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Caenorhabditis elegans, a cholesterol auxotroph, showed 
defects in larval development upon cholesterol starvation 
(CS) in a previous study. To identify cholesterol-respon-
sive proteins likely responsible for the larval arrest upon 
CS, a comparative proteomic analysis was performed be-
tween C. elegans grown in normal medium supplemented 
with cholesterol (CN) and those grown in medium not 
supplemented with cholesterol (cholesterol starvation, CS). 
Our analysis revealed significant change (more than 2.2-
fold, p < 0.05) in nine proteins upon CS. Six proteins were 
down-regulated [CE01270 (EEF-1A.1), CE08852 (SAMS-1), 
CE11068 (PMT-2), CE09015 (ACDH-1), CE12564 (R07H5.8), 
and CE09655 (RLA-0)], and three proteins were up-regu-
lated [CE29645 (LEC-1), CE16576 (LEC-5), and CE01431 
(NEX-1)]. RNAi phenotypes of two of the down-regulated 
genes, R07H5.8 (adenosine kinase) and rla-0 (ribosomal 
protein), in CN were similar to that of larval arrest in CS, 
and RNAi of a down-regulated gene, R07H5.8, in CS further 
enhanced the effects of CS, suggesting that down-
regulation of these genes is likely responsible for the larval 
arrest in CS. All three up-regulated genes contain putative 
DAF-16 binding sites and mRNA levels of these three 
genes were all decreased in daf-16 mutants in CN, sug-
gesting that DAF-16 activates expression of these genes.  
 
 
INTRODUCTION 
 
Cholesterol is required for many different physiological process-
ses in mammals. Examples are as a component of cell mem-
brane, as a precursor of hormones, and as a signaling mole-
cule (Reviewed by Farese and Herz, 1998). Failure of choles-
terol biosynthesis can cause severe developmental defects 
with teratogenic effects (Clayton, 1998). Caenorhabditis ele-
gans is a cholesterol auxotroph, which requires exogenously 
supplied cholesterol for normal growth (Lozano et al., 1984). 
Cholesterol deprivation or starvation (CS) inhibits growth (Ge-
risch et al., 2001; Jeong et al., 2010). The effects accumulate 
with succeeding generations, with CS-mediated developmental 
defects worsening in the progeny until finally they are arrested 

at the larval stage (Jeong et al., 2010).  
Larval arrest can be induced under various physiological 

conditions in C. elegans. To understand the molecular mechan-
ism by which larval arrest is induced in the CS condition, cho-
lesterol-responsive proteins, the levels of which are significantly 
changed in CS condition compared to normal medium condi-
tion (CN), were screened through a comparative proteomic 
analysis. Proteomic analysis with C. elegans proteome was 
well established to identify specific target proteins responding to 
different environmental cues (Jeong et al., 2009; Paik et al., 
2006; Shim and Paik, 2010). Proteomes of worms grown in CN 
and in CS medium were compared in this study. Six metabolic 
proteins involved in methylation, phosphorylation, and protein 
synthesis were significantly down-regulated upon CS. Down-
regulation of at least two of these proteins appeared to be in-
volved in the larval arrest upon CS because RNA interference 
(RNAi) treatment of corresponding genes, R07H5.8 and rla-0, 
caused similar defects in CN.  
 
MATERIALS AND METHODS 
 
Nematode strains and general methods 
Methods for maintenance and handling of C. elegans were as 
previously described (Brenner, 1974). Strain N2 was used as 
wild type for all analyses and the CF1038: daf-16(mu86) I mu-
tant strain was also used. Strains were maintained at 20°C on 
Nematode Growth Medium (NGM) agar plates containing Esche- 
richia coli strain OP50 supplemented with 5 μg/ml of cholesterol 
(CN, cholesterol normal feeding) or without cholesterol (CS, 
cholesterol starvation). Nematode strains were provided by the 
Caenorhabditis Genetics Center (University of Minnesota). 
 
