Age-associated changes in expression of small, noncoding
RNAs, including microRNAs, in C. elegans
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ABSTRACT

Small, noncoding RNAs (sncRNAs), including microRNAs (miRNAs), impact diverse biological events through the control of
gene expression and genome stability. However, the role of these sncRNAs in aging remains largely unknown. To understand the
contribution of sncRNAs to the aging process, we performed small RNA profiling by deep-sequencing over the course of
Caenorhabditis elegans (C. elegans) aging. Many small RNAs, including a significant number of miRNAs, change their expression
during aging in C. elegans. Further studies of miRNA expression changes under conditions that modify lifespan demonstrate the
tight control of their expression during aging. Adult-specific loss of argonaute-like gene-1 (alg-1) activity, which is necessary for
miRNA maturation and function, resulted in an abnormal lifespan, suggesting that miRNAs are, indeed, required in adulthood
for normal aging. miRNA target prediction algorithms combined with transcriptome data and pathway enrichment analysis
revealed likely targets of these age-associated miRNAs with known roles in aging, such as mitochondrial metabolism.
Furthermore, a computational analysis of our deep-sequencing data identified additional age-associated sncRNAs, including
miRNA star strands, novel miRNA candidates, and endo-siRNA sequences. We also show an increase of specific transfer RNA
(tRNA) fragments during aging, which are known to be induced in response to stress in several organisms. This study suggests
that sncRNAs including miRNAs contribute to lifespan regulation in C. elegans, and indicates new connections between aging,
stress responses, and the small RNA world.
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INTRODUCTION wide variety of organisms makes it a universal biomarker
for aging. Additionally, it is known that aspects of nuclear
architecture, such as nuclear shape and peripheral het-
erochromatin, are disorganized during aging in C. elegans
and that such features are often observed in premature ag-
ing syndromes, including Hutchinson-Gilford Progeria Syn-
drome (HGPS) in humans as well (Mattout et al. 2006).
It had been thought that age-related functional declines
were passive and not subject to regulation. Yet, it has been
demonstrated in C. elegans that mutations in single genes
can cause a delay in the aging process and extend lifespan.
age-1 and daf-2, both of which encode components in an
insulin signaling cascade, cause more than a twofold in-
crease in lifespan when either activity is reduced (Klass 1983;
Friedman and Johnson 1988; Kenyon et al. 1993; Morris
et al. 1996). Following these pioneering genetic studies in
C. elegans, it has been shown that these longevity genes are

Aging is defined as the time-dependent degenerative changes
that occur in tissues, cells, and in molecules such as DNA.
For example, loss of muscle mass and strength usually be-
gins at the middle of adulthood and proceeds further during
the later stages of life in diverse animal species, including the
nematode Caenorhabditis elegans (C. elegans) (Herndon et al.
2002; Johnston et al. 2008). These physiological alterations
are correlated with a decline in motility and closely re-
semble sarcopenia in humans (Herndon et al. 2002). Also,
progressive accumulation of a fluorescent pigment, lipo-
fuscin, is observed in aging tissues as a result of the oxida-
tive degradation and autophagocytosis of cellular compo-
nents (Garigan et al. 2002). Its ubiquitous occurrence in a
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highly conserved in yeast, flies, and mice and that they also
regulate lifespan through the control of, for example, me-
tabolism and the stress response, across phyla (Antebi 2007;
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Kenyon 2010). These findings suggest that lifespan is, at
least in part, a genetically determined biological event and
that changes in gene expression may underlie at least some
of the aging processes, including metabolic changes.

Gene expression profiling during aging can provide in-
sight into the molecular basis of the aging process. C. elegans
provides a genetically tractable model for this, with its rel-
atively short lifespan and plentiful genetic resources. Studies
of gene expression changes during aging in C. elegans have
provided clues to understanding mechanisms of age-related
phenomena. For example, the study of Lund et al. (2002)
demonstrated an increase in expression of transposable ele-
ment-derived transcripts during aging, pointing out the po-
tential of increased genome instability or uncontrolled,
unfavorable transcriptional activation with age. Another
study showed that many genes encoding heat shock pro-
teins, which are stress-resistance genes activated by stress,
rise in their expression at the beginning of adulthood and
then decrease toward later stages of aging (Golden and
Melov 2004; McCarroll et al. 2004). Since heat shock
proteins serve as molecular chaperones in protein homeo-
stasis (Morimoto 2008), their decrease in aged animals may
cause an increased level of unfolded proteins, possibly
leading to increased toxicity and stress, finally causing im-
paired cellular function and organismal death. These studies
support the idea that alteration of gene activity might serve
as a biological clock influencing lifespan.

Notably, small noncoding RNAs (sncRNAs), especially
microRNAs (miRNAs), have a great impact on the control
of gene expression through their ability to regulate hun-
dreds of target genes (Stefani and Slack 2008). miRNAs neg-
atively regulate gene expression at the post-transcriptional
level via perfect or partial sequence complementarity to
mRNAs of their target genes. For example, a founding miRNA,
lin-4, accumulates in the early larval stage of C. elegans
development and suppresses the expression of its target gene
lin-14 to initiate a transition in developmental stage (Lee
et al. 1993). Importantly, in a previous study, we found that
the lin-4 miRNA and its target lin-14 are also necessary for
normal lifespan in C. elegans; lin-4 loss-of-function mu-
tants and gain-of-function mutants of its target lin-14 (due
to loss of a lin-4 binding site in its 3’ untranslated region)
showed a short lifespan, while overexpression of lin-4 miRNA
and loss-of-function mutants of lin-14 resulted in a longer
lifespan (Boehm and Slack 2005), suggesting that miRNA
and miRNA-mediated negative regulation of gene expres-
sion influence longevity. Subsequent miRNA microarray
analysis showed that many mature miRNAs change their
expression during aging in C. elegans (Ibanez-Ventoso et al.
2006). In addition to miRNAs, additional new classes of
sncRNAs identified in recent studies (Ruby et al. 2006; Batista
et al. 2008; Claycomb et al. 2009; Gu et al. 2009; Stoeckius
et al. 2009), such as 21U-RNAs/piRNAs and 22G-RNAs
(endo-siRNAs), might also have important roles in aging
through the maintenance of genome stability and genome

surveillance, but the dynamics of these sncRNA species
through aging have not been examined.

Here, we show, using deep-sequencing technology, that
a significant number of sncRNAs, including miRNAs, change
their expression during aging in C. elegans. In addition, adult-
specific knockdown of argonaute-like gene-1 (alg-1), which is
required for miRNA processing and function, resulted in
a shorter lifespan, supporting our hypothesis that miRNAs
have important roles in normal lifespan regulation. Also,
predicted targets of age-associated miRNAs have known
roles in aging processes, including mitochondrial respira-
tion and protein homeostasis. We also report the identifi-
cation of novel miRNA candidates, miRNA star molecules,
and other age-associated sncRNAs, including transfer RNA
(tRNA) cleavage products, which are known to be induced
in response to stress in several organisms (Thompson and
Parker 2009a). This study uncovers potential roles for miRNAs
and other sncRNAs in aging and age-related events, and we
propose that these RNAs contribute to lifespan regulation
in C. elegans.

RESULTS

In order to reveal the contributions of sncRNAs, especially
miRNAs, to aging in C. elegans, we first examined their ex-
pression changes during aging, using deep-sequencing with
Solexa technology. In this study, we used spe-9(hc88), a tem-
perature-sensitive sterile mutant, to prevent contamination of
RNAs from aging animals with those of developing embryos.
Although spe-9(hc88) mutant animals cannot produce prog-
eny at the restrictive temperature due to a defect in spermato-
genesis (Singson et al. 1998), they still have a lifespan similar to
wild-type N2 animals (Fabian and Johnson 1994). We first
confirmed their normal lifespan at the nonpermissive tem-
perature, 23°C (Fig. 1A), and prepared cDNA libraries for
small RNAs at four different time points during adulthood:
Day 0, Day 5, Day 8, and Day 12 (Day X represented in this
study is defined as days post-L4 [the fourth larval stage]
molt). As shown in Figure 1A, these times represent key
inflection points in the survival curve. The approximate
survival rate of spe-9(hc88) mutants was 100%, >90%, 50%,
and <10% at Day 0, Day 5, Day 8, and Day 12, respectively.
We also produced additional cDNA libraries from RNA
samples that were collected from independently grown
Day 0 and Day 8 spe-9(hc88) mutants in order to test the
reproducibility of the initial experiment.

