THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 285, NO. 22, pp. 16664 -16674, May 28, 2010
Printed in the US.A.

Long Chain Acyl-CoA Synthetase-3 Is a Molecular Target for
Peroxisome Proliferator-activated Receptor o in HepG2

Hepatoma Cells™

Received for publication, February 9, 2010, and in revised form, March 4, 2010 Published, JBC Papers in Press, March 22, 2010, DOI 10.1074/joc.M110.112805

Aiqin Cao™®, Hai Li*, Yue Zhou*, Minhao Wu*®, and Jingwen Liu*'

From the *Department of Veterans Affairs Palo Alto Health Care System, Palo Alto, California 94304 and the ®Division of
Endocrinology, Department of Medicine, Stanford University, Stanford, California 94305

ACSL3 is a member of the long chain acyl-CoA synthetase
(ACSL) family that plays key roles in fatty acid metabolism in
various tissues in an isozyme-specific manner. Our previous
studies showed that ACSL3 was transcriptionally up-regulated
by the cytokine oncostatin M (OSM) in HepG2 cells, accompa-
nied by reduced cellular triglyceride content and enhanced
B-oxidation. In this study, we investigated the molecular mech-
anism underlying the OSM-induced activation of ACSL3 gene
transcription in HepG2 cells. We showed that OSM treatment
resulted in a coordinated elevation of mRNA levels of ACSL3
and peroxisome proliferator-activated receptor 6 (PPARS). The
effect of OSM on ACSL3 mRNA expression was inhibited by
cellular depletion of PPAR®. By utilizing a PPARS agonist,
L165041, we demonstrated that activation of PPARGS led to
increases in ACSL3 promoter activity, mRNA level, and protein
level in HepG2 cells. Analysis of the ACSL3 promoter sequence
identified two imperfect PPAR-responsive elements (PPRE)
located in the ACSL3 promoter region —944 to —915, relative to
the transcription start site. The up-regulation of ACSL3 pro-
moter activity by PPARS was abolished by deletion of this PPRE-
containing region or mutation to disrupt the binding sites.
Direct interactions of PPARS with ACSL3-PPRE sequences
were demonstrated by gel mobility shift and chromatin immu-
noprecipitation assays. Finally, we provided in vivo evidence
showing that activation of PPARS by L165041 in hamsters
increased ACSL3 mRNA and protein levels in the liver. These
new findings define ACSL3 as a novel molecular target of
PPARGS in HepG2 cells and provide a regulatory mechanism for
ACSL3 transcription in liver tissue.

Perturbed fatty acid (FA)* metabolism is one underlying con-
tributor to the development of obesity, diabetes, and cardiovas-
cular diseases. One family of enzymes that plays critical roles in
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FA metabolism is the long chain acyl-CoA synthetases (ACSL)
(1, 2). ACSLs catalyze the formation of fatty acyl-CoAs from
ATP, CoA, and long chain fatty acids. This reaction is the first
step in lipid metabolism after FA entry into the cell and the
activation process is necessary for FA cellular utilization in dif-
ferent metabolic pathways including the catabolic pathway for
the degradation of FA via the B-oxidation system and the ana-
bolic pathway for the synthesis of phospholipids, cholesterol
esters, and triglycerides (TG).

Since the initial report on ACSL1 in 1990 (3), major progress
has been made in the identification and characterization of
other members of the acyl-CoA synthetase family. A total of 5
isoforms of ACSL have been described in humans and rodents
(3-7). Although all isozymes of this family carry out the same
enzymatic reaction, they differ greatly in substrate preferences,
enzyme kinetics, tissue, and subcellular compartment distribu-
tion, all of which contribute to their different cellular functions
and metabolic outcomes (2, 8).