Sample preparation for two-dimensional (2D) gel  
electrophoresis analysis 
Worms grown on seeded plates were harvested and treated 
with sodium hypochlorite to obtain large quantities of embryos. 
L1 stage worms were prepared by incubating the embryos in 
liquid medium without food, followed by growth at 20°C on 100 
mm-diameter CN or CS plates seeded with a lawn of Escheri-
chia coli OP50 until they reached young adult stage. Worm
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Table 1. Identified proteins that showed differential expression levels in worms grown in CS 

Spot ID Gene name Protein identified Accession no. 
Theoretical mass  

(kDa)/pI 
Match % Scorea 

 Metabolism  

405↓ sams-1 S-adenosylmethionine synthetase  CE08852 43.8/6.02 34 101 

410↓ pmt-2 SAM-dependent methyltransferase CE11068 49.9/5.61 32 152 

457↓ acdh-1 Short-chain acyl-CoA dehydrogenase CE09015 47.6/6.42 45 166 

515↓ R07H5.8 Adenosine kinase CE12564 37.9/5.67 69 229 

 Protein synthesis  

340↓ 
 

eef-1A.1 
 

Eukaryotic translation elongation factor 
EF-1-alpha 

CE01270 
 

51.1/9.07 
 

26 
 

71 
 

552↓ rla-0 Ribosomal protein, large subunit CE09655 33.9/6.27 40 96 

 Other  

521↑ lec-5 Galectin CE29645 35.5/7.74 34 103 

621↑ lec-1 Galectin CE16576 31.8/6.12 77 253 

635↑ nex-1 Annexin  CE01431 35.7/6.13 62 203 

Proteins that showed more than 2.2-fold different expression levels with p-value < 0.05 were selected. Up-regulated proteins in worms grown in CS 
medium are marked with ↑, and down-regulated ones are with ↓.  
aMASCOT was used as a decision database.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
preparation was repeated to get the second generation (F2 
generation). After growth in CN and CS for 48 h and 72 h, re-
spectively, worms were harvested by washing the plates with 
M9 buffer and bacterial contamination was eliminated through 
centrifugation in 70% sucrose solution. Protein extraction and 
quantification were performed as previously described (Ahn et 
al., 2006).  
 
2D gel electrophoresis and matrix-assisted laser  
desorption/ionization time-of-flight (MALDI-TOF)  
mass spectrometry (MS) analysis 
After quantification, 1 mg of whole worm protein extract was 
applied to isoelectric focusing that was carried out at a total of 
114100 Vh. Each IPG strip was equilibrated as previously de-
scribed (Ahn et al., 2006). In the second dimension of electro-

phoresis, vertical sodium dodecyl sulfate gradient (7-13%) slab 
gel was used. Electrophoresis was conducted at a constant 67 
mA/gel. The gel image was obtained using an ImageScanner 
(Amersham, USA), and analyzed with Melanie-4 (GeneBio, 
Switzerland). Three pairs of gels were analyzed and variance 
analysis of spot volume and comparisons of mean values of 
samples were performed using SAS statistical software, with a 
significance level of p < 0.05. More than 1.5-fold differentially 
expressed proteins were analyzed by MALDI-TOF MS as pre-
viously described (Kawasaki et al., 2011). The results from MS 
were further analyzed using MASCOT (http://www.matrixsci-
ence.com). Proteins with a score exceeding more than 67 and 
expression levels more than 2.2-fold difference were selected 
and further analyzed. Protein functions were cited from the 
wormbase (http://wormbase.org), the ExPASy database (http://

Fig. 1. 2D gel images of proteins extracted
from worms grown for two generations with
(CN2) or without (CS2) cholesterol. Nine pro-
tein spots that were more than 2.2-fold up- or
down-regulated in CS2 compared to CN2 are
marked with arrows and ID numbers in the
gel images. 
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www.expasy.org), and the National Center for Biotechnology 
Information (http://www.ncbi.nlm.nih.gov). 
 
