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CGil-58 facilitates lipolysis on lipid droplets but is not
involved in the vesiculation of lipid droplets caused by
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Abstract Alipid droplet (LD)-associated protein, perilipin,
is a critical regulator of lipolysis in adipocytes. We previ-
ously showed that Comparative Gene Identification-58
(CGI-58), a product of the causal gene of Chanarin-Dorfman
syndrome, interacts with perilipin on LDs. In this study, we
investigated the function of CGI-58 using RNA interference.
Notably, CGI-58 knockdown caused an abnormal accumu-
lation of LDs in both 3T3-L1 preadipocytes and Hepal
hepatoma cells. CGI-58 knockdown did not influence the
differentiation of 3T3-L1 adipocytes but reduced the ac-
tivity of both basal and cAMP-dependent protein kinase-
stimulated lipolysis. In vitro studies showed that CGI-58
itself does not have lipase/esterase activity, but it enhanced
the activity of adipose triglyceride lipase. Upon lipolytic
stimulation, endogenous CGI-58 was rapidly dispersed from
LDs into the cytosol along with small particulate structures.
This shift in localization depends on the phosphorylation of
perilipin, because phosphorylated perilipin lost the ability
to bind CGI-58. During lipolytic activation, LDs in adipo-
cytes vesiculate into micro-LDs. Using coherent anti-Stokes
Raman scattering microscopy, we pursued the formation
of micro-LDs in single cells, which seemed to occur in cyto-
plasmic regions distant from the large central LDs. CGI-58
is not required for this process.lili Thus, CGI-58 facilitates
lipolysis in cooperation with perilipin and other factors, in-
cluding lipases.—Yamaguchi, T., N. Omatsu, E. Morimoto,
H. Nakashima, K. Ueno, T. Tanaka, K. Satouchi, F. Hirose,
and T. Osumi. CGI-58 facilitates lipolysis on lipid droplets
but is not involved in the vesiculation of lipid droplets caused
by hormonal stimulation. J. Lipid Res. 2007. 48: 1078-1089.
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In mammals, excessive energy is stored as triglyceride
(TG) in lipid droplets (LDs) of the adipose tissue and sup-
plied to various tissues as fatty acids on demand. Lipolysis
in adipocytes, an intimately controlled process whereby
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TG is hydrolyzed, releasing fatty acids into the circulation,
is crucial to the maintenance of the body’s energy balance.
Stimulation by catecholamines activates the lipolytic re-
sponse in adipocytes through the increased activity of
cAMP-dependent protein kinase (PKA). PKA phosphory-
lates two key proteins involved in lipolysis: hormone-
sensitive lipase (HSL), an enzyme responsible for the
hydrolysis of TG and diacylglycerol, and perilipin, a LD-
associated protein (1-4). Perilipin blocks the access of
HSL to LDs in quiescent adipocytes and thus restricts the
lipolytic activity. On the other hand, upon lipolytic activa-
tion, multiphosphorylated perilipin facilitates the access
of HSL to LDs, thereby promoting lipolysis (5-7). Al-
though HSL has been recognized as the principal rate-
limiting factor of TG degradation, recent studies using
HSL- and perilipin-null mice revealed that perilipin is a
major regulator of lipolysis in adipocytes (8-12). Because
perilipin does not have an intrinsic enzyme activity, it
seems to serve as a scaffold for the assembly of other pro-
teins in the lipolytic event. Against this background, we
previously searched for a binding partner of perilipin and
identified Comparative Gene Identification-58 (CGI-58;
also called ABHD5) (13). CGI-58, the product of the causal
gene of Chanarin-Dorfman syndrome (CDS), interacts with
perilipin on the surface of LDs.

CDS is a rare autosomal recessive form of nonbullous
congenital ichthyosiform erythroderma, characterized by
the abnormal intracellular accumulation of LDs in many
tissues (14). We showed that endogenous CGI-58 is distrib-
uted predominantly on the surface of LDs in 3T3-L1 cells

Abbreviations: ADRP, adipocyte differentiation-related protein;
aP2, adipocyte lipid binding protein; ATGL, adipose triglyceride lipase;
CARS, coherent anti-Stokes Raman scattering; CDS, Chanarin-Dorfman
syndrome; CGI-58, Comparative Gene Identification-58; GFP, green
fluorescent protein; GST, glutathione Stransferase; HSL, hormone-
sensitive lipase; IBMX, 3-isobutyl-1-methylxanthine; LD, lipid droplet;
PKA, cAMP-dependent protein kinase; PPAR, peroxisome proliferator-
activated receptor; RNAi, RNA interference; shRNA, short hairpin RNA;
TG, triglyceride; TPEF, two-photon excitation fluorescence.
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were emgne(Li A gpacer sequence with a loop structure and

ferentiation. CGI-58 mutants carrying amino acid substltu—
tions identical to those found in CDS patients were not
recruited to LDs, but at the same time they lost the ability
to bind to perilipin (13). This observation indicates that
the loss of interaction with perilipin is linked to the patho-
genesis of CDS. Another research group also demon-
strated the interaction of CGI-58 with perilipin (15). They
further showed that activation of PKA dispersed CGI-58-
green fluorescent protein (GFP) from the surface of LDs
to the cytosol, suggesting the involvement of CGI-58 in the
lipolytic process. On the other hand, several groups re-
cently showed that adipose triglyceride lipase (ATGL; also
called desnutrin or iPLAs{) is an additional TG lipase that
catabolizes TG, cooperating with HSL in the adipocytes
(16-18). ATGL is expressed in many tissues but at a par-
ticularly high level in the adipose tissue. Similar to CGI-58,
ATGL is associated with LDs and is believed to be involved
in TG turnover on LDs (19). Very recently, CGI-58 was
shown to activate ATGL in vitro (20).

