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Abstract
MicroRNAs, a class of small, non-coding RNAs, are now widely known for their importance in
many aspects of biology. These small regulatory RNAs have critical functions in diverse
biological events, including development and disease. Recent findings show that microRNAs are
essential for lifespan determination in the model organisms, C. elegans and Drosophila, suggesting
that microRNAs are also involved in the complex process of ageing. Further, short RNA
fragments derived from longer parental RNAs, such as transfer RNA cleavage fragments, have
now emerged as a novel class of regulatory RNAs that inhibit translation in response to stress. In
addition, the RNA editing pathway is likely to act in the double-stranded RNA-mediated silencing
machinery to suppress unfavorable RNA interference activity in the ageing process. These
multiple, redundant layers in gene regulatory networks may make it possible to both stably and
flexibly regulate genetic pathways in ensuring robustness of developmental and ageing processes.
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1. Introduction
Recent advances in high-throughput technologies, such as a deep-sequencing, have
facilitated studies of small, non-coding RNAs, including microRNAs (miRNAs). miRNAs
make up a class of short, non-protein-coding RNA species, that negatively regulate
expression of target genes at a post-transcriptional level via sequence-specific interactions
(reviewed in (Kim et al., 2009; Stefani and Slack, 2008)). Since the discovery of lin-4 and
let-7 miRNAs as regulators of developmental timing in C. elegans (Lee et al., 1993;
Pasquinelli et al., 2000; Wightman et al., 1993), the last decade has seen the exponential
growth of knowledge about the functions of miRNAs in broad areas of biological events,
ranging from development to human disease, such as cancer, and ageing (Ambros, 2011;
Boehm and Slack, 2005; Esquela-Kerscher and Slack, 2006)

The first evidence of a role for miRNAs in ageing was reported in a study of a
developmental timing miRNA, lin-4, in C. elegans (Boehm and Slack, 2005). It now seems
clear that additional miRNAs contribute to the normal lifespan by modulating the processes
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of DNA damage response, protein homeostasis and mitochondrial metabolism (Antebi,
2007; Boehm and Slack, 2005; de Lencastre et al., 2010; Ibanez-Ventoso et al., 2006; Kato
et al., 2011; Kenyon, 2010). Furthermore, other types of small, non-coding RNA are also
likely to function in stress response and ageing (Kato et al., 2011; Thompson and Parker,
2009; Tuck and Tollervey, 2011). In addition, the RNA editing machinery that modifies
adenosine to inosine conversion in double-stranded RNA (dsRNA) transcripts seems to act
with the dsRNA-mediated gene silencing pathway in lifespan determination (Sebastiani et
al., 2009; Wu et al., 2011). These multiple layers in gene regulatory mechanisms may
stabilize genetic networks in ageing. In this review we focus on recent studies of RNA-
mediated regulatory roles in ageing in a model organism, C. elegans, and discuss their
potential in ensuring robustness of genetic pathways against ageing and environmental
perturbations.

2. The importance of miRNAs in lifespan determination
A developmental timing miRNA, C. elegans lin-4, was shown to be essential for normal
lifespan (Boehm and Slack, 2005); animals carrying a deletion mutation of the lin-4 miRNA
displayed a shorter lifespan, while its over-expression caused a longer lifespan, showing that
the lin-4 miRNA promotes longevity and is required to prevent premature death in C.
elegans. A temporal up-regulation of the lin-4 miRNA in an early stage of development
suppresses expression of its target gene, lin-14, to initiate the developmental stage transition
(Lee et al., 1993; Wightman et al., 1993). Similarly, lin-4 contributes to lifespan regulation
through lin-14 (Boehm and Slack, 2005). Specifically, both lin-4 deletion mutants and gain-
of-function mutants of lin-14 (due to loss of a lin-4 binding site in its 3’ untranslated region),
show the short-lived phenotype, while animals with over-expression of the lin-4 miRNA or
loss-of-function mutants of lin-14 have extended lifespans.

