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Summary

Background: Aging is under genetic control in C. elegans, but
the mechanisms of life-span regulation are not completely
known. MicroRNAs (miRNAs) regulate various aspects of
development and metabolism, and one miRNA has been
previously implicated in life span.
Results: Here we show that multiple miRNAs change expres-
sion in C. elegans aging, including novel miRNAs, and that
mutations in several of the most upregulated miRNAs lead to
life-span defects. Some act to promote normal life span and
stress resistance, whereas others inhibit these phenomena.
We find that these miRNAs genetically interact with genes in
the DNA damage checkpoint response pathway and in the
insulin signaling pathway.
Conclusions: Our findings reveal that miRNAs both positively
and negatively influence life span. Because several miRNAs
upregulated during aging regulate genes in conserved path-
ways of aging and thereby influence life span in C. elegans,
we propose that miRNAs may play important roles in stress
response and aging of more complex organisms.

Introduction

In nature, longevity is characterized by a remarkable degree of
variability, but the factors that dictate this plasticity of aging are
largely unknown. Research pioneered in C. elegans has identi-
fied multiple genetic mechanisms that play a significant role
during organismal aging [1]. The accumulated evidence
demonstrates that aging is influenced by a complex interplay
of regulatory mechanisms that respond to stress, nutrient
availability, and environment. Mutations in the daf-2 insulin/
insulin-like growth factor (IGF) receptor gene cause an exten-
sion of life span and stress resistance by deregulating the
function of the DAF-16/FOXO transcription factor [1]. Similarly,
mutations in genes that modulate the response to caloric
restriction andDNA repair have significant effects on longevity,
through mechanisms independent of the insulin pathway [1].
Moreover, these pathways are evolutionarily conserved in
higher organisms. Nevertheless, the complete genetic circuits
by which these genes modulate aging have not been fully
elucidated.

MicroRNAs (miRNAs), discovered in C. elegans [2], are
endogenous, noncoding RNAs with important roles in control-
ling gene expression and development in plants and animals.
Diverse functions have been attributed to miRNAs—in-
cluding roles in developmental timing, neuronal development,

metabolism, immunity, life span, and cancer [3]—and target
predictions suggest that they may regulate thousands of
human genes [4]. Still, only a small number of the thousands
of knownmiRNAs have been implicated in a specific biological
function, whereas the role of the vast majority of miRNAs
remains unknown. Mutations in the developmental timing
genes lin-4 (a founding member of the miRNA family) and its
target lin-14 significantly alter the normal aging process in
C. elegans, thus revealing a degree of miRNA control of aging
in C. elegans [5]. In addition, microarray analysis in C. elegans
has revealed distinct miRNA expression changes during aging
[6]. These observations show that miRNAs may function in
pathways that impact life span, but little is known about the
extent of their roles and their mechanisms. Here we report
the identification of several novel miRNAs by deep sequencing
of aged C. elegans and show that four of the most highly
upregulated miRNAs with aging exhibit aberrant life-span
phenotypes as well as abnormal stress responses. We provide
evidence for the role of the insulin and the DNA damage path-
ways in the life-span functions of these miRNAs. These results
demonstrate new roles for miRNAs in signaling pathways that
are conserved in eukaryotes.

Results

Deep Sequencing of Small RNAs from Aged C. elegans
To identify miRNAs with functions in life span, we undertook
a deep-sequencing survey of miRNAs from aged tissue
in wild-type (N2) and in a long-lived daf-2(e1370) mutant
C. elegans. We hypothesized that aging-specific miRNAs
might exhibit differential expression in older animals or in
mutants with aberrant life span, such as daf-2(e1370), which
live twice as long as wild-type C. elegans [7]. Total RNA was
collected fromN2 and daf-2 animals when they reached young
adulthood (day 0) and when animals reached day 10, an inflec-
tion point when wild-type animals begin dying. We obtained
a total of 889,762 sequences of small RNAs (15–25 nt) from
the four samples of C. elegans examined, of which 626,616
sequences (70.4%) aligned perfectly to theC. elegans genome
(see Table S1 available online). Overall, our survey detected
perfect matches to the mature forms of 120 out of the 155
miRNAs annotated in miRBase 13.0, which indicates the
significant sequencing depth of our study. This allowed us to
identify miRNAs, including novel species, that are enriched in
aging animals.

Novel miRNAs in Aged C. elegans
Wehypothesized that yet-unidentifiedmiRNAsmay contribute
to gene regulatory networks that affect life span. After discard-
ing previously annotated noncoding RNAs (ncRNAs) and
mRNAs from the 626,616 C. elegans aligned reads, we ob-
tained 83,439 nonredundant, unannotated sequences from
C. elegans. These 83,439 sequences, representing 142,689
total reads, were tested to determine whether they repre-
sented novel C. elegans miRNAs. To identify likely miRNA
candidates, we used the miRNA discovery software package
miRDeep, which identifies novel miRNAs based on the stability
of their putative pre-miRNA hairpins in addition to ‘‘signature*Correspondence: frank.slack@yale.edu
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reads’’—sequences found with the deep-sequencing data
that are consistent with miRNA biogenesis [8]. Our analysis
revealed a set of ten sequences that are predicted to fold
into hairpin structures characteristic of bona fide miRNAs
(Figure 1A) and represent likely novel miRNAs. Moreover,
several of these novel miRNA candidates (mir-4929,
mir-4930, and mir-4933) share homology over their ‘‘seed’’
sequence (nucleotides 2–8 of the mature miRNA) with miRNAs
in higher eukaryotes, including two human miRNAs, suggest-
ing that they may be family members of these miRNAs (Fig-
ure 1B). Interestingly, miR-4933 appears to be a new member
of the miR-34 miRNA family, and miR-34 is one of the miRNAs
that exhibited the greatest increase in expression with aging
(see below) (Table 1; Figure S2).

Several of these novel candidates—such as miR-4938,
miR-4936, miR-4937, miR-4931, miR-4932, miR-4933, and
miR-4935—were expressed preferentially in aged C. elegans
(Figure S1). In addition, these miRNAs showed reduced

expression in both young and old daf-2(e1370) worms (Fig-
ureS1). Thus, these novelmiRNAs seem tobepreferentially ex-
pressed innormal, agedworms—a result that is consistentwith
the rationale of the experiment. Finally, three miRNAs—miR-
4929, miR-4930, and miR-4934—were expressed only in the
daf-2 samples and may represent miRNAs that are normally
under the regulation of the insulin/IGF signaling (IIS) pathway.

mir-4932 mir-4933 mir-4931 mir-4930 mir-4929 mir-4934 mir-4938 mir-4936 mir-4937 mir-4935 

A 

B 

C 

* 

* 

* 

* 

* 

miR-4929
hsa-miR-501-3p
hsa-miR-502-3p
mmu-miR-500
mmu-miR-501-3p
rno-miR-500
mml-miR-502-3p
cfa-miR-502

10 20
AAT GCAC CAC AT C T T A CGC T CA   
AAT GCAC CCGGGC AAGGA T T CT   
AAT GCAC CT GGGC AAGGA T T CA   
AAT GCAC CT GGGC AAGGGT T CA   
AAT GCAC CCGGGC AAGGA T T T G  
AAT GCAC CT GGGC AAGGGT T CA   
AAT GCAC CT GGGC AAGGA T T CA   
AAT GCAC CT GGGC AAGGA T T CA   

10 20
GGCT GCC T AGGGG GCT GGC T AG   
T GCT GCC T GG T T A AGA GCT GT GT   

miR-4930
sme-miR-745

10 20
T GGC AGT GA C CT A T T C T GG CCA  
AGGC AGT GT GGT T AGC T GG T T G  
T GGC AGT GT T T CT CCC CCA ACT T  
AGGC AGT GT GGT T AGC T GG T T G  
T GGC AGT GT C T T A GCT GGT T GT   
T GGC AGT GT C T T A GCT GGT T GT   
T GGC AGT GT GGT T AGC T GG T T GT G 
T GGC AGT GT C T T A GCT GGT T GT   
AGGC AGT GT A GT T AGC T GA T T GC 
AGGC AGT GT A AT T AGC T GA T T GT  
AGGC AGT GT A GT T AGC T GA T T GC 
AGGC AGT GCA GT T AGT T GA T T A C 
T GGC AGT GT GGT T AGC T GG T T G  
T GGC AGT GT A T T GT T A GCT GGT   
AGGC AGT GT A T T GT T A GCT GGC   
T GGC AGT GT A T T GT T A GCT GGT   
AGGC AGT GT T GT T AGC T GG C    
AGGC AGT GCA T T GCT A GCT GG   

miR-4933
cel-miR-34
cel-miR-1824
cbr-miR-34
hsa-miR-34a
mmu-miR-34a
dme-miR-34
dre-miR-34
hsa-miR-34c-5p
mmu-miR-34b-5p
mmu-miR-34c
dre-miR-34c
dps-miR-34
hsa-miR-449a
hsa-miR-449b
mmu-miR-449a
mmu-miR-449b
mmu-miR-449c

miR-4931 miR-4932 miR-4933 miR-4935 let-7 

Figure 1. Novel miRNAs Identified in Aged C. elegans

(A) Secondary structures of putative precursor hairpins corresponding to
miRNAs identified in a pool of RNAs enriched for aged C. elegans. The
predicted mature sequences are highlighted in red.
(B) Conservation of novel miRNAs miR-4929, miR-4930, and miR-4933 to
known miRNAs. Identical nucleotides are highlighted in black.
(C) Validation of expression of candidate novel miRNAs. The expression of
novel miRNAs miR-4931, miR-4932, miR-4933, and miR-4935 was
confirmed by TaqMan qRT-PCR in wild-type (N2) C. elegans. Consistent
with their classification as miRNAs, their expression was significantly
reduced in alg-1(gk214) mutant animals. The expression of the miRNA let-
7 is shown as a positive control. The expression of a non-miRNA small
RNA species (snoRNA sn2429) does not change in an alg-1(gk214) back-
ground (data not shown). *p < 0.05, alg-1(gk215) compared to wild-type
(N2) by Student’s t test. Error bars represent standard deviation.

