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Hepatic steatosis is emerging as the most important cause of chronic liver disease and is associated
with the increasing incidence of obesity with insulin resistance. Sterol regulatory binding pro-
tein-1c (SREBP-1c) is a master regulator of lipogenic gene expression in the liver. Hyperinsulinemia
induces SREBP-1c transcription through liver X receptor (LXR), specificity protein 1, and SREBP-1c
itself. Clusterin, an 80-kDa disulfide-linked heterodimeric protein, has been functionally implicated
inseveral physiological processes including lipid transport; however, little is known about its effect
on hepatic lipogenesis. The present study examined whether clusterin regulates SREBP-1c expres-
sionand lipid accumulationin the liver. Adenovirus-mediated overexpression of clusterin inhibited
insulin- or LXR agonist-stimulated SREBP-1c expression in cultured liver cells. In reporter assays,
clusterin inhibited SREBP-1c promoter activity. Moreover, adenovirus-mediated overexpression of
clusterin in the livers of mice fed a high-fat diet inhibited hepatic steatosis through the inhibition
of SREBP-1c expression. Reporter and gel shift assays showed that clusterin inhibits SREBP-1c ex-
pression via the repression of LXR and specificity protein 1 activity. This study shows that clusterin
inhibits hepaticlipid accumulation through the inhibition of SREBP-1cexpression and suggests that
clusterin is a negative regulator of SREBP-1c expression and hepatic lipogenesis. (Endocrinology

154: 1722-1730, 2013)

onalcoholic fatty liver disease is the most common

disease of the liver. Its prevalence has been increasing
markedly, and itis considered the hepatic manifestation of
metabolic syndrome in obese individuals with insulin re-
sistance (1, 2). Hyperinsulinemia, a hallmark of insulin
resistance, potently induces enzymes catalyzing the de
novo synthesis of fatty acids in liver (3). A large number of
studies point to sterol regulatory element-binding pro-
tein-1c (SREBP-1c) as a key transcription factor mediating
the stimulating effects of insulin (3-5). SREBP-1c¢ is a
membrane-bound transcription factor of the basic helix-
loop-helix leucine zipper family and regulates the gene
expression of key enzymes implicated in lipid metabolism
in liver. Nascent SREBP-1c is embedded in the endoplas-
mic reticulum and transported to the Golgi in which 2
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sequential cleavages generate the active form of mature
SREBP-1c¢ (6). The control of hepatic lipogenesis by insu-
lin is mediated by the enhanced transcription of SREBP-1¢
(7). Several lines of evidence have shown that, within the
SREBP-1¢ promoter sequence, binding sites for liver X
receptor (LXR), specificity protein 1 (Sp1), nuclear factor
Y, as well as for SREBP-1c itself, are necessary for the full
activation of SREBP-1c¢ transcription by insulin (8-10).
Therefore, identifying molecules that inhibit these tran-
scription factors may provide effective treatment options
for fatty liver disease.

Clusterin, also known as apolipoprotein J, is an 80-kDa
heterodimeric disulphide-linked glycoprotein that is
widely distributed in various tissues and found in body
fluids (11). Clusterin is involved in numerous physiolog-
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ical processes including tissue remodeling, lipid transport,
complement inhibition, and the regulation of apoptosis
(12-14). Interestingly, clusterin is differentially expressed
in many severe physiological disturbances, including can-
cer, neurodegeneration, diabetes, and atherosclerosis
(12). Clusterin has been detected in human and mouse
aorta with atherosclerotic lesions but not in normal aorta
(15, 16). Clusterin promotes cholesterol efflux from foam
cells, indicating that clusterin has a protective and poten-
tially antiatherogenic function (11). Human plasma clus-
terin exists in high-density lipoproteins (HDL) that con-
tain apolipoprotein A-I and cholesteryl ester transfer
protein activity, which play a role in the transport of cho-
lesterol from peripheral tissues to the liver (17, 18). A
recent study showed that glucose stimulated clusterin ex-
pression in liver and SREPB-1 plays a crucial role in the
metabolic regulation of clusterin (19). Taken together,
these studies suggest that clusterin may be important for
hepatic lipogenesis; however, the effect of clusterin on
SREBP-1cexpression and hepatic lipogenesis has not been
studied yet. The present study demonstrates that clusterin
decreases hepatic lipogenesis by inhibiting SREBP-1¢
expression.

