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Autophagy as a Putative Lysophosphatidylglycerol
Acyltransferase*
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Background: CGI-58 plays an essential role in lipid homeostasis with poorly defined mechanisms.
Results: CGI-58 promotes autophagy as a novel lysophosphatidylglcyerol acyltransferase.
Conclusion: CGI-58 regulates lipid homeostasis in part by promoting autophagy.
Significance: Our findings provide potential molecular mechanisms by which CGI-58 mutations cause dyslipidemia.

CGI-58 is a lipid droplet-associated protein that, when mutated,
causes Chanarin-Dorfman syndrome in humans, which is charac-
terized by excessive storage of triglyceride in various tissues. How-
ever, the molecular mechanisms underlying the defect remain elu-
sive. CGI-58 was previously reported to catalyze the resynthesis of
phosphatidic acid as a lysophosphatidic acid acyltransferase. In
addition to triglyceride, phosphatidic acid is also used a substrate
for the synthesis of various mitochondrial phospholipids. In this
report, we investigated the propensity of CGI-58 in the remodeling
of various phospholipids. We found that the recombinant CGI-58
overexpressed in mammalian cells or purified from Sf9 insect cells
catalyzed efficiently the reacylation of lysophosphatidylglycerol to
phosphatidylglycerol (PG), which requires acyl-CoA as the acyl
donor. In contrast, the recombinant CGI-58 was devoid of acyl-
transferase activity toward other lysophospholipids. Accordingly,
overexpression and knockdown of CGI-58 adversely affected the
endogenous PG level in C2C12 cells. PG is a substrate for the syn-
thesis of cardiolipin, which is required for mitochondrial oxidative
phosphorylation and mitophagy. Consequently, overexpression
and knockdown of CGI-58 adversely affected autophagy and
mitophagy in C2C12 cells. In support for a key role of CGI-58 in
mitophagy, overexpression of CGI-58 significantly stimulated
mitochondrial fission and translocation of PINK1 to mitochon-
dria, key steps involved in mitophagy. Furthermore, overexpres-
sion of CGI-58 promoted mitophagic initiation through activation
of 5�-AMP-activated protein kinase and inhibition of mTORC1
mammalian target of rapamycin complex 1 signaling, the positive
and negative regulators of autophagy, respectively. Together, these
findings identified novel molecular mechanisms by which CGI-58

regulates lipid homeostasis, because defective autophagy is impli-
cated in dyslipidemia and fatty liver diseases.

In most cells of vertebrates, energy is stored as TAG3 in the
lipid droplets. The hydrolysis of these lipids provides a source of
substrates for the synthesis of phospholipids, which are used for
membrane structure, mitochondrial respiration, and ATP pro-
duction (1). The complete hydrolysis of TAG is catalyzed by
several lipases, including adipose TAG lipase (ATGL), hor-
mone-sensitive lipase, and monoacylglycerol lipase (2). The ini-
tial step in TAG hydrolysis in various tissues is mediated by
ATGL. However, the maximal activation of adipocyte lipolysis
requires the CGI-58 protein, also known as �/� hydrolase
domain 5. CGI-58 was shown to interact with perilipin and
ATGL on the surface of lipid droplets (3, 4). In the absence of
PKA activation, CGI-58 binds to perilipin and is sequestered at
the surface of the lipid droplets. Activation of PKA promotes
the release of CGI-58 from perilipin, allowing it to bind to
ATGL, which stimulates the activity of ATGL to hydrolyze
TAG (4, 5).

CGI-58 is a member of the lipase subfamily of �/�-hydrolase
fold enzymes (6) and plays an important role in the mainte-
nance of TAG homeostasis. Mutations in the CGI-58 gene
cause Chanarin-Dorfman syndrome, a neutral lipid storage dis-
order in humans. Clinical manifestations include ichthyosis,
hepatic steatosis, cardiomyopathy, ataxia, and mental retarda-
tion (7). CGI-58 mutant proteins are unable to induce ATGL
activity, which results in cellular lipid accumulation in the form
of TAG (4). The mutations that affect this association hinder
both TAG hydrolysis (4) and recycling of neutral lipids to phos-
pholipids (8).
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In addition to supporting ATGL activation, CGI-58 has been
reported to catalyze the resynthesis of phosphatidic acid as an
acyl-CoA-dependent lysophosphatidic acid acyltransferase
(LPAAT) that prefers arachidonoyl-CoA and oleoyl-CoA as
acyl donors (1, 9). This function is consistent with the presence
of a consensus sequence of HXXXXD at the C terminus of the
CGI-58 protein, which is conserved in homologs of CGI-58
from all vertebrate and some invertebrate species (1). However,
CGI-58 mutations that cause Chanarin-Dorfman syndrome
were shown to have normal LPAAT activity (9). Thus the bio-
chemical role of CGI-58 on phospholipids biosynthesis remains
unclear.

Although both ATGL and CGI-58 mutations in humans cause a
neutral lipid storage disease (10, 11), phenotypic differences exist
between CGI-58 and ATGL mutations in humans and rodents.
For example, ATGL mutations in humans cause no ichthyosis,
whereas CGI-58 mutations in humans always cause ichthyosis (6,
11). Additionally, whole body ATGL knock-out mice are viable,
whereas global deletion of CGI-58 leads to neonatal lethality
caused by a defect in skin barrier function (12). These observations
suggest that CGI-58 may possess additional functions beyond
ATGL activation. In this study, we identified CGI-58 as a novel
lysophosphatidylglycerol acyltransferase (LPGAT) that catalyzes
the resynthesis of PG using acyl-CoA as acyl donor. Moreover,
CGI-58 plays an important role in regulating mitochondrial
dynamics and autophagy, linking lipid droplets to the mitochon-
drial quality control process.

