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Lipolysis is a delicate process involving complex signaling cascades and sequential enzymatic activations. In Caenorhabditis el-
egans, fasting induces various physiological changes, including a dramatic decrease in lipid contents through lipolysis. Interest-
ingly, C. elegans lacks perilipin family genes which play a crucial role in the regulation of lipid homeostasis in other species.
Here, we demonstrate that in the intestinal cells of C. elegans, a newly identified protein, lipid droplet protein 1 (C25A1.12; LID-
1), modulates lipolysis by binding to adipose triglyceride lipase 1 (C05D11.7; ATGL-1) during nutritional deprivation. In fasted
worms, lipid droplets were decreased in intestinal cells, whereas suppression of ATGL-1 via RNA interference (RNAi) resulted in
retention of stored lipid droplets. Overexpression of ATGL-1 markedly decreased lipid droplets, whereas depletion of LID-1 via
RNAi prevented the effect of overexpressed ATGL-1 on lipolysis. In adult worms, short-term fasting increased cyclic AMP
(cAMP) levels, which activated protein kinase A (PKA) to stimulate lipolysis via ATGL-1 and LID-1. Moreover, ATGL-1 protein
stability and LID-1 binding were augmented by PKA activation, eventually leading to increased lipolysis. These data suggest the
importance of the concerted action of lipase and lipid droplet protein in the response to fasting signals via PKA to maintain lipid
homeostasis.

Fasting is one of the most prevalent environmental conditions
that directly modulate whole-body energy metabolism. Cae-

norhabditis elegans has received a lot of attention as a genetically
tractable model organism for studying the molecular mechanisms
of adaptive responses to nutritional changes (1, 2). C. elegans has
its own developmental programs for nutritional adaptations. For
instance, at multiple stages of larval development, food depriva-
tion halts the developmental program and promotes entry into the
diapause state (3). In addition, during larval stage 2 (L2), C. el-
egans can enter an alternative developmental stage, called dauer,
to withstand long periods of starvation (4, 5). In adult worms,
food availability influences diverse aspects of physiological re-
sponses, including metabolic gene expression (6), locomotive be-
havior (7), pharyngeal pumping (8), germ line stem cell prolifer-
ation (9), and egg laying (10, 11). Like mammals, C. elegans stores
large amounts of lipids, in intestinal cells, and expresses most key
metabolic proteins, such as SREBP, AMPK, C/EBP, TOR, and
nuclear hormone receptors (12–15). Therefore, it is very likely
that C. elegans has complex regulatory mechanisms to coordinate
systemic energy homeostasis upon nutritional changes such as
fasting and feeding.

During nutritional deprivation, lipolysis plays important roles
to provide an energy source (16, 17). Most neutral lipids, includ-
ing triglycerides and cholesterol esters, are stored in the form of
intracellular lipid droplets, highly dynamic organelles involved in
cellular lipid homeostasis (18). Numerous proteins have been
shown to associate with lipid droplets (19, 20). The perilipin fam-
ily is one of the best-studied lipid droplet protein groups con-
served from Dictyostelium to mammals (21, 22). In mammalian
adipocytes, perilipin 1 (Plin1) is a major lipid droplet-binding
protein that regulates lipase activity. In the basal state, Plin1 sur-
rounds lipid droplets and blocks lipolysis. However, in response to
catecholamine signals, it promotes lipolysis by inducing the trans-
location of hormone-sensitive lipase (HSL) into lipid droplets (23,
24). In addition, Plin1 binds to comparative gene identification-

58 (CGI-58; ABHD5), a coactivator of adipose triglyceride lipase
(ATGL), and releases CGI-58 to mediate lipolysis upon protein
kinase A (PKA) activation (25–29). Interestingly, the genome of C.
elegans lacks genes with a perilipin homology domain. Given that
C. elegans is able to modulate lipid metabolism to reflect nutri-
tional states even without perilipin (12), it is plausible to speculate
that C. elegans may have unique regulatory mechanisms of lipoly-
tic protection under basal conditions and lipolytic activation un-
der energy-demanding conditions.

In mammals, adipocytes, as energy reservoirs, sense and inte-
grate various endocrine signals to modulate lipolytic activity. Fatty
acids released from adipocytes are subsequently transported to
other target tissues and used as key substrates for energy produc-
tion via fatty acid oxidation (30). On the other hand, excess accu-
mulation of intracellular lipids in ectopic fat tissues often impairs
physiological responses due to lipotoxicity (31). Thus, it is crucial
to decipher how lipases are temporally and spatially regulated to
access lipid droplets in response to fasting signals. Based on se-
quence homology, C. elegans has at least 32 genes which are anno-
tated as potential lipases. And a subset of lipases has been reported
to function in the long-term survival of dauers (32), longevity
(33), induction of autophagy (34), and lysosomal lipolysis during
fasting (35). Previously, we reported that endoplasmic reticulum

Received 26 May 2014 Returned for modification 2 June 2014
Accepted 2 September 2014

Published ahead of print 8 September 2014

Address correspondence to Jae Bum Kim, jaebkim@snu.ac.kr.

J.H.L. and J.K. contributed equally to this article.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/MCB.00722-14.

Copyright © 2014, American Society for Microbiology. All Rights Reserved.

doi:10.1128/MCB.00722-14

November 2014 Volume 34 Number 22 Molecular and Cellular Biology p. 4165– 4176 mcb.asm.org 4165

http://dx.doi.org/10.1128/MCB.00722-14
http://dx.doi.org/10.1128/MCB.00722-14
http://dx.doi.org/10.1128/MCB.00722-14
http://mcb.asm.org


(ER) resident proteins IRE-1 and HSP-4 are associated with in-
duction of fil-1 and fil-2, which are required for the decrease of
Nile red-positive lipid granules upon fasting (36). Recently, it has
been suggested that in C. elegans, the major fat-storing organelles
are distinct from lysosome-related organelles which are stained by
the Nile red dye in live worms (37, 38). However, other studies
have shown that Nile red staining after fixation or Oil Red O
staining correlates with biochemical triglyceride content (37, 39).