More than 5 million sequence reads that match to the C.
elegans genome were obtained from each library (Supple-
mental Table S1). Of those, ~70% were known, annotated
mature miRNA sequences, ~1.5% of reads perfectly
matched 21U-RNAs/piRNAs, ~15% mapped to a part of
other known noncoding RNA fragments such as tRNAs,
and the remaining 15% did not map to any annotated regions
and were categorized into a fraction of “other reads” (Fig.
1B; Supplemental Table S1). This fraction includes miRNA-
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FIGURE 1. Lifespan of spe-9(hc88) mutant animals and summary of
deep-sequencing reads. (A) Animals were raised and cultured at 23°C
in the lifespan assay. Mean adult lifespan was 8.62 +/— 0.05 d. Detailed
results of the lifespan assay are shown in Supplemental Table S4. Error
bars represent standard error (SE) calculated from triplicates. RNAs
were purified at Day 0, Day 5, Day 8, and Day 12 post-L4 molt as
highlighted and used for library preparation for Solexa deep-sequencing
experiments. (B) Proportion of each noncoding RNA species, including
miRNAs, 21U-RNAs/piRNAs, and tRNAs, were analyzed in each aging
sample. Details are shown in Supplemental Table S1.

associated reads such as miRNA “star” strands, and novel
miRNA candidates and possible novel sncRNAs (described
below). We also found that the total levels of both miRNAs
and 21U-RNAs/piRNAs exhibited a gradual decrease during
aging, while other small RNA fragments derived from tRNAs,
ribosomal RNAs (rRNAs), small nucleolar RNAs (snoRNAs),
and small nuclear RNAs (snRNAs) showed a gradual but con-
stant increase in accumulation during aging (Fig. 1B; Sup-
plemental Table S1) (details described below).

A significant number of mature miRNAs change their
expression during aging

As mentioned, most of the aligned deep-sequencing reads
mapped to known, annotated mature miRNAs. We could
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detect reads from 149 of 174 annotated mature miRNAs in
our libraries (based on miRBase release 14) (Kozomara and
Griffiths-Jones 2011; Supplemental Tables S2, S3). Of the
known miRNAs we could not detect, some may not ac-
tually encode miRNAs, or their mature strands may have
been mistakenly annotated. For example, we did not clone
sequences corresponding to the annotated miR-356 mature
sequence, but reads corresponding to the mir-356 precur-
sor sequence were found in the stem regions of its hairpin du-
plex, which are likely to be the true mature and star miRNAs
(Supplemental Table S3). Other possibilities are that expres-
sion of these undetectable miRNAs is induced only for a
short time in the life cycle, such as during the 1-cell-stage
embryo (Stoeckius et al. 2009) or might be induced only
under specific conditions or that they are hard to clone by
the adapter-ligation-mediated method used in library prep-
aration for Solexa because of terminal modifications on
RNA molecules (Pak and Fire 2007).

In a previous study, we examined miRNA expression
changes during larval development and in different sexes in
C. elegans and found that the expression of many mature
miRNAs is dynamically regulated during the developmental
stages from embryo to young adult (Kato et al. 2009a).
Therefore, we tested the overall changes in expression of
mature miRNAs over time during aging. Pairwise compar-
isons between samples from aged populations (e.g., Day 5
vs. Day 8, or Day 5 vs. Day 12) showed strong correlations
in their expression changes, while pairwise comparisons
between samples from Day 0 young adult and any other
aged populations exhibited large differences in their ex-
pression changes (Supplemental Fig. S1). These observations
suggest that alterations in expression of miRNAs mostly
occur in the early stages of adulthood rather than in middle
to later stages of lifespan and do not fluctuate greatly from
mid-adulthood.

For this reason, coupled with the availability of replicates
we made in the deep-sequencing experiments (see Supple-
mental Fig. S2A,B for details), we focused on two stages,
Day 0 young adults and Day 8 old adults in order to rank
changes in expression of mature miRNAs during aging. We
identified known miRNAs with statistically significant ex-
pression changes during aging (P < 0.05) (Supplemental
Table S2). These include ~50 mature miRNAs in total,
which are equivalent to ~30% of the 174 known, annotated
mature miRNAs (miRBase release 14). Those with more
than twofold changes in the number of sequence reads
from Day 0 to Day 8 were listed in Figure 2A, which in-
cludes 23 up-regulated mature miRNAs and 16 down-
regulated ones, plus a mature miRNA variant for miR-71
(see the legend for Supplemental Table 52) and two miRNA
star species (see below). As shown in Figure 2A, the most
dramatically up-regulated miRNA was miR-239a, confirm-
ing our earlier report (de Lencastre et al. 2010). Another
one of the miRNAs with the most dramatic up-regulation
during aging was miR-34, which is highly conserved from
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A

Most increased c::r:(;e Day0 Day5 Day8 Dayi12 P-value Familyin C. elegans Homologues in human
miR-239b 38.6 188 6700 7298 6615 4E-06 mir-238, 239a

miR-1831 28.3 2 25 84 38 0.02009

miR-796 26.3 253 4447 6683 7544 4.9E-06 mir-1 mir-1, 206, 613

miR-43 25.7 13 305 359 991 0.0004734 mir-2, 250, 797

miR-1018 16 8 131 143 89 0.01677

miR-239a 1.1 207 1729 2298 2346 0.0005368 mir-238, 239b

miR-42 10.4 59 767 620 685 0.002828 mir-35-42

miR-38 10.1 146 1073 1479 845 0.001545 mir-35-42

miR-34 8.3 4442 20966 36792 31189  8.5E-07 mir-1824 mir-34a/c-5p, 449a/b
miR-2209a 8.1 77 284 629 306 0.00783 mir-80-82, 1834

miR-74 741 104 701 744 1316 0.001248 mir-72-73, 266 mir-31

miR-2 6.4 413 1748 2639 4559 0.0001396 mir-43, 250, 797

miR-232 4.6 17 97 82 259 0.00986

miR-87 4.4 320 905 1407 3151 0.0004165 mir-233, 356

miR-39 3.6 485 1598 1735 1665  0.02273 mir-35-42

miR-233 3.6 84 233 302 649 0.008371 mir-87, 356

miR-71 3.2 17364 87794 55091 53377 1.3E-06

miR-61 26 3075 6718 8125 6646  0.01998 mir-44-45, 247

miR-35 25 56766 134201 139597 101749 0.0008216 mir-35-42

miR-54 22 3402 6375 7549 12649 0.001702 mir-51-56 mir-99a/b, 100

miR-36 241 3470 8413 7339 5527  0.03033 mir-35-42

Most decreased c::::;e Day0 Day5 Day8 Day12 P-value Familyin C. elegans Homologues in human
miR-789-2* 57.8 289 53 5 2 0.00324

miR-788* 14.5 188 23 13 10 0.01131

miR-795 10.5 1926 165 182 260 0.0007342 let-7, mir-48, 84, 241 let-7a/b/c/d/e/f/g/i, mir-98
miR-71_L-form 9.6 264060 56124 27377 16838 1.77E-13

miR-237 9.3 352 57 37 30 0.009071 lin-4 mir-125a-5p/b

let-7 7.9 91357 15707 11605 8022 2E-09 mir-48, 84, 241, 795  let-7a/b/c/d/e/f/g/l, mir-98
miR-241 6.9 9935 1457 1447 891 2E-05 let-7, mir-48, 84, 795 let-7a/b/c/d/e/f/g/I, mir-98
miR-229 6.7 314 72 46 281 0.0224 mir-63-66 mir-425

miR-248 54 1780 679 329 201 0.001526

miR-63 5.3 3559 960 666 1008 0.002273 mir-64-66, 229 mir-425

miR-243 5.1 483 102 93 65 0.01256

miR-47 4.6 2443 844 535 496 0.005177 mir-46
lin-4 4.5 6578 1625 1467 1440 0.001661 mir-237 mir-125a-5p/b
miR-235 4 2801 540 691 1062 0.003595 mir-25, 32, 92a/b, 363, 367
miR-70 3.4 105864 59621 31510 23371 2E-06
miR-230 2.7 1055 598 388 239 0.0187
miR-80 25 59122 30089 23987 24090 0.003208 mir-81-82, 1834, 2209a
miR-252 25 5055 2605 2019 1943  0.03249 mir-251
B 20 -, miR-23%9a 15 , miR-34 25 . miR-38 15 - let-7 2 -miR-47 15 .lin-4
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5 15 10 p ’ \ 15 | | qRT-PCR
?
o 10 | 1 .
g 5 10 “ 05 05 Sequencing
Lol : o] " I
25 o e o Jme 0t 0 B 0
g L L N N NN S L& L
o £
s JF F g F I F F F g F F &

FIGURE 2. miRNAs with most increased and decreased expression during aging. (A) Of the
mature miRNAs with statistically significant expression changes during aging (P = 0.05), those
with more than twofold changes in the number of reads from Day 0 to Day 8 are shown here.
This list also includes a mature miRNA variant for miR-71 and two miRNA star strands.
miRNAs were sorted by the fold-changes. P-values are minimum P-value of pairwise analyses
among Day 0, Day 5, Day 8, and Day 12 (see Materials and Methods for more details). Two of
the miRNAs with * in their names represent miRNA star species, and sequences with the most
abundant number of reads (Supplemental Table S3) were used for counting as we have done
for the mature miRNAs. Note that the expression of annotated mature miR-71 (19 nt)
appeared to be increased during aging as observed in the QRT-PCR experiments (Supplemental
Fig. S2C). However, its longer form (miR-71_L-form) (23 nt) was more abundant than the
annotated one, and it showed decreased expression during aging (Supplemental Table S3;
details are discussed in the legend for Supplemental Table S2). (B) The results of miRNA
expression changes were confirmed by qRT-PCR. The results were normalized by the average
of the expression of act-3 and ama-1. Error bars for qRT-PCR results shown by dark gray bars
indicate standard deviation (SD). Additional results are shown in Supplemental Figure S2C.
Error bars for deep-sequencing results shown by light gray bars represent the maximum and
minimum values in fold-changes in two replicates, which were calculated after each read was
normalized by the total number of aligned reads in each library.

