI, L., JACOBY, G. A. & BRECKENRIDGE, L. 1966. Ribosomal ambiguity. Cold Spring Harb 
Symp Quant Biol, 31, 657-64. 

GORINI, L. & KATAJA, E. 1964a. Phenotypic Repair by Streptomycin of Defective Genotypes in 
E. Coli. Proc Natl Acad Sci U S A, 51, 487-93. 

GORINI, L. & KATAJA, E. 1964b. Streptomycin-Induced Oversuppression in E. Coli. Proc Natl 
Acad Sci U S A, 51, 995-1001. 

GORINI, L., ROSSET, R. & ZIMMERMANN, R. A. 1967. Phenotype masking and streptomycin 
dependence. Science, 157, 1314-7. 

GOUGH, D. R. & COTTER, T. G. 2011. Hydrogen peroxide: a Jekyll and Hyde signalling molecule. 
Cell Death Dis, 2, e213. 

GRANDISON, R. C., PIPER, M. D. & PARTRIDGE, L. 2009. Amino-acid imbalance explains 
extension of lifespan by dietary restriction in Drosophila. Nature, 462, 1061-4. 

GREBER, B. J., BIERI, P., LEIBUNDGUT, M., LEITNER, A., AEBERSOLD, R., BOEHRINGER, D. & BAN, 
N. 2015. Ribosome. The complete structure of the 55S mammalian mitochondrial 
ribosome. Science, 348, 303-8. 

GREEN, E. W., FEDELE, G., GIORGINI, F. & KYRIACOU, C. P. 2014. A Drosophila RNAi collection is 
subject to dominant phenotypic effects. Nat Methods, 11, 222-3. 

GREER, C., LEE, M., WESTERHOF, M., MILHOLLAND, B., SPOKONY, R., VIJG, J. & SECOMBE, J. 
2013. Myc-dependent genome instability and lifespan in Drosophila. PloS one, 8. 

GREER, E. L., DOWLATSHAHI, D., BANKO, M. R., VILLEN, J., HOANG, K., BLANCHARD, D., GYGI, S. 
P. & BRUNET, A. 2007. An AMPK-FOXO pathway mediates longevity induced by a novel 
method of dietary restriction in C. elegans. Curr Biol, 17, 1646-56. 

GREGANOVA, E., ALTMANN, M. & BUTIKOFER, P. 2011. Unique modifications of translation 
elongation factors. FEBS J, 278, 2613-24. 

GREGORY, S. T., CATE, J. H. & DAHLBERG, A. E. 2001. Streptomycin-resistant and streptomycin-
dependent mutants of the extreme thermophile Thermus thermophilus. J Mol Biol, 
309, 333-8. 

GREGORY, S. T. & DAHLBERG, A. E. 2009. Genetic and structural analysis of base substitutions 
in the central pseudoknot of Thermus thermophilus 16S ribosomal RNA. RNA, 15, 215-
23. 



The role of decreased protein synthesis in delaying ageing                      | Martínez Miguel, V.E. 

 

254 
 

GREIDER, C. W. & BLACKBURN, E. H. 1985. Identification of a specific telomere terminal 
transferase activity in Tetrahymena extracts. Cell, 43, 405-13. 

GROMADSKI, K. B., DAVITER, T. & RODNINA, M. V. 2006. A uniform response to mismatches in 
codon-anticodon complexes ensures ribosomal fidelity. Mol Cell, 21, 369-77. 

GROMADSKI, K. B. & RODNINA, M. V. 2004a. Kinetic determinants of high-fidelity tRNA 
discrimination on the ribosome. Mol Cell, 13, 191-200. 

GROMADSKI, K. B. & RODNINA, M. V. 2004b. Streptomycin interferes with conformational 
coupling between codon recognition and GTPase activation on the ribosome. Nat 
Struct Mol Biol, 11, 316-22. 

GRÖNKE, S., CLARKE, D.-F., BROUGHTON, S., ANDREWS, T. D. & PARTRIDGE, L. 2010. Molecular 
evolution and functional characterization of Drosophila insulin-like peptides. PLoS 
Genet, 6, e1000857-e1000857. 

GROTEWIEL, M. S., MARTIN, I., BHANDARI, P. & COOK-WIENS, E. 2005. Functional senescence 
in Drosophila melanogaster. Ageing research reviews, 4, 372-397. 

GRUBER, H., WESSELS, W., BOYNTON, P., XU, J., WOHLGEMUTH, S., LEEUWENBURGH, C., QI, 
W., AUSTAD, S. N., SCHAIBLE, R. & PHILIPP, E. E. 2015. Age-related cellular changes in 
the long-lived bivalve A. islandica. Age (Dordr), 37, 90. 

GU, C., BEGLEY, T. J. & DEDON, P. C. 2014. tRNA modifications regulate translation during 
cellular stress. FEBS Lett, 588, 4287-96. 

GUCA, E. & HASHEM, Y. 2018. Major structural rearrangements of the canonical eukaryotic 
translation initiation complex. Curr Opin Struct Biol, 53, 151-158. 

GUERTIN, D. A. & SABATINI, D. M. 2009. The pharmacology of mTOR inhibition. Sci Signal, 2, 
pe24. 

GUIMARAES, J. C. & ZAVOLAN, M. 2016. Patterns of ribosomal protein expression specify 
normal and malignant human cells. Genome Biol, 17, 236. 

GUO, M., CHONG, Y. E., SHAPIRO, R., BEEBE, K., YANG, X. L. & SCHIMMEL, P. 2009. Paradox of 
mistranslation of serine for alanine caused by AlaRS recognition dilemma. Nature, 462, 
808-12. 

GUO, M. & SCHIMMEL, P. 2012. Structural analyses clarify the complex control of 
mistranslation by tRNA synthetases. Curr Opin Struct Biol, 22, 119-26. 

HAIMOV, O., SINVANI, H., MARTIN, F., ULITSKY, I., EMMANUEL, R., TAMARKIN-BEN-HARUSH, 
A., VARDY, A. & DIKSTEIN, R. 2017. Efficient and Accurate Translation Initiation 
Directed by TISU Involves RPS3 and RPS10e Binding and Differential Eukaryotic 
Initiation Factor 1A Regulation. Mol Cell Biol, 37. 

HALDANE, J. B. S. 1941. New Paths on Genetics, London, UK, George Alien & Unwin, Ltd. . 
HAMILTON, B., DONG, Y., SHINDO, M., LIU, W., ODELL, I., RUVKUN, G. & LEE, S. S. 2005. A 

systematic RNAi screen for longevity genes in C. elegans. Genes Dev, 19, 1544-55. 
HANNA, J., LEGGETT, D. S. & FINLEY, D. 2003. Ubiquitin depletion as a key mediator of toxicity 

by translational inhibitors. Mol Cell Biol, 23, 9251-61. 
HANNUM, G., GUINNEY, J., ZHAO, L., ZHANG, L., HUGHES, G., SADDA, S., KLOTZLE, B., 

BIBIKOVA, M., FAN, J. B., GAO, Y., DECONDE, R., CHEN, M., RAJAPAKSE, I., FRIEND, S., 
IDEKER, T. & ZHANG, K. 2013. Genome-wide methylation profiles reveal quantitative 
views of human aging rates. Mol Cell, 49, 359-367. 

HANSEN, M., CHANDRA, A., MITIC, L. L., ONKEN, B., DRISCOLL, M. & KENYON, C. 2008. A role 
for autophagy in the extension of lifespan by dietary restriction in C. elegans. PLoS 
Genet, 4, e24. 

HANSEN, M., TAUBERT, S., CRAWFORD, D., LIBINA, N., LEE, S. J. & KENYON, C. 2007. Lifespan 
extension by conditions that inhibit translation in Caenorhabditis elegans. Aging cell, 6, 
95-110. 

HARGER, J. W., MESKAUSKAS, A., NIELSEN, J., JUSTICE, M. C. & DINMAN, J. D. 2001. Ty1 
retrotransposition and programmed +1 ribosomal frameshifting require the integrity 
of the protein synthetic translocation step. Virology, 286, 216-24. 



The role of decreased protein synthesis in delaying ageing                      | Martínez Miguel, V.E. 

 

255 
 

HARLEY, C. B., FUTCHER, A. B. & GREIDER, C. W. 1990. Telomeres shorten during ageing of 
human fibroblasts. Nature, 345, 458-60. 

HARLEY, C. B., POLLARD, J. W., CHAMBERLAIN, J. W., STANNERS, C. P. & GOLDSTEIN, S. 1980. 
Protein synthetic errors do not increase during aging of cultured human fibroblasts. 
Proc Natl Acad Sci U S A, 77, 1885-9. 

HARMAN, D. 1956. Aging: a theory based on free radical and radiation chemistry. J Gerontol, 
11, 298-300. 

HARPER, J. M., LEATHERS, C. W. & AUSTAD, S. N. 2006. Does caloric restriction extend life in 
wild mice? Aging Cell, 5, 441-9. 

HARRINGTON, L. A. & HARLEY, C. B. 1988. Effect of vitamin E on lifespan and reproduction in 
Caenorhabditis elegans. Mech Ageing Dev, 43, 71-8. 

HARRISON, D. E., STRONG, R., SHARP, Z. D., NELSON, J. F., ASTLE, C. M., FLURKEY, K., NADON, 
N. L., WILKINSON, J. E., FRENKEL, K., CARTER, C. S., PAHOR, M., JAVORS, M. A., 
FERNANDEZ, E. & MILLER, R. A. 2009. Rapamycin fed late in life extends lifespan in 
genetically heterogeneous mice. Nature, 460, 392-5. 

HARVIE, M. N., PEGINGTON, M., MATTSON, M. P., FRYSTYK, J., DILLON, B., EVANS, G., CUZICK, 
J., JEBB, S. A., MARTIN, B., CUTLER, R. G., SON, T. G., MAUDSLEY, S., CARLSON, O. D., 
EGAN, J. M., FLYVBJERG, A. & HOWELL, A. 2011. The effects of intermittent or 
continuous energy restriction on weight loss and metabolic disease risk markers: a 
randomized trial in young overweight women. Int J Obes (Lond), 35, 714-27. 

HASENBANK, R., GUTHRIE, C., STOFFLER, G., WITTMANN, H. G., ROSEN, L. & APIRION, D. 1973. 
Electrophoretic and immunological studies on ribosomal proteins of 100 Escherichia 
coli revertants from streptomycin dependence. Mol Gen Genet, 127, 1-18. 

HASS, B. S., HART, R. W., LU, M. H. & LYN-COOK, B. D. 1993. Effects of caloric restriction in 
animals on cellular function, oncogene expression, and DNA methylation in vitro. 
Mutat Res, 295, 281-9. 

HASSALL, C., SHERRATT, T. N., WATTS, P. C. & THOMPSON, D. J. 2015. Live fast, die old: no 
evidence of reproductive senescence or costs of mating in a damselfly (Odonata: 
Zygoptera). J Anim Ecol, 84, 1542-54. 

HAWER, H., UTKUR, K., AREND, M., MAYER, K., ADRIAN, L., BRINKMANN, U. & SCHAFFRATH, R. 
2018. Importance of diphthamide modified EF2 for translational accuracy and 
competitive cell growth in yeast. PLoS One, 13, e0205870. 

HAYFLICK, L. 1977. Biology of Aging. Natural History, 86, 22-&. 
HAYFLICK, L. & MOORHEAD, P. S. 1961. Serial Cultivation of Human Diploid Cell Strains. 

Experimental Cell Research, 25, 585-+. 
HEILBRONN, L. K., SMITH, S. R., MARTIN, C. K., ANTON, S. D. & RAVUSSIN, E. 2005. Alternate-

day fasting in nonobese subjects: effects on body weight, body composition, and 
energy metabolism. Am J Clin Nutr, 81, 69-73. 

HEKMAN, K. E., YU, G. Y., BROWN, C. D., ZHU, H., DU, X., GERVIN, K., UNDLIEN, D. E., 
PETERSON, A., STEVANIN, G., CLARK, H. B., PULST, S. M., BIRD, T. D., WHITE, K. P. & 
GOMEZ, C. M. 2012. A conserved eEF2 coding variant in SCA26 leads to loss of 
translational fidelity and increased susceptibility to proteostatic insult. Hum Mol 
Genet, 21, 5472-83. 

HELLEN, C. U. T. 2018. Translation Termination and Ribosome Recycling in Eukaryotes. Cold 
Spring Harb Perspect Biol, 10. 

HENDERSON, S. T., BONAFE, M. & JOHNSON, T. E. 2006. daf-16 protects the nematode 
Caenorhabditis elegans during food deprivation. J Gerontol A Biol Sci Med Sci, 61, 444-
60. 

HERNANDEZ, G., ALTMANN, M., SIERRA, J. M., URLAUB, H., DIEZ DEL CORRAL, R., SCHWARTZ, 
P. & RIVERA-POMAR, R. 2005. Functional analysis of seven genes encoding eight 
translation initiation factor 4E (eIF4E) isoforms in Drosophila. Mech Dev, 122, 529-43. 



The role of decreased protein synthesis in delaying ageing                      | Martínez Miguel, V.E. 

 

256 
 

HERNANDEZ, G., VAZQUEZ-PIANZOLA, P., SIERRA, J. M. & RIVERA-POMAR, R. 2004. Internal 
ribosome entry site drives cap-independent translation of reaper and heat shock 
protein 70 mRNAs in Drosophila embryos. RNA, 10, 1783-97. 

HINNEBUSCH, A. G. 2005. Translational regulation of GCN4 and the general amino acid control 
of yeast. Annu Rev Microbiol, 59, 407-50. 

HINNEBUSCH, A. G., IVANOV, I. P. & SONENBERG, N. 2016. Translational control by 5'-
untranslated regions of eukaryotic mRNAs. Science, 352, 1413-6. 

HINNIG, P. F., MONTEIRO, J. S., DE ASSIS, M. A. A., LEVY, R. B., PERES, M. A., PERAZI, F. M., 
PORPORATTI, A. L. & CANTO, G. L. 2018. Dietary Patterns of Children and Adolescents 
from High, Medium and Low Human Development Countries and Associated 
Socioeconomic Factors: A Systematic Review. Nutrients, 10. 

HIPKISS, A. R. 2007. On why decreasing protein synthesis can increase lifespan. Mechanisms of 
ageing and development, 128, 412-414. 

HOFMANN, J. W., ZHAO, X., DE CECCO, M., PETERSON, A. L., PAGLIAROLI, L., MANIVANNAN, J., 
HUBBARD, G. B., IKENO, Y., ZHANG, Y. & FENG, B. 2015. Reduced expression of MYC 
increases longevity and enhances healthspan. Cell, 160, 477-488. 

HOLBROOK, M. A. & MENNINGER, J. R. 2002. Erythromycin slows aging of Saccharomyces 
cerevisiae. The Journals of Gerontology Series A: Biological Sciences and Medical 
Sciences, 57, B29-B36. 

HOLLIDAY, R. 1996. The current status of the protein error theory of aging. Exp Gerontol, 31, 
449-52. 

HOLLIDAY, R. & RATTAN, S. 1983. Evidence that paromomycin induces premature ageing in 
human fibroblasts. Monographs in developmental biology, 17, 221-233. 

HOLLIDAY, R. J. E. G. 1997. The error catastrophe theory of aging point counterpoint. 32, 345-
346. 

HOLZENBERGER, M., DUPONT, J., DUCOS, B., LENEUVE, P., GELOEN, A., EVEN, P. C., CERVERA, 
P. & LE BOUC, Y. 2003. IGF-1 receptor regulates lifespan and resistance to oxidative 
stress in mice. Nature, 421, 182-7. 

HONDA, Y., TANAKA, M. & HONDA, S. 2008. Modulation of longevity and diapause by redox 
regulation mechanisms under the insulin-like signaling control in Caenorhabditis 
elegans. Exp Gerontol, 43, 520-9. 

HONJOH, S., YAMAMOTO, T., UNO, M. & NISHIDA, E. 2009. Signalling through RHEB-1 mediates 
intermittent fasting-induced longevity in C. elegans. Nature, 457, 726-30. 

HORVATH, S. 2013. DNA methylation age of human tissues and cell types. Genome Biol, 14, 
R115. 

HOULE, D., HUGHES, K. A., HOFFMASTER, D. K., IHARA, J., ASSIMACOPOULOS, S., CANADA, D. & 
CHARLESWORTH, B. 1994. The effects of spontaneous mutation on quantitative traits. 
I. Variances and covariances of life history traits. Genetics, 138, 773-85. 

HOWARD, A. & ROGERS, A. N. 2014a. Role of translation initiation factor 4G in lifespan 
regulation and age-related health. Ageing Res Rev, 13, 115-24. 

HOWARD, A. & ROGERS, A. N. 2014b. Role of translation initiation factor 4G in lifespan 
regulation and age-related health. Ageing research reviews, 13, 115-124. 

HOWARD, A. C., ROLLINS, J., SNOW, S., CASTOR, S. & ROGERS, A. N. 2016. Reducing translation 
through eIF4G/IFG-1 improves survival under ER stress that depends on heat shock 
factor HSF-1 in Caenorhabditis elegans. Aging Cell, 15, 1027-1038. 

HSIN, H. & KENYON, C. 1999. Signals from the reproductive system regulate the lifespan of C. 
elegans. Nature, 399, 362-6. 

HSU, P. D., LANDER, E. S. & ZHANG, F. 2014. Development and applications of CRISPR-Cas9 for 
genome engineering. Cell, 157, 1262-1278. 

HU, Z., XIA, B., POSTNIKOFF, S. D., SHEN, Z. J., TOMOIAGA, A. S., HARKNESS, T. A., SEOL, J. H., 
LI, W., CHEN, K. & TYLER, J. K. 2018. Ssd1 and Gcn2 suppress global translation 
efficiency in replicatively aged yeast while their activation extends lifespan. Elife, 7. 



The role of decreased protein synthesis in delaying ageing                      | Martínez Miguel, V.E. 

 

257 
 

HUANG, H. Y. & HOPPER, A. K. 2016. Multiple Layers of Stress-Induced Regulation in tRNA 
Biology. Life (Basel), 6. 

HUANG, T. T., CARLSON, E. J., GILLESPIE, A. M., SHI, Y. & EPSTEIN, C. J. 2000. Ubiquitous 
overexpression of CuZn superoxide dismutase does not extend life span in mice. J 
Gerontol A Biol Sci Med Sci, 55, B5-9. 

HUBBARD, B. P. & SINCLAIR, D. A. 2014. Small molecule SIRT1 activators for the treatment of 
aging and age-related diseases. Trends Pharmacol Sci, 35, 146-54. 

HUNG, W. W., ROSS, J. S., BOOCKVAR, K. S. & SIU, A. L. 2011. Recent trends in chronic disease, 
impairment and disability among older adults in the United States. BMC Geriatr, 11, 
47. 

HWANGBO, D. S., GERSHAM, B., TU, M.-P., PALMER, M. & TATAR, M. 2004. Drosophila dFOXO 
controls lifespan and regulates insulin signalling in brain and fat body. Nature, 429, 
562-566. 

IDOL, R. A., ROBLEDO, S., DU, H. Y., CRIMMINS, D. L., WILSON, D. B., LADENSON, J. H., BESSLER, 
M. & MASON, P. J. 2007. Cells depleted for RPS19, a protein associated with Diamond 
Blackfan Anemia, show defects in 18S ribosomal RNA synthesis and small ribosomal 
subunit production. Blood Cells Mol Dis, 39, 35-43. 

ILIADI, K. G., KNIGHT, D. & BOULIANNE, G. L. 2012. Healthy aging - insights from Drosophila. 
Front Physiol, 3, 106. 

INAOKA, T., KASAI, K. & OCHI, K. 2001. Construction of an in vivo nonsense readthrough assay 
system and functional analysis of ribosomal proteins S12, S4, and S5 in Bacillus subtilis. 
J Bacteriol, 183, 4958-63. 

INGE-VECHTOMOV, S. G. & KOZHIN, S. A. 1964. [Comparative Specific Effects of Ultraviolet and 
Roentgen Rays on Yeast Mutation]. Issled Genet, 2, 77-85. 

INGOLIA, N. T. 2016. Ribosome Footprint Profiling of Translation throughout the Genome. Cell, 
165, 22-33. 

INGOLIA, N. T., GHAEMMAGHAMI, S., NEWMAN, J. R. & WEISSMAN, J. S. 2009. Genome-wide 
analysis in vivo of translation with nucleotide resolution using ribosome profiling. 
Science, 324, 218-23. 