In this study, we have identified key genes involved in fasting-
induced lipolysis and their regulatory pathways in C. elegans. In
adult worms, ATGL-1 (C05D11.7) was identified as a key lipase in
the response to fasting, and a lipid droplet protein, LID-1 (lipid
droplet protein 1; C25A1.12), was determined to be critical for
ATGL-1 function. In worms, fasting stimulated cyclic AMP
(cAMP) and PKA, which led to elevation of the levels of ATGL-1
protein for efficient lipolysis via translocation to lipid droplets
with LID-1. Together, these data suggest that in C. elegans, LID-1
and ATGL-1 coordinately mediate lipolysis to dissipate stored en-
ergy sources through PKA activation during nutritional depriva-
tion.

MATERIALS AND METHODS
Worm strains and culture. N2 Bristol was used as the wild-type strain.
The following alleles and transgenes were used: kin-2(ce179), hjIs67[atgl-
1p::atgl-1::gfp], and Ex[act-5p::lid-1::gfp]. All animals were raised at 20°C
in standard nematode growth medium (NGM).

Feeding RNAi. RNA interference (RNAi) clones were obtained from
the Ahringer and Vidal RNAi library. The kin-1 RNAi clone was generated
by cloning the cDNA fragment of kin-1. Synchronized worms were cul-
tured on RNAi plates until they reached the young adult stage. The effi-
ciency of RNAi was confirmed by real-time quantitative PCR (qPCR)
using appropriate PCR primers.

Fasting assays. Synchronized L1 larvae were grown to the 1-day
young-adult stage. Feeding group worms were harvested and washed with
M9 buffer before proceeding to the next step. Except for the treatment of
chemicals, worms were fasted in empty plates for 4 or 8 h, harvested, and
washed. Then the prepared worms were resuspended with buffers appro-
priate for further analysis. For MG132 or forskolin (FSK) treatment,
worms were preincubated in M9 buffer with Escherichia coli and 100 �M
MG132 or 100 �M forskolin for 2 h. Then worms were washed and incu-
bated for additional 4 h in M9 buffer with 100 �M MG132 or 100 �M
forskolin in the presence or absence of Escherichia coli, depending feeding
or fasting, respectively.

Lipid staining and quantification. Oil Red O staining was performed
as previously reported (40). Briefly, worms were harvested and resus-
pended in 60 �l of 1� phosphate-buffered saline (PBS; pH 7.4), 120 �l of
2� MRWB buffer {160 mM KCl, 40 mM NaCl, 14 mM Na2-EGTA, 1 mM
spermidine-HCl, 0.4 mM spermine, 30 mM Na-PIPES [Na-piperazine-
N,N=-bis(2-ethanesulfonic acid); pH 7.4], 0.2% �-mercaptoethanol}, and
60 �l of 4% paraformaldehyde. The worms were freeze-thawed 3 times
and washed with PBS. The worms were then dehydrated in 60% isopropyl
alcohol for 10 min at room temperature and stained with Oil Red O
solution. All Oil Red O images from the same experiment were acquired
under identical settings and exposure times for direct and fair compari-
sons. Relative Oil Red O intensities were quantified using ImageJ software
(NIH). Ten to 15 worms from each group were randomly selected for
quantification. Each image was split into red, green, and blue (RGB) chan-
nels, and the green channel was subtracted from the red channel to elim-
inate nonred background signals. Anterior intestinal cell areas were se-
lected to measure Oil Red O intensities. Fixed and live Nile red staining
was performed as described previously (1, 39).

Biochemical triglyceride measurement. Triglyceride contents were
measured using a triglyceride assay kit (Thermo Scientific; catalog no.
TR22321). Synchronized young adult worms were resuspended in 5%

Triton X-100 solution and homogenized using glass beads and a Precellys
24 homogenizer (Bertin Technologies). For complete lysis and triglycer-
ide extraction, the homogenates were sonicated and subjected to two cy-
cles of heating (80°C) and cooling (room temperature). Then worm ex-
tracts obtained by centrifugation were used to measure the total
triglyceride amount according to the manufacturer’s protocol.

cAMP measurement. cAMP concentrations were measured using a
direct cAMP enzyme-linked immunosorbent assay (ELISA) kit (Enzo Life
Sciences; catalog no. 25-0114) according to the manufacturer’s protocol.
Harvested worms were resuspended in 0.1 M HCl to inactivate phos-
phodiesterase. Worms were homogenized using glass beads and the Pre-
cellys 24 homogenizer, after which the homogenates were sonicated. Then
worm extracts were collected by centrifugation and used for ELISA. Re-
sults were analyzed using 4 parametric logistic curve fitting models.

In vitro kinase assay. To perform an in vitro kinase assay, glutathione
S-transferase (GST)-tagged recombinant ATGL-1 (wild type [WT]),
ATGL-1 (S303A), and LID-1 proteins were produced from E. coli and
purified by GST pulldown. One microgram of each GST-protein was
mixed with the PKA catalytic subunit (New England BioLabs), 10� kinase
buffer (500 mM Tris-HCl [pH 7.5], 1 mM EGTA, 100 mM magnesium
acetate), 1 mM 32P-labeled ATP, and distilled water and incubated for 30
min at 37°C. The kinase reaction was analyzed by autoradiography after
SDS-PAGE and Coomassie staining.

Oxygen consumption rate measurement. To measure the oxygen
consumption rate, synchronized worms were cultured in RNAi plates to
the 1-day young-adult stage. Half the worms were harvested and cultured
on empty NGM plates for 4 h to prepare fasted samples. Worms were
harvested just prior to measurement and were cultured in oxygen-satu-
rated M9 buffer. The oxygen consumption rate was monitored using a
Clark-type electrode sensor, a YSI 5300A oxygen monitor (YSI Corpora-
tion). Protein content was determined using the bicinchoninic acid
(BCA) method and was used to normalize the oxygen consumption rate,
which is reported as relative mmol of O2/h/mg of protein.

