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a b s t r a c t

Ageing is manifested as functional and structural deterioration that affects cell and tissue physiology.
mRNA translation is a central cellular process, supplying cells with newly synthesized proteins. Accu-
mulating evidence suggests that alterations in protein synthesis are not merely a corollary but rather a
critical factor for the progression of ageing. Here, we survey protein synthesis regulatory mechanisms
and focus on the pre-translational regulation of the process exerted by non-coding RNA species, RNA
binding proteins and alterations of intrinsic RNA properties. In addition, we discuss the tight relationship
between mRNA translation and two central pathways that modulate ageing, namely the insulin/IGF-1
eywords:
nsulin/IGF-1 signalling

RNA translation
on-coding RNAs
ibosomes
NA binding proteins

and TOR signalling cascades. A thorough understanding of the complex interplay between protein syn-
thesis regulation and ageing will provide critical insights into the pathogenesis of age-related disorders,
associated with impaired proteostasis and protein quality control.

© 2015 Elsevier B.V. All rights reserved.
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. Introduction

Proteins have been selected as the main executor biomolecules
tilized by the cellular arsenal in diverse organisms, ranging
rom unicellular prokaryotes to complex multicellular eukaryotes.
pproximately half of the total energy output of the cells is con-
umed for the translation process while specialized systems, for
nstance, the methionine sulfoxide reduction system (Kim, 2013)
nd the thioredoxin antioxidant system (Lu and Holmgren, 2014),
ave evolved to remove oxidative damage existing in polypeptides.
dditively, autophagy and the proteasome machinery constantly
urvey for aggregated or dysfunctional proteins, subsequently
liminating them. Hence, a milieu of specialized factors is dedicated
o the preservation of proteostasis per se, illustrating once again the
mportance of maintaining the protein repertoire intact, devoid of
ny sort of damage. In parallel, the need for maintaining cellular
omeostasis dictates that at any given time the protein synthesis
ate should be coupled with protein degradation rhythms. When
his balance is perturbed, defective or damaged proteins may accu-

ulate progressively, ultimately leading to a detrimental state and
ven cell death (Hipp et al., 2014). Considering the importance of
he proteome integrity for cellular functions, it is not surprising that
he loss of proteostasis is tightly linked with the onset of ageing and
eurodegenerative disease and is classified as a typical hallmark
f ageing (López-Otín et al., 2013).mRNA translation is a cytoplas-
ic cellular process which is affected by age. It involves a series

f complex reactions, namely the initiation which involves multi-
le steps followed by the elongation and the termination phase.
lucidating the mechanisms by which translational components
unction will allow a more profound understanding of their con-
ribution to the ageing process. Here, we review the regulatory

echanisms of the translation initiation phase as well as the role
f ribosomal proteins, ribosome biogenesis and structure in whole
rganism longevity. Dysfunction of mitochondria including altered
tructure, mitochondrial gene expression and metabolism is a char-
cteristic of ageing (Gomes et al., 2013). However, interestingly
nough, the communication between cytoplasmic translation and
his organelle is also crucial; thus the interaction between mito-
hondrial function and cytosolic protein synthesis will also be
iscussed in the context of the ageing process.

Even at the pre-translation level multiple regulatory mecha-
isms are utilized so that the process of protein synthesis is tightly
ontrolled both spatially and temporally. Dysregulation of protein
ynthesis surveillance mechanisms at either the pre-translational
r translational level has been related to ageing and disease onset
Tavernarakis, 2007; Yoon et al., 2006). From DNA replication to
unctional protein folding, a pleiad of molecules with distinct func-
ions cooperate in multiple regulatory networks. Studies so far have
artially shed light on several of these factors. Specifically, after
NA transcription and before translation initiation, non-coding
NAs and RNA binding proteins (RBPs) function to regulate trans-

ation. Intriguingly, recent studies highlight that the endogenous
roperties of RNA molecules change with age, raising the question
f whether artificial intervention on intrinsic RNA properties could
ither delay or accelerate ageing.

Genomic studies show that in contrast to the high percentage
f the human genome that is being transcribed, fewer than 2%
f the produced RNA molecules are finally translated, producing
unctional proteins (Kapranov et al., 2007). Relative to their coding
otential, RNA molecules are divided into two broad categories:
he coding and the non-coding RNAs. Non-coding RNAs are further
ubdivided into the small and long non-coding RNAs. Both are expo-

entially attracting the interest of the scientific society as they have
een shown to play key roles in fundamental cellular processes
uch as DNA and mRNA regulation as well as protein synthesis
ontrol, thus affecting a variety of complex biological processes
ch Reviews 23 (2015) 75–89

such as tissue differentiation, development, cellular senescence,
ageing and disease onset (Abdelmohsen et al., 2013; Gong and
Maquat, 2011; Kretz et al., 2013; Lovat et al., 2011; Smith-Vikos
and Slack, 2012; Wang et al., 2008; Wolfson et al., 2009). Some of
their endogenous properties such as 2-D and 3-D folding, modified
forms; such as methylated or oxidized ones, are implicated in dis-
ease onset and cell physiology disruption (Halvorsen et al., 2010;
Poulsen et al., 2012; Squires et al., 2012; Wang et al., 2014). The RBPs
in concert with non-coding RNAs play a significant role in the regu-
lation of protein synthesis at a post-transcriptional level and more
specifically in mRNA homeostasis. This multi-layered regulation of
protein synthesis is of high importance for the regulation of the
ageing process (Rattan, 2010; Schimanski and Barnes, 2010). RBPs
are capable of either repressing or activating protein synthesis by
binding to specific mRNAs, while some of them execute both. More-
over, it is evident that each one of them can bind to multiple targets
(Lebedeva et al., 2011). Besides mRNAs, their targets include tran-
scription factors and other RBPs or proteins that modulate ageing,
even if knowledge in this field is still constrained.

Ageing is manifested by the progressive decline in cellular
functions, compromising tissue functionality and finally causing
fatality. The prevailing theory was that ageing is a stochastic and
passive process accelerated by the accumulation of irreversible
damage in vital macromolecules. However, it has nowadays
become evident that the onset of ageing is tightly regulated by con-
served signalling pathways, mainly the TOR and the insulin/IGF-1
(Gems and Partridge, 2013). Protein synthesis, and especially trans-
lation initiation, is a rather reasonable node of interaction with
ageing-determining pathways, as it essentially enables the replen-
ishment of defective or damaged proteins with fresh, intact ones.
Intriguingly, it is the attenuation of protein synthesis, instead of its
enhancement, that has beneficial effects on lifespan probably via
shifting valuable energy resources from anabolism to repair and the
activation of stress-response mechanisms. Concomitantly, deple-
tion of specific amino acids extends chronological lifespan of yeast
cells and delays senescence of mammalian cell cultures (Johnson
and Johnson, 2014; Kozieł et al., 2014). These findings are consis-
tent with the theory of antagonistic pleiotropy, which postulates
that genes which accelerate ageing are maintained in the popula-
tion because of their requirement in early developmental stages
(Parsons, 2007). In this review, we survey the link between protein
synthesis quality control mechanisms and the ageing process.

2. Protein synthesis quality control

2.1. mRNA translation initiation

The most tightly controlled step of translation is the initiation
phase when the ribosomes initiate translation of the messenger
RNA (mRNA) in the 5′ to 3′ direction by pairing of the mRNA initi-
ation codon with the anticodon loop of initiator tRNA. Specifically,
the 43S pre-initiation complex, comprised of 40S ribosomal sub-
unit and several initiation factors, is formed to unwind the RNA
secondary structure; this is a scanning mechanism invoking sev-
eral core and auxiliary initiation factors. Alternatively, translation
of certain mRNAs can start from the internal ribosome entry sites
(Jackson et al., 2010). The pre-initiation complex then attaches to
the mRNA and scans the 5′ UTR, followed by recognition of the ini-
tiation codon. Initiation is modulated by mechanisms which affect
either the eukaryotic initiation factors (eIFs) and the ribosomes
or the mRNA itself through ribosome binding proteins (RBPs) and

microRNAs (miRs).