To elucidate the regulatory mechanism of lipolysis, it
is important to solve the physiological functions of LD
proteins involved in this process. In this study, we inde-
pendently investigated the function of CGI-58 using the
RNA interference (RNAI) strategy. We revealed the lipid-
catabolizing function of CGI-58 in adipocytes as well as the
dynamic behavior of CGI-58 and LDs themselves during
lipolytic activation.

EXPERIMENTAL PROCEDURES

Plasmids

c¢DNA of rat CGI-58 was obtained as described previously (13).
cDNAs of rat HSL and mouse ATGL were obtained by RT-PCR
from the total RNA of rat adipose tissue and mouse liver, re-
spectively. cDNAs were subcloned into a mammalian expression
vector, pCMVb-myc, using appropriate restriction sites. Point
mutations of CGI-58 and HSL were generated by PCR and veri-
fied by DNA sequencing.

Cell culture

3T3-L1 cells were maintained in DMEM/10% FBS. For differ-
entiation, confluent cells (day 0) were treated with a hormone
mixture containing 1 pM dexamethasone, 0.5 mM 3-isobutyl-1-
methylxanthine (IBMX), and 5 pg/ml insulin in DMEM/10%
FBS. After 48 h (day 2), the hormone mixture was removed and
cells were further cultured in DMEM/10% FBS supplemented
with 5 pg/ml insulin. The mouse hepatoma cell line Hepal was
maintained in DMEM/10% FBS. HelLa cells were maintained in
F-12/10% FBS. DNA transfection was carried out by the calcium
phosphate method (21) for Hel.a cells and with Lipofectamine
2000 (Invitrogen) for 293FT cells, according to the manufac-
turer’s directions.

RNAi

Lentivirus expressing short hairpin RNA (shRNA) against
mouse CGI-58 was prepared as follows. Pairs of oligonucleotides
specifying the shRNA sequences corresponding to the target
sequences (AAGAAGTAGTAGACCTAGGTT for CGI-58 RNAi
and AAGAAGTAGACATCCTAGGTT for the mismatch control)

an extra sequence to facilitate the cloning were also included.
The two strands of oligonucleotide were annealed and cloned
into pENTER/U6 plasmid (Invitrogen) downstream of the U6
promoter. The cassette containing the U6 promoter and shRNA-
coding sequence was then transferred to a self-inactivating len-
tivirus vector (CS-RfA-EG), generating CS-U6-shRNA-EG. 293FT
cells (3.5 X 106) were seeded in 10 cm dishes and cultured for
24 h before transfection. Cells were transfected with a mixture of
three plasmids: 7 ug of CSII-U6-shRNA-EG, 5 pg of pCAG-HIVgp,
and 4 pg of pCMV-VSV-G-RSV-Rev. The recombinant virus was
expected to direct the synthesis of shRNA against CGI-58 under
the control of the U6 promoter and GFP under the control of the
human elongation factor la subunit gene promoter. The culture
supernatant containing the recombinant lentivirus was collected
48 h after transfection, passed through a 0.45 pm filter, and used
for infection. The titer of lentivirus was estimated by counting
the cells expressing GFP after infecting Hela cells with serially
diluted vector stocks. 3T3-L.1 preadipocytes or Hepal cells were
infected with viral stocks at a multiplicity of infection of 50. The
transduced cells were grown and used for subsequent experiments.

Antibodies

An antibody was raised in a rabbit against recombinant CGI-58
that was produced by trypsin digestion of glutathione $-transferase
(GST)-fused CGI-58 expressed in Escherichia coli. Guinea pig
polyclonal anti-perilipin and anti-adipocyte differentiation-related
protein (ADRP) antibodies were purchased from Progen.

RNA analysis

Total RNA was prepared from 3T3-L1 and Hepal cells using
the RNeasy Mini Kit (Qiagen) according to the manufacturer’s
instructions. cDNA was synthesized from 1 pg of total RNA in
a reaction mixture containing Moloney murine leukemia virus
reverse transcriptase (Invitrogen) using a downstream primer
mixture (10 pmol each) in a total volume of 20 wl. PCR was per-
formed with 2 pl of the RT product as a template, 10 pmol each
of the upstream and downstream primers, and rTaq DNA poly-
merase (Takara). The reaction products were separated on 2%
agarose gels and detected with a fluorescence imaging analyzer
(FLA3000; Fuji).

Western blotting

3T3-L1 and Hepal cells were washed with PBS and directly
dissolved in the heated SDS-PAGE sample buffer. Aliquots of the
extracts were subjected to SDS-PAGE and transferred to a nitro-
cellulose membrane. Proteins were probed with an antibody
to CGI-58, perilipin, or ADRP and detected by the ECL. method
(Amersham Biosciences).

Glycerol release and TG measurements

3T3-L1 cells were grown in 12-well dishes. On day 12 after
their differentiation, cells were washed twice with Hank’s buffer
and incubated with DMEM containing 2% fatty acid-free BSA
(Sigma) /20 mM HEPES (pH 7.4) with or without 0.1 mM IBMX
at 37°C. After incubation for 3, 6, and 12 h, the medium was
collected and assayed for glycerol content using a reagent Kkit
(Wako). Hepal cells were treated with a medium containing
0.2 mM oleic acid complexed to albumin for 24 h. Glycerol re-
lease was assayed as described above. For TG measurements,
Hepal cells treated with oleic acid for 48 h were washed and
harvested in a lysis buffer (50 mM Tris-HCI, pH 7.4, 150 mM
NaCl, 2 mM EDTA, 1% Triton X-100, and 0.5% cholate). Triacyl-
glycerol was measured using a TG E-test kit (Wako).
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modifications. Aliquotg of cell extracts were incubated in 1 ml of