MATERIALS AND METHODS

Reagents—Monolysocardiolipin (MLCL), lysophosphatidic
acid, lysophosphatidylcholine (LPC), lysophosphatidyleth-
anolamine (LPE), lysophosphatidylserine (LPS), lysophos-
phatidylinositol (LPI), and lysophosphatidylglycerol (LPG)
were purchased from Avanti Polar Lipids (Alabaster, AL).
[14C]Oleoyl-CoA (50 mCi/mmol) and [14C]palmitoyl-CoA
were purchased from American Radio Labeled Chemicals (St.
Louis, MO). Iodine, PEG 1500, rapamycin, bafilomycin A1, and
Mdivi-1 were purchased from Sigma. Monoclonal antibodies to
MFN2 and OPA1 were purchased from Abcam (Cambridge,
MA). Anti-LC3 and anti-CGI-58 antibodies were purchased
from Novus Biologicals (Littleton, CO). Anti-p62 antibody was
from American Research Products Inc. (Belmont, MA). Mono-
clonal anti-FLAG antibody (M2) and anti-FLAG agarose resin
were from Sigma. Anti-PINK1 polyclonal antibody (A01) was
purchased from Abnova (Walnut, CA). Anti-NRF2 and anti-
GAPDH antibodies were purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA). Donkey anti-rabbit and donkey anti-
mouse IgG horseradish peroxidase-conjugated antibodies were
purchased from GE Healthcare.

Expression of CGI-58 in Mammalian Cells—The FLAG
epitope (DYKDDDDK) was attached to the N terminus of
CGI-58 by PCR amplification using a forward primer that car-
ried the FLAG sequence fused in-frame with the start codon of
the CGI-58 coding region. A FLAG-tagged CGI-58 expression
vector was generated by subcloning the cDNA into the BamHI
and NotI sites of pcDNA3.1(�)/Hygro mammalian expression
vector (Invitrogen). 293T cells were transiently transfected
with pcDNA3.1-FLAG-CGI-58 for 48 h. Then the cells were

harvested, and the cell lysates were aliquoted and stored at
�80 °C. The expression level of FLAG-CGI-58 was measured
by Western blot using anti-FLAG antibody. The cell lysates
were subsequently used in in vitro acyltransferase assay.

Expression of CGI-58 in Insect Cells—Expression of CGI-58
in insect cells was performed by using a Bac-to-Bac baculovirus
expression system (Invitrogen) according to the manufacturer’s
instructions. The FLAG-tagged CGI-58 full-length coding
sequence was subcloned from pcDNA3.1-FLAG-CGI-58 into
BamHI and NotI sites of pFastbac1 vector, which was subse-
quently transformed into DH10BacTM Escherichia coli cells to
generate a recombinant bacmid that carries the insertion of the
CGI-58 cDNA. High titer recombinant baculovirus was gener-
ated by transfecting the bacmid DNA into Sf9 insect cells, fol-
lowed by several rounds of amplification to increase viral titer.
Sf9 cells were typically infected with virus for 3 days and then
harvested in ice-cold PBS. The FLAG-tagged CGI-58 protein
was purified using anti-FLAG-agarose resin (Sigma). Purified
CGI-58 protein was confirmed by Coomassie Blue staining and
subsequently used in in vitro acyltransferase assay.

In Vitro Acyltransferase Assay—The lysophospholipids acyl-
transferase activities of recombinant CGI-58 were determined
by measuring the incorporation of radiolabeled acyl moieties of
acyl-CoAs (acyl donors) into phospholipids in the presence of
relevant lysophospholipids (acyl acceptors) as described previ-
ously (13). MLCL, lysophosphatidic acid, LPE, LPC, LPI, LPS,
and LPG were used in the assay. The reaction mixture con-
tained 80 mM Tris/HCl, pH 7.4, 200 �M lysophospholipids, 20
�M [14C]oleoyl-CoA (50 mCi/mmol) or [14C]palmitoyl-CoA
(50 mCi/mmol) and enzyme preparations (50 �g of total pro-
tein from 293T cell lysates or 500 ng of purified protein from Sf9
cells) in a total volume of 200 �l. For CGI-58 LPGAT kinetics
analysis, the indicated concentration of LPG was used as sub-
strate. The reactions were incubated at room temperature for
30 min. The lipids were extracted using a method as described
previously (13). The extracted lipids were dried and separated
by TLC with chloroform:methanol:water (65:25:4, v/v/v) or
chloroform:ethanol:water:triethylamine (30:35:7:35, v/v/v/v).
After separation, the TLC plates were exposed to a Phosphor-
Imager screen to visualize the radiolabeled products with a
Molecular Dynamics STORM860 Scanner (Sunnyvale, CA).

