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Results: Core inhibits the triglyceride hydrolase activity of ATGL while enhancing its interaction with its cofactor CGI-58 and

Conclusion: ATGL is a new functional cofactor of core-induced liver steatosis.
Significance: Defining the disruption of ATGL function mediated by core provides new insight into the mechanisms of ATGL
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Liver steatosis is a common health problem associated with
hepatitis C virus (HCV) and an important risk factor for the
development of liver fibrosis and cancer. Steatosis is caused by
triglycerides (TG) accumulating in lipid droplets (LDs), cellular
organelles composed of neutral lipids surrounded by a mono-
layer of phospholipids. The HCV nucleocapsid core localizes to
the surface of LDs and induces steatosis in cultured cells and
mouse livers by decreasing intracellular TG degradation (lipol-
ysis). Here we report that core at the surface of LDs interferes
with the activity of adipose triglyceride lipase (ATGL), the key
lipolytic enzyme in the first step of TG breakdown. Expressing
core in livers or mouse embryonic fibroblasts of ATGL ™'~ mice
no longer decreases TG degradation as observed in LDs from
wild-type mice, supporting the model that core reduces lipolysis
by engaging ATGL. Core mustlocalize at LDs to inhibit lipolysis,
as ex vivo TG hydrolysis is impaired in purified LDs coated with
core but not when free core is added to LDs. Coimmunoprecipi-
tation experiments revealed that core does not directly interact
with the ATGL complex but, unexpectedly, increased the inter-
action between ATGL and its activator CGI-58 as well as the
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recruitment of both proteins to LDs. These data link the anti-
lipolytic activity of the HCV core protein with altered ATGL
binding to CGI-58 and the enhanced association of both pro-
teins with LDs.

Hepatitis C virus (HCV)® is a global health problem and a
major cause of liver-associated mortality. More than 50% of
individuals infected with HCV suffer from liver steatosis, an
important risk factor for developing liver fibrosis and cancer.
Steatosis is caused by the accumulation of triglycerides (TG) in
cellular lipid droplets (LDs) (1). LDs consist of a hydrophobic
core composed of mainly TG and cholesterol esters surrounded
by a phospholipid monolayer. During the fed state, more TG
and cholesterol esters are synthesized at the endoplasmic retic-
ulum (ER) and stored in LDs, which increases the number and
size of LDs (i.e. lipogenesis). Under energy demands (e.g. fast-
ing, exercise), stored lipids are hydrolyzed (i.e. lipolysis) (2).
Thereby, free fatty acids (FFAs) are sequentially removed from
the glycerol backbone of the TG molecule by at least three dif-
ferent enzymes. These sequential reactions are initiated by adi-
pose triglyceride lipase (ATGL) and its activator comparative
gene identification 58 (CGI-58) and then further carried out by
hormone-sensitive lipase (HSL) and monoacylglycerol lipase
(3). Under basal conditions, ATGL mostly localizes to ER-re-

® The abbreviations used are: HCV, hepatitis C virus; TG, triglyceride; LD, lipid
droplet; ER, endoplasmic reticulum; FFA, free fatty acid; ATGL, adipose tri-
glyceride lipase; CGI-58, comparative gene identification 58; HSL, hor-
mone-sensitive lipase; DGAT, diacylglycerol acyltransferase; G0S2, G,/G;,
switch gene 2; MEF, mouse embryonic fibroblast.
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lated membranes in the cytoplasm (4), although a small fraction
of ATGL also complexes with its inhibitor, G,/G, switch gene 2
(G0S2), on LDs (5). Upon energy demand and the subsequent
rise in intracellular cAMP levels, activation of protein kinases
and phosphorylation of LD-associated proteins (e.g. PLIN1 and
PLINS5) as well as ATGL and HSL leads to the translocation of
the two lipases to LDs, where ATGL binds to and is stimulated
by CGI-58 to acutely increase lipolysis (6). Conversely, in
response to food intake and increasing insulin concentrations,
GOS2 directly inhibits ATGL activity to decrease lipolysis (5).

The HCV nucleocapsid core is a major structural component
of virions and plays a central role in HCV pathogenesis (7). Core
contains a hydrophobic C-terminal signal peptide that anchors
it to the ER membrane, where it is cleaved by two host pepti-
dases (8). Processed core remains attached to the outer leaflet of
the ER membrane and can access the surface of LDs, a crucial
step in successfully assembling new virions (9). Previously we
reported that core traffics from the ER to LDs through the activ-
ity of diacylglycerol acyltransferase 1 (DGAT1), one of the two
enzymes that catalyzes the final step in TG biosynthesis (10).
We further showed that core at the surface of LDs impairs LD
turnover, thereby inducing steatosis in cell culture and murine
livers (11). Core also affects other steatogenic mechanisms,
such as inhibiting microsomal triglyceride transfer protein
(MTP), a key protein in VLDL assembly and release from hepa-
tocytes (12), down-regulating phosphatase and tensin homolog
(PTEN), and insulin receptor substrate 1 (IRS-1), thereby
inducing the formation of larger LDs (13).