For immunostaining of CGI-58 and perilipin, 3T3-L1 cells were
fixed with PBS containing 4% paraformaldehyde, permeabilized
in 0.2% Triton X-100/PBS, and blocked with 2% BSA/PBS. Cells
were then incubated with primary polyclonal antibodies for 1 h,
washed with PBS, and incubated with Cy3-conjugated (Jackson
ImmunoResearch) or Alexa488-conjugated (Molecular Probes)
secondary antibody for 1 h. After being washed with PBS, cells
were mounted and observed with a confocal microscope (LSM510;
Carl Zeiss). For detection of GFP-CGI-58 and ADRP, Hepal cells
were transfected with the expression vector encoding GFP-fused
full-length CGI-58. Transfection was carried out using Lipofect-
amine 2000 (Invitrogen) according to the manufacturer’s direc-
tions. After transfection for 20 h, cells were fixed, permeabilized
with 0.01% digitonin/PBS, and blocked. Cells were immuno-
stained with a primary polyclonal antibody against ADRP and
then a Cy3-conjugated secondary antibody. Cells were observed
with a fluorescence microscope (Biozero; Keyence). For Nile
Red staining, cells were fixed with 4% paraformaldehyde in PBS
for 20 min at room temperature and stained with 100 ng/ml
Nile Red in PBS for 10 min at room temperature. After being
washed with PBS, cells were mounted and observed with a fluo-
rescence microscope.

GST pull-down experiment

Recombinant GST-CGI-58 protein was expressed in FE. coli
BL21(DE3) and affinity-purified with glutathione-agarose. The
amount of the recombinant protein was standardized on Coomassie
blue-stained SDS-polyacrylamide gels. For the binding experi-
ment with native perilipin and GST-CGI-58, differentiated
3T3-L1 cells (day 8) treated with or without 10 uM isoproterenol
and 0.5 mM IBMX for 1 h were washed with Tris-buffered saline
(pH 7.4) and harvested in a binding buffer (20 mM Tris-HClI,
pH 7.4, 150 mM NaCl, 25 mM 2-glycerophosphate, 50 mM
NaF, 1 mM sodium vanadate, 1% Triton X-100, 1 mM EDTA, and
1 mM DTT) containing 1 mM PMSF, a proteinase inhibitor mix-
ture, and a phosphatase inhibitor cocktail (Sigma). The lysates
were centrifuged at 15,000 rpm for 15 min at 4°C, and the re-
sulting supernatant was mixed with glutathione-agarose beads
containing 15 pg of GST-CGI-58. After 90 min at 4°C, the beads
were washed four times with the binding buffer and suspended in
100 pl of the SDS-PAGE loading buffer. The samples (10 wl each)
were separated by SDS-PAGE and analyzed by Western blotting
with an anti-perilipin polyclonal antibody.

In vitro lipase assay

The transient transfection of Hel.a cells by the calcium phos-
phate method was performed as described (21) using 20 g of
DNA per 10 cm dish. After 24 h, cells overexpressing myc-tagged
proteins were harvested and then broken by sonication in 0.25 M
sucrose containing 1 mM EDTA, 1 mM DTT, and a proteinase
inhibitor mixture. Cell debris was removed by centrifugation, and
the supernatant was analyzed for lipase or esterase activity. For
the lipase assay, the substrate emulsion was prepared by sonicat-
ing the mixture of gum arabic and [14C] triolein. The reaction
was performed with 0.2 ml of cell extract and 40 .l of substrate in
a buffer (50 mM Tris-HCI, pH 7.4, and 1 mM calcium acetate) for
2 h at 37°C. The reaction was terminated by mixing the solution
with 1.5 ml of chloroform and 12 pl of 2.5 N HCI. After centri-
fugation, the lower layer was collected and dried under a flow
of Ny gas. The lipids were subjected to TLC on a silica gel plate
using petroleum ether-diethylether-acetic acid (80:30:1, v/v) as a
solvent, and the intensity of the signal for free fatty acid was
determined in an imaging analyzer (FLA3000; Fuji). Esterase
activity was measured as described previously (22), with minor
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PBS containing 1 mM dithiothreitol and 0.5 mM p-nitrophenyl-
butyrate as a substrate at 37°C for 10 min. The reaction was ter-
minated by adding methanol-chloroform-heptane (10:9:7). The
absorbance of the supernatant was measured at 400 nm.

Anti-Stokes Raman scattering microscopy

The construction and operation of a coherent anti-Stokes
Raman scattering (CARS) microscope was totally supported by
Olympus Co. (Tokyo, Japan). A schematic diagram of the micro-
scope is shown in Fig. 7 below. The system is essentially based on a
previously described construction of the forward-detected CARS
(F-CARS) microscope (23). There are some modifications. The
pulse width is 3-5 ps. The laser beams are directed into a confo-
cal microscope (FV1000/IX81; Olympus). CARS and two-photon
excitation fluorescence (TPEF) signals are detected with differ-
ent types of photomultiplier tube (R3896 for F-CARS and H7422-
20 for TPEF; Hamamatsu Photonics).

RESULTS

CGI-58 RNAIi causes accumulation of LDs in
3T3-L1 preadipocytes

To investigate the function of CGI-58, we took advan-
tage of the gene-silencing strategy using RNAi. We used a
lentivirus-mediated small interfering RNA (siRNA) system
in which shRNA corresponding to the target sequence is
expressed under the control of the U6 promoter. We ini-
tially examined three target sequences in the mRNA of
murine CGI-58 for the silencing activity. Among them, the
most effective sequence was selected and used throughout
the study. As a control, the vector itself or a vector contain-
ing a mutant target sequence in which four nucleotides
deviated from the wild-type sequence (referred to as a mis-
match) was used. 3T3-LL1 preadipocytes transduced with
each recombinant virus were exposed to the medium con-
taining the adipogenic hormone mixture on the day when
the cells reached confluence (day 0) and treated for 2 days.
mRNA levels of CGI-58 and markers for adipocyte dif-
ferentiation [peroxisome proliferator-activated receptor
(PPAR)+y and adipocyte lipid binding protein (aP2)] were
first examined by RT-PCR (Fig. 1A). In control cells, the
level of CGI-58 mRNA increased in the course of adipo-
cyte differentiation, similar to a previous finding (13). The
level of CGI-58 mRNA was decreased significantly by RNAi
compared with the vector or mismatch control, indicating
that effective gene silencing was achieved (~80% decrease
as quantified by densitometry). On the other hand, mRNA
levels of PPARYy and aP2 were not affected by CGI-58 RNA..