INGOLIA, N. T., LAREAU, L. F. & WEISSMAN, J. S. 2011. Ribosome profiling of mouse embryonic 
stem cells reveals the complexity and dynamics of mammalian proteomes. Cell, 147, 
789-802. 

INUI, T., KOBAYASHI, S., ASHIKARI, Y., SATO, R., ENDO, W., UEMATSU, M., OBA, H., SAITSU, H., 
MATSUMOTO, N., KURE, S. & HAGINOYA, K. 2016. Two cases of early-onset myoclonic 
seizures with continuous parietal delta activity caused by EEF1A2 mutations. Brain 
Dev, 38, 520-4. 

IQBAL, A., PIPER, M., FARAGHER, R. G., NAUGHTON, D. P., PARTRIDGE, L. & OSTLER, E. L. 2009. 
Chemical changes in aging Drosophila melanogaster. Age (Dordr), 31, 343-51. 

ISHII, N., SENOO-MATSUDA, N., MIYAKE, K., YASUDA, K., ISHII, T., HARTMAN, P. S. & 
FURUKAWA, S. 2004. Coenzyme Q(10) can prolong C-elegans lifespan by lowering 
oxidative stress. Mechanisms of Ageing and Development, 125, 41-46. 

ISHIMURA, R., NAGY, G., DOTU, I., CHUANG, J. H. & ACKERMAN, S. L. 2016. Activation of GCN2 
kinase by ribosome stalling links translation elongation with translation initiation. Elife, 
5. 

ISONO, K., KRAUSS, J. & HIROTA, Y. 1976. Isolation and characterization of temperature-
sensitive mutants of Escherichia coli with altered ribosomal proteins. Mol Gen Genet, 
149, 297-302. 

IWATA, Y. & KOIZUMI, N. 2005. Unfolded protein response followed by induction of cell death 
in cultured tobacco cells treated with tunicamycin. Planta, 220, 804-7. 

JABERI, E., ROHANI, M., SHAHIDI, G. A., NAFISSI, S., AREFIAN, E., SOLEIMANI, M., RASOOLI, P., 
AHMADIEH, H., DAFTARIAN, N., KARAMINEJADRANJBAR, M., KLOTZLE, B., FAN, J. B., 
TURK, C., STEEMERS, F. & ELAHI, E. 2016. Identification of mutation in GTPBP2 in 



The role of decreased protein synthesis in delaying ageing                      | Martínez Miguel, V.E. 

 

258 
 

patients of a family with neurodegeneration accompanied by iron deposition in the 
brain. Neurobiol Aging, 38, 216 e11-216 e18. 

JACKSON, R. J. 2013. The current status of vertebrate cellular mRNA IRESs. Cold Spring Harb 
Perspect Biol, 5. 

JANAC, S., CLARKE, B. & GEMS, D. 2017. Aging: Natural or Disease? A View from Medical 
Textbooks. Anti-Aging Drugs: From Basic Research to Clinical Practice, 57, 11-34. 

JANICH, P., ARPAT, A. B., CASTELO-SZEKELY, V., LOPES, M. & GATFIELD, D. 2015. Ribosome 
profiling reveals the rhythmic liver translatome and circadian clock regulation by 
upstream open reading frames. Genome Res, 25, 1848-59. 

JAVID, B., SORRENTINO, F., TOOSKY, M., ZHENG, W., PINKHAM, J. T., JAIN, N., PAN, M., 
DEIGHAN, P. & RUBIN, E. J. 2014. Mycobacterial mistranslation is necessary and 
sufficient for rifampicin phenotypic resistance. Proc Natl Acad Sci U S A, 111, 1132-7. 

JENSEN, K., MCCLURE, C., PRIEST, N. K. & HUNT, J. 2015. Sex-specific effects of protein and 
carbohydrate intake on reproduction but not lifespan in Drosophila melanogaster. 
Aging Cell, 14, 605-15. 

JIN, C., LI, J., GREEN, C. D., YU, X., TANG, X., HAN, D., XIAN, B., WANG, D., HUANG, X., CAO, X., 
YAN, Z., HOU, L., LIU, J., SHUKEIR, N., KHAITOVICH, P., CHEN, C. D., ZHANG, H., 
JENUWEIN, T. & HAN, J. D. 2011. Histone demethylase UTX-1 regulates C. elegans life 
span by targeting the insulin/IGF-1 signaling pathway. Cell Metab, 14, 161-72. 

JOAZEIRO, C. A. P. 2017. Ribosomal Stalling During Translation: Providing Substrates for 
Ribosome-Associated Protein Quality Control. Annu Rev Cell Dev Biol, 33, 343-368. 

JOHANNS, M., PYR DIT RUYS, S., HOUDDANE, A., VERTOMMEN, D., HERINCKX, G., HUE, L., 
PROUD, C. G. & RIDER, M. H. 2017. Direct and indirect activation of eukaryotic 
elongation factor 2 kinase by AMP-activated protein kinase. Cell Signal, 36, 212-221. 

JOHNSON, D. W., LLOP, J. R., FARRELL, S. F., YUAN, J., STOLZENBURG, L. R. & SAMUELSON, A. V. 
2014. The Caenorhabditis elegans Myc-Mondo/Mad complexes integrate diverse 
longevity signals. PLoS Genet, 10, e1004278. 

JOHNSON, S. C., RABINOVITCH, P. S. & KAEBERLEIN, M. 2013. mTOR is a key modulator of 
ageing and age-related disease. Nature, 493, 338-45. 

JONES, M. A. & GROTEWIEL, M. 2011. Drosophila as a model for age-related impairment in 
locomotor and other behaviors. Exp Gerontol, 46, 320-5. 

JONES, O. R., SCHEUERLEIN, A., SALGUERO-GOMEZ, R., CAMARDA, C. G., SCHAIBLE, R., CASPER, 
B. B., DAHLGREN, J. P., EHRLEN, J., GARCIA, M. B., MENGES, E. S., QUINTANA-
ASCENCIO, P. F., CASWELL, H., BAUDISCH, A. & VAUPEL, J. W. 2014. Diversity of ageing 
across the tree of life. Nature, 505, 169-73. 

JONES, T. E., ALEXANDER, R. W. & PAN, T. 2011. Misacylation of specific nonmethionyl tRNAs 
by a bacterial methionyl-tRNA synthetase. Proc Natl Acad Sci U S A, 108, 6933-8. 

JOSSE, L., XIE, J., PROUD, C. G. & SMALES, C. M. 2016. mTORC1 signalling and eIF4E/4E-BP1 
translation initiation factor stoichiometry influence recombinant protein productivity 
from GS-CHOK1 cells. Biochem J, 473, 4651-4664. 

JULIEN, C., LISSOUBA, A., MADABATTULA, S., FARDGHASSEMI, Y., ROSENFELT, C., 
ANDROSCHUK, A., STRAUTMAN, J., WONG, C., BYSICE, A., O'SULLIVAN, J., ROULEAU, G. 
A., DRAPEAU, P., PARKER, J. A. & BOLDUC, F. V. 2016. Conserved pharmacological 
rescue of hereditary spastic paraplegia-related phenotypes across model organisms. 
Hum Mol Genet, 25, 1088-99. 

JUNG, M., JIN, S.-G., ZHANG, X., XIONG, W., GOGOSHIN, G., RODIN, A. S. & PFEIFER, G. P. 2015. 
Longitudinal epigenetic and gene expression profiles analyzed by three-component 
analysis reveal down-regulation of genes involved in protein translation in human 
aging. Nucleic acids research, gkv473. 

JUNGREIS, I., LIN, M. F., SPOKONY, R., CHAN, C. S., NEGRE, N., VICTORSEN, A., WHITE, K. P. & 
KELLIS, M. 2011. Evidence of abundant stop codon readthrough in Drosophila and 
other metazoa. Genome Res, 21, 2096-113. 



The role of decreased protein synthesis in delaying ageing                      | Martínez Miguel, V.E. 

 

259 
 

KAEBERLEIN, M. & KENNEDY, B. K. 2008. Protein translation, 2008. Aging cell, 7, 777-782. 
KAEBERLEIN, M., MCVEY, M. & GUARENTE, L. 1999. The SIR2/3/4 complex and SIR2 alone 

promote longevity in Saccharomyces cerevisiae by two different mechanisms. Genes 
Dev, 13, 2570-80. 

KAEBERLEIN, M., POWERS, R. W., STEFFEN, K. K., WESTMAN, E. A., HU, D., DANG, N., KERR, E. 
O., KIRKLAND, K. T., FIELDS, S. & KENNEDY, B. K. 2005. Regulation of yeast replicative 
life span by TOR and Sch9 in response to nutrients. Science, 310, 1193-1196. 

KALAPALA, S. K., HOBBIE, S. N., BOTTGER, E. C. & SHCHERBAKOV, D. 2010. Mutation K42R in 
ribosomal protein S12 does not affect susceptibility of Mycobacterium smegmatis 16S 
rRNA A-site mutants to 2-deoxystreptamines. PLoS One, 5, e11960. 

KALYANI, R. R. & EGAN, J. M. 2013. Diabetes and altered glucose metabolism with aging. 
Endocrinol Metab Clin North Am, 42, 333-47. 

KANFI, Y., NAIMAN, S., AMIR, G., PESHTI, V., ZINMAN, G., NAHUM, L., BAR-JOSEPH, Z. & 
COHEN, H. Y. 2012. The sirtuin SIRT6 regulates lifespan in male mice. Nature, 483, 218-
21. 

KANG, M. J., VASUDEVAN, D., KANG, K., KIM, K., PARK, J. E., ZHANG, N., ZENG, X., NEUBERT, T. 
A., MARR, M. T., 2ND & RYOO, H. D. 2017. 4E-BP is a target of the GCN2-ATF4 pathway 
during Drosophila development and aging. J Cell Biol, 216, 115-129. 

KANG, S. A., PACOLD, M. E., CERVANTES, C. L., LIM, D., LOU, H. J., OTTINA, K., GRAY, N. S., 
TURK, B. E., YAFFE, M. B. & SABATINI, D. M. 2013. mTORC1 phosphorylation sites 
encode their sensitivity to starvation and rapamycin. Science, 341, 1236566. 

KAO, L. R. & MEGRAW, T. L. 2004. RNAi in cultured Drosophila cells. Methods Mol Biol, 247, 
443-57. 

KAPAHI, P., ZID, B. M., HARPER, T., KOSLOVER, D., SAPIN, V. & BENZER, S. 2004. Regulation of 
lifespan in Drosophila by modulation of genes in the TOR signaling pathway. Curr Biol, 
14, 885-90. 

KAPPELER, L., DE MAGALHAES FILHO, C., DUPONT, J., LENEUVE, P., CERVERA, P., PERIN, L., 
LOUDES, C., BLAISE, A., KLEIN, R., EPELBAUM, J., LE BOUC, Y. & HOLZENBERGER, M. 
2008. Brain IGF-1 receptors control mammalian growth and lifespan through a 
neuroendocrine mechanism. PLoS Biol, 6, e254. 

KAPUR, M. & ACKERMAN, S. L. 2018. mRNA Translation Gone Awry: Translation Fidelity and 
Neurological Disease. Trends Genet, 34, 218-231. 

KATZ, M. J., ACEVEDO, J. M., LOENARZ, C., GALAGOVSKY, D., LIU-YI, P., PEREZ-PEPE, M., 
THALHAMMER, A., SEKIRNIK, R., GE, W., MELANI, M., THOMAS, M. G., SIMONETTA, S., 
BOCCACCIO, G. L., SCHOFIELD, C. J., COCKMAN, M. E., RATCLIFFE, P. J. & WAPPNER, P. 
2014. Sudestada1, a Drosophila ribosomal prolyl-hydroxylase required for mRNA 
translation, cell homeostasis, and organ growth. Proc Natl Acad Sci U S A, 111, 4025-
30. 

KAUSHIK, S. & CUERVO, A. M. 2015. Proteostasis and aging. Nat Med, 21, 1406-15. 
KE, Z., MALLIK, P., JOHNSON, A. B., LUNA, F., NEVO, E., ZHANG, Z. D., GLADYSHEV, V. N., 

SELUANOV, A. & GORBUNOVA, V. 2017. Translation fidelity coevolves with longevity. 
Aging Cell, 16, 988-993. 

KE, Z., SELUANOV, A. & GORBUNOVA, V. 2018. Accurate translation is important for longevity. 
Aging (Albany NY), 10, 297-298. 

KEANEY, M. & GEMS, D. 2003. No increase in lifespan in Caenorhabditis elegans upon 
treatment with the superoxide dismutase mimetic EUK-8. Free Radical Biology and 
Medicine, 34, 277-282. 

KEANEY, M., MATTHIJSSENS, F., SHARPE, M., VANFLETEREN, J. & GEMS, D. 2004. Superoxide 
dismutase mimetics elevate superoxide dismutase activity in vivo but do not retard 
aging in the nematode Caenorhabditis elegans. Free Radical Biology and Medicine, 37, 
239-250. 

KEELING, P. J. 2016. Genomics: Evolution of the Genetic Code. Curr Biol, 26, R851-R853. 



The role of decreased protein synthesis in delaying ageing                      | Martínez Miguel, V.E. 

 

260 
 

KEEVEN, J., KO, D., SHALLOM, J., UCCELINI, B. & GOLIN, J. 2002. PDR2 Gain-of-function 
mutations eliminate the need for Pdr1 and require the UBP6 product for resistance to 
translational inhibitors. Curr Genet, 41, 11-9. 

KENNEDY, B. K. & PENNYPACKER, J. K. 2014. Drugs that modulate aging: the promising yet 
difficult path ahead. Transl Res, 163, 456-65. 

KENNEDY, S. R., LOEB, L. A. & HERR, A. J. 2012. Somatic mutations in aging, cancer and 
neurodegeneration. Mech Ageing Dev, 133, 118-26. 

KENNEY, J. W., GENHEDEN, M., MOON, K. M., WANG, X., FOSTER, L. J. & PROUD, C. G. 2016. 
Eukaryotic elongation factor 2 kinase regulates the synthesis of microtubule-related 
proteins in neurons. J Neurochem, 136, 276-84. 

KENYON, C. 2010a. A pathway that links reproductive status to lifespan in Caenorhabditis 
elegans. Ann N Y Acad Sci, 1204, 156-62. 

KENYON, C., CHANG, J., GENSCH, E., RUDNER, A. & TABTIANG, R. 1993. A C. elegans mutant 
that lives twice as long as wild type. Nature, 366, 461-464. 

KENYON, C. J. 2010b. The genetics of ageing. Nature, 464, 504-12. 
KERTZER, D. I. & LASLETT, P. 1995. Aging in the past: demography, society and old age. , Los 

Angeles, California, University of California Press. 
KHAZAELI, A. A. & CURTSINGER, J. W. 2013. Pleiotropy and life history evolution in Drosophila 

melanogaster: uncoupling life span and early fecundity. J Gerontol A Biol Sci Med Sci, 
68, 546-53. 

KIM, H. S., CHOI, E. S., SHIN, J. A., JANG, Y. K. & PARK, S. D. 2004. Regulation of Swi6/HP1-
dependent heterochromatin assembly by cooperation of components of the mitogen-
activated protein kinase pathway and a histone deacetylase Clr6. J Biol Chem, 279, 
42850-9. 

KIM, J., TAKAHASHI, M., SHIMIZU, T., SHIRASAWA, T., KAJITA, M., KANAYAMA, A. & 
MIYAMOTO, Y. 2008. Effects of a potent antioxidant, platinum nanoparticle, on the 
lifespan of Caenorhabditis elegans. Mech Ageing Dev, 129, 322-31. 

KIMATA, Y. & KOHNO, K. 1994. Elongation factor 2 mutants deficient in diphthamide formation 
show temperature-sensitive cell growth. J Biol Chem, 269, 13497-501. 

KIMBALL, S. R. 1999. Eukaryotic initiation factor eIF2. Int J Biochem Cell Biol, 31, 25-9. 
KIMBER, C. M. & CHIPPINDALE, A. K. 2013. Mutation, condition, and the maintenance of 

extended lifespan in Drosophila. Curr Biol, 23, 2283-2287. 
KING, H. A. & GERBER, A. P. 2016. Translatome profiling: methods for genome-scale analysis of 

mRNA translation. Brief Funct Genomics, 15, 22-31. 
KIRKWOOD, T. B. 1977. Evolution of ageing. Nature, 270, 301-4. 
KIRKWOOD, T. B. & AUSTAD, S. N. 2000. Why do we age? Nature, 408, 233-8. 
KLASS, M. R. 1983. A method for the isolation of longevity mutants in the nematode 

Caenorhabditis elegans and initial results. Mech Ageing Dev, 22, 279-86. 
KLAUCK, S. M., FELDER, B., KOLB-KOKOCINSKI, A., SCHUSTER, C., CHIOCCHETTI, A., SCHUPP, I., 

WELLENREUTHER, R., SCHMOTZER, G., POUSTKA, F., BREITENBACH-KOLLER, L. & 
POUSTKA, A. 2006. Mutations in the ribosomal protein gene RPL10 suggest a novel 
modulating disease mechanism for autism. Mol Psychiatry, 11, 1073-84. 

KLINGE, S., VOIGTS-HOFFMANN, F., LEIBUNDGUT, M., ARPAGAUS, S. & BAN, N. 2011. Crystal 
structure of the eukaryotic 60S ribosomal subunit in complex with initiation factor 6. 
Science, 334, 941-8. 

KOHANSKI, M. A., DWYER, D. J., WIERZBOWSKI, J., COTTAREL, G. & COLLINS, J. J. 2008. 
Mistranslation of membrane proteins and two-component system activation trigger 
antibiotic-mediated cell death. Cell, 135, 679-90. 

KOIZUMI, N., UJINO, T., SANO, H. & CHRISPEELS, M. J. 1999. Overexpression of a gene that 
encodes the first enzyme in the biosynthesis of asparagine-linked glycans makes plants 
resistant to tunicamycin and obviates the tunicamycin-induced unfolded protein 
response. Plant Physiol, 121, 353-61. 



The role of decreased protein synthesis in delaying ageing                      | Martínez Miguel, V.E. 

 

261 
 

KOJIMA, T., KAMEI, H., AIZU, T., ARAI, Y., TAKAYAMA, M., NAKAZAWA, S., EBIHARA, Y., 
INAGAKI, H., MASUI, Y., GONDO, Y., SAKAKI, Y. & HIROSE, N. 2004. Association analysis 
between longevity in the Japanese population and polymorphic variants of genes 
involved in insulin and insulin-like growth factor 1 signaling pathways. Exp Gerontol, 
39, 1595-8. 

KOMAR, A. A., LESNIK, T. & REISS, C. 1999. Synonymous codon substitutions affect ribosome 
traffic and protein folding during in vitro translation. FEBS Lett, 462, 387-91. 

KONDRASHOV, N., PUSIC, A., STUMPF, C. R., SHIMIZU, K., HSIEH, A. C., ISHIJIMA, J., SHIROISHI, 
T. & BARNA, M. 2011. Ribosome-mediated specificity in Hox mRNA translation and 
vertebrate tissue patterning. Cell, 145, 383-397. 

KONGSUWAN, K., YU, Q., VINCENT, A., FRISARDI, M. C., ROSBASH, M., LENGYEL, J. A. & 
MERRIAM, J. 1985. A Drosophila Minute gene encodes a ribosomal protein. Nature, 
317, 555-8. 

KOPEC, S. 1928. On the influence of intermittent starvation on the longevity of the imaginal 
stage of Drosophila melanogaster. British journal of experimental biology, 5, 204-211. 

KOZAK, M. 2001. Constraints on reinitiation of translation in mammals. Nucleic Acids Res, 29, 
5226-32. 

KRAMER, E. B. & FARABAUGH, P. J. 2007. The frequency of translational misreading errors in E. 
coli is largely determined by tRNA competition. RNA, 13, 87-96. 

KRAMER, E. B., VALLABHANENI, H., MAYER, L. M. & FARABAUGH, P. J. 2010. A comprehensive 
analysis of translational missense errors in the yeast Saccharomyces cerevisiae. RNA, 
16, 1797-808. 

KRAYTSBERG, Y., KUDRYAVTSEVA, E., MCKEE, A. C., GEULA, C., KOWALL, N. W. & KHRAPKO, K. 
2006. Mitochondrial DNA deletions are abundant and cause functional impairment in 
aged human substantia nigra neurons. Nat Genet, 38, 518-20. 