C. elegans to human and involved in the DNA damage
response across phyla (He et al. 2007; Kato et al. 2009b). An
example of the most down-regulated miRNA, lin-4, the

first miRNA found to be necessary for
normal lifespan in C. elegans (Boehm
and Slack 2005), indeed, showed a sig-
nificant reduction during aging. Addi-
tionally, another founding member of
miRNAs, let-7, and its family miRNAs
such as mir-241 and mir-795 (Roush and
Slack 2008), showed a dramatic decrease
in expression during aging (Fig. 2A).
We confirmed these results by bio-
logical replicates of the deep-sequencing
libraries for Day 0 and Day 8, using in-
dependently prepared RNA samples, and
also by quantitative RT-PCR (qRT-PCR)
(Fig. 2B; Supplemental Fig. S2), support-
ing the reliability of our data. We further
performed a simple hierarchical cluster-
ing analysis and found that miRNA
family members have a similar trend in
expression changes during aging (Sup-
plemental Fig. S3). All together, these
observations suggest that, in addition to
lin-4, additional miRNAs might have
important roles in lifespan regulation in

C. elegans.

Adult-specific loss of alg-7 activity
disrupts miRNA expression changes
and results in a shorter lifespan

To test the importance of miRNAs in
aging, we examined how the loss of ac-
tivity of ALG-1 affects normal lifespan.
The alg-1 gene encodes an Argonaute
protein which is necessary for miRNA
maturation and function but is not re-
quired for other known small RNA path-
ways (Grishok et al. 2001; Batista et al.
2008). In this experiment, spe-9(hc88)
animals were first cultured on standard
Escherichia coli OP50 bacteria and then
exposed to feeding RNAi against alg-1
and empty vector 14440 as a control when
they were Day 0 young adults (Supple-
mental Fig. S4). This enabled us to avoid
the possibility that the effect of alg-1 loss
on the lifespan was due to a defect in de-
velopment. We found that animals ex-
posed to alg-1 RNAi displayed a signif-
icantly shorter lifespan compared to the
control (Fig. 3A; Supplemental Table
S4), demonstrating that miRNAs are

necessary for normal lifespan in C. elegans adults. Essen-
tially the same results were obtained when wild-type N2
animals were cultured with alg-1(RNAi) versus control at
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In this study, synchronized spe-9(hc88)
animals were first cultured at the non-
permissive temperature (23°C) during
larval development to induce their ste-
rility and then shifted to 15°C and 27°C
when they were Day 0 young adults.
Compared to control animals which
were kept at 23°C during all life stages
including adulthood, animals shifted to
the lower temperature (15°C), indeed,
showed a significantly longer lifespan,
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FIGURE 3. Lifespan of spe-9(hc88) animals treated with adult-specific RNAI against alg-1. (A)
Animals were exposed to RNAI only during adulthood. Mean adult lifespans for the control
and alg-1 RNAi were 9.14 +/— 0.33 and 7.89 +/— 0.15 d, respectively (P = 0.0005). Detailed
results of the lifespan assay are shown in Supplemental Table S4. Error bars represent standard
error (SE) calculated from triplicates. (B) Expression changes of age-associated miRNAs were
examined by qRT-PCR. Data were normalized by the average of the expression levels of act-3
and ama-1 genes. Error bars represent SD. Day 0 animals cultured on OP50 bacteria (just

before RNAi exposure) were used as a control.

either 20°C or 23°C (data not shown). This is further
supported by the observations that miRNAs with increasing
expression during aging were disrupted in their expression
by loss of alg-1 activity, while those with decreasing ex-
pression, such as let-7, were not affected (Fig. 3B). Con-
sistent with this conclusion, we recently found that some
of the age-associated miRNAs identified here, indeed, play
important roles in lifespan regulation in C. elegans (de
Lencastre et al. 2010).

Conditions that modify normal lifespan can modulate
age-associated miRNA expression changes

To further understand the contribution of these age-associated
miRNAs to aging, we examined their expression changes
under conditions that modified lifespan. Specifically, we tested
whether conditions leading to a long lifespan could cause
a delay in miRNA expression changes and if conditions
leading to a short lifespan could accelerate their expres-
sion during aging. In C. elegans, an increase in temperature
accelerates the aging processes and reduces lifespan, whereas
a decrease in temperature causes a delay in the aging pro-
cesses and prolongs lifespan (Klass 1977).

1808 RNA, Vol. 17, No. 10
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while those exposed to the higher tem-
perature (27°C) resulted in a shorter life-
span (Fig. 4A). Where possible, we puri-
fied total RNAs from Day 0, Day 3, Day
let.7 5, Day 8, Day 12, and Day 15 animals
at each temperature condition and ex-
amined changes in expression of age-
associated miRNAs using qRT-PCR.

I . " We found that miRNAs with increas-
536 036 ing expression during aging showed a
significant delay in expression change at
the long-lived 15°C condition, while their
expression changes were accelerated at
the short-lived 27°C condition (Fig. 4B,
left; Supplemental Fig. S5). For exam-
ple, miR-34 and miR-239a, both of
which exhibited about a 10- to 15-fold
increase in expression from Day 0 to Day
8 at the standard condition 23°C, reached
a similar fold increase at Day 15 in the
long-lived condition, while they reached
a similar fold increase earlier at Day 3 in the short-lived
condition (Fig. 4B, left). These observations demonstrate
the tight regulation of miRNA expression during aging and
support the idea that maintaining these miRNAs at lower
levels during aging might contribute to a delay in the aging
process and cause longer lifespan or health span. Also, these
results suggest their potential as molecular biomarkers for
aging, although we cannot rule out that some of them may
have been affected by higher temperature rather than short
lifespan, including the case of lin-4 in Figure 4B, right.

In contrast to miRNAs with an increase in expression
during aging, those with a decrease in expression during
aging did not show such a delay; they exhibited the same
rapid decrease in expression in the long-lived condition at
15°C as observed in the standard control condition (Fig.
4B, right). All miRNAs examined, including let-7 and lin-4,
reduced their expression a short time after animals were
shifted to the lower temperature (Fig. 4B, right; Supple-
mental Fig. S5). One possible explanation is that their
down-regulation might be programmed at earlier stages
including during larval development. Alternatively, their ex-
pression might be controlled independently from the length
of lifespan.
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FIGURE 4. Expression changes of age-associated miRNAs in conditions that modify lifespan.
(A) Lifespan of spe-9(hc88) animals was assayed at different temperatures, 15°C, 23°C, and
27°C. Mean adult lifespans were 7.62 +/— 0.15 d, 16.21 +/— 0.37 d, and 6.11 +/— 0.17 d at
23°C, 15°C, and 27°C, respectively (P < 0.0001). Error bars indicate SE. Details are shown in
Supplemental Table S4. Total RNAs were purified from Day 0, Day 3, Day 5, Day 8, Day 12,
and Day 15 post-L4 molt as highlighted. (B) Expression changes of age-associated miRNAs
were examined by gqRT-PCR. Data were normalized by the average of the expression levels of
act-3 and ama-1 genes. Error bars represent SD. Day 0 animals cultured at 23°C (just before
the temperature shift) were used as a control. Additional results are shown in Supplemental
Figure S5. (C) Similar to the temperature-shift experiment, a delay or acceleration in
expression changes of the age-associated miRNAs was observed in genetically modified
lifespan backgrounds. In this study, spe-9(hc88) animals were exposed to each feeding RNAI,
including the control empty vector (L4440), from the L1 stage, in order to induce a sufficient
RNAi effect.