RNAi 
Feeding RNAi was performed as previously described (Jeong 
et al., 2010). NGM agar plates with cholesterol (CN) and with-
out cholesterol (CS) for RNAi were prepared by adding 0.2% 
lactose and 100 μg/ml ampicillin. Each bacterial clone for RNAi 
was precultured in LB medium containing 100 μg/ml ampicillin 
for 12-15 h at 37°C prior to seeding to the RNAi plates. The 
plates were incubated for 2-3 days at room temperature to 
induce double-stranded RNA (dsRNA) of target genes. Syn-
chronized L1 worms of the test strain were grown on the CN or 
CS RNAi plates at 20°C until adulthood (first generation), and 
this process was repeated with their progeny (second genera-
tion), and the phenotypes in the first and the second genera-
tions in CN and CS plates were observed.  
 
Analysis of embryonic lethality and larval development 
N2 worms synchronized at the L1 stage were grown on NGM 
plates in the CN or CS condition. When they reached the L4 
stage, hermaphrodites were individually cloned onto NGM 
plates with or without cholesterol at 20°C. The hermaphrodites 
were transferred to fresh plates at 16-24 h intervals. Laid em-
bryos were judged as being dead if they did not hatch after 24 h 
at 20°C. Embryonic lethality was defined as the number of non-
hatched embryos divided by the sum of non-hatched and 
hatched embryos. Percent larval development was defined as 
the fraction of hatched embryos that reached adulthood.  
 
 

Quantitative real-time polymerase chain reaction (qRT-PCR) 
Wild-type N2 worms were grown at 20°C in NGM agar plates 
containing E. coli (OP50) with 5 μg/ml cholesterol (CN) or with-
out cholesterol (CS). Synchronized young adult worms were 
collected into 300 μl of Trizol (Invitrogen, USA) and freeze-
thawed twice in liquid nitrogen. Total RNA was isolated using 
PLG (Phase Lock Gel, Qiagen) with 1 μl LPA (Linear Polyacry-
lamide, Ambion Inc.). Reverse transcription and qPCR reaction 
were performed as previously described (Jeong et al., 2010). 
Primers for act-1, which was used as an internal control, were: 
forward primer, 5′-CCA GGA ATT GCT GAT CGT ATG CAG 
AA-3′; reverse primer, 5′-TGG AGA GGG AAG CGA GGA 
TAG A-3′ (GenBank accession no. NM_073418). Primers for 
lec-1 were: forward, 5′- CCA AAG TCC TAC CCA GTA CC-3′; 
reverse, 5′- CCA TTC GAG AAC GAG TTG AG-3′ (GenBank 
accession no. Z82081.1). Primers for lec-5 were: forward, 5′- 
GAA CAA GAA TAC AAG CTC CCA-3′; reverse, 5′- TCA TCT 
TCA GAC CAG TTT CC-3′ (GenBank accession no. U29244.3). 
Primers for nex-1 were: forward, 5′- CAT CGC TGG AGA TAC 
TTC TG-3′; reverse, 5′- GGT GAG GTA GGA TTT CTG GAG-
3′ (GenBank accession no. U00064.1). The normalized RNA 
level of each gene was defined as the mRNA level of each 
gene averaged from triplicate measurements of two indepen-
dent experiments and normalized with that of act-1, the internal 
control. PCR was performed using denaturation at 95°C for 10 
min followed by 40 cycles consisting of 15 s at 95°C and 1 min 
at 60°C.  
 