The isozyme ACSL3 has been characterized in human, rat,
mouse, and recently hamster (2, 5, 8,9). It consists of 720 amino
acids with a molecular mass of ~79 — 80 kDa and its sequence is
highly homologous among these species (10). ACSL3 preferen-
tially utilizes laurate and myristate among C8-C22 saturated
FAs and arachidonate and eicosapentaenoate among C16-C20
unsaturated FAs. This substrate specificity is distinct from that
of ACSL1, which uses C10-C18 saturated FAs and C16-C20
unsaturated fatty acids with equivalent activities (5). Although
there is no report on membrane association of ACSL3, this
isozyme has been found in the subcellular fraction of lipid drop-
lets in the human hepatocyte HuH7 cells (11) as well as in lipid
droplets from lipolytically stimulated 3T3-L1 adipocytes (12).

In rats, ACSL3 mRNA was shown to be highly expressed in
brain and testis, and to a lesser extent in other organs such as
adipose tissue, lung, kidney, heart, muscle, or liver (8). This
tissue-specific expression pattern of ACSL3 mRNA was
recently confirmed at the protein level in hamsters (9). By uti-
lizing a highly specific antibody developed against the C-termi-
nal region of hamster ACSL3, we have shown that the ACSL3
protein is abundant in brain and testis, detectable in liver and
adipose tissue, barely seen in muscle, and untraceable in the
heart (9).

In the initial study of rat ACSL3, it was proposed that the
expression of ACSL3 in brain was developmentally regulated
because its mRNA level in adult brain was only ~10% of the
maximum of 15 days after birth (5); however, the molecular and
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cellular mechanisms underlying this regulation in the brain
have remained elusive. Although it is unclear what functional
role ACSL3 plays during brain development, this enzyme has
been shown to promote B-oxidation of FAs in HepG2 hepa-
toma cells. Our previous studies showed that the transcription
of ACSL3 along with ACSL5 was activated by the cytokine
oncostatin M (OSM) in HepG2 cells (13). Using a specific inhib-
itor to the upstream kinase of the extracellular signal-regulated
kinase (ERK), we further demonstrated that the ERK signaling
pathway was activated by OSM in HepG2 cells and in OSM-
treated livers of hamsters. This activation was critically
required for OSM to induce ACSL3 transcription. The
increased expression of ACSL3 was associated with a decreased
cellular TG content and an enhanced FA 3-oxidation in OSM-
treated cells. Moreover, depletion of ACSL3 by specific small
interference RNA (siRNA) transfection abolished the OSM
effects on FA metabolism. That cell culture data, coupled with
the hypolipidemic effects of OSM observed in hamster experi-
ments (13), led us to speculate that the increased ACSL3
expression in liver might contribute to the reductions of plasma
and hepatic-free FAs and TG in OSM-treated animals. Recent
studies in our laboratory further demonstrated that expressions
of ACSL3 mRNA and protein in liver were specifically
increased after feeding hamsters with a fat- and cholesterol-
enriched diet, providing the first in vivo evidence for the regu-
lated expression of ACSL3 in liver tissue (9). Altogether, these
recent new findings suggest that despite the low expression
level, ACSL3 may play an important regulatory role in FA and
TG metabolism in liver, a major organ in lipid metabolism of
mammals.

The peroxisome proliferator-activated receptors (PPARs)
are nutritional sensors and have profound roles in FA metabo-
lism (14—-16). Three subtypes, PPAR«a, PPARvy, and PPARS/S,
have been identified with distinct tissue distribution and bio-
logical activities. PPARs contain a signature type II zinc finger
DNA binding motif and a hydrophobic ligand binding domain.
When PPARs are activated by ligands, they heterodimerize
with retinoid X receptor @ (RXRe) and then bind to specific
sequences on the DNA referred to as PPAR response elements
(PPRESs) to activate the transcription of target genes. PPAR« is
expressed in liver, heart, muscle, and kidney where it stimulates
FA catabolism. PPARY is highly enriched in adipocyte and
macrophage. It is the primary member of this family involved in
adipocyte differentiation, lipid storage, and glucose homeosta-
sis. In contrast to the other two family members, PPARS is
ubiquitously expressed in many tissues including liver and its
function in lipid metabolism has recently begun to gain inten-
sive interest (14).