Table 1. Summary of Largest Expression Changes of miRNAs with Aging

miRNA N2 daf-2(e1370) Homology

Most Upregulated with Aging

miR-246 5.90 9.46
miR-71 4.04 4.21
miR-34 3.93 3.28 miR-34
miR-253 3.31 1.44 miR-220
miR-238 2.88 2.43 miR-12
miR-239b 2.85 6.37 miR-12
miR-239a 2.15 1.91 miR-12

Most Downregulated with Aging

let-7 27.38 25.39 let-7
miR-41 26.78 22.34
miR-70 25.70 23.80
miR-252 25.02 22.22
miR-62 24.30 22.91
miR-36 24.10 22.62
miR-59 23.56 21.41
miR-1829b 23.44 22.31
miR-236 23.20 23.69 miR-200b
miR-37 23.20 22.15
miR-237 23.14 25.70 lin-4, miR-125
miR-793 22.95 22.13
miR-43 22.72 22.10
miR-65 22.65 21.76
miR-40 22.59 22.50
miR-77 22.27 21.48
miR-79 22.22 24.93 miR-9
miR-81 22.18 21.88
miR-82 22.17 21.82
miR-259 22.16 21.37
miR-38 22.14 21.84
miR-64 22.11 21.61
miR-35 22.06 21.81

miRNA Day 0 miRNA Day 10

Most Upregulated in daf-2(e1370)

miR-237 2.94 miR-62 3.00
miR-49 2.26 miR-49 2.93
miR-253 2.21 miR-252 2.22
miR-44 2.05 miR-231 2.19
miR-45 2.05
miR-62 2.03

Most Downregulated in daf-2(e1370)

miR-1829c 24.49 miR-242 22.24
miR-239b 23.40
miR-259 22.80
miR-246 22.04
miR-85 22.00

Top: summary of miRNAs with >2-fold change in expression from day 0 to
day 10 of adulthood in wild-type (N2) C. elegans in our cloning survey,
after normalizing for total reads that match the C. elegans genome (values
that represent >2-fold change are indicated in italics). Also shown are
expression changes for miRNAs from day 0 to day 10 of adulthood in
daf-2(e1370) mutants. miRNAs that belong to miRNA families conserved
in other phyla are indicated (miR-12 is a Drosophila homolog).
Bottom: list of miRNAs with >2-fold expression change in daf-2(e1370)
mutants as compared to wild-type (N2) animals on day 0 and day 10 of
adulthood.
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In order to validate the expression of our candidate novel
miRNAs, we designed custom TaqMan assays specific to the
putative mature sequences of the four candidate miRNAs for
which we had few reads—miR-4931, miR-4932, miR-4933,
and miR-4935. Our quantitative reverse transcriptase-poly-
merase chain reaction (qRT-PCR) results showed that, indeed,
all four candidates were expressed in aged C. elegans,
although much less frequently, as expected, than previously
characterized miRNAs such as let-7 (Figure 1C). Importantly,
the expression of these tested candidate miRNAs was signifi-
cantly reduced in mutant C. elegans animals with attenuated
expression of the miRNA-associated factor ALG-1 (Figure 1C).
Because alg-1 has been shown to be important for mature
miRNA accumulation [9], our results are consistent with the
classification of mir-4931, mir-4932, mir-4933, and mir-4935
as novel miRNAs.

Changes in Expression of miRNAs with Aging
In an effort to discover miRNAs with functions specific to post-
developmental processes, we measured the expression
changes of all miRNAs in our sequencing data over the course
of aging and in long-lived mutants. We observed a relative
overall reduction in the expression of known miRNAs between
days 0 and 10 of adulthood in both wild-type and daf-2
animals. Whereas nearly half of all sequencing reads in day
0 wild-type adult animals represented known miRNAs
(47.9%), by day 10 the frequency of known miRNAs dropped
to 33.6% of all genome-matching reads (Table S1). This
pattern was similar in the long-lived daf-2 mutants (45.1% at
day 0 to 38.1% by day 10). We found that although the expres-
sion levels of many miRNAs remained unchanged, a subset of
miRNAs exhibited considerable changes in expression with
aging (Figure S2). For purposes of comparing expression
changes of individual miRNAs, here we considered only those
81 miRNAs for which we obtained more than ten sequences
reads between the two samples being compared. Using this
criterion, 8.6% of miRNAs increased and 28.4% decreased in
expression by more than 2-fold from day 0 to day 10 of
adulthood in wild-type N2 animals (Table 1; Figure S2). daf-2
animals exhibited a nearly identical pattern: 9.8% of miRNAs
increased and 25.6% miRNAs decreased (Table 1; Figure S2).

miR-246 was the most upregulated miRNA during aging,
showing nearly a 6-fold increase in expression from day 0 to
day 10 in wild-type. Other miRNAs that exhibited strong
increases in expression during aging in wild-type included
miR-71, which became the second most abundant miRNA by
day 10 of aging (>4-fold upregulation), miR-34 (4-fold upregu-
lation), miR-253 (3.3-fold upregulation), and the homologous
miRNAs miR-238 (2.9-fold upregulation) and miR-239a/b
(>2-fold upregulation) (Table 1; Figure S2). Conversely, let-7
was the most downregulated miRNA in aging, exhibiting a
7.4-fold decrease in expression from day 0 to day 10 of
adulthood in N2 animals (Table 1). Other miRNAs that
decreased in expression with aging included miR-41 (>6-fold
downregulation), miR-70 (>5-fold downregulation), and
miR-252 (>5-fold downregulation). Notably, two miRNAs with
dynamic changes in expression with aging, let-7 and mir-34,
are known to be involved in cancer [10, 11]. In a further link
between miRNAs and life span, a recent report has implicated
let-7 in aging-induced senescence in mouse neuronal stem
cells [12].

We validated our measurements of the expression of
several miRNAs by using several established measures of
RNA expression. We tested five miRNAs that we cloned

more frequently in old animals (miR-246, miR-238, miR-71,
miR-240, andmiR-67) and three that we cloned less frequently
in old animals (let-7, miR-70, miR-237) and found that the
changes in expression with aging detected by TaqMan
qRT-PCR correlated with the expression changes that we
observed by cloning for both N2 (r = 0.90) and daf-2 animals
(r = 0.90) (Figure S3). We also used northern blotting to
compare the expression changes with aging of representative
miRNAs, such asmiR-246, themost highly upregulatedmiRNA
in our cloning survey, and, as a control, miR-66, whose expres-
sion remains constant. Consistent with our cloning results, we
found in both wild-type and daf-2 mutants that miR-66’s
expression remained unchanged whereas miR-246’s expres-
sion increased significantly with aging (Figure S3B).
In order to characterize the spatiotemporal expression

pattern of these miRNAs during aging, we examined GFP
expression driven by promoters of aging-associated miRNAs
(Figure 2). In confirmation of our deep-sequencing and
qRT-PCR findings, we observed a significant increase in
expression of GFP driven by the promoters of mir-71,
mir-238,mir-239, andmir-246 during aging (Figure 2). Interest-
ingly, both pmir-71::GFP and pmir-239::GFP reached
maximum GFP expression between days 5–7 of adulthood,
which subsequently waned, whereas pmir-238::GFP and
pmir-246::GFP expression increased steadily until the end of
life. As reported previously, miR-71 and miR-238 are ex-
pressed ubiquitously and miR-246 is expressed in gonadal
sheath cells [13]. During aging, pmir-71::GFP was noticeably
increased throughout the intestine and in the pharynx (Fig-
ure 2). By contrast, pmir-239::GFP expression was seen
primarily in intestine and in neurons (Figure 2). Although the
GFP expression patterns in transgenic animals may not fully
reflect the endogenous expression patterns of these miRNAs
(particularly because expression of genes introduced by
microinjection is often silenced in the germline), the observa-
tion of increased expression of these miRNAs in intestine,
neurons, and somatic gonad is particularly interesting
because signaling in these tissues has been previously shown
to regulate life span in C. elegans [1].

Changes in Expression of miRNAs in daf-2 Animals
The insulin/IGF-1 receptor DAF-2 is a key component of the IIS
pathway in C. elegans that responds to environmental signals
to regulate stress response and life span. Previous studies
have identified a wide variety of mRNAs whose expression is
altered in daf-2 mutant animals and found that a significant
number of these genes could affect life span when mutated
[14]. Similarly, we hypothesized that miRNAs exhibiting signif-
icantly altered expression in daf-2 animalsmay be good candi-
dates for novel life-span-determining genes. In an effort to
identify miRNAs that depend on the IGF-1/daf-2 pathway, we
compared the miRNA profiles of wild-type animals with those
of daf-2(e1370) mutants.
We observed that the vastmajority of miRNAs exhibited very

similar changes in expression with aging between N2 and
daf-2 animals (r = 0.83), suggesting that the changes in miRNA
expression that we observed are reproducible across strains
and that the expression of the majority of miRNAs is not
affected by a loss of DAF-2 (Figure S2). Although the profile
of miRNA expression in N2 and daf-2 animals was similar,
we found a few specific miRNAs that exhibited altered expres-
sion in daf-2 mutant animals (Table 1; Figure S2). Notably,
several of these miRNAs also exhibited altered expression
with aging (see below), suggesting that they may be
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particularly good candidates for genes that influence life span.
Interestingly, the miRNA with the greatest increase in expres-
sion in young daf-2 animals, miR-237, was one of the most
downregulated miRNAs in older animals (Table 1). In fact,
other miRNAs exhibited this pattern—miR-62 and miR-252
were among the most upregulated miRNAs in daf-2 mutant
animals, when compared to wild-type of the same age
(day 10), in addition to being among the most downregulated
miRNAs with aging. Conversely, miR-239b, which appeared
to be downregulated in young daf-2 animals, was also
among the most upregulated miRNAs with aging (Table 1).
Collectively, these daf-2-associated miRNAs reveal the inter-
section of the daf-2 pathway with miRNA-regulated genes
that impact life span (Table 1).