Subsequent expression profiling of miRNAs using microarray and deep-sequencing
technologies has demonstrated that many of the C. elegans miRNAs, in addition to lin-4,
significantly change in expression level during adult life (de Lencastre et al., 2010; Ibanez-
Ventoso et al., 2006; Kato et al., 2011). For example, let-7 and miR-34, evolutionarily
conserved miRNAs from C. elegans to human (Kato et al., 2009; Roush and Slack, 2008),
show a dramatic decrease and increase in expression during ageing under normal conditions,
respectively (de Lencastre et al., 2010; Ibanez-Ventoso et al., 2006; Kato et al., 2011). The
small RNA sequencing work and the microarray work showed remarkably similar trends in
cases where they profiled the same miRNAs.

In long-lived conditions (e.g. low incubation temperatures), many but not all of the miRNAs
with increasing expression during ageing, such as miR-34, show a significant delay in
expression change. Conversely, in short-lived conditions (e.g. higher incubation
temperatures), they show an accelerated change in expression during ageing (Kato et al.,
2011). These results suggest tight regulation of miRNAs during ageing, and that the age-
associated miRNAs may serve as biomarkers of ageing (discussed below). All together,
these observations suggest that in addition to lin-4, additional miRNAs might have a role in
C. elegans ageing.

Recently several miRNAs with expression changes during ageing were indeed found to be
necessary for normal lifespan in C. elegans (de Lencastre et al., 2010). A deletion mutation
of mir-71, which is initially up-regulated in early adulthood and then gets down-regulated
during ageing (de Lencastre et al., 2010; Kato et al., 2011; Pincus et al., 2011), caused a
significantly shorter lifespan, indicating that miR-71 promotes longevity. In another
example, a deletion mutation of mir-239, which knocks out a miRNA dramatically up-
regulated during ageing, caused a longer lifespan, indicating that miR-239 antagonizes
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lifespan (de Lencastre et al., 2010). Notably, over-expression of each miRNA exhibits the
reciprocal effect on lifespan; animals with over-expression of miR-71 lead to a significant
lifespan extension, while those with over-expression of miR-239 shorten lifespan. In
addition to mir-71 and mir-239, one of the evolutionary conserved miRNAs mir-34 may also
be involved in lifespan determination in C. elegans (Yang et al., 2011). As these mutants
appear otherwise normal, these observations support the idea that the effect of loss of these
miRNAs on lifespan is caused by a defect in adulthood rather than a developmental
abnormality (Miska et al., 2007).

Consistent with the necessity of these individual miRNAs in ageing, such as lin-4, mir-71
and mir-239, ALG-1, a core component in miRNA processing, is essential for normal adult
lifespan in C. elegans (Kato et al., 2011). ALG-1 encodes an Argonaute protein necessary
for the miRNA maturation and function, but not necessary for other known small, non-
coding RNA pathways (Batista et al., 2008; Grishok et al., 2001). In this experiment, to
further rule out the possibility of a developmental defect, C. elegans animals were treated
with RNA interference (RNAi)-mediated alg-1 knockdown only during adulthood, and they
displayed an abnormal lifespan. In addition, under the condition of adult-specific alg-1 loss,
those age-associated miRNAs that increased expression during ageing, including miR-34
and miR-239, were disrupted in their expression (Kato et al., 2011). These observations
suggest that the age-associated miRNAs are indeed important for the normal adult lifespan
of C. elegans.

3. The miRNA-mediated regulation of ageing pathways
It is expected that these age-associated miRNAs modulate various genetic pathways in
lifespan determination through the control of their target genes. The insulin-signaling
pathway is well known for its central role in lifespan determination and stress response from
yeast to human (Antebi, 2007; Fontana et al., 2010; Kenyon, 2010). In C. elegans, activation
of the insulin receptor DAF-2 under normal conditions causes DAF-16, a homologue of the
mammalian FOXO transcription factor, to be retained in the cytoplasm, whereas in response
to stress (e.g. heat shock), or reduced levels of insulin-signaling (e.g. daf-2 mutation),
DAF-16 enters the nucleus where it activates longevity and stress resistance genes, leading
to extended lifespan and stress resistant phenotypes (reviewed in (Antebi, 2007)). Age-
associated miRNAs might regulate the insulin-signaling network, since some of the insulin-
signaling pathway genes, such as daf-16, appear to have putative binding sites for miRNAs
in their 3’ untranslated regions (de Lencastre et al., 2010; Ibanez-Ventoso et al., 2006).