The facts that dietary fatty acids are natural activators of
PPARs and that fatty acyl-CoAs, the products of ACSL family
enzymes, are substrates for most downstream metabolic path-
ways led us to hypothesize the existence of an intrinsic molec-
ular link between ACSL and PPARs. Consistent with this
hypothesis, PPARa has been identified as the molecular medi-
ator for fenofibrate-stimulated expression of ACSL1 mRNA in
rat hepatocytes, Fa-32 hepatoma cells, and in liver and adipose
tissue through a PPRE motif embedded in the ACSL1 promoter
region (17).
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To gain insight into the regulatory mechanism for ACSL3
expression in liver tissue, we asked whether PPAR was involved
in the OSM-induced activation of ACSL3 gene transcription.
Here, we show that OSM induced coordinated increases in
ACSL3 and PPARS mRNA expression in HepG2 cells, whereas
the mRNA expression of PPAR«a and PPARy was not affected
by OSM treatment. Through a battery of molecular and cellular
assays we demonstrate, for the first time, that ACSL3 is a
molecular target of PPARS in liver cells and PPARS is involved
in the OSM-mediated transcriptional up-regulation of ACSL3.
PPARGS regulates ACSL3 gene transcription through its binding
to two imperfect PPRE motifs that are located in close proxim-
ityin the region —944 to —915 relative to the transcription start
site (TSS). Finally, we provide in vivo evidence demonstrating
that the hepatic expression of ACSL3 mRNA and protein were
increased by ligand-mediated activation of PPARS in hamsters.

EXPERIMENTAL PROCEDURES

Cells and Reagents—The human hepatoma cell line HepG2
was obtained from American Type Culture Collection and cul-
tured in Eagle’s minimum essential medium supplemented
with 10% fetal bovine serum (Summit Biotechnology, Fort Col-
lins, CO), 1 mm streptomycin, and 1 mm penicillin. Rabbit anti-
body against hamster ACSL3 was generated as described pre-
viously (9). Anti-PPARGS (sc-7197) and anti-histone deacetylase
(sc-7872) were obtained from Santa Cruz Biotechnology (Santa
Cruz, CA) and monoclonal anti-B-actin and anti-y-tubulin
antibody were obtained from Sigma. PPAR« agonist WY-14643
was obtained from Sigma and PPARYy agonist 15d-PGJ2 and
PPARS agonist L165041 were obtained from AXXORA (La
Jolla, CA). The plasmid (PPRE)3-tk-luc was generously pro-
vided by Dr. Jun-ichi Abe, University of Rochester School of
Medicine.

Human ACSL3 Promoter Luciferase Reporters—A series of
unidirectional deletion constructs of human ACSL3 gene pro-
moter luciferase reporters were made using the phACSL3Luc
plasmid as the template, which contains a DNA fragment 3600
bp upstream of the TSS of the ACSL3 gene (18). The desired
promoter region was amplified by PCR. The gel-purified PCR
product was cloned into pCR2.1-TOPO TA vector (Invitrogen)
initially and subcloned into pGL3-basic vector (Promega, Mad-
ison, WT) at the Kpnl and Xhol sites. The PPRE mutant reporter
(PPREmu) was generated using the pACSL3-1116 plasmid as
template, the QuikChange site-directed mutagenesis kit (Strat-
agene), and the respective oligonucleotides as described below.
The mutated nucleotides are in bold and underlined:
PPREMUIF, 5'-GGCTGGCTCAGGAAGGCAGGGTTTCA-
CCTACTTAAGGAAAAG-3'; PPREMUIR, 5'-CTTTTCC-
TTAAGTAGGTGAAACCCTGCCTTCCTGAGCCAGCC-
3'; PPREMU2F, 5'-GGGTTTCACCTACTTAAGGAAACCA-
ACACAGGCAAACTAAAC-3'; PPREMU2R, 5'-GTTTAGT-
TTGCCTGTGTTGGTTTCCTTAAGTAGGTGAAACCC-
3’. The nucleotide sequence and correct orientation of each
deletion or mutation reporter was verified by DNA sequencing.

