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ABSTRACT

In animals, microRNAs (miRNAs), typically, pair to sites of partial complementarity in the 39-untranslated regions (39UTRs) of
target genes. Regulation by miRNAs often results in down-regulation of target mRNA and protein expression by mechanisms
that are yet to be fully elucidated. Additionally, changes in environmental conditions have been shown to influence miRNA
function in some cell culture systems. Here, we report the effect of nutrient deprivation on regulation of an endogenous miRNA
target in developing worms. In Caenorhabditis elegans, the lin-4 miRNA recognizes multiple sites in the lin-14 39UTR and
directs mRNA degradation and translational repression, but it is unclear how these processes are coupled. In this study, we
demonstrate that nutrient deprivation results in loss of lin-14 mRNA, but not protein, repression. In worms removed from
feeding conditions, lin-14 mRNA reaccumulates despite the continued expression of lin-4 miRNA. The relative increase in lin-14
mRNA levels during nutrient deprivation is less pronounced in genetic mutants lacking lin-4 miRNA or the lin-14 39UTR target
sites. In conclusion, regulation of lin-14 at the mRNA and protein levels can be uncoupled by changes in culture conditions,
indicating that miRNA function can be modulated by environment in multicellular organisms. The awareness that endogenous
miRNA pathways can be sensitive to environment is an important consideration for elucidating the mechanism used by miRNAs
to regulate target mRNA and protein expression.

Keywords: lin-14; lin-4; miRNA; C. elegans; nutrient deprivation

INTRODUCTION

The lin-4 miRNA and its lin-14 target were discovered as
genes essential for developmental timing in Caenorhabditis
elegans. Accumulation of lin-4 miRNA toward the end of
the first larval stage (L1) is associated with down-regulation
of lin-14 protein and mRNA levels, and this decrease is
dependent on the miRNA and its target sites in the lin-14
39-untranslated region (39UTR) (Lee et al. 1993; Wightman
et al. 1993; Ha et al. 1996; Feinbaum and Ambros 1999;
Olsen and Ambros 1999; Bagga et al. 2005; Chendrimada
et al. 2007). As is the case for lin-4 and its lin-14 target, the
molecular mechanism employed by miRNAs to control
gene expression is yet to be fully resolved. Current evidence
indicates that miRNAs can direct mRNA degradation,
particularly through deadenylation, as well as inhibit trans-
lation at the initiation or post-initiation steps, including

the possibility of proteolysis of nascent peptides encoded by
target mRNAs (Filipowicz et al. 2008). The effect of altered
cell culture conditions on the regulation of some miRNA
targets further complicates the elucidation of miRNA
function. For example, amino acid deprivation in Huh7
hepatoma cells relieves translational repression by miR-122
of the cationic amino acid transporter mRNA (Bhattacharyya
et al. 2006). Thus, miRNA function can be influenced by
extrinsic factors, and understanding the potential sensitiv-
ity of miRNA function to environment is important for
determining a coherent model of target gene regulation in
vivo.

In this study, we investigated the effect of nutrient
deprivation on regulation of endogenous lin-14 by lin-4
miRNA in C. elegans. We observed that the coordinated
down-regulation of lin-14 mRNA and protein levels
becomes uncoupled when worms are removed from feeding
conditions. After 4–10 h of food deprivation, lin-14 mRNA,
but not protein, was derepressed. The increase in lin-14
mRNA levels occurred despite the maintenance of lin-4
miRNA. Thus, changes in culture conditions can differen-
tially affect expression of target mRNA and protein in a
living organism.
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RESULTS AND DISCUSSION

