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Apoptosis is an important mechanism for maintaining germ line health. In Caenorhabditis elegans, germ cell apoptosis occurs un-
der normal conditions to sustain gonad homeostasis and oocyte quality. Under stress, germ cell apoptosis can be triggered via
different pathways, including the following: (i) the CEP-1/p53 pathway, which induces germ cell apoptosis when animals are
exposed to DNA damage; (ii) the mitogen-activated protein kinase kinase (MAPKK) pathway, which triggers germ cell apoptosis
when animals are exposed to heat shock, oxidative stress, or osmotic stress; and (iii) an unknown mechanism that triggers germ
cell apoptosis during starvation. Here, we address how starvation induces germ cell apoptosis. Using polysomal profiling, we
found that starvation for 6 h reduces the translationally active ribosomes, which differentially affect the mRNAs of the core
apoptotic machinery and some of its regulators. During starvation, lin-35/Rb mRNA increases its expression, resulting in the
accumulation of this protein. As a consequence, LIN-35 downregulates the expression of the antiapoptotic gene ced-9/Bcl-2. We
observed that the reduced translation of ced-9/Bcl-2 mRNA during food deprivation together with its downregulation drastically
affects its protein accumulation. We propose that CED-9/Bcl-2 downregulation via LIN-35/Rb triggers germ cell apoptosis in C.
elegans in response to starvation.

Many germ cells (known in many organisms as nurse cells) are
needed to produce a single oocyte. Once they have served

their purpose, nurse cells are eliminated by apoptosis. An un-
solved question in the germ cell field is how apoptosis is triggered
to produce and sometimes protect germ cells. Adult Caenorhab-
ditis elegans nematodes that encounter food deprivation enter a
diapause stage that allows them to survive for a few months and
put off fertility (1, 2). Later, when animals are subjected to better
conditions, they exit adult diapause and restore fertility. Germ cell
apoptosis is a key element to protect gonads from starvation, as
exhibited by mutants of the caspase CED-3 that are unable to
restore fertility after adult diapause (1). Previously, we found that
starvation triggers germ cell apoptosis (3), and in this study we
proposed a model to explain how this response is regulated in C.
elegans.

In C. elegans, apoptosis occurs in somatic tissues during em-
bryonic and postembryonic development (developmental apop-
tosis) (4, 5) and in the adult hermaphrodite gonad (physiological
germ cell apoptosis) (6). In this nematode, apoptosis is executed
via a conserved pathway that consists of the proteins CED-3 (a
caspase), CED-4 (APAF1-like adaptor protein), and CED-9
(BCL2 ortholog) (reviewed in references 7 and 8). Developmental
apoptosis is initiated when the protein EGL-1 (BH3-only) dis-
rupts the CED-9/CED-4 complex, thereby triggering CED-3 acti-
vation.

The mechanism that induces physiological germ cell apoptosis
is independent of EGL-1 (6) and is partially induced by the or-
tholog of the human retinoblastoma gene (Rb) lin-35, which
downregulates ced-9 (9). In contrast, the C. elegans DP ortholog,
dpl-1, induces physiological germ cell apoptosis via ced-4 upregu-
lation (9). Genotoxic agents activate germ cell apoptosis via
EGL-1, CEP-1 (the p53 ortholog), and CED-13 (a BH3-only pro-
tein) (10–12). Furthermore, several conditions, including oxida-
tive, osmotic, heat shock, and starvation stresses, can induce germ
cell apoptosis via an EGL-1- and CEP-1-independent mechanism

(3). Oxidative, osmotic, and heat shock stresses induce apoptosis
via the mitogen-activated protein kinase kinase (MAPKK) path-
way (3). However, starvation induces germ cell apoptosis via a
previously unknown mechanism.

Here, we examined how starvation affects the core apoptotic
machinery genes and some of their regulators to induce apoptosis
in the C. elegans germ line. We found that during starvation, ced-9
expression is considerably downregulated, while lin-35 and dpl-1
are upregulated. The translation levels of several mRNAs, includ-
ing some that encode the core apoptotic machinery, like ced-9, as
interpreted from their distribution along polyribosomal profiles,
are reduced. Unexpectedly, lin-35 mRNA is translated efficiently
upon fasting, resulting in a considerable increase in its protein
accumulation.

The results of the current study suggest a model during starva-
tion in which a considerable increase in LIN-35 expression ac-
counts for ced-9 mRNA downregulation, which, combined with
the less efficient translation of its mRNA, dramatically reduced the
CED-9 protein levels, subsequently inducing germ cell apoptosis.

(This research was conducted by L. I. Láscarez-Lagunas in par-
tial fulfillment of the requirements for a Ph.D. degree in biochem-
ical science from the Universidad Nacional Autónoma de México.
Mexico City, Mexico.)
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MATERIALS AND METHODS
General methods and strains. C. elegans strains were cultured at 20°C as
previously described (13). The wild-type (wt) strain C. elegans var. Bristol
(N2) was used in this study. The alleles used were as follows: lin-35(n745)
(14), dpl-1(n3643) (15), ced-4(n1162) (16), and efl-1(seI) (17). All of the
strains were obtained from the Caenorhabditis Genetics Center (CGC).

Stress conditions and quantification of germ cell apoptosis. For the
starvation experiments, 1-day-old animals were transferred onto nema-
tode growth medium (NGM) plates with or without bacteria and incu-
bated for 6 h at 20°C. The animals were anesthetized using 40 mM sodium
azide and mounted onto slides using 2% agarose pads; the cell corpses
were then visualized using Nomarski [for ced-1(RNAi) experiments] or
fluorescence microscopy (for ced-1::gfp strains).

Statistical analyses were performed using Prism (GraphPad Software).
All t tests were two-tailed unpaired t tests (Mann-Whitney).

RNAi experiments. RNA interference (RNAi) experiments were per-
formed by feeding as previously described (18). Constructs for the ced-1,
ced-3, lin-35, dpl-1, and efl-2 genes were obtained from the C. elegans
RNAi, version 1.1, feeding library (Open Biosystems). The ced-9 gene was
cloned using the oligonucleotides 5=-GGAATTCCCGATATTCGAGAAG
AAGCACG-3= and 5=-GGGGTACCCCTTACTTCAAGCTGAACATCA
TC-3=. The product was digested with EcoRI and KpnI and cloned into a
feeding vector (PD129.36), and the resulting plasmid was transformed
into Escherichia coli strain HT115 (DE3). RNAi experiments for ced-1,
ced-3, lin-35, dpl-1, and efl-2 were performed at 20°C, and RNAi experi-
ments for ced-9 were performed at 25°C. Empty plasmid was used as a
control, as suggested by Conte and Mello (19).

Quantitative expression analyses. Total RNA was isolated from ap-
proximately 100 gonads dissected from 1-day-old adult animal hermaph-
rodites using TRIzol (Invitrogen) and purified via chloroform extraction
and isopropanol precipitation. Then, 100 ng of total RNA was treated with
DNase I (New England BioLabs) and reverse transcribed into cDNA using
Im-Prom II reverse transcriptase (Promega) and oligo(dT) primers.
Quantitative reverse transcription-PCR (qRT-PCR) was performed with
primers designed specifically for each gene using the Primer Express, ver-
sion 2.0, program (Applied Biosystems). Amplification and detection
were performed using an ABI Prism 7000 detection system (Applied Bio-
systems) with the Power SYBR green PCR master mix (Applied Biosys-
tems). �-Tubulin (tbg-1) was used as an external control. The test gene
threshold cycle (CT) values were normalized to tbg-1. The CT values and
relative expression levels were derived using the comparative CT method
(20). The primers used in this study were as follows: for tbg-1, 5=-CCTG
TTGTCGATCCAAATGA-3= and 5=-AACCCGAGAAGCAGTTGAAA-
3=; for ced-3, 5=-CGGAGTTCCTGCATTTCTTC-3= and 5=-CGGAGTTC
CTGCATTTCTTC-3=; for ced-4, 5=-AATTCTCGAGCAGCGTCTTC-3=
and 5=-ATGAACGACGGAATTTTTGG-3=; for ced-9, 5=-AAACGGAAT
GGAATGGTTTG-3= and 5=-AATTTTCCGCGTGCTTCTT-3=; for lin-35
5=-ACTGGAATTCCGTCCACTTG-3= and 5=-TCCGCTCATCAATACT
TCCA-3=; for dpl-1, 5=-AGCCACATCAAGTGCAACAG-3= and 5=-ACC
ACCTGGAGCAACAATTC-3=; for efl-1 5=-GGCAAAAGCGACGAATCT
AC-3= and 5=-CCGCCTTTCCACTGTATCAT-3=; and for efl-2 5=-AGCA
ATCACTTGGGCTCATT-3= and 5=-ACGCGTCGTTTCGAGATATT-3=.