Transient Transfections of Reporter Constructs—ACSL3 pro-
moter reporters of wild-type, deletion, and mutation were
cotransfected with a control Renilla luciferase expression vec-
tor (pRL-SV40) to normalize for transfection efficiency in a
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DNA ratio of 200:1. To measure OSM or agonist effects, 1 day
post-transfection, cells were cultured in medium containing
10% fetal bovine serum and treated with OSM (100 ng/ml) or
PPARGS agonist L165041 (25 um) for 16 h prior to cell lysis for
dual luciferase activity measurements. The firefly luciferase
activity was normalized to the Renilla luciferase activity in each
sample. Three to five separate transfections were conducted for
each reporter in which 3— 6 wells were used for each condition.

RNA Isolation and Real Time RT-PCR—Total RNA was
extracted from HepG2 «cells or hamster livers using
Ultraspec™ total RNA isolation reagent (Biotecx Laborato-
ries). Two ug of total RNA was reverse transcribed with a high-
capacity cDNA reverse transcription kit (Applied Biosystems,
Foster City, CA) using random primers according to the man-
ufacturer’s instructions. Real time PCR was performed on the
c¢DNA using an ABI Prism 7900-HT Sequence Detection Sys-
tem. Human ACSL3, PPAR«q, PPARY, PPARS, and glyceralde-
hyde-3-phosphate dehydrogenase pre-developed TagMan
Assay Reagents (Applied Biosystems) were used to assess
mRNA expression in HepG2 cells with or without treatment.
The relative ACSL3 and CPT1A mRNA levels in hamster livers
were measured with SYBR PCR master mix (Applied Biosys-
tems) using hamster-specific primers (9). All values are
reported as mean * S.D. of triple measurements of each cDNA
sample.

SiRNA Transfection—Pre-designed siRNAs targeted to hu-
man PPARS mRNA (catalog number AM51331; ID 5465),
PPARa mRNA (catalog number AM51331; ID 5348), and
Silencer Negative control siRNA with a scrambled sequence
(catalog number 4618G) were obtained from Ambion. Another
PPARGS siRNA was obtained from Dharmacon (catalog number
L-003435-00-005; ID 5467). For promoter activity analyses,
HepG2 cells in suspension were mixed with siRNA in the
Silencer™ siRNA transfection reagent for 10 min according to
the vendor’s instructions and plated in 96-well plates at a den-
sity of 1 X 10* cells/well. Twenty-four h later, cells were trans-
fected with phACSL3Luc and pRL-SV40. Transfectants were
cultured in minimum essential medium containing 10% fetal
bovine serum for 24 h prior to the addition of L165041 at a
concentration of 10 um. Cells were harvested 24 h later for
measuring dual luciferase activities. For real time PCR, 1 X 10°
cells were mixed with siRNA in the Silencer siRNA transfection
reagent for 10 min and plated in 12-well plates. After 2 days,
transfected cells were cultured in minimum essential medium
containing 0.5% fetal bovine serum overnight and then treated
with OSM overnight prior to cell lysis.

Construction of PPARS Expression Plasmid—The coding re-
gion of human PPARS ¢cDNA was amplified by PCR from a
full-length cDNA clone (ID 3630487) obtained from Open Bio-
systems, Huntsville, AL. The amplified cDNA product was gel-
purified using the QiaQuick PCR purification kit (Qiagen, Inc.,
Valencia, CA) and cloned into pcDNA4/HisMax topo TA vec-
tor (Invitrogen) to yield plasmid pHis-PPARS. The sequence
and orientation of the insert were verified by DNA sequencing.
The expression of His-tagged PPARS in HepG2 cells after tran-
sient transfection was confirmed by Western blot analysis with
anti-His antibody.
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Western Blot Analysis—ACSL3 protein expression in HepG2
cells and hamster livers was assessed by Western blot analysis
using a rabbit antibody recognizing the C-terminal region of
the hamster ACSL3. This anti-ACSL3 antibody also specifically
recognized ACSL3 of human, mouse, and rat origins (9). PPARS
protein expression in nuclear extracts of HepG2 cells was
detected by rabbit anti-PPARS antibody (sc-7197) from Santa
Cruz. The specificimmunoreactive bands were visualized using
an ECL plus kit (GE Healthcare) and quantified with the Kodak
Molecular Imaging Software (Kodak).