Western blotting also showed that the CGI-58 protein
level was decreased significantly in RNAi-treated cells com-
pared with control cells (Fig. 1B). On day 0, a low level of
CGI-58 protein was detected in the control cells after pro-
longed exposure of the membrane, although it is diffi-
cult to see in the figure. We also examined protein levels of
perilipin and ADRP, the perilipin/ADRP/tail interacting
protein of 47 kDa family (PAT) proteins existing on LDs
of adipocytes. Although the protein level of perilipin was
slightly reduced by CGI-58 RNAI in the early stages of dif-
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Fig. 1. Comparative Gene Identification-58 (CGI-58)
mRNA (A) and protein (B) levels in 3T3-L1 cells subjected
to CGI-58 RNA interference (RNAi). A: Total RNA was pre-
pared on the days indicated from 3T3-L1 cells infected
with vector, CGI-58 RNAi, or CGI-58 mismatch con-
trol lentivirus. The mRNA levels of CGI-58, peroxisome
proliferator-activated receptor y (PPARYy), and adipocyte
lipid binding protein (aP2) were measured by RT-PCR

B wB Day 0 | Day 2 I Day 4 | Day 8 (RT). 36B4 was used as an internal control. B: Whole cell
lysates were prepared on the days indicated from 3T3-L1

CGI-58 Cri58 ot -— cells treated as described for A and analyzed by Western
blotting (WB) with anti-CGI-58, anti-perilipin, and anti-

Perilipin — adipocyte differentiation-related protein (ADRP) antibo-

*
ADRP— = — r ’ —
LDH hﬁ

dies. The arrow indicates the band of ADRP, and the
asterisk indicates cross-reactive material. Lactose dehydro-
genase (LDH) was used as a control.

ferentiation (day 4), almost no difference was observed on
day 8 (Fig. 1B). ADRP usually coats the surface of LDs of
preadipocytes, whereas it is replaced by perilipin during
differentiation into adipocytes. A significant increase in
the level of ADRP was observed in the CGI-58 RNAi-treated
cells at each stage of differentiation compared with the
vector and mismatch controls. On day 8, the amount of
ADRP in the CGI-58 RNAi-treated cells was decreased,
probably because of disposition from the surface of LDs
by perilipin.

Because ADRP is involved in the accumulation of lipids
and its protein level closely parallels the total fat cell mass,
we examined whether the population and size of LDs are
altered in RNAi-treated cells (Fig. 2). 3T3-L1 cells treated
with CGI-58 RNAi were stained with Nile Red, which labels
LDs, and then observed by phase-contrast and fluo-
rescence microscopy. In undifferentiated 3T3-L1 cells, sig-
nificant differences in the accumulation of LDs were
observed between the CGI-58 RNAi and control cells. That
is, very few LDs were detectable by Nile Red staining in
control preadipocytes, whereas the CGI-568 RNAi preadipo-
cytes exhibited a marked accumulation of LDs (Fig. 2A).
Such an abnormal accumulation of LLDs was observed in
almost all lentivirus-infected cells, which were able to be
distinguished by the expression of GFP (data not shown).
These results also indicate that CGI-58 protein indeed
exists in preadipocytes, albeit at a low level, although it is
hardly detectable by Western blotting under normal condi-
tions (Fig. 1B). As shown in Fig. 2B, preadipocytes treated
with CGI-58 RNAI differentiated normally and stored large
LDs, similar to control cells. In addition, CGI-68 RNAi did
not affect the specific activity of glycerol 3-phosphate
dehydrogenase, a marker enzyme of adipocytes (data not
shown). Together with the unaltered mRNA levels of
PPARy and aP2 in the RNAi cells (Fig. 1A), we conclude
that CGI-58 is not necessary for adipocyte differentiation.

CGI-58 RNAI reduced the activity of both basal and
PKA-stimulated lipolysis in 3T3-L1 adipocytes

We next examined the lipolytic activity of 3T3-L1 adi-
pocytes treated with CGI-58 small interfering RNA in com-
parison with that of control cells. Lipolytic activity was
estimated by measuring the amount of glycerol released
into the medium for both cells in the basal state and cells
treated with IBMX to increase the intracellular cAMP level
and thus activate PKA (stimulated). Figure 3 shows the
kinetics of glycerol’s efflux from the cells. Notably, knock-
down of CGI-58 suppressed lipolysis under basal and
stimulated conditions compared with the mismatch con-
trol. The inhibitory effect of lipolysis by CGI-58 RNAi was
more prominent in the stimulated conditions (~50% re-
duction) than in the basal state (~20%). These results in-
dicate that CGI-58 is involved in lipid turnover on LD
surfaces and has a possible function to facilitate lipolysis in
3T3-L1 cells.

CGI-58 contains a canonical esterase/lipase motif, al-
though the active serine residue within the GXSXG motif
is replaced by asparagine. Because CGI-58 enhances lipoly-
sis at the cellular level, we next examined whether CGI-
58 itself has lipase/esterase activity in vitro (Fig. 4). The
lipase activity of the extract of HeLa cells expressing rat
CGI-58 and its mutant in which asparagine-155 was
changed to glycine (N155G) was measured, using a lipid
emulsion containing radiolabeled triolein as a substrate.
HSL was used as a positive control that has lipase/esterase
activity, and HSL S423G (with the active site serine changed
to glycine) was used as a negative control. As expected,
significant lipase activity was detected in the cell extract
containing the wild-type HSL but not in the cell extract
containing the $S423G mutant (Fig. 4A). On the other
hand, CGI-58 and its N155G mutant did not exhibit any
lipase activity. Similar results were obtained with respect
to esterase activity as monitored with a water-soluble sub-
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Fig. 2. CGI-58 RNAI causes the accumulation of lipid droplets
(LDs) in nondifferentiated 3T3-L.1 cells (A) but does not affect
adipocyte differentiation (B). 3T3-L1 cells infected with CGI-58
RNAI or mismatch control virus on days 0 (A) and 8 (B) were ana-
lyzed by phase-contrast microscopy (left) and Nile Red staining
(right) to visualize the LDs. Bars = 20 pum.

strate, p-nitrophenylbutyrate (Fig. 4C). HSL and ATGL are
representative lipases involved in the degradation of TG
in adipocytes. When the cell extract containing HSL or
ATGL was combined with an extract containing CGI-58,
enhancement of lipase activity was detected compared
with the lipase alone, particularly for the combination with
ATGL (Fig. 4B). These results suggest that CGI-58 per se
does not function as a lipase but has an ability to enhance
the activities of TG hydrolases in adipocytes, especially ATGL.