Lipid Extraction—Lipids in C2C12 cells were extracted using
chloroform/methanol (2:1, v/v). In brief, cells pellets were
resuspended in chloroform/methanol (2:1, v/v) and incubated
at room temperature for 1 h. After addition of 0.9% KCl, phase
separation was carried out by centrifugation. The organic phase
was dried, and the lipids were finally diluted in chloroform/
methanol (2:1, v/v), separated on TLC, resolved by chloroform/
methanol/water (65:25:4, v/v), and visualized by iodine vapor.
The product from an in vitro LPGAT assay was used as PG
marker. The PG content in cells was quantified using ImageJ.

Subcellular Fractionation Analysis—Subcellular fraction-
ation analysis was carried out to localize CGI-58 stably
expressed in C2C12 cells as described previously (14, 15).
Briefly, C2C12-CGI-58 overexpression cells were homogenized
with a Dounce homogenizer in 10 volumes (w/v) of solution
consisting of 225 mM mannitol, 75 mM sucrose, 0.1 mM EGTA,
and 30 mM Tris/HCl, pH 7.4. The homogenate was first centri-
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fuged at 600 � g for 10 min to remove cell debris and nuclear
fractions. The crude mitochondrial fraction was obtained by
centrifuging the supernatant at 8,000 � g for 10 min. For isola-
tion of the pure mitochondrial fraction and mitochondria-as-
sociated membranes, the crude mitochondrial pellet was resus-
pended in mitochondrial suspension buffer consisting of 250
mM mannitol, 5 mM HEPES, pH 7.4, and 0.5 mM EGTA and then
fractionated by Percoll gradient ultracentrifuge at 95,000 � g
for 30 min. Microsomal fraction was prepared from the post-
mitochondrial supernatant by sedimentation at 100,000 � g for
1 h. The mitochondrial, mitochondria-associated membrane,
and microsomal fractions were resuspended in PBS buffer and
analyzed by Western blot analysis using anti-FLAG antibody.
Tom20 and calnexin were used as mitochondria and endoplas-
mic reticulum biomarkers, respectively.

Immunofluorescence—COS-7 cells growing on a coverslip
were transiently co-transfected with mitochondria-targeted
GFP (mito-EGFP) together with pcDNA3.1-FLAG-CGI-58 or
empty pcDNA3.1 vector for 48 h. Cells were then fixed in 4%
(v/v) paraformaldehyde for 10 min, washed twice with PBS, and
then permeabilized with 0.1% Triton X-100 in PBS for 10 min.
Fixed cells were preincubated for 30 min in PBS containing 1%
BSA at room temperature to block nonspecific binding. Cells
were incubated with anti-FLAG monoclonal antibody (1:200
dilution in 1% BSA/PBS) for 3 h at room temperature. After
three brief washes with PBS, the cells were incubated for 1 h at
room temperature with Cy3-conjugated donkey anti-mouse
IgG (Jackson ImmunoResearch Laboratories Inc., West Grove,
PA). The cells were also counterstained with DAPI (Molecular
Probes, Eugene, OR) to visualize nucleus. Cells were then
washed four times with PBS and analyzed with a confocal fluo-
rescence microscope (Leica TCS SP8 AOBS).

Generation of C2C12-CGI-58 Overexpression and shRNA
Knockdown Cell Lines—C2C12 cells were transfected with
pcDNA3.1-FLAG-CGI-58 or empty vector as a control. The
stable transfectants were screened for hygromycin resistance
by culturing in DMEM (Invitrogen) supplemented with hygro-
mycin B (400 �g/ml), 10% FBS, 1% penicillin, and streptomycin
and maintained in 95% air plus 5% CO2 at 37 °C. For generation
of C2C12-CGI-58 knockdown cell line, a CGI-58 specific
shRNA was engineered into pLKO.1 vector, which was used to
generate recombinant lentiviruses in 293T cells. The C2C12
cells were infected with blank virus or virus containing CGI-58
specific shRNA. The stable infectants were screened for puro-
mycin resistance by culturing DMEM supplemented with
puromycin (4 �g/ml), 10% FBS, 1% penicillin, and streptomycin
and maintained in 95% air plus 5% CO2 at 37 °C.

Mitochondrial Staining—For mitochondrial morphology
assay, C2C12 cells stably expressing CGI-58 or vector control
were stained with MitoTracker Red (Invitrogen) according to
the manufacturer’s instructions. In brief, the cells were stained
with 25 nM MitoTracker Red for 15 min at 37 °C, followed by
three washes with PBS. For some experiments, C2C12-CGI-58
cells were pretreated with 25 �M Mdivi-1 for 4 h and then
stained with MitoTracker Red. The stained cells were immedi-
ately analyzed with a confocal fluorescence microscope.

Mitochondrial Fusion Assay—Mitochondrial fusion assay
was described previously (16). Briefly, C2C12 cells stably

expressing CGI-58 or vector control were seeded with 5 � 105

cells in 6-cm dishes and transfected with mito-EGFP or with
mitochondria-targeted DsRed (mito-DsRed), respectively.
After 30 h, individual pools of cells expressing mito-EGFP and
mito-DsRed were mixed and co-plated at a 1:1 ratio onto
13-mm round coverslips. Fusion was then induced after 6 h by
a 60-s treatment with a 50% (w/v) solution of PEG 1500 in PBS,
followed by extensive washes in DMEM supplemented with
10% (v/v) FCS. To inhibit protein synthesis, cycloheximide (20
�g/ml) was added 30 min before fusion and kept in all solutions,
and cell culture medium was used subsequently until cells were
fixed for 10 min with ice-cold 4% (v/v) paraformaldehyde in
PBS. After three washes with PBS, coverslips were mounted on
slides and kept in a dark box at 4 °C overnight.

