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Summary

Background: Dietary restriction (DR) has been shown to
prolong longevity across diverse taxa, yet the mechanistic
relationship between DR and longevity remains unclear.
MicroRNAs (miRNAs) control aging-related functions such as
metabolism and lifespan through regulation of genes in insulin
signaling, mitochondrial respiration, and protein homeostasis.
Results: We have conducted a network analysis of aging-
associated miRNAs connected to transcription factors
PHA-4/FOXA and SKN-1/Nrf, which are both necessary for
DR-induced lifespan extension in Caenorhabditis elegans.
Our network analysis has revealed extensive regulatory inter-
actions between PHA-4, SKN-1, and miRNAs and points to
two aging-associated miRNAs, miR-71 and miR-228, as key
nodes of this network. We show that miR-71 and miR-228
are critical for the response to DR in C. elegans. DR induces
the expression of miR-71 and miR-228, and the regulation
of these miRNAs depends on PHA-4 and SKN-1. In turn,
we show that PHA-4 and SKN-1 are negatively regulated by
miR-228, whereas miR-71 represses PHA-4.
Conclusions: Based on our findings, we have discovered
new links in an important pathway connecting DR to aging.
By interacting with PHA-4 and SKN-1, miRNAs transduce
the effect of dietary-restriction-mediated lifespan extension
in C. elegans. Given the conservation of miRNAs, PHA-4, and
SKN-1 across phylogeny, these interactions are likely to be
conserved in more-complex species.

Introduction

Dietary restriction (DR) [1] is the most effective way to reduce
the severity of age-related phenotypes and to extend lifespan
in diverse organisms [2–5]. For example, adult Caenorhabditis
elegans maintained on plates with lower amounts of bacteria
have a 15%–30% increase in lifespan [6, 7], and C. elegans
with eat mutations or subjected to dietary deprivation early
in adulthood have lifespans lengthened by up to 50% [8–10].
Despite extensive study, however, the mechanisms behind
DR-mediated longevity remain unclear.

The PHA-4 and SKN-1 transcription factors play key roles
during DR and other stress-responsive processes to mediate
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longevity in C. elegans [11]. Specifically, PHA-4, a FOXA
homolog necessary and sufficient for pharynx and foregut
development, is required for DR-induced lifespan extension
in C. elegans [11]. SKN-1 is a Nrf-related transcription factor
required for endoderm formation in C. elegans embryogenesis
and for the response to oxidative stress and starvation [12].
SKN-1 activates a wide range of genes involved in cellular
repair, detoxification, and stress resistance [13]. SKN-1
expression in ASI sensory neurons has also been shown to
be required for DR-induced lifespan extension [14]. SKN-1
and PHA-4 interact in a complex manner: for example,
although DR does not further extend lifespan of let-363/torc1
mutants, the autophagic response induced by TOR inhibition
requires PHA-4 activity, and TORC1 and SKN-1 function in
a feedback loop to activate stress resistance and other pro-
tective genes in longevity [15, 16]. In addition, SKN-1 can be
directly inhibited by insulin/insulin-like signaling (IIS) pathway
kinases in a similar manner as DAF-16/FOXO, and when trans-
lation is inhibited, SKN-1 and DAF-16 function together to pro-
mote stress resistance and longevity [17].
We suspected that the complex and context-sensitive

interplay of these nutrient-responsive pathways is specifically
orchestrated by a set of regulatory factors that integrate
across many different pathways. MicroRNAs (miRNAs) repre-
sent a class of regulatory molecules that is well suited to
linking multiple pathways in order to add robustness to
gene expression networks [18–22]. miRNAs regulate many
targets in a combinatorial fashion [23] because they target
mRNAs through complementarity to a short seed sequence;
conversely, individual mRNAs may be targeted by many
miRNAs [24]. miRNA-targeted mRNAs are degraded or are
translationally repressed [24, 25]. The expression of miRNAs
is tightly regulated during development and in response to
specific conditions, such as stress [26–28]. Thus, miRNAs
have the capability of regulating many different pathways
in a complex, subtle, combinatorial, and context-sensitive
fashion, which are precisely the conditions observed at the
intersection of nutrient sensing and aging biology.
Furthermore, miRNAs are important regulators of aging

[22, 28], which also involves complex genetic pathway interac-
tions. The role of miRNAs in these processes was established
when it was shown that the lin-4 miRNA regulates lifespan in
C. elegans [29]. It was also shown that knockdown of alg-1,
a C. elegans Argonaute gene, results in a significantly shorter
lifespan compared towild-type, indicating thatmiRNAmatura-
tion and function regulate longevity [26]. In fact, many miRNAs
are significantly upregulated or downregulated with age [30].
Advances in high-throughput technologies such as deep
sequencing have facilitated miRNA expression studies across
time and in different conditions. Additional miRNAs thatmodu-
late aging were discovered via such strategies, including
miR-71, miR-238, miR-239, and miR-246 [30].
Although these miRNAs do not affect developmental pro-

gression of C. elegans [30, 31], mir-71, mir-238, and mir-246
loss-of-function mutants have a significantly shorter lifespan
than wild-type, and overexpressing miR-71 or miR-246
increases lifespan; thus, these miRNAs promote longevity
[30]. mir-239 loss-of-function mutants exhibit an increase in
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Figure 1. Aging Network of Transcription Factors

and miRNAs

miRNA-mediated gene regulation, as predicted

by mirWIP, is indicated by pink lines; blue lines

indicate transcription factor-mediated gene

regulation from modENCODE. Green nodes indi-

cate transcription factors; orange nodes indicate

miRNAs. Dotted line represents PHA-4-mediated

regulation; solid line represents SKN-1-medi-

ated regulation. Aging-associated miRNAs that

comprise feedback loops with either PHA-4 or

SKN-1 are shown. Only mir-71 and mir-228 both

target and are targeted by PHA-4 and SKN-1.

Network visualization was performed in Cyto-

scape. See also Figure S1 and Table S1.
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lifespan compared with wild-type, and overexpressing miR-
239 decreases lifespan, demonstrating that miR-239 antago-
nizes longevity [30]. Additionally, at least two of thesemiRNAs,
miR-71 and miR-239, target components of the IIS and
DNA damage checkpoint pathways to regulate aging. miR-71
targets the PI3K/AGE-1 and PDK-1 components of IIS, and
miR-239 indirectly upregulates these genes [30]. Furthermore,
the miRNA deletion mutants are either sensitive (mir-71,
mir-238, and mir-246) or resistant (mir-239) to heat and oxida-
tive stress in concordance with their respective lifespan
phenotypes [30].