In addition, core increases lipogenesis by altering expression
of genes involved in fatty acid biosynthesis. Specifically, core
activates transcription factors, such as sterol regulatory ele-
ment-binding proteins and peroxisome proliferator-activated
receptors a and vy in cultured cells and in core-transgenic mice
(14-17). Core directly binds and activates the DNA binding
domain of the retinoid X receptor, a transcriptional regulator
involved in cellular lipid synthesis (18). Interestingly, lipogene-
sis induction through sterol regulatory element-binding pro-
tein has also recently been linked to the 3'-untranslated region
of the HCV single-stranded RNA genome (19).

Although the mechanisms by which core affects lipogenesis
are well defined, those explaining how core inhibits lipolysis
remain unclear. To address this question, we investigated the
anti-lipolytic properties of core in ATGL deficient (ATGL™'7)
mice. Core expression in these mice did not decrease lipolysis of
isolated LDs pointing to ATGL as a key enzyme mediating
core’s effect on lipolysis. Notably, the anti-lipolytic function of
core was only observed when core and ATGL were located at
LDs. Moreover core expression was associated with elevated
binding of ATGL to its coactivator CGI-58 and to LDs. Collec-
tively, our data identify the ATGL-CGI-58 complex as a molec-
ular target of the HCV core protein and indicate that dynamics
of LD association/dissociation or the stability of the complex at
LDs might play a critical new role in the regulation of lipolysis.

EXPERIMENTAL PROCEDURES

Plasmids—Lentiviral and adenoviral constructs of core have
been previously described (11). The HA-core construct is
described in Camus et al. (20). N-terminal His-tagged ATGL,
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CGI-58, G0S2, and HSL were generated by inserting the human
or mouse cDNA of these genes in the pcDNA4/HisMax C vec-
tor (Invitrogen) (21).

Cell Lines and Culture Conditions—NIH/3T3, Huh?7,
HEK?293T, and COS-7 cells were obtained from ATCC. Cells
were grown under standard cell culture conditions in DMEM
or RPMI (Invitrogen) containing 10% fetal bovine serum or
bovine calf serum, 100 IU/ml penicillin, and 100 ug/ml strep-
tomycin (5% CO,, 95% humidity, 37 °C) and transfected with
X-tremeGENE 9 DNA Transfection Reagent (Roche Applied
Science) or Metafectene (Biontex) according to the manufac-
turer’s protocol. Calcium phosphate-mediated transfection of
HEK293T cells was used to produce lentiviral particles. Mouse
embryonic fibroblasts (MEFs) were established from ATGL ™/~
embryos or their control littermates as described previously
(22).

Animal Studies—ATGL ™'~ mice have been described previ-
ously (23). 8—10-week-old male ATGL ’/~ mice and control
C57BL6 mice were administered 4.5 X 10'° pfu of adenovirus
expressing GFP or core/GFP in 300 ul of normal saline by tail
vein injection. Four days later, mice were sacrificed, and livers
were excised. All animal experiments were approved by the
UCSEF Institutional Animal Care and Use Committees.

Antibodies and Reagents—The following antibodies were
obtained commercially: anti-core (clone C7-50, Affinity
BioReagents), anti-ADRP (GP40, Progen), anti-ATGL (2138S,
Cell Signaling), anti-CGI-58 (H00051099-M01, Abnova), anti-
tubulin (ab284:39, Abcam), anti-His (#27-4710-01, Amersham
Biosciences), anti-GFP (FL, Santa Cruz), anti-FLAG M2
(Sigma), anti-FLAG (F7425, Sigma), anti-mouse Ig HRP (eBio-
science), and anti-rabbit Ig HRP (eBioscience). Oleic acid-albu-
min from bovine serum was from Sigma (O3008).

Lentivirus and Adenovirus Production and Transduction—
Lentiviral particles were produced as described previously (10).
High-titer adenoviral stocks were produced by the Vector
Development Laboratory at the Baylor College of Medicine.
Cfus were determined by infecting HEK293 cells with serial
dilutions of viral stocks and counting GFP-positive foci 2 days
post-infection. The efficiency of NIH/3T3 cells transduction
with lentiviruses was verified by microscopic analysis of GFP
expression.

Lipogenesis in Cultured Cells—To evaluate de novo lipogen-
esis, Cos-7 cells were loaded with radiolabeled [**C]glucose
(p-[U-"*C]glucose] from American Radiolabeled Chemicals)
(0.1 pCi/ml) in medium containing 1 g/liter glucose (i.e. 7.5
pmol per well of a 6-well plate) for 20 h. Cells were then washed
with phosphate-buffered saline (PBS), and lipids were extracted
by the Folch method (chloroform:methanol:acetic acid, 2:1:
1%). Total lipids were re-dissolved in chloroform and separated
by thin-layer chromatography using hexane:diethylether:acetic
acid (70:29:1) as solvent. Bands corresponding to TGs were
excised, and radioactivity was determined by liquid scintillation
counting. Cells were lysed using SDS/NaOH (0.1%/0.3 N), and
protein concentrations were determined using bicinchoninic
acid (BCA) reagent (Pierce).