Microscopy. Green fluorescent protein (GFP) and Nile red images
were observed using Axio Observer Z1 and a confocal LSM 700 system
(Zeiss). For quantification of GFP signals, z-stack images of each worm
were combined to make projections and GFP fluorescence intensities of
intestinal cells were quantified using ImageJ software (NIH). Oil Red O
staining was visualized using an Axioplan II microscope, and images were
captured using an Axiocam HRc camera (Zeiss).

Cell culture and transfection. For transfection, HEK293T and Cos-1
cells were grown to 70% confluence, and each expression vector was trans-
fected using the calcium phosphate and Lipofectamine 2000 (Invitrogen).
At 6 h posttransfection, the medium was replaced with Dulbecco modified
Eagle medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) and 1% antibiotic-antimycotic (penicillin-streptomycin) solution.
At 24 h posttransfection, FSK (Calbiochem) or an equal amount of di-
methyl sulfoxide (DMSO; Amresco) in serum-free DMEM was added to
the corresponding plates. After incubation for 3 h, cells were harvested.

Immunoprecipitation and Western blotting. Cells were lysed on ice
with radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCl
[pH 7.4], 150 mM NaCl, 1 mM EDTA, 1 mM phenylmethylsulfonyl flu-
oride [PMSF], 1% [vol/vol] NP-40, 0.25% [wt/vol] sodium deoxycholate,
and protease inhibitor cocktail) and subjected to immunoprecipitation or
Western blotting. For immunoprecipitation, lysates were incubated with
anti-Myc (Cell Signaling) or anti-Flag (Sigma-Aldrich) antibody for 12 h
at 4°C. Immunocomplexes were collected using protein A-Sepharose
beads (GE Healthcare) for 2 h at 4°C. The beads were washed 3 times with
500 �l of RIPA buffer. Proteins were eluted by boiling in SDS sample
buffer for 5 min, separated by SDS-PAGE, and analyzed by Western blot-
ting. For Western blotting, proteins separated by SDS-PAGE were trans-
ferred to polyvinylidene difluoride (PVDF) membranes (Millipore). The
membranes were blocked with 5% (wt/vol) skim milk in Tris-buffered
saline containing 0.1% (vol/vol) Tween 20 (TBST; 25 mM Tris-HCl [pH
8.0], 137 mM NaCl, 2.7 mM KCl, and 0.1% Tween 20) at room temper-
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ature for 30 min, followed by overnight incubation with primary antibod-
ies at 4°C. Antibodies against Flag tag (Sigma-Aldrich), Myc tag (Cell
Signaling), mouse ATGL (Cell Signaling), hemagglutinin (HA) tag (Cell
Signaling), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH;
AbFrontier) were used. The membranes were washed 3 times with TBST
and hybridized with secondary antibodies conjugated with horseradish
peroxidase (Sigma-Aldrich) in 5% skim milk dissolved in TBST at room
temperature for 2 h. The membranes were then washed 3 times with
TBST, incubated with enhanced chemiluminescence reagents, and quan-
tified with LuminoImager (LAS-3000) and Science Lab Image Gauge soft-
ware (Fuji Photo Film). The band intensities of the lanes were quantified
using ImageJ (NIH).

qRT-PCR. Total RNA was isolated using TRIzol reagent (Invitrogen,
CA) according to the manufacturer’s protocol. cDNA was synthesized
using Moloney murine leukemia virus (M-MuLV) reverse transcriptase
with random hexamer primers (Fermentas). Quantitative RT-PCR (qRT-
PCR) was performed on a CFX96 real-time system (Bio-Rad) with SYBR
green (Invitrogen). Relative expression levels of all mRNAs were normal-
ized to actin-1/3 mRNA.

Microarray analysis. Synchronized young adult worms were divided
into well-fed and 8-h-fasted samples using the fasting assay protocol de-
scribed above. Total RNA was extracted using TRIzol reagent (Invitrogen)
and purified using an RNeasy minikit (Qiagen). Affymetrix C. elegans
genome array chip was used for all microarray experiments. DAVID anal-
ysis was used to show enrichment of specific functional categories in fast-
ing-responsive genes (41). Pvclust was used for clustering analysis of mi-
croarray data (42).

PKA activity assay. Synchronized young adult worms were harvested
and homogenized in protein extraction buffer (20 mM Tris-HCl, 10 mM
dithiothreitol [DTT], 1 mM NaF, 1 mM Na3VO4, 10 mM EDTA, 10 mM
EGTA, and protease inhibitor cocktail). Worm extracts were sonicated
and centrifuged to obtain soluble proteins. PKA activity was measured
according to a previously reported protocol (43). Briefly, 30 �g of protein
was incubated with 10� kinase assay buffer (500 mM Tris-HCl, 1 mM
EGTA, 100 mM magnesium acetate), kemptide (PKA substrate peptide),
and 1 mM [�-32P]ATP at 30°C for 10 min. The reaction was terminated by
spotting the reaction mixture onto P81 phosphocellulose paper. The pa-
pers were immediately immersed in 75 mM phosphoric acid. After being
washed 3 times with fresh phosphoric acid, the papers were briefly rinsed
with acetone and air dried. Radioactivity was measured by Cerenkov
counting.

LPAAT activity assay. Recombinant proteins used for the lysophos-
phatidic acid acyltransferase (LPAAT) activity assay were expressed and
purified in E. coli BL21(DE3) and SM2-1(DE3). The LPAAT activity of
each recombinant protein was assessed as previously reported (44), with
modifications. Briefly, the reaction mixtures, containing 50 mM Tris-
HCl, 10 �M [1-14C]oleoyl coenzyme A (oleoyl-CoA; 54 mCi/mmol), 1 �g
of recombinant protein, and 50 �M LPA, were incubated at 30°C for 10
min. Then the reactions were terminated by lipid extraction. Lipid extrac-
tion was performed by adding 600 �l of methanol-chloroform (2:1 [vol/
vol]) according to the method of Bligh and Dyer (45). After 20 min of
agitation, 200 �l of chloroform and 360 �l of water were added, followed
by vortexing. After phase separation, radioactivity of the organic phase
containing phosphatidic acid was measured by liquid scintillation
counting.