Further lines of evidence suggest that certain miRNAs coor-
dinate responses to environmental perturbations and other
stressors. Mutations to miRNAs in a sensitized genetic back-
ground cause embryonic and adult lethality [32], suggesting
that many miRNAs may act to ensure developmental robust-
ness [18–21]. In particular,miR-71appears to integrate environ-
mental inputs across many different possible life histories,
acting to produce consistent developmental outcomes in
each [33]. During C. elegans development, unfavorable condi-
tions (e.g., food deprivation) cause differential expression of
miR-71 and other miRNAs, including miR-34, miR-238, and
let-7 family members [33]. This suggests that these miRNAs
might be necessary for the physiological response to stress
or environmental conditions. Consistent with this, it has
recentlybeenshown thatmiR-71 is important for survival during
and developmental recovery from starvation-induced growth
arrest in the first larval stage [34]. In addition, genome-scale
miRNA characterization efforts, which integratedmiRNA target
prediction with gene expression profiling of miRNAs and pro-
tein-coding genes during aging, revealed that many age-asso-
ciated miRNAs appear to regulate aging-relevant processes of
mitochondrial respiration and protein homeostasis [26, 35–38].

Results

A Network Analysis of Aging-Associated miRNAs
For complex, multipathway processes like aging, it is crucial
to understand how the many constituent pathways interact
to yield a particular phenotypic output. This task is often
facilitated through the construction of (necessarily simpli-
fied) computational representations of the known networks
of gene-regulatory interactions. Although aging networks
focused on protein-protein interactions have been previously
developed [39, 40], we constructed an
aging network encompassing miRNAs
and select transcription factors in a first
attempt to capture the dynamic nature of changes that occur
to regulatory factors during aging. We retrieved transcription
factor binding data from the modENCODE project [41, 42]
and determined targets based on the existence of at least
one binding peak within 2 kb upstream and downstream
of aging-associated miRNA gene loci. This criterion is less
strict compared to that for a previously published regulatory
network based on modENCODE data (1 kb upstream and
500 bp downstream of transcription start site [43]). Aging-
associated miRNAs were determined by their common
representation in two deep-sequencing expression-profiling
studies [26, 30, 44]. We conducted target prediction using
mirWIP [45], a relatively accurate and reliable target prediction
algorithm that incorporates information regarding binding pat-
terns of the RNAi-induced silencing complex in C. elegans.
Our initial framework for this network comprised the 21 tran-

scription factors for which chromatin immunoprecipitation
sequencing (ChIP-seq) data were available in modENCODE
at the initiation of this project and 71 aging-associated
miRNAs (Figure S1 available online). This small network identi-
fied novel aging candidate genes for further study, such as
miRNAs that may comprise feedback loops and nodes that
are particularly highly connected. Although the transcription
factor ChIP-seq data were collected mainly during develop-
ment, we believe that our network reports on aging rather
than on development because of the inclusion of aging-associ-
ated miRNAs, many of which have aging-specific roles and no
developmental roles [26, 30, 31]. Interestingly, pha-4 and skn-1
are the most highly connected nodes (Figure 1; Table S1).
By examining miRNAs in the network, we find that miR-71
is among the most connected miRNA nodes, which agrees
with experimental findings implicating miR-71 in many stress-
responsive processes and lifespan regulation [34, 46, 47].
This concurrence suggests that othermiRNAs identified based
on network connectivity may similarly play important roles.

miRNAs Connected to PHA-4 and SKN-1

We used this regulatory-network approach to identify miRNAs
with potential involvement in DR. Our network analysis reveals
a set of miRNAs highly connected to pha-4 or skn-1, transcrip-
tion factors critical for the response to DR. Note that the ChIP-
seq data frommodENCODE were obtained from analysis of L1
skn-1::GFP animals and L1–L4 and young adult pha-4::GFP
animals, which is why we confirmed these interactions in vivo



Figure 2. miRNAs Function during Dietary Restriction of Adult Animals

(A) miR-228 and miR-71 are required for dietary restriction (DR). E. coli (OP50) food was diluted 1:2.5, 1:5, 1:10, and 1:20 compared to the ad libitum (AL)

concentration. Wild-type N2 animals fed diluted bacteria live significantly longer than N2 animals fed under ad libitum (*p < 0.01), as previously reported.

By contrast, loss-of-function miRNA mutants mir-228(n4382) (left) and mir-71(n4115) (right) fail to exhibit this mean lifespan extension when fed diluted

OP50, showing that miR-228 and miR-71 are required for DR response (see also Figures S2A and S2B).

(B) miRNAs are upregulated during DR compared to ad libitum. Mature miRNA expression in day 3 adult animals was measured by qRT-PCR (normalized to

U18). Left: when N2 animals are fed diluted OP50, expression of miR-228 is increased compared to miR-228 levels under ad libitum. Thus, miR-228 may be

activated in response to DR. This was also confirmed by GFP analysis (see Figure S2D). *p < 0.05, compared to AL. Right: miR-71 is similarly upregulated by

DR induced by bacterial dilution. *p < 0.05, compared to AL.

(C) miRNAs are upregulated under DR in the eat-2 mutant compared to wild-type as measured on day 3 of adulthood by qRT-PCR (normalized to U18).

Similar to growing N2 animals on diluted OP50, mature levels of miR-228 and miR-71 are slightly higher in eat-2(ad1113) mutants, a genetic model of

DR, as compared to awild-type background. This alternativemodel of DR further indicates that themiRNAs are activated under DR conditions, asmeasured

in day 3 adult animals via qRT-PCR. *p < 0.05, compared to N2 when measuring miR-71 and miR-228 levels.

(D) Opposite regulation of miR-228 mature expression by pha-4 and skn-1 in adult animals, as measured on day 3 of adulthood by qRT-PCR (normalized to

U18). miR-228 expression (measured by qRT-PCR) is also affected by pha-4 and skn-1, in which pha-4 promotes expression of miR-228, whereas skn-1

inhibits its expression, as compared to an empty vector RNAi control (L4440). Analysis ofmir-228::GFP animals grown on pha-4 and skn-1(RNAi) indicates

that the PHA-4 and SKN-1 transcription factors may be directly targeting the mir-228 gene (see Figure S2F). *p < 0.05, compared to L4440.

(E) skn-1 is required for maximal expression of miR-71 in adult animals. In a skn-1(RNAi) background, miR-71 is downregulated, as compared to an empty

vector RNAi control (L4440) at day 6 of adulthood (relative to RNA6B). *p < 0.05, compared to L4440.