In Vivo Lipogenesis—Mice injected with adenovirus express-
ing core/GFP or GFP were given an intraperitoneal injection of
*H-labeled saline (3.5% volume/body weight of 99.9% *H,O
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containing 0.9% NaCl) 4 days after infection. After injection,
mice were returned to their cages for 5 h before liver samples
were freeze-clamped using Wollenberger tongs, weighed, and
subjected to MS analysis. H-Labeled plasma water and total
palmitate, cholesterol, and glycerol were determined as previ-
ously described (24 -26). Briefly, *H-labeled water was deter-
mined after H/D exchange with acetone (24). Liver tissue was
saponified, and the *H-labeled glycerol was determined after
conversion to its triacetate derivative and analyzed by ammonia
chemical ionization; total enrichment was determined from the
M+18 adduct ion (25). The *H-labeled palmitate and choles-
terol was determined by reacting samples with TMS-diazo-
methane (to convert fatty acids to their methyl esters) and then
with acetic anhydride (to convert cholesterol to its acetyl deriv-
ative). Samples were analyzed under electron impact ioniza-
tion, and the enrichment was determined by selected ion mon-
itoring m/z 270-272 (palmitate) and 368 -370 (cholesterol).
Newly synthesized fractions were determined using previously
reported equations (26). Briefly, we compared the total labeling
of glycerol, palmitate, or cholesterol against that of water
assuming constants of 4.5, 22, or 25, respectively (25, 26).

Statistical Analysis—Error is as follows: *, p < 0.05; **, p <
0.01; ***, p < 0.001. When one variable differed between exper-
imental groups, unpaired two-tailed Student’s ¢ tests were used.
When experimental groups differed in two variables, two-way
analysis of variance was used with the appropriate post-testing.

Lipolysis of Isolated Liver Lipid Droplets—The measurement
of lipid droplet associated lipolysis activity was performed as
described (27). Briefly, livers were excised, intensively washed
with PBS, and placed on ice. Tissues were homogenized in
buffer A (0.25 M sucrose, 1 mm EDTA, 1 mm DTT, pH 7.0, 1
png/ml pepstatin, 2 pug/ml antipain, and 20 ug/ml leupeptin as
protease inhibitors) and centrifuged at 1000 X gand 4 °C for 10
min to remove non-disrupted tissue and nuclei. Post-nuclear
fractions were transferred to siliconized tubes overlaid with
overlay buffer (50 mm potassium phosphate buffer, pH 7.4, 100
mM KCl, 1 mm EDTA, 1 pug/ml pepstatin, 2 ug/ml antipain, and
20 ug/ml leupeptin as protease inhibitors), and centrifuged for
2 h at 100,000 X g and 4 °C. Floating LDs were collected from
the top of the tubes and resuspended in overlay buffer by brief
sonication. TG content was determined using TG reagent
(Infinity, Thermo Fisher) and glycerol as the standard (Sigma).
Protein determination was performed using BCA reagent. 1 mm
TG of isolated LD was incubated in the presence of 1% BSA
(essentially fatty acid free, Sigma) in 0.1 M potassium phosphate
buffer containing protease inhibitors in a final volume of 200 ul
for 1 h in a 37 °C water bath under constant shaking. LDs were
solubilized by adding 20 ul of 10% Triton X-100 to the samples.
After mixing and incubation for 10 min at room temperature,
samples were centrifuged for 30 min at 20,000 X g. The FFA
content of the underlying solution was determined using NEFA
kit (WAKO chemicals). To calculate net FFA release of the
tissue LDs, FFA levels were also measured from the LD sub-
strate before incubation.

In Vitro TG Hydrolase Activity Assay—Lysates of Cos-7 cells
overexpressing ATGL, CGI-58, GO0S2, or [-galactosidase
(B-gal) as control were incubated in the presence or in the
absence of in vitro translated recombinant core protein (1 ul) or
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with lysates (20 ug of protein) containing core overexpressed in
HEK293T cells with a radiolabeled triolein substrate ([9,10-
3H]triolein from PerkinElmer Life Sciences) for 1 h at 37 °C
under constant shaking. Radiolabeled triolein substrate was
prepared as described (27). Briefly, 0.3 mm 10 uCi/ml [*H]trio-
lein was mixed with phosphatidylcholine/phosphatidylinositol
(45 pM; 3:1) in potassium phosphate buffer (100 mm, pH 7) with
a sonicator. Radiolabeled FFAs were extracted and quantified
as described (27). Briefly, FFAs were extracted by adding 3.25
ml of methanol/chloroform/n-heptane with a ratio of 10/9/7
(v/v/v), 0.1 M potassium carbonate, and 0.1 M boric acid, pH
10.5. Samples were mixed, and after centrifugation for 10 min at
1000 X g, the supernatant was subjected to liquid scintillation
counting.

Lipolysis of Radiolabeled Lipid Droplets—To generate intra-
cellular radiolabeled TG stores, Cos-7 cells either transfected
with core or a control plasmid were incubated with 0.6 nCi/ml
[*H]oleic acid (American Radiolabeled Chemicals) and 560 um
oleic acid complexed to BSA (Sigma) for 22 h. Thereafter, LDs
were isolated as described (20). An aliquot of the LD fraction
(200,000 cpm) was incubated with Cos-7 lysates (20 ug of pro-
tein) overexpressing ATGL, CGI-58, or 3-gal as the control in
the presence of 4% BSA (essentially FFA free) in a total volume
of 200 ul for 1 h at 37°C. The reaction was terminated as
described for the in vitro TG hydrolase activity assay, and the
radioactivity present in the FFA extract was determined by lig-
uid scintillation counting.