Moreover, we confirmed the tight regulation of age-
associated miRNAs in modified lifespan backgrounds in-
duced by RNAi-mediated knockdown of aging-related genes.
These include daf-2, and daf-16 and hsf-1, which cause long-

lived and short-lived conditions, respec-
tively, when their activity is diminished
(Fig. 4C; for review, see Antebi 2007;
Kenyon 2010). Similar to those ob-
served in the temperature-shift experi-
ments above, many age-associated miRNAs
with up-regulated expression during
aging, such as miR-239a, exhibited a delay
in expression changes, while those with
down-regulation during aging showed
expression changes independently of their
lifespan conditions (Fig. 4C), although
we found that some of the age-associ-
ated miRNAs were not consistent with
such trends in expression changes, possi-
bly due to their genetic interaction with
the aging-related genes examined (M Kato
and FJ Slack, unpubl.).

Age-associated miRNA expression
is mainly attributed to transcriptional
activity from miRNA promoters

We validated the altered expression of
age-associated miRNAs using transgenic
animals carrying constructs of the miRNA
promoter fused to a GFP marker gene.
Transgenic lines used in this study con-
tained transgenes integrated into chro-
mosomes and were crossed into the spe-
9(hc88) mutant background. We tested
changes in GFP signal intensity during
aging at Day 0, Day 3, and Day 6 of
adulthood. Most of the lines we examined
exhibited similar trends in expression
change shown for the mature miRNAs
from the results of deep-sequencing
and qRT-PCR. For example, mir-34,
which showed a dramatic increase in ex-
pression of the mature miRNA during
aging, exhibited a similar increase in GFP
signals in aged transgenic animals (Fig.
5). For let-7, which showed a marked
reduction of mature miRNA levels dur-
ing aging, we found that GFP signals were
nearly absent in Day 6 animals (Fig. 5).
This suggests that at least a part of these
expression changes can be attributed to
transcriptional activity driven by the
miRNA promoter.

Interestingly, in many cases of miRNAs

up-regulated with age, the GFP signals seem to be expressed
in tissues or cells in which they are not expressed at earlier
stages. The GFP signals from the mir-34::gfp transgenic line
were detectable de novo in cells on the ventral side in most
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FIGURE 5. Age-associated changes in GFP signals expressed from miRNA promoter::gfp
transgenes. The vertical axis represents a fold-change in GFP signal intensity, microscopically
determined from ~15-20 individual whole animals at each time point for each line. Error bars
represent SE. The blue-colored and green-colored bars represent the GFP signal intensity
observed in the transgenic lines cultured at the standard temperature 23°C and the long-lived
condition at 15°C, respectively. Scale bars represent 100 wm. Additional results for miRNA:: gfp
lines were examined, and strain information is shown in Supplemental Figure S6B.

aging animals (Fig. 5; marked by arrowheads in larger
images in Supplemental Fig. S6B). In another example, the
mir-35-41 miRNA cluster, which is highly expressed in
developing embryos (Lim et al. 2003), exhibited extensive
GFP signals in mid- to late- aging animals, in spite of their
lack of fertilized embryos in the spe-9(hc88) background.
These changes in expression pattern could be due to the
following possibilities: a tightly regulated aging activity;
transgene-specific background expression of GFP signals;
the effect of disorganized tissues with age (e.g., diffusion
of GFP proteins); or uncontrolled transcription because of
an age-dependent loss of proper regulation of gene ex-
pression (Lund et al. 2002). If the GFP signals specifically
observed in aged animals are due to age-related uncon-
trolled transcriptional activation, this erratic activation of
miRNA expression might trigger unfavorable age-related
decline, since miRNAs affect activities of many target genes.

We also examined age-related changes in the promo-
ter:: GFP signal intensity in the lower temperature-induced
longer lifespan background, as we did for mature miRNAs.
As expected, the GFP signals expressed from miRNA pro-
moter::gfp lines for up-regulated miRNAs in aging (e.g.,
mir-34) exhibited a remarkable delay in their changes in the
long-lived condition at 15°C, compared to those observed
in the control cultured at the standard condition 23°C (Fig.
5; images are shown in Supplemental Fig. S6C). In ad-
dition, the transgenic lines for down-regulated miRNAs in
aging (e.g., let-7) also showed a delay in changes of the GFP
signals in the long-lived condition, unlike the results ob-

1810 RNA, Vol. 17, No. 10

served for the mature miRNAs (Figs. 4
and 5; images are shown in Supplemen-
tal Fig. S6C). However, the extent of
delay in changes of the GFP signals de-
tected for down-regulated miRNAs was

036912  not as pronounced, compared to those
detected for up-regulated miRNAs, and
may reflect the stability of the GFP

' | protein.
Il
' | Computational miRNA target
086 086912 prediction combined with
. transcriptome analysis reveals
1 | likely candidate genes regulated
e | by age-associated miRNAs
(?: 'i ‘ l We predicted candidate targets of age-
0 036 0ssop  associated miRNAs and their possible

biological pathways. miRNAs negatively
regulate their target genes by binding to
complementary sequences in the 3" UTR
of mRNAs (Vella et al. 2004). Although
miRNAs had been thought to preferen-
tially affect the level of proteins rather
than mRNAs, it has been shown that
miRNAs also reduce the level of mRNAs
(Bagga et al. 2005; Guo et al. 2010). Indeed, microarray
experiments have proven to be an effective way to find genes
modulated by miRNAs (Johnson et al. 2007). We assumed
that age-associated alterations of miRNA expression levels
might cause a reciprocal trend in the expression change of
the mRNAs of their target genes during aging. Thus, in
addition to the conventional target prediction algorithms
such as miRanda, we combined the expression profiles of
miRNAs and protein-coding genes in aging and age-related
phenotypic information together (details are described in
Materials and Methods) (Fig. 6A) to highlight candidate tar-
get genes with reciprocal expression changes to their cognate
miRNAs during aging. Three hundred and fifty-four
protein-coding genes were predicted as targets for one
or multiple age-associated miRNAs (from Fig. 2A) (with
a maximum of 24 different miRNAs found on one target)
(Supplemental Table S5). Of these 354, 58 genes are known
to be necessary for normal lifespan in C. elegans, suggesting
that these 58 genes are better candidates for regulation by
age-associated miRNAs (these are highlighted in red in Sup-
plemental Table S5). Next, to determine how these pre-
dicted targets contribute to aging, we performed pathway
enrichment analysis with KEGG (Kyoto Encyclopedia of
Genes and Genomes). KEGG is an integrated database
resource providing functional aspects of biological systems,
such as biological pathways in cells and organisms, based
on the molecular information of genes and their products
(Kanehisa et al. 2010). For C. elegans, ~1700 genes are
classified into 121 pathways in the KEGG database. In our
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FIGURE 6. Target prediction of age-associated miRNAs and pathway analysis. (A) Target
prediction algorithms combined with gene expression profiles and age-related phenotypes fol-
lowed by the pathway analysis revealed strong candidate targets of age-associated miRNAs and
their possible roles in aging. The expression profiles for protein-coding genes were obtained from
Budovskaya et al. (2008), where they used a spe-9(hc88) background and similar conditions for
RNA preparation, including the time points during aging. The size of each circle reflects the
number of genes identified in each category (but the area of overlapped regions is not to scale
completely). (B) Pathway enrichment analysis with KEGG against predicted target genes identified
their possible roles in aging processes. The results were sorted by the order of enrichment (num-
ber of predicted genes in each pathway). For example, many TCA cycle and related genes were
predicted as targets. These serve an important function in mitochondria together with genes clas-
sified in oxidative phosphorylation (shown by a broken line). The names of gene pathways shown
in black represent genes necessary for the normal lifespan, suggesting that these pathways are
involved in aging. Detailed results are available in Supplemental Tables S5 and S6.

proteasome system. Also, we found that
genes in the tricarboxylic acid (TCA)
cycle and oxidative phosphorylation,
which form the core for energy produc-
tion in the mitochondria (Wallace 2005),
are predicted as targets of age-associated
miRNAs (Fig. 6B). Indeed, mitochon-
drial function and proteostasis are co-
ordinately modulated during aging by
insulin, target of rapamycin (TOR), and
sirtuin signaling pathways to protect ge-
nomes and cells from reactive oxygen
species and misfolded proteins (Haigis
and Yankner 2010).

miRNA “star” strands preferentially
accumulate in RDE-1, and they
change their expression

during aging

As we mentioned earlier, ~70% of aligned
sequence reads mapped to known, anno-
tated mature miRNAs, and ~15% map-
ped to unannotated genomic regions,
suggesting that there still might be
age-associated sncRNAs in this frac-
tion. This fraction could include
novel miRNA candidates and miRNA-
related sequences such as miRNA “star”
molecules.