Certain Aging-Enriched miRNAs Function
in Life-Span Control
We considered the hypothesis that miRNAs displaying
dramatic changes in expression across aging and in daf-2
mutants may function in life-span control. Specifically, we
focused on miRNAs that are overexpressed with aging
because the upregulation of specific miRNAs appears to be
a common response of various organisms to stress conditions
such as DNA damage, hypoxia, and nutrient deprivation
[10, 15–18]. In order to uncover putative functions for these
miRNAs in life span, we examined mutants containing

deletions for the miRNAs of interest (Table 1) from the C. ele-
gans Genome Consortium (CGC). These mutant C. elegans
were backcrossed three to six times to the control laboratory
wild-type C. elegans strain (N2) before assaying life span.
Knockout mutants for all miRNAs that exhibited greater
than 2-fold increases in expression with aging were tested:
mir-246(n4636),mir-71(n4115),mir-34(gk437),mir-253(nDf64),
mir-238(n4112), and mir-239(nDf62). In addition, we also
tested the life spans of mir-240(n4541) and mir-67(n4899),
knockout mutants of miRNAs that exhibited more modest
increases of expression with aging (>1.5-fold). Life-span
assays on these mutants revealed that four of the miRNAs
that exhibited the largest expression changes with aging—
miR-71, miR-238, miR-239, and miR-246—also influenced life
span (Figure 3). Specifically, deletions of miR-71, miR-238,
and miR-246 decreased life span, whereas deletion of
miR-239 led to reproducible and significant life-span exten-
sion as compared to wild-type animals (Figure 3A). The mean
life span of these mutants was altered by w10%–50% in
relation to wild-type N2 animals (Table S3). Other miRNA
mutants tested—mir-34(gk437 and n4276), mir-253(nDf64),
mir-240(n4541), and mir-67(n4899)—did not exhibit signifi-
cantly altered life span (data not shown). Although the effects
observed with our aging-associated miRNA mutants were not
as dramatic as the aberrant life span observed in suchmutants
as daf-2 and age-1 (which typically double the life span of

Figure 2. Spatiotemporal Expression Changes in miRNA Expression during Aging

Expression of GFP in C. elegans reporter strains for four aging-associated miRNAs was surveyed during adulthood. Consistent with deep-sequencing and
qRT-PCR results, the expression of GFP driven by the promoters ofmir-71,mir-238,mir-239, andmir-246 increased during aging. miR-71 and miR-238 are
expressed ubiquitously and miR-246 is expressed in gonadal sheath cells, as reported previously [13]. During aging, pmir-71::GFP expression increases in
the intestine and in the pharynx, whereas pmir-239::GFP expression is seen primarily in intestine and neurons, tissues previously implicated in regulation of
life span in C. elegans [1]. Representative images showing changes in GFP intensity are shown (warmer colors indicate higher GFP expression).
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C. elegans [1]), they are within the range of other well-charac-
terized effectors of C. elegans life span such as the 5%–20%
extension induced by a clk-1 mutation [19, 20], the 12%–
20% extension caused by sir-2.1 overexpression [21], the
14% extension induced by resveratrol treatment [22], and
the significance cutoffs (>5%–10% extension) used in two
large-scale RNA interference (RNAi) screens [23, 24].

Because miR-71, miR-238, and miR-246 were highly upre-
gulated during aging (Table 1), these results suggest that these
miRNAs increase during aging and promote longevity. An
alternative explanation for the shorter life spans of mir-71,
mir-238, andmir-246mutantsmight lie in nonspecific sickness
caused by deletion of these genes. However, none of these
mutants exhibited any physiological or behavioral abnormali-
ties during growth and development [25, 26]; Figure S4 and
Table S4). In assays that tested morphology, growth, develop-
ment, locomotion, pharyngeal pumping, defecation, egg
laying, and dauer formation, these mutants all exhibited wild-
type behavior [25, 26]. Nevertheless, and in order to test
directly for a role in life span, we generated, via microinjection,
transgenic C. elegans overexpressing the aging-associated
miRNAs miR-71, miR-238, miR-239, and miR-246 via
extrachromosomal arrays [27]. Strikingly, we observed that
overexpression of both miR-71 and miR-246 significantly and
reproducibly increased longevity whereas miR-239 overex-
pression reduced life span (Figures 3B–3D). Overexpression

of miR-238 did not affect life span, suggesting either that this
miRNA is not a bona fide aging gene or that its overexpression
may cause confounding effects such as developmental abnor-
malities (Figure S4A). Importantly, the life-span phenotypes
caused by miR-71, miR-239, or miR-246 overexpression
were the opposite of what we observed when these miRNAs
were deleted (Figure 3A). Together, these observations
strongly suggest a direct role for miR-71 and miR-246 to
promote longevity and a function for miR-239 in pathways
that antagonize longevity in C. elegans.

Stress Resistance of Aging miRNAs
Because stress resistance is associated with life span [28], we
considered the possibility that deletions of aging-associated
miRNAs may also impact the response of C. elegans to stress.
To this end, we tested the heat stress and oxidative stress
response of C. elegans mutant adults bearing deletions of
mir-71, mir-238, mir-239, and mir-246. Compared to the
wild-type N2 strain, we observed that the long-lived mutant
mir-239(nDf62) exhibited significant resistance to both heat
stress (35!C) and oxidative stress (paraquat) (Figure 4).
Conversely, the short-lived mutant mir-71(n4115) exhibited
a significantly increased sensitivity to both heat and oxidative
stress whereas mir-238(n4112) and mir-246(n4636) caused
increased sensitivity to oxidative and heat stress, respectively
(Figure 4). These results demonstrate that miR-71, miR-238,

A B 

C D 

Figure 3. Deletion or Overexpression of Aging-Associated miRNAs Affects Life Span

(A) Mutations in differentially expressed miRNAs affect life span. Four miRNA genes that are among the most overexpressed in aged animals—mir-71,
mir-238, mir-239, and mir-246—exhibit significant changes in life span when mutated. C. elegans mutants that contain deletions of miR-71, miR-238,
and miR-246—mir-71(n4115) (red), mir-238(n4112) (blue), and mir-246(n4636) (magenta)—exhibit significantly reduced life span compared to wild-type
(N2) animals (black), whereas deletion of miR-239—mir-239(nDf62) (green)—extends life span.
(B and C) miR-71 and miR-246 overexpression extends life span. Three lines overexpressing (o/e) miR-71 (B) or miR-246 (C) exhibit longer life spans
compared to wild-type N2 animals.
(D) miR-239 overexpression reduces life span. Three lines overexpressing (o/e) miR-239 (red, blue, and green) exhibit significantly shorter life span as
compared to wild-type N2 animals (black).
All life-span assays were conducted at 20!C. Statistics are shown in Table S3.
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miR-239, and miR-246 function in pathways that regulate the
response of C. elegans to conditions of environmental stress,
in support of our observations that these miRNAs are neces-
sary for normal life span in C. elegans.

Aging-Associated miRNAs Function through
the IGF-1/Insulin-like Pathway
In order to understand the biological pathways that mediate
the function of aging-associated miRNAs, we tested their
function in the IGF-1/insulin-like pathway, which is known
to mediate longevity in C. elegans, Drosophila, and mouse.
We tested whether the aging phenotypes of mir-71(n4115),
mir-238(n4112), mir-239(nDf62), and mir-246(n4636) would
be affected in daf-2 and daf-16 loss-of-function environments.
We found that RNAi directed against daf-2 and daf-16 modi-
fied the life-span phenotypes of mir-71(n4115) and mir-239
(nDf62), suggesting that these miRNAs function through the
insulin-like pathway in C. elegans. Indeed, daf-16(RNAi) com-
pletely abolished the long life span ofmir-239(nDf62)mutants,
showing that the long-lived phenotype of mir-239 mutants
depends on the presence of daf-16 (Figure 5A). In addition,
mir-239(nDf62) did not further enhance life span in a daf-2
(RNAi) background, suggesting that mir-239 and daf-2
function in the same genetic pathway (Figure 5A). Similarly,
we observed that mir-71(n4115) animals grown on daf-2
(RNAi) were shorter lived than wild-type animals grown on
daf-2(RNAi), demonstrating that loss of miR-71 partially
suppresses the long life span induced by daf-2(RNAi) (Fig-
ure 5B). In addition, daf-16(RNAi) did not further decrease
the life span of mir-71(n4115) animals, suggesting that
mir-71 and daf-16 function in the same pathway (Figure 5C).
By contrast, we found that the reduction in life span of
mir-246(n4636) mutants in daf-2(RNAi) was comparable to
the effect of loss of miR-246 in an empty vector RNAi (w15%
reduction in life span), suggesting that miR-246 does not
function through daf-2 (Figure S6A). In addition, we found
that miR-238 was not necessary for longevity induced by
loss of DAF-2, because mir-238(n4112) did not affect the life
span of daf-2(RNAi) animals, suggesting that miR-238 func-
tions upstream of daf-2 or through an independent pathway

(Figure S6B). Together, these observations strongly suggest
that miR-71 and miR-239 function through the IGF-1/insulin-
like pathway to mediate life span in C. elegans.

miRNA Function in DNA Damage Response
Becausemir-71(n4115) did not fully suppress the long life span
of animals on daf-2(RNAi), we considered whether miR-71
might also function in other pathways of aging. To that end,
we tested whether the absence of a functional copy of
miR-71 might affect the life span of mutants in the DNA
damage checkpoint pathway, which has been shown to affect
life span in C. elegans [29]. We found that the increased life
span observed when RNAi is directed against two checkpoint
proteins—CDC-25.1 and CHK-1—was completely suppressed
in a mir-71(n4115) genetic background, suggesting that the
function of CDC-25.1 and CHK-1 on life span depends on
miR-71 (Figure 5D; Figure S6C).