lin-14 mRNA and protein levels decrease as lin-4
miRNA accumulates

To investigate the coordination of lin-4 miRNA expression
with lin-14 mRNA and protein down-regulation, we
synchronized wild-type (WT) worms
and collected them at 2-h intervals
midway through the first (8–14 h) to
the beginning of the second (16–18 h)
larval stages as they developed on stan-
dard worm plates seeded with bacteria.
Appearance of lin-4 miRNA correlates
with a twofold decrease in lin-14 mRNA
levels between 8 and 10 h of develop-
ment (Fig. 1A,D). In contrast, no sig-
nificant decrease in lin-14 mRNA levels
was detected in staged samples from
worm strains null for lin-4 expression
[lin-4(e912)] [lin-4(�)] (Lee et al. 1993)
or containing a lin-14 mutation [lin-
14(n355)] [lin-14(gf)] that deletes the
lin-4 target sites (Fig. 1B; Wightman
et al. 1993). Western blotting showed
a twofold decrease in LIN-14 protein
by 14 h and a fivefold drop by 18 h
of development (Fig. 1C–D). Taken
together, we observed tight temporal
coordination between lin-4 miRNA
accumulation and lin-14 mRNA
decrease followed closely by down-reg-
ulation of LIN-14 protein levels (Fig.
1D).

Down-regulation of lin-14 mRNA
but not protein is disrupted upon
nutrient deprivation

Having established the time course and
relative magnitude of lin-14 repression
by lin-4 miRNA, we next asked if this
regulation was reversible. Since feeding
is required for expression of lin-4
miRNA (Feinbaum and Ambros 1999),
we chose to test the effect of starvation
conditions on regulation of lin-14 (see
Materials and Methods). After 10 h of
nutrient deprivation, we observed a
significant increase in lin-14 mRNA
levels compared to samples from con-
tinuously fed worms (Fig. 2A–C; Sup-
plemental Fig. 1A). Moreover, the levels
of lin-14 mRNA in worms transferred
from food are approximately twofold
greater than the levels detected at the

time of the shift (Fig. 2A–C; Supplemental Fig. 1A). The
absence of food for this duration did not have an
appreciable effect on rRNA processing, as assessed by the
levels of 5.8S containing large ribosomal precursor RNAs,
or steady-state actin mRNA levels (Fig. 2A–B; Supplemen-
tal Fig. 1A). A starvation period of 5 h similarly resulted in

FIGURE 1. lin-14 mRNA and protein are down-regulated by lin-4 miRNA. (A) Total RNA
samples from N2 wild-type (WT) staged larvae developing on food for the indicated hours
were probed for lin-4 miRNA and control 5.8S rRNA by Northern blot analysis. Quality of the
RNA samples was assessed by ethidium bromide staining of the small ribosomal RNAs. Mature
lin-4 miRNA levels were normalized to 5.8S rRNA and values relative to the 18-h time point
are indicated in the black box. (B) The WT RNA used in (A) as well as RNA collected from lin-
4(e912) [lin-4(�)] and lin-14(n355) [lin-14(gf)] strains staged for the same time course were
subjected to Northern blotting to detect lin-14 and control actin mRNA and 18S rRNA.
Quality of the RNA samples was assessed by ethidium bromide staining of the large ribosomal
RNAs. The lin-14 mRNA levels were normalized to actin, and values relative to the 8-h time
point for each strain are indicated in the black box. (C) Protein extracts from WT worms
staged as in A were analyzed by Western blotting with antibodies against LIN-14 and control
TUBULIN and ACTIN proteins. The LIN-14 protein levels were normalized to TUBULIN, and
values relative to the 8-h time point are indicated in the black box. (D) The graph depicts the
changes in lin-4 miRNA (triangles), lin-14 mRNA (diamonds), and LIN-14 protein (squares)
over the 10-h time course in WT worms, using values calculated as described in A, B, and C.
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misregulation of lin-14 mRNA levels
(Fig. 2C). The lin-28 gene is also regu-
lated by lin-4 miRNA at the mRNA and
protein levels (Moss et al. 1997; Segger-
son et al. 2002; Bagga et al. 2005), as
well as by additional mechanisms (Mor-
ita and Han 2006). Although we did not
detect reaccumulation of lin-28 mRNA
to levels greater than those observed
before transfer to plates without food,
there appears to be a slightly higher
level of mRNA in worms deprived of
food for 10 h compared to the control
fed worms (Fig. 2A–B; Supplemental
Fig. 1A). No significant change in lin-4
precursor or mature levels was detected
in worms starved for 5 or 10 h com-
pared to fed worms (Fig. 2D).