Error bars show SEM.
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in aging animals [41, 42]. These miRNAs not only appear to be
downstream targets of these transcription factors, but also are
predicted to feed back to directly regulate the expression
of these factors (Figure 1). Specifically, our network analysis
shows five age-associated miRNAs predicted to target pha-4
and 11 miRNAs predicted to target skn-1. The modENCODE
ChIP-seq data set reveals 45 age-associated miRNA genes
bound by PHA-4 and 25 miRNA genes bound by SKN-1, with
24 miRNAs in common. As shown in Figure 1, miR-71 and
miR-228 are the only miRNAs that are targeted by and are
themselves predicted to target pha-4 and skn-1. This suggests
that these two miRNAs and these two transcription factors
function in regulatory feedback loops.

The central location of miR-71 and miR-228 in our network
and their association with PHA-4 and SKN-1, which are
required for the response to DR [48], led us to test whether
these miRNAs might have functional roles during DR. We
obtained knockout mutants for themir-71 andmir-228miRNA
genes and conducted lifespan assays under ad libitum (AL)
feeding and across a range of conditions that produce DR. If
the miRNA genes were important for lifespan extension due
to DR, then we would expect DR to have no effect on the life-
span of themiRNAmutants. As expected, wild-typeC. elegans
exhibits a significantly longer lifespan across various condi-
tions of DR (Figure 2A). As previously observed, loss-of-
function mir-71(n4115) mutants have a significantly shorter
lifespan than wild-type animals [30, 46]. However, in contrast
to wild-type animals, the lifespan of mir-71 mutants is not
extended by DR, showing that miR-71 is required for the DR
response (Figures 2A and S2B). We also tested the function
of mir-71 using eat-2(ad1116), a genetic model of DR, and
we observed that the absence of mir-71 suppresses the
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longevity of eat-2(ad1116), which again demonstrates that
miR-71 is required for DR-induced longevity (Figure S2C).
Similarly, mir-228(n4382) mutants exhibit an abnormal
response to DR. Whereas loss-of-function mir-228 mutants
have a significantly longer lifespan than wild-type animals
(demonstrating that miR-228 normally antagonizes lifespan;
see also Figure 4A), the lifespan of these mir-228 mutants is
not further extended by DR (Figures 2A and S2A). Suppression
of the DR response in mir-71 and mir-228 mutants suggests
that both of these miRNAs are required for the lifespan-ex-
tending effects of DR.

In order to understand the molecular mechanism underlying
the functional roles of miR-71 and miR-228 in DR, we exam-
ined whether the expression of these miRNAs is altered during
conditions of DR. We found that the expression of miR-71 and
miR-228, asmeasured by quantitative RT-PCR (qRT-PCR) and
promoter::GFP reporter expression, is upregulated when adult
animals are reared in nutritional conditions that are sufficient
to elicit DR-mediated extension of lifespan (Figures 2B and
S2D). In addition, an eat-2(ad1113) genetic model, which
mimics DR, similarly leads to upregulation of the levels of
miR-71 and miR-228 (Figure 2C). By conducting pharyngeal
pumping assays of mir-71 and mir-228 animals using N2 and
eat-2 as controls, we confirmed that eat-2 animals pump
significantly slower than N2, whereas N2 animals pump slower
as they approach mid-adulthood (Figure S2E). Importantly,
mir-71 and mir-228 animals pump normally like N2 animals,
except this rate declines when many of the animals are near
death (i.e., mir-71 animals around day 10) (Figure S2E). These
pumping rates during aging confirm the normal pumping rates
observed for mir-71 and mir-228 animals during development
[31]. Moreover, it is evident that the observed effect of miRNAs
regulating DR-mediated longevity is due to a mechanism
independent of pumping rate.

Becausemir-71 andmir-228 are likely transcriptional targets
of SKN-1 and PHA-4 (Figure 1), we considered whether regula-
tion of thesemiRNAsmight depend on these transcription fac-
tors. Indeed, RNAi directed against skn-1 leads to an alteration
in mature levels of both miR-228 andmiR-71, and pha-4(RNAi)
causes a reduction of the expression of mature miR-228
but does not affect expression of miR-71 (Figures 2D and
2E). pha-4(RNAi) also causes a decrease in mir-228::GFP
expression, whereas skn-1(RNAi) leads to an increase in mir-
228::GFP expression (Figure S2F). These results show that
SKN-1 and PHA-4 are required for the expression of miR-71
and miR-228, respectively, whereas SKN-1 represses miR-
228. The opposite effect of SKN-1 on the expression of miR-
228 and miR-71 is consistent with the opposing roles of these
miRNA genes on lifespan (Figure 2A).

Because our network analysis suggested possible bidirec-
tional regulation between these miRNAs and PHA-4 or SKN-1,
we looked for genetic interactions between these factors by
examining the effects of knocking down skn-1 or pha-4 on the
phenotypes of these miRNA mutants. We observed that the
long lifespan of mir-228 mutants depends on both pha-4 and
skn-1 (Figure 3A), suggesting that, normally, miR-228 antago-
nizes lifespan by inhibiting PHA-4 and SKN-1. Indeed, the loss
ofmir-228 actually shortens the lifespan of animals when pha-
4 or skn-1 is knocked down. Similarly, we tested the interaction
of miR-71 with SKN-1. Because both skn-1 andmir-71mutants
have a short lifespan, we tested amiR-71 overexpressing array
[30] for genetic interactions with skn-1. We found that miR-71
overexpression suppresses the skn-1(RNAi) phenotype (Fig-
ure 3B). Although animals reared on skn-1(RNAi) are usually
shorter lived compared to wild-type, in the context of miR-71
overexpression, they actually live longer (Figure 3B). This result
indicates that the function of SKN-1 depends on miR-71 and
is consistent with our observation that SKN-1 is required for
proper miR-71 expression (Figure 2E).
To test whether miR-228 negatively regulates PHA-4 or

SKN-1, we examined the expression of these factors in mir-
228 mutants. We observed that pha-4 and skn-1 mRNA levels
are upregulated inmir-228mutant animals under both DR and
ad libitum conditions (Figures 3C and S3A). Because miR-228
levels are altered by RNAi against pha-4 and skn-1 (Figure 2D),
this indicates a possible feedback loop. Consistent with
thismodel, pha-4::GFP expression and skn-1::GFP expression
are also upregulated in a mir-228 background (Figure 3D),
which was observed under both DR and ad libitum conditions
(Figure S3B). These data strongly implicate miR-228 as a
mediator of lifespan and, in particular, show that miR-228
negatively regulates pha-4 and skn-1. We also tested whether
miR-71 regulates pha-4 and skn-1 usingmolecular and genetic
approaches. We examined the expression levels of pha-4 and
skn-1 and observed that only pha-4 levels were increased
in mir-71 mutants, as measured via qRT-PCR (Figure 3E) and
GFP fusion (Figures 3F and S3C–S3H), suggesting that miR-
71 targets and negatively regulates pha-4.