miRNAs Affect Expression of Aging Pathway Genes
In order to understand the molecular basis of miRNA function
in IIS and in the DNA damage checkpoint pathways, we
examined the 30 untranslated regions (UTRs) of genes in these
pathways and searched for putative binding sites to the aging-
associated miRNAs. We found that several genes in the IGF-1/
insulin like pathway such as age-1, pdk-1, akt-1, and daf-16
have putative binding sites for miR-71 (Table S6) as predicted
by mirWIP [30]. In addition, CHK-1, CDC-25.1, and CDC-25.2
are also predicted to be targets of miR-71 (Table S6). Indeed,
miR-71 is predicted to have four binding sites in the 30UTR of
PDK-1 and three binding sites in the 30UTR of CDC-25.1 (Fig-
ure 6A). Because CDC-25.1 and PDK-1 antagonize life span,
we reasoned that miR-71 might promote longevity by downre-
gulating these genes during adulthood. In order to test this
hypothesis, we assayed the expression levels of these genes
by qRT-PCR in a mir-71(n4115) background, and we found
that the mRNA levels of both PDK-1 and CDC-25.1 in day 10
adults were significantly elevated in mutants lacking miR-71
as compared towild-typeN2 animals (Figure 6C). Interestingly,
in young adults (day 0), the levels of PDK-1 and CDC-25.1 were
unchanged in amir-71(n4115) background as compared to N2

A B 35
o
C (Heat Stress) Paraquat (Oxidative Stress) 

Figure 4. Stress Resistance in miRNA Mutants Correlates with Their Life-Span Phenotypes

(A) In response to heat shock (12 hr at 35!C), the short-livedmiRNAmutantsmir-71(n4115) andmir-246(n4636) exhibit increased thermosensitivity, whereas
the long-lived mutant mir-239(nDf62) exhibits significantly increased thermoresistance as compared to wild-type animals (N2).
(B) Similarly, in response to oxidative stress (paraquat, 6 hr), the short-lived mutantsmir-71(n4115) andmir-238(n4112) exhibit decreased survival, whereas
the long-lived mutant mir-239(nDf62) exhibits significantly increased survival compared to wild-type animals.
Each strain (n > 30) was examined in triplicate. Error bars represent the standard deviation between triplicate samples. p values were calculated via
Student’s t test: p = 0.42 for mir-238(n4112) (heat stress); p = 0.99 for mir-246(n4636) (paraquat); *p < 0.05 compared to wild-type (N2).

Current Biology Vol 20 No 24
6

CURBIO 8498

Please cite this article in press as: de Lencastre et al., MicroRNAs Both Promote and Antagonize Longevity in C. elegans, Current
Biology (2010), doi:10.1016/j.cub.2010.11.015



animals, suggesting that miR-71 functions to downregulate
these genes in older animals specifically (Figure 6C). We also
examined the expression levels of other predicted targets of
miR-71—AGE-1, DAF-16, and CHK-1—in a mir-71(n4115)
background and found that the levels of these mRNAs were
unchanged in day 0 adults and modestly increased (<2-fold)
in day 10 mir-71(n4115) adults as compared to wild-type
worms.

Because we found that miR-239 function depends on
DAF-16, we also searched for potential targets of miR-239 in
the IIS pathway. Interestingly, however, none of the core genes
in the IIS pathway are predicted to be targeted by miR-239.
When we examined the expression of genes in the IIS pathway
by qRT-PCR, we found a decrease in the mRNA levels of
AGE-1 and PDK-1 in day 10 mir-239(nDf62) animals (2.2-fold
and 2.1-fold, respectively) (Figure S6D), suggesting that
miR-239 may act upstream of AGE-1/PDK-1 through a factor
yet to be identified (Figure 6D).

Conclusions
Our results reveal a greater involvement of miRNAs in
C. elegans life span than previously appreciated, with some
promoting and others suppressing longevity. We observed
significant expression changes of multiple miRNAs during
aging and also identified novel miRNAs in aged C. elegans.
Analysis of the life span of strains of C. elegans containing
mutations in miRNAs that exhibit the most significant changes
of expression during aging demonstrated that three of the
miRNAs that are most overexpressed in aged animals—
miR-71, miR-238, and miR-246—act to increase longevity in
C. elegans, whereas a fourth miRNA—miR-239—normally
limits life span. We found by genetic criteria that both miR-71
and miR-239 function through the insulin-signaling pathway.

In addition, we observed that miR-71 also interacts with the
DNA damage response pathway, because it is required for
the longevity extension caused by knockdown of CDC-25.1
and CHK-1. Given that miR-71 is predicted to target CDC-
25.1 and CHK-1, this suggests a possible negative feedback
loop, whereupon miR-71’s ability to promote longevity is
antagonized by CDC-25.1 but miR-71 in turn negatively regu-
lates these genes (Figure 6D). Consistent with this idea, we
observed that in mutant animals lacking miR-71, the expres-
sion of CDC-25.1 in older animals is increased 8-fold. The
fact that miR-71 functions in both the IIS and the DNA check-
point pathways suggests that miR-71 is a possible link
between these pathways (Figure 6D).
Notably, the life-span abnormalities reported here are the

first observable phenotypes reported for these miRNAs.
Indeed, an earlier survey failed to identify any phenotypes
during growth and development for the vast majority of miRNA
knockout mutants in C. elegans [25]. Given that the majority of
miRNAs individually seem not to be essential for C. elegans
development, our observation of dramatic effects on adult
life span for four independent loss-of-function mutants is
striking. These results suggest that miR-71, miR-239, and
miR-246 may be aging-specific genes, functioning specifically
during adulthood to regulate genetic pathways that promote
life span. Consistent with this idea, we observed that the
upregulation in mRNA levels of two predicted targets of
miR-71 was specific to older animals. The absence of any
phenotypes beside abnormal life spans for these miRNA
mutants further suggests that they might not be genes with
antagonistic pleiotropic function—i.e., beneficial early in life
but detrimental postreproduction. However, we cannot rule
out a subtle function for these miRNAs in development—
indeed, these miRNAs are expressed dynamically during

Figure 5. miR-239 and miR-71 Function through the IGF-1/Insulin-like and the DNA Damage Checkpoint Pathways

(A) The long life span of mir-239(nDf62) is suppressed by daf-16(RNAi) but is unaffected by control (empty vector) RNAi. mir-239(nDf62) does not further
enhance life span on daf-2(RNAi), suggesting that they function in the same pathway.
(B and C) The long life span of daf-2(RNAi) is partially suppressed by mir-71(n4115), and daf-16(RNAi) does not further decrease the life span of mir-71
(n4115), suggesting that miR-71 functions in the same pathway as DAF-2 and DAF-16.
(D) miR-71 additionally functions in the DNA damage checkpoint pathway.mir-71(n4115) fully suppresses the longevity induced by RNAi against CDC-25.1,
a factor of the DNA damage checkpoint pathway.
All life-span assays were conducted at 20!C. Statistics are shown in Table S5.
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development, especially miR-71 [31, 32]. It is possible that the
tradeoffs inherent to the roles of these miRNAs may only be
apparent in specific environmental conditions, such as
nutrient limitation and nonoptimal temperature. In this case,
these miRNAs may be used to fine tune the response of
C. elegans to environmental stress. In support of this idea,
we observe that the miRNA mutants that we found to exhibit
abnormal life span also show correspondingly abnormal
responses to stress. These results are in agreement with
previous studies that demonstrate that miRNAsmay be partic-
ularly well suited to modulate organismal response to stress
[15]. Because miRNAs have the potential to regulate multiple
targets, increasing the level of one miRNA could potentially
affect the action of a vast number of target genes. Indeed,
the upregulation of specific miRNAs has been noted in
response to a variety of sources of stress in different organ-
isms—DNA damage and oncogenic stress in mammalian cell
lines [10, 16], hypoxia in neoplastic cells [17], and nutrient
deprivation in plants [18]. In that context, it is particularly inter-
esting that we observed aberrant life-span and stress
responses in C. elegans mutants of miRNAs that are upregu-
lated with aging. These observations lend credence to the
idea that miRNAs may be particularly useful modulators of
gene regulatory pathways that respond to stress to affect an
organism’s life span. Given that miRNAs exhibit high degrees

of conservation of sequence and function, it is likely that
miRNAs also play extensive roles in aging in more complex
animals.

Experimental Procedures

Strains and Culture Methods
The wild-type C. elegans strain N2 (Bristol) was cultured using standard
protocols [33]. Mutant strains were obtained from the Caenorhabditis
Genetics Center or generated in house and are listed in Supplemental
Experimental Procedures.

Life-Span Assays
Life-span assays were performed at 20!C as described previously [5].
Statistical analysis was performed with GraphPad Prism 5.0 and JMP
software to determine survival difference (log-rank Mantel-Cox test).
Summary of life-span statistics is shown in Tables S3 and S4.

Stress Assays
Heat stress and oxidative stress (paraquat) experiments were performed
as described previously [34]. At least 30 animals were tested for each strain.
Mean and standard deviation were determined from experiments per-
formed in triplicate. p values were calculated via Student’s t test.

RNA Isolation and Sequencing
Total RNA was harvested from worm pellets and size selected (15–25 nt),
and miRNAs were cloned as described previously [31, 35]. The resulting

A

B

C D

Figure 6. Targets of miR-71 in the Insulin/IGF Signaling and DNA Damage Checkpoint Pathways

(A and B) Schematic representation and secondary structures of miR-71 binding sites on the 30UTR of PDK-1, a component of the insulin/IGF signaling
pathway, and on the 30UTR of CDC-25.1, a component of the DNA damage checkpoint pathway.
(C) In a miR-71 deletion genetic background [mir-71(n4115)], the mRNA levels of PDK-1 and CDC-25.1 are significantly upregulated specifically in older
adult animals (day 10) as compared to wild-type N2 animals as measured by qRT-PCR. Error bars represent standard deviation.
(D) Model for molecular and genetic interactions of age-related miRNAs with known aging pathways. Pointed arrows denote positive interaction; blunt
arrows denote negative interactions.
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cDNAs were then concatemerized as described previously [36] and
sequenced by 454 deep sequencing (454 Life Sciences/Roche) [37].

Computational Data Analysis
A total of 889,762 readscorresponding to smallRNAs (15–30nt)wereobtained
by 454 deep sequencing. The deep-sequencing reads were aligned to the
C. elegans genome (version WS190, obtained from WormBase), and the
number of sequence reads corresponding to known miRNAs was assessed
by perfect sequence matching to a database of known miRNAs (miRBase
v.13.0). To compare the differential expression of miRNAs across samples,
thenumberofmiRNAreads ineachsamplewasnormalizedto the totalnumber
of reads in each sample that matched the C. elegans genome (Table S1).