From genetic studies of lifespan, both miR-71 and miR-239 indeed likely function in the
insulin-signaling pathway (Figure 1) since the longer lifespan induced by loss of mir-239 is
dependent on the normal DAF-16 function, and loss of mir-71 significantly shortens the
long lifespan induced by daf-2 loss (de Lencastre et al., 2010). Moreover, in aged animals,
the loss of mir-239 causes a significant reduction of the messenger RNA (mRNA) levels of
age-1 and pdk-1, components in the insulin-signaling pathway (Antebi, 2007), suggesting
that miR-239 may act upstream of these genes to promote insulin-signaling activity (de
Lencastre et al., 2010). Conversely, the mir-71 loss causes an increase in level of pdk-1
mRNAs in aged animals, consistent with the interpretation that miR-71 promotes longevity
by reducing the activity of genes in the insulin-signaling pathway (de Lencastre et al., 2010).
Also, as the 3’ untranslated region of pdk-1 mRNA is likely to have potential binding sites
for miR-71, expression of pdk-1 may be directly suppressed by miR-71.

In addition to the insulin-signaling pathway, miR-71 may also act in a DNA damage
response pathway (Figure 1) (de Lencastre et al., 2010). It has been shown that decreased
activity of DNA checkpoint control proteins, such as CHK-1 (checkpoint kinase) and
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members of CDC-25 family (phosphatase), causes a significant increase in lifespan (Olsen et
al., 2006). The deletion mutation of mir-71 completely suppresses the longevity phenotype
induced by knockdown of cdc-25.1 and chk-1 (de Lencastre et al., 2010). The 3’
untranslated region of cdc-25.1 mRNA appears to have potential binding sites for miR-71,
suggesting the possibility that miR-71 promotes longevity by directly suppressing the
activity of cdc-25.1. In support of this, the mRNA levels of cdc-25.1 are significantly
elevated in aged animals lacking mir-71 (de Lencastre et al., 2010). These observations
suggest that miR-71 may act in not only the insulin-signaling pathway but also the DNA
damage response pathway to modulate lifespan determination, although there is still no
direct evidence that mir-71 is necessary for the proper DNA damage response.

Similar to mir-71 and mir-239, the lin-4 miRNA and its target lin-14 also function in the
insulin-signaling pathway in ageing (Figure 1). As above, lin-14 loss-of-function mutants
exhibit an extended lifespan phenotype, and this longevity is completely suppressed by loss
of daf-16, suggesting that daf-16 activity is necessary for the lin-14 loss-induced lifespan
extension, and that lin-14 acts upstream of daf-16 (Boehm and Slack, 2005). Consistent with
this, we recently found that the loss of lin-14 activity caused up-regulation of DAF-16
downstream targets, such as sod-3 (Lee et al., 2003; Murphy et al., 2003) (Kundu, S. and
FJS, unpublished). Furthermore, lin-4 and lin-14 might act upstream of insulin-signaling
DAF-2 (which is upstream of DAF-16) in lifespan regulation, since it has been shown that
one of C. elegans insulin-like peptide genes, ins-33, appears to be a direct downstream target
of LIN-14 in development (Hristova et al., 2005). On the other hand, there is a contradictory
observation: the lin-4 miRNA seems to act downstream of DAF-16 because lin-4 expression
is repressed by DAF-16 in a developmental arrest induced by food deprivation (Baugh and
Sternberg, 2006). These results suggest the possibility of a negative feedback loop and imply
the complexity in the miRNA-involved gene regulatory network. The role of miRNAs might
be different among tissues, or between the processes of development and ageing.