miR-228 Is Required for Normal Aging and Heat
Stress Response

Because both miR-71 and miR-228 are required for DR-medi-
ated longevity, we asked whether these miRNAs may also be
required for regulating lifespan under ad libitum conditions
as well. Although miR-71 had been previously identified as
promoting longevity and stress resistance [30], the function
of miR-228 was unknown. In contrast to mir-71 mutants, we
observed that mir-228 mutants exhibit an extended lifespan
(Figure 4A) and are resistant to heat stress (Figure 4B).
Conversely, three separate lines of mir-228 overexpressors
(coinjected with myo-3::GFP) displayed the opposite pheno-
types from mir-228 mutants, in which these overexpressors
were short lived (Figure 4A) and were more sensitive to heat
stress (Figure 4B) than N2 or myo-3::GFP animals were. We
confirmed overexpression of mature miR-228 in these three
lines using TaqMan assays (Figure S4A).
These results suggest that miR-228 is normally required to

antagonize longevity and stress resistance. mir-228 mutants
were previously shown to not be sickly or exhibit develop-
mental or viability abnormalities [31]. We confirmed that these
mutants are developmentally normal by observing the same
timing of progression through larval stages for mutant and
wild-type animals, as well as by observing a normal brood
count (Figure S4B). We also saw that mir-228 mutants exhibit
faster body bend movements and a slower increase in gut au-
tofluorescence compared to wild-type animals (Figures S4C
and S4D), indicating that, in fact, these long-lived animals
also age more slowly. We speculate that the long-lived pheno-
type of mir-228 mutants is therefore due to a slower rate of
aging in these adult animals.
Because a number of miRNAs that regulate lifespan also

exhibit dynamic expression changes during aging [30, 31],
we investigated whether miR-228 was upregulated or downre-
gulated in aging animals compared to young adult animals.
We examined amir-228::promoter::GFP fusion [50] to monitor
expression of this miRNA in adult animals. We observed that
mir-228::GFP expression increases during early adulthood,
reaches a peak, and then begins to slowly decrease in mid



Figure 3. miRNAs Interact with PHA-4 and SKN-1 to Affect Longevity

(A)Whereasmir-228mutants grown on empty vector RNAi (L4440) are long lived,mir-228 animals fed pha-4(RNAi) or skn-1(RNAi) during adulthood are short

lived (p < 0.05), similar to pha-4 and skn-1(RNAi) alone. Therefore,mir-228 requires wild-type pha-4 and skn-1 to affect longevity and may act upstream of

these transcription factors.

(B)mir-71 overexpression, which causes animals to be long lived, suppresses the short lifespan induced by skn-1(RNAi) (p < 0.05). Thus,mir-71may function

downstream of skn-1. oeIs, overexpression integrated strain.

(C–F) pha-4 and skn-1 mRNAs are targeted by miR-71 and miR-228. Error bars show SEM.

(C) pha-4 and skn-1 levels are increased inmir-228 mutant adults as measured by qRT-PCR, indicating that they may be targeted by this miRNA. This was

true under both ad libitum and DR conditions (see Figure S3A). qRT-PCR was performed on day 3 adults and normalized to the geometric mean of cdc-42,

pmp-3, and Y45F10. *p < 0.05, compared to N2.

(D) Using transgenic lines containing the endogenous 30 UTRs of pha-4 and skn-1, respectively, analysis of pha-4::GFP and skn-1::GFP expression validates

that levels of these transcription factors are increased in mir-228 mutants. This held true under both ad libitum and DR conditions (see Figure S3B). Fluo-

rescence was compared between pha-4::GFP or skn-1::GFP in mir-228 mutant relative to N2 day 3 adults. *p < 0.05, compared to N2.

(E) pha-4 levels are increased in mir-71 mutant adults as measured by qRT-PCR, indicating that pha-4 may be targeted by this miRNA. skn-1 levels are

slightly downregulated inmir-71 adults compared to N2 adults, perhaps through an indirect targeting mechanism. qRT-PCRwas performed on day 3 adults

and normalized to the geometric mean of cdc-42, pmp-3, and Y45F10. *p < 0.05, compared to N2.

(F) Analysis of pha-4::GFP expression validates that levels of this transcription factor are increased inmir-71mutants (see also Figures S3C–S3H). Fluores-

cence was compared between pha-4:: in mir-71 mutant versus N2 day 2 adults. *p < 0.05, compared to N2.
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to late adulthood (Figure 4C). Interestingly, in a DNA microar-
ray study, the changes in PHA-4 expression during adulthood
exhibited a similar pattern, supporting our findings that
changes in PHA-4 expression during aging may directly alter
patterns of mir-228 transcription during aging as well [49]. To
confirm these results and to look more closely at the expres-
sion patterns of these factors, we used qRT-PCR to measure
the expression of PHA-4, SKN-1, miR-71, and miR-228 during
adulthood (Figure 4D). We found that levels of PHA-4 andmiR-
71 exhibit a dramatic increase in the first 5–6 days of adult-
hood, confirming previous reports [30, 49]. Mature miR-228
levels exhibit the same dynamic expression pattern as seen
viamir-228::GFP expression, inwhich there is a strong upregu-
lation of miR-228 in early adulthood, followed by a decrease
in expression in mid to late adulthood (Figure 4D). The above
data indicate that, like miR-71, miR-228 coordinately regulates
DR, longevity, and stress resistance.
Discussion

DR has previously been shown to extend the lifespan of
several species, and it can delay the onset of aging-associated
diseases. However, little is known regarding factors that are
required for DR-mediated longevity. In a novel mechanism,
we show that two C. elegans miRNAs, miR-71 and miR-228,
are required for this effect. These miRNAs are upregulated un-
der DR, and through their interactions with PHA-4/FOXA and
SKN-1/Nrf transcription factors, miR-71 and miR-228 regulate
the long-lived phenotype of dietary-restricted animals. Based
on our findings, we have discovered new links in the important
pathway connecting DR to aging, in which miR-71 and miR-
228 repress the expression of PHA-4 and SKN-1, which are
required for normal lifespan and DR effects (Figure 5).
By interacting with PHA-4 and SKN-1, miR-71 and miR-228

set in motion a genetic cascade to affect lifespan. We have



Figure 4. miR-228 Affects Longevity and Stress Response in C. elegans

(A) miR-228 antagonizes longevity in C. elegans because mir-228 mutants are long lived compared to N2 wild-type (p < 0.01). Three lines of mir-228 over-

expressors coinjected with myo-3::GFP are shorter lived than N2 or myo-3::GFP (p < 0.05).