ACSL Activity Assay—HepG2 cells were untreated or treated
with 25 um L165041 for 24 h. The cell lysate preparation and
ACSL3 activity assay were conducted as previously described
(13).

Electrophoretic Mobility Shift Assays—HepG2 nuclear
extracts were prepared as described (19). A double-stranded
oligonucleotide, designated as ACSL3-PPRE, was end-labeled
with T4 polynucleotide kinase in the presence of [y->**P]JATP.
Human recombinant proteins RXRa (catalog number 31133)
was obtained from Active Motif (Carlsbad, CA) and PPARS
(catalog number 10007451) were purchased from Cayman
Chemical (Ann Arbor, MI). The identities of PPARS and RXR«
were confirmed by Western blots using rabbit anti-PPARS
polyclonal antibody (Santa Cruz, sc-7197) and rabbit anti-
RXRa polyclonal antibody (Santa Cruz, sc-553), respectively
(data not shown). For visualizing band shift, 150 ng of PPARS
and 50 ng of RXRa recombinant proteins were incubated
together with labeled ACSL3 probe in a binding buffer contain-
ing 0.75 mm EDTA, 18 mm HEPES (pH 7.9), 0.5 mwm dithiothre-
itol, 5% glycerol in a final volume of 20 ul. For supershift assays,
1 pg of anti-PPARGS antibody (Santa Cruz, sc-7197x) was used.
For electrophoretic mobility shift assay using nuclear extracts,
each binding reaction was composed of 25 mm Tris (pH 7.5), 1
mMm MgCl,, 60 mm KCl, 5% glycerol, 1 ug of poly(dI-dC), and 30
png of HepG2 nuclear extract in a final volume of 20 wl. The
nuclear extracts were incubated with 0.4 to 0.5 ng of >*P-labeled
ACSL3-PPRE (1 X 10° cpm) for 30 min at room temperature.
The reaction mixtures were loaded onto a 6% polyacrylamide
gel and run in 0.5X TBE buffer at 30 mA for 2 h at 4 °C. Gels
were dried and visualized on a PhosphorImager. For competi-
tion assays, 100X unlabeled ACSL3-PPRE, ACSL3-PPREmu, or
PPRE (a double-stranded nucleotide containing a consensus
PPRE sequence motif), or a nonspecific oligonucleotide con-
taining a Sp1 binding site, was added to the reaction mixture.
The sense sequences of electrophoretic mobility shift assay
probe and competitors are as follows: ACSL3-PPREwt, 5'-
GAAGGCAACCTTTCACCTACTTAAGGAAAAGTTCAC-
AGGC-3'; ACSL3-PPREmu, 5'-GAAGGCAGGGTTTCACC-
TACTTAAGGAAACCAACACAGGC-3'; PPRE, 5'-GGG-
CGAGGTCAGAGGTCAGAAGG-3'; and nonspecific, 5'-
TTTGAAAATCACCCCACTGCAAACTCCTCCCCCTGCT-
3. The mutated nucleotides are bold and underlined.