The miRNA star sequence is the op-
posite strand to the mature one in a
hairpin duplex derived from the miRNA
precursor, and it has been previously
thought that they are byproducts in
miRNA processing and degraded rap-
idly. However, several recent studies dem-
onstrate that they are incorporated into
Argonaute protein complexes in Dro-
sophila (Czech et al. 2009; Okamura
et al. 2009; Ghildiyal et al. 2010). In-
deed, our deep-sequencing libraries de-
tected a significant number of reads
corresponding to miRNA hairpin-loop
sequences, including many miRNA star
reads. Star reads and their derivatives were
detected in our library for 111 known
miRNAs (miRBase release 14), and their

pathway analysis, predicted target genes of 33 age-associ-
ated miRNAs were found to be significantly enriched in 22
pathways (P < 0.05) (Fig. 6B; Supplemental Tables S5, S6).
Importantly, these include phagosome and lysosome path-
ways, which contain vacuolar family and proteasome genes,
suggesting that age-associated miRNAs including let-7 and
mir-1 may contribute to aging through the control of the

levels generally decreased during aging, similar to those
of mature miRNAs (Supplemental Table S3). These obser-
vations suggest that star strands can, indeed, exist as stable
RNA molecules in C. elegans.

To investigate in which Argonaute proteins the star
miRNA strands are incorporated, we examined the enrich-
ment of sequence reads corresponding to mature and star
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miRNAs in ChIP-Seq (chromatin im-
munoprecipitation followed by deep-
sequencing) libraries made for Argo-
naute proteins, ALG-1, ALG-2, and
RDE-1 (Corréa et al. 2010) (sequence
data were obtained from the Genome
Expression Omnibus [GEO], accession:
GSE20649). In addition to ALG-1, an-
other Argonaute protein, ALG-2, is
thought to act redundantly with ALG-1
to support it in miRNA processing
(Tops et al. 2006). A third member,
RDE-1, is involved in the double strand
RNA-induced siRNA pathway (Tabara
et al. 1999). Consistent with the pre-
vious report (Corréa et al. 2010), most
of the reads bound to these Argonaute
proteins were found to be miRNAs.
Notably, we found that the miRNA
reads corresponding to star strands were
significantly enriched in the RDE-1
ChIP-Seq library compared to those in
ALG-1 or ALG-2 (Supplemental Fig.
S7A; Supplemental Table S7) and also
compared to the ratio of mature and
star miRNAs in our deep-sequencing
results from aging samples (mature:
99.85%, and star: 0.15%) (Supplemental
Table S3). Additionally, the accumula-
tion of star miRNAs as well as mature
ones was reduced in rde-1 mutants com-
pared to wild-type animals (Supplemen-
tal Fig. S7B; Supplemental Table S7)
(sequence data were obtained from
GEO, accession: GSE20649) (Corréa
et al. 2010). A similar reduction of
miRNA star level in rde-1 mutants was
also observed in another library ob-
tained from the GEO, GSE19414 (Gent
et al. 2010) (data not shown). These
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FIGURE 7. Changes in expression of miRNA star strands. (A) Mature miRNAs were mostly
more abundant than their star miRNA species (green dots), but in some cases, both mature
and star miRNA strands accumulated at similar frequency (black dots), or star strands were
much more abundant than mature ones (red dots). (B) Correlation of expression changes
between mature and star miRNA strands was tested over the time course of aging (detailed
results are shown in Supplemental Table S3). Each dot indicates the miRNAs for which we
observed statistically significant age-associated expression changes either in their mature or
star strands (mature or star miRNAs with less than 10 reads in total from Day 0 to Day 12 are
not included here since their expression change is less reliable due to an extreme low
abundance). The results were plotted in ascending order by correlation values from left to right.
Of those, blue points represent miRNAs with age-associated changes only in mature strands;
red points represent miRNAs with age-associated expression changes only in star strands;
green points represent miRNAs with age-associated expression changes in both mature and
star strands. As for the five red points, these correspond to miR-229, miR-77, miR-2214, miR-
789-2, and miR-788, from left to right. As for the two green points, these correspond to miR-34
and miR-230. (C) Two examples of miRNAs with age-associated expression changes in their
star strands showed more abundant reads corresponding to star strands than mature ones
(top). The vertical scales on the left represent the number of sequence reads for mature ones,
and those on the right are for star strands. Another two examples showed distinct changes in
abundance during aging between mature and star strands (bottom). Additional miRNAs, such
as miR-54, also appear to have different trends in expression changes between mature and star
strands (Supplemental Table S3), although their expression changes were not statistically
significant due to a lower number of sequence reads.

results suggest that the star miRNA strands are preferen-
tially sorted into or stabilized in RDE-1 Argonaute protein
in C. elegans.

As observed in our deep-sequencing libraries, in most
cases, the star strands accumulated at much lower levels
than their corresponding mature sequences. However, we
found some cases where both species appeared to accu-
mulate at a similar frequency and others where star reads
were much more abundant than the reads for the mature
miRNA (Fig. 7A; Supplemental Table S3). For each miRNA
with statistically significant expression changes during
aging in either mature or star strand, we tested the cor-
relation between mature and star miRNA strands over the
time course of aging (Fig. 7B). Of those, seven signifi-
cantly changed the expression of their star strands (red- or
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green-colored dots in Fig. 7B). These include miR-788 and
miR-789-2, both of which have more abundant star
strands than mature ones and have a similar trend in ex-
pression change (Figs. 2A and 7B,C, top). Importantly,
there are several cases where the star strands showed
distinct changes in abundance relative to their mature coun-
terparts during aging, including those for miR-34 and miR-
63 (Fig. 7B,C, bottom; Supplemental Table S3), suggesting
the complexity in miRNA processing. Recently, it has been
shown that star miRNA strands also have a capacity to
repress synthetic targets in vitro (Yang et al. 2010).
Although the biological significance of star strands is still
not clear, our findings suggest that they might serve as
regulatory molecules in aging in C. elegans, similar to ma-
ture miRNAs.
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Novel miRNA candidates were
identified from aging animals

In the process of filtering out annotated
sequence reads, we were left with ~30,000
unique, unannotated sequencing reads.
These potentially include novel miRNA
candidates and additional age-associated
sncRNAs. Computational prediction with
the miRDeep program (Friedlander et al.
2008) yielded 76 novel miRNA candi-
dates from these unannotated reads (Sup-
plemental Table S8). For 21 of these, we
detected corresponding star strands or
their derivative reads in our data set.
Based on the features, including the pres-
ence of star strands or expression change
during aging (Supplemental Tables S8—
S10), we picked seven novel miRNA
candidates for further verification (Fig.
8A). As shown in Figure 8B, some of the
candidates may fall into known miRNA
families because they had the same “seed”
sequences as other known miRNAs. Also,
qRT-PCR experiments showed that some
of them change their expression during
aging (Fig. 8C). Additionally, we con-
structed candidate miRNA promoter:: gfp
fusion transgenic lines and detected
GFP signals in adult C. elegans tissues,
such as sensory neurons in the head (Sup-
plemental Fig. S6D), demonstrating that
these sequences are transcribed.

In order to further validate whether
these candidates are bona fide miRNAs,
we examined their expression level in
mutants of alg-1(gk214), which is nec-
essary for miRNA maturation (Grishok
et al. 2001). We found that five of
the candidate miRNAs examined signifi-
cantly reduced their accumulation in
the alg-1(gk214) mutant background, in-
dicating that they are real miRNAs (Fig.
8D, top). However, for two candidates,
405191_adh and 1263561_spe, we could
not validate these as real miRNAs since
they did not show reduced expression in
the alg-1(gk214) or alg-2(0k304) mutants
(Fig. 8D). Although we attempted to
test their expression in an alg-2(0k304);
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FIGURE 8. Characterization of novel miRNA candidates. (A) The secondary structures of
primary miRNA precursors were predicted for novel miRNA candidates using the RNAfold
program. Note that mir-5546 (1128878_adh) was also reported in Stoeckius et al. (2009),
although it has not yet been submitted to miRBase or WormBase. (B) Some novel miRNA
candidates may fall into known miRNA families since they have the same “seed” sequence as
known miRNAs. (C) The age-associated expression changes of novel miRNA candidates were
confirmed by qRT-PCR. The results were normalized by the average of the expression of act-3
and ama-1. Error bars indicate SD. (D) Levels of novel miRNA candidates were examined by
qRT-PCR in mutants of Argonaute family genes [top: alg-1(gk214) and bottom: alg-2(0k304)]
at two different developmental stages—the fourth larval (L4) and young adult. The results were
normalized by the expression level of U18 and standardized to the level in wild-type N2 in each
stage examined. Error bars indicate SD. P-values were calculated by #-test (***: P < 0.0001; **:
P < 0.001; *: P < 0.05).