Materials and Methods

Cell culture

The HA4IIE rat hepatoma cell line and the HepG2 human
hepatoma cell line were cultured in §% CO,-95% airat 37°Cin
MEM (Gibco-BRL, Grand Island, New York) supplemented
with 10% fetal bovine serum (FBS; Hyclone, Logan, Utah) and
antibiotics. AML12 cells were cultured in 5% CO,-95% air at
37°C in DMEM/F12 medium (Gibco-BRL) supplemented with
10% FBS, insulin-transferrin-selenium (Sigma, St Louis, Mis-
souri), 40 ng/mL dexamethasone (Sigma), and antibiotics. After
reaching approximately 80% confluence, cells were serum
starved for 24 hours in medium containing 0.5% FBS and then
treated as indicated in the text.

Generation of recombinant adenovirus

The cDNA encoding rat clusterin was inserted into the Bg/Il/
Xholsites of the pAd-Track-CMV shuttle vector. To produce the
recombinant adenoviral plasmid, the resultant shuttle vector was
electroporated into BJ5138 cells containing the AdEasy adeno-
viral vector. The recombinant adenoviral plasmids were trans-
fected, and adenoviruses expressing clusterin (Ad-Clu) were am-
plified in human embryonic kidney-293 cells and purified using
CsCl density centrifugation (Sigma). The viruses were collected
and desalted, and the titers were determined using Adeno-X
Rapid titer (BD Bioscience, San Jose, California). Control ad-
enoviruses (Ad-GFP) were prepared by the same method. The
efficiency of adenoviral infection was assessed using a recombi-
nant adenovirus encoding clusterin fused to green fluorescent
protein (GFP; data not shown).

endo.endojournals.org 1723

Animal experiments

In vivo experiments were conducted using 8- to 9-week-old
male C57BL/6 mice (Samtako, Osan, Korea). To generate clus-
terin knockout (Clu KO) mice on the C57BL/6 genetic back-
ground, clusterin-deficient mice originally generated using a
Swiss black genetic background (20) were backcrossed onto the
CS57BL/6 strain for at least 7 generations. Clu KO mice were kind
gifts from Dr .-S.P. Park (Inha University School of Medicine,
Incheon, Korea). All animal procedures were carried out in ac-
cordance with institutional guidelines for animal research.

Experimental procedure 1

Mice were divided into 2 groups, fasting and refeeding. Mice
were fasted for 48 hours or fasted for 36 hours and refed during
the following 16 hours.

Experimental procedure 2

Mice were divided into 3 groups: 1) animals fed a control
chow diet (Hyochang, Daegu, Korea); 2) animals fed a high-fat
diet (HFD) diet that provides 60% of the calories as fat (D12492;
Research Diets, New Brunswick, New Jersey) with an injection
of Ad-GFP; and 3) animals fed a HFD diet with an injection of
Ad-Clu. Exogenous overexpression of GFP or clusterin was in-
duced in the livers of HFD-fed mice via an injection of adenovirus
(1 X 10? pfu per 200 L) into the tail vein at the indicated time
points. After 4 weeks, animals were killed for the collection of
liver samples. Liver tissue was fixed with 4% paraformaldehyde
and embedded in paraffin. Serial 4-pwm sections were subjected to
hematoxylin and eosin staining according to standard proce-
dures. Intrahepatic lipid was visualized using the oil red O
method and hepatic triglycerides.

Primary cultures of hepatocytes

C57BL/6 or Clu KO mouse hepatocytes were isolated by per-
fusing the liver via the portal vein. The liver was first perfused
with resuspension buffer (140 mmol/L NaCl; 5.4 mmol/L KCl;
0.44 mmol/L KH,PO,; 0.34 mmol/L Na,HPO,; 0.5 mmol/L
EGTA; 25 mmol/L Tricine, pH 7.2) at 4 mL/min for 10 minutes
and then perfused with collagenase solution [Hanks’ balanced
salt solution (9.5 g/L); 0.8 mmol/L NaHCO5; 0.002% deoxyri-
bonuclease I; 0.7 g/L collagenase type I (Worthington Biochem-
ical Corp, Freehold, New Jersey), pH 7.2] at 4 mL/min for 10
minutes. After perfusion, the liver was shaken for 15 minutes at
37°C and filtered through a mesh (85 wm nylon mesh). Hepa-
tocytes were collected by centrifugation at 500 rpm for § minutes
at 4°C, resuspended in William’s E medium (Sigma), and seeded
onto collagen type I-coated 60-mm dishes (IWAKI Scitech Kiv,
Tokyo, Japan) at a density of 5§ X 10° cells/mL. The viability of
hepatocytes, as measured by trypan blue dye exclusion, was al-
ways greater than 85%. After a 2- to 3-hour incubation, the
medium was exchanged with DMEM. Hepatocytes were used
subsequently for quantitative real-time RT-PCR.