KRTOLICA, A., PARRINELLO, S., LOCKETT, S., DESPREZ, P. Y. & CAMPISI, J. 2001. Senescent 
fibroblasts promote epithelial cell growth and tumorigenesis: A link between cancer 
and aging. Proceedings of the National Academy of Sciences of the United States of 
America, 98, 12072-12077. 

KUNKEL, T. A. & BEBENEK, K. 2000. DNA replication fidelity. Annual review of biochemistry, 69, 
497-529. 

KWAN, T. & THOMPSON, S. R. 2018. Noncanonical Translation Initiation in Eukaryotes. Cold 
Spring Harb Perspect Biol. 

LABBADIA, J. & MORIMOTO, R. I. 2015. The Biology of Proteostasis in Aging and Disease. Annu 
Rev Biochem. 

LABNO, A., TOMECKI, R. & DZIEMBOWSKI, A. 2016. Cytoplasmic RNA decay pathways - 
Enzymes and mechanisms. Biochim Biophys Acta, 1863, 3125-3147. 

LAGUNAS-RANGEL, F. A. & CHAVEZ-VALENCIA, V. 2017. Learning of nature: The curious case of 
the naked mole rat. Mech Ageing Dev, 164, 76-81. 

LAM, W. W., MILLICHAP, J. J., SOARES, D. C., CHIN, R., MCLELLAN, A., FITZPATRICK, D. R., 
ELMSLIE, F., LEES, M. M., SCHAEFER, G. B., STUDY, D. D. D. & ABBOTT, C. M. 2016. 
Novel de novo EEF1A2 missense mutations causing epilepsy and intellectual disability. 
Mol Genet Genomic Med, 4, 465-74. 

LAM, Y. Y., PETERSON, C. M. & RAVUSSIN, E. 2013. Resveratrol vs. calorie restriction: data from 
rodents to humans. Exp Gerontol, 48, 1018-24. 

LAPLANTE, M. & SABATINI, D. M. 2012. mTOR signaling in growth control and disease. Cell, 
149, 274-93. 

LASKO, P. 2000. The Drosophila melanogaster Genome Translation Factors and RNA Binding 
Proteins. The Journal of cell biology, 150, F51-F56. 

LEE, A. T., DESIMONE, C., CERAMI, A. & BUCALA, R. 1994. Comparative analysis of DNA 
mutations in lacI transgenic mice with age. FASEB J, 8, 545-50. 



The role of decreased protein synthesis in delaying ageing                      | Martínez Miguel, V.E. 

 

262 
 

LEE, C. H., KIPARAKI, M., BLANCO, J., FOLGADO, V., JI, Z., KUMAR, A., RIMESSO, G. & BAKER, N. 
E. 2018. A Regulatory Response to Ribosomal Protein Mutations Controls Translation, 
Growth, and Cell Competition. Dev Cell, 46, 807. 

LEE, D., JEONG, D. E., SON, H. G., YAMAOKA, Y., KIM, H., SEO, K., KHAN, A. A., ROH, T. Y., 
MOON, D. W., LEE, Y. & LEE, S. J. 2015. SREBP and MDT-15 protect C. elegans from 
glucose-induced accelerated aging by preventing accumulation of saturated fat. Genes 
Dev, 29, 2490-503. 

LEE, J. W., BEEBE, K., NANGLE, L. A., JANG, J., LONGO-GUESS, C. M., COOK, S. A., DAVISSON, M. 
T., SUNDBERG, J. P., SCHIMMEL, P. & ACKERMAN, S. L. 2006. Editing-defective tRNA 
synthetase causes protein misfolding and neurodegeneration. Nature, 443, 50-5. 

LEE, J. Y., KIM, D. G., KIM, B. G., YANG, W. S., HONG, J., KANG, T., OH, Y. S., KIM, K. R., HAN, B. 
W., HWANG, B. J., KANG, B. S., KANG, M. S., KIM, M. H., KWON, N. H. & KIM, S. 2014. 
Promiscuous methionyl-tRNA synthetase mediates adaptive mistranslation to protect 
cells against oxidative stress. J Cell Sci, 127, 4234-45. 

LEMAITRE, J. F., BERGER, V., BONENFANT, C., DOUHARD, M., GAMELON, M., PLARD, F. & 
GAILLARD, J. M. 2015. Early-late life trade-offs and the evolution of ageing in the wild. 
Proc Biol Sci, 282, 20150209. 

LEMAITRE, J. F. & GAILLARD, J. M. 2017. Reproductive senescence: new perspectives in the 
wild. Biol Rev Camb Philos Soc, 92, 2182-2199. 

LEONTIEVA, O. V. & BLAGOSKLONNY, M. V. 2016. Gerosuppression by pan-mTOR inhibitors. 
Aging (Albany NY), 8, 3535-3551. 

LEPRIVIER, G., REMKE, M., ROTBLAT, B., DUBUC, A., MATEO, A. R., KOOL, M., AGNIHOTRI, S., 
EL-NAGGAR, A., YU, B., SOMASEKHARAN, S. P., FAUBERT, B., BRIDON, G., TOGNON, C. 
E., MATHERS, J., THOMAS, R., LI, A., BAROKAS, A., KWOK, B., BOWDEN, M., SMITH, S., 
WU, X., KORSHUNOV, A., HIELSCHER, T., NORTHCOTT, P. A., GALPIN, J. D., AHERN, C. 
A., WANG, Y., MCCABE, M. G., COLLINS, V. P., JONES, R. G., POLLAK, M., DELATTRE, O., 
GLEAVE, M. E., JAN, E., PFISTER, S. M., PROUD, C. G., DERRY, W. B., TAYLOR, M. D. & 
SORENSEN, P. H. 2013. The eEF2 kinase confers resistance to nutrient deprivation by 
blocking translation elongation. Cell, 153, 1064-79. 

LEWIS, C. M. & HOLLIDAY, R. 1970. Mistranslation and ageing in Neurospora. Nature, 228, 877-
80. 

LI, W., LI, X. & MILLER, R. A. 2014. ATF4 activity: a common feature shared by many kinds of 
slow-aging mice. Aging Cell, 13, 1012-8. 

LI, Y., DANIEL, M. & TOLLEFSBOL, T. O. 2011. Epigenetic regulation of caloric restriction in 
aging. BMC Med, 9, 98. 

LI, Y., WANG, W. J., CAO, H., LU, J., WU, C., HU, F. Y., GUO, J., ZHAO, L., YANG, F., ZHANG, Y. X., 
LI, W., ZHENG, G. Y., CUI, H., CHEN, X., ZHU, Z., HE, H., DONG, B., MO, X., ZENG, Y. & 
TIAN, X. L. 2009. Genetic association of FOXO1A and FOXO3A with longevity trait in 
Han Chinese populations. Hum Mol Genet, 18, 4897-904. 

LICHTENBERG, F. R. 2011. The quality of medical care, behavioral risk factors, and longevity 
growth. Int J Health Care Finance Econ, 11, 1-34. 

LIN, J., ZHOU, D., STEITZ, T. A., POLIKANOV, Y. S. & GAGNON, M. G. 2018. Ribosome-Targeting 
Antibiotics: Modes of Action, Mechanisms of Resistance, and Implications for Drug 
Design. Annu Rev Biochem, 87, 451-478. 

LIN, M. J., TANG, L. Y., REDDY, M. N. & SHEN, C. K. 2005. DNA methyltransferase gene dDnmt2 
and longevity of Drosophila. J Biol Chem, 280, 861-4. 

LIN, S. C. & HARDIE, D. G. 2018. AMPK: Sensing Glucose as well as Cellular Energy Status. Cell 
Metab, 27, 299-313. 

LING, J. & SOLL, D. 2010. Severe oxidative stress induces protein mistranslation through 
impairment of an aminoacyl-tRNA synthetase editing site. Proc Natl Acad Sci U S A, 
107, 4028-33. 



The role of decreased protein synthesis in delaying ageing                      | Martínez Miguel, V.E. 

 

263 
 

LIU, G., SONG, G., ZHANG, D., ZHANG, D., LI, Z., LYU, Z., DONG, J., ACHENBACH, J., GONG, W., 
ZHAO, X. S., NIERHAUS, K. H. & QIN, Y. 2014. EF-G catalyzes tRNA translocation by 
disrupting interactions between decoding center and codon-anticodon duplex. Nat 
Struct Mol Biol, 21, 817-24. 

LIU, L., BAILEY, S. M., OKUKA, M., MUNOZ, P., LI, C., ZHOU, L., WU, C., CZERWIEC, E., SANDLER, 
L., SEYFANG, A., BLASCO, M. A. & KEEFE, D. L. 2007. Telomere lengthening early in 
development. Nat Cell Biol, 9, 1436-41. 

LIU, M., YIN, K., GUO, X., FENG, H., YUAN, M., LIU, Y., ZHANG, J., GUO, B., WANG, C., ZHOU, G., 
ZHOU, Z., ZHANG, C. Y. & CHEN, X. 2017. Diphthamide Biosynthesis 1 is a Novel 
Oncogene in Colorectal Cancer Cells and is Regulated by MiR-218-5p. Cell Physiol 
Biochem, 44, 505-514. 

LIU, Q., WANG, J., KANG, S. A., THOREEN, C. C., HUR, W., AHMED, T., SABATINI, D. M. & GRAY, 
N. S. 2011. Discovery of 9-(6-aminopyridin-3-yl)-1-(3-
(trifluoromethyl)phenyl)benzo[h][1,6]naphthyridin-2( 1H)-one (Torin2) as a potent, 
selective, and orally available mammalian target of rapamycin (mTOR) inhibitor for 
treatment of cancer. J Med Chem, 54, 1473-80. 

LIU, Q., XU, C., KIRUBAKARAN, S., ZHANG, X., HUR, W., LIU, Y., KWIATKOWSKI, N. P., WANG, J., 
WESTOVER, K. D., GAO, P., ERCAN, D., NIEPEL, M., THOREEN, C. C., KANG, S. A., 
PATRICELLI, M. P., WANG, Y., TUPPER, T., ALTABEF, A., KAWAMURA, H., HELD, K. D., 
CHOU, D. M., ELLEDGE, S. J., JANNE, P. A., WONG, K. K., SABATINI, D. M. & GRAY, N. S. 
2013. Characterization of Torin2, an ATP-competitive inhibitor of mTOR, ATM, and 
ATR. Cancer Res, 73, 2574-86. 

LIU, R. & LIEBMAN, S. W. 1996. A translational fidelity mutation in the universally conserved 
sarcin/ricin domain of 25S yeast ribosomal RNA. RNA, 2, 254-63. 

LIU, S., BACHRAN, C., GUPTA, P., MILLER-RANDOLPH, S., WANG, H., CROWN, D., ZHANG, Y., 
WEIN, A. N., SINGH, R., FATTAH, R. & LEPPLA, S. H. 2012. Diphthamide modification on 
eukaryotic elongation factor 2 is needed to assure fidelity of mRNA translation and 
mouse development. Proc Natl Acad Sci U S A, 109, 13817-22. 

LIWAK, U., THAKOR, N., JORDAN, L. E., ROY, R., LEWIS, S. M., PARDO, O. E., SECKL, M. & 
HOLCIK, M. 2012. Tumor suppressor PDCD4 represses internal ribosome entry site-
mediated translation of antiapoptotic proteins and is regulated by S6 kinase 2. 
Molecular and cellular biology, 32, 1818-1829. 

LOCH, G., ZINKE, I., MORI, T., CARRERA, P., SCHROER, J., TAKEYAMA, H. & HOCH, M. 2017. 
Antimicrobial peptides extend lifespan in Drosophila. PLoS One, 12, e0176689. 

LOEB, J. & NORTHROP, J. H. 1917. On the influence of food and temperature upon the duration 
of life. Journal of Biological Chemistry, 32, 103-121. 

LOEB, J. N., J 1916. Is There a Temperature Coefficient for the Duration of Life? Proc Natl Acad 
Sci U S A, 2, 456-457. 

LOENARZ, C., SEKIRNIK, R., THALHAMMER, A., GE, W., SPIVAKOVSKY, E., MACKEEN, M. M., 
MCDONOUGH, M. A., COCKMAN, M. E., KESSLER, B. M., RATCLIFFE, P. J., WOLF, A. & 
SCHOFIELD, C. J. 2014. Hydroxylation of the eukaryotic ribosomal decoding center 
affects translational accuracy. Proc Natl Acad Sci U S A, 111, 4019-24. 

LOFTFIELD, R. B. 1963. The Frequency of Errors in Protein Biosynthesis. Biochem J, 89, 82-92. 
LOIBL, M., KLEIN, I., PRATTES, M., SCHMIDT, C., KAPPEL, L., ZISSER, G., GUNGL, A., KRIEGER, E., 

PERTSCHY, B. & BERGLER, H. 2014. The drug diazaborine blocks ribosome biogenesis 
by inhibiting the AAA-ATPase Drg1. J Biol Chem, 289, 3913-22. 

LOMAKIN, I. B., HELLEN, C. U. & PESTOVA, T. V. 2000. Physical association of eukaryotic 
initiation factor 4G (eIF4G) with eIF4A strongly enhances binding of eIF4G to the 
internal ribosomal entry site of encephalomyocarditis virus and is required for internal 
initiation of translation. Mol Cell Biol, 20, 6019-29. 

LONDEI, P., ALTAMURA, S., SANZ, J. L. & AMILS, R. 1988. Aminoglycoside-induced 
mistranslation in thermophilic archaebacteria. Mol Gen Genet, 214, 48-54. 



The role of decreased protein synthesis in delaying ageing                      | Martínez Miguel, V.E. 

 

264 
 

LONG, X., SPYCHER, C., HAN, Z. S., ROSE, A. M., MÜLLER, F. & AVRUCH, J. 2002. TOR deficiency 
in C. elegans causes developmental arrest and intestinal atrophy by inhibition of mRNA 
translation. Current biology, 12, 1448-1461. 

LONGO, V. D., ANTEBI, A., BARTKE, A., BARZILAI, N., BROWN-BORG, H. M., CARUSO, C., CURIEL, 
T. J., DE CABO, R., FRANCESCHI, C., GEMS, D., INGRAM, D. K., JOHNSON, T. E., 
KENNEDY, B. K., KENYON, C., KLEIN, S., KOPCHICK, J. J., LEPPERDINGER, G., MADEO, F., 
MIRISOLA, M. G., MITCHELL, J. R., PASSARINO, G., RUDOLPH, K. L., SEDIVY, J. M., 
SHADEL, G. S., SINCLAIR, D. A., SPINDLER, S. R., SUH, Y., VIJG, J., VINCIGUERRA, M. & 
FONTANA, L. 2015. Interventions to Slow Aging in Humans: Are We Ready? Aging Cell, 
14, 497-510. 

LONGO, V. D. & FABRIZIO, P. 2012. Chronological aging in Saccharomyces cerevisiae. Subcell 
Biochem, 57, 101-21. 

LONGO, V. D., GRALLA, E. B. & VALENTINE, J. S. 1996. Superoxide dismutase activity is essential 
for stationary phase survival in Saccharomyces cerevisiae. Mitochondrial production of 
toxic oxygen species in vivo. J Biol Chem, 271, 12275-80. 

LONGO, V. D. & MATTSON, M. P. 2014. Fasting: molecular mechanisms and clinical 
applications. Cell Metab, 19, 181-92. 

LOPES, F., BARBOSA, M., AMEUR, A., SOARES, G., DE SA, J., DIAS, A. I., OLIVEIRA, G., CABRAL, 
P., TEMUDO, T., CALADO, E., CRUZ, I. F., VIEIRA, J. P., OLIVEIRA, R., ESTEVES, S., SAUER, 
S., JONASSON, I., SYVANEN, A. C., GYLLENSTEN, U., PINTO, D. & MACIEL, P. 2016. 
Identification of novel genetic causes of Rett syndrome-like phenotypes. J Med Genet, 
53, 190-9. 

LÓPEZ-OTÍN, C., BLASCO, M. A., PARTRIDGE, L., SERRANO, M. & KROEMER, G. 2013. The 
hallmarks of aging. Cell, 153, 1194-1217. 

LOVELAND, A. B., BAH, E., MADIREDDY, R., ZHANG, Y., BRILOT, A. F., GRIGORIEFF, N. & 
KOROSTELEV, A. A. 2016. Ribosome*RelA structures reveal the mechanism of stringent 
response activation. Elife, 5. 

LOVMAR, M. & EHRENBERG, M. 2006. Rate, accuracy and cost of ribosomes in bacterial cells. 
Biochimie, 88, 951-61. 

LU, J., BERGERT, M., WALTHER, A. & SUTER, B. 2014. Double-sieving-defective aminoacyl-tRNA 
synthetase causes protein mistranslation and affects cellular physiology and 
development. Nat Commun, 5, 5650. 

LUCE, M. C. & BUNN, C. L. 1989. Decreased accuracy of protein synthesis in extracts from aging 
human diploid fibroblasts. Exp Gerontol, 24, 113-25. 

LUCKEY, T. D. 2006. Radiation hormesis: the good, the bad, and the ugly. Dose Response, 4, 
169-90. 

LUCKINBILL, L. S., ARKING, R., CLARE, M. J., CIROCCO, W. C. & BUCK, S. A. 1984. Selection for 
Delayed Senescence in Drosophila Melanogaster. Evolution, 38, 996-1003. 

LUNETTA, K. L., D'AGOSTINO, R. B., SR., KARASIK, D., BENJAMIN, E. J., GUO, C. Y., 
GOVINDARAJU, R., KIEL, D. P., KELLY-HAYES, M., MASSARO, J. M., PENCINA, M. J., 
SESHADRI, S. & MURABITO, J. M. 2007. Genetic correlates of longevity and selected 
age-related phenotypes: a genome-wide association study in the Framingham Study. 
BMC Med Genet, 8 Suppl 1, S13. 

LUTHRA, M. & BALASUBRAMANIAN, D. 1993. Nonenzymatic glycation alters protein structure 
and stability. A study of two eye lens crystallins. J Biol Chem, 268, 18119-27. 

LUUKKONEN, B. G., TAN, W. & SCHWARTZ, S. 1995. Efficiency of reinitiation of translation on 
human immunodeficiency virus type 1 mRNAs is determined by the length of the 
upstream open reading frame and by intercistronic distance. J Virol, 69, 4086-94. 

LYNCH, M. 2010. Evolution of the mutation rate. Trends Genet, 26, 345-52. 
MA, S. & GLADYSHEV, V. N. 2017. Molecular signatures of longevity: Insights from cross-

species comparative studies. Semin Cell Dev Biol, 70, 190-203. 



The role of decreased protein synthesis in delaying ageing                      | Martínez Miguel, V.E. 

 

265 
 

MAIR, W., MORANTTE, I., RODRIGUES, A. P., MANNING, G., MONTMINY, M., SHAW, R. J. & 
DILLIN, A. 2011. Lifespan extension induced by AMPK and calcineurin is mediated by 
CRTC-1 and CREB. Nature, 470, 404-8. 

MAKLAKOV, A. A., BONDURIANSKY, R. & BROOKS, R. C. 2009. Sex differences, sexual selection, 
and ageing: an experimental evolution approach. Evolution, 63, 2491-503. 

MAKLAKOV, A. A., ROWE, L. & FRIBERG, U. 2015. Why organisms age: Evolution of senescence 
under positive pleiotropy? Bioessays, 37, 802-7. 

MALZER, E., SZAJEWSKA-SKUTA, M., DALTON, L. E., THOMAS, S. E., HU, N., SKAER, H., LOMAS, 
D. A., CROWTHER, D. C. & MARCINIAK, S. J. 2013. Coordinate regulation of eIF2alpha 
phosphorylation by PPP1R15 and GCN2 is required during Drosophila development. J 
Cell Sci, 126, 1406-15. 

MANNICK, J. B., DEL GIUDICE, G., LATTANZI, M., VALIANTE, N. M., PRAESTGAARD, J., HUANG, 
B., LONETTO, M. A., MAECKER, H. T., KOVARIK, J., CARSON, S., GLASS, D. J. & 
KLICKSTEIN, L. B. 2014. mTOR inhibition improves immune function in the elderly. Sci 
Transl Med, 6, 268ra179. 

MARCEL, V., GHAYAD, S. E., BELIN, S., THERIZOLS, G., MOREL, A. P., SOLANO-GONZALEZ, E., 
VENDRELL, J. A., HACOT, S., MERTANI, H. C., ALBARET, M. A., BOURDON, J. C., JORDAN, 
L., THOMPSON, A., TAFER, Y., CONG, R., BOUVET, P., SAURIN, J. C., CATEZ, F., PRATS, A. 
C., PUISIEUX, A. & DIAZ, J. J. 2013. p53 acts as a safeguard of translational control by 
regulating fibrillarin and rRNA methylation in cancer. Cancer Cell, 24, 318-30. 