Translation initiation control has been directly linked to the
ageing process. It has been well established that reduced protein
synthesis, albeit reducing growth rate and development, extends
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dult lifespan in Caenorhabditis elegans. Firstly, a homologue of
he somatic eukaryotic initiation factor 4E (eIF4E) in C. elegans,
FE-2 isoform, a major modulator of translation, binds the 7-

onomethyl guanosine cap at the 5′ end of nuclear mRNAs and
rotects against oxidative stress. Genetic inhibition of ife-2 can
xtend lifespan (Syntichaki et al., 2007). Under hypoxia, this cap-
ing is repressed by eIF4E sequestration, and translation initiation
t the internal ribosome entry site cannot explain the translation
evels detected. Recently, an alternative oxygen-regulated transla-
ion initiation complex has been proposed. eIF4E2 together with
BM4 and hypoxia-inducible factor 2alpha complex are recruited
y RNA hypoxia response element and capture the 5′ cap of a pleiad
f mRNAs to polysomes for translation (Uniacke et al., 2012).

Eukaryotic translation initiation factor 4G (eIf4G), which is
ownregulated during starvation, alters the expression of devel-
pmental and lifespan genes. Moreover, suppression of ifg-1 which
ncodes the C. elegans orthologue of eIF4G triggered ribosomal
oading increase and expression of stress response genes required
or longevity (Rogers et al., 2011). Translational inhibition due
o stress has mainly been described during the initiation phase,
hrough the phosphorylation of the alpha subunit of eIF2 at serine
1. This allows cells to protect themselves from oxidative stress
nd reactive oxygen species (ROS) while simultaneously avoiding
enescence (Rajesh et al., 2013). On the contrary, when the mech-
nism of translational inhibition is defective, specifically in the
bsence of phosphorylated eIF2�, namely eIF2�P-deficient tumour
ells, it causes increased sensitivity to DNA damage and increased
OS production leading to premature senescence (Rajesh et al.,
013).

.2. Ribosome quality control

Ribosomes are not merely ribozymes but they themselves can
ct as a protein quality control gate. Ribosomes can be composed
f different subunits which include different rRNAs, ribosomal
roteins which are differentially translated and are prone to
ost-translational modifications, as well as different ribosome-
ssociated proteins (Xue and Barna, 2012). Their role in the ageing
rocess can only be delineated under the scope of their aforemen-
ioned specificity and their protein interaction variation. One of
he first intriguing observations was that reduced translation by
uppressing 60S ribosomal subunit expression or nutrient depri-
ation delay the ageing process in yeast, C. elegans and Drosophila
elanogaster (Hansen et al., 2007; Steffen et al., 2008). This was

ound to be triggered by a nutrient-responsive transcription factor,
CN-4.

At the transcriptional level, budding yeast ribosomal protein
xpression is regulated by the transcriptional coactivator Ifhp1
ogether with which the expression of a battery of other genes such
s GCN-4 and translation elongation factors is activated (Cai et al.,
013). This coactivator is regulated according to the growth state of
he cells by acetylation in response to intracellular acetyl-CoA lev-
ls, and phosphorylation due to TORC1 signalling. These nutrients
ensing mechanisms do not seem to alter cell growth but instead
he former regulates the stability of proteins while the latter,
he organism’s replicative lifespan. Concerning ribosomal chaper-
nes, emerging evidence has demonstrated their importance both
n prokaryotes and eukaryotes in regulating translational activity
specially under cellular stress conditions. Proteotoxic insults trig-
er a negative feedback loop specifically by post-translationally
egulating ribosome function. A significant reduction of protein
ynthesis has been observed during ageing and in response to pro-

eotoxic stress in C. elegans. Specifically, a ribosome-associated
haperone complex which contributes to this fine-tuning is the
ascent polypeptide-associated complex, NAC, which links the
ranslational machinery, the ribosomes, with folding of newly
ch Reviews 23 (2015) 75–89 77

synthesized proteins (Kirstein-Miles et al., 2013; Preissler and
Deuerling, 2012). Most importantly, NAC is able to reversibly dis-
sociate from the ribosomes, reducing the amount of polysomes
and thus translational activity, while simultaneously supporting
the resolubilization of misfolded proteins under acute stress condi-
tions. Thus, ribosomes themselves are central for protein synthesis
quality control in terms of sensing the nature of the polypeptide
chain and engaging transport and protein folding components.
However, during ageing, chronic stress conditions or constitutive
expression of protein aggregates such as A� and polyQ, there is
irreversible sequestration of these chaperones leading to a halt in
ribosomal activity (Ben-Zvi et al., 2009; Kirstein-Miles et al., 2013).
These studies underscore that mRNA translation is restricted to a
specific age time frame, and thus it can compensate for accumula-
tion of misfolded proteins after a certain age.

On a similar note, acute proteotoxic stress or heat shock has
been recently proposed to cause ribosomal pausing during elonga-
tion. Specifically ribosomes pause early during the elongation phase
where nascent polypeptide chains exit the ribosomal tunnel by
detecting intracellular protein folding and homeostasis (Liu et al.,
2013). Translocation from the interior of ribosomes to the cyto-
plasm is significantly aided by ribosome-associated chaperones,
namely Hsc/Hsp70, whose availability becomes limited during pro-
teotoxic stress, pausing ribosomes on the first fifty codons of the
transcript, thus reducing translational rate (Liu et al., 2013; Shalgi
et al., 2013). It is further implicated that ribosomal pausing dur-
ing elongation occurs before attenuation of translational initiation
which has been considered to be the main modulator stage for
protein synthesis. The mechanism of ribosomal pausing after ini-
tiation and before the end of translation was recently verified
under physiological conditions (Han et al., 2014). Specifically, ribo-
somes were shown to pause after initiation independently of a
specific sequence, but rather due to the geometry of the loop region
of the exit tunnel. Indeed, mutations in this loop region cause
this ribosome variant to abandon translation. Thus, post-initiation
ribosomal pausing could be an intrinsic regulatory mechanism to
ensure proper translation.

Furthermore, the ribosomal exit site has another quality con-
trol function in order to prevent proteotoxicity due to secretory
protein misfolding. Specifically, defective protein mRNA transla-
tion is prevented by the regulation of aberrant protein production
(RAPP) mechanism when the signal recognition particle (SRP) at the
ribosomal exit site is unable to associate with mutant N-terminal
signal sequences. Instead, the mutant nascent chain comes in close
proximity to the ribosome-interacting protein Argonaute 2 (Ago2),
which in turn directs the respective transcripts for degradation
(Karamyshev et al., 2014). Importantly, SRP is essential for this pro-
cess as its absence causes mRNA degradation of otherwise wild type
secreted proteins.

Other mechanisms which affect ribosome functioning include
the circadian clock, which affects temporal transcription and sub-
sequent translation of genes involved in ribosome biogenesis
regulation (Jouffe et al., 2013). This is achieved by modulating the
expression and activation of initiation factor of the translational
machinery as well as activation of signalling pathways regulat-
ing these factors. In parallel, disrupting the circadian rhythm has
been shown to accelerate ageing (Dubrovsky et al., 2010). There
are also mechanisms which are implicated in the temporal and
spatial restriction of translation, such as the localization of the
ribosomes (Besse and Ephrussi, 2008). For instance, local mRNA
translation in the axons of neurons affects axon guidance, survival,
regeneration; while its dysregulation has been recently suggested

to cause neurological disease (Shigeoka et al., 2013). Recently,
tissue-specific brain ageing, neurodegeneration due to affected
ribosomes and translational efficiency, has been revealed. Ablation
of a CNS-specific nuclear encoded tRNA caused ribosomal pausing
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Fig. 1. The ribosome is a major protein quality control hub during mRNA translation. The signal recognition particle at the ribosomal exit site is unable to interact with
mutant N-terminal sequences and initiates the RAPP (regulation of protein production) mechanism allowing the mutant nascent chain to be recognized by Argonaute which
recruits the respective mRNAs for degradation, preventing proteotoxic stress. If proteotoxic stress cannot be avoided, a ribosome-associated chaperone complex, the nascent
polypetide-associated complex (NAC), dissociates from the ribosomes, reducing the amount of polysomes while aiding the resolubilization of misfolded proteins. Moreover,
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pon proteotoxicity, ribosome-associated chaperones Hsc/Hsp70 availability becom
o the cytoplasm. This causes ribosomal pausing reducing the overall translational ra
esponse pathway during mitochondrial dysfunction, mitochondrial unfolded prote

nd neurodegeneration whose effect was only rescued by over-
xpression of GTBP2 which associates with the ribosomal protein
elota (Ishimura et al., 2014).