Statistical analysis. Values are shown as means plus standard devia-
tions (SDs). Unless otherwise mentioned, comparison of mean values was
evaluated by two-way analysis of variance (ANOVA) with Bonferroni
posttest. A P value of less than 0.05 was considered significant.

RESULTS
C. elegans atgl-1 is necessary for fasting-induced lipolysis. In C.
elegans, fasting significantly decreased stored lipid droplets in an-
terior intestinal cells, which is consistent with previous reports
(data not shown) (12, 37). To identify the key lipase(s) involved in

this process, we carried out reverse genetic approaches. The C.
elegans genome has over 32 putative lipase genes. We selected 21
genes with available RNAi clones that target 9 class II lipase genes
(lips and fil-1), 3 patatin domain-containing genes (atgl-1 and the
D1054.1 and B0524.2 genes), 1 HSL homolog gene (hosl-1), 2
phospholipase A2 homolog genes (the C07E3.9 and C03H5.4
genes), and 6 lipase-related genes (lipl). After suppression of each
lipase via RNAi, stored lipid droplets were assessed by Oil Red O
staining in fed and fasted adult worms, and the staining intensities
in the anterior intestinal region were quantified (Fig. 1A). As
shown in Fig. 1B and C, suppression of atgl-1 significantly atten-
uated lipid droplet hydrolysis in the fasted state and substantially
increased lipid droplets even in the fed state. Consistently, bio-
chemical triglyceride measurement with total worm extracts
showed similar tendencies with Oil Red O staining (Fig. 1D).

The atgl-1 gene encodes a homolog of mammalian ATGL and
has been implicated in the mobilization of fat stores at the dauer
stage in C. elegans (32). In accordance with previous reports (46,
47), ATGL-1 was localized at lipid droplets by showing colocaliza-
tion of ATGL-1::GFP with Nile red after fixation (Fig. 1E). Com-
pared to feeding, fasting slightly, but not significantly, changed the
levels of atgl-1 mRNA, whereas the mRNA levels of other fasting-
responsive genes, such as fil-1, cpt-3, acs-2, and fat-7 (6, 36), were
altered in fasted worms (Fig. 1F). However, unlike atgl-1 mRNA,
the levels of ATGL-1::GFP exhibited an evident increase upon
fasting in transgenic worms expressing ATGL-1::GFP (Fig. 1G).
These data suggest that posttranscriptional regulations of ATGL-1
would be a key step to mediate the hydrolysis of stored lipid me-
tabolites in fasted worms.

LID-1 is a lipid droplet protein in C. elegans homologous to
mammalian CGI-58. While C. elegans conserves atgl-1 similarly
to other eukaryotes, it does not have the lipid droplet binding
protein perilipin. In mammals, CGI-58, which belongs to esterase/
lipase/thioesterase subfamily, is a lipid droplet associated protein
essential for ATGL activation. C. elegans has three genes, the
C25A1.12, C37H5.2, and C37H5.3 genes, which show sequence
homology with the mammalian CGI-58/ABHD5 gene (Fig. 2A).
To identify an ortholog of mammalian CGI-58, we examined
which C. elegans gene(s) would preserve a unique character of the
CGI-58 family, a loss of active serine at the GXSXG motif in the
�/� hydrolase domain (26, 48). As shown in Fig. 2B, the serine
residue of the GXSXG motif is replaced by alanine only in
C25A1.12 and not in C37H5.2 and C37H5.3. These results suggest
that C25A1.12 (whose gene is lid-1) might be an ortholog of CGI-
58, whereas C37H5.2 and C37H5.3 might be hydrolase proteins.
The amino acid sequence of the lid-1 product shares approxi-
mately 40% identity with mammalian CGI-58 (Fig. 2C).

To characterize the roles of LID-1 in C. elegans, we generated
transgenic worms expressing LID-1::GFP in the intestinal cells. In
live worms, LID-1::GFP explicitly formed ring-like structures on
the surface of lipid droplets, which was confirmed by costaining
with Oil Red O or Nile red after fixation (Fig. 2D). These data
suggest that LID-1 is a genuine lipid droplet protein in C. elegans.
However, the subcellular distribution of Nile red staining without
fixation in live worms was distinct from that of LID-1::GFP, im-
plying that LID-1-containing lipid droplets may be different from
lysosome-related organelles (data not shown).

Previously, CGI-58 has been reported to possess lysophospha-
tidic acid acyltransferase (LPAAT) activity (49, 50). Very recently,
it has been reported that LPAAT activity by recombinant CGI-58
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protein would be due to the contamination of E. coli protein plsC
(44). To test whether LID-1 might possess LPAAT activity, we
used E. coli strain SM2-1, which lacks plsC (51), to produce re-
combinant proteins and performed LPAAT activity assays. As
shown in Fig. 2E, both mouse CGI-58 and LID-1 did not reveal
LPAAT activity. Together, these data suggest a role for LID-1 as a
lipid droplet protein rather than an enzyme with LPAAT activity.