MARR, M. T., 2ND, D'ALESSIO, J. A., PUIG, O. & TJIAN, R. 2007. IRES-mediated functional 
coupling of transcription and translation amplifies insulin receptor feedback. Genes 
Dev, 21, 175-83. 

MARTIN-MONTALVO, A., MERCKEN, E. M., MITCHELL, S. J., PALACIOS, H. H., MOTE, P. L., 
SCHEIBYE-KNUDSEN, M., GOMES, A. P., WARD, T. M., MINOR, R. K., BLOUIN, M. J., 
SCHWAB, M., POLLAK, M., ZHANG, Y., YU, Y., BECKER, K. G., BOHR, V. A., INGRAM, D. 
K., SINCLAIR, D. A., WOLF, N. S., SPINDLER, S. R., BERNIER, M. & DE CABO, R. 2013. 
Metformin improves healthspan and lifespan in mice. Nat Commun, 4, 2192. 

MARTINEZ, D. E. 1998. Mortality patterns suggest lack of senescence in hydra. Exp Gerontol, 
33, 217-25. 

MARYGOLD, S. J., ATTRILL, H. & LASKO, P. 2017. The translation factors of Drosophila 
melanogaster. Fly (Austin), 11, 65-74. 

MARYGOLD, S. J., ROOTE, J., REUTER, G., LAMBERTSSON, A., ASHBURNER, M., MILLBURN, G. 
H., HARRISON, P. M., YU, Z., KENMOCHI, N., KAUFMAN, T. C., LEEVERS, S. J. & COOK, K. 
R. 2007. The ribosomal protein genes and Minute loci of Drosophila melanogaster. 
Genome Biol, 8, R216. 

MASCARENHAS, A. P. & MARTINIS, S. A. 2008. Functional segregation of a predicted "hinge" 
site within the beta-strand linkers of Escherichia coli leucyl-tRNA synthetase. 
Biochemistry, 47, 4808-16. 

MASON, J. B., CARGILL, S. L., GRIFFEY, S. M., READER, J. R., ANDERSON, G. B. & CAREY, J. R. 
2011. Transplantation of young ovaries restored cardioprotective influence in 
postreproductive-aged mice. Aging Cell, 10, 448-56. 

MASON, J. S., WILEMAN, T. & CHAPMAN, T. 2018. Lifespan extension without fertility 
reduction following dietary addition of the autophagy activator Torin1 in Drosophila 
melanogaster. PLoS One, 13, e0190105. 

MATEYAK, M. K. & KINZY, T. G. 2013. ADP-ribosylation of translation elongation factor 2 by 
diphtheria toxin in yeast inhibits translation and cell separation. J Biol Chem, 288, 
24647-55. 

MATHEW, R., PAL BHADRA, M. & BHADRA, U. 2017. Insulin/insulin-like growth factor-1 
signalling (IIS) based regulation of lifespan across species. Biogerontology, 18, 35-53. 



The role of decreased protein synthesis in delaying ageing                      | Martínez Miguel, V.E. 

 

266 
 

MATSUMOTO, M., SEIKE, M., NORO, R., SOENO, C., SUGANO, T., TAKEUCHI, S., MIYANAGA, A., 
KITAMURA, K., KUBOTA, K. & GEMMA, A. 2015. Control of the MYC-eIF4E axis plus 
mTOR inhibitor treatment in small cell lung cancer. BMC cancer, 15, 241. 

MATTHIJSSENS, F., BACK, P., BRAECKMAN, B. P. & VANFLETEREN, J. R. 2008. Prooxidant activity 
of the superoxide dismutase (SOD)-mimetic EUK-8 in proliferating and growth-arrested 
Escherichia coli cells. Free Radical Biology and Medicine, 45, 708-715. 

MATTISON, J. A., ROTH, G. S., BEASLEY, T. M., TILMONT, E. M., HANDY, A. M., HERBERT, R. L., 
LONGO, D. L., ALLISON, D. B., YOUNG, J. E., BRYANT, M., BARNARD, D., WARD, W. F., 
QI, W., INGRAM, D. K. & DE CABO, R. 2012. Impact of caloric restriction on health and 
survival in rhesus monkeys from the NIA study. Nature, 489, 318-21. 

MCCAY, C. M., CROWELL, M. F. & MAYNARD, L. A. 1935. The effect of retarded growth upon 
the length of life span and upon the ultimate body size. Journal of Nutrition, 10, 63-79. 

MCCORMICK, M. A., DELANEY, J. R., TSUCHIYA, M., TSUCHIYAMA, S., SHEMORRY, A., SIM, S., 
CHOU, A. C.-Z., AHMED, U., CARR, D. & MURAKAMI, C. J. 2015. A comprehensive 
analysis of replicative lifespan in 4,698 single-gene deletion strains uncovers conserved 
mechanisms of aging. Cell metabolism, 22, 895-906. 

MCLAUGHLIN, C. S., DONDON, J., GRUNBERG-MANAGO, M., MICHELSON, A. M. & SAUNDERS, 
G. 1966. Stability of the messenger RNA-sRNA-ribosome complex. Cold Spring Harb 
Symp Quant Biol, 31, 601-10. 

MEDAWAR, P. B. 1946. Old age and natural death. . Modern Quarterly, 2, 30-49. 
MEIGEN, J. & HOFFMANNSEGG, J. 1830. [Diptera manuscript and drawing collection]. 
MELOV, S., RAVENSCROFT, J., MALIK, S., GILL, M. S., WALKER, D. W., CLAYTON, P. E., WALLACE, 

D. C., MALFROY, B., DOCTROW, S. R. & LITHGOW, G. J. 2000. Extension of life-span 
with superoxide dismutase/catalase mimetics. Science, 289, 1567-9. 

MENDOZA, M. C., ER, E. E. & BLENIS, J. 2011. The Ras-ERK and PI3K-mTOR pathways: cross-talk 
and compensation. Trends in biochemical sciences, 36, 320-328. 

MENNINGER, J. R., COLEMAN, R. A. & TSAI, L.-N. 1994. Erythromycin, lincosamides, peptidyl-
tRNA dissociation, and ribosome editing. Molecular and General Genetics MGG, 243, 
225-233. 

MERIIN, A. B., MENSE, M., COLBERT, J. D., LIANG, F., BIHLER, H., ZAARUR, N., ROCK, K. L. & 
SHERMAN, M. Y. 2012a. A novel approach to recovery of function of mutant proteins 
by slowing down translation. J Biol Chem, 287, 34264-72. 

MERIIN, A. B., ZAARUR, N. & SHERMAN, M. Y. 2012b. Association of translation factor eEF1A 
with defective ribosomal products generates a signal for aggresome formation. Journal 
of cell science, 125, 2665-2674. 

MICHELS, A. A., NGUYEN, V. T., KONINGS, A. W., KAMPINGA, H. H. & BENSAUDE, O. 1995. 
Thermostability of a nuclear-targeted luciferase expressed in mammalian cells. 
Destabilizing influence of the intranuclear microenvironment. Eur J Biochem, 234, 382-
9. 

MIKKOLA, R. & KURLAND, C. 1988. Media dependence of translational mutant phenotype. 
FEmS Microbiol Letters, 56, 265-270. 

MILHOLLAND, B., AUTON, A., SUH, Y. & VIJG, J. 2015. Age-related somatic mutations in the 
cancer genome. Oncotarget, 6, 24627-35. 

MILHOLLAND, B., DONG, X., ZHANG, L., HAO, X., SUH, Y. & VIJG, J. 2017a. Differences between 
germline and somatic mutation rates in humans and mice. Nat Commun, 8, 15183. 

MILHOLLAND, B., SUH, Y. & VIJG, J. 2017b. Mutation and catastrophe in the aging genome. Exp 
Gerontol, 94, 34-40. 

MILLER, R. A., BUEHNER, G., CHANG, Y., HARPER, J. M., SIGLER, R. & SMITH-WHEELOCK, M. 
2005. Methionine-deficient diet extends mouse lifespan, slows immune and lens aging, 
alters glucose, T4, IGF-I and insulin levels, and increases hepatocyte MIF levels and 
stress resistance. Aging Cell, 4, 119-25. 



The role of decreased protein synthesis in delaying ageing                      | Martínez Miguel, V.E. 

 

267 
 

MILLER, R. A., HARPER, J. M., DYSKO, R. C., DURKEE, S. J. & AUSTAD, S. N. 2002. Longer life 
spans and delayed maturation in wild-derived mice. Exp Biol Med (Maywood), 227, 
500-8. 

MILLER, R. A., HARRISON, D. E., ASTLE, C. M., BAUR, J. A., BOYD, A. R., DE CABO, R., 
FERNANDEZ, E., FLURKEY, K., JAVORS, M. A., NELSON, J. F., ORIHUELA, C. J., PLETCHER, 
S., SHARP, Z. D., SINCLAIR, D., STARNES, J. W., WILKINSON, J. E., NADON, N. L. & 
STRONG, R. 2011. Rapamycin, but not resveratrol or simvastatin, extends life span of 
genetically heterogeneous mice. J Gerontol A Biol Sci Med Sci, 66, 191-201. 

MIN, K. J., YAMAMOTO, R., BUCH, S., PANKRATZ, M. & TATAR, M. 2008. Drosophila lifespan 
control by dietary restriction independent of insulin-like signaling. Aging Cell, 7, 199-
206. 

MINOR, R. K., SMITH, D. L., JR., SOSSONG, A. M., KAUSHIK, S., POOSALA, S., SPANGLER, E. L., 
ROTH, G. S., LANE, M., ALLISON, D. B., DE CABO, R., INGRAM, D. K. & MATTISON, J. A. 
2010. Chronic ingestion of 2-deoxy-D-glucose induces cardiac vacuolization and 
increases mortality in rats. Toxicol Appl Pharmacol, 243, 332-9. 

MIQUEL, J., LUNDGREN, P. R., BENSCH, K. G. & ATLAN, H. 1976. Effects of temperature on the 
life span, vitality and fine structure of Drosophila melanogaster. Mech Ageing Dev, 5, 
347-70. 

MIRANDA, I., SILVA-DIAS, A., ROCHA, R., TEIXEIRA-SANTOS, R., COELHO, C., GONCALVES, T., 
SANTOS, M. A., PINA-VAZ, C., SOLIS, N. V., FILLER, S. G. & RODRIGUES, A. G. 2013. 
Candida albicans CUG mistranslation is a mechanism to create cell surface variation. 
MBio, 4. 

MIRON, M., LASKO, P. & SONENBERG, N. 2003. Signaling from Akt to FRAP/TOR targets both 
4E-BP and S6K in Drosophila melanogaster. Mol Cell Biol, 23, 9117-26. 

MITCHELL, C. 1911. Mitchell, P. C. (1911, June). On longevity and relative viability in mammals 
and birds; with a note on the theory of longevity. . Proceedings of the Zoological 
Society of London, 81, 425-548. 

MITKEVICH, V. A., KONONENKO, A. V., PETRUSHANKO, I. Y., YANVAREV, D. V., MAKAROV, A. A. 
& KISSELEV, L. L. 2006. Termination of translation in eukaryotes is mediated by the 
quaternary eRF1*eRF3*GTP*Mg2+ complex. The biological roles of eRF3 and 
prokaryotic RF3 are profoundly distinct. Nucleic Acids Res, 34, 3947-54. 

MOHLER, K. & IBBA, M. 2017. Translational fidelity and mistranslation in the cellular response 
to stress. Nat Microbiol, 2, 17117. 

MOHLER, K., MANN, R., KYLE, A., REYNOLDS, N. & IBBA, M. 2017. Aminoacyl-tRNA quality 
control is required for efficient activation of the TOR pathway regulator Gln3p. RNA 
Biol, 1-10. 

MOORAD, J. A. & PROMISLOW, D. E. 2009. What can genetic variation tell us about the 
evolution of senescence? Proc Biol Sci, 276, 2271-8. 

MORGAN, T. H. & BRIDGES, C. B. 1919. Sex-linked inheritance in Drosophila, Washington DC, 
Carnegie Institution. 

MORRIS, J. B. W., B. J.; DONLON, T. A. 2018. Genetic and epigenetic regulation of human aging 
and longevity. Biochim Biophys Acta. 

MORRIS, J. Z., TISSENBAUM, H. A. & RUVKUN, G. 1996. A phosphatidylinositol-3-OH kinase 
family member regulating longevity and diapause in Caenorhabditis elegans. Nature, 
382, 536-9. 

MORTIMER, R. K. & JOHNSTON, J. R. 1959. Life span of individual yeast cells. Nature, 183, 
1751-2. 

MUNOZ-ESPIN, D. & SERRANO, M. 2014. Cellular senescence: from physiology to pathology. 
Nat Rev Mol Cell Biol, 15, 482-96. 

MUNRO, D. & BLIER, P. U. 2012. The extreme longevity of Arctica islandica is associated with 
increased peroxidation resistance in mitochondrial membranes. Aging Cell, 11, 845-55. 



The role of decreased protein synthesis in delaying ageing                      | Martínez Miguel, V.E. 

 

268 
 

MURPHY, C. T., LEE, S. J. & KENYON, C. 2007. Tissue entrainment by feedback regulation of 
insulin gene expression in the endoderm of Caenorhabditis elegans. Proc Natl Acad Sci 
U S A, 104, 19046-50. 

NAGEL, R. & CHAN, A. 2006. Mistranslation and genetic variability: the effect of streptomycin. 
Mutat Res, 601, 162-70. 

NAKAGAWA, S., LAGISZ, M., HECTOR, K. L. & SPENCER, H. G. 2012. Comparative and meta-
analytic insights into life extension via dietary restriction. Aging Cell, 11, 401-9. 

NAKAJIMA, J., OANA, S., SAKAGUCHI, T., NAKASHIMA, M., NUMABE, H., KAWASHIMA, H., 
MATSUMOTO, N. & MIYAKE, N. 2018. Novel compound heterozygous DPH1 mutations 
in a patient with the unique clinical features of airway obstruction and external genital 
abnormalities. J Hum Genet, 63, 529-532. 

NAKAJIMA, J., OKAMOTO, N., TOHYAMA, J., KATO, M., ARAI, H., FUNAHASHI, O., TSURUSAKI, 
Y., NAKASHIMA, M., KAWASHIMA, H., SAITSU, H., MATSUMOTO, N. & MIYAKE, N. 
2015. De novo EEF1A2 mutations in patients with characteristic facial features, 
intellectual disability, autistic behaviors and epilepsy. Clin Genet, 87, 356-61. 

NAKAYAMA, T., WU, J., GALVIN-PARTON, P., WEISS, J., ANDRIOLA, M. R., HILL, R. S., VAUGHAN, 
D. J., EL-QUESSNY, M., BARRY, B. J., PARTLOW, J. N., BARKOVICH, A. J., LING, J. & 
MOCHIDA, G. H. 2017. Deficient activity of alanyl-tRNA synthetase underlies an 
autosomal recessive syndrome of progressive microcephaly, hypomyelination, and 
epileptic encephalopathy. Hum Mutat, 38, 1348-1354. 

NANGLE, L. A., MOTTA, C. M. & SCHIMMEL, P. 2006. Global effects of mistranslation from an 
editing defect in mammalian cells. Chem Biol, 13, 1091-100. 

NARLA, A. & EBERT, B. L. 2010. Ribosomopathies: human disorders of ribosome dysfunction. 
Blood, 115, 3196-205. 

NASCIMENTO, E. B., SNEL, M., GUIGAS, B., VAN DER ZON, G. C., KRIEK, J., MAASSEN, J. A., 
JAZET, I. M., DIAMANT, M. & OUWENS, D. M. 2010. Phosphorylation of PRAS40 on 
Thr246 by PKB/AKT facilitates efficient phosphorylation of Ser183 by mTORC1. Cell 
Signal, 22, 961-7. 

NAWROT, B., SOCHACKA, E. & DUCHLER, M. 2011. tRNA structural and functional changes 
induced by oxidative stress. Cell Mol Life Sci, 68, 4023-32. 

NETZER, N., GOODENBOUR, J. M., DAVID, A., DITTMAR, K. A., JONES, R. B., SCHNEIDER, J. R., 
BOONE, D., EVES, E. M., ROSNER, M. R., GIBBS, J. S., EMBRY, A., DOLAN, B., DAS, S., 
HICKMAN, H. D., BERGLUND, P., BENNINK, J. R., YEWDELL, J. W. & PAN, T. 2009. Innate 
immune and chemically triggered oxidative stress modifies translational fidelity. 
Nature, 462, 522-6. 

NG, T. P., FENG, L., YAP, K. B., LEE, T. S., TAN, C. H. & WINBLAD, B. 2014. Long-term metformin 
usage and cognitive function among older adults with diabetes. J Alzheimers Dis, 41, 
61-8. 

NICHOLSON, L., SINGH, G. K., OSTERWALDER, T., ROMAN, G. W., DAVIS, R. L. & KESHISHIAN, H. 
2008. Spatial and temporal control of gene expression in Drosophila using the 
inducible GeneSwitch GAL4 system. I. Screen for larval nervous system drivers. 
Genetics, 178, 215-234. 

NISHIMIYA-FUJISAWA, C. & KOBAYASHI, S. 2012. Germline stem cells and sex determination in 
Hydra. Int J Dev Biol, 56, 499-508. 

NIZHNIKOV, A. A., ANTONETS, K. S., INGE-VECHTOMOV, S. G. & DERKATCH, I. L. 2014. 
Modulation of efficiency of translation termination in Saccharomyces cerevisiae. Prion, 
8, 247-60. 

NOVELLE, M. G., WAHL, D., DIEGUEZ, C., BERNIER, M. & DE CABO, R. 2015. Resveratrol 
supplementation: Where are we now and where should we go? Ageing Res Rev, 21, 1-
15. 



The role of decreased protein synthesis in delaying ageing                      | Martínez Miguel, V.E. 

 

269 
 

NUREKI, O., VASSYLYEV, D. G., TATENO, M., SHIMADA, A., NAKAMA, T., FUKAI, S., KONNO, M., 
HENDRICKSON, T. L., SCHIMMEL, P. & YOKOYAMA, S. 1998. Enzyme structure with two 
catalytic sites for double-sieve selection of substrate. Science, 280, 578-82. 

NUSSEY, D. H., FROY, H., LEMAITRE, J. F., GAILLARD, J. M. & AUSTAD, S. N. 2013. Senescence in 
natural populations of animals: widespread evidence and its implications for bio-
gerontology. Ageing Res Rev, 12, 214-25. 

ODAGIRI, Y., UCHIDA, H., HOSOKAWA, M., TAKEMOTO, K., MORLEY, A. A. & TAKEDA, T. 1998. 
Accelerated accumulation of somatic mutations in the senescence-accelerated mouse. 
Nat Genet, 19, 116-7. 

OEPPEN, J. & VAUPEL, J. W. 2002. Demography. Broken limits to life expectancy. Science, 296, 
1029-31. 

OGLE, J. M., BRODERSEN, D. E., CLEMONS, W. M., JR., TARRY, M. J., CARTER, A. P. & 
RAMAKRISHNAN, V. 2001. Recognition of cognate transfer RNA by the 30S ribosomal 
subunit. Science, 292, 897-902. 

OGLE, J. M., MURPHY, F. V., TARRY, M. J. & RAMAKRISHNAN, V. 2002. Selection of tRNA by the 
ribosome requires a transition from an open to a closed form. Cell, 111, 721-32. 

OGLE, J. M. & RAMAKRISHNAN, V. 2005. Structural insights into translational fidelity. Annu Rev 
Biochem, 74, 129-77. 

ONO, B. I., STEWART, J. W. & SHERMAN, F. 1981. Serine insertion caused by the ribosomal 
suppressor SUP46 in yeast. J Mol Biol, 147, 373-9. 

ONO, T., IKEHATA, H., NAKAMURA, S., SAITO, Y., HOSOI, Y., TAKAI, Y., YAMADA, S., ONODERA, 
J. & YAMAMOTO, K. 2000. Age-associated increase of spontaneous mutant frequency 
and molecular nature of mutation in newborn and old lacZ-transgenic mouse. Mutat 
Res, 447, 165-77. 

ORGEL, L. E. 1963. The maintenance of the accuracy of protein synthesis and its relevance to 
ageing. Proc Natl Acad Sci U S A, 49, 517-21. 