.3. Mitochondrial function and cytosolic mRNA translation

Although mRNA translation is cytoplasmic, mitochondrial pro-
eins have also been implicated in the modulation of this process.

ore specifically, a recent study which categorized long-lived
east strains based on their oxidative, thermal, ER, DNA damage
tress response expression profile, indicated that yeast mutants
or mitochondrial protease Afg3 display a similar expression pro-
le with large ribosomal subunit protein mutants (Delaney et al.,
013). Interestingly enough, these mutants depicted lower levels of
RNA translation and Gcn-4-dependent lifespan extension similar

o the long-lived large ribosomal subunit gene deletion mutants.
n C. elegans, GCN-2 is the eIF2alpha kinase homologue controlling
ytoplasmic translation. This protein functions in a complemen-
ary fashion to ATFS-1-dependent response pathway both during
evelopment and upon mitochondria dysfunction (Baker et al.,
012). ATFS-1 controls the transcription of mitochondria chaper-
ne genes when the mitochondrial unfolded protein response is
riggered (Baker et al., 2012). GCN-2 induces this pathway dur-
ng mitochondrial stress and further extends lifespan of mutants

ith perturbed mitochondria function causing increased expres-
ion of mitochondrial chaperones. This study firstly underlies the
oncerted protective action of cytoplasmic protein synthesis and
itochondria chaperone expression against mitochondrial dys-

unction and secondly could imply that translational attenuation by
CN-2 increases the lifespan of the nematode by providing stress

esistance as indicated in Fig. 1. Thus, the interplay between cyto-
olic mRNA translation and mitochondrial function is crucial both
nder stress conditions and during ageing.

The interplay between mitochondria and cytoplasmic pro-
ein synthesis has been implicated in neurodegenerative disease.
ecent evidence implicates PINK1 and Parkin proteins in mito-

hondrial quality control, namely in mitochondrial transport and
itophagy. Mutations in both have been linked to Parkinson’s

isease. Reduction of mRNA translation as well as induction of
utophagy protect against neurodegeneration triggered by PINK
ited; these proteins aid the polypeptide transition from the interior of the ribosomes
reby extending lifespan. GCN-2 functions in a complementary fashion to the ATFS-1
ponse, via triggering expression of mitochondrial chaperone genes.

and Parkin mutations, in D. melanogaster (Liu et al., 2012). On the
one hand, increasing translation by S6K activation leads to aggra-
vation of the phenotype while on the other hand, suppression led
to alleviation of the symptoms. Hence, once again dampening the
translational mechanism under conditions where mitochondria are
dysfunctional acts as a protective compensatory mechanism.

3. Non-coding RNAs

3.1. Small non-coding RNAs

The aim of ageing research is to investigate both the molecu-
lar and genetic pathways underlying the deteriorating effect of the
ageing process. Protein synthesis rates drop significantly with age
and the energy left is consumed in surveying mechanisms, with
the notion that functional and unerring gene products would keep
the cell healthy much longer (Tavernarakis, 2007). In this context,
considering the causative relationship between alteration in pro-
tein synthesis and ageing, as well as the role of non-coding RNAs
in translation regulation, one could characterize them as “ageing
coordinators”.

The biosynthetic pathway of small non-coding RNAs such as
miRNAs, piRNAs and endo-siRNAs among others, is well estab-
lished and extensively reviewed over the last years. Briefly, DNA
is transcribed by RNA polymerases in the nucleus and gives rise to
pre-miRNA molecules that are further processed by Drosha and
cleaved into pre-miRNA molecules. These translocate from the
nucleus to the cytoplasm with the aid of protein complexes includ-
ing exportin. In the cytoplasm, upon binding by the Dicer protein
complex, they are further cleaved and their maturation is com-
pleted by the time they become single-stranded. Following, they
are loaded on the RISC complex which is anchored by Argonaute
proteins to carry out their main function of translational repression
(Cullen, 2005; Hodzic et al., 2013).

Supporting their effect on longevity, the first characterized
miRNA in C. elegans, lin-4, seems to shorten lifespan when geneti-

cally inhibited or mutated. Also, overexpression of its target, lin-14
which is a developmental regulator, shortens lifespan by inhibiting
DAF-16 expression (Boehm and Slack, 2005). Additional evidence
for the role of miR lin-4 in lifespan determination is provided in
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tudies showing that lin-4 deletion results in elevated ROS lev-
ls and reduced fat accumulation in accordance (Oh et al., 2006;
hu et al., 2010). Recently, it was shown that even when general
iRNA expression appears significantly decreased with age, spe-

ific members of the miR-35-41 miRNA cluster are increased in a
onad-dependent manner in C. elegans (Li et al., 2011; Lucanic et al.,
013; Maes et al., 2008). Still, these miRNAs do not seem to play

mportant roles in the regulation of longevity with the exception
f miR-71 which appears to be essential for lifespan extension in
n insulin/IGF-1 signalling pathway-independent manner. Further
nalysis showed that miR-71 is responsible for the lifespan exten-
ion of germ line-deficient animals acting cell non-autonomously
hrough the nervous system ultimately affecting DAF-16 intesti-
al function and localization. This recently suggested mechanism
ighlights the significance of spatial regulation of gene expres-
ion, implemented by non-coding RNAs (Boulias and Horvitz,
012). However, the effect of miR-71 deletion or overexpression
n longevity is partially DAF-16-dependent (de Lencastre et al.,
010; Pincus et al., 2011). Moreover, miR-71 deletion leads to

ncreased levels of DNA checkpoint-control proteins, implicating
possible role of DNA damage response pathways in the pro-

ess. MiR-71 together with miR-246 and miR-238 are found to
e significantly upregulated during ageing and needed for insulin
athway-mediated lifespan extension. The effects of the first two
iRNAs on ageing appear so profound that they were characterized

s biomarkers of ageing (Pincus et al., 2011). Other results of this
tudy suggest that miR-239 affects lifespan negatively in C. elegans
n a DAF-16 dependent manner.

The Drosophila miR-14 is a defined cell death suppressor, whose
eletion causes abnormal fat accumulation; an outcome medi-
ted through its target, sugarbabe (Varghese et al., 2010; Xu et al.,
003). This effect depends on the insulin/IGF-1 signalling pathway.
nother miR that was shown to control body fat by interven-

ng with the IGF-signalling pathway is miR-8/-200. When miR-8
s highly expressed, it blocks the expression of ush/FOG2 mRNA.
pon miR-8 shortage, ush/FOG2 binds to p85a enabling the forma-

ion of the IRS-1/p85a/p110 complex, thus allowing downstream
ignalling (Teleman, 2010). Importantly, the role of miR-470, -
69b and -681 in the regulation of genes involved in the IGF-1
ignalling pathway in the brain of Ames dwarf mice has recently
een elucidated (Liang et al., 2011). In the same mouse model, it
as shown that miR-27a in the liver controls the levels of several

ther miRNAs implicated in intermediate metabolism and detox-
fication control during ageing, which causes lifespan extension

ithout severe metabolic side effects (Bates et al., 2010). Three
ore miRNAs, miR-4929, miR-4930 and miR-4934, identified in

. elegans are insulin/IGF-1 pathway-dependent. These miRs are
xpressed only in the daf-2 mutants probably contributing to the
rofound lifespan extension of these animals, a hypothesis that
hould be further elucidated (de Lencastre et al., 2010). Further,
iR-34 shows an age- and gonad-dependent upregulation, while

ts role in ageing seems to be conserved (Kato et al., 2011). What is
eing proposed is that its deletion in D. melanogaster causes lifespan
hortening most probably stemming from the accumulation of mis-
olded proteins. A congruent study supports the neuroprotective
ole of miR-34 during ageing in Drosophila. This protective effect
s related to its ability to inhibit the formation of polyQ inclusions,
hereby extending lifespan (Bilen et al., 2006). Finally, reduction
n the levels of miR-34a, miR-30e and miR-181a leads to elevated
evels of the anti-apoptotic protein Bcl-2, a direct target of these

iRNAs, further maintaining the levels of BAX and caspase 9 pro-
eins low enough to resist apoptosis and provoke neuronal survival

n caloric restricted mice (Khanna et al., 2011; Rippo et al., 2014).