LID-1 is required for ATGL-1 function. The finding that
mammalian CGI-58 is dispersed in the cytoplasm upon lipolytic
stimulation (25) led us to test whether fasting may change the
levels of lid-1 mRNA or protein. In C. elegans, fasting did not alter
the levels of lid-1 mRNA or overall distribution of LID-1::GFP
(data not shown). Nevertheless, RNAi of lid-1 prevented the fast-
ing-induced decrease in intestinal lipid droplets of C. elegans

(Fig. 3A and B). In contrast, worms treated with RNAi of C37H5.2
or C37H5.3 showed reduced lipid droplets, as did wild-type
worms (data not shown), indicating that lid-1 may have a distinct
function(s) under fasting conditions. Based on these results, we
hypothesized that LID-1 is a constitutive lipid droplet protein that
may be required for the proper activity of ATGL-1. To elucidate
the genetic interaction between the lid-1 and atgl-1 genes, we sup-
pressed the lid-1 gene via RNAi in atgl-1-overexpressing worms.
Compared to findings for wild-type worms, overexpression of
atgl-1 alone decreased the intestinal lipid droplets in the basal
state, whereas RNAi of lid-1 greatly inhibited the effects of atgl-1
overexpression on reduction of lipid droplets (Fig. 3C and D).
Given that mammalian CGI-58 associates with ATGL (25–27), we
next examined whether C. elegans LID-1 could interact with

FIG 1 ATGL-1 is a major lipase for fasting-induced lipolysis in C. elegans. (A) RNA interference (RNAi) screening of lipases involved in fasting-induced lipolysis
based on Oil Red O staining. Oil Red O staining intensities of young adult worms in the RNAi groups under feeding and 8-h-fasting conditions were quantified
and classified according to relative fold increase compared to the L4440 control. (B and C) Representative images and quantitation data of Oil Red O staining with
or without atgl-1 RNAi in young adult worms under feeding and 8-h-fasting conditions. Marked areas were subjected to quantitation of Oil Red O staining. (D)
Relative triglyceride amounts of young adult worms were measured with a biochemical triglyceride assay kit and normalized by total worm extract protein. (E)
Confocal microscopic image of atgl-1(hj67) worms after fixation and Nile red staining. The inset is a magnified view. (F) mRNA levels of atgl-1 and fasting-
responsive genes (fil-1, cpt-2, acs-2, and fat-7) measured by qRT-PCR and normalized to act-1/3 mRNA. (G) Confocal microscopic images of atgl-1(hj67) worms
under feeding and fasting conditions at the young adult stage. Scale bars, 10 �m. White lines indicate the boundaries of worm bodies. Error bars represent
standard deviations. *, P � 0.05; **, P � 0.01. N.S., not significant.

Lee et al.

4168 mcb.asm.org Molecular and Cellular Biology

http://mcb.asm.org


ATGL-1. As shown in Fig. 3E, LID-1 formed a protein complex
with ATGL-1. Furthermore, depletion of lid-1 via RNAi attenu-
ated the increase in ATGL-1 protein levels and translocation of
ATGL-1 into lipid droplets upon fasting (Fig. 3F). These data sug-
gest that in C. elegans, LID-1 recruits ATGL-1 to lipid droplets to
stimulate lipolysis during fasting.

Fasting induces lipolysis via PKA signaling. The observation
that in C. elegans, ATGL-1 and LID-1 are involved in the hydro-

lysis of stored lipid droplets upon fasting prompted us to investi-
gate which signaling pathway(s) would be involved in the re-
sponse to nutritional changes. As key energy sensors, PKA and
AMPK have been extensively studied (30, 52), and both of these
kinases are well conserved in C. elegans. As shown in Fig. 4A and B,
RNAi of kin-1, which encodes the catalytic subunit of PKA, dras-
tically impaired fasting-induced decrease in lipid droplets. Even
under feeding conditions, kin-1 RNAi substantially elevated intra-
cellular lipid accumulation, as observed in response to atgl-1 or
lid-1 suppression, implying that these genes are likely involved in
the same lipolytic pathway. Because PKA is stimulated by cAMP,
we measured whole-body cAMP levels. In fasted worms, cAMP
levels were elevated (Fig. 4C). Thus, the C. elegans cAMP-PKA

FIG 2 LID-1 is a homolog of CGI-58 and localizes to lipid droplets. (A)
Phylogenic trees of CGI-58 gene family members on the basis of amino acid
sequences from Homo sapiens (Hs), Mus musculus (Mm), Danio rerio (Dr),
and Caenorhabditis elegans (Ce). Amino acid sequences encoded by all genes
were subjected to multiple alignments and analyzed for phylogenetic trees
obtained by the neighbor-joining method using ClustalW. (B) Alignment of
the GXSXG motif in the �/� hydrolase domain of CGI-58 gene family. (C)
Homology scores of LID-1 (C25A1.12) obtained from the Homologene data-
base. (D) Confocal images showing the localization of GFP-fused LID-1 in live
worms and in fixed worms costained with Oil Red O and Nile red. The stained
area of the Oil Red O image is pseudocolored red. The insets are magnified
views. Scale bars, 10 �m. White lines indicate the boundaries of worm bodies.
(E) Lysophosphatidyl choline acyltransferase activity assay. One-microgram
quantities of total bacterial protein and purified recombinant proteins were
used.

FIG 3 LID-1, a C. elegans homolog of CGI-58, is required for ATGL-1 activity.
(A and B) Representative images and quantitation data of Oil Red O staining
with or without lid-1 RNAi in young adult worms under feeding or fasting
conditions. Marked areas were subjected to quantitation of Oil Red O staining.
(C and D) Representative images and quantitation data of Oil Red O staining
in atgl-1(hj67) worms after L4440 control and lid-1 RNAi. Marked areas were
subjected to quantitation of Oil Red O staining. (E) Coimmunoprecipitation
(IP) assay of HEK293T cells expressing ATGL-1-Flag and LID-1-Myc. (F)
Confocal images of atgl-1(hj67) worms under feeding and fasting conditions
after L4440 control or lid-1 RNAi. Scale bars, 10 �m. White lines indicate the
boundaries of worm bodies. Error bars represent standard deviations. **, P �
0.01.
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pathway appears to be well conserved to reflect energy states
throughout evolution. In adult worms, AMPK catalytic sub-
unit mutants (53), the aak-1(tm1944), aak-2(gt33), and aak-
1(tm1944); aak-2(gt33) mutants, decreased lipid droplets under
fasting conditions (Fig. 4D and E). Consistently, RNAi of aak-1
and aak-2 did not suppress fasting-induced lipolysis (Fig. 4F and
G). Worms with mutations in AMPK exhibited a greater decrease
of lipid contents upon fasting than did wild-type worms. These

data suggest that in C. elegans, PKA is activated upon fasting and
plays a critical role in facilitating fasting-induced lipid droplet
hydrolysis, whereas AMPK signaling may attenuate fasting-in-
duced lipolysis.