(B)mir-228mutants are resistant to heat stress.When day 1 adult animals grown on solidmedia are subjected to a 4 hr heat shock at 35�C, the percentage of
mir-228 animals surviving this stress is significantly higher than N2 (*p < 0.05). Conversely, the percentage ofmir-228 overexpressor animals surviving this

stress is significantly lower than N2 or myo-3::GFP (*p < 0.05). This indicates that the longevity and stress response phenotypes of this miRNA are highly

correlated. Error bars show SEM.

(C and D) miR-228 is dynamically expressed during aging.mir-228::GFP expression during aging (head region) is shown (C). GFP expression was quantified

as a readout ofmir-228 levels, which peak in mid-adulthood. This same pattern holds true when quantifyingmir-228 in the head region (amphid and excre-

tory cells), where expression is brightest, or quantifying expression across the entire animal. Expression of mature miR-71, miR-228, pha-4, and skn-1 in

wild-type animals over multiple aging time points via qRT-PCR is shown (D). pha-4 follows the same pattern as shown by Lund et al. [49], in which levels

peak at about day 6 adulthood before decreasing; miR-228 exhibits the same expression profile, indicating that PHA-4 promoting expression ofmir-228 is

the stronger side of the feedback loop. As miR-71 levels are increasing, pha-4 levels are lower than miR-71, but when miR-71 levels decrease, pha-4 levels

are higher, consistent with the model that miR-71 targets pha-4. Finally, skn-1 levels remain constant during all aging time points, indicating that the

opposing interactions of miR-228 targeting and downregulating skn-1while SKN-1 targetsmir-228may effectively cancel each other out so that skn-1 levels

do not change. Error bars show SEM.

See also Figure S4.
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shown that PHA-4 and SKN-1 promote mir-228 and mir-71
expression, respectively, whereas SKN-1 antagonizes mir-
228. Conversely, miR-228 reduces both pha-4 and skn-1
mRNA levels, whereas miR-71 targets pha-4 mRNA (Figure 5).
We have shown previously [30] and in this work that miR-71
and miR-228 affect stress response in C. elegans. Because
DR is a classic example of a specific stress that alters organ-
ismal lifespan, it would follow that these miRNAs should also
be required for DR-mediated effects. These miRNA-transcrip-
tion factor feedback loops are present under both ad libitum
and DR conditions, resulting in an overall increase in lifespan
that is most likely due to the additional effects of other factors
yet to be determined.

Although this model shows multiple feedback interactions
between expression of miRNAs and transcription factors
based on the above experiments, it does not address the
question of how these interactions result in the overall expres-
sion patterns of these miRNAs and transcription factors in
wild-type conditions. We observed changes in expression of
mature miR-71, miR-228, pha-4, and skn-1 in wild-type ani-
mals over multiple aging time points via qRT-PCR. pha-4 fol-
lows the same pattern as shown by Lund et al. [49], in which
levels peak at about day 6 adulthood before decreasing;
miR-228 exhibits the same expression profile (Figure 4D), indi-
cating that PHA-4 promoting expression of mir-228 is the
stronger side of the feedback loop. Additionally, miR-71 peaks
at about day 5 in adulthood; however, the result is that as miR-
71 levels are increasing, pha-4 levels are lower than miR-71,
but when miR-71 levels decrease, pha-4 levels are higher (Fig-
ure 4D). Thus, the result reflectsmiR-71 targeting pha-4. More-
over, skn-1 levels remain constant (close to its levels on day
0 adulthood) during all aging time points and do not signifi-
cantly increase, indicating that the opposing interactions of
miR-228 targeting and downregulating skn-1 while SKN-1 tar-
gets mir-228 effectively cancel each other out so that skn-1
levels do not change (Figure 4D). However, SKN-1 regulating



Figure 5. A Model for How miR-71 and miR-228 Interact with PHA-4 and

SKN-1 to Mediate the Effects of DR, Leading to Increased Lifespan

DR promotes the expression of miR-71 and miR-228, which then function

in feedback loops with PHA-4 and SKN-1 simultaneously. miR-228 targets

both pha-4 and skn-1, and PHA-4 promotes mir-228 expression, whereas

SKN-1 antagonizes mir-228 expression. Conversely, SKN-1 promotes mir-

71 expression, and miR-71 targets pha-4. These feedback loops fine-tune

the DR response in C. elegans to promote lifespan.
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mir-71 may not be relevant in wild-type animals because its
expression is constant whilemir-71 expression rises and falls,
perhaps due to another mechanism.

Recent work has also shown an interaction between a
C. elegans miRNA, miR-80, and DR, in which miR-80 appears
to ensure that DR programs are not exhausted under ad libi-
tum conditions [51]. In contrast to our findings with miR-71
and miR-228, however, miR-80 does not seem to be required
for DR to extend lifespan [51]. Possibly independent of PHA-
4 or SKN-1, miR-80 levels are decreased upon DR to promote
activation ofmetabolic pathways [51]. Additionally, downregu-
lation of Dicer and miRNA processing has also been observed
with age in C. elegans and in mice, and these effects are pre-
vented in both species by placing the animals under DR, indi-
cating the possibility that additional miRNAs could be induced
upon DR [52].

Although a few studies have attributed aging-associated
and other functions to miR-71 in C. elegans [30, 34], this is
the first report identifying a role for miR-228. In fact, miR-228
is highly conserved, and its mammalian homologs have been
identified as the miR-96/182/183 family [53], which is critical
for ciliated neurosensory organ development [54, 55]. Our find-
ings demonstrate a role for miRNAs in DR of C. elegans, but
given the conservation of miRNAs and PHA-4 and SKN-1
across species, these interactions may also be conserved
in higher species. A few studies have reported numerous
changes in the mammalian miRNA expression profile under
DR [56–58]. Thus, it may also hold true that the miRNAs
induced upon DR in mammals may be responsible for trans-
ducing the effects of lifespan extension in higher species as
well. Because miRNAs are emerging as therapeutics in dis-
eases of aging, this also brings up the possibility of using
miRNAs to intervene in end-of-life care.

Experimental Procedures

Identification of Aging-Associated miRNAs

Lists of aging-associated miRNAs from the de Lencastre et al. [30] and Kato

et al. [26] studies were combined, and only those miRNAs with greater than

20 sequence reads combined between day 0 and day 10 or 12, respectively,

after read count normalization were considered for further analysis.

modENCODE TF-ChIP Data Analysis

Transcription factor-mediated gene regulation was determined by the pres-

ence of at least one transcription factor binding site within 2 kb upstream or

downstream of the miRNA gene locus based on miRBase version 18 (http://

www.mirbase.org) [59, 60].
DR Assays

Briefly, beginning with an OD600 of 0.5, OP50 E. coli was diluted 1:2.5, 1:5,

1:10, and 1:20 using M9 buffer to prevent additional bacterial growth.