Several miRNAs with functions discrete from the insulin/IGF-1
ignalling pathway still retain the capacity to significantly affect
geing. MiR-100 was denoted as an mTOR signalling pathway
ch Reviews 23 (2015) 75–89 79

inhibitor in ovarian cancer cells. Its inhibitory effect is fulfilled by
down regulating the levels of phosphorylated 4EBP1 and p70 S6
kinase (Nagaraja et al., 2010). The question that arises is whether
this inhibition is direct or indirect and also whether this effect is
conserved or detectable in normally proliferating cells. miRNAs are
not only participants in the regulation of the ageing process, but
are themselves reciprocally regulated by it. This is evident from the
fact that the percentage of different miRNA isoforms change with
age, such as the 2′-O-methylated miRs. Additionally, it should be
pointed out that the Ago1 versus Ago2 binding seems to affect the
ageing process (Abe et al., 2014). The information about the small
non-coding RNAs is summarized in Table 1.

3.2. Long non-coding RNAs

In contrast to the 2% of the genome that is both transcribed and
translated into functional protein, it was recently shown that the
majority, represented by the 75% of the genome, is only transcribed
(Djebali et al., 2012). DNA transcription gives rise to both coding
and non-coding transcripts. The non-coding transcripts encompass
the well-known small RNAs that where described earlier and the
upcoming and lately discovered long non-coding RNAs (Rinn and
Chang, 2012). Long non-coding RNAs have become the subject of
many recently published research articles as they are implicated
in several human pathologies by epigenetically regulating gene
expression in several ways (Guttman et al., 2009; Sanchez and
Huarte, 2013; Troy and Sharpless, 2012). Their discovery, map-
ping and function elucidation was facilitated by the utilization
of techniques such as tiling microarrays, SAGE, CAGE, chromatin
markers, RNA-deep sequencing technologies and expression cor-
relation analysis, among others (Guttman et al., 2009; Rinn and
Chang, 2012). Long non-coding RNAs as their name implicates,
are transcripts that exceed the 200 nucleotides in length and are
devoid of open reading frames (ORFs), even if that is still ambigu-
ous (Bazzini et al., 2014; Boerner and McGinnis, 2012; Derrien
et al., 2012). Rather, they represent polyadenylated products of
intergenic regions (Troy and Sharpless, 2012). Their expression pat-
tern is well-coordinated, both spatially and temporally, adding a
collateral level of genome regulation, hence explaining part of its
complex nature (Rinn and Chang, 2012; van de Vondervoort et al.,
2013).

Even if there are many studies related to the functional eluci-
dation of long non-coding RNAs, much remains to be answered or
clarified. Due to their function both in the nucleus and the cyto-
plasm, where they are found to be anchored on ribosomes, they
are established as gene expression regulators operating in a multi-
modal way (van Heesch et al., 2014). The mechanism used in order
to achieve transcriptional repression is not very well elucidated
yet, but differs from the one that has been characterized for miR-
NAs. The diversification noted, is that for long non-coding RNAs, the
epigenetic chromatin alterations are both permanent and heritable
playing significant roles in genetic imprinting, in contrast to those
imposed by miRs (Lee and Bartolomei, 2013; Troy and Sharpless,
2012).

One key characteristic that distinguishes small from long non-
coding RNAs, except from their size, is their dependence not only on
their primary sequence but also on the 2-D and 3-D structures they
are able to form in order to accomplish their function, adding extra
complexity to gene expression regulation (Novikova et al., 2013;
Rinn and Chang, 2012). Furthermore, long non-coding RNAs oper-
ate both in cis and in trans. They regulate gene expression mainly
by affecting transcription; by repressing RNA polymerase II binding

on DNA, by altering chromatin structure or by provoking epige-
netic modifications on histones. Moreover, it has been reported that
they affect spliceosome recognition ability, thus changing the final
sequence of the transcripts produced. In other cases they bind to
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Table 1
miRs influencing physiology and lifespan. Summary of miR effects on lifespan and animal physiology. n/d stands for: no data, DAF-16 dependence refers to lifespan effects.
The “−” in the lifespan column signifies lifespan shortening and the “+” lifespan extension.

Name Organism Genetic intervention DAF-16
dependence

Implicated mechanism Effect on lifespan References

lin-4 C. elegans Inhibited/mutated Yes Elevated ROS levels
and reduced fat
accumulation

− Boehm and Slack
(2005), Oh et al. (2006),
Zhu et al. (2010)

miR-35-41 C. elegans Deletion n/d Enhanced RNAi
sensitivity

n/d (higher levels in
aged animals
compared to younger
ones)

Li et al. (2011), Lucanic
et al. (2013), Maes et al.
(2008), Massirer et al.
(2012)

miR-71 C. elegans Overexpression Partial DNA damage response
pathways (needs
verification)

+ Boulias and Horvitz
(2012), de Lencastre
et al. (2010), Pincus
et al. (2011)

miR-246 C. elegans Deletion Yes Heat and oxidative
stress sensitive

− de Lencastre et al.
(2010), Pincus et al.
(2011)

miR-238 C. elegans Deletion No Heat and oxidative
stress sensitive

− de Lencastre et al.
(2010), Pincus et al.
(2011)

miR-239 C. elegans Deletion Yes Heat and oxidative
stress resistant

+ de Lencastre et al.
(2010), Pincus et al.
(2011)

miR-14 D. melanogaster Deletion Yes Abnormal fat
accumulation

− Varghese et al. (2010),
Xu et al. (2003)

miR-8/-200 D. melanogaster Deletion Yes Growth, body size and
fat accumulation

n/d Hyun et al. (2009),
Teleman (2010)

miR-470 M. musculus Overexpression Yes IGF1R repression + Liang et al. (2011)
miR-669b M. musculus Overexpression Yes IGF1R repression + Liang et al. (2011)
miR-681 M. musculus Overexpression Yes IGF1R repression + Liang et al. (2011)
miR-27a M. musculus Overexpression Yes Intermediate

metabolism and
detoxification,
polyamine
biosynthesis

+ Bates et al. (2010)

miR-4929 C. elegans Normally expressed in
daf-2 mutants only

Yes n/d + (further verification
needed)

de Lencastre et al.
(2010)

miR-4930 C. elegans Normally expressed in
daf-2 mutants only

Yes n/d + (further verification
needed)

de Lencastre et al.
(2010)

miR-4934 C. elegans Normally expressed in
daf-2 mutants only

Yes n/d + (further verification
needed)

de Lencastre et al.
(2010)

miR-34 D. melanogaster Deletion Yes Misfolded protein
accumulation

− Bilen et al. (2006), Kato
et al. (2011), Liu et al.
(2012)

miR-34a M. musculus Downregulation Yes Antiapoptotic effect n/d Khanna et al. (2011)
miR-30e M. musculus Downregulation Yes Antiapoptotic effect n/d Khanna et al. (2011)
miR-181a M. musculus Downregulation Yes Antiapoptotic effect n/d Khanna et al. (2011)
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miR-100 Ovarian cancer
cells

Overexpression No

ISC-related proteins such as Dicer leading to endo-siRNA produc-
ion. Related to this, it should be pointed out that their sequence
er se can trigger small RNA (such as miRNAs, piRNAs, etc.) produc-
ion. Finally, their ability to form secondary structures gives them
he opportunity to tether proteins, thus affecting or even changing
heir function, localization and physiology. In addition, their abil-
ty to bind both to DNA and protein molecules enables them not
nly to regulate the physiology of these molecules but also affect
heir endogenous functional interactions. In consequence, long
on-coding RNAs have been characterized as “signals”, “decoys”,
enhancers”, “scaffolds” or “guides” according to their mode of
unction (Derrien and Guigo, 2011; Engreitz et al., 2013; Guenther
t al., 2007; Guttman et al., 2009; Hung and Chang, 2010; Ng et al.,
012; Salmena et al., 2011; Spitale et al., 2011; Troy and Sharpless,
012; Tsai et al., 2010; Wang et al., 2011). Lately, it has been
eported that long non-coding RNAs are also capable of binding to
pecific miRNAs, thus antagonizing them, making gene expression

egulation a much more intricate procedure than it was previously
hought (Kallen et al., 2013).