Chromatin Immunoprecipitation (ChIP)—The ChIP assays
were conducted according to the described protocol using ali-
quots of lysate obtained from 2 X 10” HepG2 cells (20). Briefly,
cells were fixed in 1.42% formaldehyde for 15 min at room tem-
perature. Cells were lysed and the chromatin was sheared to an
average length of 0.2—1 kb by the sonication method for 15 min
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in an ultrasonic water bath. Samples were immunoprecipitated
at 4 °C with 2 ug of rabbit anti-PPARS antibody (sc-7197X) or
rabbit IgG as negative control. Immunocomplexes were iso-
lated by binding to protein A-agarose beads after extensive
washing with the immunoprecipitation buffer. Chelex 100
slurry was added to the washed beads, boiled for 10 min, and
centrifuged. The supernatant contained the sheared chroma-
tin. An aliquot of the sheared chromatin was used in the PCR as
a control for the amount of input DNA used in precipitations
and diluted 10-fold prior to PCR. The bound and the input
DNA were analyzed by PCR with primers that amplify a 164-bp
fragment of the human ACSL3 promoter region —1020 to
—857, relative to the TSS. The sequences of ChIP primers are:
ACSL3-ChIP primer forward, 5'-CAAGTTCTGGCGGCTTC-
CTG-3'; ACSL3 ChIP primer reverse, 5'-CCCAGTAC-
TAGTAGGATTGGTCTC-3'.

In the ChIP assay, a 238-bp promoter fragment correspond-
ing to the —3600 to —3363 region of the ACSL3 promoter
upstream sequence lacking a PPRE motif was also PCR ampli-
fied as a negative control. Sequences of the control primers are:
ACSL3-ChIP primer 1 forward, 5'-GATCTAGCTGGGATT-
GTTGATGAAGG-3'; and ACSL3 ChIP primer 1 reverse,
5'-CTATTCTGAAAATCCTAGGGCCC-3'.

The PCR conditions included a denaturation step at 94 °C for
3 min, then 35 cycles of 94 °C for 30 s, 60 °C for 30 s, 72 °C for
30 s, and extended at 72 °C for 7 min. The PCR products were
visualized on a 2% agarose gel stained with ethidium bromide.
Intensities of the PCR products were scanned and quantified
with the Kodak Image Station 1000 System. Additionally, real
time quantitative PCR was performed using the two primer sets
and chromatin DNA contained in the immunoprecipitates.

Regulation of ACSL3 Expression in Vivo—Eighteen male
Golden Syrian hamsters with body weights of 100-120 g were
purchased from Harlan Sprague-Dawley. Hamsters were
housed (3 animals/cage) under controlled temperature (72 °F)
and lighting (12 h light/dark cycle). Animals had free access to
autoclaved water and normal rodent chow diet. L165041 was
dissolved in a vehicle containing 0.25% carboxyl methylcellu-
lose sodium and 5% Triton X-100 at a concentration of 0.5
mg/ml (21). After an acclimatization period of 7 days, hamsters
were randomly divided into 2 groups. One group was given a
daily dose of 10 mg/kg of L165041 intraperitoneally, and the
other group was given an equal volume of vehicle intraperito-
neally. The treatment lasted for 7 days. Overnight fasting serum
was collected before and after the drug treatment. Four h after
the last drug treatment, all animals were sacrificed. Livers were
immediately removed, cut into small pieces, and stored at
—80 °C for RNA and protein isolations.

To measure serum total cholesterol (TC) and TG levels,
blood samples (0.2 ml) were collected from the retro-orbital
plexus using heparinized capillary tubes under anesthesia
(2—3% isoflurane and 1-2 liters/min of oxygen) after a 16-h fast
(5 p.m. to 9 a.m.) before and after drug treatments. Serum was
isolated at room temperature and stored at —80 °C. Standard
enzymatic methods were used to measure TC and TG by using
commercially available kits purchased from Stanbio Laboratory
(TX). Each sample was assayed in duplicate. Animal use and
experimental procedures were approved by the Institutional
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Animal Care and Use Committee of the Veterans Affairs Palo
Alto Health Care System.

Statistical Analysis—Significant differences between control
and treatment groups or between wild-type and mutated vec-
tors were assessed by two-tailed Student’s ¢ test or one-way
analysis of variance with Dunnett’s post test where applicable.
Values of p < 0.05 were considered statistically significant.