  

 

Fig. 2. Percent larval development of worms 
treated with RNAi against CS down-regulated 
genes for two generations in CN condition. 
Synchronized L1 wild-type N2 worms were 
grown on CN plates seeded with bacterial 
clones for feeding RNAi against five of the six 
genes that were down-regulated in CS until 
the L4 stage (first generation), and these L4 
worms were individually transferred to re-
spective fresh feeding RNAi plates for three 
to four consecutive days until they finish 
laying self-fertilized eggs. Then, percent larval
development of hatched progeny (second 
generation) after each feeding RNAi was 
collectively scored and displayed as a bar 
graph (A) and summarized as a table (B). 
Error bars in (A) show S.D. N in (B) is the 
number of L4 mother worms used to meas-
ure percent larval development of their prog-
eny after each RNAi. F54D11.1 (pmt-2) was 
not tested. L4440 was used as a mock feed-
ing RNAi control. 
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Table 2. Position of putative DAF-16 binding sites 

Gene 
DAF-16 binding sequences 

GTAAACAA GTAAATAA TTGTTTAC TTATTTAC CTTATCA 

lec-1 (W09H1.6)   -226 -197  

lec-5 (ZK1248.16)  -3545   -1438 

nex-1 (ZC155.1) 
-3612 
-3403 

-163, -150 

 
-3020 

 

 
-2726 

 

 
 
 

-3645 
-414 

 

Sequences of putative DAF-16 binding sites were adapted from a previous report (Oh et al., 2006). The 5′ upstream sequence of each gene was 
searched by using softwares in UCSC Genome Bioinformatics (http://genome.ucsc.edu/), European Bioinformatics Institute (http://www. ebi.ac.uk), and 
wormbase (http://www.wormbase.org/). 
 
 
 
A                               B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
RESULTS 
 
Proteomic analysis of proteins extracted from worms  
grown in CS 
Worms grown in CS showed defects in developmental process-
ses (Jeong et al., 2010). Especially, their larval development 
was affected and these defects became more profound when 
worms were grown in CS for consecutive generations. We 
performed a comparative proteomic analysis using total protein 
extracts from worms in the second generation grown in either 
CN (CN2) or CS (CS2). A total of 606 protein spots were mat-
ched in three pairs of gels and proteins altered in their expres-
sion levels more than 1.5-fold up or down in CS compared to 
CN with a significance level of p < 0.05 were further identified 
by MS. These 27 proteins are summarized in supplementary 
Table 1 and each protein spot on the gel is marked with a circle 
in Fig. 1. Among the 27 proteins, nine protein spots, which were 
more than 2.2-fold up- or down-regulated in CS compared to 
CN with a MASCOT score exceeding more than 67, were se-
lected for further analyses (Fig. 1). These nine proteins were 
annotated to be involved in either metabolism or protein syn-
thesis (Table 1). Identified metabolic proteins down-regulated in 
CS included CE08852 (SAMS-1, S-adenosylmethionine syn-
thetase), CE11068 (PMT-2, SAM-dependent methyltransferase), 
CE09015 (ACDH-1, Short-chain acyl-CoA dehydrogenase), 
and CE12564 (R07H5.8, adenosine kinase). Proteins function-
ing in protein synthesis that were also down-regulated in CS 
were CE01270 (EEF-1A.1, eukaryotic translation elongation fac- 
tor EF-1-alpha) and CE09655 (RLA-0, ribosomal protein, large 
subunit). CE29645 (LEC-5, galectin), CE16576 (LEC-1, galec-

tin), and CE01431 (NEX-1, annexin) were up-regulated in CS.  
 
Down-regulation of two of the genes may be responsible  
for the larval developmental defect in CS 
To examine whether any of the down-regulated proteins were 
responsible for the defects observed in worms grown in CS, 
RNAi phenotypes of five of the six genes, which encode CS 
down-regulated proteins, were analyzed in CN condition for two 
generations. In the first generation (CN1), none of these RNAi-
treated worms showed significant levels of larval arrest (data 
not shown). However, in the second generation (CN2), RNAi of 
two of the genes, F25H2.10 (rla-0) and R07H5.8, caused signif-
icant levels of larval developmental arrest (Fig. 2). Because the 
RNAi phenotypes of these two genes exactly mimicked the CS-
induced larval arrest phenotype, that is, less significant defect in 
the first generation but more severe defect in the second gen-
eration, we assume that down-regulation of one of the two 
genes could be responsible for the larval developmental defect 
observed in worms grown in CS. As we could not obtain an 
RNAi clone of pmt-2, we could not evaluate whether pmt-2 is 
also involved in the larval arrest upon CS or not.  
 