Polysomal profiles. Polysomes and polysomal RNA were obtained
from N2 1-day-old animals. Control animals or animals starved for 6 h
were grown at 20°C on egg plates, collected in M9 medium, and crushed in
liquid N2. Liquid N2-frozen pellets equivalent to 0.5 g of animals were
homogenized in four volumes of lysis buffer (300 mM NaCl, 50 mM
Tris-HCl [pH 8.0], 10 mM MgCl2, 1 mM EGTA, 200 mg of heparin/ml,
400 U of RNasin/ml, 2.5 mM phenylmethylsulfonyl fluoride, and 0.2 mg
of cycloheximide/ml). The lysate was centrifuged at 27,000 � g at 4°C for
15 min, and 0.5-ml aliquots of the supernatant were loaded onto an 11-ml
15 to 60% sucrose gradient in gradient buffer (140 mM NaCl, 25 mM Tris-
HCl [pH 8.0], 10 mM MgCl2, 1 mM dithiothreitol [DTT], 0.2 mg/ml
cycloheximide) and centrifuged in a Beckman SW41Ti rotor at 38,000
rpm at 4°C for 2 h. The gradients were then fractionated with continuous

monitoring at an absorbance of 260 nm, and 1-ml fractions were col-
lected.

RNA isolation from sucrose gradients and RT-PCR. For RNA isola-
tion from the sucrose gradients, each fraction was treated with 25 �l of a
10% solution of sodium dodecyl sulfate (SDS) and 1 �l of 10 mg/ml
proteinase K at 37°C for 30 min, followed by phenol-chloroform-isoamyl
alcohol (25:24:1) extraction and chloroform-isoamyl alcohol (24:1). The
samples were precipitated with an equal volume of isopropanol and LiCl
(1.5 M final concentration). For each sample, 2 �g of RNA was treated
with DNase I (New England BioLabs) and then subjected to reverse tran-
scription using oligo(dT) primers and Im-Prom II reverse transcriptase
(Promega). Equal amounts of cDNA were used as templates for gene-
specific PCR with the appropriate primers. The primers used were the
following: for act-5, 5=-CGCCTCCTCCTCCTCCCTC-3= and 5=-GGTAG
GTGGTCTCGTGGATTCC-3=; for glh-4, 5=-GGAATTCTTGCTTTCTT
GATACCATTC-3= and 5=-GGGGTACCCTAAACAGCACAGTTTG-3=;
for ced-3, 5=-GAGCAAGATCTCGTTCTCGATCG-3= and 5=-GTCGAAA
ACACGGCTTATGGTTG-3=; for ced-4, 5=-GCCGATGCCTGTTGGAGA
AAAA-3= and 5=-CCTATTTCAAGAAGACGCTGCTCG-3=; for ced-9, 5=-
GGAATTCCCGATATTCGAGAAGAAGCACG-3= and 5=-GGGTACCC
CTTACTTCAAGCTGAACATCATC-3=; for lin-35, 5=-CGGAATTCCGT
GATAATTAAACTCGTACTC-3= and 5=-GAAGATCTTCTCGTTTTTG
TGGAC-3=; for dpl-1, 5=-TCTATGAACCTCTCACAAGCCCAA-3= and
5=-AGACAACTCTCTGTTGCACTTGATG-3=; for efl-1, 5=-GGCACACA
AGTTCGGCTCAGTGA-3= and 5=-CATCATCATTGATCGTCCGCCG-
3=; for efl-2, 5=-GTCAAATCTCACGCGTTGCTCTT-3= and 5=-GTTTCC
AAATCCTCGGTATCAATT-3=.

Relative nonpolysomal (NP) RNA or polysomal (P) RNA content was
calculated as NP RNA/(NP RNA � P RNA) or P RNA/(NP RNA � P
RNA), respectively, and was determined from three independent biolog-
ical samples (21).

Western blot analysis. For the Western blot analysis, 100 hermaph-
rodites from the indicated backgrounds were grown at 20°C or 25°C and
collected and washed in phosphate-buffered saline (PBS). For protein
extraction, the samples were boiled for 5 min and centrifuged at 13,000
rpm for 1 min, and the resulting supernatant was loaded onto 10% or 8%
polyacrylamide gels for CED-3, CED-4, CED-9, or LIN-35 protein detec-
tion. The gels were transferred onto an Immobilon-P polyvinylidene di-
fluoride (PVDF) membrane (Millipore) according to standard proce-
dures. The blots were initially incubated using commercial antibodies for
CED-3 (1:500) (Cc-20, sc-9192; Santa Cruz Biotechnology), CED-4 (1:
750) (Cn-21, sc-9193; Santa Cruz Biotechnology), CED-9 (1:500) (ce-
280, sc-33737; Santa Cruz Biotechnology), or LIN-35 (1:500) (cN-18,
sc-9273; Santa Cruz Biotechnology). The secondary antibody was horse-
radish peroxidase-conjugated (HRP)-conjugated donkey anti-goat anti-
body (1:10,000) (Santa Cruz Biotechnology) for CED-3, CED-4, and
LIN-35 and HRP-conjugated goat anti-rabbit antibody (1:1,000) (Pierce)
for CED-9. Bound antibody was detected using a Super Signal West Pico
Chemiluminescent Substrate kit (Pierce). Anti-CED-3 antibody detected
several bands in the Western blot analyses. Although all of the bands were
reduced after ced-3 silencing, only one band was absent, which corre-
sponded to the predicted molecular mass of CED-3 (56.6 kDa) (see Fig.
3A). Silencing of ced-3 was also evaluated by RT-PCR, which showed a
70% decrease in its mRNA (see Fig. 5C). Using anti-CED-4 antibody, only
one band was consistent with the predicted molecular mass of CED-4
(62.9 kDa). This band was absent in protein extracts from ced-4(n1162)
mutant animals (see Fig. 3B). Using anti-CED-9 antibody, we detected
several bands that were completely absent in the homogenates obtained
from ced-9(RNAi) animals (see Fig. 3C). However, only one was consis-
tent with the predicted molecular mass of CED-9 (32 kDa), suggesting
that the smaller bands were either modifications of CED-9 or its degrada-
tion products. Silencing of ced-9 was also evaluated by RT-PCR, and we
observed an 80% decrease in its mRNA (see Fig. 5C). Anti-LIN-35 anti-
body detected several bands in our experiments; however, only the 110.9-
kDa band was absent in the lin-35(n745) mutant protein extracts (see
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Fig. 4C). A monoclonal antibody raised in mouse against �-tubulin
(T9026; Sigma) was used as a loading control. The ImageJ software pro-
gram was used to quantify the bands.

Bioinformatics analysis of differentially translated mRNAs. Se-
quences of the 3= untranslated region (UTR) were obtained from the
UTRome.org database (22). The free folding energy was calculated using
DINAMelt (23). The open reading frames (ORFs) and transcript lengths
were obtained from WormBase, version WS236.

RESULTS
ced-9 expression is downregulated during starvation. The expo-
sure of 1-day-old wild-type (wt) adult animals to 6 h of bacterial
deprivation triggers germ cell apoptosis via an unknown mecha-
nism. The gonads of 6-h-starved animals appear healthy despite
their increased germ cell apoptosis (3). To investigate the mecha-
nisms that trigger starvation-induced apoptosis in the C. elegans
gonad, we studied the expression of genes that encode the core
apoptotic machinery under starvation conditions. Extracted RNA
from the extruded gonads of well-fed or 6-h-starved 1-day-old wt
animals was used for quantitative real-time reverse transcription-
PCR (qRT-PCR) for ced-9, ced-4, and ced-3. We found that after 6
h of starvation, ced-9 mRNA expression was considerably reduced
(10-fold), ced-4 mRNA was on average higher (1.8-fold), and
ced-3 mRNA was not affected (Fig. 1). These data show that during
starvation, the adjustments in the expression of genes encoding
core apoptotic machinery corresponded with the initiation of
apoptosis.

Starvation slows translation. The mRNA translation rate is
commonly affected during stress (24, 25), but it has not been well
studied in C. elegans. Thus, we examined the translational status
during starvation using polysomal profiling in 0.5 g of well-fed or
6-h-starved 1-day-old wt adult animals (see Materials and Meth-
ods). The polysomal profiles were divided into three regions ac-
cording to the absorbance at 260 nm (mainly ribosomal RNAs 18S
and 28S): translationally inactive, which included mostly untrans-
lated mRNAs present in the mRNPs (TI; fractions 1 to 4); mono-
somes (M, fraction 5); and translationally active (TA; polysomes;
fractions 6 to 11) (Fig. 2A and B). TA fractions were further sub-
divided into light polysomes (LP; fractions 6 to 8) and heavy poly-
somes (HP; fractions 9 to 11) (Fig. 2A and B). Polysomal profiling

showed that under conditions of starvation, there was an overall
reduction in the number of polysomes bound to mRNAs and a
slight increase in the monosomal fraction, suggesting that starva-
tion reduces overall translation (Fig. 2A and B).