Northern blot analysis

HA4IIE cells and AML12 cells were treated with TO901317
(Sigma) and insulin (Novo Nordisk, Bagsvaerd, Denmark) and
subsequently infected with adenoviral vectors expressing clus-
terin. Cells were harvested, total RNA was isolated using the
Trizol reagent (Invitrogen, Carlsbad, California) according to
the manufacturer’s instructions, and 20 ug of total RNA from
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each sample was used. The SREBP-1¢ and clusterin probes were
labeled with [a->*P]dCTP using a random-primer DNA-labeling
system (Amersham Biosciences, Little Chalfont, United
Kingdom).

Quantitative real-time RT-PCR

Total RNA was isolated from cells and tissue extracts using
the Trizol reagent. Reverse transcription was performed using
the RevertAid first-strand cDNA synthesis kit (Fermentas, Ha-
nover, Maryland). Quantitative real-time RT-PCR was per-
formed using a SYBR Green PCR master mix kit (TOYOBO,
Osaka, Japan) and the Light Cycler 480 instrument (Roche Di-
agnostics, Indianapolis, Indiana). PCR parameters were as fol-
lows: 45 cycles of 95°C for 30 seconds, 60°C for 10 seconds, and
72°C for 15 seconds. Primer sequences were as follows: SREBP-
lc, forward, 5'-CCATCGACTACATCCGCTTCTT-3', re-
verse, S'-ACTTCGCAGGGTCAGGTTCTC-3'; acetyl-CoA
carboxylase, forward, 5'-CGCTCAGGTCACCAAAAAGAAT-
3', reverse, 5'-GGGTCCCGGCCACATAA-3'; stearoyl-CoA

desaturase, forward, 5'-CTGCCCCTGCGGATCTT-3’, re-
verse, S'-GCCCATTCGTACACGTCATTCT-3".
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Western blot analysis

HA4IIE cells and AML12 cells were treated with TO901317
(Sigma), insulin (Novo Nordisk) and subsequently infected with
Ad-Clu. Cell lysates were prepared using lysis buffer [50 mmol/L
Tris-HCI (pH 8.0), 150 mmol/L NaCl, 1 mmol/L EDTA, 1%
Nonidet P-40, 0.25% Na-deoxycholate] containing proteinase
inhibitors. The proteins were resolved by SDS-PAGE and then
transferred electrophoretically to a polyvinyl difluoride mem-
brane (Millipore, Bedford, Massachusetts). The membrane was
blocked by incubation in blocking buffer, incubated with anti-
clusterin-a antibody (Santa Cruz Biotechnology, Santa Cruz,
California) or anti-SREBP-1c antibody (BD Biosciences) and was
then developed using an enhanced chemiluminescence Western
blot detection kit (Amersham Biosciences). The membrane was
reblotted with antiactin antibody to verify equal loading of pro-
tein in each lane. Densitometry was used to quantitate the results
using the scientific software program UN-SCAN-IT (Skik Sci-
entific Corp, Orem, Utah).