L1-starved synchronized mutant and N2 animals were grown to young

adulthood on standard nematode growth medium plates and then trans-

ferred as young adults to ad libitum and diluted OP50 plates. Lifespan

was assessed every 1–2 days.

qRT-PCR Analysis

miRNA expression levels were determined by qRT-PCR using TaqMan

MicroRNA Assays (Applied Biosystems). The expression of pha-4 and

skn-1bmRNA was assayed using SYBR Green I according to manufacturer

protocols (Roche). Primers were specifically designed for the skn-1b iso-

form because this isoform has been shown to be required for DR-mediated

longevity [14].

GFP Analysis

Quantitative analysis of GFP fluorescence expression was performed on a

ZeissAxioPlan uprightmicroscope. Outlineswere drawn around fluorescent

imagesof eachanimal using ImageJ.Whole-animal imageswere takenusing

the 103 objective, and head-only images were taken using the 403 objec-

tive. The mean and maximum GFP image intensity were calculated over

the outlined animal area, and both measurements provided similar results.

Pharyngeal Pumping Assays

Pumping rate was defined as the number of contractions of the terminal

bulb over 1 min. Animals were synchronized by bleaching. On each day

of adulthood, the number of pumps of the terminal pharyngeal bulb was

observed using a dissection scope, and ten different animals were chosen

per strain each day (grown on 5-fluorodeoxyuridine plates). Only animals

residing on the bacterial lawn were followed because pumping rates vary

on and off the lawn.

Heat Stress Assays

Mutant and N2 animals were simultaneously exposed to a 4 hr heat shock

in a 35�C incubator, and animals were allowed to recover overnight by trans-

ferring plates to 20�C. The number of surviving animals on each plate was

then recorded.

Brood Size Assay

Fertility was measured by transferring five N2 and five mir-228 animals

post-L4 molt (w56 hr) to individual plates every day and counting the num-

ber of eggs that were laid for each animal.

Supplemental Information

Supplemental Information includes Supplemental Experimental Proce-

dures, four figures, and one table and can be found with this article online

at http://dx.doi.org/10.1016/j.cub.2014.08.013.
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Table S1
Gene Degree'(total) In/degree'(gene'is'targeted'by'another'gene) Out/degree'(gene'targets'another'gene)
PHA4 58 13 45
SKN1 45 20 25
PQM1 42 10 32
EOR1 39 5 34
EGL5 37 14 23
MAB5 37 24 13
MDL1 37 8 29
CEH30 36 11 25
EGL27 36 19 17
CEH14 35 20 15
PES1 35 6 29
LIN15B 31 6 25
MEP1 30 14 16
miR>58 26 16 10
LIN13 25 1 24
LIN39 25 5 20
miR>71 25 15 10
miR>80 25 13 12
ALR1 24 11 13
HLH1 24 24
miR>52 21 18 3
miR>55 21 19 2
miR>241 20 8 12
miR>51 19 16 3
miR>54 19 19
miR>56 19 19
miR>34 18 11 7
miR>48 18 7 11
miR>53 16 16
miR>64 16 13 3
miR>90 16 13 3
UNC130 16 6 10
LIN11 15 5 10
miR>2 15 15
miR>73 14 8 6
miR>81 14 6 8
miR>229 13 13
miR>238 13 13
miR>65 13 13
miR>66 13 13
miR>74 13 8 5
DPY27 12 10 2
GEI11 12 6 6
miR>82 12 1 11
let>7 11 11

miR>62 11 9 2
miR>72 11 5 6
miR>1 10 3 7



Gene Degree'(total) In/degree'(gene'is'targeted'by'another'gene) Out/degree'(gene'targets'another'gene)
miR>228 9 5 4
miR>79 9 7 2
miR>86 9 8 1
miR>124 8 7 1
miR>84 8 1 7
miR>35 7 4 3
miR>36 7 4 3
miR>39 7 4 3
miR>40 7 4 3
miR>42 7 4 3
miR>83 7 6 1
miR>235 6 4 2
miR>246 6 6
miR>38 6 4 2
miR>47 6 4 2
miR>50 6 6
miR>233 5 2 3
miR>239a 5 5
miR>239b 5 5
miR>43 5 4 1
miR>44 5 4 1
miR>59 5 5
miR>60 5 5
miR>76 5 2 3
miR>85 5 1 4
lin>4 4 4

miR>252 4 1 3
miR>37 4 4
miR>45 4 3 1
miR>46 4 1 3
miR>232 3 3
miR>236 3 2 1
miR>57 3 2 1
miR>70 3 2 1
miR>786 3 2 1
miR>240 2 1 1
miR>244 2 2
miR>250 2 2
miR>63 2 2
miR>75 2 1 1

miR>1829c 1 1
miR>61 1 1
miR>67 1 1
miR>77 1 1
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Supplemental Data Legends 

 
Fig. S1, Related to Figure 1. Aging network of transcription factors and miRNAs. Pink lines: 

miRNA-mediated gene regulation, predicted by mirWIP; blue lines: transcription factor-

mediated gene regulation, from modENCODE. Green nodes: transcription factors; orange nodes: 

miRNAs. Aging network comprises 71 aging-associated miRNAs and 21 transcription factors. 

The most connected gene is at 6 o’clock and the next most connected gene is counter-clockwise 

to it. 

 

Fig. S2, Related to Figure 2. (A,B) Representative lifespan curves of N2 and mutant strains 

mir-228 (n4382) and mir-71 (n4115) under dietary restriction. (A) N2 animals live longer under 

bacterial dilution (1:10 dilution is graphed) compared to ad libitum (AL, P < 0.05), while mir-

228 animals (normally long-lived) do not live significantly longer under bacterial dilution 

compared to ad libitum. (B) In a separate experiment, N2 animals live longer under bacterial 

dilution (1:10 dilution is graphed) compared to ad libitum (P < 0.05), while mir-71 animals 

(normally short-lived) do not live significantly longer under bacterial dilution compared to ad 

libitum. (C) mir-71(n4115) suppresses longevity in eat-2(ad1116) animals. Consistent with miR-

71’s role in BDR-mediated longevity (Fig. 2a), deletion of mir-71 (mir-71(n4115) suppresses the 

longevity associated with the eat-2(ad1116) mutant animals, a genetic model of CR. As 

previously reported (ref), eat-2(ad1116) animals are long-lived as compared to N2 (P value < 

0.01), mir-71(n4115) are short-lived as compared to N2 (P value < 0.001). Double mutant mir-