TG Metabolism in Cultured Cells—To determine TG degra-
dation in MEFs, cells were incubated with 300 uM oleic acid
complexed to BSA for 20 h as described (28). Thereafter,
medium was changed to medium containing 2% BSA (fatty
acid-free) and 10 uM triacsin C (Sigma). At different time points
medium was collected, and lipids were extracted using hexane:
isopropyl alcohol (3:2). Total lipid extract was evaporated and
dissolved in water containing 1% Triton X-100. TG content was
determined using Infinity TG reagent (Thermo Fisher) and
glycerol (Sigma) as standard. FFA released in the culture
medium was determined using a NEFA kit (WAKO). Cells were
lysed in SDS, NaOH (0.1%/0.3 N), and protein concentrations
were determined using BCA reagent and BSA as standard.

LD Measurements—Cells grown on coverslips were fixed in
4% paraformaldehyde for 30 min at room temperature, washed
with phosphate-buffered saline (PBS), and permeabilized in
0.1% Triton X-100 for 5 min. For oil-red-O (ORO)-staining
coverslips were incubated for 5 min in 60% isopropyl alcohol
and stained with ORO staining solution (stock: 0.5 g ORO
(Sigma) in 100 ml of isopropyl alcohol; the stock was diluted 6:4
(stock:water) and filtered before use) and differentiated in 60%
isopropyl alcohol for 1 s and embedded in Mowiol (Calbi-
ochem) mounting medium. Cells were analyzed with an Axio
observer Z1 microscope (Zeiss) equipped with EC Plan Neo-
fluar 20x/0.5 PHM27, EC Plan Neofluar 40X/0.75 PH, and
Plan Apo 63X/1.4 oil differential interference contrast M27
objectives, filter sets 38HE, 43HE, 45, and 50, Optovar 1.25, and
1.6 X magnification, and an Axiocam MRM REV 3. For quanti-
fication of LDs we used Volocity.

Coimmunoprecipitation Experiments—293T cells were
seeded at a density of 10° cells per 10-cm dish and cotransfected
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FIGURE 1. Core expression reduces TG hydrolysis and FFA release in murine liver. A, schematic of the experimental procedure in mice. B-D, WT mice were
injected with adenovirus expressing core and GFP or GFP alone. Livers were harvested and lysed 4 days after infection (see “Experimental Procedures” for
details). B, TG content was measured and normalized to total liver protein (n = 6 mice/group). C, LDs were isolated using density gradient centrifugation and
washed, and equal amounts of TG were incubated for lipolysis 1 hat 37 °C. Samples were then adjusted to 1% Triton X-100 and centrifuged at 4 °Cand 20,000 X
g for30 min. FFA in the underlying solution was determined using commercial kits (n = 5). Data are presented as the mean =+ S.D. D, expression of core and GFP

was confirmed by Western blot with antibodies against core and GFP.

with HA-core, ATGL-His, CGI-58-His, G0S2-His, HSL-His, or
the appropriate control vectors using X-tremeGene 9 transfec-
tion reagent (Roche Applied Science). Alternatively, ATGL-His
and CGI-58-HA were cotransfected with or without FLAG-
core. Cells were harvested and lysed in lysis buffer (50 mm Tris-
HCl, pH 7.4, 150 mm NaCl, 1 mm EDTA, 1% Nonidet P-40) by
chemical and mechanical lysis using a 26-gauge needle. Lysates
were centrifuged at 20,000 X g and 4 °C for 15 min. Equal
amounts of lysate proteins (500 ug) were incubated with 20 ul
of antibody-conjugated agarose (monoclonal anti-HA agarose,
Sigma; Anti-FLAG M?2-agarose, Sigma) overnight at 4°C.
Thereafter, beads were extensively washed with lysis buffer, and
heated in 2X Laemmli buffer for 10 min at 95 °C. Input and
immunoprecipitation fractions were subjected to Western
blotting analysis using anti-FLAG, anti-His, and anti-HA and
the appropriate secondary antibodies.

RESULTS

Core Expression Reduces TG Degradation in Murine Liver—
To define the molecular mechanism by which core suppresses
lipolysis in vivo, we expressed core in mouse livers by injecting
the tail veins of mice with adenovirus (Fig. 14) expressing either
bicistronically core with GFP or GFP alone as previously
described (11). Four days after injection, livers were harvested
and disrupted using a Dounce homogenizer. TG contents were
measured using Infinity TG reagent and normalized to total
protein. Similar to results previously reported by us and others,
we found that expression of core increased intracellular TG
levels in the liver by 2-fold (Fig. 1B). To determine the effect of
core on LD-associated TG hydrolase activity, we purified LDs
from core-expressing or control livers by ultracentrifugation
and performed self-digestion experiments in vitro. Core
expression reduced the TG hydrolase activity associated with
liver LDs by 43% as compared with samples from control mice
(Fig. 1C). The expression of core and GEFP in liver lysates was
verified by Western blotting (Fig. 1D). These results indicate
that TG accumulation observed in vivo with core expression is
linked to decreased TG hydrolase activity at LDs.

Core Does Not Increase Lipogenesis In Vivo and In Vitro—To
investigate whether core affects lipogenesis, we evaluated the
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incorporation of deuterium into newly generated TGs in control
or core-expressing mice. Five hours after an intraperitoneal injec-
tion of H-labeled saline, we collected liver samples and deter-
mined their deuterium content in TG-palmitate, TG-glycerol, and
cholesterol by MS. We found that the synthesis rates of glycerol
and palmitate were similar in core-expressing and control livers,
whereas that of cholesterol was slightly but not significantly
decreased in core-expressing mice (38%, p = 0.06) (Fig. 2A). These
results indicate that, at least under the short term expression con-
ditions used in these studies, the HCV core protein does not
increase the synthesis of neutral lipids in vivo.