In vitro reporter assays
HepG2 cells were plated at a density of 7 X 10* cells/well in
a 12-well plate and cultured for 1 day in culture medium. Cells

B Insulin
Ad-Clu (moi) Con - 10 50 100 GFP

SREBP-Ic e e WE W L
- W -

Clusterin

188
Insulin
Ad-Clu (moi) Con - 10 50 100 GFP
Precusor ™ Smm s - —
{125 kD)
Mature z
(68 kD)
B-actin % — -
F 4
o Il hSREBP-1c/luc
=
zE°
® g %
@ - 2
g3
ek 2 o
g3
S
+ + Insulin (100nM) - + + + +
100 GFP Clusterin (ng) - - 50 100 200

Figure 1. Clusterin inhibits insulin-stimulated SREBP-1c expression in cultured hepatocytes. A, Representative Northern blot analysis of hepatic
clusterin and SREBP-1c mRNA expression in the livers of fasting and refeeding mice. B and C, Representative Northern blot analysis showing the
effect of clusterin overexpression on insulin-stimulated SREBP-1c and FAS mRNA expression in H4IIE (B) and AML12 (C) cells. FAS, fatty acid
synthase; G6Pase, glucose-6-phosphatase; PEPCK, phosphoenolpyruvate carboxykinase. D, Western blot analysis showing the effect of clusterin
overexpression on insulin-stimulated SREBP-1c protein expression. AML12 cells were infected with the indicated concentrations [multiplicity of
infection (MOI)] of Ad-Clusterin (Ad-Clu) or Ad-GFP (GFP) for 24 hours and treated with insulin (100 nM) for 6 hours. E, Real-time RT-PCR showing
the effect of clusterin overexpression on insulin-stimulated acetyl-CoA carboxylase (ACC) and stearoyl-CoA desaturase (SCD) mRNA expression in
AML12 cells. Data represent the means = SEM of 3 independent measurements. *P < .01 compared with control (Con); **P < .01 compared
with insulin alone. F, Effect of clusterin on insulin-stimulated SREBP-1c promoter activity. HepG2 cells were cotransfected with a SREBP-1¢
promoter (—1516/+40) reporter construct (200 ng/well) and the indicated amounts of a clusterin expression construct and stimulated with insulin
for 6 hours. Luciferase activity was normalized to B-galactosidase activity. Data represent the means + SEM of 3 independent measurements.

*P < .01 compared with control; **P < .01 compared with insulin alone.
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Figure 2. Clusterin reduces lipid accumulation and SREBP-1c expression in the liver of mice fed
a HFD. A, Histological analysis of liver sections of HFD-fed mice after a tail vein injection of Ad-
Clusterin (Ad-Clu) or Ad-GFP. Upper panel, Hematoxylin and eosin staining; lower panel, oil red
O staining. Original magnification, X 100. B, Triglyceride concentration of HFD-fed mice after a
tail vein injection of Ad-Clusterin or Ad-GFP. Data in bar graph are the means = SEM of 3
independent measurements. *P < .05 compared with control diet-fed mice; **P < .05
compared with HFD-fed mice. C, Representative real-time RT-PCR analysis of SREBP-1c mRNA
expression in the livers of HFD-fed mice after a tail vein injection of Ad-Clusterin or Ad-GFP. Data
represent the means = SEM of 3 independent measurements. *P < .05 compared with control
diet-fed mice; **P < .01 compared with HFD-fed mice. D, Representative real-time RT-PCR
analysis of clusterin mRNA expression in the livers of HFD-fed mice. Data represent the means +
SEM of 3 independent measurements. *P < .01 compared with control diet-fed mice or HFD-fed
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LXR2-luciferase] were kind gifts from Dr
L. Cagen (University of Tennessee, Mem-
phis, Tennessee) (8).

Electrophoretic mobility shift
analysis

Nuclear extracts were prepared from
HepG2 cells using the NucBuster protein
extraction kit (Calbiochem, La Jolla,
California) according to the manufactur-
er’s instructions. Nuclear extracts (6 ug)
were incubated at room temperature
with 60 000 cpm of a **P-labeled dou-
ble-stranded oligonucleotide encoding
the LXR-binding site oligomer 5'-CAG
TGA CCG CCA GTA ACC CCA GC-3’
and the Sp1-binding site oligomer §'-
TAA CGG GGC GGG GCG AAT-3' as
a probe. Competition experiments were
performed with unlabeled LXR-or Sp-1-
binding site oligonucleotide. Supershift
experiments were performed by incubat-
ing the binding reaction with supershift-
ing antibody. Samples were separated by
electrophoresisina 4% acrylamide gel in
0.5X Tris-borate EDTA [0.045 M Tris,
0.045 M boric acid, 1.0 mM EDTA (pH
8.0)] at 150 V (constant voltage).