Release of endogenous CGI-58 by lipolytic stimulation
from the LD surface is caused by the phosphorylation
of perilipin

Lipolytic stimulation by catecholamines causes drastic
changes in the protein composition and morphology
of LDs in 3T3-L1 cells (24). This stimulation triggers the
phosphorylation of perilipin and HSL, followed by the
translocation of HSL from the cytosol to the LD surface.

1082 Journal of Lipid Research Volume 48, 2007

the micro-LDs generated are dispersed into the cytoplasm
(Fig. 5B) (6, 25, 26). Perilipin predominantly coats the
LDs of mature adipocytes, whereas ADRP does not. After
lipolytic stimulation, however, ADRP appears on LDs as a
consequence of the increased availability of sites for bind-
ing to ADRP on the micro-LDs (24). It was reported that
activation of PKA in 3T3-L1 adipocytes disperses exoge-
nously expressed CGI-58-GFP from the surface of LDs
to the cytosol (15). Because an overexpressed protein may
behave abnormally, we monitored the behavior of endoge-
nous CGI-58 upon lipolytic stimulation by immunofluo-
rescence analysis. Significant dispersion of the protein was
visible at as early as 3 min (Fig. 5A), the majority of CGI-58
being redistributed to the cytosol by 5 min, which is con-
siderably faster than the published result for GFP-tagged
CGI-58. In contrast, perilipin, a binding partner of CGI-58,
was mostly retained on the surface of LDs even 1 h after
stimulation (Fig. 5B). Interestingly, we noticed that CGI-58
was also present in particulate structures colocalizing with
perilipin in the cells at 1 h after stimulation. The possi-
ble significance of these structures is discussed below.
Although the phosphorylation of perilipin by PKA was
revealed as a shift of electrophoretic mobility by immu-
noblotting, no significant change was observed in the
mobility of CGI-58 (Fig. 5C). The protein level of CGI-58
remained unchanged even 8 h after lipolytic stimulation,
indicating that the CGI-58 released from LDs was retained
in the cytosol. The time-dependent increase in ADRP pos-
sibly correlates with the formation of micro-LDs by lipo-
lytic stimulation (Fig. 5C).

CGI-58 directly interacts with perilipin and is located
on LDs in the basal state in 3T3-L1 cells (13, 15). It is also
suggested that phosphorylation of serine residues in the
C-terminal PKA consensus sites of perilipin A are critical
for the translocation of CGI-58 away from the LD sur-
faces into the cytosol (15). To examine whether the PKA-
induced release of CGI-58 from the surface of LDs is
attributable to the dissociation of CGI-58 from phosphor-
ylated perilipin, we next performed a GST pull-down assay.
GST-fused CGI-58 was mixed with the total cell extracts
from nondifferentiated or differentiated 3T3-L.1 cells con-
taining unphosphorylated or phosphorylated perilipin, re-
spectively, and recovered with an affinity resin. Figure 5D
shows that the unphosphorylated perilipin of the un-
stimulated cells bound to CGI-58, but the phosphorylated
perilipin derived from the stimulated cells was severely im-
paired in its ability to bind. The observed shift was in fact
attributable to the phosphorylation of perilipin, because
the band migrated the same as the unphosphorylated
perilipin after treatment with alkaline phosphatase (data
not shown). Thus, phosphorylated perilipin loses its affin-
ity for CGI-58 and fails to bind CGI-58 on LDs, leading to
the release of CGI-58 into the cytosol.

CGI-58 RNAI induces the accumulation of LDs and the
expression of ADRP in hepatoma cells

We next examined the effect of CGI-58 RNAi in Hepal
cells, a cell line derived from mouse hepatoma in which
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Fig. 3. CGI-58 RNAi reduced both basal and cAMP-dependent protein kinase-stimulated lipolysis in 3T3-L1
adipocytes. Release of glycerol into the medium in the absence (basal) or presence of 3-isobutyl-1-
methylxanthine (IBMX; stimulated) was monitored for differentiated 3T3-L1 cells (day 12) infected with
CGI-58 RNAi or mismatch control virus. Cells were incubated in DMEM containing 2% fatty acid-free BSA/
20 mM HEPES (pH 7.4) with (B) or without (A) 0.1 mM IBMX for up to 12 h at 37°C. Aliquots of medium
were collected, and the amount of glycerol released into the medium was measured. Circles and diamonds
indicate the efflux of glycerol from CGI-58 RNAI cells and mismatch control cells, respectively. Means of
three independent results are given, together with SD.