To determine whether PKA could indeed modulate the activity
of ATGL-1 and LID-1, we tested a kin-2 PKA regulatory subunit
mutant strain. kin-2(ce179) worms contain a missense mutation
(R92C) in the pseudo-substrate domain of the PKA regulatory

FIG 4 PKA signaling mediates fat mobilization upon fasting in C. elegans. (A and B) Representative images and quantitation data of Oil Red O staining with or
without kin-1 RNAi in young adult worms under feeding or fasting conditions. (C) Cyclic AMP (cAMP) concentrations measured by direct ELISA in total
extracts of wild-type worms under feeding and 4-h-fasting conditions. (D and E) Representative images and quantitation data of Oil Red O staining in wild-type
and AMPK mutant worms under feeding or fasting conditions. (F and G) Representative images and quantitation of Oil Red O intensities with control, aak-1,
or aak-2 RNAi in young adult worms under feeding or fasting conditions. (H and I) Representative images and quantitation data of Oil Red O staining in the PKA
hyperactive kin-2 mutant strain (ce179 strain) after RNAi of atgl-1 or lid-1. For Oil Red O staining, marked areas were subjected to quantitation. Error bars
represent standard deviations. *, P � 0.05; **, P � 0.01.
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subunit and thereby exhibit increased PKA activity (54). Com-
pared to those in wild-type worms, the levels of accumulated lipid
droplets were greatly decreased in kin-2(ce179) worms under well-
fed conditions (Fig. 4H and I). A similar phenotype for kin-
2(ce179) worms was confirmed by kin-2 RNAi (data not shown),
indicating that PKA activity seems to be also important for the
regulation of lipid metabolism under basal conditions. Intrigu-
ingly, in kin-2(ce179) worms, knockdown of atgl-1 and lid-1 re-
stored the levels of intestinal lipid droplets to nearly those of wild-
type worms (Fig. 4H and I). These data suggest that in fasted
worms, PKA signaling would act as a key upstream regulator for
atgl-1 and lid-1, which may be a central and conserved signaling
pathway for lipolysis in most animals upon fasting.

PKA phosphorylates ATGL-1 and enhances protein stability
as well as LID-1 binding. Given that PKA acts upstream from
ATGL-1 and LID-1 in fasting-induced lipolysis, we asked the
question whether PKA might directly phosphorylate ATGL-1
and/or LID-1. Recently, it has been demonstrated that mamma-
lian ATGL is phosphorylated by PKA at multiple sites (55). In vitro
kinase assays revealed that PKA phosphorylated C. elegans
ATGL-1 but not LID-1 (data not shown). A search for a PKA
phosphorylation site(s) revealed serine 303 of ATGL-1 as one of

the potential PKA phosphorylation sites (Fig. 5A). Compared
with wild-type ATGL-1, mutation of serine 303 to alanine in
ATGL-1 (S303A) abrogated the phosphorylation by PKA, indicat-
ing that serine 303 of ATGL-1 is one of the major phosphorylation
sites for activated PKA (Fig. 5B).

To gain further insights into ATGL-1 phosphorylation by PKA,
we examined localization of ATGL-1::GFP in kin-2-suppressed
worms. Because kin-2 encodes the regulatory subunit of PKA,
knockdown of kin-2 increased basal PKA activity in C. elegans
(data not shown). It is of interest to note that PKA activation by
kin-2 RNAi or treatment of forskolin, a PKA activator, greatly
increased the levels of ATGL-1::GFP intensity, even more than
those observed in fasted worms (Fig. 5C to E). Moreover, the levels
of the C. elegans ATGL-1 protein were elevated by forskolin in
mammalian cells, whereas the S303A mutation in ATGL-1 atten-
uated the effect of forskolin (Fig. 5F). Consistent with these re-
sults, the levels of mammalian ATGL protein were also increased
by forskolin in differentiated adipocytes, supporting the idea that
the regulation of ATGL by PKA is conserved in both mammals
and C. elegans (Fig. 5G).

Because atgl-1 mRNA levels were not significantly altered upon
fasting (Fig. 1E), we investigated whether the increase in ATGL-1

FIG 5 PKA phosphorylates and regulates ATGL-1 functions. (A) Potential PKA phosphorylation site prediction results obtained using the GPS2.1 software were
sorted according to the scores indicated. (B) In vitro kinase assay with wild-type (WT) ATGL-1 and S303A ATGL-1 recombinant proteins. Purified GST-fused
ATGL-1 proteins were incubated with the PKA catalytic subunit and 32P-labeled ATP before SDS-PAGE. (C) Confocal images of atgl-1(hj67) worms after L4440
control and kin-2 RNAi. (D and E) Representative images and quantitation of ATGL-1::GFP intensities of atgl-1(hj67) worms under control or forskolin (FSK;
100 �M) treatment. (F) Quantitation of Western blots of C. elegans ATGL-1 proteins in Cos-1 cells with or without forskolin (50 �M, 3 h) treatment. (G) Western
blot analysis of mammalian ATGL protein levels in differentiated 3T3-L1 adipocytes treated with forskolin (20 mM) for the indicated time periods. The GAPDH
protein was used as a loading control. Scale bars, 20 �m. White lines indicate the boundaries of worm bodies. Error bars represent standard deviations. **, P �
0.01.
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protein by PKA was modulated by protein stability. Forskolin
treatment enhanced the half-life of ATGL-1 protein (Fig. 6A). In
addition, worms were treated with MG132, a proteasome inhibi-
tor, and the levels of ATGL-1::GFP were monitored. As shown in
Fig. 6B, the inhibition of proteasomal degradation with MG132
augmented the levels of ATGL-1::GFP. Furthermore, MG132
treatment did not further elevate ATGL-1::GFP levels in forsko-
lin-treated worms. Also, we observed that ubiquitination of
ATGL-1 was decreased by PKA activation (Fig. 6C). Next, we
asked whether phosphorylation of ATGL-1 by PKA may affect
LID-1 binding. As shown in Fig. 6D, PKA activation with forskolin
evidently potentiated the interaction between ATGL-1 and LID-1,
which was drastically attenuated in ATGL-1 S303A mutant. In
addition, inhibition of PKA signaling by kin-1 RNAi sufficiently
blocked the increase of ATGL-1::GFP signal upon fasting (Fig.
6E). Taken together, these data suggest that ATGL-1 phosphory-
lation by PKA stimulates the levels of ATGL-1 protein via inhibi-
tion of proteasomal degradation and/or promoting LID-1
binding.