LIN-14 protein does not recover
despite the up-regulation of lin-14
mRNA levels when worms are removed
from food. Western blot analysis of
extracts from staged worms subjected
to starvation for 10 h showed continued
repression of LIN-14 protein and no
significant effect on steady-state ACTIN
protein levels (Fig. 2E–F; Supplemental
Fig. 1B–C).

The lin-14 mRNA levels in strains
defective in lin-4 miRNA-mediated reg-
ulation were less sensitive to nutrient
deprivation conditions. Staged WT, lin-
4(�) and lin-14(gf) strains were shifted
at 20 h of development to plates with or
without food and cultured for 4 h
before sample collection. The time
course was limited to 24 h because
additional miRNAs may regulate lin-14
at later time points (Reinhart et al.
2000; Chendrimada et al. 2007). North-
ern blot analyses revealed greater up-
regulation of lin-14 mRNA levels in WT
compared to either mutant strain (Fig.
3A–B; Supplemental Fig. 2A). Deregu-
lation of lin-14 mRNA cannot be
accounted for by down-regulation of
lin-4, as mature levels of this miRNA
remain constant in fed versus unfed
worms (Fig. 3A,C; Supplemental Fig.
2B). We detected a moderate increase
in lin-28 mRNA levels in WT worms
deprived of food that was diminished in
the lin-4 mutant strain (Fig. 3A–B;
Supplemental Fig. 2A). We also ana-
lyzed lin-41 mRNA, which is subject to

FIGURE 2. lin-14 mRNA but not protein is mis-regulated in worms removed from food.
Wild-type worms were cultured on food and collected for RNA or protein at 4 and 20 h of
development, and a portion of the 20-h population was replated with (+) or without (�) food
for another 5 or 10 h and then collected at the 25-h or 30-h time points, respectively. (A) Total
RNA was used for agarose Northern blot analyses to detect lin-14, lin-28, actin, 18S rRNA, and
preribosomal RNAs. (B) The mRNA levels of lin-14, lin-28, and actin were normalized to 18S
rRNA, and the levels relative to the 4-h time point were graphed. Quantification is the average
from three independent experiments. Error bars represent SEM and *P < 0.05. (C) RNA
samples from experiments with worms deprived of food for 10 h (left panel) or 5 h (right
panel) were used for reverse transcription reactions using oligo dT (dark bars) or random
(light bars) primers, and the resulting cDNA was used for quantitative PCR analyses. Samples
were normalized to actin and lin-14 mRNA levels are graphed relative to the 4-h time point for
each experiment. (D) The RNA used in C was subjected to PAGE Northern blot experiments to
detect lin-4 miRNA and control 5.8S rRNA levels. Mature lin-4 miRNA levels were normalized
to 5.8S rRNA, and levels relative to the 20-h time point for each experiment are indicated. (E)
The same worm populations analyzed in C for the 10-h food deprivation experiment were also
used to isolate protein and perform Western blotting to detect LIN-14, ACTIN, and control
TUBULIN protein levels. (F) The protein levels of LIN-14 and ACTIN were normalized to
TUBULIN, and the levels relative to the 4-h time point were graphed. Quantification is the
average from three independent experiments. Error bars represent SEM.
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degradation by let-7 miRNA activity
around 32 h of development during
L3 (Bagga et al. 2005). Barely any
change in lin-41 mRNA levels was
detected in WT worms cultured with
or without food from 20 to 24 h of
development (Fig. 3A–B; Supplemental
Fig. 2A), indicating that substantial up-
regulation is not uniformly observed for
all mRNAs under these conditions.

In WT worms the strong down-
regulation of LIN-14 protein detected
between 4 and 20 h of development con-
tinues in worms cultured an additional 4
h, regardless of the presence or absence of
food (Fig. 3D–E; Supplemental Fig. 2C).
Also, no difference was detected in the
steady-state protein levels of LIN-14 or
ACTIN in the mutant worm strains
cultured with or without food for 4 h
(Fig. 3D–E; Supplemental Fig. 2C).