RNAi of a down-regulated gene and CS treatment  
additively induced larval arrest 
RNAi of one of the two genes, R07H5.8, which caused signifi-
cant larval arrest in CN2, was also tested in CS condition to see 
if it might increase sensitivity to CS. Worms were grown in CS 
with or without RNAi treatment of R07H5.8, an adenosine ki-
nase gene, and resulting first (CN1 and CS1) and second (CN2 
and CS2) generations of worms were observed. Worms treated  

Fig. 3. Photographs of R07H5.8
RNAi treated worms grown for two
generations in CN and CS. Photo-
graphs were taken serially for four
days in the first generation (A) and
for five days in the second genera-
tion (B) as indicated on the top and
at the left of each panel. The worms
in the second generation treated
with R07H5.8 RNAi in CS were all
dead on day 3, thus their day 4 and
day 5 pictures are not shown. L4440
was used as a mock RNAi control.
Scale bars, 500 μm.  
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with R07H5.8 RNAi showed growth retardation and larval arrest 
from the first generation in CS (Fig. 3A), while in CN condition, 
R07H5.8(RNAi) treated worms showed these defects only in 
the second generation (Fig. 3B). These results suggest that CS 
treatment and reduction of R07H5.8 activity additively affect the 
induction of larval arrest. Although in the CS2 condition, percent 
larval development was significantly different with (0%, n = 5; n, 
numbers of mothers) or without (12.3% ± 0.02, n = 5) R07H5.8 
(RNAi) treatment, embryonic lethality was not so much differ-
ent: 2.7% ± 0.01 (n = 5) with R07H5.8 RNAi and 1.9% ± 0.01 (n 
= 5) without R07H5.8 RNAi, suggesting that R07H5.8 can be a 
specific target for controlling larval development in CS.  
 
Galectin and annexin are possible targets of DAF-16 
Levels of LEC-1, LEC-5, and NEX-1 were significantly increa-
sed upon CS treatment (Table 1). In our previous study, we 
reported that DAF-16, a FOXO transcription factor, is translo-
cated to the nucleus and activated upon CS treatment (Jeong 
et al., 2010). To examine the possibility that these three genes 
are regulated by the DAF-16 transcription factor, we examined 
their promoter sequences to ascertain whether they contain 
putative DAF-16 binding sites, as previously reported (Oh et al., 
2006). As summarized in Table 2, two sites in lec-1, two sites in 
lec-5, and eight sites in nex-1 were identified within their -4 kb 
upstream regions. This finding suggests that DAF-16 can affect 
the expression of these genes upon CS. To verify this idea, we 
measured the mRNA level of each gene in both wild-type N2 
and daf-16(mu86) deletion mutant worms (Fig. 4). In CN condi-
tion, all three genes showed decreased levels of mRNA in the 
daf-16 mutant compared to N2 as expected, but the levels were 
not reduced to zero. On the other hand, unlike their protein 
levels, N2 worms grown in CS showed decreased levels of 
mRNA compared to CN for lec-1 and nex-1 genes, while lec-5 
mRNA level was increased 1.86-fold upon CS compared to CN 

(Fig. 4). These results suggest that although DAF-16 is re-
quired for the activation of these three genes in CN, DAF-16 is 
probably not the sole transcription factor that regulates them. 
Further, in CS, although lec-5 is likely transcriptionally activated 
by DAF-16, lec-1 and nex-1 are up-regulated post-transcriptio-
nally rather than transcriptionally by as yet unidentified factors.  
 