Lipid hydrolysis is required for energy production during
fasting. In general, ATP production via fatty acid oxidation de-
mands more oxygen. To examine the roles of ATGL-1 and LID-1
in energy production during fasting, we measured oxygen con-
sumption rate as an index of fatty acid oxidation activity. Fasted
worms consumed more oxygen, presumably due to increased mi-
tochondrial activity to oxidize lipid metabolites, as previously re-
ported (36). Inhibition of lipolytic pathways by RNAi of atgl-1 or
lid-1 alleviated the fasting-induced increase in oxygen consump-
tion rate (Fig. 7A). These data indicate that hydrolysis of stored
lipids by atgl-1 or lid-1 would eventually lead to an energy-pro-
ducing process such as fatty acid oxidation.

To determine the effects of atgl-1, lid-1, and kin-1 RNAi on
gene expression upon fasting, we performed microarray analyses
to identify fasting-responsive gene sets. Gene set enrichment anal-
ysis using DAVID showed that various signaling pathways, in-
cluding fatty acid and nutrient metabolic pathways, were signifi-
cantly altered upon fasting (see the supplemental material).
Clustering analysis and gene expression profiles also revealed that

FIG 6 PKA increases ATGL-1 protein stability and LID-1 binding. (A) Western blot data of C. elegans ATGL-1 proteins in Cos-1 cells treated with cycloheximide
(CHX; 50 �g/ml). Forskolin (50 �M) was pretreated for 3 h. GAPDH was used as a loading control. (B) Confocal images of atgl-1(hj67) worms treated with
DMSO, forskolin (100 �M), or MG132 (100 �M) under feeding or fasting conditions. (C) Ubiquitination assay of ATGL-1 in Cos-1 cells. (D) Coimmunopre-
cipitation assay of Cos-1 cells expressing ATGL-1-Flag and LID-1-Myc in the absence or presence of forskolin (50 �M, 3 h). (E) Confocal images of atgl-1(hj67)
worms after L4440 control and kin-1 RNAi under feeding or 4-h-fasting conditions. Scale bars, 20 �m. White lines indicate the boundaries of worm bodies.
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disruption of PKA signaling dampened fasting-induced gene ex-
pression changes, implying that PKA could mediate pleiotropic
responses. In contrast, the global expression patterns of the atgl-1
and lid-1 RNAi groups were not very different from that of the
control group. On the other hand, qRT-PCR analysis showed that
changes in mRNA levels of genes involved in fatty acid oxidation,
such as cpt-3, were blunted by RNAi of atgl-1 and lid-1 (Fig. 7B).
These data suggest that the functions of both atgl-1 and lid-1 are
more closely and selectively associated with lipolytic pathways and
fatty acid oxidation downstream from PKA.

DISCUSSION

In fasted animals, hydrolysis of stored lipid metabolites is precisely
regulated in a timely fashion to provide an energy source. Because
excess lipid accumulation is often associated with metabolic dys-
regulation, lipase activity should be finely tuned in response to
fasting signals. Our data suggest that worms would prevent un-
wanted lipolytic activity through proteasomal degradation of a
key lipase ATGL-1, even without perilipin 1 (Plin1) protein,
which plays a barrier role to inhibit lipolysis in mammals under
basal conditions. Here, we demonstrated that in fasted worms,
activated PKA stabilizes the ATGL-1 protein and drives ATGL-1

to localize on lipid droplets through interaction with the lipid
droplet-binding protein LID-1, eventually leading to hydrolysis of
stored lipid droplets in intestinal cells (Fig. 8).

Besides atgl-1, RNAi of lips-1, lips-2, lips-13, fil-1, D1054.1, and
C03E3.9 also partially attenuated fasting-induced lipid hydrolysis
(Fig. 1A). Thus, C. elegans may use several lipases to accommodate
various nutritional changes. However, our data evidently show
that knockdown of atgl-1 or lid-1 impedes fasting-induced lipol-
ysis in adult worms. It has been well established that ATGL is
essential for lipolysis in mammalian adipocytes and that ATGL-
deficient mice show systemic lipid accumulation (56, 57). In ad-
dition, CGI-58, a homolog of lid-1, has been identified as a caus-
ative gene of Chanarin-Dorfman syndrome, a rare recessive
genetic disease with systemic lipid accumulation and ichthyosis
(26, 58). Thus, our data indicate that atgl-1 and lid-1 are function-
ally well conserved throughout evolution to execute and coordi-
nate lipolytic metabolism.

Lipid droplets are dynamic cellular organelles coated with var-
ious proteins, and there are significant similarities in lipid droplet
proteins between mammals and C. elegans (18, 47, 59). On the
other hand, as the perilipin family of lipid droplet proteins is well
conserved from Dictyostelium to humans, the lack of the perilipin
domain-containing gene in C. elegans seems to place LID-1 at a
unique position in the evolution of lipolytic machinery (data not
shown). In this study, we proposed that LID-1 may be an ortholog
of mammalian CGI-58. Nevertheless, it seems that LID-1 would
possess distinct features from CGI-58 in the following aspects.
First, LID-1 is constitutively localized at lipid droplets (Fig. 2D).
Second, unlike mammalian CGI-58, LID-1 does not require per-
ilipin proteins to target on lipid droplets, although LID-1 may not
fulfill the role of Plin1 in C. elegans. For instance, unlike Plin1,
LID-1 does not have antilipolytic function, since suppression of
lid-1 slightly increased fat contents in worms (Fig. 3A and B),
whereas ablation of Plin1 greatly promotes the basal lipolytic ac-
tivity in mammalian adipocytes (23, 60). Given that mammalian
CGI-58 requires Plin1 to localize to lipid droplets (25), it needs to
be determined whether LID-1 can localize to lipid droplets by
itself without other proteins. It appears that during evolution,

FIG 7 atgl-1 and lid-1 are required for energy production during fasting. (A)
Oxygen consumption rates of worms in oxygen-saturated M9 buffer after
feeding and fasting, normalized to the amounts of total proteins. For details,
see Materials and Methods. (B) mRNA levels of cpt-3 measured by qRT-PCR
and normalized to act-1/3 mRNA. Error bars represent standard deviations.
**, P � 0.01.