Concluding remarks

Observations of variable degrees of lin-14
mRNA versus protein regulation by lin-4
could be influenced by differences in
culture conditions (Wightman et al.
1993; Olsen and Ambros, 1999; Bagga
et al. 2005; Chendrimada et al. 2007).
Under limiting food, liquid culture, or
other stress conditions, robust inhibition
of LIN-14 protein but not mRNA
may ensue. Our results show that lin-
4-mediated regulation of lin-14 mRNA
levels is particularly sensitive to nutrient
deprivation, but reaccumulation of this
mRNA does not result in reestablishment
of detectable LIN-14 protein levels. Up-
regulation of lin-14 mRNA is reduced in
worms with mutations that remove the
lin-4 miRNA or the target sites in the lin-
14 39UTR, but it is presently unclear if the
modest change in lin-14 mRNA levels in
the mutants is attributable to miRNA,
transcriptional, or other pathways dur-
ing starvation conditions. Although our
data are compatible with the model that
during nutrient deprivation lin-4 miRNA
maintains translational repression of the
lin-14 mRNA, additional pathways could
also contribute to inhibition of LIN-14
protein expression under these condi-
tions. For example, reduced target of
rapamycin (TOR) activity in response

FIGURE 3. Disruption of lin-4 miRNA function contributes to up-regulation of lin-14 mRNA
in worms shifted off of food. Wild-type (WT), lin-4(e912) [lin-4(�)], and lin-14(n355) [lin-
14(gf)] worm strains were cultured on food for 20 h and then shifted to plates with (24+) or
without (24�) food for 4 h (A) RNA was collected at the 24-h time point and used for Agarose
Northern blot analyses to detect lin-14, lin-28, lin-41, and actin mRNAs and 18S rRNA and
PAGE Northern blot analyses of lin-4 miRNA and control 5.8S rRNA. (B) The mRNA levels of
lin-14, lin-28, lin-41, and actin were normalized to 18S rRNA, and the ratio of mRNA levels
detected in 24� versus 24+ was calculated for each worm strain. Quantification is the average
from three or more independent experiments. Error bars represent SEM and *P < 0.05 is
shown for the mutant compared to the WT strains. (C) RNA from WT worms was subjected to
PAGE Northern blot experiments to detect lin-4 miRNA and control 5.8S rRNA levels. RNA
from four independent experiments was analyzed on the same blot (see Supplemental Fig. 2B).
The lin-4 miRNA levels were normalized to 5.8S rRNA and the values from 24+ and 24� were
graphed as the average from the four independent experiments and error bars represent SEM.
(D) Protein extracts were collected at the 24-h time points and used for Western blot analyses
to detect LIN-14, ACTIN, and control TUBULIN proteins. Additionally, 4-h and 20-h time
points are shown for WT as well as a 4-h time point from worms null for LIN-14 protein
expression [lin-14(�)] [lin-14(n356)(n540)] (Reinhart and Ruvkun 2001). Two different
exposures are shown for the LIN-14 Western to demonstrate the absence of a specific LIN-14
band in the lin-14(�) null control worms. (E) The protein levels of LIN-14 and ACTIN were
normalized to TUBULIN and the ratio of LIN-14 and ACTIN detected in 24� versus 24+ was
calculated for each worm strain. Quantification is the average from three or more independent
experiments. Error bars represent SEM.
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to nutrient deprivation can result in general down-regulation
of translation (Hay and Sonenberg 2004; Avruch et al. 2006).

In conclusion, our work demonstrates that changes in
environment can alter regulation of a miRNA target in a
multicellular organism. Following establishment of lin-4
miRNA-mediated inhibition of lin-14 mRNA and protein
expression, nutrient deprivation results in substantial
reaccumulation of mRNA without change in protein or
miRNA levels. Thus, stress conditions may be an important
consideration in analyzing the contribution of mRNA
degradation and translational repression to miRNA target
regulation in different cell types or organisms.