alg-1(RNAi) background, this genetic combination led to ~ Additional sncRNAs are associated with aging

growth arrest at an early larval stage. Eventually, nine novel

miRNA candidates were officially annotated as miRNAs by ~ We hypothesized that our deep-sequencing approach would
miRBase, which include mir-5545 to mir-5553 (Fig. 8;  reveal additional sncRNAs related to the aging process. Of

Supplemental Tables S8-S10).

the ~30,000 unique, unannotated reads, the 14,500 unique
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reads 20 nucleotides (nt) or longer in size were grouped
based on features, such as expression change, chromosomal
location, and nucleotide content (Supplemental Fig. 8A,B;
Supplemental Table S11). We found that ~100 of them
significantly changed their expression during aging. Notably,
many of these age-associated reads started with a uracil (U)
or a guanine (G) and include sequence reads of 21 nt starting
with a U (referred to here as 21nt-U-RNA) and sequence
reads of 22 nt and 26 nt starting with a G (referred to here as
22nt-G-RNA and 26nt-G-RNA, respectively) (Fig. 9A).
21nt-U-RNAs contain a subset that includes 21U-RNAs/
PiRNAs, a class of sncRNAs involved in transposon silencing
in the germline of flies, C. elegans, and mammals (Batista
et al. 2008; Stefani and Slack 2008). Since typical 21U-
RNAs in C. elegans are preferentially localized on chromo-
some IV and have the core consensus motif “CTGTTTCA”
in their upstream regions, we searched for these features
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and identified an additional nine novel 21U-RNA candi-
dates. These novel 21U-RNAs, as well as known, annotated
ones, showed a gradual decrease in expression during aging
(Fig. 9B; Supplemental Table S12). Furthermore, although
our remaining 21nt-U-RNAs are not from chromosome IV
and/or do not have the perfect canonical consensus motif,
they still appear to be bona fide 21U-RNAs since ~300 of
them show reduced expression in a prg-1 mutant, which is
necessary for 21U-RNAs/piRNAs biogenesis (sequence data
for prg-1 mutants were obtained from GEO, accession:
GSE11735) (Batista et al. 2008; Supplemental Fig. S8C; Sup-
plemental Table S13).

Unlike these 21nt-U-RNAs, which showed a decrease in
expression during aging, both 26nt-G-RNAs and 22nt-
G-RNAs and their derivatives that we cloned appear to be
increased during aging (Fig. 9A, top; Supplemental Table
S11), although for many, their expression levels were quite
low and fluctuated during aging. In
total, we cloned 2082 22nt-G-RNAs
and 525 26nt-G-RNAs in our libraries
(Supplemental Table S14).

These possibly age-associated 26nt-
G-RNAs and 22nt-G-RNAs that we
cloned may correspond to a class of
recently identified endo-siRNAs, 22G-
and 26G-RNAs, which are implicated in
transposon silencing and chromosome
segregation in C. elegans (Claycomb
et al. 2009; Gu et al. 2009). To address
this question, we investigated their ac-
cumulation in mutants of WAGO and
CSR-1 pathways, such as drh-3 and csr-1,
which are necessary for the generation
of these endo-siRNAs. We utilized se-
quence data for these mutants obtained
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FIGURE 9. Characterization of additional sncRNA candidates. (A) The total number of
unannotated reads starting with a U or a G was examined in each aging stage. 21nt-U-RNAs
showed a decrease in expression with age, while 26nt-G-RNAs and their related reads appear to
be increased. (B) The total number of 21U-RNA/piRNA reads, including both known and
novel ones, was reduced during aging. (C) tRNA-derived fragments were increased in their
accumulation during aging, and two examples are shown here. The longest bars represent the
annotated mature tRNA sequences, and each shorter bar represents unique sequence reads
corresponding to a part of their mature products. The scores and the color gradation on each
shorter bar indicate the number of sequencing reads for each read found in all aging samples.
The bar graphs represent the expression changes of the total number of tRNA-derived
fragments during aging. All examples are shown in Supplemental Table S15.
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10bp from GEO, accession: GSE18215 and

500 GSE18165 (Claycomb et al. 2009; Gu
200 et al. 2009). 22nt-G-RNAs showed a dra-
200 matic reduction in their accumulation
o __. in mutants including drh-3, compared
Q&\O@ *600‘\':%*& to the control wild-type animals (Sup-

plemental Fig. S8D; Supplemental Table
S14). Also, another abundant RNA spe-
cies in aged animals, 26nt-G-RNAs, ex-
hibited a marked reduction in their ac-
cumulation in mutants including csr-1.
These results indicate that the 22nt-
G-RNAs and 26nt-G-RNAs that we
cloned from an aged animal population
correspond to the recently identified
endo-siRNA species (detailed observa-
tions are discussed in the legend for
Supplemental Fig. S8D).

It is still not clear why these 26nt-
G-RNAs/26G-RNAs and 22nt-G-RNAs/
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22G-RNAs seem to be increased during aging and how they
are related to lifespan regulation, since spe-9(hc88) animals
exposed to RNAI against genes involved in their biogenesis,
such as c¢sr-1 and drh-3, did not show obvious lifespan
abnormalities (data not shown). However, it has been
shown that CDE-1 (also known as CID-1 or PUP-1), one
of the factors necessary for the function of CSR-1 22G-RNAs,
has a role in lifespan regulation and thermotolerance, to-
gether with DNA check point proteins, including CHK-1
and CDC-25.1 (Olsen et al. 2006), suggesting the possibility
that these endo-siRNAs may also contribute to aging and
stress response through the maintenance of genome stabil-
ity and genome surveillance.

While the total levels of miRNAs and 21U-RNAs/
piRNAs showed a gradual decrease in accumulation during
aging, other reads corresponding to known noncoding RNAs,
such as tRNAs, rRNAs, and small snoRNAs, showed a
gradual but constant increase in accumulation during aging
(Fig. 1B; Supplemental Table S1). One would expect that
these may be products of degradation since small RNAs
ranging in size from 15-30 nt were selectively purified in
the process of cDNA library preparation. However, at least
in the case of some tRNAs and snoRNAs, they are unlikely
to be simply derived from random degradation because some
specific fragments preferentially accumulate, revealing that
the cleavage events occur at specific sites in the mature
tRNAs and snoRNAs (Fig. 9C; Supplemental Fig. S9;
Supplemental Tables S15, S16). Also, as shown in the bar
graphs in Figure 9C, for different types of tRNAs, their
cleavage products all showed an increase in accumulation
through aging.

It has been reported that tRNA fragments are present
in a wide variety of organisms and often increase under
various stress conditions such as heat and oxidative damage
(Thompson and Parker 2009a). The nucleases responsible
for tRNA cleavage during stress have been identified in
budding yeast and mammalian cells, and both of these
ribonucleases are found to cleave not only tRNAs but also
rRNAs in response to stress (Thompson and Parker 2009b;
Yamasaki et al. 2009). Most recently, it was demonstrated
that stress-induced tRNA cleavage depends on a DNA meth-
yltransferase Dnmt2, and Dnmt2-mediated methylation pro-
tects tRNAs against ribonuclease cleavage in Drosophila
(Schaefer et al. 2010). The biological roles of these novel,
cleaved RNAs remain largely unknown; however, their in-
duction found in this study might be a consequence of
accumulated damage with age.

DISCUSSION

Small, noncoding RNAs, including miRNAs, are key factors
in the control of gene expression and in the maintenance of
genome stability, and here we provide evidence that they
contribute to the regulation of aging processes in C. elegans.
Our expression profiling of sncRNAs using deep-sequenc-