ORTIZ, P. A., ULLOQUE, R., KIHARA, G. K., ZHENG, H. & KINZY, T. G. 2006. Translation 
elongation factor 2 anticodon mimicry domain mutants affect fidelity and diphtheria 
toxin resistance. J Biol Chem, 281, 32639-48. 

OSORIO, F. G., VARELA, I., LARA, E., PUENTE, X. S., ESPADA, J., SANTORO, R., FREIJE, J. M., 
FRAGA, M. F. & LOPEZ-OTIN, C. 2010. Nuclear envelope alterations generate an aging-
like epigenetic pattern in mice deficient in Zmpste24 metalloprotease. Aging Cell, 9, 
947-57. 

OSTERWALDER, T., YOON, K. S., WHITE, B. H. & KESHISHIAN, H. 2001a. A conditional tissue-
specific transgene expression system using inducible GAL4. Proceedings of the National 
Academy of Sciences, 98, 12596-12601. 

OSTERWALDER, T., YOON, K. S., WHITE, B. H. & KESHISHIAN, H. 2001b. A conditional tissue-
specific transgene expression system using inducible GAL4. Proc Natl Acad Sci U S A, 
98, 12596-601. 

OTT, M., AMUNTS, A. & BROWN, A. 2016. Organization and Regulation of Mitochondrial 
Protein Synthesis. Annu Rev Biochem, 85, 77-101. 

OXFORD-DICTIONARY 2018. Ageing. Oxford Dictionary. 2018 ed.: Oxford University Press. 
OZAKI, M., MIZUSHIMA, S. & NOMURA, M. 1969. Identification and functional characterization 

of the protein controlled by the streptomycin-resistant locus in E. coli. Nature, 222, 
333-9. 

PALLARES-CARTES, C., CAKAN-AKDOGAN, G. & TELEMAN, A. A. 2012. Tissue-specific coupling 
between insulin/IGF and TORC1 signaling via PRAS40 in Drosophila. Dev Cell, 22, 172-
82. 

PAN, K. Z., PALTER, J. E., ROGERS, A. N., OLSEN, A., CHEN, D., LITHGOW, G. J. & KAPAHI, P. 
2007. Inhibition of mRNA translation extends lifespan in Caenorhabditis elegans. Aging 
cell, 6, 111-119. 



The role of decreased protein synthesis in delaying ageing                      | Martínez Miguel, V.E. 

 

270 
 

PANECKA, J., MURA, C. & TRYLSKA, J. 2014. Interplay of the bacterial ribosomal A-site, S12 
protein mutations and paromomycin binding: a molecular dynamics study. PLoS One, 
9, e111811. 

PANEK, T., ZIHALA, D., SOKOL, M., DERELLE, R., KLIMES, V., HRADILOVA, M., ZADROBILKOVA, 
E., SUSKO, E., ROGER, A. J., CEPICKA, I. & ELIAS, M. 2017. Nuclear genetic codes with a 
different meaning of the UAG and the UAA codon. BMC Biol, 15, 8. 

PANG, Y. L., ABO, R., LEVINE, S. S. & DEDON, P. C. 2014a. Diverse cell stresses induce unique 
patterns of tRNA up- and down-regulation: tRNA-seq for quantifying changes in tRNA 
copy number. Nucleic Acids Res, 42, e170. 

PANG, Y. L., PORURI, K. & MARTINIS, S. A. 2014b. tRNA synthetase: tRNA aminoacylation and 
beyond. Wiley Interdiscip Rev RNA, 5, 461-80. 

PANOPOULOS, P., DRESIOS, J. & SYNETOS, D. 2004. Biochemical evidence of translational 
infidelity and decreased peptidyltransferase activity by a sarcin/ricin domain mutation 
of yeast 25S rRNA. Nucleic Acids Res, 32, 5398-408. 

PAOLINI, N. A., ATTWOOD, M., SONDALLE, S. B., VIEIRA, C., VAN ADRICHEM, A. M., DI SUMMA, 
F. M., O'DONOHUE, M. F., GLEIZES, P. E., RACHURI, S., BRIGGS, J. W., FISCHER, R., 
RATCLIFFE, P. J., WLODARSKI, M. W., HOUTKOOPER, R. H., VON LINDERN, M., 
KUIJPERS, T. W., DINMAN, J. D., BASERGA, S. J., COCKMAN, M. E. & MACINNES, A. W. 
2017. A Ribosomopathy Reveals Decoding Defective Ribosomes Driving Human 
Dysmorphism. Am J Hum Genet, 100, 506-522. 

PAPE, T., WINTERMEYER, W. & RODNINA, M. V. 2000. Conformational switch in the decoding 
region of 16S rRNA during aminoacyl-tRNA selection on the ribosome. Nat Struct Biol, 
7, 104-7. 

PARK, E.-H., ZHANG, F., WARRINGER, J., SUNNERHAGEN, P. & HINNEBUSCH, A. G. 2011. 
Depletion of eIF4G from yeast cells narrows the range of translational efficiencies 
genome-wide. BMC genomics, 12, 68. 

PARK, E. J. & PEZZUTO, J. M. 2015. The pharmacology of resveratrol in animals and humans. 
Biochim Biophys Acta, 1852, 1071-113. 

PARKER, J., FLANAGAN, J., MURPHY, J. & GALLANT, J. 1981. On the accuracy of protein 
synthesis in Drosophila melanogaster. Mech Ageing Dev, 16, 127-39. 

PARKES, T. L., ELIA, A. J., DICKINSON, D., HILLIKER, A. J., PHILLIPS, J. P. & BOULIANNE, G. L. 
1998. Extension of Drosophila lifespan by overexpression of human SOD1 in 
motorneurons. Nat Genet, 19, 171-4. 

PARTRIDGE, L. 2014. Intervening in ageing to prevent the diseases of ageing. Trends Endocrinol 
Metab, 25, 555-7. 

PARTRIDGE, L. & GEMS, D. 2002. Mechanisms of ageing: public or private? Nat Rev Genet, 3, 
165-75. 

PARTRIDGE, L. & GEMS, D. 2007. Benchmarks for ageing studies. Nature, 450, 165-7. 
PARTRIDGE, L., GEMS, D. & WITHERS, D. J. 2005. Sex and death: what is the connection? Cell, 

120, 461-72. 
PAUSE, A., BELSHAM, G. J., GINGRAS, A. C., DONZE, O., LIN, T. A., LAWRENCE, J. C., JR. & 

SONENBERG, N. 1994. Insulin-dependent stimulation of protein synthesis by 
phosphorylation of a regulator of 5'-cap function. Nature, 371, 762-7. 

PAWLIKOWSKA, L., HU, D., HUNTSMAN, S., SUNG, A., CHU, C., CHEN, J., JOYNER, A. H., 
SCHORK, N. J., HSUEH, W. C., REINER, A. P., PSATY, B. M., ATZMON, G., BARZILAI, N., 
CUMMINGS, S. R., BROWNER, W. S., KWOK, P. Y., ZIV, E. & STUDY OF OSTEOPOROTIC, 
F. 2009. Association of common genetic variation in the insulin/IGF1 signaling pathway 
with human longevity. Aging Cell, 8, 460-72. 

PEARL, R. 1928. The rate of living, S.l., Univ. of London Press. 
PEARL, R. P., S. L. 1921. Experimental Studies on the Duration of Life. The American Naturalist, 

55, 481-509. 



The role of decreased protein synthesis in delaying ageing                      | Martínez Miguel, V.E. 

 

271 
 

PEARSON, K. J., BAUR, J. A., LEWIS, K. N., PESHKIN, L., PRICE, N. L., LABINSKYY, N., SWINDELL, 
W. R., KAMARA, D., MINOR, R. K., PEREZ, E., JAMIESON, H. A., ZHANG, Y., DUNN, S. R., 
SHARMA, K., PLESHKO, N., WOOLLETT, L. A., CSISZAR, A., IKENO, Y., LE COUTEUR, D., 
ELLIOTT, P. J., BECKER, K. G., NAVAS, P., INGRAM, D. K., WOLF, N. S., UNGVARI, Z., 
SINCLAIR, D. A. & DE CABO, R. 2008. Resveratrol delays age-related deterioration and 
mimics transcriptional aspects of dietary restriction without extending life span. Cell 
Metab, 8, 157-68. 

PEDERSEN, S. 1984. Escherichia coli ribosomes translate in vivo with variable rate. EMBO J, 3, 
2895-8. 

PEREZ, V. I., BUFFENSTEIN, R., MASAMSETTI, V., LEONARD, S., SALMON, A. B., MELE, J., 
ANDZIAK, B., YANG, T., EDREY, Y., FRIGUET, B., WARD, W., RICHARDSON, A. & 
CHAUDHURI, A. 2009a. Protein stability and resistance to oxidative stress are 
determinants of longevity in the longest-living rodent, the naked mole-rat. Proc Natl 
Acad Sci U S A, 106, 3059-64. 

PEREZ, V. I., VAN REMMEN, H., BOKOV, A., EPSTEIN, C. J., VIJG, J. & RICHARDSON, A. 2009b. 
The overexpression of major antioxidant enzymes does not extend the lifespan of 
mice. Aging Cell, 8, 73-5. 

PERRON, J. M., HUOT, L., CORRIVAULT, G. W. & CHAWLA, S. S. 1972. Effects of carbon dioxide 
anaesthesia on Drosophila melanogaster. J Insect Physiol, 18, 1869-74. 

PIEPERSBERG, W., BOCK, A. & WITTMANN, H. G. 1975. Effect of different mutations in 
ribosomal protein S5 of Escherichia coli on translational fidelity. Mol Gen Genet, 140, 
91-100. 

PIPER, M. D., BLANC, E., LEITAO-GONCALVES, R., YANG, M., HE, X., LINFORD, N. J., HODDINOTT, 
M. P., HOPFEN, C., SOULTOUKIS, G. A., NIEMEYER, C., KERR, F., PLETCHER, S. D., 
RIBEIRO, C. & PARTRIDGE, L. 2014. A holidic medium for Drosophila melanogaster. Nat 
Methods, 11, 100-5. 

PIPER, M. D. W. & PARTRIDGE, L. 2018. Drosophila as a model for ageing. Biochim Biophys Acta 
Mol Basis Dis, 1864, 2707-2717. 

PISAREV, A. V., SKABKIN, M. A., PISAREVA, V. P., SKABKINA, O. V., RAKOTONDRAFARA, A. M., 
HENTZE, M. W., HELLEN, C. U. & PESTOVA, T. V. 2010. The role of ABCE1 in eukaryotic 
posttermination ribosomal recycling. Mol Cell, 37, 196-210. 

PISAREVA, V. P., PISAREV, A. V., HELLEN, C. U., RODNINA, M. V. & PESTOVA, T. V. 2006. Kinetic 
analysis of interaction of eukaryotic release factor 3 with guanine nucleotides. J Biol 
Chem, 281, 40224-35. 

PLETCHER, S. D., HOULE, D. & CURTSINGER, J. W. 1998. Age-specific properties of spontaneous 
mutations affecting mortality in Drosophila melanogaster. Genetics, 148, 287-303. 

PLETCHER, S. D., HOULE, D. & CURTSINGER, J. W. 1999. The evolution of age-specific mortality 
rates in Drosophila melanogaster: genetic divergence among unselected lines. 
Genetics, 153, 813-23. 

POIRIER, L., SHANE, A., ZHENG, J. & SEROUDE, L. 2008. Characterization of the Drosophila 
Gene‐Switch system in aging studies: a cautionary tale. Aging cell, 7, 758-770. 

POLLARD, J. W. 1994. The in vivo isotopic labeling of proteins for polyacrylamide gel 
electrophoresis. Methods Mol Biol, 32, 67-72. 

POURDEHNAD, M., TRUITT, M. L., SIDDIQI, I. N., DUCKER, G. S., SHOKAT, K. M. & RUGGERO, D. 
2013. Myc and mTOR converge on a common node in protein synthesis control that 
confers synthetic lethality in Myc-driven cancers. Proceedings of the National Academy 
of Sciences, 110, 11988-11993. 

POYRY, T. A., KAMINSKI, A. & JACKSON, R. J. 2004. What determines whether mammalian 
ribosomes resume scanning after translation of a short upstream open reading frame? 
Genes Dev, 18, 62-75. 



The role of decreased protein synthesis in delaying ageing                      | Martínez Miguel, V.E. 

 

272 
 

PRABHAKAR, A., CHOI, J., WANG, J., PETROV, A. & PUGLISI, J. D. 2017. Dynamic basis of fidelity 
and speed in translation: Coordinated multistep mechanisms of elongation and 
termination. Protein Sci, 26, 1352-1362. 

PROKHOROVA, I., ALTMAN, R. B., DJUMAGULOV, M., SHRESTHA, J. P., URZHUMTSEV, A., 
FERGUSON, A., CHANG, C. T., YUSUPOV, M., BLANCHARD, S. C. & YUSUPOVA, G. 2017. 
Aminoglycoside interactions and impacts on the eukaryotic ribosome. Proc Natl Acad 
Sci U S A, 114, E10899-E10908. 

PULLEN, N. & THOMAS, G. 1997. The modular phosphorylation and activation of p70s6k. FEBS 
Lett, 410, 78-82. 

PYO, J. O., YOO, S. M., AHN, H. H., NAH, J., HONG, S. H., KAM, T. I., JUNG, S. & JUNG, Y. K. 2013. 
Overexpression of Atg5 in mice activates autophagy and extends lifespan. Nat 
Commun, 4, 2300. 

QIN, J. Y., ZHANG, L., CLIFT, K. L., HULUR, I., XIANG, A. P., REN, B. Z. & LAHN, B. T. 2010. 
Systematic comparison of constitutive promoters and the doxycycline-inducible 
promoter. PLoS One, 5, e10611. 

RAMIREZ-VALLE, F., BRAUNSTEIN, S., ZAVADIL, J., FORMENTI, S. C. & SCHNEIDER, R. J. 2008. 
eIF4GI links nutrient sensing by mTOR to cell proliferation and inhibition of autophagy. 
J Cell Biol, 181, 293-307. 

REICHARD, M. 2017. Evolutionary perspectives on ageing. Semin Cell Dev Biol, 70, 99-107. 
REICHARD, M., CELLERINO, A. & VALENZANO, D. R. 2015. Turquoise killifish. Curr Biol, 25, 

R741-2. 
REUVEN, N. B. & DEUTSCHER, M. P. 1993. Multiple exoribonucleases are required for the 3' 

processing of Escherichia coli tRNA precursors in vivo. FASEB J, 7, 143-8. 
REYNOLDS, N. M., LAZAZZERA, B. A. & IBBA, M. 2010. Cellular mechanisms that control 

mistranslation. Nat Rev Microbiol, 8, 849-56. 
RHOADS, R. E., DINKOVA, T. D. & KORNEEVA, N. L. 2006. Mechanism and regulation of 

translation in C. elegans. WormBook, 1-18. 
RIBAS DE POUPLANA, L., SANTOS, M. A., ZHU, J. H., FARABAUGH, P. J. & JAVID, B. 2014. Protein 

mistranslation: friend or foe? Trends Biochem Sci, 39, 355-62. 
RINCON-LIMAS, D. E., JENSEN, K. & FERNANDEZ-FUNEZ, P. 2012. Drosophila models of 

proteinopathies: the little fly that could. Curr Pharm Des, 18, 1108-22. 
ROBIDA-STUBBS, S., GLOVER-CUTTER, K., LAMMING, D. W., MIZUNUMA, M., NARASIMHAN, S. 

D., NEUMANN-HAEFELIN, E., SABATINI, D. M. & BLACKWELL, T. K. 2012. TOR signaling 
and rapamycin influence longevity by regulating SKN-1/Nrf and DAF-16/FoxO. Cell 
Metab, 15, 713-24. 

RODNINA, M. V., FISCHER, N., MARACCI, C. & STARK, H. 2017. Ribosome dynamics during 
decoding. Philos Trans R Soc Lond B Biol Sci, 372. 

RODNINA, M. V., FRICKE, R. & WINTERMEYER, W. 1994. Transient conformational states of 
aminoacyl-tRNA during ribosome binding catalyzed by elongation factor Tu. 
Biochemistry, 33, 12267-75. 

RODNINA, M. V. & WINTERMEYER, W. 2009. Recent mechanistic insights into eukaryotic 
ribosomes. Curr Opin Cell Biol, 21, 435-43. 

RODRIGUEZ, J. A., MARIGORTA, U. M., HUGHES, D. A., SPATARO, N., BOSCH, E. & NAVARRO, A. 
2017. Antagonistic pleiotropy and mutation accumulation influence human 
senescence and disease. Nat Ecol Evol, 1, 55. 

ROGERS, A. N., CHEN, D., MCCOLL, G., CZERWIENIEC, G., FELKEY, K., GIBSON, B. W., HUBBARD, 
A., MELOV, S., LITHGOW, G. J. & KAPAHI, P. 2011. Life span extension via eIF4G 
inhibition is mediated by posttranscriptional remodeling of stress response gene 
expression in C. elegans. Cell metabolism, 14, 55-66. 

ROGINA, B. & HELFAND, S. L. 2004. Sir2 mediates longevity in the fly through a pathway 
related to calorie restriction. Proc Natl Acad Sci U S A, 101, 15998-6003. 



The role of decreased protein synthesis in delaying ageing                      | Martínez Miguel, V.E. 

 

273 
 

ROGINA, B., REENAN, R. A., NILSEN, S. P. & HELFAND, S. L. 2000. Extended life-span conferred 
by cotransporter gene mutations in Drosophila. Science, 290, 2137-40. 

ROMAN, G., ENDO, K., ZONG, L. & DAVIS, R. L. 2001. P {Switch}, a system for spatial and 
temporal control of gene expression in Drosophila melanogaster. Proceedings of the 
National Academy of Sciences, 98, 12602-12607. 

ROQUE, S., CERCIAT, M., GAUGUE, I., MORA, L., FLOCH, A. G., DE ZAMAROCZY, M., HEURGUE-
HAMARD, V. & KERVESTIN, S. 2015. Interaction between the poly(A)-binding protein 
Pab1 and the eukaryotic release factor eRF3 regulates translation termination but not 
mRNA decay in Saccharomyces cerevisiae. RNA, 21, 124-34. 

ROSENBERGER, R. 1982. STREPTOMYCIN-INDUCED PROTEIN ERROR PROPAGATION APPEARS 
TO LEAD TO CELL-DEATH IN ESCHERICHIA-COLI. J IRCS MEDICAL SCIENCE-
BIOCHEMISTRY, 10, 874-875. 

ROSENBERGER, R. 1997. A critical discussion of the evidence against the protein error theory of 
ageing. Exp Gerontol, 32, 339-342. 

ROSSET, R. & GORINI, L. 1969. A ribosomal ambiguity mutation. J Mol Biol, 39, 95-112. 
ROTHER, S. & STRASSER, K. 2007. The RNA polymerase II CTD kinase Ctk1 functions in 

translation elongation. Genes Dev, 21, 1409-21. 
RUAN, B., PALIOURA, S., SABINA, J., MARVIN-GUY, L., KOCHHAR, S., LAROSSA, R. A. & SOLL, D. 

2008. Quality control despite mistranslation caused by an ambiguous genetic code. 
Proc Natl Acad Sci U S A, 105, 16502-7. 

RUGGERO, D., MONTANARO, L., MA, L., XU, W., LONDEI, P., CORDON-CARDO, C. & PANDOLFI, 
P. P. 2004. The translation factor eIF-4E promotes tumor formation and cooperates 
with c-Myc in lymphomagenesis. Nat Med, 10, 484-6. 

RUUSALA, T., ANDERSSON, D., EHRENBERG, M. & KURLAND, C. G. 1984. Hyper-accurate 
ribosomes inhibit growth. EMBO J, 3, 2575-80. 

RYAZANOV, A. G. 2002. Elongation factor-2 kinase and its newly discovered relatives. FEBS Lett, 
514, 26-9. 

SACHER, G. A. 1963. Effects of X-Rays on the Survival of Drosophila imagoes. Physiological 
Zoology, 36, 295-311. 

SAKKA, K., WATANABE, T., BEERS, R. & WU, H. C. 1987. Isolation and characterization of a new 
globomycin-resistant dnaE mutant of Escherichia coli. J Bacteriol, 169, 3400-8. 

SALAS-MARCO, J. & BEDWELL, D. M. 2005. Discrimination between defects in elongation 
fidelity and termination efficiency provides mechanistic insights into translational 
readthrough. Journal of molecular biology, 348, 801-815. 