MATERIALS AND METHODS

Worm strains and culture conditions

The following C. elegans strains were used: N2 Bristol, lin-
4(e912)II (DR721), and lin-14(n355)X (MT355). Worms were
cultured at 20°C and synchronized by standard hypochlorite
treatment. Development was initiated by plating arrested L1
hatchlings on NGM plates seeded with OP50 bacteria. For
nutrient deprivation experiments, 20-h L2 stage worms cultured
on food were collected and replated on either seeded or unseeded
plates and cultured for an additional 4–10 h.

Northern blotting

Polyacrylamide gel electrophoresis (PAGE) Northern methods
were used to detect small RNAs (<200 nt) (Pasquinelli et al. 2003).
The 59-radiolabeled DNA oligo probe for lin-4 (A250: AAGCTCC
ACCCAATCAGAG) was hybridized at 50°C. The control 5.8S
probe was generated by Prime-It II Random Primer Labeling Kit
(Stratagene) using a gel purified PCR template amplified with the
primers:

A479: CTAGCTTCAGCGATGGATCGGTTGC; and
A480: GAACCAGACGTACCAACTGGAGGCCC.

To detect larger RNAs, Northern analyses were performed by
separating 5 mg of RNA in 1% agarose gels as previously described
(Bracht et al. 2004). Radiolabeled DNA probes were generated
from PCR fragments using the following primers:

lin-14:

A445: AACAGTTGAAACAGCTCCACCACTC; and
A455: GGATAAGATGGGTGAAGAGACTGATG.

lin-28:

A494: GACGGTAGTATCGGAGGGAAGGAATGATG;
and

A427: GCGTTCGCCCGCAATAGCGGAACTTACG.

actin:

A810: GTGTTCCCATCCATTGTCGGAAGAC; and
A811: GCACTTGCGGTGAACGATGGATGGG.

lin-41:

A465: CGAGCGCTTCAGCCAAATCCCC; and
A410: GTTGTAAAATTGGGTGCGCAAG.

18S rRNA:

A839: GCGTACGGCTCATTAGAGCAGATATCAC:
and

A840: GGTCAGAACTAGGGCGGTATCTAATCG.

Storage phosphor screens exposed to Northern blots were scanned
on a Typhoon Trio PhosphorImager (GE Healthcare) and band
signals were quantified using ImageQuant software. The mean and
SEM were calculated from three or more independent experi-
ments where the control sample was set to 1. A two-tailed
Student’s t-test was used to determine if relative mRNA levels
were significantly different between conditions or worm strains.

Quantitative PCR

Quantitative PCR (qRT-PCR) analyses were performed by the
TaqMan method (Applied Biosystems) as previously described
(Bagga et al. 2005). Normalization was to actin mRNA levels.
Primer sequences are as follows:

ceLin14-1164F: CGAGGAAGACTTTTGGGACAAA;
ceLin14-1236R: ATGCCTAACTCTGCGACATCTG;
ceLin14-1187T: TCCGCGAGGCAATGCGCA;
Ce-act1-790F: CAGCCATCCTTCTTGGGTATG;
Ce-act1-859R: CGCACTTCATGATGGAGTTGTAA; and
Ce-act1-812T:AGTCCGCCGGAATCCACGAGACTT.

Western blotting

To prepare protein for Western blotting, frozen worms were
boiled in 23 SDS buffer (Reinhart and Ruvkun 2001) and
concentrations were determined by Qubit (Invitrogen). Samples
were run on denaturing 4%–20% gradient gels and electroblotted
to Immun-Blot PVDF membranes (Bio-Rad). Western analysis for
LIN-14 protein was done using 1:1000 affinity purified polyclonal
anti-LIN-14 N-terminal antibodies specific for a peptide
(PVAQTPTVPQPECPGQIR) (Open Biosystems) present in all
isoforms (Reinhart and Ruvkun 2001). Anti-Tubulin (1:1,000,
Sigma) and anti-Actin (1:20,000, MP Biomedical) were used as
controls. Protein levels were quantified using Quantity One (Bio-
Rad) software.

SUPPLEMENTAL MATERIAL

Supplemental material can be found at http://www.rnajournal.org.
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