To determine how translation is affected under starvation, we
analyzed nonpolysomal (NP) and polysomal (P) RNA levels as
previously reported (21). The nonpolysomal RNA included
mRNP complexes of �80S (40S and 60S ribosomal subunits) and
80S monosomes (fractions 1 to 5), and the polysomal RNA in-
cluded mRNAs with two or more ribosomes (fractions 6 to 11).
The relative proportion of RNA in NP and P complexes was de-
termined after the precipitation of RNA from the mentioned frac-
tions. The P RNA content in starved animals (0.26 � 0.02) was
significantly lower (P � 0.0001) than that determined for animals
grown under control conditions (0.63 � 0.01). Furthermore, the
NP content of starved animals (0.74 � 0.02) was significantly
higher (P � 0.0001) than that of control animals (0.37 � 0.01),
which is consistent with reduced translation during starvation
(Table 1).

To test whether the reduced translation during starvation af-
fected housekeeping genes, we analyzed the polysomal distribu-
tion of act-5 mRNA, which encodes actin (26). Under control
conditions, 16% of the act-5 mRNA was present in the TI and M
fractions (fractions 2 to 5), while 84% was enriched in the poly-
somal fractions (fractions 6 to 11). During starvation, we detected
an enrichment of act-5 mRNA (32%) in TI and M fractions (frac-
tions 2 to 5), while 60% remained associated with polysomal frac-
tions 6 to 11 (Fig. 2C). Although act-5 mRNA was more associated
with TI fractions during starvation, its presence in the TA frac-
tions persisted, although at a lower level, indicating that the re-
duced translation induced by starvation affected this housekeep-
ing gene.

Sucrose density gradients of extruded gonad extracts are diffi-
cult to use because C. elegans are very small (1 mm in length), and
a fair number of animals are required for polysomal profiling. To
overcome this technical difficulty, we determined whether a de-
crease in translation could occur in the gonad by examining a
germ line-specific mRNA, glh-4 (27). In well-fed animals, most of
the glh-4 mRNA (73%) was present in the TA fractions (fractions
7 to 11) (Fig. 2D). However, when the animals were starved, only
28% of the glh-4 mRNA remained associated with these fractions
(Fig. 2D). Furthermore, we observed a shift in glh-4 mRNA to a
lighter polysomal fraction (fraction 6; 17%), the M fraction (frac-
tion 5; 15%), and the TI fractions (fractions 2 to 4; 40%) during
starvation (Fig. 2D). These results demonstrate that the decrease
in the translation during starvation occurs not only in somatic
tissues but also in the germ line.

Next, we examined the polysomal distribution of ced-9, ced-4,
and ced-3 mRNAs. Under control conditions, 74% of the ced-9
mRNA was present in TA fractions (fractions 7 to 11) (Fig. 2E).
ced-9 mRNA was not abundant during starvation (Fig. 1); how-
ever, the small amount that was present was severely affected, and
only 5% of this transcript remained associated with fractions 7 to
11. Most of its mRNA was enriched in lighter polysomes (fraction
6; 72%), the M fraction (fraction 5; 7%), and the TI fractions
(fraction 2 to 4; 16%) (Fig. 2E). These data show that the observed
decrease in ced-9 mRNA translation was consistent with the re-
duction in the overall translation during starvation.

Regarding the translation of ced-4 mRNA, we found that under
control conditions, 73% of this mRNA was present in TA fractions

FIG 1 ced-9 mRNA is downregulated during starvation. qRT-PCR analysis of
the indicated genes from the gonads of well-fed (control) or 6-h-starved 1-day-
old wild-type animals. The graph shows the average relative abundances of
each mRNA from three independent experiments, each performed in tripli-
cate. The error bars represent the standard errors. The P values were deter-
mined using a paired and nonparametric test (Wilcoxon). Significance is in-
dicated by an asterisk (P � 0.05).
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FIG 2 Starvation induces a decrease in translational rate in C. elegans. (A) A profile from the polysomal fractionation of 15 to 60% sucrose gradients of the
extracts obtained from well-fed (control) or 6-h-starved 1-day-old wild-type animals as recorded at A260. The profiles were divided into three principal regions:
fractions 1 to 4, translationally inactive mRNPs (TI); fraction 5, monosomes (M); and fractions 6 to 11, translationally active (TA). Fractions 6 to 11 were in turn
divided into fractions 6 to 8, which consisted of light polysomes (LP), and fractions 9 to 11, which consisted of heavy polysomes (HP). (B) rRNA fraction analyses.
RNA from control (C) and starved (S) animals was extracted for each fraction and subjected to electrophoresis on 1% agarose gels. The arrows indicate the
sucrose density gradient. Fraction 11 was loaded in a different gel under the same conditions because the lack of space. (C to G) Polysomal distribution of the
indicated mRNAs. RNA was extracted from each fraction, and cDNA was synthesized to perform PCR on the indicated gene. The relative mRNA levels were
calculated from RT-PCR using densitometry. The graphs show the percentage of mRNA present in each fraction from the total amount of mRNA (sum of all
fractions). OD260, optical density at 260 nm.
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(fractions 7 to 11). In contrast, only 38% of this mRNA remained
associated with the same fractions during starvation (Fig. 2F).
Furthermore, ced-4 mRNA was enriched in lighter polysomes
(fraction 6; 26%), monosomes (fraction 5; 9%), and TI fractions
during starvation (fractions 2 to 4; 27%) (Fig. 2F). We conclude
that the ced-4 mRNA was also affected by the decreased translation
rate observed during starvation.

We observed that 55% of ced-3 mRNA was associated with HP
fractions (fractions 9 to 11) under control conditions. In contrast,
during starvation it was mostly associated with lighter polysomal
fractions (fractions 6 to 8; 60%) (Fig. 2G), indicating that al-
though starvation impaired ced-3 mRNA translation, this impair-
ment was less extreme than the mRNA shifting observed for ced-9
and, to a lesser extent, ced-4.

Thus far, we have shown that starvation induces a reduction in
the translation of C. elegans, which includes mRNAs that encode
the housekeeping gene act-5, the germ line-specific gene glh-4, and
apoptosis machinery genes ced-9 and ced-4. However, ced-3
mRNA continues to be translated under starvation.

CED-9 protein is undetectable during starvation. We inves-
tigated whether changes that occurred during starvation at the
mRNA expression and translational levels reflected the accumu-
lation of CED-3, CED-4, and CED-9 proteins using Western blot
analyses. Extracts from 100 well-fed or 6-h-starved hermaphro-
dites of the indicated genetic backgrounds were used for Western
blot analyses. The specificity of each antibody was tested using
mutant or RNAi animals (see Materials and Methods).

Under starvation conditions, CED-3 did not show a change in
its protein levels based on its procaspase molecular mass (56.6
kDa) (28, 29) (Fig. 3A). This result was consistent with our earlier
observations of the presence of ced-3 mRNA in polysomal frac-
tions and no changes in its mRNA expression (Fig. 1 and 2G). In
the case of CED-4, we observed that its protein level did not seem
to change during starvation (Fig. 3B). We believe that the reduced
ced-4 mRNA translation efficiency during starvation (Fig. 2F) was
most likely compensated for by the higher level of mRNA accu-
mulation or increased mRNA stability (Fig. 1). Another possible
explanation is that the CED-4 protein is stable and maintains its
levels during starvation.

In contrast, CED-9 protein was dramatically reduced as a con-
sequence of starvation (Fig. 3C). This result was consistent with
the decrease in ced-9 mRNA expression (Fig. 1) and translational
rate (Fig. 2E) under starvation. We concluded that although
CED-3 and CED-4 proteins do not show significant changes in
their expression levels during starvation, the accumulation of the
antiapoptotic protein CED-9 dramatically decreases under this

condition. We suggest that the decreased expression of CED-9
under starvation could trigger apoptosis.

LIN-35 promotes starvation-induced apoptosis via negative
regulation of ced-9 expression. We decided to study how previ-
ously demonstrated ced-9 negative regulation in response to star-
vation is achieved. In C. elegans, LIN-35 promotes physiological
germ cell apoptosis by repressing ced-9 expression (9). Thus, we
studied lin-35 expression during starvation in extruded gonads.
Using qRT-PCR, we found that lin-35 mRNA expression was con-
siderably increased (2.6-fold) in the gonads of starved animals
(Fig. 4A).

Using polysomal profiles, we observed that under normal con-
ditions, most lin-35 mRNA was recruited to the TA fractions
(fractions 6 to 11; 72%). Compared with other mRNAs (act-5,
glh-4, and ced-9) (Fig. 2), it is noticeable that a substantial amount
of this mRNA remained associated with polysomes under starva-
tion conditions (fractions 6 to 11; 63%) (Fig. 4B). This indicates
that lin-35 continues to be efficiently translated during starvation
despite the overall reduction in translation. In addition, while
LIN-35 was not detected by Western blotting in protein extracts
from control animals, it was observed under starvation conditions
(Fig. 4C). The combination of these results implies that during
starvation, increased LIN-35 accumulation is most likely achieved
by increased mRNA expression or accumulation (Fig. 4A) and
persistent translation (Fig. 4B).