Statistical Analysis—Statistical comparisons were done
using two-tailed nonpaired Student t tests to evaluate the dif-
ference between the two groups. For comparisons among more
groups, one-way analysis of variance was used, and values were
considered statistically significant at p value of 0.05. The data
were expressed as means plus standard errors of the means.

RESULTS

CGI-58 Is a Novel LPGAT—Previous studies indicated that
CGI-58 catalyzes the synthesis of phosphatidic acid as a LPAAT
enzyme. However, neither study investigated its role in the
remodeling of PG and CL, although phosphatidic acid is a sub-
strate for the synthesis of both phospholipids. Using 293T cells
transiently transfected with expression vector for human
CGI-58 or vector control, we analyzed the acyltransferase activ-
ity of the recombinant CGI-58 toward various lysophospholip-
ids, including MLCL, LPG, LPC, LPE, LPI, and LPS. The result
showed that overexpression of CGI-58 significantly increased
LPGAT activity when compared with vector control. In con-
trast, the recombinant CGI-58 failed to recognize other lyso-
phospholipids as substrates (Fig. 1A). In accordance with the
previous studies, the recombinant CGI-58 also exhibited the
LPAAT activity (Fig. 1B). To confirm the LPGAT activity was
not caused by a compensatory response of the endogenous
LPGAT enzymes, we next analyzed LPGAT activity of the puri-
fied recombinant CGI-58, which was overexpressed in Sf9
insect cells and purified using anti-FLAG antibody agarose
resin. The results show that the purified CGI-58 protein exhib-
ited strong LPGAT activity when compared with vehicle (Fig.
1C). The quality of the purified protein was verified by Coomas-
sie Blue staining using BSA as the mass marker (Fig. 1D).

We next analyzed acyl selectivity of CGI-58 toward different
acyl-CoAs using palmitoyl-CoA and oleoyl-CoA as the acyl
donors and various concentrations of LPG as the substrate. As
shown in Fig. 2A, the recombinant FLAG-tagged CGI-58 pro-
tein transiently overexpressed in 293T cells exhibited a clear
preference for oleoyl-CoA as the acyl donor, which is supported
by significantly higher Km and Vmax values (99.05 � 10.57 �M

and 7.78 � 0.61 nmol/min/mg) when compared with palmi-
toyl-CoA (63.33 � 8.37 �M and 5.133 � 0.38 nmol/min/mg)
(quantified in Fig. 2B).

The strong LPGAT activity of purified CGI-58 promoted us
to investigate whether cellular PG content was regulated by
CGI-58 overexpression or depletion in C2C12 cells. C2C12 is a
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metabolically active mouse skeletal muscle cell line that exhib-
its a very poor transfection rate for plasmid expression vector.
To carry out the studies, we generated C2C12 cells stably trans-
fected with FLAG-tagged CGI-58 or shRNA targeted to CGI-
58, which resulted in 3-fold CGI-58 overexpression and 70%
depletion of the endogenous CGI-58 protein, respectively, as evi-
denced by results from Western blot analyses using anti-CGI-58
antibody (Fig. 3, A and B). In further support for the role of CGI-58
in the resynthesis of PG as a novel LPGAT enzyme, CGI-58 over-

expression and deficiency adversely changed the endogenous PG
levels relative to the vector control (Fig. 3C; quantified in Fig. 3D).

CGI-58 Is Localized in Mitochondria and Microsomes—
CGI-58 was previously reported to localize at the surface of
lipid droplets. The identification of LPGAT activity from
CGI-58 prompted us to examine its subcellular localization by
subcellular fractionation analysis. Total cell lysate from C2C12
cells stably expressing CGI-58 was fractionated into cytosol,
microsomal fraction, and crude mitochondrial fraction, which

FIGURE 1. CGI-58 catalyzes the synthesis of PG as a LPG acyltransferase. A, FLAG-tagged CGI-58 or vector control was transiently expressed in 293T cells,
and we analyzed acyltransferase activities toward different lysophospholipids, including MLCL, LPG, LPC, LPE, LPI, and LPS. The acyltransferase assays were
conducted by incubating 20 �M [14C]oleoyl-CoA with 200 �M each of the lysophospholipids in the presence of 50 �g of cell homogenates, followed by lipids
extraction and TLC analysis. The position of PG is highlighted by an arrow. B, analysis of lysophosphatidic acid acyltransferase activity of recombinant
FLAG-CGI-58 using the same assay condition as in A. C, analysis of LPGAT activity of recombinant FLAG-CGI-58 protein overexpressed in 293T cells and purified
from Sf9 cells using the same assay condition as in A. D, SDS-PAGE analysis recombinant FLAG-CGI-58 overexpression and purified from Sf9 insect cells by
Coomassie Blue staining using BSA as a protein mass marker.
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was subsequently fractionated to pure mitochondria and mito-
chondria-associated membranes, followed by Western blot
analysis using Tom20 and calnexin as mitochondrial and endo-
plasmic reticulum markers, respectively. Consistent with the
newly identified role in PG synthesis, a significant portion of
CGI-58 is localized in mitochondria in addition to previously
reported localization in microsomes (Fig. 4A).