ADRP but not perilipin is expressed on LDs. Effective gene
silencing of CGI-58 was confirmed by RT-PCR (Fig. 6A).
Many more cycles of PCR were necessary to detect the
band of CGI-58 cDNA compared with the 3T3-L1 adipo-
cyte RNA. In addition, the CGI-58 protein band could not
be detected by Western blotting, even after prolonged ex-
posure (data not shown). Notably, Hepal cells treated
with CGI-58 RNAI contained vacuole-like structures in peri-
nuclear regions, in contrast to the control cells, which
were confirmed to be enlarged LDs (Fig. 6B, C). It should
be emphasized that this accumulation of LDs occurred
without the supplementation of fatty acids, which is usually
required for LDs to accumulate in nonadipose cells. To
assess differences in lipolytic activities, we measured the
glycerol release from the CGI-58 RNAi and mismatch
control Hepal cells. Similar to the result with 3T3-L1 cells,
CGI-58 RNAI suppressed the release of glycerol in Hepal
cells, suggesting a decrease in lipolysis (Fig. 6D, left panel).
Consistent with this, cellular TG content was increased in
the CGI-58 RNAI cells (Fig. 6D, right panel). The amount of
ADRP protein was increased significantly in the RNAi-treated
cellsaccompanied by the formation of LDs (Fig. 6E). When
GFP-CGI-58 was expressed in normal Hepal cells supple-
mented with oleic acid, a ring-shaped distribution was ob-
served, colocalizing with ADRP (Fig. 6F). Nile Red staining
confirmed this distribution to be on the LD surfaces (data
not shown). These results suggest that CGI-58 facilitates
lipolysis not only in adipocytes but also in other cell types,
consistent with the fact that CDS patients exhibit an ab-
normal accumulation of LDs in the cells of the whole
body, including hepatocytes.

CGI-58 is not involved in the formation of micro-LDs
caused by PKA activation

Hormonal stimulation of P-adrenergic receptors trig-
gers a drastic remodeling of LD structures in adipocytes. It
is thought that, upon stimulation, the large LDs in mature
adipocytes are fragmented into micro-LDs and dispersed
throughout the cytosol, although the molecular mecha-
nism of this process is not fully understood (24, 26). We
next examined whether CGI-58 is involved in the remod-
eling of LDs caused by lipolytic stimulation. To do this, we
took advantage of a recently established technology, CARS
microscopy (Fig. 7). This technique creates images of the
intracellular distribution of specific molecules using CARS
signals. These signals, presented by the equation 2w, — w,,
where o, and o, denote the frequencies of the pump and
Stokes beams, respectively, are maximized by tuning w, —
wy to the vibration of specific chemical bonds. Because the
C-H bond is most abundant in fatty acids, CARS micros-
copy is particularly useful for imaging lipids, by capturing
the signal of C-H vibration (23). This technique was also
shown to be effective for imaging LDs, in which the fatty
acyl group is highly accumulated, in live cells without any
artificially tagged proteins or fluorescence probes (27).
Hence, we expected that, using this technique, we would
be able to follow the morphological changes of LDs upon
lipolytic activation by time-lapse imaging of a single live cell.

We first observed the process of remodeling of LDs af-
ter lipolytic stimulation in differentiated 3T3-L1 cells. As
shown in Fig. 8 and the supplementary video, micro-LDs
became visible within 10 min of the addition of isoproter-
enol and IBMX, and almost all cells carried micro-LLDs at
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Fig. 4. CGI-58 per se does not act as a lipase but enhances the lipase activity of adipose triglyceride lipase
(ATGL). A: HeLa cell homogenates individually expressing myc-tagged CGI-58, hormone-sensitive lipase
(HSL), and their derivatives carrying mutations in the putative lipase motifs were analyzed for lipase activi-
ties and protein concentrations. The substrate emulsion was prepared by sonicating a mixture of gum arabic
and '*Clabeled triolein. The lipids were subjected to TLC, and the radioactivity of free fatty acid was
measured in an imaging analyzer. Activity is expressed as nanomoles of free fatty acid released per hour per
milligram of protein. B: Homogenates of cells individually expressing HSL and ATGL were mixed with
normal cell extracts or extracts containing CGI-58 and analyzed for lipase activity as described for A. Relative
enzyme activities are shown. C: Homogenates of cells individually expressing the same proteins as in A were
analyzed for esterase activity and total protein. Activity was measured using p-nitrophenylbutylate as a sub-
strate and is presented as micromoles of pnitrophenol released per milligram of protein. Means of three

independent results are given, together with SD.

no later than 15 min. Because the release of CGI-58 from
LDs (Fig. 5A) and translocation of HSL to the surfaces of
LDs occurs within 5 min of the stimulation (6), the LDs
seem to start remodeling slightly after the mobilization of
those proteins. Interestingly, these micro-LDs were not
likely to be derived from large central LDs but emerged
in distinct positions, such as the perinuclear region or
neighboring the plasma membrane. They were oscillating,
probably as a result of Brownian motion. The micro-LDs
clearly formed gradually during the experiment, reaching
diameters of ~1 pm at 60 min after stimulation. Using the
same system, we examined the effect of CGI-58 RNAi on
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the remodeling of LDs in differentiated 3T3-L1 cells.
Significant remodeling was observed in the cells treated
with CGI-58 RNAi at 60 min after stimulation (Fig. 9).
Apparently, the fragmentation of LDs was even more
marked for the RNAi-treated cells than for control cells,
possibly because the RNAi-treated cells at the start of the
experiment had smaller and clustered LDs rather than
large central LDs. The efficient formation of micro-LDs in
the CGI-58 RNAi-treated cells was confirmed in several
different cells. Thus, CGI-58 is not required for the vesic-
ulation of LDs during hormone-stimulated lipolysis, al-
though it facilitates the lipolysis on LDs.
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Fig. 5. Endogenous CGI-58 is released from LDs upon lipolytic stimulation depending on the phos-
phorylation of perilipin. A: Time course of the dissociation of CGI-58 from the surface of LDs. Differentiated
3T3-L1 cells (day 8) were treated with 0.5 mM IBMX and 10 uM isoproterenol and fixed at the indicated
time points. CGI-58 was immunostained and observed by confocal microscopy. Bars = 20 pm. B: Differ-
entiated 3T3-L1 cells were fixed and double-immunostained with anti-CGI-58 and anti-perilipin antibodies.
The cells were observed with a confocal microscope. The cells were cultured with (stimulated) or without
(basal) 0.5 mM IBMX and 10 uM isoproterenol for 1 h before fixation. Bar = 20 wm. C: Differentiated 3T3-
L1 cells were lipolytically activated as described above, and cell lysates were prepared at the time points
indicated. CGI-58, perilipin, and ADRP proteins in each cell lysate were detected by immunoblotting. The
arrow indicates the band of ADRP. D: Direct interaction of glutathione S-transferase (GST)-CGI-58 with
perilipin is inhibited by phosphorylation of perilipin. 3T3-L1 cells were differentiated (day 8) and incubated
with (stimulated) or without (basal) 0.5 mM IBMX and 10 uM isoproterenol for 1 h. The extracts from each
of the cells were used as a source of phosphorylated or nonphosphorylated perilipin, and binding with GST-
CGI-58 was examined. Input and bound proteins were analyzed by immunoblotting with an anti-perilipin
antibody. The arrow indicates the position of nonphosphorylated perilipin A, and the asterisk indicates the
phosphorylated form.