Novel miRNA Discovery
To identifynovelmiRNAs,weused thesoftwarepackagemiRDeep [8].Begin-
ning with all sequence reads that matched the C. elegans genome perfectly,
we discarded sequences that matched previously annotated ncRNAs and
mRNAs using NCBI blastall. In addition, matches to known C. elegans
miRNAs (miRBase v.13.0) and 21U-RNAs [32, 37, 38] were removed by
perfect sequence matching. The remaining reads were then mined for puta-
tive novel miRNAs with miRDeep using default settings [8], and secondary
structures of putative pre-miRNA hairpins were generatedwith RNAfold [39].

Computational Target Prediction
We used the program mirWIP to identify targets of aging-associated
miRNAs [30]. mirWIP targets are enriched for characteristics of bona fide
miRNA targets, including the structural accessibility of target sequences,
the total free energy of miRNA-target hybridization, and the topology of
base pairing to the 50 seed region of the miRNA [30]. Because mirWIP’s
target predictions originate from immunoprecipitation of the RNA-induced
silencing complex (RISC) factors AIN-1 and AIN-2 in C. elegans and are
reported to have a lower false-positive rate than other methods [30], they
are particularly appropriate to our study. mirWIP predictions were obtained
from http://146.189.76.171/query.php (predictions for mir-238 were not
available from mirWIP).
Additional experimental details are available in Supplemental Experi-

mental Procedures.

Accession Numbers

Raw sequencing reads from 454 deep sequencing and processed small
RNA sequences have been deposited in the NCBI Gene Expression
Omnibus with the accession number GSE24510.

Supplemental Information

Supplemental Information includes six figures, six tables, and Supplemental
Experimental Procedures and can be found with this article online at
doi:10.1016/j.cub.2010.11.015.
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Supplemental Figure Legends 
Figure S1. Novel miRNAs (Related to Figure 1) 
(A) Sequences of novel miRNAs identified in this study. The number of raw reads that are perfect 
matches to the mature form of the predicted miRNAs as well as their locations in the C. elegans genome 
are indicated. 
(B) Frequency of novel miRNAs in the 4 samples. Raw reads are normalized to the total # of reads in 
each sample that match the C. elegans genome. 

Figure S2. Expression Changes of Known miRNAs with Aging in Wild-Type C. elegans (N2) and 
Long-Lived daf-2(e1370) Mutants (daf-2) (Related to Table 1) 
(A) Ranked chart of individual miRNAs that exhibit the greatest expression increase between Day 0 and 
Day 10 of adulthood (log2 Ratio (Day 10/Day 0). 
Inset: Correlation of miRNA expression changes in N2 and daf-2 animals (Pearson Correlation r=0.83). 
miRNA frequency was normalized by all reads that matched to the C. elegans genome in that sample. 
Only miRNAs for which we obtained more than 10 sequences reads between the 2 samples being 
compared are shown. 
(B) Frequency of the fifty most abundant miRNAs identified in this study (normalized against all reads that 
perfectly match the C. elegans genome). Inset: Number of reads for the ten most abundant miRNAs by 
Day 10 of adulthood in N2 animals. 

Figure S3. (Related to Figure 2) 
(A) Validation by qRT-PCR of miRNA expression changes during aging. miRNAs shown to exhibit 
differential expression by sequencing exhibited corresponding increases or decreases in expression 
during aging when assayed by qRT-PCR. Fold changes (relative to Day 0) are shown for day 5 (yellow) 
and day 10 (red) of adulthood (normalized to U18 endogenous control). Fold change miRNA expression 
from day 0 to day 10 of adulthood as calculated from deep sequencing is shown for comparison (blue). 
Error bars represent standard deviation. 
(B) Validation by northern blot of miR-246 expression changes with aging. By comparison, the expression 
of miR-66 remains unchanged throughout aging. 
(C) Changes in expression with aging (log2 change between day 0 and 10 of adulthood) reported by qRT-
PCR correlate with the expression changes we observed by cloning for N2 (r=0.96) (blue squares) and 
daf-2 animals (r=0.98) (red circles). 
(D) Shifting the non-restrictive temperature in early adulthood does not affect miRNA expression patterns 
with aging. We examined the expression changes with aging of 19 miRNAs by Taqman qRT-PCR in RNA 
harvested from worms that were kept at 20oC during all development and adulthood. The relative 
expression changes of 19 miRNAs were highly similar to those observed in our deep sequencing survey 

 

Figure S4. Aging-Associated miRNA Mutants Exhibit Normal Development and Fertility  
(Related to Figure 3) 
(A) Representative wild-type (N2) and aging-associated miRNA mutant animals, examined at the same 
time-point during larval stage L3 exhibit indistinguishable morphology and gonad extension (outlined in 
blue). The animals were synchronized as starved L1s (sL1s) and examined periodically under DIC 
(differential interference contrast) microscopy during development (see Table S4 also). 
(B) miRNA mutants exhibit normal fertility. Individual animals were transferred daily to new plates after L4 
molt and progeny were counted until the cessation of reproduction. All animals began laying eggs at a 
similar time, ~48-50 hours post sL1. Indeed, as shown, brood size, initiation and cessation of reproduction 
were similar for all animals. Only mir-71(n4115) showed a slight reduction in progeny production in each 
time-period observed but these effects were not statistically significant. Full brood sizes, where m is the 
mean number of progeny for the entire reproductive period of the animal: N2, m=299.2 (+/- 21.6); mir-
71(n4115), m=231.2 (+/-61.6); mir-238(n4112), m=263.2 (+/-81.1); mir-239(nDf62), m=246.4 (+/- 65.4); 
mir-246(n4636), m=281.4 (+/- 37.5). All animals were maintained at 20oC throughout the experiment. 5 
animals were observed for each genotype. Error bars represent standard deviation. 



 

Figure S5. (Related to Figure 4) 
(A) miR-238 overexpression does not affect life span. Five different lines that overexpress miR-238 were 
generated by microinjection but life span of transgenic animals was identical to wild-type (N2) C. elegans. 
As a control, lines containing only the co-injection marker myo-3::GFP were also tested and the life span 
was unaffected. Life-span assays of three transgenic lines of miR-238 - mir-238(oe)(16-1), mir-
238(oe)(16-2), mir-238(oe)(17-1)  and control strain myo-3::GFP are shown. Overexpression of miR-238 
in these transgenic lines was confirmed by Taqman qRT-PCR (data not shown). 
(B) FuDR does not affect the life-span phenotypes of mir-71(n4115) and mir-239(nDf62). Life-span 
assays conducted in the absence of FuDR (adult worms were picked to new plates away from progeny 
every 1-2 days) confirm that the life-span phenotypes of mir-71(n4115) and mir-239(nDf62) are 
unaffected by FuDR. The mir-246(n4636) mutant still exhibits a slightly short life-span phenotype 
although the effect is only barely significant (see Table S3). The mir-238(n4112) mutant did not appear to 
have a significantly different life span in the absence of FuDR. 
 
Figure S6. Further Characterization of miRNA Function in IIS and DNA Damage Checkpoint 
Pathways (Related to Figure 5) 
(A) The reduction of life span in mir-246(n4636) mutants in daf-2(RNAi) is comparable to the reduction of 
life span caused by loss of miR-246 on empty vector RNAi (~15% reduction in life span). In addition, mir-
246(n4636) further reduces the short life span caused by daf-16(RNAi). These observations suggest that 
miR-246 does not function through DAF-2 or DAF-16.  
(B) Loss of miR-238 has no effect on daf-2(RNAi) mediated longevity.  
(C) miR-71 functions in DNA damage checkpoint pathway. Loss of miR-71 fully suppresses chk-1(RNAi) 
mediated longevity indicating that effect of CHK-1 on life span depends on miR-71.  
All life-span assays conducted at 20oC. Statistics are shown in Table S4. 
(D) Altered expression of genes in IIS pathway in mutants that lack miR-239. The expression of AGE-1 
and PDK-1, genes in the IIS pathway, is downregulated, as measured by qRT-PCR, in C. elegans 
mutants lacking miR-239. This effect is specific to older animals, since young mir-239(nDf62) mutants 
show unchanged expression of these genes as compared to N2 animals. Since neither AGE-1 nor PDK-1 
are predicted to be targets of miR-239, it is possible that this downregulation may indicate miR-239 
control of a regulatory factor upstream of AGE-1 and/or PDK-1. The mRNA levels of DAF-2 and DAF-16 
are unchanged in mir-239(nDf62) mutants. Error bars represent standard deviation. 
 



 

Supplemental Tables 
 
Table S1. Summary of Deep Sequencing Results (Related to Figure 1) 

  Raw Processed C.elegans mature miRNAs 
Sample Reads 15-22nt reads Reads Reads % 

N2 - Day  0 63431 118720 76859 36779 47.9 
N2 - Day10 84088 221300 151044 50775 33.6 

daf-2 - Day  0 102898 224289 156769 70729 45.1 
daf-2 - Day10 98074 325453 241945 92171 38.1 

TOTAL 348491 889762 626617 250454 40.0 
Total number of sequence reads obtained from deep sequencing of wild-type (N2) and mutant 
daf-2(e1370) C. elegans animals at days 0 and 10 of adulthood. Processed reads: the number of 
reads obtained after extraction of small RNAs reads from the raw concatemer sequences (see 
Supplemental Experimental Methods). C. elegans reads and mature miRNAs represent number 
of reads that perfectly match the C. elegans genome (WS190) or known miRNAs (miRBase 
13.0). 
 
 
 
 
 
Table S2. Summary of Deep Sequencing Results for Individual miRNAs (Raw Reads) 
(Related to Figure 2) 
(See accompanying Excel spreadsheet.)