Long non-coding RNAs have only recently been studied, thus
here is little evidence about their effect on ageing. Additionally,
4EBP1 and p70 S6
kinase inhibitor

n/d Nagaraja et al. (2010)

recent findings associate long non-coding RNAs with neurodegen-
erative disorders (Faghihi et al., 2008; Seong et al., 2010). Most long
non-coding RNAs with known roles have been related to trans-
criptional and post-transcriptional RNA surveillance pathways as
well as mRNA processing. There are several ways by which long
non-coding RNAs affect transcription. First of all, non-coding RNAs
such as XIST, HOTAIR, KCNQ1OT1 and ANRIL repress chromatin
epigenetically by binding to and regulating chromatin-modifying
complexes (Batista and Chang, 2013; Cloutier et al., 2013; Pandey
et al., 2008; Tsai et al., 2010; Yap et al., 2010; Zhao et al., 2010),
not excluding the possibility that other long non coding RNAs can
activate chromatin by using the same mechanism. Otherwise, long
non-coding RNAs can either directly bind to RNA polymerase II in
order to activate or repress transcription by affecting its function
or, indirectly affect the binding of secondary regulatory molecules
needed for the transcription process, either in cis or in trans (Batista
and Chang, 2013). Molecules that adopt such mechanisms of func-

tion are the ICR1, PWR1, SRG1, fbp1 and the Alu repeat-containing
RNA among others (Bumgarner et al., 2012; Hainer et al., 2011;
Hirota et al., 2008; Mariner et al., 2008; Martianov et al., 2007; Ng
et al., 2012). Because of their ability to form 2-D and 3-D structures,
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ong non-coding RNAs are able to form structures very relevant to
nes formed by endogenous DNA molecules and in this way antag-
nize the binding of either transcription-regulatory molecules or
ransport molecules that bring the second at the sites of transcrip-
ion. Such molecules are: GAS5, EVF2, CCND1 and NRON among
thers (Bond et al., 2009; Kino et al., 2010; Wang et al., 2008;
illingham et al., 2005).
A second level of regulation is accomplished after the mRNA

olecules are synthesized. It has been shown that, before the mRNA
olecules exit the nucleus, long non-coding RNAs can either reg-

late part of the splicing process, leading to an altered spliced
soform (Tollervey et al., 2011) or mediate direct mRNA mod-
fications accomplished by ADAR molecules (Chawla and Sokol,
014; Ota et al., 2013). Outside the nucleus, they can either bind
iRNA/RISC-target mRNAs, impeding their binding on the 5′ UTR

f specific mRNAs, thus leading to mRNA translation upregulation.
his binding is facilitated by the SINEB2 element embedded in the
equence of the long non-coding RNA (Carrieri et al., 2012; Faghihi
t al., 2010).

. RNA binding proteins

RNA binding proteins facilitate the translation of newly
ranscribed mRNAs, functioning in numerous pre-translation path-
ays. Their role includes the stabilization and surveillance of RNA
olecules among others, rendering them meritorious of study-

ng. Most published data derived from human tissues and cell
ultures can be directly linked to human disease and ageing. To
egin with, HuR protein has been characterized as an RNA bind-

ng protein that enhances translation of target mRNAs (Mansfield
nd Keene, 2012), by competing with miRs for binding to them
Simone and Keene, 2013). HuR is a member of the Hu pro-
ein family and has three isoforms. The levels of HuR, TIA-1 and
UF-1, two other RBPs, were tested in a variety of human tis-
ues with advancing age as well as in human diploid fibroblasts,

good model for testing replicative senescence. The results of
uch studies show that ageing differentially affects the levels of
NA binding proteins within the same or different tissues. More
pecifically, in senescent human fibroblasts it seems that the lev-
ls of HuR, AUF-1, and TIA-1 decrease. The opposite was shown
or these proteins in specific tested tissues. For example, HuR pro-
ein’s levels were sustained or even elevated with advancing age
n many tissues such as the respiratory system or the gastroin-
estinal tract with the only exception of reduction in the nervous
ystem. On the other hand, artificial HuR depletion did not cause
enescence in various cancer cell lines (Basu et al., 2011; Kakuguchi
t al., 2010). These results suggest an increased need for HuR
n the ageing tissues, posing a need for further investigation of
uR’s role during senescence (Baker et al., 2011). Similar upreg-
lation was observed for AUF-1, suggesting a functional role in
geing tissues. TIA-1 is less upregulated compared to the other two
Masuda et al., 2009; Pang et al., 2013). Recently it was shown
hat AUF-1 blocks senescence and mediates normal ageing by
ctivating the transcription of the telomerase catalytic subunit
TERT), thereby preserving telomere length. The way this activa-
ion is accomplished needs further investigation (Pont et al., 2012).
he hTERT levels in aged humans compared to younger ones are
ower even if the mRNA levels are unaltered, suggesting that post-
ranscriptional or post-translational mechanisms may account for
hese altered protein levels (Shervington and Patel, 2008). Simi-
arly to AUF-1, TIA-1 binds mainly to the 3′ UTR of its targets in

rder to repress their translation. These findings are summarized
n Table 2.

Tristetrapolin (TTP) is an RNA binding protein, member of the
IS11 family. In contrast to TIA-1, AUF-1 and HuR, its levels were
ch Reviews 23 (2015) 75–89 81

highly elevated in senescent fibroblasts and downregulated in most
tissues during ageing with the exception of the reproductive sys-
tem (Masuda et al., 2009). In addition, its levels are increased
in cells after addition of both growth factors and insulin into
their medium (Cao et al., 2008). This effect has been also con-
nected to the formation of P-bodies which are non-membranous
structures comprised of only mRNAs and RNA binding proteins
(Kedersha and Anderson, 2007). They are implicated in the qual-
ity control of mRNA transcripts representing “decision centers”
where mRNAs stall and are further driven to stress granules upon
stress, to be degraded or return back to the translation pathway, if
needed (Jakymiw et al., 2007; Kulkarni et al., 2010). The identified
close association between P-bodies and ribosomes implies mRNA
exchange at different time points (Cougot et al., 2013). This associa-
tion is probably very complex as it is also reported that P-bodies do
not form unless mRNA is present (Teixeira et al., 2005). Which kind
of mRNAs manage to induce P-body formation and which is the
threshold of cytoplasmic mRNA abundance under which P-bodies
do not form even if small quantities are present to the cytoplasm
need to be elucidated. As it is implicated by their function, P-bodies
have the ability to control translation especially of specific mRNAs
(Weil et al., 2012). It has not yet become clear whether certain types
of mRNAs harbour to P-bodies or if mRNAs gather to these forma-
tions indiscriminately (Anderson and Kedersha, 2006; Sheth and
Parker, 2006). Despite their obvious connection with translation, it
is not yet clear whether their disruption or malfunction could in any
way affect the ageing process. The first time that a pathway related
to the ageing process is proposed to be connected with P-body for-
mation was this year (Blanco et al., 2014). This study suggests that
induction of TGF-�/Smad pathway leads to TTP upregulation. TTP
then binds on ARE-containing mRNAs mediating their deadenyla-
tion and delivery to P-bodies, increasing their abundance (Blanco
et al., 2014; Fabian et al., 2013).

P-body formation is needed for cell survival in yeast, implying
a functional role during ageing. This is explained by the fact that
highly expressed mRNAs need to be tightly regulated by P-bodies,
as upon their appearance cells die prematurely (Lavut and Raveh,
2012). This finding raises the possibility that P-bodies deregulate
during ageing playing important role in the ageing process, but this
remains a hypothesis that needs to be verified. Last but not least is
Nuclear factor 90 (NF90), another RNA binding protein that binds
to AU-rich regions on target mRNAs suppressing their translation,
or stabilizing them by preventing their degradation (Masuda et al.,
2013).