mice.

were transiently transfected with the indicated promoter con-
structs (200 ng/well) and other cDNAs using the Lipofectamine
2000 transfection reagent (Invitrogen). Cells were cotransfected
with a plasmid encoding B-galactosidase as an internal control.
Cells were transfected for 5 hours, washed to remove plasmid,
and then maintained in conditioned medium. Cells were har-
vested 24 hours after transfection and assayed for luciferase and
B-galactosidase activity. Twenty microliters of cell lysate con-
taining 15 ug of protein were analyzed using the luciferase assay
system, according to the manufacturer’s instructions (Promega,
Madison, Wisconsin). Luciferase activity was measured using a
SIRUS luminometer (Berthold, Pforzheim, Germany) and was
normalized to B-galactosidase activity. Luciferase reporter con-
structs containing the human wild-type SREBP-1¢ promoter
[pSREBP(—1516/+40)-luciferase] were kind gifts from Dr E.
Tarling (Queen’s Medical Center, Nottingham, United Kingdom)
(21) and wild-type rat SREBP-1¢ promoter [pSREBP(—1516/+40)-
luciferase] and a mutant SREBP-1c¢ promoter containing 2 LXR-
binding site mutations [pSREBP(—1516/+40) mutLXR1/mut-

Statistical analysis
Data are the means = SEM. An
ANOVA was used to determine the significant differences in
multiple comparisons and was performed using the Duncan test.
P < .05 was considered statistically significant. All experiments
were performed at least 3 times.

Results

Clusterin inhibits insulin-stimulated SREBP-1c
expression in cultured hepatocytes

First, we determined whether clusterin is regulated by
nutritional status and found that clusterin expression was
regulated by fasting and refeeding cycles. Refeeding after
fasting dramatically decreased hepatic clusterin and glu-
coneogenic gene expression but increased SREBP-1c¢ ex-
pression (Figure 1A). The expression patterns of clusterin

Table 1. Body Weight, Fat Weight, and Food Intake of Mice Fed a HFD With or Without Ad-Clusterin (Ad-Clu)
HFD+Ad- HFD+Ad-
Control GFP Clu
Body weight, g 25+ 0.26 28.7 = 0.2° 27.9 = 0.2°
Epididymal fat weight, g 0.29 = 0.01 0.61 + 0.05% 0.55 = 0.15°
Food intake, g/d 2.22 £0.15 219+ 0.19 213+ 0.16

Values are mean = SEM.
@ P < .05 compared with control mice.
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Figure 3. Clusterin inhibits LXR-stimulated SREBP-1c expression in cultured hepatocytes.

Representative Northern blot and Western blot analyses show the effect of overexpression of
clusterin on TO901317-stimulated SREBP-1c mRNA and protein expression. AML12 (A and B) and

H4IIE (C and D) cells were infected with the indicated concentrations [multiplicity of infection
(MOI)] of Ad-Clusterin (Ad-Clu) or Ad-GFP (GFP) and treated with TO901317 (1 uM) for 24

hours. E, Western blot analysis was performed using hepatocytes isolated from wild-type (WT) or

Clu KO mice. F. Representative real-time RT-PCR analysis of SREBP-1c mRNA expression in
primary hepatocytes from Clu KO mice with or without TO901317 (TO) stimulation. Data
represent the means = SEM of 3 independent measurements. *P < .05 compared with WT-
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Adenovirus-mediated
overexpression of clusterin
reduces lipid accumulation and
SREBP-1c expression in the liver
of HFD-fed mice

To confirm the effect of clusterin
on hepatic SREBP-1¢ expression in
vivo, the effect of clusterin on hepatic
lipid accumulation and SREBP-1c¢
expression was assessed in HFD-fed
mice infected with clusterin-contain-
ing adenoviruses by tail vein injec-
tion.  Histological
showed that the hepatocytes of
HFD-fed mice had large cytoplasmic
lipid droplet accumulation. This
morphological change in lipid drop-
lets was nearly completely prevented
by the overexpression of clusterin
(Figure 2A). A HFD increased tri-
glyceride levels and SREBP-1c
mRNA expression in the liver com-
pared with control chow. In HFD-
fed mice, adenovirus-mediated clus-
terin overexpression decreased both
liver triglyceride levels (Figure 2B)
and SREBP-1c expression (Figure 2,
C and D) compared with adenovi-
rus-mediated GFP expression. As ex-

examination

control (Con); **P < .01 compared with WT-TO901317.