We confirmed this finding by measuring de novo lipogenesis
in Cos-7 cells transiently transfected with vectors expressing
core, the triglyceride-synthesizing enzyme DGAT?2, or 3-gal as
a control. Transfected cells were loaded with radiolabeled
[**C]glucose for 20 h. To evaluate the incorporation of labeled
glucose into TG, lipids were extracted and subjected to thin-
layer chromatography after which TGs were excised, and their
radioisotope incorporation was measured. DGAT2, but not
core, increased incorporation of radiolabeled glucose into TGs
as compared with -gal control cells (Fig. 2B). On the contrary,
core induced a statistically significant decrease in de novo syn-
thesis of TGs. These results support the model that core expres-
sion increases TG content by decreasing lipolysis rather than by
increasing de novo lipogenesis.

Core Inhibitory Function on LD-associated TG Hydrolase
Activity Is ATGL-dependent—Because ATGL is the main TG
hydrolase, we injected adenovirus encoding core and GFP or
GFP alone into the tail veins of wild-type and ATGL™/~ mice
(Fig. 3A). Four days after injection, we harvested livers and
measured their TG content. As expected, ATGL deficiency by
itself increased TG levels in liver (Fig. 3B). Core expression
elevated TG levels in both wild-type and ATGL /" mice,
although to a lesser extent in ATGL ™/~ mice (2.3- versus 1.5-
fold) (Fig. 3B). Next, we isolated LDs by ultracentrifugation and
measured the TG hydrolase activity in purified LDs. As antici-
pated, core expression decreased the LD-associated TG hydro-
lase activity by 36% in livers of wild-type mice (Fig. 3C). ATGL
deficiency reduced LD-associated lipase activity by 50%. Inter-
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FIGURE 2. Core does not increase TG lipogenesis. A, mice injected with adenovirus expressing core and GFP or GFP alone were given an intraperitoneal
injection of ?H-labeled saline 4 days after infection. After 5 h, livers samples were harvested and subjected to MS. Deuterium content in TG-palmitate,
TG-glycerol, and cholesterol was measured (n = 6 mice/group). B, 24 h after transfection with FLAG-core, DGAT2-FLAG, or LacZ, Cos-7 cells were loaded with
radiolabeled ['*Clglucose. 20 h after loading, medium was removed, and lipids were extracted and subjected to TLC. The bands corresponding to TG were
excised, and TG radiolabeling (cpm) was determined by liquid scintillation counting, normalized to total protein. Results are representative of two independent
experiments with three replicates in each experiment. Data are presented as the mean + S.D.
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FIGURE 3. Core requires ATGL to inhibit LD-associated hydrolase activity from murine liver. A, schematic of the experimental procedure in mice. B-D, WT
and ATGL ™/~ mice were injected with adenovirus expressing core and GFP or GFP alone. Livers were harvested 4 days after infection. B, TG content of liver
lysates was measured and normalized to total liver protein (n = 4-5 mice/group). C, LDs were isolated using density gradient centrifugation. Equal amounts
of TG were incubated for 1 h at 37 °C. Thereafter, samples were adjusted to 1% Triton X-100 and centrifuged for 30 min at 20,000 X g and 4 °C. FFA in the
underlying solution was determined with commercial kits (n = 4). Data are presented as the mean = S.D. D, the presence of GFP and core in the cytosolic and
LD fractions, respectively, was confirmed by Western blot.

estingly, core did not affect the already reduced TG hydrolase ATGL ’/~ mice and infected with lentiviral vectors expressing
activity of LDs isolated from ATGL ™'~ mouse livers (Fig. 3C).  coreand GFP or GFP alone, as previously described (11). Two days
We verified core’s expression and LD localization by Western  after infection, TGs were isolated and quantified. Core expression
blotting in wild-type and ATGL '~ livers (Fig. 3D). These increased intracellular TG levels 1.9-fold in WT MEFs. ATGL
results point to LD-associated ATGL as the main lipase tar- deficiency led to 3.1-fold elevated intracellular TG levels com-
geted by the inhibitory function of HCV core on lipolysis. How-  pared with WT cells (Fig. 44). However, core expression did not
ever, they also indicate that additional host factors, possibly further increase TG levels in ATGL ™'~ MEFs, supporting that
lipases not present on LDs, may participate in core-induced increased TG levels induced by core requires ATGL.
steatosis in vivo, explaining why core still induced TG accumu- Next, we measured intracellular lipolysis in WT and
lation in ATGL ™/~ mice liver. ATGL™’~ MEFs expressing core. We performed a pulse-chase
Core Protects TGs from ATGL-mediated Hydrolysis in Cell —experiment and determined the intracellular TG levels as well
Culture—We complemented our in vivo studies with lipolysis  as the release of FFA into the cell culture supernatant. To do so,
studies in MEFs. MEFs were isolated from wild-type and cells were loaded with oleic acid to fill up their TG stores (pulse)
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FIGURE 4. Core requires ATGL to inhibit TG degradation in cell culture. A-C, WT and ATGL "/~ MEF were transduced with lentiviruses encoding HA-core and
GFP or a control virus encoding GFP alone. A, 48 h after infection, neutral lipids were extracted, and the amount of TG was measured and normalized to total
protein. B and C, cells were incubated with oleic acid for 20 h before chasing with medium containing 2% fatty acid-free BSA and 10 um triacsin C. B, at the
indicated time points, neutral lipids were extracted, and the amount of TG was measured. C, FFA levels were measured from the media supernatant. Both TG
and FFA amounts were normalized to total protein. Results are representative of two independent experiments with three replicates in each experiment. Data
are presented as the mean =+ S.D. D-F, Huh7 cells were transduced with lentiviruses encoding HA-core and GFP or a control virus encoding GFP alone. 48 h after
infection cells were fixed and stained with oil-red-O. Quantification of: D, number of LDs, mean of > 10 cells = S.E.; E, LD diameter, mean of >150 lipid
droplets = S.E.; F, LD area, mean of >20 cells = S.E. ORO, oil-red-O.