5. RNA modifications

RNA shares some common physicochemical properties with
DNA but it simultaneously retains unique properties that attract
the scientific interest. Importantly, unlike DNA molecules, RNA
molecules are able to form secondary and tertiary structures. These
structures are not dispensable for their function; conversely, stud-
ies show that their proper formation and conservation delivers
important messages or implement functions vital for cell viability.
On the other hand, disruption of such structures has been cor-
related with ageing and the development of neurodegenerative
disorders (Ramos and Laederach, 2014), mainly in the context of
the huge effect RNA molecules have on protein synthesis regula-
tion.

For example, highly structured regions around the translation
initiation codon have been correlated with translation efficiency

(Kudla et al., 2009) and highly structured regions inside the coding
sequence with ribosome pausing and protein region folding (Dana
and Tuller, 2012; Han et al., 2012). In addition, folding within the
coding sequences in Saccharomyces cerevisiae has been correlated
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Table 2
Tissue-specific levels of RNA binding proteins during ageing. Findings suggesting a functional role of HuR, TIA-1, AUF-1, hTERT and TTP in different tissues and age groups.

Name Tested in Levels State Tissue with highest
expression in
specific age groups

Comments References

HuR

Human diploid
fibroblast

Decreased Senescent
Colon
(Middle-aged)
Fallopian Tube
(Young)

Role in senescence
unclear

Increased in the
ageing
tissues/Especially
observed in
gastrointestinal
and reproductive
organs

Basu et al. (2011),
Baker et al. (2011),
Kakuguchi et al.
(2010), Kawagishi
et al. (2013),
Masuda et al.
(2009), Pang et al.
(2013)

Mouse
embryonic
Fibroblasts

Decreased Senescent

Respiratory
system

Sustained/elevated Aged

Gastrointestinal
tract

Sustained/elevated Aged

Nervous
system

Sustained/elevated Aged

TIA-1 Human diploid
fibroblast

Decreased Senescent Eye (Old)
Tongue (Foetal)
Stomach (Foetal)
Small intestine
(Middle-aged, Old)
Colon (Foetal,
Middle-aged, Old)
Bladder (Foetal,
Young,
Middle-aged)
Fallopian Tube
(Young)
Uterus-Cervix
(Middle-aged)
Thymus (Foetal,
Young)

Upregulated in the
ageing tissues but less
than HuR and AUF-1

Masuda et al.
(2009)

AUF-1
Immune
System

Increased
Eye (Old)

Suppression of
senescence by
activation of
telomerase
transcription/How is
this activation
accomplished is not
clear yet
Increased cellular
senescence

Masuda et al.
(2009), Pont et al.
(2012)

Human diploid
fibroblast

Decreased Senescent

auf-1 deficient
mice

Absent

hTERT Reduced levels in aged
human tissues

Shervington and
Patel (2008)

TTP Human
fibroblasts

Elevated Senescent Cerebellum
(Foetal)
Cerebral Cortex
(Foetal)
Lung (Young)
Tongue (Foetal,
Young)
Stomach (Foetal,
Young)
Small intestine
(Old)
Colon (Foetal,
Young,
Middle-aged, Old)
Liver (Foetal)
Bladder (Foetal,
Young)
Spleen (Foetal)
Thymus (Foetal)

tal)
uscle

Reduced levels during
ageing in all tissues
apart from the
reproductive system

Masuda et al.
(2009)
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Striated m
(Young)

ith the control of both spatial and temporal presence of specific
NA transcripts, a master regulator mechanism of protein synthe-
is important for cell viability and function (Kertesz et al., 2010).
ontrary to the above-mentioned, it has been recently shown that

n human cells, RNA secondary structures are more often formed

n the untranslated regions (UTRs) compared to the coding region.
n the same study, the importance and functionality of these 2-D
tructures is pointed out and additional emphasis is placed on the
act that RNA secondary structure is sequence-dependent. It is also
explained how 2-D RNA structures can control fundamental pro-
cesses such as RNA splicing, degradation, through AGO protein
harbouring, and altered gene expression while being evolutionarily
conserved (Wan et al., 2014). In this context, it would be very inter-
esting to check whether the occurrence of specific single nucleotide

variants (SNVs) that are able to alter RNA 2-D structures is age-
dependent and vice versa. Many questions arise relative to potential
interplay between alterations in RNA sequence, 2-D structure, gene
expression and ageing.
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Table 3
RNA modifications associated with ageing. RNA modifications and their association with ageing and neurodegeneration highlight the importance of secondary and tertiary
RNA structures.

RNA properties/modifications State/characteristic Effect

Secondary and
tertiary structure

Proper formation
and conservation

Cell viability

Disruption Ageing and neurodegenerative
disorders

Highly structured regions near the translation initiation codon Translational efficiency
Highly structured regions inside the coding sequence Ribosome pausing, protein

region folding
Oxidation Non-selective Ribosome stalling, premature

termination of protein
synthesis, misfolded protein
products, malfunctioning
protein products

8-hydroxyguanosine 8-hydroxyadenosine 5-hydroxycytidine 5-hydroxyuridine Positively correlated with:
Age-related muscle atrophy,
Parkinson’s disease, Lewy
bodies, dementia and
Alzheimer’s disease
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Oxidation is another mechanism which alters the characteristics
f RNA molecules, thus affecting translation. Their single-
tranded nature and topology nearby mitochondria makes them
ulnerable to oxidative damage. 8-Hydroxyguanosine (8-OHG), 8-
ydroxyadenosine, 5-hydroxycytidine and 5-hydroxyuridine are
he known RNA oxidized forms, with the first one being the more
requent one. Such types of oxidized bases either form on the RNA

olecules after RNA synthesis, or pre-exist in the oxidized form
nd are subsequently incorporated in the RNA chain during the
ranscription process. The effects of such RNA alterations on trans-
ation are multidimensional. First of all, they are able to cause
ibosome stalling leading to delayed translation or even premature
ermination of protein synthesis, finally causing accumulation of
on-functional peptide chains. In other cases, the protein product

s produced, but the protein is misfolded leading either to protein
ggregates known to be implicated in the onset of many neurode-
enerative diseases (Weidner et al., 2011) and the ageing process
tself or to malfunctioning proteins which also negatively affect the
roper cellular function (Shan et al., 2007; Tanaka et al., 2007). RNA
xidation is not selective and can affect all types of produced RNAs
uch as mRNAs, rRNAs etc.

Whether the percentage of oxidative RNA damage is age-
ependent is a question tried to be answered by experiments

mplemented on post-mortem human brains. It was shown that
-OHG is positively correlated with ageing (Nunomura et al.,
012). The same correlation was observed by using human urine
Andreoli et al., 2011). Confirmatory results indicate that the age-
elated muscle atrophy underlies increased RNA oxidation levels
nd decreased protein levels in experiments implemented on
ice gastrocnemius muscles (Hofer et al., 2008). Furthermore,

he high occurrence of oxidative RNA damage observed in both
geing neurons and the brain and its high correlation with neu-
odegenerative diseases such as Parkinson’s disease, Lewy bodies,
ementia and the Alzheimer’s disease unveils a possible new
geing biomarker and therapeutic target for neurodegenerative
yndromes (Bai et al., 2012). RNA properties and modifications are
ummarized in Table 3.

. Protein synthesis: a common nexus for pathways

egulating ageing

Recent findings suggest that ageing onset is tightly regulated
y signalling pathways. TOR and insulin/IGF-1 are the major
Highly present in:
The ageing brain and neurons

cellular nutrient-sensing signalling cascades. Their inhibition,
either genetically or pharmacologically, is sufficient to extend life-
span in several model organisms. Below, we discuss the intricate
relationship between pathways influencing lifespan and mRNA
translation, focusing mainly on studies in invertebrate models.