To test whether LIN-35 accumulation was necessary to achieve
the reduced expression of ced-9 during starvation, we analyzed the
abundance of ced-9 mRNA in extruded gonad extracts from con-
trol and 6-h-starved lin-35(n745) animals using qRT-PCR. lin-
35(n745) mutant animals carry a nonsense mutation that presum-
ably eliminates LIN-35 activity (14). In the experiment shown in
Fig. 1, we demonstrated that ced-9 expression was 10-fold lower
in starved wt animals. However, ced-9 expression did not decrease

TABLE 1 Relative RNA content in NP and P complexes

Condition

Relative RNA contenta

NP fraction P fraction

Control 0.37 � 0.01 0.63 � 0.01
Starvation 0.74 � 0.02 0.26 � 0.02
P value �0.0001 �0.0001
a The relative RNA content (total 	 1) represents the average � standard deviation
from three independent biological samples. Relative nonpolysomal RNA (NP) or
polysomal RNA (P) contents were calculated as NP RNA/(NP RNA � P RNA) and P
RNA/(NP RNA�P RNA), respectively. The P value from each column was determined
using an unpaired t test (Mann-Whitney).

FIG 3 CED-9 protein is dramatically reduced during starvation. Western blot
analyses were performed on the whole-animal protein extracts obtained from
the indicated genetic backgrounds subjected to control or 6-h starvation con-
ditions. The blots were probed using an anti-CED-3 antibody (A), anti-CED-4
antibody (B), or anti-CED-9 antibody (C). The arrows indicate the CED-3
(56.6 kDa), CED-4 (62.9 kDa), and CED-9 (32 kDa) bands, which correspond
to their predicted molecular masses. For each blot, a rabbit antitubulin anti-
body was used as the loading control. The blots are representative of at least
three independent experiments. EP, empty plasmid.

LIN-35/Rb Triggers Starvation-Induced Apoptosis

July 2014 Volume 34 Number 13 mcb.asm.org 2503

 on N
ovem

ber 14, 2019 by guest
http://m

cb.asm
.org/

D
ow

nloaded from
 

http://mcb.asm.org
http://mcb.asm.org/


in starved lin-35(n745) mutant animals (1.3-fold) (Fig. 4D). These
results suggest that ced-9 downregulation in fasting animals de-
pends on LIN-35. In agreement with this hypothesis, CED-9 pro-
tein was still detected in the whole-protein extracts from lin-
35(n745) mutant animals under starvation (Fig. 4E) but not in
starved wt animals (Fig. 3C and 4E). Therefore, we conclude that
LIN-35 accumulation under starvation is required for ced-9
downregulation.

Next, we tested whether lin-35 was required to induce germ cell
apoptosis upon starvation. To detect cell corpses, we used differ-
ential interference contrast optics (DIC) microscopy of ced-
1(RNAi) animals because germ cells and particularly those pro-
duced during starvation-induced apoptosis are not easily spotted
in a wild-type background (3). ced-1 is a gene required for the
efficient engulfment of apoptotic germ cells. Therefore, its deple-
tion or deletion results in a dramatic increase in the number of

FIG 4 LIN-35 promotes starvation-induced apoptosis by avoiding general translational arrest and downregulating ced-9 expression. (A) The gonads of 1-day-old
well-fed (control) or 6-h-starved wild-type animals were extruded and processed for RNA extraction, followed by cDNA synthesis and qRT-PCR analysis. The graph
shows the average relative abundance of lin-35 mRNA from three independent experiments, each performed in triplicate. The error bars represent standard errors. (B)
Polysomal distribution of lin-35 mRNA using whole-animal extracts from control (C) and 6-h-starved (S) animals, as described in the legend to Fig. 2. (C) Western blot
analysis of whole-animal protein extracts from a population of 100 1-day-old wt and lin-35(n745) animals under control or 6-h starvation conditions. The blot was
probed with an anti-LIN-35 antibody. The arrow indicates the predicted molecular mass of LIN-35 (110.9 kDa). A rabbit antitubulin antibody was used as the loading
control. The blot is representative of three experiments. (D) qRT-PCR analysis using the cDNA of isolated gonads from lin-35(n745) animals under normal growth and
starvation conditions. The graph shows the average relative abundance of ced-9 mRNA from three independent experiments, each performed in triplicate. The error bars
represent the standard errors. The P values were determined using a paired and nonparametric test (Wilcoxon). Significance is indicated by an asterisk (P � 0.05). (E)
Western blotting using whole-protein extracts prepared from a population of 100 lin-35(n745) animals subjected to control (C) or starvation (S) conditions. The blot was
probed using an antibody generated against full-length C. elegans CED-9. A rabbit antitubulin antibody was used as the loading control. The blot is representative
of three independent experiments. (F) One-day-old wild-type and lin-35(n745) animals treated with either an empty plasmid (EP) or ced-1(RNAi) were
transferred to NGM plates with or without bacteria and incubated at 20°C for 6 h before being mounted and observed under a microscope to detect cell corpses.
The graph represents germ cell corpses per gonad arm as a measurement of apoptosis under control and starvation conditions in the indicated genetic
backgrounds. The values represent two independent experiments, and the bars show the standard error.
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apoptotic germ cells that can be easily detected (30). As a control
for RNAi, we used an empty plasmid (EP) as previously suggested
(19). First, we confirmed that ced-1 silencing was efficient by RT-
PCR in both wt and lin-35(n745) backgrounds (Fig. 5A). Germ
cell corpse averages in ced-1(RNAi) animals under normal growth
conditions were similar to those observed in 1-day-old ced-
1(e1735) animals (3) (Fig. 4F and Table 2). N2 animals treated
with EP or ced-1(RNAi) showed an increase in the average num-
ber of corpses under starvation conditions (2.5- and 2.2-fold, re-
spectively) (Fig. 4F and Table 2). However, lin-35(n745); EP and
lin-35(n745); ced-1(RNAi) animals did not exhibit increased germ

cell apoptosis under the same conditions (Fig. 4F and Table 2).
These results demonstrated that lin-35 is required to induce apop-
tosis under starvation.

To confirm our results, we used the MD701 strain, which is
commonly used to detect germ cell engulfment because it carries a
construct (Plim-7 ced-1::gfp) that is expressed in the sheath cells
(12). RNAi against lin-35 in MD701 decreased its mRNA level by
70% (Fig. 5B). We quantified the number of corpses in the gonad
of 1-day-old ced-1::gfp animals treated with EP or lin-35(RNAi) in
animals that were well fed or starved for 6 h. Unlike ced-1::gfp
control animals, ced-1::gfp; lin-35(RNAi) animals did not increase

FIG 5 Efficiency of RNAi in the indicated genes and genetic backgrounds. To evaluate gene-silencing efficiency, 1-day-old animals with the indicated genetic
backgrounds were subjected to control (EP) or RNAi treatment for the corresponding genes and processed for RNA extraction, followed by cDNA synthesis and
PCR analysis. The relative mRNA levels were calculated from RT-PCR using densitometry and are indicated at the bottom of each gel. The gene tbg-1 was used
as a control. (A) The efficiency of ced-1 silencing was evaluated in N2, lin-35(n745), dpl-1(n3643), and efl-1(seI)V backgrounds. (B) The efficiency of lin-35, dpl-1,
and efl-2 silencing was evaluated in a ced-1::gfp background. (C) The efficiency of ced-3 and ced-9 silencing was evaluated in a wild-type background (N2). (D)
The efficiency of ced-1 and ced-9 silencing was evaluated in N2 and lin-35(n745) backgrounds.
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germ cell apoptosis under starvation conditions (Table 2). These
data confirm that LIN-35 is required for starvation-induced apop-
tosis. We should mention that when lin-35(n745); ced-1(RNAi)
and ced-1::gfp; lin-35(RNAi) animals were subjected to starvation,
we observed a slight decrease in germ cell apoptosis, and we think
that this could be due to the ced-9 upregulation during starvation
in a lin-35(n745) background (Fig. 4D).

Our data so far show that under starvation, LIN-35 is upregu-
lated, its accumulation downregulates ced-9 expression, and this
effect triggers apoptosis. We have two scenarios to test our hy-
pothesis. In the first scenario, one might think that ced-9 silencing
should have germ cell apoptosis comparable to that of the wild
type under starvation. Unfortunately, we did not observe that N2
ced-9(RNAi) well-fed animals (3.1) have germ cell corpse num-
bers similar to those of wt starved worms (0.9). We think this is
because starvation-induced germ cell apoptosis is not easily de-
tected in a wt background, but it is easily observed in cell corpse-
defective mutants or when a germ cell corpse marker like strain
MD731 is used (3). Hence, when we used a ced-1 background, we
observed similar germ cell corpse numbers between starved con-
trol animals [N2; EP/ced-1(RNAi); 12.66 germ cell corpses] and
well-fed N2; ced-1/ced-9(RNAi) worms (11.05 germ cell corpses),
which supports our hypothesis.