Despite the extensive studies of molecular interaction with lin-4 or lin-14, it is not clear
exactly why loss of the lin-4 miRNA shortens lifespan and accelerates the ageing process.
However, a recent study may provide a clue to this question. lin-4 deletion mutants have a
remarkably reduced fat content compared to wild-type animals (Zhu et al., 2010). This is
possibly due to lower mRNA levels of sbp-1 (also named lpd-1), a key transcriptional factor
in fat and sterol synthesis pathways (McKay et al., 2003). Mutations that cause abnormal
lifespan may influence fat metabolism in C. elegans; for example, in the daf-2 long-lived
mutants, metabolism is shifted to the production of fat (Kimura et al., 1997). Also, many of
the putative DAF-16 targets are known to be involved in fat accumulation (Oh et al., 2006).
In addition to the abnormal fat metabolism, the loss of lin-4 results in an increased
accumulation of reactive oxygen species (ROS) (Zhu et al., 2010). ROS, which include free
radicals such as superoxide, are mostly generated in mitochondria during the process of
electron transport in energy production, and cause oxidative damage to macromolecules,
such as nucleic acids, proteins and lipids, leading to functional declines (Hekimi et al.,
2011). It is possible that in the lin-4 mutants an imbalance between the mitochondrial ROS
generation and repair/detoxification leads to deleterious effects on cellular components,
resulting in loss of integrity and progression of the ageing process. (Note that the
mitochondrial free radical theory of ageing is a long-held model; however, the relationship
between ROS and the ageing process is much more complex than previously estimated, and
recent studies present some conflicting findings for this. See (Hekimi et al., 2011) for
details).
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4. Additional miRNAs in ageing
The effect of miRNA loss on lifespan has been investigated using genetic knockouts for
individual miRNAs with significant expression changes in ageing. However, only a few
were clearly required for normal lifespan (e.g. lin-4, mir-71, mir-246, mir-34 and mir-239;
(Boehm and Slack, 2005; de Lencastre et al., 2010; Yang et al., 2011)). Since not all miRNA
knockouts showed obvious abnormalities in lifespan despite their dynamic expression
changes during ageing, their age-associated expression changes might be a consequence of
ageing with no functional implications on the physiology of aged animals. However, as
miRNAs have the potential to affect expression of multiple target genes, it remains possible
that many age-associated miRNAs have subtle and/or redundant roles in lifespan
determination.

A system biology approach, incorporating conventional miRNA target prediction algorithms
with gene expression profiles of miRNAs and protein coding genes in ageing, reveals that
many age-associated miRNAs appear to regulate genes in mitochondrial respiration and
protein homeostasis (Kato et al., 2011). For example, many of these miRNAs, including
miR-71 and some let-7 family members, are likely to target genes in the TCA (tricarboxylic
acid) cycle and oxidative phosphorylation, both of which are involved in energy production
in the mitochondria (Wallace, 2005). Additional miRNAs, including let-7 and miR-34,
appear to target genes encoding proteases and Vacuolar-type H+-ATPase, which compose of
lysosomal compartments where damaged macromolecules, including misfolded or
aggregated proteins, are degraded (Buchberger et al.; Nishi and Forgac, 2002), or autophagy
proteins (Yang et al., 2011). These results suggest that additional miRNAs with age-
associated expression changes may work together to maintain, for example, cellular energy
balance and protein quality, possibly through a fine-tuning of metabolic genes in the ageing
process. Indeed, a recent report indicates that loss of Drosophila mir-34, a miRNA with
adult-onset expression in the brain, causes brain neurodegeneration and a short lifespan,
whereby the mir-34 loss leads to an increase in accumulation of mis-folded protein (Liu et
al., 2012). Moreover, other Drosophila miRNAs mir-278, mir-14 and mir-8 contribute to
energy homeostasis through the regulation of insulin-signaling and fat metabolism (Hyun et
al., 2009; Teleman et al., 2006; Varghese et al., 2010; Xu et al., 2003).