FIG 8 Working model. In the feeding state, ATGL-1 is actively degraded by the proteasome pathway to maintain a low rate of basal lipolysis. In the fasting state,
increased cAMP levels activate PKA signaling. Then, PKA phosphorylates and stabilizes ATGL-1, which is recruited to lipid droplets via interaction with LID-1,
eventually stimulating lipid hydrolysis.
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perilipin family proteins might have emerged with the need for
constituting large lipid droplets in specialized fat-storing cells
with greater capability for energy source storage. Thus, it is likely
that C. elegans, which lacks perilipin, may have evolved its own
regulatory mechanisms using protein stability to control lipase
activity upon LID-1 accessibility, which may be distinct from
mammals.

Several regulatory mechanisms for lipases have evolved with
different lipid droplet proteins. In other species, lipase activity can
be controlled by mRNA expression (61–64), posttranslational
modification (65), and translocation to lipid droplets (24, 66).
Our data suggest that in C. elegans, proteasomal degradation of
ATGL-1 prevents futile lipolysis during feeding, and PKA-depen-
dent phosphorylation and stabilization of ATGL-1 protein stim-
ulate LID-1 binding and lipase activity during fasting. Similar to
the case with C. elegans ATGL-1, we observed that the mammalian
ATGL protein was increased by PKA activation in adipocytes. Fur-
thermore, it has been recently reported that mammalian ATGL
protein is regulated by proteasomal degradation (67, 68), indicat-
ing the possibility of an evolutionarily conserved mechanism. In-
terestingly, a very recent study showed that serotonin and octo-
pamine signaling promotes body fat loss via transcriptional
upregulation of ATGL-1, suggesting an additional layer of regula-
tory mechanism of lipolysis (69). In regard to spatial and temporal
regulation of lipase(s), it is plausible to speculate that regulation of
protein stability and translocation of a certain lipase(s) would be
an efficient way to activate lipolysis, ensuring an immediate re-
sponse to fasting. Of course, we cannot exclude the possibility that
phosphorylation of ATGL-1 affects its own hydrolase activity.

Previously, it has been reported that AMPK also phosphor
ylates atgl-1 at multiple sites and downregulates hydrolase activity
to ration lipid reserves during long-term starvation at the dauer
stage (32). Consistently, we also observed that AMPK might at-
tenuate lipolysis in fasted adult worms, implying that PKA and
AMPK may regulate atgl-1 in opposite ways with different reper-
toires of phosphorylation and molecular components. It appears
that PKA is rapidly activated at the initial phase of fasting. Imme-
diate activation of lipid hydrolysis by PKA upon fasting would not
be sustainable for long-term starvation. In addition, we observed
that cAMP levels returned to basal levels after 8 h of fasting (data
not shown). On the contrary, it is likely that AMPK would restrain
excessive lipolysis during fasting to prevent energy depletion. As
previously suggested, it is possible that C. elegans exhibits biphasic
metabolic responses in nutrient deprivations: rapid consumption
of stored lipid metabolites with high metabolic activity followed
by an inert preservation mode with low metabolic activity (70).
Furthermore, it has been demonstrated that in mammalian cells,
AMPK is activated as a consequence of lipolysis and inhibits fur-
ther lipolysis, forming a negative-feedback control (71, 72). A re-
cent study showed that hydrolase activity of mouse ATGL is en-
hanced via phosphorylation by PKA (55), suggesting that ATGL
would be a conserved target of PKA. Further studies are required
to address the cross talk between PKA and AMPK signaling in the
control of lipolysis at various developmental stages of C. elegans
under different nutritional conditions.

The nature of lipid droplets in C. elegans has been controversial
due to heterogeneity of staining granules in intestinal cells (37). In
this study, we identified that the localizations of a lipid droplet
protein, LID-1, and lipid-staining dyes showed different patterns
depending on the staining methods. For instance, LID-1 colocal-

ized with Oil Red O-positive lipid droplets after fixative staining.
However, LID-1 did not colocalize with the Nile red dye without
fixation in live worms, whereas LID-1 colocalized with Nile red-
positive granules after fixation. These results suggest that in the
live state, certain biological processes in the intestinal cells of C.
elegans may exclude Nile red from LID-1-positive lipid droplets.
Despite these methodological discrepancies, GFP-fused LID-1,
which was constitutively localized on lipid droplets, can be used
for the visualization of lipid droplets in both live and fixed worms.

In conclusion, we have identified atgl-1 and lid-1 as key mod-
ulators of lipolysis in fasted adult worms. In the absence of perili-
pin, acting as a barrier against lipolysis, C. elegans suppresses un-
necessary lipolysis by actively degrading ATGL-1 protein. Upon
nutritional depletion, C. elegans activates PKA signaling to stabi-
lize ATGL-1, which induces the association with the lipid droplet
protein LID-1 to activate the lipase function of ATGL-1, resulting
in energy production. For an efficient and immediate response to
fasting in C. elegans, stabilized ATGL-1 forms a protein complex
with LID-1 at lipid droplets, ensuring prompt lipolytic activity.
Collectively, our data highlight the cooperative action of LID-1 for
proper functioning of the lipase ATGL-1 to maintain energy ho-
meostasis following nutritional changes.
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