In a second scenario one might think that to restore starvation-
induced germ cell apoptosis in an lin-35(n745) mutant back-

ground, it would be sufficient to silence ced-9 expression. How-
ever, because ced-9 is required to protect cells from death (31), its
absence or silencing triggers apoptosis under any condition. In-
deed, when we silenced ced-9 in wt or lin-35(n745) animals (90%
knockdown efficiency) (Fig. 5D), an increase in physiological
germ cell apoptosis was observed under normal growth condi-
tions (8.6-and 3.2-fold, respectively) (Table 2). However, germ
cell apoptosis did not increase further after the N2; ced-1/ced-
9(RNAi) animals were exposed to starvation (0.25-fold) (Table 2).
In the case of lin-35(n745); ced-1/ced-9(RNAi) animals, we ob-
served a slightly and not statistically significant increase in apop-
tosis (0.17-fold); however, this increase is not comparable to the
normal induction of apoptosis under starvation (Table 2). There-
fore, ced-9 silencing triggers germ cell apoptosis independently of
the growth conditions or background tested, and under these con-
ditions, starvation-induced apoptosis could not be triggered.

ced-4 upregulation during starvation is regulated via dpl-1
and is important for inducing germ cell apoptosis under these
conditions. Earlier, we showed that ced-4 expression was higher
during starvation (Fig. 1). In C. elegans, the DP ortholog DPL-1
positively regulates ced-4, thereby affecting germ cell apoptosis
(9). Thus, we studied dpl-1 expression during starvation. Using
qRT-PCR, we observed that dpl-1 expression increased consider-
ably (3.6-fold) in the gonads of starved animals (Fig. 6A). Next, we
determined the translational level of dpl-1 mRNA and found that

TABLE 2 Starvation-induced germ cell death in different genetic backgrounds

Experimental group and treatmenta

Avg no. of corpses/gonad � SEf

PgControl Starvation

lin-35(n745) animalsb

N2; EP(RNAi)* 0.36 � 0.05 (103) 0.90 � 0.11 (83) 0.0002
N2; ced-1(RNAi) 7.07 � 0.31 (109) 15.83 � 0.61 (108) �0.0001
lin-35(n745); EP(RNAi) 0.13 � 0.06 (38) 0.13 � 0.05 (45) 0.9876
lin-35(n745); ced-1(RNAi) 3.42 � 0.34 (45) 2.14 � 0.26 (51) 0.0057
ced-1::GFP; EP(RNAi)* 6.11 � 0.21 (135) 13.27 � 0.36 (133) �0.0001
ced-1::GFP; lin-35(RNAi) 3.98 � 0.20 (41) 3.15 � 0.17 (40) 0.0002

ced-9(RNAi) animalsc

N2; ced-9(RNAi)* 3.1 � 0.18 (21) 3.9 � 0.21 (21) 0.2102
N2; EP/ced-1(RNAi) 5.65 � 0.23 (40) 12.66 � 0.34 (34) �0.0001
N2; ced-1/ced-9(RNAi) 11.05 � 0.35 (41) 12.74 � 0.32 (42) 0.0002
lin-35(n745); EP/ced-1(RNAi) 3.15 � 0.15 (40) 2.19 � 0.16 (31) 0.0013
lin-35(n745); ced-1/ced-9(RNAi) 10.22 � 0.43 (44) 12 � 0.48 (44) 0.0048

dpl-1 animalsd

dpl-1(n3643); EP(RNAi) 0.35 � 0.08 (37) 0.22 � 0.06 (37) 0.1962
dpl-1(n3643); ced-1(RNAi) 3.69 � 0.27 (42) 3.39 � 0.21 (49) 0.4304
ced-1::GFP; dpl-1(RNAi)* 5.76 � 0.25 (29) 5.33 � 0.26 (30) 0.2116

efl-1(seI)V and efl-2(RNAi) animalse

efl-1(seI)V; EP(RNAi) 0.14 � 0.06 (36) 0.33 � 0.11 (36) 0.1962
efl-1(seI)V; ced-1(RNAi) 8.47 � 0.33 (38) 19.9 � 0.36 (40) �0.0001
ced-1::GFP; efl-2(RNAi)* 4.98 � 0.24 (63) 11.44 � 0.43 (63) �0.0001

a One-day-old adult animals with different genetic backgrounds were subjected to starvation and observed under Nomarski or fluorescence microscopy to detect corpses (see details
in Materials and Methods). EP, empty plasmid. *, controls.
b lin-35(n745) animals did not respond to starvation-induced germ cell apoptosis.
c ced-9(RNAi) animals did not show evidence of starvation-induced germ cell apoptosis.
d DPL-1 is required to induce apoptosis under starvation.
e efl-1(seI)V and efl-2(RNAi) animals did respond to starvation-induced apoptosis.
f The number of observed gonads (one per animal) is shown in parentheses. These values represent at least two independent experiments.
g The P values were determined using an unpaired t test (Mann-Whitney); a P value of � 0.0001 was considered significant.
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FIG 6 dpl-1 is required for starvation-induced apoptosis. (A) The gonads of 1-day-old well-fed (control) or 6-h-starved wild-type animals were extruded and processed
for RNA extraction, followed by cDNA synthesis and qRT-PCR analysis. The graph shows the average relative abundance of dpl-1 mRNA from three independent
experiments, each performed in triplicate. The error bars represent the standard errors. The P values were determined using a paired and nonparametric test (Wilcoxon).
Significance is indicated by an asterisk (P � 0.05). (B) Polysomal distribution of dpl-1 mRNA using whole-animal extracts from control (C) or 6-h-starved (S) animals,
as described in the legend to Fig. 2. (C) qRT-PCR analysis using cDNA obtained from the isolated gonads of dpl-1(n3643) animals under normal growth or starvation
conditions. The graph shows the average relative abundance of ced-4 mRNA from three independent experiments, each performed in triplicate. The error bars represent
the standard errors. The P values were determined using a paired and nonparametric test (Wilcoxon). Significance is indicated by an asterisk (P � 0.05). (D) Western
blotting using whole-protein extracts prepared from a population of 100 dpl-1(n3643) animals subjected to control (C) or starvation (S) conditions. The blot was probed
using an antibody generated against C. elegans CED-4 protein. A rabbit antitubulin antibody was used as the loading control. The blot is representative of three
independent experiments. (E) One-day-old wild-type and dpl-1(n3643) animals treated with an empty plasmid (EP) or ced-1(RNAi) were transferred onto NGM
plates with or without bacteria and incubated at 20°C for 6 h before being mounted and observed under the microscope to detect cell corpses. The graph
represents the germ cell corpses per gonad arm as a measurement of apoptosis under control and starvation conditions in the indicated genetic backgrounds. The
values represent two independent experiments, and the bars show the standard error.
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under control conditions, 53% of the mRNA was present in TA
fractions (fractions 6 to 11), whereas during starvation, 80% of
this mRNA was associated with the same fractions (Fig. 6B). We
conclude that during starvation, the expression of dpl-1 is higher,
and its mRNA continues to be efficiently translated. Unfortu-
nately, we were unable to measure DPL-1 at the protein level due
to the lack of available DPL-1 antibodies.

To determine whether DPL-1 induces ced-4 expression during
starvation, we analyzed ced-4 mRNA abundance in wt and dpl-
1(n3643) mutant animals using qRT-PCR. In contrast to the wt
animals (Fig. 1), ced-4 expression did not increase during starva-
tion in the dpl-1(n3643) animals (Fig. 6C). In fact, its expression
significantly decreased, suggesting that DPL-1 expression is im-
portant for ced-4 upregulation during starvation.

To further confirm those results, we analyzed CED-4 protein in
extracts from dpl-1(n3643) animals under normal and starvation
conditions using Western blot analyses. As previously described,
the levels of CED-4 appeared not to be affected under starvation
conditions (Fig. 3B), probably due to its higher expression and
poorly affected translational efficiency (Fig. 1A and 2F). However,
in dpl-1(n3643) animals, CED-4 protein accumulation decreased
by 60% under starvation conditions (Fig. 6D), indicating that
CED-4 accumulation is partially dependent upon DPL-1.

We hypothesized that if DPL-1 expression is necessary to
maintain CED-4 protein levels, then dpl-1 should be required to
induce apoptosis under starvation conditions. To address this re-
quirement, we examined starvation-induced apoptosis in wt and
dpl-1(n3643) animals in a ced-1(RNAi) background. ced-1 RNAi
decreased its mRNA level by 60% in wt and dpl-1(n3643) animals
(Fig. 5A). We found that N2; EP(RNAi) and N2; ced-1(RNAi)
animals showed starvation-induced apoptosis (Table 2 and Fig.
6E). However, control dpl-1(n3643) and dpl-1(n3643); ced-
1(RNAi) animals did not show apoptosis in response to starvation
(Table 2 and Fig. 6E).