were opposite to those of SREBP-1c, suggesting an asso-
ciation between these 2 molecules. Because insulin plays a
critical role in regulating hepatic lipogenesis during feed-
ing and SREBP-1c is a key transcription factor mediating
the insulin-dependent regulation of gene expression (7),
we examined the effect of clusterin on insulin-stimulated
SREBP-1c expression in cultured hepatocytes. As shown
in Figure 1, H41IE cells (Figure 1B) and AML12 cells (Fig-
ure 1, C and D) treated with insulin for 6 hours increased
SREBP-1¢ mRNA and protein expression, but Ad-Clu re-
pressed insulin-stimulated SREBP-1¢c mRNA and protein
expression in a concentration-dependent manner. In ad-
dition, Ad-Clu inhibited the insulin-stimulated expression
of the SREBP-1c target gene fatty acid synthase, acetyl-
CoA carboxylase, and stearoyl-CoA desaturase (Figure 1,
B, C, and E). Moreover, a SREBP-1¢ promoter reporter
[pPSREBP(—1516/+40)-luc] (21) assay showed that clus-
terin repressed insulin-stimulated SREBP-1c¢ promoter ac-
tivity (Figure 1F).

pected, the HFD increased body

weight and epididymal fat weight

compared with control chow. How-
ever, body weight, epididymal fat weight, and food intake
were not different between the HFD with Ad-GFP and the
HFD with Ad-clusterin (Table 1).

Clusterin mediates LXR ligand-stimulated SREBP-1c
expression and inhibits LXR activity in cultured
hepatocytes

Because LXR is an important mediator of insulin-stim-
ulated SREBP-1c¢ expression (22), the effect of clusterin on
the expression of SREBP-1c was assessed in cultured hepa-
tocytes stimulated with the LXR ligand TO901317. As
shown in Figure 3, AML12 cells (Figure 3, A and B) and
HA4IIE cells (Figure 3, C and D) treated with TO901317
had increased SREBP-1c mRNA and protein expression.
The SREBP-1c¢ increase was suppressed by Ad-Clu in a
concentration-dependent manner. In addition to the over-
expression of clusterin, we examined the effect of loss of
clusterin on TO901317-induced SREBP-1¢ mRNA ex-
pression using primary cultured hepatocytes from Clu KO
mice. Clu KO hepatocytes showed higher SREBP-1c ex-
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Figure 4. Clusterin inhibits LXR activity in cultured hepatocytes. A, Effect of clusterin on TO901317-stimulated SREBP-1c promoter activity.
HepG2 cells were cotransfected with SREBP-1c¢ promoter constructs (200 ng/well) and the indicated amounts of a clusterin expression construct
and then stimulated with TO901317 for 24 hours. Luciferase (luc) activity was normalized to B-galactosidase activity. Data represent the means =+
SEM of 3 independent measurements. *P < .01 compared with control; **P < .01 compared with TO901317 alone. B, Effect of clusterin on
TO901317-stimulated LXR DNA-binding activity. HepG2 cells were infected with the indicated concentrations [multiplicity of infection (MOI)] of
Ad-Clusterin (Ad-Clu) or Ad-GFP (GFP) and treated with TO901317 for 24 hours. Competition experiments (C) were performed with unlabeled
LXR-binding site oligomer. Supershift experiments (Ab) were performed by incubating the binding reaction with anti-LXR antibody. C, Data in the
bar graph are the means = SEM of 3 independent measurements. *P < .01 compared with control; **P < .01 compared with TO901317 alone.

pression levels than those of wild-type control mice. More-
over, TO901317-induced SREBP-1c¢ expression was sig-
nificantly higher in primary cultured hepatocytes of Clu
KO mice than in control wild-type mice (Figure 3F). We
next examined the mechanism by which clusterin inhibits
LXR ligand-stimulated SREBP-1 gene expression. A
SREBP-1c¢ promoter reporter assay showed that clusterin
repressed TO901317-stimulated SREBP-1c¢ promoter ac-
tivity (Figure 4A). Next, the effect of clusterin on LXR
DNA-binding activity was assessed using EMSAs. Ad-Clu
inhibited the TO901317-stimulated LXR DNA-binding
activity in a concentration-dependent manner (Figure 4, B

and C).