PG is predominantly synthesized and localized in the mito-
chondria where it supports mitochondrial membrane structure
and function as a substrate for CL synthesis (17). To determine
a role for CGI-58 in mitochondrial function, we next analyzed
the effect of CGI-58 overexpression in COS-7 cells on mito-
chondrial dynamics. COS-7 cells were co-transfected with
FLAG-CGI-58 expression vector and mito-EGFP, which was
used as a mitochondrial marker, followed by confocal imaging
analysis of mitochondrial network. Strikingly, transient expres-
sion of CGI-58 in COS-7 cells led to mitochondrial fragmenta-
tion (Fig. 4B), which was further supported by the results from
quantitative analysis of mitochondrial dynamics (Fig. 4C). Sim-
ilar results were also obtained in C2C12 cells stably expressing
CGI-58 (data not shown).

CGI-58 Promotes Mitochondrial Fission through Up-regula-
tion of DRP1 Expression—To identify molecular mechanisms
by which CGI-58 causes mitochondrial fragmentation, we next

determined the effect of stable expression of CGI-58 in C2C12
cells on key regulators of mitochondrial fusion and fission,
including MFN2 (mitofusion 2), OPA1 (optic atrophy 1), and
DRP1 (dynamin-related protein 1). MFN2 and OPA1 are
required for the fusion of outer and inner mitochondrial mem-
branes, respectively, whereas DRP1 uses GTP hydrolysis to
power the constriction and division of mitochondria. Consis-
tent with increased mitochondrial fission, CGI-58 significantly
increased the expression of DRP1 (Fig. 5A). In contrast, neither
MFN2 nor OPA1 expression was affected by CGI-58 overex-
pression in C2C12 cells (Fig. 5A), suggesting that the mitochon-
drial fragmentation is primarily caused by increased fission. To
confirm this concept, we examined whether inhibition of mito-
chondrial fission would restore mitochondrial dynamics in
C2C12 cells stably expressing CGI-58. As shown in Fig. 5B,
treatment with Mdivi-1, a mitochondrial fission inhibitor, led
to restoration of tubule structures of mitochondria in C2C12
cells stably expressing CGI-58. To provide further evidence
that CGI-58 did not cause a fusion defect that could also lead to
mitochondrial fragmentation, we next carried out mitochon-
drial fusion analysis. As shown in Fig. 5C, there were no signif-
icant differences between C2C12 cells stably expressing CGI-58
and vector control in mitochondrial fusion (Fig. 5C, boxed in
third panels and enlarged in fourth panels), suggesting that the
mitochondrial fragmentation in the CGI-58 stable cell line is
primarily caused by increased mitochondrial fission.

FIGURE 2. Analysis of enzymatic kinetics and substrate specificity of
CGI-58 toward different acyl-CoAs. A, recombinant FLAG-CGI-58 tran-
siently expressed in the 293T cells were analyzed for LPGAT activity using
[14C]oleoyl-CoA and [14C]palmitoyl-CoA as the acyl donors and increasing
doses of LPG (0, 25, 50, 75, 150, and 200 �M) as the substrate. The position of
PG was highlighted by an arrow. B, analysis of enzymatic kinetics of CGI-58
toward [14C]oleoyl-CoA and [14C]palmitoyl-CoA. The Km and Vmax were
99.05 � 10.57 �M and 7.78 � 0.61 nmol/min/mg for oleoyl-CoA and 63.33 �
8.37 �M and 5.133 � 0.38 nmol/min/mg for palmitoyl-CoA, respectively.

FIGURE 3. Overexpression and depletion of CGI-58 significantly changed
the endogenous PG content in C2C12 cells. A and B, Western blot analysis
of CGI-58 level in C2C12 cells stably overexpress CGI-58 (A) or shRNA targeted
to the endogenous CGI-58 gene (B). C, C2C12 cells stably overexpressing
CGI-58 or shRNA targeted to the endogenous CGI-58 were analyzed for
endogenous PG content by TLC analysis. The total lipids were extracted from
the cells, separated on TLC, and visualized by iodine vapor. Exogenous PG was
used as the molecular marker. D, quantitative analysis of relative PG content
in C2C12 cells from three independent experiments by ImageJ analysis. *, p �
0.05.
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CGI-58 Overexpression Enhances Autophagy in C2C12 Cells—
CL was recently reported to regulate autophagosome biogene-
sis by directly binding to LC3 (18). Using recombinant adeno-
viruses overexpressing LC3-GFP fusion protein, we examined
the effect of CGI-58 excess and deficiency on autophagosome
biogenesis in C2C12 cells. As shown in Fig. 6A, C2C12 cells
stably overexpressing CGI-58 exhibited significantly higher
basal level of autophagy relative to vector controls, as evidenced
by increased number of autophagosomes that exhibited as
puncta. The difference was diminished in response to starva-
tion, which also stimulated autophagy in vector control cells.
Consistent with the findings, CGI-58 depletion mediated by
shRNA knockdown of the endogenous CGI-58 mRNA (CGI-58
KD) significantly inhibited autophagosome biogenesis in
C2C12 cells both under basal conditions and in response to
stimulation with starvation (Fig. 6A). Consistent with the find-
ings, CGI-58 overexpression also significantly depleted the
expression of p62, NRF2, and increased the LC3II/LC3-I ratio
(Fig. 6B). p62 and NRF2 are consumed during autophagic pro-
cess. Upon initiation of autophagy, the C-terminal glycine of
LC3-I is modified by addition of a PE to form LC3-II, which
translocates rapidly to nascent autophagosomes in a punctate
distribution. Therefore, the increased ratio of LC3-II to LC3-I
indicates enhanced autophagy. Furthermore, overexpression of

CGI-58 significantly increased the expression of PINK1 (Fig.
6B), a mitochondrial kinase required for the initiation of
mitophagy. The translocation of PINK1, but not PARKIN, to
mitochondria was stimulated by CGI-58 overexpression in
C2C12 stable cell line cells (Fig. 6C).