Animals, even ones with a less redundant genetic background such as C. elegans, carrying
deletions of individual miRNAs or all members of a miRNA family often do not display an
observable phenotype, including lifespan changes (Alvarez-Saavedra and Horvitz, 2010;
Miska et al., 2007). These observations seem to be consistent with the hypothesis that many
miRNAs act to fine-tune gene expression to maintain protein levels of their target genes in
an optimal range (Bartel and Chen, 2004), and in such cases, loss of individual miRNAs
would not be expected to result in an observable phenotype under normal conditions. As an
alternative explanation, mutant phenotypes might be masked by genetic and functional
redundancies between miRNAs and also their target genes. In the case that the same miRNA
controls genes in two or more pathways, studying miRNA mutants with loss of a gene in a
predicted pathway (e.g. a mitochondrial gene for ageing; see above), might improve the
ability to identify miRNA functions. Other more generally sensitized genetic backgrounds
may also help. A recent report has demonstrated that combining deletion mutations of
miRNAs with loss of alg-1, which reduces the activity of all miRNAs, can enhance or
suppress developmental defects observed in the alg-1 single mutants (Brenner et al., 2010).
This suggests that in many cases the phenotypic consequences of loss of a single miRNA
may only be evident in conditions in which other miRNAs are impaired. Similarly, studying
the lifespan of miRNA deletion mutants in the context of adult specific alg-1 knockdown
may help to identify hidden functions of miRNAs in ageing, since we observed that the
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proper alg-1 activity was indispensable for the normal adult life in C. elegans (Kato et al.,
2011).

5. miRNAs that respond to environmental perturbations
The phenotypic outcomes of the miRNA mutants observed in the loss of alg-1 background
(Brenner et al., 2010) imply that miRNAs may have important roles in ensuring the
robustness of developmental pathways. This idea seems to be further supported by a recent
observation that C. elegans animals with different life histories have a distinct expression
pattern of miRNAs (Karp et al., 2011). In favorable conditions, C. elegans animals
continuously develop into adulthood through larval stages. In contrast, in unfavorable
conditions (e.g. food deprivation), they undergo distinct developmental processes, such as
the dauer diapause, and when environmental conditions improve, the growth-arrested
animals re-enter the developmental cycle and progress to adulthood (Hu, 2007). C. elegans
experiencing such interrupted life histories have a different expression pattern of miRNAs,
including miR-34, miR-71 and let-7 family members, even at the same developmental stages
after recovery from growth arrest (e.g. continuously developed to the 4th larval stage versus
the same 4th larval stage but experiencing dauer diapause) (Karp et al., 2011). This suggests
that these miRNAs might have the potential to buffer developmental programs in response
to physiological alterations that are accompanied by stress or environmental perturbations.
Consistent with this, it has recently been shown that an ageing miRNA mir-71 is important
in normal survival under starved condition and developmental recovery from starvation-
induced diapause in C. elegans (Zhang et al., 2011). Notably, diapause state and food
deprivation as well as mild stressors (e.g. relatively weak heat shock), can all prolong
lifespan, depending on their degree – the hormesis effect, where mild stress exposure
positively modulates biological processes, such as lifespan and stress resistance (Antebi,
2007; Cypser et al., 2006; Fontana et al., 2010; Honjoh et al., 2009; Kaeberlein et al., 2006).
Although it remains unknown whether such life history-dependent miRNA expression
changes (e.g. modified miR-71 levels) have an impact on the resulting lifespan, miRNAs
might act to achieve better survival strategies by adapting animals to environmental changes
in the natural condition.

6. MiRNA biomarkers of ageing
Almost all organisms, including C. elegans, have a broad range of lifespans, even in
genetically identical backgrounds. That is, some sibling individuals live longer or shorter
than others, even when they are cultured and grown in homogeneous conditions. Previous
studies have shown that a quantitative evaluation of a transcription marker that declines with
age (e.g. sod-3∷GFP) as well as phenotypic changes (e.g. reduction in locomotion) in
individual animals predicts their remaining lifespan (Herndon et al., 2002; Huang et al.,
2004; Sanchez-Blanco and Kim, 2011). To examine how such ageing signatures detected in
early life correlate with the future longevity, we developed a device that allows
physiological and gene expression changes to be monitored for individual C. elegans over
the course of their lives, and correlated with eventual longevity and health outcomes (Pincus
et al., 2011). In addition to the conventional biomarkers of longevity, such as body size,
movement rates and accumulation of age pigments, the expression profile of the age-
associated miRNAs, including miR-71 and miR-239 (measured by promoter∷GFP reporter
constructs) was found to predict future longevity (Pincus et al., 2011). Animals with higher
or longer-lasting levels of mir-71∷GFP tend to live longer, consistent with the role of
miR-71 in promoting lifespan (de Lencastre et al., 2010). Indeed, almost 50% of inter-
individual variability in lifespan is explicable based on expression patterns of mir-71∷GFP
in the first four days of adulthood. Conversely, and consistent with miR-239 acting to
antagonize longevity (de Lencastre et al., 2010), rapid increases in the levels of
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mir-239∷GFP expression predicted shorter lifespans. Many of these measures, and in
particular mir-71∷GFP levels, are predictive of future longevity even as early as the second
day of adulthood (Pincus et al., 2011). As both of miR-71 and miR-239 regulate the insulin-
signaling pathway (de Lencastre et al., 2010), these miRNAs not only predict for future
longevity but also may directly determine the remaining lifespan by modulating insulin-
signaling activity.