Clusterin inhibits Sp1 activity

Inadditionto LXR, SREBP-1ccontains binding sites for Sp1,
which was reported to mediate insulin-stimulated SREBP-1¢
expression. Insulin stimulated the activity of a SREBP-1¢ mu-
tant promoter deficientin LXR bindingand a mutant SREBP-1¢
promoter containing 2 LXR-binding site mutations
[pSREBP(—1516/+40) mutLXR1/mutlLXR2-luciferase],
which is consistent with a previous report (4), although the
activation by insulin was lower than that observed with the
wild-type SREBP-1¢ promoter (Figure SA). These data sug-
gest that LXR is a mediator of insulin-stimulated SREBP-1¢

expression. Moreover, Ad-Clu inhibited insulin-stimulated
LXR-mut-SREBP-1¢ promoter activity, reinforcing the idea
that clusterin inhibits transcription factors other than LXR,
such as Sp1. Accordingly, the effect of clusterin was assessed
on Sp1-stimulated SREBP-1¢ promoter activity. As shown in
Figure 5B, transient expression of clusterin inhibited Sp1-
stimulated SREBP-1c promoter activity. Next, the effect of
clusterin on insulin-stimulated Sp1 transcriptional activity
was assessed. Using a reporter construct composed of 4 syn-
thetic Sp1 response elements ([Sp1] X 4 luciferase), the effect
of ectopic expression of Sp1, insulin, and/or clusterin was
assessed. Transient expression of Sp1 increased [Sp1] X 4
luciferase activity, and the effect was enhanced in the pres-
ence of insulin. Addition of clusterin induced a concentra-
tion-dependent decrease in [Sp1] X 4 luciferase activity (Fig-
ure 5C). Moreover, an EMSA analysis showed that clusterin
overexpression decreased the DNA-binding activity of Sp1
(Figure 5D).

Discussion

The present study shows that clusterin expression is reg-
ulated by nutritional status, and adenovirus-mediated
overexpression of clusterin inhibits hepatic SREBP-1c ex-
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Figure 5. Clusterin inhibits Sp1 activity. A, Effect of clusterin on the insulin-stimulated reporter
activity of a mutant SREBP-1c promoter deficient in LXR binding (mut-LXR). HepG2 cells were
transfected with pSREBP-1c (—1516/+40)-luciferase (luc) (200 ng/well) or pSREBP (—1516/+40)
mutLXR1/mutLXR2-luciferase (200 ng/well) and the indicated amounts of a clusterin expression
construct and were then stimulated with insulin for 6 hours. Luciferase activity was normalized to
B-galactosidase activity. Data represent the means + SEM of 3 independent measurements. *P
< .01 compared with control; **P < .01 compared with insulin-stimulated SREBP-1c promoter;
#P < .01 compared with control; ##P < .05 compared with insulin-stimulated LXR-mut-SREBP-1c
promoter. B, Effect of clusterin on Sp1-stimulated SREBP-1c promoter activity. HepG2 cells were
cotransfected with the SREBP-1c promoter construct (200 ng/well) and Sp1 expression constructs
(100 ng) and the indicated amounts of a clusterin expression construct. Data represent the
means = SEM of 3 independent measurements. *P < .01 compared with control; **P < .05 and
#P < .01 compared with Sp1 alone. C, Effect of clusterin on insulin-stimulated Sp1
transactivating activity. HepG2 cells were cotransfected with pCMV-Sp1 (Sp1) and the pGL3-Sp1
reporter [200 ng/well, (Sp1) X 4 luciferase] and the indicated amounts of a clusterin expression
construct and were then stimulated with insulin for 6 hours. Luciferase activity was normalized to
B-galactosidase activity. Data represent the means + SEM of 3 independent measurements.