71(n4115);eat-2(ad1116) animals have significantly reduced lifespan compared to N2 (P value < 

0.001) and very similar to mir-71 (n4115), as expected if mir-71 is required for DR induced by 

the eat-2 mutation. Error bars represent standard error of the mean. (D) mir-228::GFP is 

increased under dietary restriction. Similar to qRT-PCR results, levels of this miRNA are 

increased when grown on various dilutions of OP50 compared to ad libitum, showing that miR-

228 is induced in response to dietary restriction, and specifically appears to be transcriptionally 

activated in these conditions. mir-228::GFP expression also increases between days 3 and 6 of 

adulthood under dietary restriction and ad libitum. When comparing to AL, * = P < 0.05, 

student’s t-test. (E) Pharyngeal pumping assays of mir-71 and mir-228 animals with N2 and eat-

2 as controls. mir-71 and mir-228 animals pump normally like N2 animals, except this rate 
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declines when many of the animals are near death (i.e. mir-71 animals around day 10). It is 

evident that the observed effect of miRNAs regulating dietary restriction-mediated longevity is 

due to a mechanism independent of pharyngeal pumping. (F) Opposite regulation of mir-

228::GFP expression (head region, similar results obtained for whole body) by pha-4 and skn-1. 

Similar to qRT-PCR results, mir-228::GFP expression is decreased under pha-4 (RNAi) but 

increased under skn-1 (RNAi), as compared to an empty vector RNAi control (L4440). 

Measurements were taken on day 3 of adulthood. When comparing to L4440, * = P < 0.05, 

student’s t-test. 

 

Fig. S3, Related to Figure 3. (A,B) Error bars represent standard error mean. When comparing 

expression in a mir-228 vs. N2 background, * = P < 0.05, student’s t-test. (A) pha-4 and skn-1 

levels are increased in mir-228 mutants compared to N2 adults, as measured by qRT-PCR, under 

both ad libitum and dietary restriction conditions. Levels of these transcription factors are the 

highest under ad libitum. (B) pha-4::GFP and skn-1::GFP expression is increased in mir-228 

mutants under ad libitum and dietary restriction. Similar to qRT-PCR results, pha-4 and skn-1 

levels are both higher in the mir-228 mutant background compared to a wild-type background. 

Measurements were taken on day 3 of adulthood. (c-h) De-repression of pha-4::GFP in mir-71 

(n4115) mutants. (C) Expression pattern from pha-4::GFP in a wild-type and mutant background 

(mir-71) in AL conditions. White arrows indicate sites of pha-4::GFP expression in head and tail 

(only GFP channel is shown; for clarity, DIC channel is omitted). Quantitation of pha-4::GFP 

expression shows that pha-4::GFP is significantly higher in the mutant background. (** = P < 

0.001). Error bars represent standard error mean. (D) Expression pattern from pha-4::GFP under 

dietary restriction (DR) conditions. Stronger bacterial dietary restriction (BDR) condition (1:10 

DR) suppresses the effect of mir-71 on pha-4::GFP. In intermediate BDR conditions (1:5) the 

expression of pha-4::GFP is still de-repressed in mir-71 mutants. White arrows indicate sites of 

pha-4::GFP expression in head and tail (only GFP channel is shown; for clarity, DIC channel is 

omitted). Quantitation of pha-4::GFP expression indicates higher levels of pha-4::GFP 

expression in mutant compared to wild-type background (** = P < 0.001). Error bars represent 

standard error mean. (E-F) Tissue expression of pha-4::GFP in (E) intestine (F) and 

head/pharynx under AL conditions. Note up-regulation of GFP in mir-71 animals in both 

intestine and head/pharynx regions. (G-H) Quantitation of pha-4::GFP expression in mir-71 
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compared to wild-type background. Expression in both the (G) intestine (h) and head/pharynx 

under AL and BDR conditions is higher in mir-71 animals (** = P < 0.001, * = P < 0.05). Error 

bars represent standard error mean. 

 
Fig. S4, Related to Figure 4. mir-228 mutants are not sickly and exhibit a slower rate of aging 

than wild-type animals. (A-D) Error bars represent standard error mean. (A) TaqMan assays for 

miR-228 expression confirm that three microinjected lines of mir-228 overexpressors (co-

injected with myo-3::GFP) do in fact express miR-228 at higher levels than in N2 or myo-3::GFP 

animals. myo-3::GFP animals express miR-228 at the same level as N2 animals, and mir-228 

(n4382) animals fail to express miR-228. (B) mir-228 mutants exhibit wild-type brood size. To 

confirm that the mir-228 mutants are not sickly, brood size of multiple adult animals was 

measured and was not significantly different from N2 brood size. Animals were synchronized by 

picking eggs, and individual animals were transferred to fresh plates each day that they laid eggs. 

(C) mir-228 mutants exhibit altered movement rates. By counting the number of body 

bends/minute each day as the animals age, it is apparent that mir-228 mutants move more 

quickly on a given day compared to N2. For each day measured, the mean movement rate for 

mir-228 mutants is significantly higher than that of N2 worms on the same day (P < 0.05, 

student’s t-test). (D) mir-228 mutants exhibit altered levels of body autofluorescence. Body 

autofluorescence, which accumulates with age in the gut lysosomes and is a bona fide aging 

biomarker ([S1]), was observed by measuring relative fluorescence on a given day using the 

TRITC filter. As the animals age, mir-228 mutants exhibit a slower accumulation of body 

autofluorescence compared to N2 animals. For each day measured, the mean autofluorescence 

for mir-228 mutants is significantly lower than that of N2 worms on the same day (P < 0.05, 

student’s t-test). 

 

Table S1, Related to Figure 1. List of nodes and degrees (in- and out-) of the aging network as 

described in Fig. 1.  

  



4 
 

 

 

 
Supplemental Experimental Procedures 

 

Identification of aging-associated miRNAs. Lists of aging-associated miRNAs from the de 

Lencastre et al. [S2] and Kato et al. [S3] studies were combined, and only those miRNAs with 

greater than 20 sequence reads combined between Day 0 and Day 10 or 12, respectively, after 

read count normalization were considered for further analysis. 

 

modENCODE TF-ChIP data analysis. Transcription factor-mediated gene regulation was 

determined by the presence of at least one transcription factor binding site within 2 kb up- or 

downstream of the miRNA gene locus based on miRBase Release 18.  

 

miRNA target prediction was retrieved from mirWIP [S4]. Network visualization was 

performed in Cytoscape [S5]. 