and chased in the presence of 2% BSA and triacsin C to accel- expressing ATGL, CGI-58, G0S2, or B-gal as a control (Fig. 54).
erate lipolysis and to prevent re-esterification of FFAs (29). The respective lysates were incubated with an artificial TG sub-
During the chase period, WT MEFs progressively lost 69% of strate in the presence or absence of in vitro translated core (Fig.
their intracellular TG content (Fig. 4B). In the presence of core, 5A4). ATGL TG hydrolase activity was efficiently induced by
however, TG stores were reduced only by 30%, demonstrating ~CGI-58 and inhibited by GOS2 (Fig. 5B). The addition of in vitro
that core inhibits TG degradation. In ATGL ™/~ MEFs, TG translated core protein did not affect ATGL TG hydrolase
stores were only reduced by 12% during the chase. Expression activity, implicating that core must associate with LDs to inhibit
of core did not further decelerate TG degradationin ATGL ™/~ lipolysis (Fig. 5B). Alternatively, we incubated lysates of Cos-7
MEFs. Similar results were obtained when we measured the cells overexpressing ATGL and CGI-58, ATGL and -gal, or
release of FFAs into the cell culture medium (Fig. 4C), further ~ B-gal alone as a control with core-coated or control LDs iso-
supporting that ATGL is required for core to decrease lipolysis.  lated from oleate-loaded Cos-7 cells (Fig. 54). The addition of
To understand how of core affects ATGL-mediated hydro- ~ATGL-containing lysate slightly increased the release of FFA
lysis of TG, we first analyzed the LD composition of cells from isolated LDs, whereas the addition of ATGL and CGI-58
expressing core or a GFP control. In accordance with previous led to a 3-fold increase in FFA released as expected (Fig. 5C).
reports (30, 31), no difference in LD number was observed in However, no difference in the release of FFAs was observed
core-expressing cells, whereas LD area per cell and average LD  between core-coated and control LDs (Fig. 5C). This indicates
diameter were significantly increased (Fig. 4, D-F). This differ-  that both ATGL and core proteins need to be localized on the
ence in size suggests structural and functional differences in same LD surface for core to inhibit TG hydrolysis.
LDs induced by core (for review, see Ref. 32). To further examine the role of core LD localization in TG
Proper Localization of Core and ATGL to LDs Is a Prerequisite  hydrolysis, we examined a core mutant (SPMT) that is not
for Core to Inhibit TG Hydrolysis—To examine the functional properly processed and cannot localize to the surface of LDs (8).
association of core with the ATGL:CGI-58 complex, we per- NIH/3T3 cells were infected with lentiviral vectors expressing
formed TG hydrolase assays using lysates of Cos-7 cells over- ~GFP, WT core, or the SPMT core mutant. Two days after infec-
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FIGURE 5. Core and ATGL association with LDs is necessary to inhibit lipolysis. A, Western blot of Cos-7 cell lysates expressing 8-gal, ATGL, CGI-58, or GOS2,
in vitro translated core, or isolated LD fractions from Cos-7 cells expressing core or an empty vector. B, cell lysates of Cos-7 cells overexpressing ATGL, CGI-58,
GO0S2, or B-gal as control were incubated with a radiolabeled triolein substrate in the presence or absence of in vitro translated core protein for 1 h at 37 °C. FFAs
were then extracted, and radioactivity was determined by liquid scintillation counting. Results are representative of two independent experiments with three
replicates in each experiment. Data are presented as the mean = S.D. C, radiolabeled LDs were isolated from Cos-7 cells transfected with core or an empty
vector and then incubated with Cos-7 cell lysates expressing ATGL, CGI-58, and GOS2 or B-gal as the control for 1 h at 37 °C. FFAs were then extracted, and
radioactivity was determined by liquid scintillation counting. Results are representative of two independent experiments with three replicates in each
experiment. Data are presented as the mean = S.D. D-F, NIH/3T3 were transduced with a lentivirus encoding HA-core WT or SPMT mutant and GFP or a control
virus encoding GFP alone. D, 24 h after infection, neutral lipids were extracted, and TGs were measured and normalized to total protein. E and F, cells were
incubated with oleic acid for 20 h before a 6-h chase using medium with 2% fatty acid-free BSA and 10 um triacsin C. Neutral lipids were extracted, the amount
of TG was measured and normalized to TO (E). FFA levels were measured in the culture supernatant (F). Both TG and FFA levels were normalized to the amount
of cellular protein. Results are representative of three independent experiments with three replicates in each experiment. Data are presented as the mean =+
S.D. G, Western blot of cell extracts (left panels) or isolated LD fractions (right panels) from Huh7-Lunet cells expressing core WT or SPMT mutant. Results are
representative of two independent experiments.