To confirm our results, we quantified the number of corpses in
1-day-old ced-1::gfp animals treated with EP or dpl-1(RNAi) un-
der control and starvation conditions. The dpl-1(RNAi) silencing
efficiency was 
80% in the MD701 strain (Fig. 5B). Control ced-
1::gfp animals increased germ cell apoptosis during starvation, in
contrast to ced-1::gfp; dpl-1(RNAi) animals, which were unable to
respond (Table 2). These results show that DPL-1 is necessary to
induce starvation-induced apoptosis.

We next examined the expression of the E2F-like proteins
EFL-1 and EFL-2 because they have been suggested to be positive
regulators of ced-4 expression during physiological apoptosis (9).
efl-1 is expressed in the soma and germ line, while efl-2 is ex-
pressed only in somatic tissues (32). Using qRT-PCR, we observed
a decrease in efl-1 expression (0.6-fold) in the gonads of starved
animals (Fig. 7A), while the efl-2 expression increased consider-
ably (2-fold) during starvation in whole-animal cDNA samples
(Fig. 8A).

By polysomal profiling, we found that under control condi-
tions, 66% of the efl-1 mRNA was present in TA fractions (frac-
tions 6 to 11) (Fig. 7B), whereas under starvation, only 48% re-
mained associated with these fractions (Fig. 7B). Furthermore, we
observed an enrichment of efl-1 mRNA in the TI fractions (frac-
tions 2 to 4) (25% control versus 45% starvation). Similarly, we
observed that 60% of efl-2 mRNA was associated with the TA
fractions (fractions 6 to 11) under control conditions, while 48%
remained associated with the same fractions during starvation

(Fig. 8B). Furthermore, we observed a slight enrichment of the
efl-2 mRNA in fractions 2 to 4 (28% control versus 39% starva-
tion). These results suggest that the translation of efl-1 and efl-2
mRNAs was diminished during starvation although not as se-
verely as that of the act-5, glh-4, or ced-9 mRNA.

To determine whether efl-1 and efl-2 played a role in the in-
creased expression of ced-4 during starvation, we analyzed the
ced-4 mRNA abundance in efl-1(seI)V mutant and efl-2(RNAi)
animals. efl-2 silencing decreased its mRNA level by 
90% (Fig.
8C). Similar to what was observed in the wt (Fig. 1), ced-4 expres-
sion was increased in the gonads of starved efl-1(seI)V animals
according to qRT-PCR (1.8-fold versus 1.7-fold) (Fig. 7C). We
also observed an increase in ced-4 mRNA in 6-h-starved N2;
EP(RNAi) and efl-2(RNAi) animals (1.8-fold) (Fig. 8D). These
results show that contrary to the transcriptional regulation model
during somatic and physiological apoptosis (9, 33), neither efl-1
nor efl-2 mediated ced-4 upregulation during starvation. Further-
more, similar to the wt, the amounts of CED-4 protein were sim-
ilar in efl-1(seI)V and efl-2(RNAi) animals under control and star-
vation conditions (Fig. 7D and 8E). Finally, we tested whether
efl-1 and efl-2 were required to induce apoptosis under starvation.
To quantify apoptosis, we silenced ced-1 on an efl-1(seI)V back-
ground, while for efl-2 we used the MD701 strain. We found that
the ced-1(RNAi) on an efl-1(seI)V mutant background knocked
down ced-1 as efficiently as in the wt (Fig. 5A). efl-2 silencing in
strain MD701 was also efficient (Fig. 5B). We found that under
starvation conditions, efl-1(seI)V; ced-1(RNAi) animals showed
increased germ cell apoptosis (2.3-fold) (Table 2 and Fig. 7D).
However, we did not observed a statistically significant difference
between well-fed and starved animals when we used an efl-1(seI)V;
EP(RNAi) background because, as we said previously, starvation-
induced apoptosis is not easily detected if a germ cell apoptosis tool is
not used (3). ced-1::gfp animals treated with EP or efl-2(RNAi)
showed similar apoptotic induction levels (2.1- versus 2.3-fold) in
germ cell apoptosis when the animals were starved (Table 2 and Fig.
8D). These results demonstrate that EFL-1 and EFL-2 are not re-
quired for starvation-induced germ cell apoptosis.

DPL-1, EFL-1, and EFL-2 do not affect CED-9 regulation
during starvation. So far, we have observed that ced-9 and ced-4
expression levels are regulated during starvation (Fig. 1). Accord-
ing to our results, such regulation is given by lin-35/Rb and dpl-
1/DP (Fig. 4D and E and 6C and D). However, we wanted to
determine whether this regulation changed depending on the mu-
tant backgrounds. Therefore, we analyzed the expression of ced-9
and ced-4 in all the backgrounds used in this work. Similar to the
wt, ced-9 expression decreased in dpl-1(n3643), efl-1(seI)V, and
efl-2(RNAi) animals during starvation (Fig. 9A). Furthermore,
Western blot analyses revealed that the CED-9 protein decreased
dramatically in these backgrounds (Fig. 9D). These results pre-
clude the participation of any of these proteins in ced-9 downregu-
lation during starvation.

We analyzed the ced-4 mRNA abundance in lin-35(n745) mu-
tants and found that, similarly to control animals, during starva-
tion ced-4 expression was increased in the gonads of lin-35(n745)
animals (Fig. 9B). Supporting our findings, the amount of CED-4
was similar in lin-35(n745) mutant animals under starvation (Fig.
9E). We concluded that the ced-4 expression levels are not affected
by lin-35/Rb during starvation.

The expression levels of ced-3 were not affected by starvation in
wt (Fig. 1 and 3A) or efl-1(seI)V and efl-2(RNAi) animals
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FIG 7 efl-1 is not required for starvation-induced apoptosis. (A) The gonads of 1-day-old well-fed (control) or 6-h-starved wild-type animals were extruded and
processed for RNA extraction, followed by cDNA synthesis and qRT-PCR analysis. The graph shows the average relative abundances of efl-1 mRNA from three
independent experiments, each performed in triplicate. The error bars represent the standard errors. The P values were determined using a paired and
nonparametric test (Wilcoxon). Significance is indicated by an asterisk (P � 0.05). (B) Polysomal distribution of efl-1 mRNA using extracts from whole control
(C) and 6-h-starved (S) animals, as described in the legend to Fig. 2. (C) qRT-PCR analysis using the cDNA of isolated gonads from efl-1(seI)V animals under
normal growth and starvation conditions. The graph shows the average relative abundance of ced-4 mRNA from three independent experiments, each performed
in triplicate. The error bars represent the standard errors. The P values were determined using a paired and nonparametric test (Wilcoxon). Significance is
indicated by an asterisk (P � 0.05). (D) Western blotting using whole-protein extracts prepared from a population of 100 efl-1(seI)V animals subjected to control
(C) or starvation (S) conditions. The blot was probed using an antibody generated against C. elegans CED-4 protein. A rabbit antitubulin antibody was used as
the loading control. The blot is representative of three independent experiments. (E) One-day-old wild-type and efl-1(seI)V animals treated with an empty
plasmid (EP) or ced-1(RNAi) were transferred onto NGM plates with or without bacteria and incubated at 20°C for 6 h before being mounted and observed under
the microscope to detect cell corpses. The graph represents germ cell corpses per gonad arm as a measurement of apoptosis under control and starvation
conditions in the indicated genetic backgrounds. The values represent two independent experiments, and the bars show the standard error.
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(Fig. 9C). However, in lin-35(n745) starved animals, ced-3 mRNA
levels were increased (1.64-fold) (Fig. 9C), whereas in dpl-
1(n3643) animals ced-3 mRNA decreased its expression (0.55-
fold) during starvation (Fig. 9C). These changes in ced-3 expres-
sion were not observed in CED-3 protein accumulation as
analyzed by Western blotting (Fig. 9F). Our results suggest that

the control of ced-3 expression does not appear to be a determi-
nant of starvation-induced apoptosis.