7. Additional small, non-coding RNAs with potential functions in ageing
miRNAs may only be a small portion of the regulatory RNAs involved in ageing. Recent
deep-sequencing experiments have led to the discovery of a surprisingly large variety of
small, non-coding RNAs. In addition to mature miRNAs, miRNA star strands, which are
sequences with reverse-complimentary to mature miRNAs that are produced from the
hairpin precursor during miRNA maturation (Lim et al., 2003), might have a biological role
in ageing. Specifically, we found several cases where the star strands have distinct changes
in abundance relative to their mature counterparts during ageing in C. elegans (Kato et al.,
2011). Importantly, the star strands have a trend to preferentially associate with RDE-1, an
Argonaute protein involved in dsRNA-induced siRNA pathway (i.e. RNAi machinery
(Tabara et al., 1999)), while the mature strands are mostly incorporated into ALG-1 (Correa
et al., 2010; Kato et al., 2011). Moreover, recent reports indicate that depletion of XRN-1
and -2, which encode 5’-to-3’ exoribonucleases involved in miRNA turnover, causes an
accumulation of star strands of certain miRNAs and also mature miRNA strands (Chatterjee
et al., 2011; Chatterjee and Grosshans, 2009). Interestingly, the availability of a miRNA
target also modulates the levels of a miRNA itself; the presence of the mRNA that has
binding sites for the miRNA protects the miRNA from degradation, and increases stability
of both mature and star miRNA strands, while the absence of target mRNA conversely
destabilizes the miRNAs (Chatterjee et al., 2011). These observations suggest a dynamic and
refined miRNA-associated gene regulatory mechanism.

Small RNAs derived from parental RNAs, notably transfer RNAs (tRNAs), are now
recognized to have novel roles in diverse animal species. tRNAs are a classic, non-coding
RNA species, which recognize specific codons during protein synthesis. Surprisingly,
however, it now seems that this role is only part of the tRNA function: longer, parental
tRNA transcripts are cleaved by a specific ribonuclease (e.g. angiogenin in mammalian
cells) in response to stresses, such as heat shock, yielding roughly half-sized tRNA
fragments (Figure 2, reviewed in (Thompson and Parker, 2009; Tuck and Tollervey, 2011)).
These cleaved half-tRNAs may act to suppress protein synthesis since recent studies indicate
that synthetic half-tRNA fragments inhibit translation in vitro (Ivanov et al., 2011), and
promote the assembly of stress granules, cytoplasmic foci at which untranslated mRNAs in a
protein complex are transiently concentrated (Emara et al., 2010). Stress-induced tRNA
cleavage is evolutionarily conserved from yeast to human (Thompson and Parker, 2009),
suggesting that it is a fundamental component of the stress response. In a preliminary
observation, specific short tRNA reads were present in our deep-sequencing experiments in
C. elegans with dramatic induction in response to heat stress; these smaller fragments may
be derived from half-tRNAs, which would not have been observed due to our sequencing of
only very short RNA species. Likewise, similar tRNA-derived short sequencing reads
increased during ageing in C. elegans (Kato et al., 2011). Intriguingly, it is known that tRNA
cleavage is also triggered by nutrient deprivation in some organisms (Thompson and Parker,
2009), implying that half-tRNA-mediated translational repression might be an adaptive
response to environmental perturbation during development and ageing, similar to miRNAs.
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8. Role of RNA editing in dsRNA-mediated gene regulation
dsRNA-mediated gene silencing, such as that exhibited by miRNAs and siRNAs, is likely to
be further regulated by the RNA editing machinery. The predominant form of RNA editing
is adenosine to inosine conversion that happens in a dsRNA duplex, mediated by a
conserved enzyme, Adenosine Deaminase Acting on RNA (ADAR, reviewed in (Bass,
2006)). RNA editing has the capacity to generate functional diversity in protein products
and/or altered target recognition by miRNAs or siRNAs. The C. elegans genome encodes
two genes with ADAR activity, adr-1 and adr-2 (Tonkin et al., 2002). C. elegans carrying
mutations in both adr-1 and adr-2 have a significantly shorter lifespan than wild-type
animals (Sebastiani et al., 2009), indicating that ADAR activity has a critical role in lifespan
determination in C. elegans, despite no other obvious abnormalities in adr-1;adr-2 mutants
(aside from a chemotaxis defect and a modulated response to transgene expression) (Knight
and Bass, 2002; Tonkin and Bass, 2003). Notably, the short-lived phenotype observed in
adr-1;adr-2 mutants is suppress by loss of rde-1, although the rde-1 mutation alone does not
affect lifespan (Sebastiani et al., 2009). These results suggest an interaction between RNA
editing and RNAi machineries in lifespan regulation.