tion, TGs were isolated. Unlike WT core, expression of the Core Does Not Bind ATGL but Enhances the Interaction
SPMT mutant did not increase TG levels in NIH/3T3 cells (Fig.  between ATGL and CGI-58 —As core increases LD association
5D), supporting that core localization to LDs is important forits of ATGL and CGI-58 and diminishes ATGL-mediated activ-
TG-protecting properties. We next performed a pulse-chase ity on LDs we examined whether core directly binds to
experiment in transduced NIH/3T3 fibroblasts as described in  ATGL or the ATGL-CGI-58 complex. Therefore, we per-
Fig. 4. After a 6-h chase period in the presence of triacsin C, the  formed coimmunoprecipitation experiments with overex-
SPMT mutant, unlike WT core, did not delay TG hydrolysis pressed HA-tagged core and His-tagged ATGL, CGI-58,
and the release of FFA in the cell culture supernatant (Fig. 5, E  G0S2, or HSL in 293T cells. After immunoprecipitating HA-
and F). These results underscore that the localization of core to  core protein, no interaction with any of the His-tagged proteins
LDs is important for its anti-lipolytic function. was observed (Fig. 6A4). In parallel experiments core did coim-
Because of the central role of LD localization in the func- munoprecipitate with FLAG-DGAT1, a known cellular cofac-
tional interaction between core and ATGL, we examined tor of core (Fig. 6B) (10).
whether core affects the localization of ATGL and its cofactor Similar results were observed when mouse ATGL as well as
CGI-58 to LDs. LDs were isolated from Huh7-Lunet cells mouse and human CGI-58 (all His-tagged) were co-expressed
expressing FLAG-tagged core proteins (WT or SPMT). Inter-  with the FLAG-tagged core (Fig. 6C). Interestingly, when HA-
estingly, we observed that WT core enhanced the association of ~CGI-58 was co-expressed with His-ATGL and FLAG-core and
both endogenous ATGL and CGI-58 to LDs (Fig. 5, G and H), immunoprecipitated with HA-agarose, more ATGL coimmu-
which did not occur with the SPMT mutant. These findings noprecipitated with CGI-58 in the presence of core (Fig. 6D).
further highlight the importance of core localization to LDs in  Collectively, these results are consistent with the model that
the ATGL engagement. ATGL and CGI-58 strongly interact at LDs in the presence of
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co-expressed with HA-core or a control vector. 24 h after transfection cells were lysed, and lysates were immunoprecipitated (/P) with HA- or FLAG-agarose
overnight at 4 °C. After washes, bound proteins were subjected to SDS-PAGE and analyzed by Western blotting with antibodies against His, HA, or FLAG. C,
His-tagged mouse and human ATGL and CGI-58 were co-expressed with FLAG-core or a control vector. 24 h after transfection, cells were lysed, and lysates were
immunoprecipitated with FLAG- or His-agarose overnight at 4 °C. After washes, bound proteins were subjected to SDS-PAGE and analyzed by Western blot
with antibodies against His and FLAG. D, His-ATGL and HA-CGI-58 were co-expressed with or without FLAG-core in 293T cells. 24 h after transfection, cells were
lysed, and lysates were immunoprecipitated with HA-agarose. Bound proteins were subjected to SDS-PAGE and analyzed by Western blot with antibodies
against His, HA, and FLAG. Results are representative of two independent experiments. £, a model of core disrupting ATGL function at LDs. Core-coating of LDs
leads to a change in the biophysical or proteomic properties of LDs preventing proper access of the ATGL-CGI-58 complex to stored TGs while causing
prolonged residence of the complex at LDs. Under normal conditions (bottom panel), the presence of ATGL-CGI-58 complexes at the LD surface induces TG
hydrolysis, LD shrinkage, and loss of the complexes from the surface. In the presence of core (top panel), LD-associated ATGL-CGI-58 complexes are not active,
the LD content is thus preserved, and ATGL-CGI-58 complexes accumulate at the LD surface. The question remains of whether core primarily manipulates
ATGL-CGI-58 activity or mechanistically targets the equilibrium of ATGL-CGI-58 recruitment and dissociation at LDs.
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core, but this interaction does not result in the activation of the
ATGL lipase activity as otherwise expected.

that expression of core increased the interaction of ATGL with
CGI-58 and the localization of the ATGL-CGI-58 complex at
LDs. We propose that core coats LDs to alter their biophysical
properties or proteomic composition (33), thereby promoting a
strong interaction between ATGL and CGI-58 and prolonging
their presence at LDs while preventing their access to stored

DISCUSSION

The steatogenic function of the HCV core protein is a matter
of intense research because of its potential clinical relevance.