SALAUN, P., PYRONNET, S., MORALES, J., MULNER-LORILLON, O., BELLE, R., SONENBERG, N. & 
CORMIER, P. 2003. eIF4E/4E-BP dissociation and 4E-BP degradation in the first mitotic 
division of the sea urchin embryo. Dev Biol, 255, 428-39. 

SANCAK, Y., THOREEN, C. C., PETERSON, T. R., LINDQUIST, R. A., KANG, S. A., SPOONER, E., 
CARR, S. A. & SABATINI, D. M. 2007. PRAS40 is an insulin-regulated inhibitor of the 
mTORC1 protein kinase. Mol Cell, 25, 903-15. 

SANCHEZ, C. G., TEIXEIRA, F. K., CZECH, B., PREALL, J. B., ZAMPARINI, A. L., SEIFERT, J. R., 
MALONE, C. D., HANNON, G. J. & LEHMANN, R. 2016. Regulation of Ribosome 
Biogenesis and Protein Synthesis Controls Germline Stem Cell Differentiation. Cell 
Stem Cell, 18, 276-90. 

SANDBAKEN, M. G. & CULBERTSON, M. R. 1988. Mutations in elongation factor EF-1 alpha 
affect the frequency of frameshifting and amino acid misincorporation in 
Saccharomyces cerevisiae. Genetics, 120, 923-34. 

SARBASSOV, D. D., ALI, S. M., SENGUPTA, S., SHEEN, J. H., HSU, P. P., BAGLEY, A. F., 
MARKHARD, A. L. & SABATINI, D. M. 2006. Prolonged rapamycin treatment inhibits 
mTORC2 assembly and Akt/PKB. Mol Cell, 22, 159-68. 

SARBASSOV, D. D., GUERTIN, D. A., ALI, S. M. & SABATINI, D. M. 2005. Phosphorylation and 
regulation of Akt/PKB by the rictor-mTOR complex. Science, 307, 1098-101. 



The role of decreased protein synthesis in delaying ageing                      | Martínez Miguel, V.E. 

 

274 
 

SARKANY, Z., SILVA, A., PEREIRA, P. J. & MACEDO-RIBEIRO, S. 2014. Ser or Leu: structural 
snapshots of mistranslation in Candida albicans. Front Mol Biosci, 1, 27. 

SATOH, A., BRACE, C. S., RENSING, N., CLIFTEN, P., WOZNIAK, D. F., HERZOG, E. D., YAMADA, K. 
A. & IMAI, S. 2013. Sirt1 extends life span and delays aging in mice through the 
regulation of Nk2 homeobox 1 in the DMH and LH. Cell Metab, 18, 416-30. 

SAUERT, M., TEMMEL, H. & MOLL, I. 2015. Heterogeneity of the translational machinery: 
Variations on a common theme. Biochimie, 114, 39-47. 

SAXTON, R. A. & SABATINI, D. M. 2017. mTOR Signaling in Growth, Metabolism, and Disease. 
Cell, 168, 960-976. 

SCHLEICH, S., ACEVEDO, J. M., CLEMM VON HOHENBERG, K. & TELEMAN, A. A. 2017. 
Identification of transcripts with short stuORFs as targets for DENR*MCTS1-dependent 
translation in human cells. Sci Rep, 7, 3722. 

SCHLEICH, S., STRASSBURGER, K., JANIESCH, P. C., KOLEDACHKINA, T., MILLER, K. K., HANEKE, 
K., CHENG, Y. S., KUECHLER, K., STOECKLIN, G., DUNCAN, K. E. & TELEMAN, A. A. 2014. 
DENR-MCT-1 promotes translation re-initiation downstream of uORFs to control tissue 
growth. Nature, 512, 208-212. 

SCHMEISSER, K., MANSFELD, J., KUHLOW, D., WEIMER, S., PRIEBE, S., HEILAND, I., BIRRINGER, 
M., GROTH, M., SEGREF, A., KANFI, Y., PRICE, N. L., SCHMEISSER, S., SCHUSTER, S., 
PFEIFFER, A. F., GUTHKE, R., PLATZER, M., HOPPE, T., COHEN, H. Y., ZARSE, K., 
SINCLAIR, D. A. & RISTOW, M. 2013. Role of sirtuins in lifespan regulation is linked to 
methylation of nicotinamide. Nat Chem Biol, 9, 693-700. 

SCHNEIDER-POETSCH, T., JU, J., EYLER, D. E., DANG, Y., BHAT, S., MERRICK, W. C., GREEN, R., 
SHEN, B. & LIU, J. O. 2010a. Inhibition of eukaryotic translation elongation by 
cycloheximide and lactimidomycin. Nat Chem Biol, 6, 209-217. 

SCHNEIDER-POETSCH, T., USUI, T., KAIDA, D. & YOSHIDA, M. 2010b. Garbled messages and 
corrupted translations. Nat Chem Biol, 6, 189-198. 

SCHOSSERER, M., MINOIS, N., ANGERER, T. B., AMRING, M., DELLAGO, H., HARREITHER, E., 
CALLE-PEREZ, A., PIRCHER, A., GERSTL, M. P., PFEIFENBERGER, S., BRANDL, C., 
SONNTAGBAUER, M., KRIEGNER, A., LINDER, A., WEINHAUSEL, A., MOHR, T., STEIGER, 
M., MATTANOVICH, D., RINNERTHALER, M., KARL, T., SHARMA, S., ENTIAN, K. D., KOS, 
M., BREITENBACH, M., WILSON, I. B., POLACEK, N., GRILLARI-VOGLAUER, R., 
BREITENBACH-KOLLER, L. & GRILLARI, J. 2015. Methylation of ribosomal RNA by 
NSUN5 is a conserved mechanism modulating organismal lifespan. Nat Commun, 6, 
6158. 

SCHRINER, S. E., LINFORD, N. J., MARTIN, G. M., TREUTING, P., OGBURN, C. E., EMOND, M., 
COSKUN, P. E., LADIGES, W., WOLF, N., VAN REMMEN, H., WALLACE, D. C. & 
RABINOVITCH, P. S. 2005. Extension of murine life span by overexpression of catalase 
targeted to mitochondria. Science, 308, 1909-11. 

SCHULTZ, J. 1929. The Minute Reaction in the Development of Drosophila melanogaster ... [A 
thesis.] Reprinted from “Genetics.”, Menasha. 

SCHULZ, T. J., ZARSE, K., VOIGT, A., URBAN, N., BIRRINGER, M. & RISTOW, M. 2007. Glucose 
restriction extends Caenorhabditis elegans life span by inducing mitochondrial 
respiration and increasing oxidative stress. Cell Metab, 6, 280-93. 

SEKIGUCHI, F., NASIRI, J., SEDGHI, M., SALEHI, M., HOSSEINZADEH, M., OKAMOTO, N., 
MIZUGUCHI, T., NAKASHIMA, M., MIYATAKE, S., TAKATA, A., MIYAKE, N. & 
MATSUMOTO, N. 2018. A novel homozygous DPH1 mutation causes intellectual 
disability and unique craniofacial features. J Hum Genet, 63, 487-491. 

SELMAN, C., LINGARD, S., CHOUDHURY, A. I., BATTERHAM, R. L., CLARET, M., CLEMENTS, M., 
RAMADANI, F., OKKENHAUG, K., SCHUSTER, E. & BLANC, E. 2008. Evidence for lifespan 
extension and delayed age-related biomarkers in insulin receptor substrate 1 null 
mice. The FASEB Journal, 22, 807-818. 



The role of decreased protein synthesis in delaying ageing                      | Martínez Miguel, V.E. 

 

275 
 

SELMAN, C., TULLET, J. M., WIESER, D., IRVINE, E., LINGARD, S. J., CHOUDHURY, A. I., CLARET, 
M., AL-QASSAB, H., CARMIGNAC, D., RAMADANI, F., WOODS, A., ROBINSON, I. C., 
SCHUSTER, E., BATTERHAM, R. L., KOZMA, S. C., THOMAS, G., CARLING, D., 
OKKENHAUG, K., THORNTON, J. M., PARTRIDGE, L., GEMS, D. & WITHERS, D. J. 2009. 
Ribosomal protein S6 kinase 1 signaling regulates mammalian life span. Science, 326, 
140-4. 

SELMER, M., DUNHAM, C. M., MURPHY, F. V. T., WEIXLBAUMER, A., PETRY, S., KELLEY, A. C., 
WEIR, J. R. & RAMAKRISHNAN, V. 2006. Structure of the 70S ribosome complexed with 
mRNA and tRNA. Science, 313, 1935-42. 

SGRO, C. M. & PARTRIDGE, L. 1999. A delayed wave of death from reproduction in Drosophila. 
Science, 286, 2521-4. 

SHABALINA, S. A., SPIRIDONOV, N. A. & KASHINA, A. 2013. Sounds of silence: synonymous 
nucleotides as a key to biological regulation and complexity. Nucleic Acids Res, 41, 
2073-94. 

SHARMA, D., CUKRAS, A. R., ROGERS, E. J., SOUTHWORTH, D. R. & GREEN, R. 2007. Mutational 
analysis of S12 protein and implications for the accuracy of decoding by the ribosome. 
J Mol Biol, 374, 1065-76. 

SHARP, Z. D. & STRONG, R. 2010. The role of mTOR signaling in controlling mammalian life 
span: what a fungicide teaches us about longevity. J Gerontol A Biol Sci Med Sci, 65, 
580-9. 

SHAY, J. W. & WRIGHT, W. E. 2005. Senescence and immortalization: role of telomeres and 
telomerase. Carcinogenesis, 26, 867-74. 

SHEPHERD, J. C., WALLDORF, U., HUG, P. & GEHRING, W. J. 1989. Fruit flies with additional 
expression of the elongation factor EF-1 alpha live longer. Proc Natl Acad Sci U S A, 86, 
7520-1. 

SHI, Z., FUJII, K., KOVARY, K. M., GENUTH, N. R., ROST, H. L., TERUEL, M. N. & BARNA, M. 2017. 
Heterogeneous Ribosomes Preferentially Translate Distinct Subpools of mRNAs 
Genome-wide. Mol Cell, 67, 71-83 e7. 

SHIELDS, D. C., SHARP, P. M., HIGGINS, D. G. & WRIGHT, F. 1988. "Silent" sites in Drosophila 
genes are not neutral: evidence of selection among synonymous codons. Mol Biol Evol, 
5, 704-16. 

SHIROKIKH, N. E. & PREISS, T. 2018. Translation initiation by cap-dependent ribosome 
recruitment: Recent insights and open questions. Wiley Interdiscip Rev RNA, 9, e1473. 

SHOEMAKER, C. J. & GREEN, R. 2011. Kinetic analysis reveals the ordered coupling of 
translation termination and ribosome recycling in yeast. Proc Natl Acad Sci U S A, 108, 
E1392-8. 

SHOWKAT, M., BEIGH, M. A. & ANDRABI, K. I. 2014. mTOR Signaling in Protein Translation 
Regulation: Implications in Cancer Genesis and Therapeutic Interventions. Mol Biol Int, 
2014, 686984. 

SHUM, A. M. Y., POLJAK, A., BENTLEY, N. L., TURNER, N., TAN, T. C. & POLLY, P. 2018. 
Proteomic profiling of skeletal and cardiac muscle in cancer cachexia: alterations in 
sarcomeric and mitochondrial protein expression. Oncotarget, 9, 22001-22022. 

SHUMAKER, D. K., DECHAT, T., KOHLMAIER, A., ADAM, S. A., BOZOVSKY, M. R., ERDOS, M. R., 
ERIKSSON, M., GOLDMAN, A. E., KHUON, S., COLLINS, F. S., JENUWEIN, T. & GOLDMAN, 
R. D. 2006. Mutant nuclear lamin A leads to progressive alterations of epigenetic 
control in premature aging. Proc Natl Acad Sci U S A, 103, 8703-8. 

SILAR, P. & PICARD, M. 1994. Increased longevity of EF-1α high-fidelity mutants in Podospora 
anserina. Journal of molecular biology, 235, 231-236. 

SILLER, E., DEZWAAN, D. C., ANDERSON, J. F., FREEMAN, B. C. & BARRAL, J. M. 2010. Slowing 
bacterial translation speed enhances eukaryotic protein folding efficiency. J Mol Biol, 
396, 1310-8. 



The role of decreased protein synthesis in delaying ageing                      | Martínez Miguel, V.E. 

 

276 
 

SILVERA, D., ARJU, R., DARVISHIAN, F., LEVINE, P. H., ZOLFAGHARI, L., GOLDBERG, J., 
HOCHMAN, T., FORMENTI, S. C. & SCHNEIDER, R. J. 2009. Essential role for eIF4GI 
overexpression in the pathogenesis of inflammatory breast cancer. Nat Cell Biol, 11, 
903-8. 

SILVERA, D., FORMENTI, S. C. & SCHNEIDER, R. J. 2010. Translational control in cancer. Nature 
Reviews Cancer, 10, 254-266. 

SIMONSEN, A., CUMMING, R. C., BRECH, A., ISAKSON, P., SCHUBERT, D. R. & FINLEY, K. D. 2008. 
Promoting basal levels of autophagy in the nervous system enhances longevity and 
oxidant resistance in adult Drosophila. Autophagy, 4, 176-84. 

SINCLAIR, D. G., T. A. & KAUFMAN, T. C. 1984. Effects of a temperature-sensitive Minute 
mutation on gene expression in Drosophila melanogaster. Genet Res Camb, 43, 257-
275. 

SINGLETON, R. S., LIU-YI, P., FORMENTI, F., GE, W., SEKIRNIK, R., FISCHER, R., ADAM, J., 
POLLARD, P. J., WOLF, A., THALHAMMER, A., LOENARZ, C., FLASHMAN, E., 
YAMAMOTO, A., COLEMAN, M. L., KESSLER, B. M., WAPPNER, P., SCHOFIELD, C. J., 
RATCLIFFE, P. J. & COCKMAN, M. E. 2014. OGFOD1 catalyzes prolyl hydroxylation of 
RPS23 and is involved in translation control and stress granule formation. Proc Natl 
Acad Sci U S A, 111, 4031-6. 

SINHA, A. & RAE, R. 2014. A functional genomic screen for evolutionarily conserved genes 
required for lifespan and immunity in germline-deficient C. elegans. PLoS One, 9, 
e101970. 

SINVANI, H., HAIMOV, O., SVITKIN, Y., SONENBERG, N., TAMARKIN-BEN-HARUSH, A., VIOLLET, 
B. & DIKSTEIN, R. 2015. Translational tolerance of mitochondrial genes to metabolic 
energy stress involves TISU and eIF1-eIF4GI cooperation in start codon selection. Cell 
Metab, 21, 479-92. 

SIRIDECHADILOK, B., FRASER, C. S., HALL, R. J., DOUDNA, J. A. & NOGALES, E. 2005. Structural 
roles for human translation factor eIF3 in initiation of protein synthesis. Science, 310, 
1513-1515. 

SKABKIN, M. A., SKABKINA, O. V., HELLEN, C. U. & PESTOVA, T. V. 2013. Reinitiation and other 
unconventional posttermination events during eukaryotic translation. Mol Cell, 51, 
249-64. 

SLACK, C., ALIC, N., FOLEY, A., CABECINHA, M., HODDINOTT, M. P. & PARTRIDGE, L. 2015. The 
Ras-Erk-ETS-Signaling Pathway Is a Drug Target for Longevity. Cell, 162, 72-83. 

SLOAN, K. E., WARDA, A. S., SHARMA, S., ENTIAN, K. D., LAFONTAINE, D. L. J. & BOHNSACK, M. 
T. 2017. Tuning the ribosome: The influence of rRNA modification on eukaryotic 
ribosome biogenesis and function. RNA Biol, 14, 1138-1152. 

SMIRNOV, V. N., KREIER, V. G., LIZLOVA, L. V., ANDRIANOVA, V. M. & INGE-VECHTOMOV, S. G. 
1974. Recessive super-suppression in yeast. Mol Gen Genet, 129, 105-21. 

SMITH, E. D., TSUCHIYA, M., FOX, L. A., DANG, N., HU, D., KERR, E. O., JOHNSTON, E. D., 
TCHAO, B. N., PAK, D. N. & WELTON, K. L. 2008. Quantitative evidence for conserved 
longevity pathways between divergent eukaryotic species. Genome research, 18, 564-
570. 

SMITH, M. W., MESKAUSKAS, A., WANG, P., SERGIEV, P. V. & DINMAN, J. D. 2001. Saturation 
mutagenesis of 5S rRNA in Saccharomyces cerevisiae. Mol Cell Biol, 21, 8264-75. 

SOERENSEN, M., NYGAARD, M., DATO, S., STEVNSNER, T., BOHR, V. A., CHRISTENSEN, K. & 
CHRISTIANSEN, L. 2015. Association study of FOXO3A SNPs and aging phenotypes in 
Danish oldest-old individuals. Aging Cell, 14, 60-6. 

SOHAL, R. S. & WEINDRUCH, R. 1996. Oxidative stress, caloric restriction, and aging. Science, 
273, 59-63. 

SONENBERG, N. & HINNEBUSCH, A. G. 2009. Regulation of Translation Initiation in Eukaryotes: 
Mechanisms and Biological Targets. Cell, 136, 731-745. 



The role of decreased protein synthesis in delaying ageing                      | Martínez Miguel, V.E. 

 

277 
 

SPINDLER, S. R., MOTE, P. L., LI, R., DHAHBI, J. M., YAMAKAWA, A., FLEGAL, J. M., JESKE, D. R., 
LI, R. & LUBLIN, A. L. 2013. beta1-Adrenergic receptor blockade extends the life span of 
Drosophila and long-lived mice. Age (Dordr), 35, 2099-109. 

SPIVEY, E. C. & FINKELSTEIN, I. J. 2014. From cradle to grave: high-throughput studies of aging 
in model organisms. Mol Biosyst, 10, 1658-67. 

SPRIGGS, K. A., BUSHELL, M. & WILLIS, A. E. 2010. Translational regulation of gene expression 
during conditions of cell stress. Mol Cell, 40, 228-37. 

SPRIGGS, K. A., STONELEY, M., BUSHELL, M. & WILLIS, A. E. 2008. Re‐programming of 
translation following cell stress allows IRES‐mediated translation to predominate. 
Biology of the Cell, 100, 27-38. 

SRIVASTAVA, S., VERSCHOOR, A. & FRANK, J. 1992. Eukaryotic initiation factor 3 does not 
prevent association through physical blockage of the ribosomal subunit-subunit 
interface. Journal of molecular biology, 226, 301-304. 

STANFEL, M. N., SHAMIEH, L. S., KAEBERLEIN, M. & KENNEDY, B. K. 2009. The TOR pathway 
comes of age. Biochimica et Biophysica Acta (BBA)-General Subjects, 1790, 1067-1074. 

STANSFIELD, I., JONES, K. M., KUSHNIROV, V. V., DAGKESAMANSKAYA, A. R., POZNYAKOVSKI, 
A. I., PAUSHKIN, S. V., NIERRAS, C. R., COX, B. S., TER-AVANESYAN, M. D. & TUITE, M. F. 
1995. The products of the SUP45 (eRF1) and SUP35 genes interact to mediate 
translation termination in Saccharomyces cerevisiae. EMBO J, 14, 4365-73. 

STAROSTA, A. L., LASSAK, J., JUNG, K. & WILSON, D. N. 2014. The bacterial translation stress 
response. FEMS Microbiol Rev, 38, 1172-201. 

STEARNS, S. C., ACKERMANN, M., DOEBELI, M. & KAISER, M. 2000. Experimental evolution of 
aging, growth, and reproduction in fruitflies. Proc Natl Acad Sci U S A, 97, 3309-13. 

STEFFEN, K. K., MACKAY, V. L., KERR, E. O., TSUCHIYA, M., HU, D., FOX, L. A., DANG, N., 
JOHNSTON, E. D., OAKES, J. A. & TCHAO, B. N. 2008a. Yeast life span extension by 
depletion of 60s ribosomal subunits is mediated by Gcn4. Cell, 133, 292-302. 

STEFFEN, K. K., MACKAY, V. L., KERR, E. O., TSUCHIYA, M., HU, D., FOX, L. A., DANG, N., 
JOHNSTON, E. D., OAKES, J. A., TCHAO, B. N., PAK, D. N., FIELDS, S., KENNEDY, B. K. & 
KAEBERLEIN, M. 2008b. Yeast life span extension by depletion of 60s ribosomal 
subunits is mediated by Gcn4. Cell, 133, 292-302. 