6.1. TOR signalling and caloric restriction

The two distinct target of rapamycin (TOR) complexes, TORC1
and TORC2, lie at the centre of the metabolic state-sensing
pathways of eukaryotic cells. TOR, which belongs to the ser-
ine/threonine kinase family, becomes activated when nutrients
(such as amino acids) and growth factors are plentiful in the cel-
lular environment and responds by shifting the balance towards
anabolic processes at the expense of catabolic ones. Specifically TOR
activation triggers protein and lipid biosynthesis, while it inhibits
autophagy and lysosomal biogenesis (Laplante and Sabatini, 2012).
Not surprisingly considering the wide range of processes where
the pathway is involved, TOR genetic inhibition results in signifi-
cant lifespan extension in several model organisms (Kapahi et al.,
2010). Similarly, either knockout or knockdown of factors lying
downstream of TOR, such as the ribosomal protein kinase (S6K)
increase lifespan in C. elegans (Hansen et al., 2007; Pan et al.,
2007; Syntichaki et al., 2007), Drosophila (Kapahi et al., 2004)
and mice (Selman et al., 2009). Additionally, rapamycin, a spe-
cific TORC1 inhibitor, is reported to have a beneficial effect on
lifespan and this can be completely abolished upon overexpress-
ion of a constitutively active form of S6K, proving that reduction
of protein synthesis rates is pivotal for the manifestation of the
enhanced survival phenotype (Bjedov et al., 2010). Activation of
transcription factors such as HSF-1 and PHA-4/FOXA in combina-
tion with inhibition of HIF-1 are required for longevity emerging
from TOR or S6K inhibition (Chen et al., 2009; Sheaffer et al.,
2008).

TOR is believed to increase general mRNA translation rate,
affecting a variety of molecular players. For example, it directly
phosphorylates S6K, eukaryotic elongation factor 2 kinase (EEF2K)
and eIF4E binding protein (4E-BP), a negative regulator of eIF4E
cap-binding protein, thus allowing the formation of functional
eIF4F complexes prone to cap-dependent translation initiation (Ma

and Blenis, 2009). TORC1 can also enhance transcription of tRNA
and 5S rRNA species by RNA polymerase III (pol III) through the
direct phosphorylation and inactivation of Maf1, a pol III repressor
(Kantidakis et al., 2010). Among translation initiation factors, only
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RR-2/eIF4H is proposed to act as a direct downstream effector of
ET-363/TOR in the nematodes, tightly linking nutrient availabil-
ty with protein synthesis (Ching et al., 2010). Remarkably, recent
ndings suggest that TORC1 activation can also augment protein
egradation, through enhancing the expression of proteasomal
ubunits via the activation of nuclear factor erythroid-derived 2-
elated factor 1 (NRF-1) (Zhang et al., 2014). The above-mentioned
echanism, apart from obviously acting as a protein quality con-

rol process, can potentially provide raw materials essential for the
RNA translation machinery.
On the other hand, caloric restriction (CR), accomplished

y reducing calorie intake but simultaneously avoiding harm-
ul malnutrition, is a conserved lifespan-extending intervention
Anderson and Weindruch, 2012; Colman et al., 2009; Fontana et al.,
010; Mattison et al., 2012; Stein et al., 2012) that, to a great extent,

ntertwines with TORC1 complex function, hence with mRNA trans-
ation. In yeast, epistasis analyses indicate that dietary restriction
onditions, mimicked when feeding with glucose-poor medium,
annot further extend replicative lifespan, calculated by the total
umber of divisions of a single mother cell (Longo et al., 2012),
f tor1 mutants (Kaeberlein et al., 2005). Likewise, the lifespan
f eat-2 C. elegans mutants that genetically phenocopy CR due to
lower pharyngeal pumping, is not affected by LET-363/TOR knock
own (Hansen et al., 2007). In contrast, IFE-2/eIF4E depletion in the
ematode seems to act in an additive manner with LET-363/TOR

nhibition, pointing to a severe, nevertheless complicated, cross
alk between TOR, protein synthesis and ageing (Hansen et al.,
007; Syntichaki et al., 2007). Autophagy, a central catabolic pro-
ess which provides raw materials (amino acids, among others) and
emoves damaged, dysfunctional or superfluous organelles, might
e the missing denominator in the TOR/eIF longevity-extending
raction (Boya et al., 2013).

Notably, several studies have introduced the novel percep-
ion that although general protein synthesis rate is dramatically
educed under CR conditions, specific transcripts exempt the rule
nd their translation is instead reinforced. In S. cerevisiae, deletion
utants for ribosomal proteins constituting either the small or the

arge subunit display an extended replicative lifespan regulated
y a mechanism that shares common features with CR. The priv-

leged translation of the versatile transcriptional activator GCN-4
s essential for the positive outcome on lifespan, as ribosomal pro-
ein deletion mutants exhibit increased levels of GCN-4 (Steffen
t al., 2008). In D. melanogaster, 4E-BP is induced and mediates the
ffects of CR by reducing general protein synthesis, while in parallel
ranslation of transcripts mainly involved in proper mitochondrial
unction is enhanced (i.e. respiratory chain components). Interest-
ngly, intrinsic mRNA properties account for the biased translation
f this specific subset of transcripts upon CR, with lower GC content
′ UTRs which are less structured favouring translation (Zid et al.,
009). In C. elegans, IFG-1/eIF4G genetic inhibition extends lifespan
hrough the preferential translation of transcripts participating in
he execution of stress responses. In that case, 3′ UTR length is pos-
tively correlated with the probability of mRNA translation when
fg-1 is knocked-down (Rogers et al., 2011). Collectively, these stud-
es propose that specific transcripts remain unresponsive to the
revailing trend which dictates translation attenuation under CR
onditions and this is indeed crucial for their beneficial effect with
egard to whole organism’s longevity.

.2. Insulin/IGF-1 signalling

Milestone studies in the ageing field have highlighted that

enetic inhibition of the insulin/IGF-1 signalling pathway can
ttenuate the rate of normal ageing and substantially extend life-
pan, delay the onset of age-related diseases and confer resistance
gainst stress factors in a wide range of model organisms (Kaletsky
ch Reviews 23 (2015) 75–89

and Murphy, 2010; Kenyon, 2010; Slack et al., 2011). Loss of
function mutations affecting the daf-2 and age-1 genes, which
encode the C. elegans orthologues of the insulin/IGF receptor (IGFR)
and phosphatidiylinositol 3-kinase (PI3K) respectively, more than
double the worm’s lifespan. DAF-2/IGFR is a membrane receptor
belonging to the tyrosine kinase family, which upon ligand bind-
ing is activated and triggers a cascade of serial phosphorylation
events sequestering AGE-1/PI3K, 3-phosphoinositide-dependent
kinase 1 (PDK-1), AKT-1/2 (also known as protein kinase B, PKB) and
serine/threonine-protein kinase 1 (SGK-1) (Lapierre and Hansen,
2012). With respect to lifespan modulation, the crucial target of
the pathway is DAF-16, a homologue of the mammalian highly
polymorphic FOXO transcription factors (Flachsbart et al., 2009;
Willcox et al., 2008), which when phosphorylated is preferentially
maintained at the cytoplasm and excluded from the nucleus, thus
being incapable of binding to the promoters of its numerous tar-
get genes. However, when upstream components of the pathway
are perturbed (as in the case of daf-2 and age-1 mutants) the
phosphorylation status of DAF-16/FOXO is modified, enabling its
subsequent translocation to the nucleus. DAF-16/FOXO repertoire
of transcriptional targets includes genes implicated in diverse cel-
lular processes, such as metabolism, resistance to oxidative stress,
detoxification and immunity (Dong et al., 2007; McElwee et al.,
2003; Murphy et al., 2003). Along with DAF-16/FOXO, SKN-1 (the
mammalian NRF-1/2 homologue) (Tullet et al., 2008) and HSF-1
(Hsu et al., 2003; Morley and Morimoto, 2004) are essential for
the lifespan extension arising from insulin/IGF-1 signalling inhibi-
tion.