DISCUSSION also consistent with the accumulation of lipids in these

In this study, we examined the role of CGI-58 on the
surface of LDs by applying a loss-of-function strategy using
RNAI. Notably, CGI-58 knockdown caused an abnormal
accumulation of LDs in both hepatoma cells and preadi-
pocytes. The increase in ADRP in RNAi-treated cells was

cells. CGI-58 RNAI did not affect adipocyte differentiation,
as estimated based on glycerol 3-phosphate dehydrogenase
activity, or the levels of PPARy and aP2 mRNA, whereas the
RNAi-treated cells exhibited decreased lipolytic activity in
both the basal and stimulated states. These results indicate
that CGI-58 functions to enhance lipolysis at the cellular
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Fig. 6. Effects of CGI-58 RNAi in Hepal cells. A: Total RNA was prepared from Hepal cells infected with
vector, CGI-58 RNAi, or CGI-58 mismatch control virus. The mRNA level of CGI-58 was estimated by RT-PCR.
B, C: Hepal cells infected with CGI-58 RNAi or mismatch control virus were observed by phase-contrast
microscopy (B) and fluorescence microscopy after Nile Red staining (C). A number of enlarged LDs,
indicated by arrows, were observed in the CGI-58 RNAI cells in contrast to control cells. Bars = 10 um. D:
Release of glycerol (left) and triglyceride (TG) content (right) were monitored for Hepal cells infected with
CGI-58 RNAi (RNAi) or mismatch (Mis) control virus. Cells cultured in the presence of 0.2 mM oleic acid
were washed and incubated in DMEM containing 2% fatty acid-free BSA for 20 h, and the release of glycerol
was determined. For TG measurements, Hepal cells treated with oleic acid were washed and harvested in the
lysis buffer. The values were normalized by cellular protein contents and given as means = SD (n = 5). E:
Total RNA and whole cell lysates were prepared from Hepal cells infected with CGI-58 RNAi and CGI-58
mismatch control virus. The mRNA and protein levels of ADRP were estimated by RT-PCR (RT) and Western
blotting (WB), respectively. 36B4 and lactose dehydrogenase (LDH) were used as controls. F: Hepal cells
expressing green fluorescent protein (GFP)-CGI-58 were fixed and immunolabeled with an antibody to
ADRP, followed by Cy3-conjugated secondary antibody. Stained samples were observed by fluorescence
microscopy. Bar = 10 pm.

level. On the other hand, it is puzzling why the size or
accumulation of LDs is unchanged in the mature adipo-
cytes. In fact, patients with CDS are not typically obese. A
possible explanation for this would be that lipid assimila-
tion rather than lipolysis is rate-limiting for the TG accumu-
lation in mature adipocytes in culture as well as in the body.
Indeed, even ATGL-null mice were not severely obese, in
spite of the critical role of ATGL in lipolysis (28).
Experiments in vitro using the extracts of cells express-
ing CGI-58 or other proteins showed that CGI-58 per se

1086 Journal of Lipid Research Volume 48, 2007

does not have lipase/esterase activity. Further analysis
showed that when CGI-58 was combined with ATGL, lipo-
lytic activity was enhanced significantly compared with the
case of ATGL alone. Hence, it is likely that CGI-58 is not
a TG hydrolase but acts as a cofactor for a lipase such as
ATGL. During the course of this study, the activation of
ATGL by CGI-58 in vitro as well as interaction between
them was reported (20). Those investigators further showed
that mutations of CGI-58 associated with CDS abolished the
ability to activate ATGL. Compared with their results, the
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Fig. 7. Scheme of a coherent anti-Stokes Raman scattering (CARS)
microscope. A pump beam (o, 712 nm) and a Stokes beam (ws,
893 nm) are coaxially combined by a combiner (CM), introduced
into an Olympus FV1000/IX81 laser scanning microscope, and
focused at the same pointin a sample (S) by an objective lens (OB).
The forward-detected CARS (F-CARS) beam (w,s, 593 nm) generated
in the sample (S) is collected bya condenserlens (CD), goes through
the first band-pass filter (BF1) and the first focusing lens (FL1), and
then is detected by the first photomultiplier tube (PMT1). At the
same time, GFP fluorescence emitted in the sample (S) is collected
by the objective lens (OB), reflected aside by a dichromatic mirror
(DM), goes through the second band-pass filter (BF2) and the
second focusing lens (FL2), and then is detected by the second
photomultiplier tube (PMT2).

activation of ATGL by CGI-58 was less significant in our
experiment (20-fold vs. 1.8-fold). Possibly, the sensitivity of
our in vitro assay system using gum arabic as a source of
micelles was lower than theirs using phospholipid micelles,
and hence the effect of CGI-58 was less prominent. On the
other hand, we investigated the morphological change in
LDs and showed that depletion of CGI-58 by RNAi leads
to an increase in the population and size of LDs. This
phenotype caused by CGI-58 RNAI is largely similar to that
caused by ATGL RNAI reported previously. That is, deple-
tion or overexpression of ATGL in HeLa cells led to an
increase or decrease in the size of LDs, respectively (19).
These observations suggest that CGI-58 plays an important
role in lipid turnover on LDs in concert with ATGL.