 

Table S3. Life-Span Data: Deletion or Overexpression of Several Aging-Associated miRNAs  
Has Reciprocal effects on C. elegans Life Span (Related to Figure 3) 

Corresponding 
Figure Strain 

Expe-
riment 

Mean Life span 
±  

SEM (days) n p value* 
 Life span  
(vs N2) 

3A N2 1 16.8 ± 0.3 77   
3A mir-71(n4115)  8.7 ± 0.1 69 <0.0001 -48.2% 
3A mir-238(n4112)  13.6 ± 0.2 75 <0.0001 -19.0% 
3A mir-239(nDf62)  20.1 ± 0.5 64 <0.0001 19.6% 
3A mir-246(n4636)  15.2 ± 0.3 71 0.0003 -9.5% 
3B N2 1 12.6 ± 0.3 74    
3B mir-71(oe)(9-2)  16.1 ± 0.5 63 < 0.001 27.8% 
3B mir-71(oe)(9-4)  14.4 ± 0.4 60 < 0.001 14.3% 
3B mir-71(oe)(17-1)  16.0 ± 0.4 60 < 0.001 27.0% 

 mir-71(n4115)  8.0 ± 0.1 65 < 0.001 -36.5% 
 N2 2 12.4 ± 0.3 75   
 mir-71(oe)(9-2)  16.9 ± 0.5 58 < 0.001 36.3% 
 mir-71(oe)(9-4)  14.8 ± 0.4 60 < 0.001 19.4% 
 mir-71(oe)(17-1)  16.4 ± 0.3 62 < 0.001 32.3% 
 mir-71(n4115)  7.9 ± 0.1 51 < 0.001 -36.3% 
 N2 3 13.2 ± 0.4 74   
 mir-71(oe)(9-2)  16.1 ± 0.4 66 < 0.001 22.0% 
 mir-71(oe)(9-4)  14.1 ± 0.6 29 < 0.001 6.8% 
 mir-71(oe)(17-1)  16.1 ± 0.3 68 < 0.001 22.0% 
  mir-71(n4115)   8.1 ± 0.1 49 < 0.001 -38.6% 

3C N2 1 16.5 ± 0.3 73   
3C mir-246(oe)(17-1)  17.4 ± 0.3 65 0.0801 5.5% 
3C mir-246(oe)(27-3)  17.7 ± 0.3 64 0.0133 7.3% 
3C mir-246(oe)(29-4)  17.2 ± 0.3 67 0.2695 4.2% 

 mir-246(n4636)  15.3 ± 0.3 70 0.0218 -7.3% 
 N2 2 15.9 ± 0.2 72   
 mir-246(oe)(17-1)  17.5 ± 0.4 64 < 0.0001 10.1% 
 mir-246(oe)(27-3)  17.1 ± 0.4 71 0.0007 7.5% 
 mir-246(oe)(29-4)  17.3 ± 0.3 64 < 0.0001 8.8% 
 mir-246(n4636)  14.3 ± 0.3 70 0.0013 -10.1% 
 N2 3 15.8 ± 0.3 72   
 mir-246(oe)(17-1)  17.1 ± 0.4 70 0.0018 8.2% 
 mir-246(oe)(27-3)  17.7 ± 0.4 69 < 0.0001 12.0% 
 mir-246(oe)(29-4)  17.1 ± 0.3 79 0.0033 8.2% 
  mir-246(n4636)   13.6 ± 0.3 73 < 0.0001 -13.9% 

3D N2 1 14.7 ± 0.2 76   
3D mir-239(oe)(3-1)  12.7 ± 0.3 61 < 0.001 -13.6% 
3D mir-239(oe)(10-1)  13.2 ± 0.4 67 < 0.001 -10.2% 



 

3D mir-239(oe)(13-1)  13.1 ± 0.4 37 0.0023 -10.9% 
 mir-239(nDf62)  17.0 ± 0.5 64 < 0.001 15.6% 
 N2 2 14.6 ± 0.2 77   
 mir-239(oe)(3-1)  12.9 ± 0.3 58 < 0.001 -11.6% 
 mir-239(oe)(10-1)  13.4 ± 0.4 67 < 0.001 -8.2% 
  mir-239(nDf62)   17.8 ± 0.5 69 < 0.001 21.9% 

S5 N2 1 12.6 ± 0.3 74   
S5 mir-238(oe)(16-1)  12.6 ± 0.4 34 0.6539 0.0% 
S5 mir-238(oe)(16-2)  12.7 ± 0.3 61 0.9587 0.8% 
S5 mir-238(oe)(17-1)  12.6 ± 0.5 49 0.8314 0.0% 
S5 myo-3::GFP  13.1 ± 0.6 25 0.226 4.0% 

 mir-238(n4112)  11.5 ± 0.3 72 0.0009 -8.7% 
 N2 2 12.4 ± 0.3 75   
 mir-238(oe)(16-1)  13.0 ± 0.4 32 0.5068 4.8% 
 mir-238(oe)(16-2)  12.8 ± 0.3 59 0.6801 3.2% 
 mir-238(oe)(17-1)  12.5 ± 0.4 37 0.3567 0.8% 
 myo-3::GFP  14.6 ± 0.7 18 0.2496 17.7% 
  mir-238(n4112)   11.5 ± 0.3 71 < 0.0001 -7.3% 

S5B N2  14.4 ± 0.3 108   
S5B mir-71(n4115)  9.2 ± 0.2 76 <0.0001 -36.1% 

 mir-238(n4112)  14.2 ± 0.4 88 0.426 -1.4% 
S5B mir-239(nDf62)  18.6 ± 0.4 97 <0.0001 29.2% 
S5B mir-246(n4636)  13.9 ± 0.2 99 0.048 -3.5% 

* Compared to wild-type N2 animals, using log-rank (Mantel-Cox) test. 
 
 
 
 
 
 
Table S4. miRNA Mutants Exhibit Normal Development (Related to Figure S4) 

Hours* Stage$ N2 mir-71(n4115) mir-238(n4112) mir-239(nDf62) mir-246(n4636) 
5 L1 100.0% 100.0% 100.0% 100.0% 100.0% 
8 early L2 100.0% 100.0% 100.0% 80.0% 100.0% 

19 late L2 100.0% 100.0% 100.0% 100.0% 100.0% 
28 L3 100.0% 100.0% 100.0% 100.0% 100.0% 
31 L4 85.7% 90.0% 50.0% 72.7% 100.0% 
41 Adult 85.0% 90.0% 90.0% 85.0% 90.0% 

Percentage of animals that have progressed to indicated larval stage at given time during C. elegans 
development is shown. 
* Hours from starved L1s. $ Stage determination: L1, presence of alae; early L2, gonad size and lack of 
alae; late L2, size and shape of gonad (football or bean-size); L3, length of gonad (~80-100mm), see also 
Figure S4; L4, gonad turn; Adult, vulva formed. Sample size, n = 10 for all time-points, except 41 hours, 
where n = 20.



 

Table S5. Life-Span Data: miRNA function in IIS and DNA Damage Checkpoint Pathways  
(Related to Figure 5) 

Corresponding  
Figure Strain 

RNAi  
Treatment 

Expe-
riment 

Mean Life span 
±  

SEM (days) n p value* p value$ 

5A N2 Vector 1 16.8 ± 0.3 73   
5A  daf-2  29.6 ± 0.5 76 <0.0001  
5A  daf-16  13.0 ± 0.2 78 <0.0001  
5A mir-239(nDf62) Vector  20.0 ± 0.4 68 <0.0001  
5A  daf-2  27.0 ± 0.4 81 <0.0001 <0.0001 
5A  daf-16  13.4 ± 0.2 70 <0.0001 0.03 

 N2 Vector 2 17.8 ± 0.3 74   
  daf-2  28.5 ± 0.4 74 <0.0001  
  daf-16  13.7 ± 0.2 73 <0.0001  
 mir-239(nDf62) Vector  19.8 ± 0.4 76 <0.0001  
  daf-2  26.6 ± 0.4 75 <0.0001 0.0003 
    daf-16   13.1 ± 0.2 66 <0.0001 0.01 

5B N2 Vector 1 18.4 ± 0.5 74   
5B  daf-2  32.3 ± 1.2 50 <0.0001  
5B mir-71(n4115) Vector  9.5 ± 0.2 48 <0.0001  
5B  daf-2  13.3 ± 0.7 46 <0.0001 <0.0001 

S6B mir-238(n4112) Vector  18.1 ± 0.3 73 0.0491  
S6B  daf-2  31.2 ± 1.2 71 <0.0001 0.9524 

 N2 Vector 2 19.1 ± 0.5 79   
  daf-2  33.5 ± 1.1 41 <0.0001  
 mir-71(n4115) Vector  9.1 ± 0.2 55 <0.0001  
  daf-2  15.1 ± 0.7 46 <0.0001  
 mir-238(n4112) Vector  17.4 ± 0.2 76 <0.0001  
    daf-2   33.8 ± 0.9 57 <0.0001 0.0376 

5C N2 Vector 1 19.0 ± 0.3 73   
5C  daf-16  13.7 ± 0.2 85 <0.0001  
5C mir-71(n4115) Vector  10.3 ± 0.2 72 <0.0001  
5C  daf-16  9.7 ± 0.2 71 <0.0001 <0.0001 

 N2 Vector 2 18.5 ± 0.3 81   
  daf-16  13.4 ± 0.2 79 <0.0001  
 mir-71(n4115) Vector  10.5 ± 0.2 78 <0.0001  
  daf-16  9.6 ± 0.2 74 <0.0001 <0.0001 

 N2 Vector 3 18.4 ± 0.3 84   
  daf-16  13.4 ± 0.2 72 <0.0001  
 mir-71(n4115) Vector  10.2 ± 0.2 67 <0.0001  
    daf-16   9.2 ± 0.1 77 <0.0001 <0.0001 

S6A N2 Vector 1 16.8 ± 0.3 73   
S6A  daf-2  29.6 ± 0.5 76 <0.0001  



 

S6A  daf-16  13.0 ± 0.2 78 <0.0001  
S6A mir-246(n4636) Vector  14.5 ± 0.4 75 0.0016  
S6A  daf-2  22.5 ± 0.4 78 <0.0001 < 0.0001 
S6A  daf-16  12.8 ± 0.2 75 <0.0001 < 0.0001 