Even if the importance of insulin/IGF-1 pathway in lifespan
determination is widely appreciated, its putative cross-talk with
the translation process still remains ambiguous. Radioactive 35S
incorporation experiments comparing wild type with daf-2 mutant
worms demonstrated that inhibition of insulin/IGF-1 signalling
is not marked by a decrease in global translation rates (Hansen
et al., 2007). Furthermore, the lifespan extension following genetic
inhibition of translation initiation factors eIF2�, 4G and 4E is com-
pletely abolished when DAF-16/FOXO abundance is reduced either
by RNAi feeding or mutation, suggesting that the longevity effect
of some translation components is mediated by DAF-16/FOXO
(Hansen et al., 2007). In contrast, IFE-2/eIF4E or IFG-1/eIF4G knock-
down significantly extend lifespan of both daf-16 and daf-2 mutant
worms, thus placing translation attenuation and the insulin/IGF-
1 signalling in discrete longevity pathways (Pan et al., 2007;
Syntichaki et al., 2007). However, lifespan extension by knockdown
of translation initiation factors requires the activity of both DAF-
16/FOXO and SKN-1/NRF-1,2 (Wang et al., 2010). It is also important
to note that DAF-16/FOXO as well as SKN-1/NRF-1,2 transcriptional
programs execution is critical for TOR inhibition or rapamycin-
mediated longevity (Robida-Stubbs et al., 2012). Moreover, a direct
link between FOXO activation and 4E-BP was established in the
fruit fly D. melanogaster. Specifically, overexpression of dFoxo in the
muscles can increase the relative 4E-BP mRNA levels, thus indicat-
ing a direct inhibitory relationship between insulin/IGF-1 signalling
and protein synthesis (Demontis and Perrimon, 2010). Importantly,
4E-BP overexpession is necessary and sufficient to ameliorate the
accumulation of polyubiquitin aggregates (the same stands for
dFoxo overexpression) thereby efficiently preserving muscles from
age-associated functional deterioration. A reminiscent protective
role in organ and organism decline was established in the case of
proper cardiac function maintenance following overexpression of
4E-BP (Wessells et al., 2009).

Reduced insulin/IGF-1 signalling is also linked with increased

tolerance to elevated temperatures (Akerfelt et al., 2010). In C. ele-
gans, HSF-1 activation and nuclear translocation is central in the
process (Kourtis and Tavernarakis, 2011), orchestrating a salvation
transcriptional response mainly depending on the expression of
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Fig. 2. mRNA translation lies at the core of pathways regulating longevity. TORC1 is thought to affect mRNA translation either directly, through the phosphorylation of S6K or
4E-BP, or indirectly, releasing the inhibition of RNA pol III-driven transcription of tRNA and rRNA species by Maf-1. Rapamycin, which is considered to be a specific inhibitor
of TORC1, as well as dietary restriction which also decreases TORC1 activity, are proposed to have a beneficial effect on lifespan relying (at least partially) on protein synthesis
attenuation. The nematode’s eIF4H homologue is proposed to act immediately downstream of TORC1, linking nutrient availability with translation initiation and vice versa.
On the other hand, recent findings suggest that the insulin/IGF-1 pathway, initially thought to act in a mode independent of protein synthesis, in a yet unidentified way,
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ntertwines with the mRNA translation efficiency. Moreover, DAF-16 and SKN-1 tra
apamycin treatment. Collectively, a unifying model is emerging, where mRNA tra
ongevity pathways.

eat shock protein (HSP) chaperones, that fortifies cells against pro-
ein toxicity caused by excessive misfolding (Ben-Zvi et al., 2009).
urprisingly, HSF-1 seems to partially limit the acquired thermo-
olerance (that is resistance to an acute stress dose gained after an
nitial non-toxic stress stimulus) in C. elegans, but is dispensable for
he intrinsic thermotolerance of insulin/IGF-1 mutants. This effect
epends on the preferential de novo translation events for a specific
et of mRNAs, contributing proteins with a protective role (such
s members of the hsp chaperones) in the insulin/IGF-1 mutants
pon acute stress (McColl et al., 2010). Hence, the notion of selec-
ive mRNA translation seems to apply in different cases, unifying
nsulin/IGF-1 inhibition with CR.

Intriguingly, recent studies exploiting high-throughput pro-
eomic approaches propose that the extended longevity phenotype
ssociated with inhibition of the insulin/IGF-1 signalling is accom-
anied by reduced general protein synthesis rates. C. elegans
utants for the daf-2/IGFR display decreased amounts of protein

ompounds belonging to the small (40S) and large (60S) ribosomal
ubunits, as well as numerous tRNA synthetases participating in
he formation of the translational machinery. Interestingly, this is
ot a consequence of the reduction in transcription of ribosomal
enes per se, highlighting that post-transcriptional mechanisms
re responsible for the aforementioned changes (Depuydt et al.,
013). Apart from ribosomal subunits, translation initiation and
longation factors seem to be significantly underrepresented
n the proteome of long-lived daf-2 mutant worms. Polysome

rofiling further confirmed that de novo protein synthesis is com-
romised and this is dependent on the presence of functional
AF-16/FOXO (Stout et al., 2013). Additively, these studies rec-
mmend a unifying model where dietary restriction is not the
tional programs seem vital for the beneficial effect of TOR signalling inhibition and
on senses the metabolic state of the cell through its interaction with well-known

only longevity-promoting intervention relying on the reduction
of protein synthesis to exert its beneficial effect on lifespan. The
insulin/IGF-1 pathway is known to be capable of modulating the
activity of S6K through the action of PDK and AKT kinases lying
upstream of DAF-16 (Vellai and Takacz Vellai, 2010). However,
since the amelioration of their transcription does not account for
the concomitant reduced abundance of factors involved in protein
synthesis (ribosomal components etc.), the exact molecular mech-
anisms leading to these alterations at the post-transcriptional level
(maybe some sort of decreased stability or enhanced degradation)
need to be fully delineated. A simplified view of the main path-
ways associated with ageing and their links with mRNA translation
is depicted in Fig. 2.

7. Concluding remarks

Translation initiation is the most tightly controlled step and con-
sequently is the major hub for protein control that could decay
during ageing. Moreover, during the elongation phase, ribosomes
and their associated partners are the main translation components
affected by proteotoxic or mitochondrial stress which contribute
to the degenerative process of ageing. Importantly, what is cho-
sen to be expressed and what not, also varies during ageing. The
high throughput technology nowadays, including RNA-sequencing
and proteomics will allow for a more profound analysis of the alter-
ations in gene expression, which could be used as markers of ageing

(Harries et al., 2011). For instance, decreased expression of compo-
nents of the proteasome has been shown to be directly linked to
ageing. Thus, translation of these proteins required for protein qual-
ity control is reduced during ageing, causing reduction of proper
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rotein recycling and increased probability of protein aggregation
hich can result in disease (Huber et al., 2009).

However, protein synthesis regulation is not limited to the
RNA translation process. A great variety of regulators such as

on-coding RNAs and RBPs function before translation. It has been
hown that the impact of their function on protein synthesis control
s indispensable even if much remains to be elucidated. Signifi-
antly, small and especially long non-coding RNAs are thought to
ossess novel functions. Their physical characteristics favour their
articipation in protein complexes (Gong and Maquat, 2015). Some
on-coding RNAs have already been characterized as biomarkers of
geing. Specifically their expression pattern, their targets and their
unction during ageing remains to be elucidated. Another key ques-
ion is whether specific non-coding RNAs have common targets,
hus redundant functions with RBPs. Answering such questions
ould only bring us one step closer to understand and possibly
anipulate the ageing process and prevent its detrimental effects.

he understanding of the mechanisms underlying RNA structure
nd modification during ageing is very intriguing. Primary stud-
es on primates (Microcebus murinus) indicate that ageing could be
elayed by pharmacological manipulation of these RNAs (Marchal
t al., 2013a, 2013b). Still, a clear correlation between RNA mod-
fications, protein synthesis and ageing is required to advance
nowledge in this field.

Although milestone studies conjugating mRNA translation with
he onset of ageing have been recently published, much remains
ndescribed. First of all, what is the molecular signature of long-

ived animals due to attenuated protein synthesis? Which are the
ntrinsic features of specific mRNAs which allow them to evade
he general trend of translation inhibition and confer resistance
gainst stress insults? Treatment with rapamycin extends lifespan
n numerous model organisms tested. It relies on the inhibition
f TORC1 activity which in turn reduces translation rhythms and
nduces catabolism through autophagy. Are the quality control

echanisms, especially degradation through the proteasome and
utophagy, enhanced upon translation inhibition? Interestingly,
ecent studies indicate that insulin/IGF-1 signalling, a pathway
hich universally affects ageing, interconnects with the process

f translation. Is this a corollary of altered cellular metabolism or
mutual, leading force delaying the onset of ageing? If this is the

ase, a unifying axis emerges where ageing-determining pathways
onverge on translation to influence ageing in a beneficial manner.
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