ing technology reveals new molecular features related to
aging. We show in this study that many classes of small
RNAs, including miRNAs, exhibited significant expression
changes during aging in C. elegans. Also, we identified miRNA
star strands, novel miRNAs, tRNA- and snoRNA-derived
short fragments, and endo-siRNAs such as 21U-, 22G-, and
26G-related RNAs as differentially expressed during aging.
One of the most straightforward approaches to un-
derstanding the role of small RNAs in aging is to test the
effects on lifespan of their knockout mutants. This is not
generally a plausible approach for the thousands of 21U-,
22G-, and 26G-RNAs but is plausible for the hundreds
of miRNAs. In fact, in addition to the necessity of alg-
I-mediated miRNA processing in the normal lifespan, we
recently found that some of the miRNAs with changes in
expression during aging result in abnormal lifespan when
they are deleted (de Lencastre et al. 2010). However, ~40%
of known miRNAs share significant sequence similarities
(74 of 174 miRNAs [miRBase ver. 14.0] have the same
“seed” sequences with other C. elegans miRNAs) (Supple-
mental Table S2), suggesting considerable potential for
functional redundancy in miRNA families. Furthermore, a
single gene may be regulated redundantly by different miRNAs
at the same time, as genes often have multiple miRNA
binding sites. This complexity makes it difficult to reveal
biological roles of individual miRNAs using their genetic
knockouts. However, analyses of miRNA expression and
target prediction, followed by pathway analysis shown in
this study, suggest that the miRNAs identified here function
in known aging processes, such as proteostasis. Further, ex-
pression profiling of miRNAs in longevity mutants or on
RNAi-mediated knockdown of aging-associated genes (e.g.,
daf-2 for long-lived and daf-16 for short-lived conditions)
uncovered additional evidence for miRNA roles in aging.
The miRNA processing machinery yields both mature
and star strands from the same hairpin-loop precursor prod-
ucts, and so one would expect that both mature and star
miRNA strands have the same trend in their expression
patterns. However, we found that some miRNAs have dif-
ferent trends in expression for their mature and star strands
during aging. Additionally, we found that star miRNA strands
preferentially accumulated in a third AGO protein, RDE-1,
which is involved in the siRNA pathway. This feature might
be highly conserved among diverse species since it was also
recently reported in Drosophila that mature miRNA strands
are predominantly sorted into AGO]1, and their star strands
accumulate in AGO2, which preferentially acts in the siRNA
pathway, and this strand selection is associated with central
base-pairing mismatches in miRNA precursor duplexes
(Okamura et al. 2009). Also, the same group recently dem-
onstrated that star strands have a capacity to repress
expression of synthetic targets in vitro (Yang et al. 2010).
Although it is not known how strand specificity is achieved
in C. elegans or how important star miRNAs are in any
organisms, the machinery producing distinct age-depen-
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dent accumulation patterns of mature/star strands, if any,
will be an important issue since it would potentially affect
aging through strand selection and/or by stability of mature/
star strands.

In terms of miRNA stability, it is also worth investigating
how miRNAs are negatively regulated during aging. Here
we examined changes in expression of miRNAs in temper-
ature-shift-induced modified lifespan backgrounds and
found that miRNAs with decreased expression during aging
rapidly reduced their levels in both normal and long-lived
conditions. Also, we previously found some miRNAs that
changed their expression dynamically during development
(e.g., miR-795, one of the let-7 family miRNAs, which has
its peak expression in the L3 [the third larval stage] and
then is quickly down-regulated toward the young adult
stage) (Kato et al. 2009a). These observations imply a
mechanism that positively reduces levels of mature miRNAs,
potentially conducted by an exoribonuclease like XRN-2
(Chatterjee and Grosshans 2009) or miRNA star strands,
which have a nearly perfect base-pairing match with partner
mature strands, like anti-miRNAs (antisense-miRNA oli-
gonucleotides) (Krutzfeldt et al. 2005).

In addition to miRNA star strands, we identified
additional novel miRNA candidates in our cDNA libraries
for small RNAs. Their expression levels were mostly quite
low, but we found that some of them were expressed in
neurons, including sensory neurons in the head (e.g., ADLs),
suggesting their possible role in the response to environ-
mental stimuli. Although for two of the novel miRNA
candidates, it remains unclear whether they are real miRNAs
or not, since their expression levels were not affected in
either alg-1(gk214) or alg-2(0k304) mutant backgrounds,
they are still interesting candidates to pursue since both of
them showed a decrease in expression during aging. Also,
our validation approach using Argonaute mutants may
reveal an unexpected functional complexity in Argonaute
proteins. Both C. elegans ALG-1 and ALG-2 are members of
the highly conserved RDE-1/AGO1/PIWI family of pro-
teins that regulate post-transcriptional gene silencing, and
it is thought that ALG-1 functions as the primary miRNP,
and ALG-2 acts redundantly with ALG-1 to support it. This
is based on the observation that alg-1(gk214) mutants cause
a vulval phenotype, resulting in premature death at the
young adult stage, while alg-2(0k304) mutants are grossly
normal. Our study of novel miRNA expression in alg-1/2
mutants suggests that some of the miRNAs depend on both
alg-1 and alg-2, and this dependency might vary during
development and possibly during aging as well. Also, we
noticed that one of the novel miRNA candidates that showed
a dramatic reduction in expression in the alg-1(gk214)
mutant background (1277767 _adh in Fig. 8D) maps to
a tranposase-coding region, meaning that expression of
a transposase gene-derived small RNA depends on Argo-
naute protein activity. This observation might suggest the
possibility that, like siRNAs, 21U-RNAs/piRNAs, or 22G-
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RNAs (Sijen and Plasterk 2003; Batista et al. 2008; Gu et al.
2009), transposon-derived miRNAs also contribute to
genome stability through the control of transposon activity.

In addition to new classes of small noncoding RNAs, we
found an interesting age-associated feature in the known,
classical noncoding RNAs, such as tRNAs and snoRNAs;
cleaved RNA fragments of these noncoding RNAs accumu-
lated during aging. These, especially tRNA-derived shorter
fragments, may have the potential to modulate aging and to
connect aging and the stress response since it has been
shown that tRNA cleavage is induced in response to stress
in several organisms (Thompson and Parker 2009a). We,
indeed, found a dramatic increase in the accumulation of
tRNA cleavage products in C. elegans that were exposed to
stress such as heat shock (M Kato and FJ Slack, unpubl.).
This suggests that stress-induced cleavage of tRNAs is a
conserved, fundamental stress response. Although their
biological function remains largely unclear, some studies
have shown that tRNA-derived fragments were co-purified
with an Argonaute protein complex (Kawamura et al. 2008),
suggesting that such tRNA fragments could potentially
function like siRNAs or miRNAs and regulate the trans-
lational machinery. Indeed, in the case of snoRNAs, recent
reports suggest that snoRNA-derived small RNAs can func-
tion like miRNAs (Ender et al. 2008; Taft et al. 2009). We
also found a significant number of snoRNA-derived short
reads in our libraries which showed an increase in accumu-
lation with age, and indeed, some mature snoRNAs appear
to resemble miRNA hairpin-loop precursors in their sec-
ondary structures (data not shown).

The novel sncRNAs we report in this study, including
cleaved RNA fragments, might also mediate sequence-
specific regulation like miRNAs. Additional study of the
potential targets interacting with these small RNAs might
open up a new field in small RNA-related biology. Also,
several observations suggest that stress-induced RNA cleav-
age and induction of ribonucleases may be involved in
cancer and other diseases (Thompson and Parker 2009a).
Further analysis of small noncoding RNA expression pro-
files and detailed genetic studies will give new insights into
novel molecular networks in aging and common mecha-
nisms in aging and age-related diseases.

MATERIALS AND METHODS

C. elegans strains

The spe-9(hc88) strain was first obtained from CGC (Caenorhabditis
Genetic Center) and then backcrossed nine times to our standard
wild-type N2 lab strain. Animals were maintained for a few gen-
erations without starvation at the permissive temperature, 15°C,
to collect embryos. After embryos were harvested, they were in-
cubated at 23°C in M9 buffer without a food source overnight to
arrest their growth at the early L1 (the first larval) stage.
Synchronized animals were transferred to bacteria-seeded plates



Small, noncoding RNAs in C. elegans aging

and cultured at 23°C to induce their sterility. The aging stages
used for RNA preparation were Day 0, Day 5, Day 8, and Day 12
post-L4 molt, or as shown in each experiment. Day 0 in this study
represents the day of the final molt, ~48 h after staged L1 animals
were placed on seeded plates at 23°C. In alg-1 RNAi and tem-
perature-shift experiments, animals were treated with each condi-
tion after Day 0 (young adult stage) of adulthood. The two mutant
strains, alg-1(gk214) and alg-2(0k304), were obtained from the
CGC and maintained at 15°C similar to the spe-9(hc88) strain, but
they were cultured at 15°C during all stages since alg-1(gk214)
mutants are sick and show a vulval bursting phenotype at a higher
temperature. Total RNAs were purified from alg-1/2 mutants 72 h
and 84 h after synchronized L1 stage animals were fed, for L4 and
young adult stages, respectively. For miRNA promoter:: gfp fusion
lines, details are shown in Supplemental Figure S6.

Lifespan assays

Lifespan assays were basically conducted as previously described
(Boehm and Slack 2005), except that FUDR (5-fluorodeoxyuri-
dine, a DNA replication inhibitor) was not used in this study.
Similar to those used for RNA isolation mentioned above, syn-
chronized Day 0 young adult animals were transferred into dif-
ferent conditions (e.g., 15°C and on RNAi bacteria). Survival of
animals was examined every day. Animals that crawled off the
plate or burst were excluded from the calculations. Approximately
100 animals were tested on each plate with 2-3 replicates, and at
least two independent assays were performed for each result.