 N2 Vector 2 17.8 ± 0.3 74   
  daf-2  28.5 ± 0.4 75 <0.0001  
  daf-16  13.7 ± 0.2 72 <0.0001  
 mir-246(n4636) Vector  15.4 ± 0.4 72 0.0003  
  daf-2  24.8 ± 0.4 75 <0.0001 < 0.0001 
    daf-16   12.4 ± 0.2 80 <0.0001 < 0.0001 

5D N2 Vector 1 19.0 ± 0.3 73   
5D  cdc-25.1  21.8 ± 0.2 71 <0.0001  
5D mir-71(n4115) Vector  10.3 ± 0.2 72 <0.0001  
5D  cdc-25.1  10.5 ± 0.2 72 <0.0001 <0.0001 

 N2 Vector 2 18.5 ± 0.3 81   
  cdc-25.1  20.1 ± 0.3 72 0.001  

 mir-71(n4115) Vector  10.5 ± 0.2 78 <0.0001  
  cdc-25.1  10.5 ± 0.2 74 <0.0001 <0.0001 
 N2 Vector 3 18.4 ± 0.3 84   
  cdc-25.1  20.5 ± 0.3 79 <0.0001  
 mir-71(n4115) Vector  10.2 ± 0.2 67 <0.0001  
    cdc-25.1   10.6 ± 0.2 82 <0.0001 <0.0001 

FS5C N2 Vector 1 18.3 ± 0.4 75 ! !
FS5C  chk-1  20.7 ± 0.5 64 <0.0001  
FS5C mir-71(n4115) Vector  9.7 ± 0.3 46 <0.0001  
FS5C   chk-1   9.5 ± 0.3 33 <0.0001 <0.0001 

* Compared to N2 animals fed control (vector) RNAi. 
$ Compared to N2 animals fed equivalent RNAi treatment. 

 



 

 
Table S6. Targets of Aging-Associated miRNAs (Related to Figure 6) 

Predicted Targets in IIS  Predicted Targets in DNA Damage Checkpoint 
  binding mirWIP    binding mirWIP 

miRNA Target sites Score *  miRNA Target sites Score * 
miR-71 daf-2 0   miR-71 cdc-25.1 4 17.3 

 age-1 1 4.3   cdc-25.2 2 8.8 
 ist-1 3 11.0   cdc-25.3 0  
 pdk-1 4 8.7   chk-1 1 2.5 
 akt-1 0    cid-1 (K10D2.3) 3 6.3 
 akt-2 2 11.6   pup-2 (K10D2.2) 1 3.4 
 daf-16 11 26.4  ! ! ! !
  daf-18 0    !! !! !! !!

miR-239 daf-2 0   miR-239 cdc-25.1 0  
 age-1 0    cdc-25.2 0  
 ist-1 0    cdc-25.3 0  
 pdk-1 0    chk-1 0  
 akt-1 0    cid-1 (K10D2.3) 0  
 akt-2 0    pup-2 (K10D2.2) 0  
 daf-16 0   ! ! ! !
  daf-18 0    !! !! !! !!

miR-246 daf-2 0   miR-246 cdc-25.1 0  
 age-1 0    cdc-25.2 4 6.3 
 ist-1 0    cdc-25.3 0  
 pdk-1 1 2.2   chk-1 0  
 akt-1 0    cid-1 (K10D2.3) 0  
 akt-2 0    pup-2 (K10D2.2) 2 7.4 
 daf-16 1 5.1      
  daf-18 0             

Targets of aging-associated miRNAs in the IGF-1/insulin-like signaling pathway (IIS) and the DNA damage 
checkpoint pathways as predicted by the software mirWIP. The number of predicted binding sites in these 
genes is shown. *mirWIP score represents a weighed scoring of three enriched features of miRNA targets: 
seed topology, structural accessibility for 25nt region upstream of the site, and hybridization energy of 
miRNA:target [1]. For a "high strigency" list of predictions, only sites with a mirWIP score higher than 2 are 
considered. For comparison, the verified interactions lin-4::lin-14 and lin-4::lin-28 have mirWIP scores of 
31.07 and 11.2, respectively [1].!

 



 

Supplemental Experimental Procedures 
 
Strains and Culture Methods 
The following C. elegans strains were used: wild-type N2 (Bristol), daf-2(e1370), mir-34(gk437 and 
n4276), mir-67(n4899), mir-71(n4115), mir-238(n4112), mir-239(nDf62), mir-240(n4541), mir-246(n4636), 
and mir-253(nDf64). All mutant strains were back-crossed against the reference N2 strain at least 3-times 
before conducting life-span or stress assays. For GFP analysis, miRNA reporter strains VT2084 (pmir-
71::GFP), VL316 (pmir-238::GFP) and VT1607 (pmir-246::GFP) were obtained from the CGC. An 
integrated mir-239-promoter::GFP (pmir-239::GFP) reporter strain was generated by micro-injection 
followed by stable integration into the genome. Briefly, primers were used to PCR amplify from genomic 
DNA a fragment that includes the sequence upstream of the mature forms of miR-239a and miR-239b. 
The PCR amplicon was fused to a GFP construct containing gfp unc-54 (amplified from 
pPD95.75, a gift of A. Fire) by PCR fusion [2]. The pmir-239::GFP construct was then micro-injected at a 
concentration of 50 ng/ul, together with myo-2::dsRed (5 ng/ul) as a co-injection marker, using standard 
protocols [3]. The transgene was then stably integrated into the genome using an UV-irradiation protocol, 
as described before [4], and GFP-positive integrants were screened from the progeny and outcrossed 7 
times. Transgenic strains that overexpress miR-71, miR-238, miR-239 and miR-246 were generated by 
microinjection [3]. Primers were used to PCR amplify from genomic DNA a fragment that includes the 
predicted pri-miRNA hairpin sequence as well as sequence upstream of the mature form of the miRNA 
(up to the 3'UTR of the preceding gene or 2 Kb, whichever was shortest). These PCR amplicons were 
then microinjected (5 ng/µl) using myo-3::GFP as co-injection marker (50 ng/µl). Overexpression of the 
microRNAs of interest in the transgenic lines was confirmed by TaqMan qRT-PCR (data not shown). 
Injection of the marker myo-3::GFP alone did not significantly affect life span (Table S3).  
 Routine C. elegans culture procedures were carried out by standard protocols [5]. For aging C. 
elegans RNA sample collection, synchronized L1s of N2 (wild-type) and mutant daf-2(e1370) strains were 
fed on OP50 and grown at 16oC until L4 stage to avoid dauer formation in the daf-2 temperature sensitive 
mutants. 5-fluorodeoxyuridine (FUDR) (0.1g/ml) was added to the plates to prevent progeny production 
and the plates where shifted to 25oC. FUDR does not affect life span of C. elegans adults [6, 7] (and 
Figure S4). Day 0 worms were harvested ~20 hours after addition of FUDR and 25oC temperature shift. 
The remaining worms were kept at 25oC for 4 days, and then moved to 20oC. Day 10 worms were 
harvested 10 days after the addition of FUDR - an inflection points when wild-type C. elegans animals 
begin dying (data not shown). We confirmed by qRT-PCR that the relative changes in expression of 
miRNAs during aging were the same if the animals were grown at 25oC or 20oC during adulthood (Figure 
S3D). 
 
Life-Span Assays 
Life-span assays were performed at 20°C as previously described [8]. Briefly, synchronized L1s were fed 
with OP50, grown to young adults, and transferred to OP50 or RNAi-expressing HT115 (DE3) bacteria 
plates containing (FUDR, 0.1g/ml) to prevent progeny production. Fresh, IPTG-induced RNAi-expressing 
bacteria were plated onto RNAi plates every 5-7 days. Life span was assessed every 1-2 days. Life span 
was defined as the time from the day animals were plated onto FUDR plates until they were scored as 
dead. Animals that no longer responded to repeated, gentle prodding with a platinum wire were scored as 
dead. Animals that crawled off the plate or burst were excluded from calculations. Control and 
experimental animals were cultured and transferred in parallel. Statistical analysis was done using 
Graphpad Prism 5.0 and JMP software to determine survival difference (log-rank Mantel-Cox test). 
Summary of life-span statistics is shown in Tables S3 and S4. 
 
Development and Fertility Assays 
Synchronized L1 animals were plated on OP50-seeded plates and observed periodically during 
development using DIC (differential interference contrast) microscopy on a Zeiss AxioPlan upright 
microscope. Stages of development were determined by characteristic morphological changes: L1, 
presence of alae; early L2, gonad size and lack of alae; late L2, size and shape of gonad (football or 
bean-size); L3, length of gonad (~80-100mm); L4, distal tip of gonad turn; Adult, vulva formed. Sample 
size, n = 10 for all time-points, except 41 hours, where n = 20. Fertility was measured by transferring 
animals (5) post-L4 molt to individual plates every day and counting the number of progeny that hatched 



 

and reached adulthood. The starting point and end points of reproduction were similar for all animals 
observed. 
 
Stress Assays 
Heat stress and oxidative stress (Paraquat) experiments were performed as previously described [9]. 
Control and experimental animals were cultured and transferred to FUDR plates after the L4 molt, as 
described above for life-span analysis. For heat stress experiments, after three days of adulthood, 
animals were transferred to 35oC for twelve hours, and survival was scored by gently prodding each 
animal with a platinum wire. For the paraquat assay, worms were washed off the NGM plates and rinsed 
with M9 buffer three times to remove OP50 bacteria. Approximately 30 adults were dispensed into each 
well of a 24-well culture plate containing 300 µl of 200 mM paraquat (Sigma) in M9 buffer for six hours. 
Animals that failed to move were scored as dead. At least 30 animals were tested for each strain. Mean 
and standard deviation were determined from experiments done in triplicate. p-values were calculated 
using Student's t-test. 
 
RNA Isolation and Sequencing 
Total RNA was harvested from worm pellets as described before [10, 11] . The quality and quantity of 
total RNA samples was confirmed using the NanoDrop Spectrometer (ND-1000 Spectrophotometer). The 
harvested RNA was size-selected (15-25nt) by denaturing Polyacrylamide Gel Electrophoresis (PAGE) 
and miRNAs were cloned by protocols that are specific for 5'-phosphorylated RNA, as described before 
[12, 13]. The resulting cDNAs were then concatemerized, as described [12], and sequenced by 454 deep 
sequencing (454 Lifesciences / Roche) [14]. 
 