Here, we confirm that core inhibits lipolysis at LDs in vivo and
show that this anti-lipolytic activity requires the TG lipase
ATGL. Interestingly, adding either exogenous core to ATGL-
coated LDs or exogenous ATGL to core-coated LDs did not
affect ATGL-mediated lipolysis. This indicates that both core
and the ATGL-CGI-58 complex must associate with LDs for
core to inhibit LD-associated TG hydrolase activity. Surpris-
ingly, in the absence of any detectable physical interaction
between core and ATGL or its activator CGI-58, we observed

SASBMB

DECEMBER 26, 2014 +VOLUME 289+NUMBER 52

TG (Fig. 6E).

Much of what we know about the regulation of lipolysis
stems from studies in adipocytes. In response to hormonal
stimulation, protein kinase A phosphorylates two key sub-
strates: the diacylglycerol hydrolase HSL (34) and the LD-asso-
ciated protein PLIN1 (35, 36). Upon phosphorylation, PLIN1,
which tightly coats adipocyte LDs and prevents lipase access, is
transformed from an inhibitor into an activator of lipolysis.
CGI-58, bound to PLIN1 in the basal state, is released to acti-
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vate ATGL, which acts upstream of HSL. In non-adipose tissues
where PLIN1 is largely absent, other members of the PLIN fam-
ily take over to coat the LD surface. Among these, PLIN 2, 3, and
5 interact with ATGL (6, 37—40). PLIN5 interacts with ATGL
and CGI-58 and forms a barrier to prevent lipolysis (38, 41, 42).
However, similarly to PLIN1, PLINS5 is also a target of PKA-
mediated phosphorylation, and it was speculated that its phos-
phorylation might release ATGL and CGI-58 to enable TG
hydrolysis (38).

Similarly to PLIN proteins, core tightly coats LDs, but con-
trary to PLIN1 and PLIN5, we find the viral protein does not
interact with ATGL or CGI-58. This finding suggests that core
either changes the biophysical environment of LDs or it binds
an unknown protein that regulates the interaction between
ATGL, CGI-58, and LDs and/or the activity of the lipase com-
plex at LDs. Because core expression perturbs localization of
PLIN2 and 3 (also known as ADRP and TIP47) at LDs (33, 43),
one possibility is that core expression inhibits ATGL TG hydro-
lase activity by inducing a disequilibrium of these proteins at
the LD surface (Fig. 6E). Alternatively, core could alter the
intracellular vesicular trafficking of ATGL to LDs, which occurs
through coat proteins (COPI and COPII) that mediate trans-
port from the Golgi to the ER and vice versa (44, 45). Of note,
knocking down COPI components increases LD formation,
linking vesicular trafficking to ATGL activity (46).

The recruitment of ATGL to LDs is a prerequisite for intra-
cellular TG mobilization (47, 48). Interestingly, a catalytically
inactive ATGL mutant localizes to LDs more than active
ATGL, implying that ATGL activity does not directly correlate
with its association to LDs (48, 49).

Consistent with this observation, we found that in the pres-
ence of the inhibitory core protein the association of the
ATGL-CGI-58 complex to LDs was increased as compared with
LDs without core. The question remains if and how enhanced
association of ATGL with LDs is linked to its decreased TG
hydrolase activity. It can be assumed that LDs carrying active
ATGL complexes at their surface rapidly reduce in size, a pro-
cess that per se may lead to a progressive release of ATGL mol-
ecules from the shrinking LD surface. In contrast, LDs associ-
ated with inactive ATGL or coated with core do not decrease in
size; thus ATGL molecules do not dissociate and could accu-
mulate on the LD surface. A possibility is that core primarily
disrupts the equilibrium between free cytosolic ATGL and
ATGL bound to LDs and CGI-58, thus leading to inhibition of
proper TG hydrolase activity. A similar regulatory mechanism
exists for Rab GTPases, which switch from inactive to active
states during vesicular trafficking (for review, see Ref. 50).
Alternatively, core may primarily disrupt the catalytic activity
of ATGL, e.g. by recruiting a yet unidentified endogenous
repressor of ATGL to LDs, or displace a new activator, other
than CGI-58, from ATGL, which could then e.g. prevent proper
dissociation of ATGL and CGI-58 molecules from the shrink-
ing LD surface. Numerous factors have been identified to
interact with ATGL (e.g. UBXDS8 (51), PEDF (52), Fsp27
(53)), which could mediate how core affects ATGL activity
and/or localization.

Notably, we show that in the absence of ATGL core expres-
sion still induced steatosis in murine livers without reducing
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LD-associated TG hydrolase activity as observed with WT LDs.
In contrast, no residual steatogenic effect of core was observed
in ATGL™/~ MEF cells pointing to the involvement of liver-
specific factors not present on LDs that may participate in core-
induced steatosis in hepatocytes in vivo. One possibility is that
core’s reported inhibition of microsomal triglyceride transfer
protein and a resulting decrease in VLDL secretion from the
liver could contribute to remaining steatosis iz vivo but not in
vitro (12). Another possibility is that core, in addition to ATGL,
functionally targets other lipases, including HSL or patatin-like
phospholipase 3 (PNPLA3), a triglyceride hydrolase previously
associated with non-alcoholic fatty liver disease (54) potentially
before or after they associated with LDs. Because the mecha-
nism of LD hydrolysis is poorly characterized in hepatocytes,
future studies are required to address whether core protein
interacts with any of the known ATGL-interacting proteins or
modulates the recruitment of HSL or patatin-like phospho-
lipase 3 to core-coated liver LDs.
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