STEFFEN, K. K., MCCORMICK, M. A., PHAM, K. M., MACKAY, V. L., DELANEY, J. R., MURAKAMI, 
C. J., KAEBERLEIN, M. & KENNEDY, B. K. 2012. Ribosome deficiency protects against ER 
stress in Saccharomyces cerevisiae. Genetics, 191, 107-18. 

STEWART, E. J., MADDEN, R., PAUL, G. & TADDEI, F. 2005. Aging and death in an organism that 
reproduces by morphologically symmetric division. PLoS Biol, 3, e45. 

SU, H. W., ZHU, J. H., LI, H., CAI, R. J., EALAND, C., WANG, X., CHEN, Y. X., KAYANI, M. U., ZHU, 
T. F., MORADIGARAVAND, D., HUANG, H., KANA, B. D. & JAVID, B. 2016. The essential 
mycobacterial amidotransferase GatCAB is a modulator of specific translational 
fidelity. Nat Microbiol, 1, 16147. 

SUH, Y., ATZMON, G., CHO, M. O., HWANG, D., LIU, B., LEAHY, D. J., BARZILAI, N. & COHEN, P. 
2008. Functionally significant insulin-like growth factor I receptor mutations in 
centenarians. Proc Natl Acad Sci U S A, 105, 3438-42. 

SUHM, T., KAIMAL, J. M., DAWITZ, H., PESELJ, C., MASSER, A. E., HANZEN, S., AMBROZIC, M., 
SMIALOWSKA, A., BJORCK, M. L., BRZEZINSKI, P., NYSTROM, T., BUTTNER, S., 
ANDREASSON, C. & OTT, M. 2018. Mitochondrial Translation Efficiency Controls 
Cytoplasmic Protein Homeostasis. Cell Metab, 27, 1309-1322 e6. 

SUN, F., PALMER, K. & HANDEL, M. A. 2010. Mutation of Eif4g3, encoding a eukaryotic 
translation initiation factor, causes male infertility and meiotic arrest of mouse 
spermatocytes. Development, 137, 1699-707. 

SUN, J., FOLK, D., BRADLEY, T. J. & TOWER, J. 2002. Induced overexpression of mitochondrial 
Mn-superoxide dismutase extends the life span of adult Drosophila melanogaster. 
Genetics, 161, 661-72. 



The role of decreased protein synthesis in delaying ageing                      | Martínez Miguel, V.E. 

 

278 
 

SUN, J. T. & TOWER, J. 1999. FLP recombinase-mediated induction of Cu/Zn-superoxide 
dismutase transgene expression can extend the life span of adult Drosophila 
melanogaster flies. Molecular and Cellular Biology, 19, 216-228. 

SUN, L., HU, C., ZHENG, C., QIAN, Y., LIANG, Q., LV, Z., HUANG, Z., QI, K., GONG, H., ZHANG, Z., 
HUANG, J., ZHOU, Q. & YANG, Z. 2015. FOXO3 variants are beneficial for longevity in 
Southern Chinese living in the Red River Basin: A case-control study and meta-analysis. 
Sci Rep, 5, 9852. 

SVITKIN, Y. V., HERDY, B., COSTA-MATTIOLI, M., GINGRAS, A. C., RAUGHT, B. & SONENBERG, N. 
2005. Eukaryotic translation initiation factor 4E availability controls the switch 
between cap-dependent and internal ribosomal entry site-mediated translation. Mol 
Cell Biol, 25, 10556-65. 

SYNETOS, D., FRANTZIOU, C. P. & ALKSNE, L. E. 1996. Mutations in yeast ribosomal proteins 
S28 and S4 affect the accuracy of translation and alter the sensitivity of the ribosomes 
to paromomycin. Biochim Biophys Acta, 1309, 156-66. 

SYNTICHAKI, P., TROULINAKI, K. & TAVERNARAKIS, N. 2007a. eIF4E function in somatic cells 
modulates ageing in Caenorhabditis elegans. Nature, 445, 922-926. 

SYNTICHAKI, P., TROULINAKI, K. & TAVERNARAKIS, N. 2007b. Protein synthesis is a novel 
determinant of aging in Caenorhabditis elegans. Annals of the New York Academy of 
Sciences, 1119, 289-295. 

SZILARD, L. 1959. On the Nature of the Aging Process. Proc Natl Acad Sci U S A, 45, 30-45. 
TAMURA, T., CHIANG, A. S., ITO, N., LIU, H. P., HORIUCHI, J., TULLY, T. & SAITOE, M. 2003. 

Aging specifically impairs amnesiac-dependent memory in Drosophila. Neuron, 40, 
1003-11. 

TATAR, M., KOPELMAN, A., EPSTEIN, D., TU, M. P., YIN, C. M. & GAROFALO, R. S. 2001. A 
mutant Drosophila insulin receptor homolog that extends life-span and impairs 
neuroendocrine function. Science, 292, 107-10. 

TAVERNARAKIS, N. 2008. Ageing and the regulation of protein synthesis: a balancing act? 
Trends Cell Biol, 18, 228-35. 

TEMPLEMAN, N. M. & MURPHY, C. T. 2018. Regulation of reproduction and longevity by 
nutrient-sensing pathways. J Cell Biol, 217, 93-106. 

THACKRAH, C. T. 1831. The Effects of the Principal Arts, Trades, and Professions, and of Civic 
States and Habits, on Health and Longevity. Med Chir Rev, 14, 312-320. 

THEVENON, J., MICHOT, C., BOLE, C., NITSCHKE, P., NIZON, M., FAIVRE, L., MUNNICH, A., 
LYONNET, S., BONNEFONT, J. P., PORTES, V. D. & AMIEL, J. 2015. RPL10 mutation 
segregating in a family with X-linked syndromic Intellectual Disability. Am J Med Genet 
A, 167A, 1908-12. 

THOMPSON, J., O'CONNOR, M., MILLS, J. A. & DAHLBERG, A. E. 2002. The protein synthesis 
inhibitors, oxazolidinones and chloramphenicol, cause extensive translational 
inaccuracy in vivo. J Mol Biol, 322, 273-9. 

THOMPSON, R. C. & KARIM, A. M. 1982. The accuracy of protein biosynthesis is limited by its 
speed: high fidelity selection by ribosomes of aminoacyl-tRNA ternary complexes 
containing GTP [gamma S]. Proceedings of the National Academy of Sciences, 79, 4922-
4926. 

TIDIERE, M., LEMAITRE, J. F., DOUAY, G., WHIPPLE, M. & GAILLARD, J. M. 2017. High 
reproductive effort is associated with decreasing mortality late in life in captive ruffed 
lemurs. Am J Primatol, 79. 

TIMMERS, S., KONINGS, E., BILET, L., HOUTKOOPER, R. H., VAN DE WEIJER, T., GOOSSENS, G. 
H., HOEKS, J., VAN DER KRIEKEN, S., RYU, D., KERSTEN, S., MOONEN-KORNIPS, E., 
HESSELINK, M. K. C., KUNZ, I., SCHRAUWEN-HINDERLING, V. B., BLAAK, E., AUWERX, J. 
& SCHRAUWEN, P. 2011. Calorie restriction-like effects of 30 days of resveratrol 
supplementation on energy metabolism and metabolic profile in obese humans. Cell 
Metab, 14, 612-22. 



The role of decreased protein synthesis in delaying ageing                      | Martínez Miguel, V.E. 

 

279 
 

TIMMS, A. R., STEINGRIMSDOTTIR, H., LEHMANN, A. R. & BRIDGES, B. A. 1992. Mutant 
sequences in the rpsL gene of Escherichia coli B/r: mechanistic implications for 
spontaneous and ultraviolet light mutagenesis. Mol Gen Genet, 232, 89-96. 

TISSENBAUM, H. A. & GUARENTE, L. 2001. Increased dosage of a sir-2 gene extends lifespan in 
Caenorhabditis elegans. Nature, 410, 227-30. 

TOHYAMA, D. & YAMAGUCHI, A. 2010. A critical role of SNF1A/dAMPKalpha (Drosophila AMP-
activated protein kinase alpha) in muscle on longevity and stress resistance in 
Drosophila melanogaster. Biochem Biophys Res Commun, 394, 112-8. 

TOTH, M. L., SIGMOND, T., BORSOS, E., BARNA, J., ERDELYI, P., TAKACS-VELLAI, K., OROSZ, L., 
KOVACS, A. L., CSIKOS, G., SASS, M. & VELLAI, T. 2008. Longevity pathways converge on 
autophagy genes to regulate life span in Caenorhabditis elegans. Autophagy, 4, 330-8. 

TOWER, J. 2011. Heat shock proteins and Drosophila aging. Exp Gerontol, 46, 355-62. 
TRAINER, P. J., DRAKE, W. M., KATZNELSON, L., FREDA, P. U., HERMAN-BONERT, V., VAN DER 

LELY, A. J., DIMARAKI, E. V., STEWART, P. M., FRIEND, K. E., VANCE, M. L., BESSER, G. 
M., SCARLETT, J. A., THORNER, M. O., PARKINSON, C., KLIBANSKI, A., POWELL, J. S., 
BARKAN, A. L., SHEPPARD, M. C., MALSONADO, M., ROSE, D. R., CLEMMONS, D. R., 
JOHANNSSON, G., BENGTSSON, B. A., STAVROU, S., KLEINBERG, D. L., COOK, D. M., 
PHILLIPS, L. S., BIDLINGMAIER, M., STRASBURGER, C. J., HACKETT, S., ZIB, K., BENNETT, 
W. F. & DAVIS, R. J. 2000. Treatment of acromegaly with the growth hormone-receptor 
antagonist pegvisomant. N Engl J Med, 342, 1171-7. 

TRAN, D. K., FINLEY, J., VILA-SANJURJO, A., LALE, A., SUN, Q. & O'CONNOR, M. 2011. Tertiary 
interactions between helices h13 and h44 in 16S RNA contribute to the fidelity of 
translation. FEBS J, 278, 4405-12. 

TREASTER, S. B., RIDGWAY, I. D., RICHARDSON, C. A., GASPAR, M. B., CHAUDHURI, A. R. & 
AUSTAD, S. N. 2014. Superior proteome stability in the longest lived animal. Age 
(Dordr), 36, 9597. 

TRIFUNOVIC, A., WREDENBERG, A., FALKENBERG, M., SPELBRINK, J. N., ROVIO, A. T., BRUDER, 
C. E., BOHLOOLY, Y. M., GIDLOF, S., OLDFORS, A., WIBOM, R., TORNELL, J., JACOBS, H. 
T. & LARSSON, N. G. 2004. Premature ageing in mice expressing defective 
mitochondrial DNA polymerase. Nature, 429, 417-23. 

TRUE, H. L. & LINDQUIST, S. L. 2000. A yeast prion provides a mechanism for genetic variation 
and phenotypic diversity. Nature, 407, 477-83. 

TSAI, A., UEMURA, S., JOHANSSON, M., PUGLISI, E. V., MARSHALL, R. A., AITKEN, C. E., 
KORLACH, J., EHRENBERG, M. & PUGLISI, J. D. 2013. The impact of aminoglycosides on 
the dynamics of translation elongation. Cell Rep, 3, 497-508. 

TSAI, C. J., SAUNA, Z. E., KIMCHI-SARFATY, C., AMBUDKAR, S. V., GOTTESMAN, M. M. & 
NUSSINOV, R. 2008. Synonymous mutations and ribosome stalling can lead to altered 
folding pathways and distinct minima. J Mol Biol, 383, 281-91. 

TSOKANOS, F. F., ALBERT, M. A., DEMETRIADES, C., SPIROHN, K., BOUTROS, M. & TELEMAN, A. 
A. 2016. eIF4A inactivates TORC1 in response to amino acid starvation. EMBO J, 35, 
1058-76. 

TUBULEKAS, I., BUCKINGHAM, R. H. & HUGHES, D. 1991. Mutant ribosomes can generate 
dominant kirromycin resistance. J Bacteriol, 173, 3635-43. 

TUBULEKAS, I. & HUGHES, D. 1993. Suppression of rpsL phenotypes by tuf mutations reveals a 
unique relationship between translation elongation and growth rate. Mol Microbiol, 7, 
275-84. 

TUITE, M. F. & MCLAUGHLIN, C. S. 1984. The effects of paromomycin on the fidelity of 
translation in a yeast cell-free system. Biochim Biophys Acta, 783, 166-70. 

TULLER, T., CARMI, A., VESTSIGIAN, K., NAVON, S., DORFAN, Y., ZABORSKE, J., PAN, T., DAHAN, 
O., FURMAN, I. & PILPEL, Y. 2010. An evolutionarily conserved mechanism for 
controlling the efficiency of protein translation. Cell, 141, 344-54. 



The role of decreased protein synthesis in delaying ageing                      | Martínez Miguel, V.E. 

 

280 
 

UKDS 1998. Effect of intensive blood-glucose control with metformin on complications in 
overweight patients with type 2 diabetes (UKPDS 34). UK Prospective Diabetes Study 
(UKPDS) Group. Lancet, 352, 854-65. 

ULGHERAIT, M., RANA, A., RERA, M., GRANIEL, J. & WALKER, D. W. 2014. AMPK modulates 
tissue and organismal aging in a non-cell-autonomous manner. Cell Rep, 8, 1767-1780. 

UM, S. H., D'ALESSIO, D. & THOMAS, G. 2006. Nutrient overload, insulin resistance, and 
ribosomal protein S6 kinase 1, S6K1. Cell Metab, 3, 393-402. 

UNITED NATIONS, D. O. E. A. S. A., POPULATION DIVISION. 2017. World Population Prospects: 
The 2017 Revision [Online]. Available: https://population.un.org/wpp/DataQuery/ 
[Accessed 06/10/2018 2018]. 

UTHMAN, S., BAR, C., SCHEIDT, V., LIU, S., TEN HAVE, S., GIORGINI, F., STARK, M. J. & 
SCHAFFRATH, R. 2013. The amidation step of diphthamide biosynthesis in yeast 
requires DPH6, a gene identified through mining the DPH1-DPH5 interaction network. 
PLoS Genet, 9, e1003334. 

VALENTE, L. & KINZY, T. G. 2003. Yeast as a sensor of factors affecting the accuracy of protein 
synthesis. Cell Mol Life Sci, 60, 2115-30. 

VALENZANO, D. R., BENAYOUN, B. A., SINGH, P. P., ZHANG, E., ETTER, P. D., HU, C. K., 
CLEMENT-ZIZA, M., WILLEMSEN, D., CUI, R., HAREL, I., MACHADO, B. E., YEE, M. C., 
SHARP, S. C., BUSTAMANTE, C. D., BEYER, A., JOHNSON, E. A. & BRUNET, A. 2015. The 
African Turquoise Killifish Genome Provides Insights into Evolution and Genetic 
Architecture of Lifespan. Cell, 163, 1539-54. 

VAN EDEN, M. E., BYRD, M. P., SHERRILL, K. W. & LLOYD, R. E. 2004. Demonstrating internal 
ribosome entry sites in eukaryotic mRNAs using stringent RNA test procedures. RNA, 
10, 720-30. 

VAN HEEMST, D. 2010. Insulin, IGF-1 and longevity. Aging Dis, 1, 147-57. 
VAN NESS, B. G., BARROWCLOUGH, B. & BODLEY, J. W. 1980. Recognition of elongation factor 

2 by diphtheria toxin is not solely defined by the presence of diphthamide. FEBS Lett, 
120, 4-6. 

VAN RAAMSDONK, J. M. & HEKIMI, S. 2009. Deletion of the mitochondrial superoxide 
dismutase sod-2 extends lifespan in Caenorhabditis elegans. PLoS Genet, 5, e1000361. 

VAN RAAMSDONK, J. M. & HEKIMI, S. 2012. Superoxide dismutase is dispensable for normal 
animal lifespan. Proc Natl Acad Sci U S A, 109, 5785-90. 

VAN RIGGELEN, J., YETIL, A. & FELSHER, D. W. 2010. MYC as a regulator of ribosome biogenesis 
and protein synthesis. Nature reviews Cancer, 10, 301-309. 

VANDER HAAR, E., LEE, S. I., BANDHAKAVI, S., GRIFFIN, T. J. & KIM, D. H. 2007. Insulin signalling 
to mTOR mediated by the Akt/PKB substrate PRAS40. Nat Cell Biol, 9, 316-23. 

VANFLETEREN, J. R. & DE VREESE, A. 1994. Analysis of the proteins of aging Caenorhabditis 
elegans by high resolution two-dimensional gel electrophoresis. Electrophoresis, 15, 
289-96. 

VEERAMAH, K. R., JOHNSTONE, L., KARAFET, T. M., WOLF, D., SPRISSLER, R., SALOGIANNIS, J., 
BARTH-MARON, A., GREENBERG, M. E., STUHLMANN, T., WEINERT, S., JENTSCH, T. J., 
PAZZI, M., RESTIFO, L. L., TALWAR, D., ERICKSON, R. P. & HAMMER, M. F. 2013. Exome 
sequencing reveals new causal mutations in children with epileptic encephalopathies. 
Epilepsia, 54, 1270-81. 

VELICHUTINA, I. V., DRESIOS, J., HONG, J. Y., LI, C., MANKIN, A., SYNETOS, D. & LIEBMAN, S. W. 
2000. Mutations in helix 27 of the yeast Saccharomyces cerevisiae 18S rRNA affect the 
function of the decoding center of the ribosome. RNA, 6, 1174-84. 

VELICHUTINA, I. V., HONG, J. Y., MESECAR, A. D., CHERNOFF, Y. O. & LIEBMAN, S. W. 2001. 
Genetic interaction between yeast Saccharomyces cerevisiae release factors and the 
decoding region of 18 S rRNA. J Mol Biol, 305, 715-27. 

VERMULST, M., DENNEY, A. S., LANG, M. J., HUNG, C. W., MOORE, S., MOSELEY, M. A., 
THOMPSON, J. W., MADDEN, V., GAUER, J., WOLFE, K. J., SUMMERS, D. W., SCHLEIT, J., 

https://population.un.org/wpp/DataQuery/


The role of decreased protein synthesis in delaying ageing                      | Martínez Miguel, V.E. 

 

281 
 

SUTPHIN, G. L., HAROON, S., HOLCZBAUER, A., CAINE, J., JORGENSON, J., CYR, D., 
KAEBERLEIN, M., STRATHERN, J. N., DUNCAN, M. C. & ERIE, D. A. 2015. Transcription 
errors induce proteotoxic stress and shorten cellular lifespan. Nat Commun, 6, 8065. 

VICARIO, S., MASON, C. E., WHITE, K. P. & POWELL, J. R. 2008. Developmental stage and level 
of codon usage bias in Drosophila. Mol Biol Evol, 25, 2269-77. 

VILA-SANJURJO, A., LU, Y., ARAGONEZ, J. L., STARKWEATHER, R. E., SASIKUMAR, M. & 
O'CONNOR, M. 2007. Modulation of 16S rRNA function by ribosomal protein S12. 
Biochim Biophys Acta, 1769, 462-71. 

VINCENT, A. & LIEBMAN, S. W. 1992. The yeast omnipotent suppressor SUP46 encodes a 
ribosomal protein which is a functional and structural homolog of the Escherichia coli 
S4 ram protein. Genetics, 132, 375-86. 

VLANTI, A., ROUSAKIS, A. & SYNTICHAKI, P. 2013. GCN2 and TOR converge on aging. Aging 
(Albany NY), 5, 584-5. 

VON DER HAAR, T., LEADSHAM, J. E., SAUVADET, A., TARRANT, D., ADAM, I. S., SAROMI, K., 
LAUN, P., RINNERTHALER, M., BREITENBACH-KOLLER, H., BREITENBACH, M., TUITE, M. 
F. & GOURLAY, C. W. 2017. The control of translational accuracy is a determinant of 
healthy ageing in yeast. Open Biol, 7. 

VOSLER, P. S., GAO, Y., BRENNAN, C. S., YANAGIYA, A., GAN, Y., CAO, G., ZHANG, F., MORLEY, S. 
J., SONENBERG, N., BENNETT, M. V. & CHEN, J. 2011. Ischemia-induced calpain 
activation causes eukaryotic (translation) initiation factor 4G1 (eIF4GI) degradation, 
protein synthesis inhibition, and neuronal death. Proc Natl Acad Sci U S A, 108, 18102-
7. 

WAKEM, L. P. & SHERMAN, F. 1990. Isolation and characterization of omnipotent suppressors 
in the yeast Saccharomyces cerevisiae. Genetics, 124, 515-22. 

WAKI, T., TAMURA, G., SATO, M. & MOTOYAMA, T. 2003. Age-related methylation of tumor 
suppressor and tumor-related genes: an analysis of autopsy samples. Oncogene, 22, 
4128-33. 