The initial finding of the connection between RNA editing and RNAi machineries is from
experiments using transgenes in C. elegans (Knight and Bass, 2002). In C. elegans, high-
copy-number transgenes are reliably silenced in the germline but not in somatic tissues;
however in adr-1;adr-2 mutants, such transgenes are also often silenced in the soma, likely
via an RNAi mechanism triggered by small amounts of aberrant double-stranded transcript
(Knight and Bass, 2002). The authors’ interpretation of these results is that the RNA editing
modifies these aberrant dsRNA species so that they no longer form a perfectly
complementary dsRNA, and thus preventing an RNAi response (which entails amplification
of the RNAi template via an RNA-dependent RNA polymerase (Gent et al., 2010; Pak and
Fire, 2007)). Thus, this result suggests that the RNA editing pathway may act to release and
inactivate extensive populations of dsRNA products that are potentially capable of entering
the RNAi pathway, possibly in order to prevent further unfavorable gene inactivation
(Figure 3). As adr-1;adr-2-induced short lifespan was suppressed by the loss of RNAi
activity, this competitive relationship now seems to extend to the regulation of endogenous
genes as well.

A recent finding that adr-1;adr-2 mutants accumulate many small RNAs, corresponding to
diverse genomic loci, supports this hypothesis (Wu et al., 2011). This increase of small
RNAs depends on an RNAi component, RDE-4, which encodes a dsRNA-binding protein
acting in the initial phase of RNAi where longer-triggering-dsRNAs are processed into the
shorter form of dsRNAs (i.e. primary siRNAs, (Parker et al., 2006)). This suggests that the
effectiveness of the RNAi machinery in the absence of RNA editing activity arises as a
consequence of the production of the primary siRNAs from longer dsRNA species.
Although most of these short RNA sequences differentially expressed in the adr-1;adr-2
mutants overlap transposons or inverted repeats, a significant proportion also overlap
annotated transcripts (Wu et al., 2011). Further study indicates that such transcripts show the
greatest up-regulation of their corresponding antisense siRNAs in adr-1;adr-2 mutants, with
a concomitant decrease in mRNA levels. Interestingly, these transcripts include a large class
of histone genes (Wu et al., 2011) and some genes known to be necessary for the normal
ageing in C. elegans, such as cst-1, a homologue of mammalian Ste20-like kinase gene, and
zfp-1, a zinc finger and PHD/LAP domain protein gene, both of which interact with
DAF-16, and shorten lifespan when they are lost (Lehtinen et al., 2006; Oh et al., 2006). The
short lifespan phenotype in the loss of RNA editing activity might be partially due to
inappropriate inactivation of these genes.
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Approximately ~15,000 genomic positions are estimated as putative RNA editing sites
including those for a histone gene, since these sites are present in wild-type but not in
adr-1;adr-2 mutants (Wu et al., 2011). It would be interesting to see whether the levels or
pattern of RNA editing, and the ADAR gene activity are changed during development or
ageing, or among different tissues. Moreover, although it has not yet been investigated in C.
elegans whether these editing sites include miRNA loci, it seems plausible because miRNA
precursors containing a hairpin duplex structure would also be a substrate of ADAR. Indeed,
some examples of RNA editing are known in human miRNAs (Blow et al., 2006), yielding
diversity in miRNA and target interaction.