Quantitative RT-PCR 
The expression of miRNAs was determined by quantitative RT-PCR using TaqMan small RNA Assays 
(Applied Biosystems). Assays specific to mature miRNAs were purchased and tested as per 
manufacturer's published protocols. For novel miRNAs, new custom assays were designed and 
purchased (Applied Biosystems). The expression levels of known and novel miRNAs were normalized 
using endogenous control U18. Total RNA was isolated from animals as described in RNA isolation and 
sequencing. The results were replicated using independently prepared RNA samples. 
 The expression of mRNA levels of miRNAs target genes was assayed using SYBR Green I 
according to manufacturer protocols (Roche). The expression level of tested genes was normalized to 
mRNA levels of ACT-1. In each case, primers for qPCR were designed to span at least one exon-exon 
boundary.  
 
Northern Blot Analysis 
Approximately 20 µg of total RNA was obtained from N2 wild-type worms and from daf-2(e1370) mutants 
at days 0, 5 and 10 of adulthood for northern blot analysis, using methods described previously [10]. 
Probes used to detect RNA levels of mir-246 (5'-GCT CCT ACC CGA AAC ATG TAA) and mir-66 (5'-TCA 
CAT CCC TAA TCA GTG TCA TG) were made using the StarFire Oligonucleotide Labeling Kit (IDT). U6 
was used as a normalization control. RNA was collected from N2 and daf-2(e1370) animals at days 0, 5 
and 10 of adulthood as described for RNA isolation and sequencing. 
 
GFP Analysis 
Quantitative timecourse analysis of fluorescence expression was performed on a Zeiss AxioPlan upright 
microscope as follows. Each day, the microscope was calibrated by acquiring an image of a slide of 
InSpek 4µm green autofluorescent beads (Molecular Probes) and a flat-field correction image using an 
autofluorescent plastic slide (Chroma), with the same GFP diachroic filter set used for later imaging. After 
flat-field correction, per-bead integrated intensities were determined from the bead image using custom 
software and used as an intensity standard to account for day-to-day variations in the light source and 
light path. Acquired GFP images were then flat-field corrected and intensity-corrected for the calculated 
bead intensity level. 

Outlines were semi-automatically drawn around bright-field images of each animal using custom 
software. To account for background autofluorescence from the agarose pads on which animals were 
mounted for imaging, a 50-pixel-wide region around each animal's outline was determined and the mean 
image intensity in that region calculated and subtracted from the GFP image. After background 



 

correction, the mean GFP image intensity was calculated over the previously-defined worm area, except 
in the case of miR-246, which had consistently bright GFP expression restricted to the gonad sheath. For 
these animals, a "gonad sheath" region was automatically determined by thresholding the GFP image at 
one standard deviation above the mean within-animal pixel value, and mean intensity in only this region 
reported. For the other strains, GFP expression was more diffusely localized, so the whole animal area 
was an appropriate averaging region. 

Bleed-through of gut autofluorescence into the GFP channel was minimal, as determined by 
comparisons of images acquired with the GFP filter set and with a TRITC filter set (which is selective for 
gut autofluorescence patterns). The patterns of GFP and autofluorescence were effectively disjoint, and 
thus we found that compensating for spectral overlap was unnecessary. 

For visualization purposes, the defined outlines were used to define a local coordinate system on 
each animal, allowing bright-field and fluorescent images to be computationally straightened in a 
straightforward manner, using the image-resampling tools in the Scientific Python package (scipy.org). 
Images shown in Figure 3 have been false-colored so that anatomical detail is visible in both bright and 
dim images (warmer colors indicate higher GFP expression). 

In order to determine the statistical significance of the GFP expression changes during aging, 
linear regressions were performed on the data shown in Figure 3. The entire time-course was fit to a 
single line for mir-238::GFP and mir-246::GFP; for the peaked time-courses of mir-239::GFP and mir-
71::GFP, two lines were fit: from days zero to seven (inclusive) and seven forward. An F-test for 
regression significance (testing against the null hypothesis that the fit slope was zero) was performed for 
each of these fits, finding in all cases p < 0.01 (and in all cases save mir-239::GFP from day seven 
onward, p < 0.0001). 
 
Computational Data Analysis 
A total of 348,491 raw sequences comprising concatemers of small RNAs were obtained by 454 
sequencing. Sequences corresponding to cloning and sequencing adapters or size-selection markers 
were removed from the raw data by sequence matching. After processing, a total of 889,762 reads 
corresponding to small RNAs (15-30nt) were obtained. The deep-sequencing reads were aligned to the 
C. elegans genome (version WS190, obtained from Wormbase) using NCBI megablast (BLAST version 
2.2.17 with the following options: -W 12 -p 100. Only perfect alignments were retained (full length, 100% 
identity), resulting in a total number of 626,617 reads that match C. elegans genome. The number of 
sequence reads that correspond to known miRNAs was assessed using perfect sequence matching to a 
database of known miRNAs (miRBase, v.13.0). To compare the differential expression of miRNAs across 
samples, the number of miRNA reads in each sample was normalized to the total number of reads in 
each sample that matched the C. elegans genome (Table S1). 

A total of 250,497 reads (40%) represent perfect matches to C. elegans miRNAs (miRBase 13.0), 
a rate that is comparable to yields in previous reports that use the same 5'-mono-phosphate specific 
cloning protocol [14]. We detected perfect matches to the mature forms of 120 out of 155 miRNAs 
annotated in miRBase (13.0, March 2009). A subset of miRNAs not found in our survey (i.e miR-264 - 
miR-273, miR-256, miR-258, miR-260 - miR-262, miR-353, miR-354, miR-356 and miR-360) were 
similarly missing from previous deep sequencing surveys of C. elegans [14, 15] and may represent small 
RNAs that have been misclassified as miRNAs, as proposed before [14]. 

To the extent that it is possible, our results align well with the direction of change during aging 
described for the miRNAs analyzed by microarray in [16]. A direct comparison is difficult since the two 
studies were done using different genetic backgrounds (the microarray study utilized a reproduction 
defective strain whereas we used the wild-type N2 strain) and the animals were reared at different 
temperatures (25oC in their study vs 20oC in our study). In addition, several of the miRNAs we examined 
were not reported in the microarray study. In light of all of these differences, we do not consider it 
possible to do a detailed comparison of the studies. Given those caveats, however, we were certainly 
curious to see if the general trends were the same. We found that indeed, for those miRNAs that were 
reported in the microarray paper, and comparing their expression at the "inflection point" in the survival 
curve (Day 8 for their study, Day 10 for our study), 3 of 4 miRNAs that are upregulated in our study are 
also upregulated in theirs and 12 of 13 miRNAs that are downregulated in our study are also 
downregulated in theirs. Interestingly, the outlier in the upregulated miRNAs is miR-71, where they find 
that it is upregulated early in the time-course but becomes downregulated by Day 8 of adulthood, similar 



 

to our findings by GFP expression analysis. The outlier in the downregulated data set is miR-43 which in 
their data-set exhibits a dynamic expression profile (later in life it becomes downregulated). 
 
Novel miRNA Discovery 
To identify novel miRNAs we used the software package miRDeep [17]. The software identifies miRNAs 
using a probabilistic model that takes into account both the stability of the characteristic hairpin structures 
of miRNAs as well as "signature reads" - sequences found within the deep sequencing data that are 
consistent with miRNA biogenesis [17]. This algorithm allows it to achieve relatively high sensitivity of 
miRNA discovery (~70-90%) while maintaining a low false-positive rate (one false-positive miRNA for 
every ~25,000 nonredundant read sequences) [17]. We followed the developer's pipeline [17]: Beginning 
with 626,617 sequence reads that match C. elegans genome perfectly, we discarded sequences that 
match previously annotated ncRNAs and mRNAs, using NCBI blastall, with the following options (-e 
0.001 -G 5 -E 2 -q -3 -r 1 -W 7 -v 10 -b 10). The sequences of annotated ncRNAs (wormrna190.tar.gz) 
and mRNAs (elegans-mrna.WC190.fa.gz ) were obtained from Wormbase 
(ftp://ftp.wormbase.org/pub/wormbase/genomes/c_elegans/sequences/). In additions, matches to known 
C. elegans miRNAs (miRBase v.13) and 21U-RNAs [14, 18, 15] were removed by perfect sequence 
matching. The remaining reads were then mined for putative novel miRNAs using miRDeep.pl, using 
default settings [17], and secondary structures of putative pre-miRNA hairpins were generated using 
RNAFold [19]. 
 
Computational Target Prediction 
To find targets of aging-associated miRNAs, we collected predicted targets of aging-associated miRNAs 
using the program mirWIP [1]. mirWIP targets are enriched for characteristics of bona-fide miRNA targets, 
such as: structural accessibility of target sequences (A), the total free energy of miRNA-target 
hybridization (E) and the topology of base-pairing to the 5' seed region of the miRNA (S) [1]. We 
considered only targets from a "high stringency" list of target predictions that scored above 2 in a weighed 
scoring of the features above (A, E and S). The authors report that this threshold optimizes the 
identification of true positives while discriminating against false positives, and allows mirWIP to 
outperform five other well known prediction methods (targetscan, miranda, pictar, pita and rna22). [1] 
miRNA targets above this threshold are also significantly overrepresented in mRNAs that Co-IP with 
RISC factor AIN-1 (p-value< 0.05). mirWIP predictions were obtained from 
http://146.189.76.171/query.php; (predictions for mir-238 were not available for mirWIP). In total, mirWIP 
predicts 1595 possible targets of miR-71, 203 targets of miR-239 and 537 targets of miR-246. Of these 
predictions, 227 (14.2%), 33 (16.2%) and 71 (13.2%) overlap with known longevity genes, respectively 
(2,344 longevity genes derived from the GenAge database and C. elegans aging references [20, 21]).  
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