DISCUSSION 
 
Previous studies by us and other groups showed that CS af-
fects larval development of C. elegans (Gerisch et al., 2001; 
Jeong et al., 2010). In the present study, we have identified 
genes likely responsible for the defects of larval development in 
CS condition using proteomic and RNAi analyses. Six genes 
involved in metabolism and protein synthesis were identified as 
down-regulated genes in CS. However, we were unable to 
distinguish whether reduction of levels of these proteins was 
caused directly by CS or indirectly as a consequence of reduc-
tion of overall metabolic rates of worms grown in CS. We com-
pared our results with that of a previous report, which analyzed 
gross protein expression patterns during wild-type C. elegans 
development (Tabuse et al., 2005). In that report, the authors 
categorized protein expression patterns into six groups. Among 
the nine proteins we identified, six proteins were also analyzed 
by them. In that report, five of the six down-regulated proteins in 
CS were classified into either group I, V, or VI. Group I proteins 
were expressed stably throughout the development. Expres-
sion of group V proteins markedly increased after hatching and 
remained high throughout postembryonic stages. Expression of 
group VI proteins was gradually increased after hatching and 
remained high through the rest of the postembryonic stages 
(Tabuse et al., 2005). According to this classification, the five 
down-regulated proteins in CS are stably or highly expressed 
during postembryonic stages in wild-type C. elegans. If so, 

Fig. 4. Relative mRNA levels of lec-1, lec-5, and nex-1 genes in
N2 and daf-16 mutant worms in CN and CS. Wild-type N2 and
daf-16(mu86) mutant worms were synchronized at L1 stage and
grown in CN and CS conditions, and then young adult worms
were collected to perform qRT-PCR as described in materials
and methods. Relative mRNA level of each gene in each condi-
tion was defined as the mRNA level of each gene in each condi-
tion averaged from triplicate measurements of two independent
experiments and normalized with that of act-1, the internal con-
trol. Then relative values are shown using CN N2 value as 1.0. 
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down-regulation of these proteins upon CS may possibly inter-
fere with postembryonic development of C. elegans. To know 
whether down-regulation of these proteins has a critical effect 
on larval development of C. elegans, we observed the RNAi 
phenotypes of these genes for two generations in CN condition. 
RNAi phenotypes of sams-1 (Gottschalk et al., 2005), pmt-2 
(Sönnichsen et al., 2005), R07H5.8 (Sönnichsen et al., 2005), 
eef-1A.1 (Simmer et al., 2003), and rla-0 (Rual et al., 2004) 
were previously reported that they showed larval developmen-
tal defects. Unlike those previous reports, we found that RNAi 
of two out of six CS down-regulated genes, F25H2.10 (rla-0) 
and R07H5.8, caused severe larval arrest phenotype in the 
second generation in CN. In addition, when we treated RNAi of 
R07H5.8 in CS condition, worms displayed more severe de-
fects than CS alone even in the first generation. These results 
indicate that R07H5.8 and F25H2.10 (rla-0) are certainly critical 
targets of CS response in C. elegans.  

The sams-1 and pmt-2 genes are among the significantly 
down-regulated genes in CS condition. SAMS-1, S-adenosyl-
methionine synthetase, converts methionine to S-adenosyl-
methionine (SAM) by adding an adenosyl group of adenosine 
triphosphate to methionine (Chiang et al., 1996). SAM is a key 
methyl donor for various methyltransferases including PMT-2, a 
SAM-dependent methyltransferase. Reduction of SAMS-1 and 
PMT-2 should reduce methylation levels of their substrates in 
worms grown in CS. It was reported that cholesterol depletion 
caused accumulation of methylated sterols (Matyash et al., 
2004). This finding suggests that SAMS-1 and PMT-2 are not 
involved in sterol methylation because their levels were de-
creased in CS. It was also reported that SAMS-1 and PMT-1, 
another SAM-dependent methyltransferase, are down-regula-
ted under stressful environmental condition and by pod-2 (acetyl- 
CoA carboxylase) RNAi (Li et al., 2011). Under these condi-
tions, reduction of SAMS-1 and PMT-1 induced the accumula-
tion of triacylglycerol lipid droplets in the intestine of worms (Li 
et al., 2011). Therefore, in CS condition, reduction of SAMS-1 
and PMT-2 might also alter lipid metabolism and this change of 
lipid metabolism might affect larval development. 