DISCUSSION

In mammals, serum deprivation induces the activation of p38 and
Jun N-terminal protein kinase (JNK) mitogen-activated protein

FIG 8 efl-2 is not required for starvation-induced apoptosis. (A) One-day-old well-fed (control) or 6-h-starved wild-type animals were processed for RNA extraction,
followed by cDNA synthesis and qRT-PCR analysis. The graph shows the average relative abundance of efl-2 mRNA from three independent experiments, each
performed in triplicate. The error bars represent the standard errors. The P values were determined using a paired and nonparametric test (Wilcoxon). Significance is
indicated by an asterisk (P � 0.05). (B) Polysomal distribution of efl-2 mRNA using extracts from whole control (C) and 6-h-starved (S) animals, as described in the
legend of Fig. 2. (C) Efficiency of efl-2 silencing by RNAi. RNAi was performed by feeding in wild-type animals using an empty plasmid (EP) as the control. We extracted
total RNA, synthesized cDNA, and performed qRT-PCR for efl-2 mRNA. The graph shows the average relative abundance of efl-2 mRNA. (D) qRT-PCR analysis using
cDNA obtained from isolated gonads of animals treated with an empty plasmid (EP) or efl-2(RNAi) under normal growth and starvation conditions. The graph shows
the average relative abundance of ced-4 mRNA from three independent experiments, each performed in triplicate. The error bars represent the standard errors. (E)
Western blotting using whole-protein extracts prepared from a population of 100 EP(RNAi) or efl-2(RNAi) animals subjected to control (C) or starvation (S) conditions.
The blot was probed using an antibody generated against C. elegans CED-4 protein. A rabbit antitubulin antibody was used as the loading control. The blot is
representative of three independent experiments. (F) One-day-old ced-1::gfp animals treated with EP(RNAi) or efl-2(RNAi) were transferred onto NGM plates
with or without bacteria and incubated at 20°C for 6 h before being mounted and observed under the microscope to detect cell corpses. The graph represents the
germ cell corpses per gonad arm as a measurement of apoptosis under control and starvation conditions in the indicated genetic backgrounds. The values
represent two independent experiments, and the bars show the standard error.
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kinases to promote cell apoptosis (34, 35). However, starvation-
induced germ cell apoptosis does not require the activation of any
of these pathways in C. elegans (3). In this study, we addressed how
starvation triggers germ cell apoptosis. We found that exposing
the animals to starvation induced the expression of genes such as
ced-4, lin-35, and dpl-1, while ced-9 expression was downregu-

lated. Upon starvation, we observed a decrease in overall transla-
tion that severely affected the translation of ced-9 and, to a lesser
extent, ced-4. Under the same conditions, the association of some
mRNAs with polysomes, including lin-35, dpl-1, and ced-3, indi-
cated that these transcripts remain efficiently translated in spite of
the overall translation reduction. Collectively, these events re-

FIG 9 (A to C) qRT-PCR analysis of the indicated genes from the gonads of well-fed (control) or 6-h-starved 1-day-old animals of the indicated backgrounds.
The graph shows the average relative abundances of each mRNA from three independent experiments, each performed in triplicate. The error bars represent the
standard errors. The values were determined using a paired and nonparametric test (Wilcoxon). Significance is indicated by an asterisk (P � 0.05). (D to F)
Western blot analyses were performed on the whole-animal protein extracts obtained from the indicated genetic backgrounds under control or 6-h starvation
conditions. The blots were probed using an anti-CED-9 antibody (D), anti-CED-4 antibody (E), or anti-CED-3 antibody (F). The arrows indicate the CED-9 (32
kDa), CED-4 (62.9 kDa), and CED-3 (56.6 kDa) bands, which correspond to their predicted molecular masses. For each blot, a rabbit antitubulin antibody was
used as the loading control. The blots represent at least two independent experiments. EP, empty plasmid.
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sulted in the accumulation of LIN-35 after starvation and, conse-
quently, the repression in ced-9 expression. Thus, we propose that
a precisely regulated reduction of CED-9 triggered germ cell apop-
tosis under starvation conditions.

dpl-1 upregulation during starvation prevents CED-4 deple-
tion during starvation. Here, we showed that ced-4 mRNA was
upregulated as a consequence of starvation (Fig. 1). In contrast,
the ced-4 mRNA translation efficiency was diminished under the
same conditions (Fig. 2D). As a result of these different responses,
the overall accumulation of CED-4 appeared unaffected under
starvation (Fig. 3B), which is consistent with the fact that CED-4 is
required to induce apoptosis in the nematode (36).

We observed that dpl-1 expression was increased and that its
mRNA continued to be efficiently translated during starvation
(Fig. 6A and B). Furthermore, under starvation conditions, ced-4
expression was decreased in dpl-1(n3643) animals, which were
unable to induce apoptosis (Fig. 6D and E). DPL-1 activates ced-4
expression under normal growth conditions (9); thus, we propose
that DPL-1 is required for starvation-induced apoptosis due to its
role in ced-4 expression upregulation under these conditions.
However, the mechanisms by which the expression of dpl-1 is
regulated in the C. elegans gonad during starvation remain to be
determined.

In mammals, DP associates with an “activating” member of the
E2F family consisting of sequence-specific DNA-binding proteins
(E2F1, E2F2, and E2F3) (37, 38). E2F1 regulates the transcription
of APAF-1 and other proapoptotic genes (39, 40). In C. elegans,
dpl-1 can interact with efl-1 to regulate some cellular processes,
such as vulval development (15), the cell cycle (41), and somatic
cell death (33). However, in this study, we found that although
efl-1 and efl-2 suffer transcriptional and translational changes un-
der starvation, they do not participate with DPL-1 in the enhance-
ment of ced-4 expression and initiation of germ cell apoptosis
under starvation (Fig. 7 and 8).

ced-4 expression levels are slightly reduced in the mutant lin-
35(n745) under control conditions (9). However, we found that
the change observed in the ced-4 expression levels during starva-
tion in wt animals (Fig. 1 and 3) was not affected in lin-35(n745)
mutant animals (Fig. 9B and E). These results suggest that ced-4
expression levels are not regulated for lin-35 during starvation.

The regulation of CED-3 expression does not seem to contrib-
ute to triggering apoptosis during starvation. We observed ced-3
upregulation in lin-35(n745) animals and ced-3 downregulation
in dpl-1(n3643) animals during starvation; however, the amount
of CED-3 protein did not change in either background.

Accumulation of LIN-35 during starvation affects ced-9 ex-
pression and induces germ cell apoptosis. The expression of the
antiapoptotic gene ced-9 was significantly decreased at the mRNA
and translational levels during starvation (Fig. 1 and 2E). Both
events caused a significant decrease in the accumulation of CED-9
protein (Fig. 3C). Under different stress conditions, such as treat-
ment with sodium arsenite or etoposide, Bcl-2 mRNA translation
persists due to an internal ribosome entry site (IRES) element
(42). Although the polysomal distribution of Bcl-2 mRNA has not
been studied in mammals during starvation, prolonged serum
deprivation significantly decreases the amount of its protein in
cultured cells (43, 44).

Transcriptional initiation of the human Bcl-2 gene occurs via
two promoters (P1 and P2) (45). The regulation of these two
promoters is complex and dependent upon both the tissue type

and the developmental stage (46, 47). Although little is known
regarding the regulation of ced-9 expression in C. elegans, mi-
croarray-based expression analyses have revealed that this gene is
subject to transcriptional repression by LIN-35 (an Rb homolog,
also known as Rb1) (48). Indeed, the downregulation of ced-9
expression by LIN-35 partially regulates physiological germ cell
apoptosis in C. elegans (9). Here, we showed that during starva-
tion, lin-35 expression is upregulated, and its mRNA is refractory
to the observed translational inhibition, resulting in the accumu-
lation of its protein (Fig. 4A to C). Furthermore, we demonstrated
that LIN-35 accumulation during starvation was necessary for
both CED-9 downregulation and germ cell apoptosis induction
(Fig. 4D to F). Additionally, CED-9 downregulation during star-
vation did not require the DPL-1, EFL-1, and EFL-2 proteins that
regulate ced-4 under control conditions (Fig. 9A and D).

How lin-35 expression is upregulated during starvation and
how its mRNA evades the decrease in translation under starvation
remains to be elucidated. It is worth highlighting that for lin-35
mRNA, there is a correlation between the mRNA increase and the
protein increase, which should be mediated by an efficient trans-
lation. The same is not observed for ced-4, in which the mRNA
increase is not reflected by a change in protein level, probably due
to its impaired translation under starvation. On the other hand,
another possibility is that lin-35 mRNA itself is a target of direct
regulation, which will be discussed below.

The contribution of lin-35/Rb in starvation-induced apoptosis
seems to be exclusively directed for ced-9 regulation because the ex-
pression of CED-4 and CED-3 proteins were not affected in the mu-
tant background lin-35(n745) during starvation (Fig. 9E and F).

During starvation, the translational efficiency of some
mRNAs is reduced. Translational regulation allows organisms to
have an immediate and rapid response to changes under physio-
logical conditions. In this study, we showed that starvation de-
creased translation in C. elegans (Fig. 2). In other organisms, such
as Saccharomyces cerevisiae and Drosophila melanogaster, there is
an overall reduction in translation initiation due to glucose deple-
tion and the availability of yeast extract in the medium, respec-
tively (49, 50). A reduction of translation initiation decreases the
number of ribosomes reinitiating translation on the same mRNA
molecule, resulting in a reduced efficiency of translation. In a
polysomal profile, such behavior could be observed by shifting of
the mRNA from heavy polysomes to lighter polysomes and mono-
somes (51).