The increased number of autophagosomes by CGI-58 could
either be caused by an increased autophagy or by a reduced
removal of autophagosomes as a consequence of reduced
autophagic flux. To address this issue, we next examined the
effects of CGI-58 overexpression on autophagic biomarkers in
response to treatment with rapamycin and bafilomycin A1.
Rapamycin induces autophagy by inhibiting mTORC1 signal-
ing, whereas bafilomycin A1 inhibits the fusion of autophago-
some with lysosome. The results show that the LC3-II/I ratio
was significantly increased by CGI-58 overexpression under
basal condition and in response to stimulation with rapamycin
(Fig. 7A), suggesting an increased basal autophagy. Addition-
ally, CGI-58 overexpression significantly decreased p-S6K1 and
p-4E-BP1 levels under both basal condition and in response to
the treatments, suggesting that CGI-58 promotes autophagy in
part by inhibiting mTORC1 signaling. In contrast, bafilomycin
A1 completely reversed the changes in LC3II/I ratio caused by
CGI-58 overexpression, implicating that the increased number
of autophagosomes by CGI-58 was primarily caused by an

FIGURE 4. CGI-58 regulates mitochondrial dynamics as a mitochondrial
protein. A, subcellular fractionation analysis of CGI-58 stably expressed in
C2C12 cell. Total cell lysate from C2C12 cells were subjected to differential
centrifugation to separate into the crude mitochondrial fraction (crude mito),
mitochondria-associated membranes (MAM), pure mitochondria (Mito),
microsomal fraction, and cytosol, followed by Western blot analysis using
antibodies against FLAG, calnexin, and Tom20, which were used as markers
for CGI-58, endoplasmic reticulum, and mitochondria, respectively. B, confo-
cal image analysis of mitochondrial dynamics. COS-7 cells were transiently
co-transfected with expression vectors for mito-EGFP and CGI-58 or empty
vector. After 48 h of transfection, the cells were analyzed for mitochondrial
dynamics and the expression pattern of CGI-58 by confocal image analysis
using anti-FLAG antibody and Cy3-conjugated donkey-anti-mouse IgG. Scale
bar, 10 �m. C, quantitative analysis of mitochondrial morphology in COS-7
cells overexpressing CGI-58 or vector control in three categories: tubular, mix,
and fragmented from three independent experiments (n � 150 for each inde-
pendent experiment).

FIGURE 5. Overexpression of CGI-58 promotes mitochondrial fission by
up-regulating the expression of DRP-1. A, Western blot analysis of MFN2,
OPA1, and DRP1 protein levels in C2C12 cells stably expressing CGI-58 or
vector control. GAPDH was used as an internal control. B, confocal micro-
scopic analysis of mitochondrial network in C2C12 cells stably expressing
CGI-58 or vector control. To identify a role of CGI-58 in mitochondrial fission,
C2C12 cells stably expressing CGI-58 were also treated for 4 h with 25 �M

Mdivi-1, a mitochondrial division inhibitor, and analyzed for mitochondrial
dynamics after staining with MitoTracker Red, a red fluorescent dye that
stains mitochondria in live cells. Scale bar, 10 �m. C, analysis of the role for
CGI-58 in mitochondrial fusion in C2C12 cells. C2C12 cells stably expressing
CGI-58 or vector control were transiently transfected with expression plas-
mids for mito-EGFP or mito-DsRed, co-plated, and fused with PEG 1500, fol-
lowed by confocal microscopic imaging analysis. Scale bar, 10 �m.
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enhanced level of autophagic initiation rather than inhibition of
autophagic consumption.

CGI-58 Overexpression Promotes Initiation of Mitophagy in
C2C12 Cells—CL is required for the initiation of mitophagy
(18). To determine a role for CGI-58 in regulating mitochon-
drial autophagy, we next analyzed the effect of CGI-58 overex-
pression on mitophagic initiation by confocal imaging analysis.
The C2C12 cells were infected with adenoviruses overexpress-
ing LC3-GFP fusion protein, treated with bafilomycin A1, and

stained with MitoTracker Red. The results show that CGI-58
overexpression significantly increased the number of mitopha-
gosomes in response to treatment with bafilomycin A1 (Fig. 7B,
arrows). The results support a role for CGI-58 initiation of
mitophagy, which is further supported by increased PINK1
expression and translocation to mitochondria in CGI-58 over-
expression stable cell line cells, as shown by Fig. 6 (B and C).