It is now accepted that perilipin has a central role in the
lipolytic reaction on LDs in adipocytes. Upon activation of
the B-adrenergic receptor signaling pathway, perilipin and
HSL are phosphorylated by PKA and facilitate lipolysis.
CGI-58, recognized as a causal gene of CDS and a binding
partner of perilipin in adipocytes in the basal state, has
also been suggested to participate in this event (13, 15).
CDS is a disorder that involves the abnormal accumulation

Fig. 8. Time-lapse imaging of the process of LD remodeling by
CARS microscopy. Differentiated 3T3-L1 cells (day 8) were treated
with 0.5 mM IBMX and 10 uM isoproterenol and imaged in real
time by CARS microscopy. Images were taken at 1 min intervals for
up to 1 h. Note that micro-LDs appeared at positions distant from
the large central LDs (also see the supplementary video). Bar =
10 pm.

of lipids in many types of cells throughout the body, and
CGI-58 RNAI caused an increase in the formation of LDs
and disrupted the release of glycerol at the cellular level.
Thus, all of the in vivo and in vitro evidence supports
the notion that CGI-58 is indeed a lipolytic factor. On the
other hand, CGI-58 translocates from the surface of LLDs to
the cytosol upon lipolytic stimulation in 3T3-L1 adipocytes,
because of its lower affinity for phosphorylated perilipin.
Hormonal lipolytic stimulation in mature adipocytes is the

0 min LDs 60 min LDs 0 min GFP

Fig. 9. CGI-58 is not involved in the formation of micro-LDs
caused by lipolytic stimulation. 3T3-L1 cells infected with CGI-58
RNAi or mismatch control virus differentiated into adipocytes up
to day 8. For both samples, LDs of the same cells were imaged by
CARS microscopy before and 1 h after the addition of 0.5 mM
IBMX and 10 pM isoproterenol to the medium. Cells were con-
firmed to be infected by simultaneous imaging of GFP as detected
by TPEF. Bars = 20 pm.
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generally recognized as essential regulators for intracel-

Thus, the question arises why CGI-58, a lipolytic factor that
is also required for stimulated lipolysis, leaves the LDs
during this event. It should be noted that the micro-LDs
formed upon lipolytic stimulation seemed to carry both
CGI-58 and perilipin on the surface, even after these
proteins were released from the central large LDs (Fig. 5).
If the micro-LDs are the major sites of active lipolysis, it
would be reasonably inferred that CGI-58 has a lipolytic
function on their surface. It is also possible that CGI-58
functions not only on the surface of LDs but also in the
cytosol. The participation of CGI-58 in lipolysis is also sup-
ported by the observation that CGI-58 was retained in the
cytosol without being degraded, even after its release from
LDs, upon lipolytic stimulation.

Besides the function of CGI-58, we observed an interest-
ing behavior of LLDs during lipolysis by CARS microscopy.
This technique allows selective real-time imaging of LDs in
living cells, without probing with fluorescent dyes or ex-
pressing proteins with artificial tags such as GFP. Using
this system, we followed the process of the remodeling of
LDs caused by lipolytic stimulation. The remodeling pro-
cess as revealed by time-lapse CARS imaging after lipolytic
stimulation was as follows. Initially, micro-LDs appeared
within 10 min after stimulation. Although this time varied
among cells, almost all cells acquired micro-LDs within
15 min. The amount of time required for LDs to appear
in this experiment was much shorter than that observed to
date in experiments using fixed cells. Because endogenous
CGI-58 starts being released from LDs by 3 min (Fig. bA)
and phosphorylated HSL translocates to LDs by 5 min (6),
vesiculation of LDs seems to be a delayed event compared
with the mobilization of those proteins. Interestingly,
micro-LDs initially arose from all areas of the cytosol, but
not from specific regions neighboring the large central
LDs. This observation raises the possibility that the micro-
LDs are formed from organelles other than the large LDs.
Although the mechanism by which LDs form de novo is not
fully understood, evidence suggests that the endoplasmic
reticulum is a location for the synthesis of LDs (29-31).
Thus, the micro-LDs might be formed at the endoplasmic
reticulum, responding to the lipolytic stimulation. If this
is the case, the micro-LDs are not products of the “frag-
mentation” of the large central LDs, which has been as-
sumed based on previous observations using fixed cells
after prolonged stimulation (24, 26). Assuming that our
CARS system can detect LDs as small as ~0.4 um in diam-
eter as distinct dots, it is possible that extremely small
LDs under the limit of detection (referred to here as nano-
LDs) emerge from the large central LDs. These nano-LDs
are dispersed into the cytosol and then might fuse to each
other, consequently becoming the micro-LDs, or they might
fuse with the “endoplasmic reticulum-derived” micro-LDs
discussed above, thus contributing to their development.
Indeed, despite the overall degradation of TG, the micro-
LDs grew larger during lipolytic stimulation.

What triggers the vesiculation of LDs? CGI-58 is not es-
sential for this event (Fig. 9), although perilipin likely is
(26). Other candidates are Rab family members, which are
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lular membrane trafficking. It is known that Rab18 is re-
cruited to LDs in adipocytes after lipolytic stimulation and
increases the amount of endoplasmic reticulum membrane
wrapped around LDs (32). Besides Rab18, many other Rab
proteins are located on LDs (24, 33, 34), but their functions
are not known. CARS microscopy is a powerful tool for
studying the dynamic behavior of LDs and, hence, useful for
analyzing the molecular mechanisms of LD remodeling.

Based on the present results, we conclude that CGI-58 is
a key molecule for lipolysis in almost all cells of the body.
Further understanding of the functions of CGI-58 at the
molecular level, such as the functional and structural
interplay involving CGI-58, PAT proteins, and ATGL, in
adipocytes as well as nonadipose cells, should help to elu-
cidate the molecular basis of obesity and its consequence,
the metabolic syndrome.EHl
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