In mammals, different types of stresses trigger a sudden trans-
lational arrest, resulting in rapid polysome disassembly (52, 53).
One of the most effective translation-inhibitory pathways during
stress is mediated by the phosphorylation of eukaryotic initiation
factor 2a (eIF2a) (24). The phosphorylation of eIF2a converts the
eIF2-GTP-tRNAMet ternary complex into a competitive inhibitor
of the GDP/GTP exchange factor eIF2B (54). Although orthologs
of eIF2a kinases exist in C. elegans, a similar mechanism used to
inhibit general translation has not yet been described.

The mechanism that reduces the translation rate in C. elegans
as a consequence of starvation remains to be elucidated. However,
it is likely that the regulation of key translation initiation factor
levels serves as a mechanism to modulate the rate of protein syn-
thesis in response to environmental cues. In accordance with this
hypothesis, previous studies have shown that IFG-1 (eIF4G) is
downregulated during the stress-resistant/growth-arrested dauer
state (55) and after exposing the adult animals to starvation for 2
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days (56). Furthermore, it appears that IFG-1 plays a decisive role
in coordinating apoptotic events because it is a substrate for the
caspase CED-3 and might promote a switch from cap-dependent
to cap-independent translation (57). Coupled to this role, the
translational control of gene expression by specific translation ini-
tiation factors, such as eIF4E family members, may provide an
important mode of mRNA regulation in C. elegans (26, 58). In
addition, the loss of IFE-2 (an eIF4E family member) enhances the
protection against oxidative stress and extends the life span of C.
elegans (59). Despite the generally decreased translation under
stress conditions or apoptosis, it is common to detect mRNAs that
are refractory to translation inhibition or even ones that exhibit
stimulated translation (21, 24, 57, 60).

In eukaryotes, both untranslated regions (UTRs) and open
reading frames (ORFs) possess valuable information that affects
the capacity of mRNA to serve as a protein synthesis template.
Regulatory features of the 5=UTR that can have positive effects on
protein production include the IRES elements (61). Although a
number of cases highlighting the importance of IRES-mediated
translation during stress have been previously described in yeast,
Drosophila, and mammals (62–64), there has been only one exam-
ple of a functional IRES element in C. elegans: hsp-3 mRNA (65).
Alternative initiation complexes may provide the means to con-
trol mRNA translation mechanisms to change cell fate in C. el-
egans (60). For example, an isoform shift between the eiF4G iso-
forms, IFG-1 (cap dependent), and IFG-2 (cap independent) may
alter the balance of translation initiation mechanisms to favor the
synthesis of proapoptotic factors in which no IRES element has
been observed (60).

Although one-third of the mRNAs in C. elegans are not trans
spliced (66), trans splicing is a prevalent mechanism (67) and gen-
erates stereotypic 5= end sequences that replace the entire gene-
encoded 5=UTR in the most extreme cases (68). This mechanism
almost always excludes the gene-specific 5= UTR translational
control sequences and may potentially explain why the 3= UTR-
mediated translational control mechanisms are more prevalent in
C. elegans (69). When translation is inhibited, for example, during
the depletion of eIF4G, genes with longer ORFs or mRNA lengths
are more efficiently translated (56). However, how the ORF
lengths mediate translation under stress conditions remains un-
clear.

We analyzed the mRNA lengths of the genes examined in this
study to determine whether they showed any differences. Accord-
ing to their distribution in the polysomal profiles, we classified the
genes into two groups: translationally repressed (act-5, glh-4,
ced-9, ced-4, efl-1, and efl-2) and translationally active (lin-35,
dpl-1, and ced-3). After examination of their 3= UTRs, we found
that the average 3= UTR length for translationally active mRNAs
was 1.6-fold higher than that of genes that were translationally
repressed (Table 3). An examination of their ORFs also revealed a
tendency for longer ORF lengths for genes that did not exhibit
repressed mRNA translation during starvation (Table 3). An anal-
ysis of the GC content showed no significant differences between
the two groups; however, the folding energy was increased in the
translationally repressed mRNAs (Table 3). Unfortunately, we
could not compare the 5= UTR sequences because among the
group of translationally repressed mRNAs, only one mRNA dem-
onstrated a non-splice-leader 5= UTR. Thus, we concluded that
the intrinsic properties of mRNAs, such as their 3=UTR and ORF
lengths, might contribute to their translational control during
starvation.

Mechanistic model of starvation-induced apoptosis. Physio-
logical germ line apoptosis occurs during oogenesis and in the
absence of stress. It is accomplished by the core apoptotic machin-
ery and is induced via an unknown pathway that is independent of
EGL-1 and CEP-1 (Fig. 10A). The C. elegans ortholog of the reti-
noblastoma susceptibility protein Rb (LIN-35) partially induces
physiological germ cell apoptosis by downregulating ced-9 expres-
sion (Fig. 10A) (9). In addition, subunits of the E2F transcription
factor (DPL-1, EFL-1, and EFL-2) seem to promote physiological
germ cell apoptosis by increasing the expression of ced-4 (9) (Fig.
10A). Heat shock, osmotic, and oxidative stresses require the par-
ticipation of the MAPKK pathway to trigger apoptosis (3). How
the MAPKK pathway induces the apoptosis machinery is un-
known (Fig. 10B). DNA damage induces germ cell apoptosis
through CEP-1 and EGL-1 (Fig. 10C) (10–12). Furthermore, LIN-
35, DPL-1, and EFL-2 regulate DNA damage-induced apoptosis
through the control of the expression of unknown target genes
that are downstream of ced-9 and ced-4 (Fig. 10C) (9). The tran-
scriptional regulation of ced-9, ced-4, and ced-3 does not appear to
determine DNA damage-induced apoptosis (9) (Fig. 10C).

Here, we show that starvation decreases translation, differen-

TABLE 3 Characteristics of mRNAs that show differential translation upon starvation

mRNA group and type
3= UTR length
(nt)a

3= UTR fractional
GC content

3= UTR �G
(kcal/mol)

ORF length
(nt)

Transcript length
(unspliced � UTR [nt])

Not translationally repressed
lin-35 309 0.26 �41.8 1,512 7,929
dpl-1 352 0.30 �49 2,886 2,654
ced-3 945 0.34 �165.3 1,797 5,797
Avg � SEM 535.33 � 205.21 0.30 � 0.02 �85.36 � 40.02 2,065 � 418.66 5,460 � 1,532

Translationally repressed
act-5 296 0.29 �62.4 1,128 1,728
glh-4 297 0.27 �47.5 3,471 5,214
ced-9 459 0.38 �84 843 2,358
ced-4 252 0.27 �17.8 1,873 2,856
efl-1 362 0.28 �41.2 1,029 7,092
efl-2 404 0.44 �134.7 1,239 5,121
Avg � SEM 345 � 38.80 0.32 � 0.03 �64.6 � 20.42 1,597.16 � 491.28 4,061.5 � 1,035.25

a nt, nucleotide.
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tially affecting the core apoptotic machinery genes and some of
their regulators. We propose a model in which, LIN-35 is upregu-
lated under starvation conditions to affect the expression of ced-9
(Fig. 10D). ced-9 mRNA downregulation, together with the de-
crease in translation, results in the depletion of CED-9 protein,
thereby freeing CED-4 to interact with caspase CED-3 to induce
apoptosis. Starvation also induces dpl-1 upregulation, which in
turn promotes ced-4 accumulation (Fig. 10D). Thus, the balance
between the upregulation and translational repression of ced-4
mRNA results in constant protein levels during starvation, which
activates CED-3 to induce apoptosis. During starvation, the tran-
scription of ced-3 does not change, and its translation is only
slightly affected, resulting in the maintenance of the CED-3 pro-
tein level, which is required for the induction of apoptosis. Finally,
we propose that the combination of LIN-35 and DPL-1 functions
to ensure the appropriate expression levels of CED-9 and CED-4
during starvation, which is necessary to initiate starvation-in-
duced apoptosis (Fig. 10D).

Starvation-induced apoptosis shares some regulators with
physiological and DNA damage-induced apoptosis. However,
there are important differences that suggest that these regulators
do not act in the same way. A similarity between physiological and
starvation-induced apoptosis is that DPL-1 is important for ced-
4/Apaf-1 expression. There are two main differences between
these pathways: (i) lin-35/Rb is completely required to induce
apoptosis under starvation while its role in physiological apopto-
sis is only partial, which might be due to LIN-35 upregulation
during starvation; (ii) EFL-1 and EFL-2 do not play a role in ced-4
expression during starvation-induced apoptosis in contrast to
physiological apoptosis.

lin-35/Rb and dpl-1/DP are required for DNA damage- and
starvation-induced apoptosis while efl-2/E2F is required only in
DNA damage-induced apoptosis. An important difference be-
tween starvation-induced and DNA damage-induced apoptosis is
that in the latter lin-35/Rb and dpl-1/DP targets are still unknown
and act downstream of ced-9 and ced-4. Intriguing questions that
remain to be solved are how starvation slows translation, how
lin-35 and dpl-1 mRNAs are upregulated during fasting, and how

some mRNAs, particularly lin-35 and dpl-1 mRNAs, continue
their translation during starvation.
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