*P < .01 and **P < .001 compared with control; #P < .05 and ##P < .01 compared with Sp1
and insulin-stimulated (Sp1) X 4 luciferase. D, Effect of clusterin on insulin-stimulated Sp1 DNA-
binding activity. HepG2 cells were infected with the indicated concentrations [multiplicity of
infection (MOI)] of Ad-Clusterin or Ad-GFP (GFP) for 24 hours and treated with insulin for 6
hours. Competition experiments (C) were performed with an unlabeled Sp1-binding site

oligomer.

pression and lipid accumulation. Transient transfection
and gel shift assays suggest that clusterin inhibits
SREBP-1c¢ expression via repression of LXR and Sp1 ac-
tivity. Collectively these results suggest that clusterin plays
an important role in hepatic lipogenesis.

Accumulating evidence suggests that clusterin plays a
role in metabolic diseases. Clusterin is a component of
HDL (17)and is regulated by a variety of stimuli, including
cytokines, growth factors, heat shock, radiation, and ox-
idants. These are associated with inflammation and oxi-
dative stress and with the pathogenesis of metabolic
diseases such as atherosclerosis, insulin resistance, and
diabetes. In rodents, iv clusterin administration for 3
days after a myocardial infarction reduced myocardial
infarct size and mortality without impairing wound
healing (23). Our previous study showed the protective

Clusterin Decreases Hepatic SREBP-1c Expression
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role of clusterin against neointimal
hyperplasia through the inhibition
of vascular smooth muscle cell pro-
liferation (24). However, the role
of clusterin in insulin resistance
and diabetes is still elusive. Some
studies showed that high serum
clusterin levels are associated with
type 2 diabetes (25, 26), whereas
other studies showed that low clus-
terin levels in HDL are associated with
insulin resistance, higher body mass
index, and high triglyceridelevels (27).
Moreover, a clusterin gene polymor-
phism study showed that the at-risk
clusterin genotype is increased in type
2 diabetes (28). In addition, this study
uncovered a novel role for clusterin in
hepatic lipogenesis. Adenovirus-medi-
ated overexpression of clusterin inhib-

I hSREBP-1c/luc

+ + +
50 100 200

+ o+ o+
50 100 GFP C

its lipogenic gene expression in vivo
and in vitro and attenuates lipid accu-
mulation in the livers of HFD-fed
mice, suggesting that hepatic clusterin
expression may play a role in reducing
the hepatic insulin resistance induced
by a HFD.

SREBP-1c¢ is important in the tran-
scriptional regulation of hepatic lipo-
genesis (29). Hyperinsulinemia stimu-
lates hepatic SREBP-1c transcription,
resulting in fat synthesis and hepatic ste-
atosis (30). Accumulating evidence
shows that LXR is a potent inducer of
insulin-stimulated SREBP-1¢ transcrip-
tion. In this study, gel shift assays and
reporter assays showed that the inhibition of LXR ligand-stim-
ulated SREBP-1¢ expression by clusterin is mediated by LXR
binding to the SREBP-1¢ promoter. However, a coimmuno-
precipitation assay did not show the binding of clusterin to LXR
(data not shown). Therefore, the exact mechanism by which
clusterin inhibits LXR transcriptional activity was not eluci-
dated in the present study, although a physical interaction be-
tween clusterin and LXR remains a possibility. In addition to
LXR, accumulating evidence shows that Sp1 plays an impor-
tant role in insulin-stimulated SREBP-1c¢ expression. Indeed,
our results show that insulin enhances, but clusterin decreases,
SREBP-1c¢ transcription by modulating the ability of Sp1 to
transactivate at the SREBP-1c promoter. Thus, it is plausible
that the effect of clusterin on hepatic SREBP-1c expression is
multifactorial.
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Hepatic fat accumulation can progress to nonalcoholic
steatohepatitis in 10%-20% of patients (31) and even to
advanced cirrhosis and hepatocellular carcinoma (32). Al-
though several agents, including metformin, a-lipoic acid,
and thiazolidinedione, have been shown to prevent he-
patic steatosis in insulin-resistant animals (30, 33-33), it
is not yet known whether these drugs are also effective in
human subjects with nonalcoholic fatty liver disease. The
present study shows that clusterin prevents hepatic ste-
atosis induced by a HFD in animals. This raises the pos-
sibility that clusterin may be a suitable target to prevent
hepatic fat accumulation in patients with insulin resis-
tance. However, to more clearly elucidate the role that
clusterin plays in the development of hepatic steatosis, it
would be useful to generate animals in which clusterin
expression in liver is conditionally knocked out.
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