WALLACE, A. R. 1889. "The action of natural selection in producing old age, decay and death [a 
note by Wallace written “some time between 1865 and 1870”]." Essays on hereditary 
and kindred biological problems. . Oxford, UK: Claredon. 

WANG, C., WHEELER, C. T., ALBERICO, T., SUN, X., SEEBERGER, J., LASLO, M., SPANGLER, E., 
KERN, B., DE CABO, R. & ZOU, S. 2013. The effect of resveratrol on lifespan depends on 
both gender and dietary nutrient composition in Drosophila melanogaster. Age 
(Dordr), 35, 69-81. 

WANG, H., ZHAO, Y., EZCURRA, M., BENEDETTO, A., GILLIAT, A. F., HELLBERG, J., REN, Z., 
GALIMOV, E. R., ATHIGAPANICH, T., GIRSTMAIR, J., TELFORD, M. J., DOLPHIN, C. T., 
ZHANG, Z. & GEMS, D. 2018. A parthenogenetic quasi-program causes teratoma-like 
tumors during aging in wild-type C. elegans. NPJ Aging Mech Dis, 4, 6. 

WANG, S. & REN, J. 2018. Obesity Paradox in Aging: From Prevalence to Pathophysiology. Prog 
Cardiovasc Dis, 61, 182-189. 

WANG, X., CHOW, C. R., EBINE, K., LEE, J., ROSNER, M. R., PAN, T. & MUNSHI, H. G. 2016. 
Interaction of tRNA with MEK2 in pancreatic cancer cells. Sci Rep, 6, 28260. 

WANG, X. & PAN, T. 2015. Methionine Mistranslation Bypasses the Restraint of the Genetic 
Code to Generate Mutant Proteins with Distinct Activities. PLoS Genet, 11, e1005745. 

WANG, X. & PROUD, C. G. 2006. The mTOR pathway in the control of protein synthesis. 
Physiology (Bethesda), 21, 362-9. 

WARNECKE, T. & HURST, L. D. 2010. GroEL dependency affects codon usage--support for a 
critical role of misfolding in gene evolution. Mol Syst Biol, 6, 340. 

WEBB, T. R., CROSS, S. H., MCKIE, L., EDGAR, R., VIZOR, L., HARRISON, J., PETERS, J. & JACKSON, 
I. J. 2008. Diphthamide modification of eEF2 requires a J-domain protein and is 
essential for normal development. J Cell Sci, 121, 3140-5. 



The role of decreased protein synthesis in delaying ageing                      | Martínez Miguel, V.E. 

 

282 
 

WEISMANN, A. 1889. Essays upon heredity and kindred biological problems., England, UK, 
Claredon Press. 

WEISMANN, A. 1893. The Germ-Plasm. A theory of heredity. , New York, USA., Charles 
Scribner's Sons. . 

WEN, H., YANG, H. J., AN, Y. J., KIM, J. M., LEE, D. H., JIN, X., PARK, S. W., MIN, K. J. & PARK, S. 
2013. Enhanced phase II detoxification contributes to beneficial effects of dietary 
restriction as revealed by multi-platform metabolomics studies. Mol Cell Proteomics, 
12, 575-86. 

WHITAKER, R., FAULKNER, S., MIYOKAWA, R., BURHENN, L., HENRIKSEN, M., WOOD, J. G. & 
HELFAND, S. L. 2013. Increased expression of Drosophila Sir2 extends life span in a 
dose-dependent manner. Aging (Albany NY), 5, 682-91. 

WHO. 2018. Global Health Estimates 2016: Deaths by Cause, Age, Sex, by Country and by 
region, 2000-2016 [Online]. Available: http://www.who.int/news-room/fact-
sheets/detail/the-top-10-causes-of-death [Accessed]. 

WILLCOX, B. J., DONLON, T. A., HE, Q., CHEN, R., GROVE, J. S., YANO, K., MASAKI, K. H., 
WILLCOX, D. C., RODRIGUEZ, B. & CURB, J. D. 2008. FOXO3A genotype is strongly 
associated with human longevity. Proc Natl Acad Sci U S A, 105, 13987-92. 

WILLIAMS, G. C. 1957. Pleiotropy, Natural-Selection, and the Evolution of Senescence. 
Evolution, 11, 398-411. 

WILSON, D. N. & BECKMANN, R. 2011. The ribosomal tunnel as a functional environment for 
nascent polypeptide folding and translational stalling. Current opinion in structural 
biology, 21, 274-282. 

WILSON, D. N. & CATE, J. H. D. 2012. The structure and function of the eukaryotic ribosome. 
Cold Spring Harbor perspectives in biology, 4, a011536. 

WILTROUT, E., GOODENBOUR, J. M., FRECHIN, M. & PAN, T. 2012. Misacylation of tRNA with 
methionine in Saccharomyces cerevisiae. Nucleic Acids Res, 40, 10494-506. 

WIMBERLY, B. T., BRODERSEN, D. E., CLEMONS, W. M., JR., MORGAN-WARREN, R. J., CARTER, 
A. P., VONRHEIN, C., HARTSCH, T. & RAMAKRISHNAN, V. 2000. Structure of the 30S 
ribosomal subunit. Nature, 407, 327-39. 

WOHLGEMUTH, I., POHL, C. & RODNINA, M. V. 2010. Optimization of speed and accuracy of 
decoding in translation. EMBO J, 29, 3701-9. 

WOLFSON, R. L. & SABATINI, D. M. 2017. The Dawn of the Age of Amino Acid Sensors for the 
mTORC1 Pathway. Cell Metab, 26, 301-309. 

WOOD, J. G., ROGINA, B., LAVU, S., HOWITZ, K., HELFAND, S. L., TATAR, M. & SINCLAIR, D. 
2004. Sirtuin activators mimic caloric restriction and delay ageing in metazoans. 
Nature, 430, 686-9. 

XIAO, Z., ZOU, Q., LIU, Y. & YANG, X. 2016. Genome-wide assessment of differential 
translations with ribosome profiling data. Nat Commun, 7, 11194. 

XUE, S. & BARNA, M. 2012. Specialized ribosomes: a new frontier in gene regulation and 
organismal biology. Nat Rev Mol Cell Biol, 13, 355-69. 

YAMAGUCHI, T., KAKEFUDA, R., TAJIMA, N., SOWA, Y. & SAKAI, T. 2011. Antitumor activities of 
JTP-74057 (GSK1120212), a novel MEK1/2 inhibitor, on colorectal cancer cell lines in 
vitro and in vivo. Int J Oncol, 39, 23-31. 

YANG, W., LI, J. & HEKIMI, S. 2007. A Measurable increase in oxidative damage due to 
reduction in superoxide detoxification fails to shorten the life span of long-lived 
mitochondrial mutants of Caenorhabditis elegans. Genetics, 177, 2063-74. 

YEN, K., PATEL, H. B., LUBLIN, A. L. & MOBBS, C. V. 2009. SOD isoforms play no role in lifespan 
in ad lib or dietary restricted conditions, but mutational inactivation of SOD-1 reduces 
life extension by cold. Mech Ageing Dev, 130, 173-8. 

YOSHINO, J., CONTE, C., FONTANA, L., MITTENDORFER, B., IMAI, S., SCHECHTMAN, K. B., GU, 
C., KUNZ, I., ROSSI FANELLI, F., PATTERSON, B. W. & KLEIN, S. 2012. Resveratrol 

http://www.who.int/news-room/fact-sheets/detail/the-top-10-causes-of-death
http://www.who.int/news-room/fact-sheets/detail/the-top-10-causes-of-death


The role of decreased protein synthesis in delaying ageing                      | Martínez Miguel, V.E. 

 

283 
 

supplementation does not improve metabolic function in nonobese women with 
normal glucose tolerance. Cell Metab, 16, 658-64. 

ZAHER, H. S. & GREEN, R. 2009. Fidelity at the molecular level: lessons from protein synthesis. 
Cell, 136, 746-762. 

ZAHER, H. S. & GREEN, R. 2010. Hyperaccurate and error-prone ribosomes exploit distinct 
mechanisms during tRNA selection. Mol Cell, 39, 110-20. 

ZENG, Y., CHEN, H. S., NI, T., RUAN, R. P., NIE, C., LIU, X. M., FENG, L., ZHANG, F. Y., LU, J. H., LI, 
J. X., LI, Y., TAO, W., GREGORY, S. G., GOTTSCHALK, W., LUTZ, M. W., LAND, K. C., 
YASHIN, A., TAN, Q. H., YANG, Z., BOLUND, L., MING, Q., YANG, H. M., MIN, J. X., 
WILLCOX, D. C., WILLCOX, B. J., GU, J., HAUSER, E., TIAN, X. L. & VAUPEL, J. W. 2016. 
Interaction Between the FOXO1A-209 Genotype and Tea Drinking Is Significantly 
Associated with Reduced Mortality at Advanced Ages. Rejuvenation Research, 19, 195-
203. 

ZHANG, G., HUBALEWSKA, M. & IGNATOVA, Z. 2009. Transient ribosomal attenuation 
coordinates protein synthesis and co-translational folding. Nat Struct Mol Biol, 16, 274-
80. 

ZHANG, J., PAVLOV, M. Y. & EHRENBERG, M. 2018. Accuracy of genetic code translation and its 
orthogonal corruption by aminoglycosides and Mg2+ ions. Nucleic Acids Res, 46, 1362-
1374. 

ZHANG, L., GING, N. C., KOMODA, T., HANADA, T., SUZUKI, T. & WATANABE, K. 2005. Antibiotic 
susceptibility of mammalian mitochondrial translation. FEBS Lett, 579, 6423-7. 

ZHANG, Y., YANG, X., ZHOU, F. Y., ZHANG, A. F., ZHU, X. F., CHEN, Y., ZHOU, M. G. & GAO, T. C. 
2015. Detection of a mutation at codon 43 of the rpsL gene in Xanthomonas oryzae pv. 
oryzicola and X. oryzae pv. oryzae by PCR-RFLP. Genet Mol Res, 14, 18587-95. 

ZHOURAVLEVA, G., FROLOVA, L., LE GOFF, X., LE GUELLEC, R., INGE-VECHTOMOV, S., KISSELEV, 
L. & PHILIPPE, M. 1995. Termination of translation in eukaryotes is governed by two 
interacting polypeptide chain release factors, eRF1 and eRF3. EMBO J, 14, 4065-72. 

ZHU, L. & DEUTSCHER, M. P. 1987. tRNA nucleotidyltransferase is not essential for Escherichia 
coli viability. EMBO J, 6, 2473-7. 

ZID, B. M., ROGERS, A. N., KATEWA, S. D., VARGAS, M. A., KOLIPINSKI, M. C., LU, T. A., BENZER, 
S. & KAPAHI, P. 2009. 4E-BP extends lifespan upon dietary restriction by enhancing 
mitochondrial activity in Drosophila. Cell, 139, 149-160. 

ZIEHM, M., PIPER, M. D. & THORNTON, J. M. 2013. Analysing variation in Drosophila aging 
across independent experimental studies: a meta-analysis of survival data. Aging Cell, 
12, 917-22. 

ZIEHM, M. & THORNTON, J. M. 2013. Unlocking the potential of survival data for model 
organisms through a new database and online analysis platform: SurvCurv. Aging Cell, 
12, 910-6. 

ZIMMERMANN, R. A., GARVIN, R. T. & GORINI, L. 1971. Alteration of a 30S ribosomal protein 
accompanying the ram mutation in Escherichia coli. Proc Natl Acad Sci U S A, 68, 2263-
7. 

ZWAAN, B., BIJLSMA, R. & HOEKSTRA, R. F. 1995. Direct Selection on Life Span in Drosophila 
Melanogaster. Evolution, 49, 649-659. 

 


	Declaration
	Abstract
	Impact statement
	Acknowledgements
	List of figures
	List of tables
	List of symbols and abbreviations
	Chapter 1. Introduction
	1.1. Introduction to the biology of ageing
	1.1.1. Introduction to ageing
	1.1.1.1. Relevance of anti-ageing interventions to societies

	1.1.2. Biology of ageing
	1.1.2.1. Evolutionary theories
	1.1.2.1.1. Ageing as an evolved trait
	1.1.2.1.2. Ageing to benefit the species
	1.1.2.1.3. Extrinsic hazards and natural selection
	1.1.2.1.4. Mutation accumulation theory
	1.1.2.1.5. Antagonistic pleiotropy theory
	1.1.2.1.6. The disposable soma theory
	1.1.2.1.7. Modified Mutation Accumulation (MMA) theory

	1.1.2.2. Mechanistic theories
	1.1.2.2.1. Wear and tear theory
	1.1.2.2.2. Somatic mutations theory
	1.1.2.2.3. The error catastrophe theory
	1.1.2.2.4. Replicative theory of ageing
	1.1.2.2.5. Rate of living (ROL) theory
	1.1.2.2.6. The free radical/ oxidative damage theory of ageing
	1.1.2.2.7. The green theory of ageing

	1.2.3. Model organisms used in ageing research

	1.1.3. Molecular mechanisms behind ageing
	1.1.3.1. Insulin/IGF (insulin-like growth factor)-like signalling (IIS)
	1.1.3.2. Dietary restriction
	1.1.3.2. Mechanistic/mammalian target-of-Rapamycin (mTOR) signaling
	1.1.3.3. AMP kinase
	1.1.3.4. Sirtuins
	1.1.3.6. Signals from the reproductive system
	1.1.3.7. Epigenetics
	1.1.3.9. Involvement of translation

	1.1.4. Pharmacological treatments to ameliorate ageing

	1.2. Introduction: Translation and translational fidelity
	1.2.1.  Translation.
	1.2.1.1. tRNA charging
	1.2.1.2. Initiation
	1.2.1.3. Elongation
	1.2.1.4. Termination and ribosome recycling
	1.2.1.5. Ribosomal subunits
	1.2.1.6. Mitochondrial translation
	1.2.1.7. Signalling pathways involved in translation

	1.2.2. Translational fidelity
	1.2.2.1. Mutations and antibiotics affecting fidelity
	1.2.2.1.1. Streptomycin, ram and restrictive mutants
	1.2.2.1.2. Paromomycin

	1.2.2.2. Ribosomal structures affecting decoding and fidelity
	1.2.2.3. Translation fidelity studies in eukaryotes
	1.2.2.4. Stress and translation fidelity
	1.2.2.5. Harmful outcomes of mistranslation
	1.2.2.6. Beneficial effects of translation inaccuracy

	1.2.3. Translation and ageing
	1.2.3.1. Translation fidelity and ageing.


	1.3. Thesis Outline
	1.4. Thesis aims and objectives
	Chapter 2: Materials and Methods.
	2. 1. Drosophila stocks and maintenance
	2.1.1. Fly maintenance
	2.1.2. Drosophila medium preparation
	2.1.3. Stock list
	2.1.4. Lifespan analysis
	2.1.5. Drugs used in lifespans

	2.2. Healthspan and behavioural analysis in Drosophila
	2.2.1. Negative geotaxis or climbing assay
	2.2.2. Stress resistance assays
	2.2.3. Fertility assay
	2.2.4. Developmental assay

	2.3. Gene expression analysis
	2.3.1. Tissue preparation
	2.3.2. RNA extraction
	2.3.3. cDNA conversion
	2.3.4. RT-qPCR

	2.4. Protein purification and analysis
	2.4.1. Protein extraction
	2.4.2. SDS-PAGE electrophoresis
	2.4.3. Immunoblotting

	2.5 Overall translation measurements
	2.5.1. Sample preparation

	2.6. Translation fidelity assay in vivo
	2.6.1. Cloning of the translation fidelity reporters for Drosophila
	2.6.2. Fly generation and backcrossing of the translation fidelity reporters
	2.6.3. Fly crossing scheme
	2.6.4. Sample preparation for the dual luciferase assay
	2.6.5. Dual luciferase assay in vivo

	2.7. Drosophila translation fidelity mutant generation
	2.7.1. CRISPR design
	2.7.1.1. S2R+ cells and Cas9 flies sequencing
	2.7.1.2. gRNA design and screen
	2.7.1.3. ssODN design

	2.7.2. gRNA cloning into pCFD3 vector
	2.7.3. Embryo injection
	2.7.4. Positive candidates screen
	2.7.4.1. Fly crosses scheme
	2.7.4.2. Screen for positive mutants with the mutations of interest
	2.7.4.3. DNA purification of CRISPR mutants and sequencing

	2.7.5. Backcrossing scheme of the mutants

	2.8. S2R+ cells culture and maintenance
	2.9. RNA interference (RNAi) in vitro
	2.9.1. dsRNA preparation
	2.9.2. dsRNA treatment in S2R+ cells

	2.10. Translation fidelity assay in vitro
	2.10.1. Cloning of translation fidelity reporters
	2.10.2. Stable cell generation
	2.10.3. Sample preparation
	2.10.4. Dual luciferase assay in vitro
	2.10.5. Drugs used in the dual luciferase assay in vitro.


	Chapter 3: Genetic screen for translation-associated factors that can extend lifespan in Drosophila
	3.1. Introduction
	3.2. Results
	3.2.1 The effect of downregulation of translation-associated proteins by RNAi on lifespan and healthspan in Drosophila
	3.2.1.1. Downregulation of translation-associated proteins by RNAi in metabolic tissues can extend lifespan
	3.2.1.2. Downregulation of translation-associated proteins by RNAi in metabolic tissues can improve health in Drosophila but does not confer resistance to heat shock and tunicamycin stresses
	3.2.1.3. Downregulation of translation-associated proteins by RNAi in metabolic tissues does not alter signalling pathways related to protein synthesis
	3.2.1.4. Measurements of de novo protein synthesis in flies with downregulated translation-associated proteins by RNAi in metabolic tissues
	3.2.1.5. Translation fidelity examination in flies with downregulated translation factors by RNAi in metabolic tissues
	3.2.1.6. Epistasis measurements using paromomycin
	3.2.1.7. Conclusions about the effect on Drosophila’s longevity of downregulating translation-associated proteins by RNAi


	3.3. Discussion
	3.3.1. Ubiquitously downregulating certain translation-associated factors in adult flies can be detrimental, but their downregulation in the fat body and intestine can extend lifespan
	3.3.2. Downregulation in the fat body and intestines of eIF4E extends lifespan but downregulation of eIF4G shortens it
	3.3.3 Downregulation of eEF2 in the fat body and intestines extends lifespan and healthspan
	3.3.4 Downregulation in the fat body and intestines of RPS23 extends lifespan
	3.3.6. Translation fidelity in flies with downregulated eIF4E, eIF4G, eEF2 and RPS23 in the metabolic tissues

	Chapter 4. Pharmacological screen for drugs that improve translation fidelity and their potential to be anti-ageing treatments in Drosophila
	4.1. Introduction
	4.2. Results
	4.2.1. Drugs that extend lifespan improve translation fidelity in vitro
	4.2.1.1. Validation of translation fidelity reporters for Drosophila derived S2R+ cells
	4.2.1.2. Several drugs that extend lifespan decrease the level of translation errors
	4.2.1.3. Effect on lifespan of the drugs tested on the translation fidelity assay
	4.2.1.4. Conclusions about the effect of longevity-related drugs on translation fidelity.

	4.3. Discussion
	4.3.1. The lifespan extending effect of the drugs tested correlates with increased translation fidelity

	Chapter 5. Impact on development and longevity of a substitution point mutation that alters translation fidelity
	5.1 Introduction
	5.2. Results
	5.2.1. Generation and characterisation of the first metazoan translation fidelity mutant
	5.2.1.1. Design of the translation fidelity mutations by CRISPR Cas-9
	5.3.1.2. Translation fidelity is improved in RPS23 K60R flies
	5.3.1.3. Directly altering translation fidelity by a mutation in the ribosomal decoding centre delays development independently of the environment
	5.3.1.4. Directly altering translation fidelity in Drosophila influences longevity in a condition-dependent manner
	5.3.1.5. RPS23 K60R female flies have improved healthspan when reared under standard conditions
	5.3.1.6. Homozygous RPS23 K60R female flies are sensitive to paromomycin but heterozygous RPS23 K60R flies were not
	5.3.1.7. Conclusions about the characterisation of the translation fidelity mutant RPS23 K60R


	5.4. Discussion
	5.4.1. K60R reduces stop codon readthrough in Drosophila
	5.4.2. The level of stop codon readthrough increases with age in Drosophila
	5.4.3. K60R delayed development
	5.4.4. K60R can extend lifespan and improve healthspan in a condition-dependent manner

	Chapter 6: General discussion
	6.2 Future work

	References