CGI-58 Controls Autophagy through Inhibition of mTORC1
Signaling—We next investigated the cellular mechanisms by
which CGI-58 stimulates autophagy by analyzing the effect of
CGI-58 on the signaling of AMPK and mTORC1, the activa-
tor and inhibitor of autophagy, in response to insulin stimula-
tion (19). Insulin stimulates protein synthesis and inhibits
autophagy through activation of mTORC1 signaling. In further
support for a role of CGI-58 in autophagy, overexpression of
CGI-58 greatly stimulated AMPK activation both under basal
condition and in response to insulin stimulation, as evidenced
by increased AMPK phosphorylation at Thr-172, a major acti-
vation site of the kinase (Fig. 8A). Likewise, CGI-58 overexpres-
sion also significantly inhibited mTORC1 signaling, which is
supported by decreased phosphorylation of S6K1 at Thr-389

FIGURE 6. CGI-58 overexpression in C2C12 cells enhances autophagy. A,
confocal microscopic analysis of autophagosomes in C2C12 cells with stable
overexpression or knockdown (KD) of CGI-58 and vector control with or with-
out starvation. C2C12 cells were infected with LC3-GFP adenovirus for 36 h,
starved in EBSS buffer for another 4 h, and then fixed with 4% paraformalde-
hyde, followed by confocal microscopic imaging analysis. Scale bar, 10 �m. B,
Western blot analysis of autophagic biomarkers, including p62, NRF2, PINK1,
and LC3 in C2C12 cells stably overexpressing CGI-58 or vector control using
GAPDH as internal control. C, subcellular fractionation analysis of PINK1 and
PARKIN in C2C12 cells stably overexpressing CGI-58 or vector control. TC, total
cell lysate; Mito, mitochondria; Cyto, cytosol.

FIGURE 7. CGI-58 overexpression in C2C12 cells enhances mitophagy. A,
analysis of the effect of CGI-58 overexpression in C2C12 stable cell lines on
autophagic biomarkers and mTORC1 signaling in response to treatment with
rapamycin, bafilomycin A1, or both by Western blot analysis. B, confocal
microscopic analysis of mitophagy in C2C12 cells stably expression CGI-58
and vector control cells. The C2C12 cells stably overexpressing CGI-58 or vec-
tor cells were infected with LC3-GFP adenovirus, treated with bafilomycin A1,
stained with MitoTracker Red, and then followed by confocal microscopic
imaging analysis. Scale bar, 10 �m. The mitophagy puncta were highlighted
by white arrows.
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and 4E-BP1 at Thr-70, the downstream effectors of mTORC1
signaling (Fig. 8A). In contrast, CGI-58 did not significantly
affect insulin-stimulated Akt phosphorylation (Fig. 8A), sug-
gesting that CGI-58 does not directly regulate insulin sensitiv-
ity. Conversely, CGI-58 knockdown in C2C12 cells significantly
inhibited AMPK signaling and stimulated mTORC1 signaling
both under basal condition and in response to insulin stimula-
tion (Fig. 8B). Taken together, these data indicated that CGI-58
controls autophagy through activation of AMPK signaling and
inhibition of mTORC1 signaling.

DISCUSSION

Although CGI-58 promotes cellular TAG hydrolysis through
activation of ATGL (4, 12), mice with liver-specific inactivation

of ATGL exhibited a much less severe phenotype than that of
liver-specific CGI-58 knock-out mice (20, 21). For example, the
hepatic TAG content elevated only 	3-fold (20), whereas mice
deficient in CGI-58 expression in liver exhibited 8-fold. These
differences suggest that CGI-58 must have additional functions
beyond activating ATGL. Indeed, Yang et al. (22) reported a
new alternative splicing isoform of the murine CGI-58 gene
that was incapable of activating adipose TAG lipase. Overex-
pression of this isoform did not promote lipid droplet turnover
or loss of intracellular TAG but retained the capacity to acylate
lysophosphatidic acid. These results suggest that this splicing
event may be involved in the regulation of lipid homeostasis
through other unidentified mechanisms.

In this study, we investigated a role for CGI-58 in regulating
the synthesis of phospholipids as a novel LPGAT enzyme.
Using recombinant CGI-58 transiently expressed in mamma-
lian cells, we demonstrated that CGI-58 possesses strong acyl-
transferase activity toward LPG, but not other lysophospholip-
ids, including LPI, LPS, LPE, LPC, and MLCL. The results are
further confirmed by using partially purified CGI-58 overex-
pressed in Sf9 insect cells. Consistent with the findings, C2C12
cells stably overexpressing CGI-58 exhibited significantly
higher levels of endogenous PG relative to the vector control,
whereas CGI-58 knockdown reduced the endogenous PG level.
Our findings are consistent with previous reports that CGI-58
is a acyl-CoA-dependent LPAAT but exhibits no acyltrans-
ferase activity toward LPC, LPE, LPS, and LPI (1, 9), although
neither report investigated CGI-58 for its acyltransferase activ-
ity toward LPG or MLCL.

PG is an important precursor for the synthesis of CL (14, 23, 24).
Consequently, disruption of the PGS1 gene in yeast causes PG and
CL deficiency and inhibition of growth on nonfermentable carbon
sources (25). PG deficiency in mammalian cells also leads to CL
deficiency, mitochondrial dysfunction, and reduced ATP produc-
tion (26). Like CL, PG is subjected to remodeling subsequent to its
de novo biosynthesis in mitochondria to incorporate appropriate
acyl content for its biological functions and to prevent the harmful
effect of LPG accumulation. Consequently, defective PG remodel-
ing contributes to the onset of Barth syndrome, an X-linked reces-
sive disease caused by mutations of the tafazzin gene encoding a
transacylase involved in CL remodeling (27). In cultured skin
fibroblasts from patients with Barth syndrome, both PG and CL
remodeling is defective, as evidenced by decreased linoleic acid
content both in PG and CL (28). In support of CGI-58 in PG
remodeling, we demonstrate in this study that CGI-58 protein is
also localized in mitochondria in addition to its previously identi-
fied role as a lipid droplet protein.