RNA, cDNA library preparation and Solexa
deep-sequencing

spe-9(hc88) animals were first washed with M9 buffer multiple
times in order to remove bacteria. Then, RNAs were purified using
the mirVana miRNA Isolation Kit (Ambion), according to the
manufacturer’s instructions. In the initial deep-sequencing exper-
iment, cDNA libraries were made from 10 pg of RNAs enriched
from a small RNA fraction (<200 nt), which were prepared based
on the manufacturer’s instructions in the mirVana kit. In the
second deep-sequencing experiment (verification sets from Day
0 and Day 8), we used 10 g of total RNA for constructing cDNA
libraries. Since our sequencing results were essentially identical, we
now confirm that either procedure leads to consistent results. Prep-
aration of ¢cDNA libraries for the Solexa deep-sequencing experi-
ment was carried out using the DGE-Small RNA Sample Prep Kit
ver. 1.0 (Illumina) according to the manufacturer’s instructions.
Specifically, RNAs corresponding to 15-30 nt in size were selectively
purified, and then these were ligated to adapters and amplified by
RT-PCR. The same amount of purified library DNA was captured
on an [llumina flow cell for cluster generation and was sequenced
for 36 cycles on an Illumina Genome Analyzer II following the
manufacturer’s protocols for single-end reads (DGE-Small RNA
Cluster Generation Kit and 36 Cycle Solexa Sequencing Kit). All
our raw deep-sequencing data and processed data are available
from the GEO database (GSE18634).

Quantitative RT-PCR

We used qRT-PCR with TagMan Small RNA Assays (Applied
Biosystems) for confirmation of the deep-sequencing results and
for examining changes in expression of miRNAs in alg-1 RNAi-

induced abnormal lifespan background, in different environmen-
tal conditions and in the alg-1/2 mutant background, according to
the manufacturer’s instructions. For validating expression of novel
miRNA candidates in the alg-1/2 mutant background, the results
were normalized to the expression level of U18, which is widely
used as a control in TagMan qRT-PCR. For testing miRNA
expression during aging, we used the expression of act-3 and ama-1
using TagMan Gene Expression Assay (Applied Biosystems) as
controls, both of which are thought to be constantly expressed in
aging (Evans et al. 2008; Fuhrman et al. 2009). Note that the
results were normalized with the “average” of these multiple stably
expressed reference genes since there is no universally accepted gene
for normalization during aging (Nolan et al. 2006). Also, we used
50-100 ng/p.l of total RNAs for novel miRNA candidates and 10
ng/pl for known miRNAs and for controls (e.g., U18) since the
level of expression of novel miRNA candidates was much lower.
The results were analyzed by the delta-delta Ct method, and
P-values were calculated by t-test from delta Ct values of the con-
trol and the target.

Microscopic study of miRNA promoter:: gfp
transgenic lines

Age-related changes in GFP signals expressed from miRNA
promoter::gfp lines were examined by microscopic observation.
All strains used were crossed into the spe-9(hc88) background. To
obtain images from a whole animal body, an individual animal
was exposed to a UV light for the same exposure time and with a
focus on the center of each animal based on its pharynx and/or
vulva. Since signals obtained with a longpass GFP (LPGFP) filter
contain both those from intestinal cellular autofluorescence and
transgene-expressing GFP, signals obtained with a TRITC filter
that only reflects age-related autofluorescence were subtracted from
the signals obtained with a LPGFP filter after normalizing the
differences of signal levels in LPGFP and TRITC filters based on
those detected in non-GFP spe-9(hc88) animals at each time point
and each condition. Signal intensities were calculated using the
NIH Image] program (http://rsbweb.nih.gov/ij/) from ~15-20
animals at each time point of each line.

Computational sequence data analysis

We required perfect sequence matching from the processed,
aligned reads to assess the number of miRNA and other small
RNA reads in each sample if not specified in each computational
analysis. The raw data were aligned to the C. elegans genome using
the SOAP program (ver. 1.10) (Li et al. 2008) with the following
command options: —w 5 =S 3 —A (the 3" adapter sequence used)
(maximum two base pair mismatches were allowed as a default
option). We controlled library differences by normalizing to the
total number of reads that matched the C. elegans genome
(WormBase WS190) in each sample. The number of sequence
reads in each sample was finally standardized to the Day 0 sample
in each set of deep-sequencing experiments. The data sets of
known miRNAs and 21U-RNAs were obtained from miRBase
(Release 14.0) and WormBase (WS215), respectively.

For testing the proportion of each noncoding RNA species in
each sample, the number of reads with perfect matches was counted
after searching with the blastn program (ver. 2.2.17). The param-
eters in the blastn program we used are as follows: -e 0.001 -G 5 -E
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2-q-3-r1-W7-v10-b 10. The miRDeep program was used for
finding novel miRNA candidates by basically following the default
procedure provided with the program (Friedlander et al. 2008),
and the RNAfold program (Vienna RNA package ver. 1.6.5; http://
www.tbi.univie.ac.at/~ivo/RNA/) was used for predicting second-
ary structure of primary miRNA transcripts and snoRNAs. All
genome coordinates shown in this study are based on WormBase
genome build WS190.

For clustering analysis of miRNAs, we used the Cluster 3.0
program (uncentered correlation option with normalization) (Eisen
et al. 1998), and the Java TreeView program (Saldanha 2004) was
then used to visualize results.

Deep-sequencing data obtained from the GEO database are as
follows: GSE20649, Argonaute proteins ChIP-Seq libraries, was
used for the analysis of mature and star miRNA species; GSE11735,
prg-1 mutant, was used for the analysis of 21nt-U-RNAs;
GSE18231, mutants in WAGO pathway, and GSE18165, mutants
in CSR-1 pathway, were used for the analysis of 26nt-G-RNAs and
22nt-G-RNAs.

Statistical analysis of deep-sequencing data

To identify differentially expressed miRNAs, pairwised hypothesis
testings for Day 0, Day 5, Day 8, and Day 12 were used. Since we
did not have a complete set of experimental replicates, we took
advantage of two replicates of Day 0 and Day 8. Linear regressions
on mean () and variance (o%) of 174 miRNAs showed that o2 =
p'7 for both Day 0 and Day 8. Considering that expressions of
different days should have similar distribution patterns (biases
and errors are caused by technical processes), we assumed that all
days follow the normal distribution of N(w,u'”). Based on the
distribution, we used the t-test to calculate the pairwise P-values
of all four stages of aging samples. The final P-value for each
miRNA is the minimum P-value among the six pairwise compar-
isons. To confirm our selection, another method was applied to
our data set. We calculated a time-course P-value across all days,
based on the chi-square distribution after variance stabilizing trans-
formation. Since variance is a power function of mean (o2 = p'),
we wanted a transformation of data that had constant variance.
Based on a first-order Taylor series expansion at point w and

supposing o2 = P, we have

ro-1 5]

where a = 1 and B = 0.85. After the transformation of data,
P-values across all days were calculated based on a chi-square
distribution with three degrees of freedom. All differentially ex-
pressed miRNAs identified by the time-course method could also
be identified by the pairwise comparison.

Computational target prediction of age-associated
miRNAs and pathway analysis

To identify the potential targets of age-associated miRNAs, we
combined analysis of the computational target prediction and
gene expression microarray data. First, miRanda (http://www.
microrna.org/microrna/home.do) (John et al. 2004), TargetScan
(http://www.targetscan.org/) (Lewis et al. 2005), and PicTar (http://
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www.pictar.org/) (Lall et al. 2006) were used to predict the targets
based on seed matching, cross-species conservation, and targeted
pair energy. Then, to reduce the false positive targets in the pre-
diction, we incorporated the microarray data (Table S3 in Budovskaya
et al. 2008), which have expression levels of protein-coding genes
during aging in C. elegans at the same time points as our small
RNA study. Based on the fact that miRNAs or co-expressed
miRNAs tend to target the genes from the same functional cat-
egories or pathways, we used gene set enrichment analysis to
identify differentially expressed genes. Pathways information was
obtained from KEGG (Kyoto Encyclopedia of Genes and Ge-
nomes; http://www.genome.jp/kegg/.). Then, Fisher’s exact test
was used to find significant pathways. If a gene predicted by one of
the prediction programs mentioned above is also present in the
significant pathways, this gene is considered to be the target of the
corresponding miRNAs. The reduced target list is subjected to
gene set enrichment analysis (by Fisher’s exact test) in order to see
if any interesting pathways are enriched in our predicted targets. A
list of genes involved in or necessary for the normal aging process
is obtained from “Human Ageing Genomic Resources” (http://
genomics.senescence.info/genes/models.html) and based on the GO
Term “determination of adult life span [GO:0008340].”

DATA DEPOSITION

Deep-sequencing data from this study has been submitted to the
GEO database: GSE18634.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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