The mRNA level of acdh-1, which encodes a short-chain 
acyl-CoA dehydrogenase, was reported to be down-regulated 
in starved worms (www.wormbase.org). In our previous study, 
CS treatment caused shortening of worm life span (Jeong et al., 
2010). In our current study, we found a significant reduction of 
ACDH-1 protein. As RNAi of acdh-1 was reported to shorten 
worm life span (www.wormbase.org), reduction of ACDH-1 may 
be responsible for the short life span of worms grown in CS. 

Levels of LEC-1 and LEC-5 were increased in CS. There are 
numerous potential galectin genes in C. elegans (Nemoto-
Sasaki et al., 2008), however their functions during the devel-
opment are yet to be determined. Lectins in other organisms 
such as in Drosophila have been reported to function during 
development (Seppo and Tiemeyer, 2000). Expression of lec-
tins was increased by triggering innate immune system in Dro-
sophila (Pace et al., 2002), and lectin level was also increased 
upon stress in human serum (Iwamoto et al., 2010). The levels 
of galectins may also increase in response to some stresses 
including CS in C. elegans. It is also interesting to find that the 
NEX-1 level was increased upon CS. NEX-1 binds to phospho-
lipids that are important components of cell membrane (Satoh 
et al., 2000). NEX-1 may function for maintenance of mem-
brane integrity. Because cholesterol is also an important com-
ponent of cell membrane, CS condition may be detrimental to 
membrane integrity, and up-regulation of NEX-1 may be re-
quired to maintain the membrane integrity. Further analysis of 

membrane components in CN and CS conditions may provide 
more clues about the molecular mechanism of larval arrest 
upon CS. Furthermore, NEX-1 functions as a ligand that me-
diates efficient clearance of apoptotic cells by colocalizing with 
phosphatidylserine (Arur et al., 2003). Therefore, up-regulation 
of NEX-1 is likely to promote engulfment of cell corpses gener-
ated by developmental defects. However, unlike CS condition, 
when sterol biosynthesis inhibitor, azacoprostane was treated 
to cause cholesterol deprivation in C. elegans, NEX-1 was 
significantly decreased (Choi et al., 2003), suggesting that al-
though both CS and drug treatment aimed for cholesterol de-
privation, their physiological impacts were different.  

In CS condition, DAF-16 was translocated to the nucleus 
where it was likely activated (Jeong et al., 2010). We analyzed 
three up-regulated genes, lec-1, lec-5, and nex-1, and found 
that their mRNA expression levels were dependent on daf-16 
activity in CN, indicating that these genes are at least partially 
regulated by DAF-16 at the transcriptional level. Nevertheless, 
although LEC-1, LEC-5, and NEX-1 proteins were all up-
regulated in CS, only mRNA level of lec-5 was up-regulated in 
CS (Fig. 4). These results suggest that lec-1 and nex-1 are up-
regulated at post-transcriptional levels rather than at transcrip-
tional levels in CS, resulting in difference of expression levels 
between mRNA and protein. Similar discrepancy between 
mRNA levels and protein levels has been reported also by 
others (Gygi et al., 1999). Since DAF-16 may possibly repress 
gene expression (Jeong et al., 2010), we also examined pro-
moter sequences of six down-regulated genes. Among them, 
only sams-1 contained one DAF-16 binding site at -1,333 bp 
region (data not shown). Whether this site is actually contribut-
ing to the expression of sams-1 remains to be determined.  

Here we identified cholesterol-responsive metabolic proteins, 
some of which are essential for C. elegans larval development, 
by using both proteomic analysis and reverse genetic analysis. 
How they are regulated by cholesterol signaling at either tran-
scriptional or post-transcriptional level remains to be elucidated.  
 
Note: Supplementary information is available on the Molecules 
and Cells website (www.molcells.org). 
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