Mitochondria go through frequent cycles of fusion and fission, a
process required for mitochondrial quality control by eliminating
damaged mitochondria through mitophagy (29). Mitochondrial
fission in mammals is mediated by DRP1, a mitochondrial GTPase
that uses GTP hydrolysis to power the constriction and division of
mitochondria. DRP1 is a predominantly cytosolic protein that is
recruited to mitochondria during fission. Fission may help to iso-
late damaged segments of mitochondria and thus promote their
autophagy (29). Hence, DRP1-mediated mitochondrial fission
correlated with increased autophagy, and inhibition of DRP1
reduced autophagy (30). In support for a role of CGI-58 in PG

FIGURE 8. CGI-58 overexpression and depletion conversely regulated AMPK
and mTORC1 signaling in C2C12 cells. A, C2C12 cells stably expressing CGI-58
or vector control were stimulated with indicated doses of insulin for 15 min, fol-
lowed by analysis of phosphorylation of Akt, AMPK, S6K1, and 4E-BP1 by Western
blotting using antibodies for indicated proteins and their phosphorylated forms.
GAPDH was used as an internal control. B, C2C12 cells stably expressing CGI-58
shRNA or vector control were stimulated with indicated doses of insulin for 15
min, followed by a similar analysis as indicated in A.
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biosynthesis, we identified a novel function of CGI-58 in regulating
mitochondrial dynamics. We showed that overexpression of
CGI-58 dramatically stimulated mitochondrial fragmentation.
The fragmentation is primarily caused by increased fission caused
by increased expression of DRP1, rather than fusion defect, as evi-
denced by the results form mitochondrial fusion analysis. Further-
more, treatment of C2C12 cells stably expressing CGI-58 with
Mdivi-1 completely restores mitochondrial dynamics.

One of the major findings of the present study is a key role for
CGI-58 in regulating autophagy and mitophagy. Autophagy is a
lysosomal pathway by which organelles and proteins are
degraded to maintain energy and cellular homeostasis when
nutrients are limited (31, 32). Additionally, damaged mitochon-
dria is usually cleared though mitophagy, a “self-eating” process
required for the survival of cells. CL is a mitochondrial phos-
pholipid required for mitochondrial bioenergetics, membrane
stability, and dynamics. Recent studies suggest that CL also
plays a key role in autophagy from yeast to mammals (18, 33).
CL is required for autophagosome biogenesis and cargo recog-
nition by supporting the membrane structure of autophago-
somes and the activity of autophagy proteins, including LC3
and Beclin 1 (18, 34, 35). Additionally, CL mediates the cross-
talk between mitochondria and lysosomes. Externalization of
CL from mitochondrial inner membrane to mitochondrial sur-
face acts as a recognition signal that directs damaged mito-
chondria to mitophagy (18, 36). In support for a key role
of CGI-58 in mitophagy, we showed that overexpression of
CGI-58 significantly enhanced autophagy, as evidenced by
changes in autophagic biomarkers, including p62, NRF2,
PINK1, and LC3-II. Accordingly, CGI-58 caused depletion
of p62, NRF2, and LC3-I, negative indicators of autophagy.
In contrast, CGI-58 overexpression significantly increased
expression of PINK1 and its translocation to mitochondria.
PINK1 is a key mitochondrial kinase required for the initiation
of mitophagy. Consistent with the findings, C2C12 cells stably
expressing CGI-58 exhibit enhanced mitophagosome biogene-
sis in response to treatment with bafilomycin A1.

In further support of a key role for CGI-58 in autophagy, we also
identified CGI-58 as a key regulator of mTORC1 signaling. The
initiation of autophagy requires the ULK complex (19). The activ-
ity of the ULK complex is negatively regulated by mTORC1 and
positively regulated by AMPK (37). We showed that stable over-
expression of CGI58 leads to activation of AMPK, as evidenced by
increased phosphorylation of AMPK at Thr-172, a key activation
phosphorylation site. Consequently, CGI-58 overexpression and
deficiency adversely regulated mTORC1 signaling, which is sup-
ported by changes in phosphorylation levels of S6K1 (pS6K1 T389)
and 4E-BP1 (p4E-BP1 T70) under both basal condition and in
response to stimulation with insulin.

In addition to the classic pathway of lipid metabolism by cyto-
solic lipases, autophagic degradation of lipid droplets has recently
been identified to play an essential role in hepatic lipid homeostasis
by releasing free fatty acids for oxidation (31, 32). Consequently,
dysregulation of autophagy is implicated by numerous studies in
the pathophysiology of metabolic diseases, including obesity, dys-
lipidemia, and fatty liver diseases (32, 38–47). It can be envisaged
from the findings of this study that CGI-58 may prevent dyslipi-
demia in part by promoting autophagy. Together, our current

study identified novel mechanisms by which CGI-58 regulates
lipid homeostasis, linking lipid droplet biology to mitochondrial
quality control process through autophagy.
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