 

Strains. The following strains were obtained from the Caenorhabditis Genetics Center: N2, mir-

71 (MT12993), mir-228 (MT14446), eat-2 (DA1113), mir-228::GFP (VT1485), pha-4::GFP 

(OP37), and skn-1::GFP (OP341). Strains were backcrossed and cultured using standard 

protocols [S6]. mir-71 overexpressors were generated as described previously [S2]. mir-228 

overexpressors were generated as follows: primers were designed to PCR-amplify from C. 

elegans genomic DNA a fragment including the entire mir-228 locus, as well as 2 kb upstream 

and 500 bp downstream of the locus. This PCR amplicon was microinjected (5 ng/µl) in N2 

animals along with a myo-3::GFP co-injection marker (50 ng/µl). The myo-3::GFP injection 

marker (50 ng/µl) was also separately microinjected in N2 animals as a control. It was separately 

shown that a mir-228 extrachromosomal array rescued the phenotype of a mir-228 mutant [S7], 

indicating that this miRNA is indeed responsible for the observed longevity phenotype.  

 

Dietary restriction assays. Beginning with an OD600 of 0.5, OP50 E. coli was diluted 1:2.5, 

1:5, 1:10 and 1:20 using M9 buffer to prevent additional bacterial growth. 300 μl of OP50 was 

pipetted onto standard NGM plates, in which 3 plates per dilution condition and 3 plates of ad 



5 
 

 

libitum (non-diluted OP50) were used. 5-fluorodeoxyuridine (FUDR) (0.1 g/ml) was added to the 

plates to prevent progeny production after the OP50 had dried. L1-starved synchronized mutant 

and N2 animals were grown to young adulthood (~56 hours after L1 starvation) on standard 

NGM plates and then transferred as young adults to ad libitum and diluted OP50 plates. Lifespan 

was assessed every 1-2 days and was defined as the time from the day animals were plated onto 

FUDR plates as young adults until they were scored as dead. Mutant and N2 animals were 

transferred in parallel onto an equal number of plates, and 3 plates of 30 animals each (to prevent 

animals from eating the diluted OP50 too quickly) were used per dilution and per strain. Plates 

were stored at 20°C, and dead animals were counted daily and removed from each plate. 

Animals were recorded as dead when they did not move after gentle prodding with a platinum 

wire, and animals that burst or desiccated on the sides of plates were excluded from the analysis. 

Data was analyzed using GraphPad Prism 6.0, and p-values were calculated to determine 

survival difference using the log-rank (Mantel-Cox) test. 

 

Lifespan assays. Lifespan assays were performed at 20°C. Synchronized L1s were fed with 

OP50, grown to young adults, and transferred to OP50 or RNAi-expressing HT115 (DE3) 

bacteria plates containing FUDR (0.1 g/ml). Fresh, IPTG-induced RNAi-expressing bacteria 

were plated onto RNAi plates (NGM + Amp + Tet). Animals were transferred to fresh RNAi 

plates if the plates were almost starved. 3 plates of 75 animals each were used for each strain. 

Control and experimental animals were cultured and transferred in parallel. Statistical analysis 

was done using Graphpad Prism 6.0 to determine survival difference (log-rank test). 

 

Quantitative RT-PCR analysis. Total RNA was isolated from animal pellets using Trizol ®. 

Total RNA concentration was measured using the NanoDrop Spectrophotometer (ND-1000 

Spectrophotometer). miRNA expression levels were determined by quantitative RT-PCR (qRT-

PCR) using TaqMan miRNA Assays (Applied Biosystems), except for in Fig. 4d, in which 

Qiagen miRNA Assays were used. Assays specific to mature miRNAs were tested as per the 

manufacturer's published protocols. miRNA expression levels were normalized to endogenous 

control U18, except for in Fig. 4d, in which U6B was used as a control. The expression of pha-4 

and skn-1b mRNA was assayed using SYBR Green I according to manufacturer protocols 

(Roche). Primers were specifically designed for the skn-1b isoform because this isoform has 
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been shown to be required for dietary restriction-mediated longevity [S8]. The expression levels 

were normalized to mRNA levels of the geometric mean of cdc-42, pmp-3, and Y45F10 [S9]. 

qPCR primers were designed to span at least one exon-exon boundary. 

 
GFP analysis. Quantitative analysis of GFP fluorescence expression was performed on a Zeiss 

AxioPlan upright microscope. For each day of image acquisition, the microscope was calibrated 

by acquiring an image of a slide of InSpek 4 μm 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 [S1].  

Outlines were drawn around fluorescent images of each animal using ImageJ. Outlining 

the area of the entire animal was appropriate for pha-4::GFP and skn-1::GFP, as there was GFP 

expression in the intestine brighter than autofluorescence bleed-through, as well as pharyngeal 

and tail neuron expression in the case of pha-4::GFP. For mir-228::GFP, both whole animal and 

head outlines were drawn, as GFP in the head region was extremely bright. Similar values were 

obtained for either method of analysis, however. Whole animal images were taken using the 10x 

objective, and head-only images were taken using the 40x objective. The mean and max GFP 

image intensity were calculated over the outlined animal area, and both measurements provided 

similar results. However, max GFP intensity values were preferred for data analysis because 

mean GFP intensity values would be affected by less-than-perfect animal outlines, as well as any 

patches of autofluorescence. Therefore, max GFP values were compared between pha-4::GFP 

and pha-4::GFP; mir-228 or mir-71, skn-1::GFP and skn-1::GFP; mir-228 or mir-71, as well as 

mir-228::GFP values compared to background GFP values on a given day for the time course. At 

least 10 animals were imaged per strain per timepoint. 

 

Pharyngeal pumping assays. Pumping rate was defined as the number of contractions of the 

terminal bulb over 1 minute. Animals were synchronized by bleaching. On each day of 

adulthood, the number of pumps of the terminal pharyngeal bulb was observed using a dissection 
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scope, and 10 different animals were chosen per strain each day (grown on FUDR plates). Only 

animals residing on the bacterial lawn were followed, as pumping rates vary on and off the lawn.  
 

Heat stress assays. L1-starved synchronized animals were reared on standard NGM plates until 

day 1 adulthood. 30 animals were then transferred to each plate containing FUDR, and 3 plates 

were used per strain. Mutant and N2 animals were simultaneously exposed to a 4-hour heat 

shock in a 35°C incubator, and animals were allowed to recover overnight by transferring plates 

to 20°C. The number of surviving animals on each plate was then recorded. Survival was scored 

by gently prodding each animal with a platinum wire. Mean and standard error were determined 

from experiments performed in triplicate. P-values were calculated via Student's t test. 

 

Brood size assay. Fertility was measured by transferring five N2 and five mir-228 animals post-

L4 molt (~56 hours) to individual plates every day and counting the number of eggs that were 

laid for each animal. The starting and end points of reproduction were similar for all animals 

observed. 
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