9. Perspective
It is now becoming clear that miRNAs have a critical, yet sometimes subtle, role in lifespan
determination. Such subtle, “fine-tuning” functions of miRNAs, the general redundancy in
miRNAs and their target genes, and their frequent roles in feedback regulation (e.g. let-7 and
LIN-28, (Krol et al., 2010)), both make it plausible that these genes act as “buffers” to
increase overall homeostatic stability, and make it difficult to study the function of any
miRNA individually. In addition, the RNA editing machinery acts as an RNA surveillance
mechanism to modulate dsRNA-mediated silencing pathways, such as miRNAs and
siRNAs.

The small, non-coding RNA world is much more diverse than we had imagined even a few
years ago. Growing evidence suggests that RNA cleavage fragments, do not always simply
reflect RNA degradation, but can represent a novel class of molecules that have a distinct
function from their parental RNAs. tRNA-derived half-sized fragments are now recognized
as a new class of regulatory RNAs that inhibits translation in response to stress. Small
nucleolar RNA (snoRNA)-derived fragments may also have another function different from
their original transcripts (Tuck and Tollervey, 2011). Additional short RNA species, such as
mRNA fragments, localizing in nuclei, might further act as regulatory RNAs possibly
directly targeting on genomic DNAs or chromatin structure (Tuck and Tollervey, 2011).
Since recent studies indicate that genes involved in methylation of histone H3 at lysine 4, an
active mark of chromatin modifications, play an important role in lifespan determination in
C. elegans (Greer et al., 2010; Greer et al., 2011), it is not implausible to imagine that small
RNA control of chromatin structure may similarly influence lifespan. Studying ageing and
small RNA biology in model organisms, including C. elegans, will lead to further
understanding of our human ageing and age-associated diseases.
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Hightlights

• MicroRNAs regulate lifespan through the control of conserved genetic
pathways.

• MicroRNAs respond to environmental perturbations.

• Age-associated microRNAs predict for future longevity.

• tRNA-derived shorter fragments have a new regulatory role in the stress
response.

• The RNA editing machinery acts in double-stranded RNA-mediated gene
silencing.

• These multiple layers in gene regulatory mechanisms may stabilize genetic
networks in ageing.
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Figure 1.
A model for miRNA-mediated regulation of ageing pathways: The lin-4 miRNA and its
target lin-14, and miR-239 seem to regulate lifespan indirectly by modifying the insulin-
signaling pathway (dashed lines). miR-71 appears to directly affect the insulin-signaling and
DNA damage response pathways.
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Figure 2.
A novel non-coding RNA role for tRNA-derived RNA fragments: A specific ribonuclease
cleaves tRNA transcripts in response to stress (e.g. heat or oxidative stress), producing a
nearly half-sized tRNA fragments (half-tRNAs). A subset of 5’ half-tRNAs cooperates with
a translational silencer complex to inhibit translational initiation.
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Figure 3.
Antagonistic function of RNA editing in RNAi machinery: ADAR activity can modify
target specificity of miRNAs or siRNAs, or transcripts of protein-coding genes. In addition,
ADAR activity may prevent dsRNAs from entering the RNAi pathway by introducing RNA
modifications (shown by red circles) that reduce the self-complementarity of the dsRNAs –
a requirement for effective RNAi. This hypothesis is based on the observation that loss of
RNA editing activity (RNAe) results in an accumulation of siRNA species and an increase
in certain forms of RNAi-mediated gene silencing, but the silencing activity is suppressed
by loss of an RNAi component.
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