RESULTS

Involvement of PPARS in OSM-mediated Up-regulation of
ACSL3 Transcription—To explore a possible role of PPARs in
OSM-induced activation of ACSL3 gene transcription, we first
examined the mRNA levels of PPAR«a, PPARYy, and PPARS
along with ACSL3 in HepG2 cells without and with OSM treat-
ments of 8 and 24 h by real time RT-PCR assay (Fig. 14). OSM
at a concentration of 50 ng/ml increased ACSL3 mRNA 1.8-
fold and PPARS mRNA 2.2-fold at 8 h. At 24 h, OSM increased
ACSL3 mRNA 2.6-fold and PPARS mRNA 3.7-fold. By con-
trast, the changes in PPARa mRNA fluctuated during the OSM
treatment with a reduction at 8 h and returned to the baseline at
24 h; and the mRNA expression of PPARy was only slightly
elevated by OSM treatment to 1.4-fold of control after 24 h.
These results demonstrated that among the three subtypes of
PPARs, PPARS mRNA expression appeared to be coordinately
induced with ACSL3 mRNA expression by OSM in HepG2
cells. Western blot analysis to detect ACSL3 and PPARS pro-
tein expression in control and OSM-treated cells showed that
both ACSL3 and PPARS protein levels were increased by the
OSM treatment (Fig. 2B), thereby confirming the results of
mRNA analysis. Actin was used as a protein loading control for
total cell lysate and histone deacetylase 1 (HDAC1) was a con-
trol for nuclear extracts, both of which were not affected by the
OSM treatment.

To determine whether OSM treatment increased the trans-
activating activity of PPARS, HepG2 cells were transfected with
a PPRE-driven luciferase reporter construct or the ACSL3 pro-
moter luciferase reporter (phACSL3Luc) along with the plas-
mid pRL-SV40, a Renilla luciferase expression vector used for
the normalization of transfection efficiency. One day post-
transfection, OSM was added to the culture medium and cells
were lysed 16 h later to measure both luciferase activities. OSM
treatment led to a 2.3-fold increase (p < 0.001) in PPRE
reporter activity (Fig. 1C) and a 1.8-fold increase (p < 0.001) in
ACSL3 promoter activity (Fig. 1D).

Next, we examined the role of PPARS in OSM-induced up-
regulation of ACSL3 mRNA expression by transfecting HepG2
cells with two siRNA targeting to different coding regions of
PPARS. The mRNA levels of PPARS were reduced to 35% in
si-PPARS-1 transfectants and 68% in si-PPARS-2-transfected
cells as compared with the cells transfected with the scrambled
control siRNA (Fig. 1E). This siRNA-mediated down-regula-
tion of PPARS resulted in a complete counteraction (si-
PPARS-1) and a partial inhibition (si-PPARS-2) of the increase
in ACSL3 mRNA expression induced by OSM (Fig. 1F). Alto-
gether, these results demonstrate that PPARS mRNA expres-
sion, protein expression, and its transactivting activity are up-
regulated by OSM in HepG2 cells, and are required for OSM
stimulation of ACSL3 gene transcription.
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FIGURE 1. Involvement of PPARS in OSM-mediated up-regulation of ACSL3 gene transcription. A, HepG2 cells
were treated with 50 ng/ml of OSM for 8 and 24 h. Total RNA was isolated and mRNA levels of PPARa, PPAR+y, PPARS,
and ACSL3 were quantified by real time quantitative PCR. The figure shown is representative of 3 independent
experiments. In B, HepG2 cells were treated with 100 ng/ml of OSM for 24 h. Total cell lysates and nuclear extracts
were isolated. Total cell lysates were used for detecting ACSL3 and nuclear extracts were used for PPARS detection
by Western blotting. 8-Actin and histone deacetylase were used as loading control for whole cell lysate and nucler
extracts, respectively. In C and D, suspended HepG2 cells were transfected with plasmids (PPRE)3-tk-luc or
phACSL3Luc along with a Renilla luciferase expression vector (pRL-SV40) and then seeded in a 96-well culture plate
for 24 h. Transfectants were treated with OSM or its vehicle (phosphate-buffere saline) for 16 h prior to cell lysis for
dualluciferase assays. Firefly luciferase activity was normalized to Renilla luciferase activity in each sample. The figure
shown is representative of 3 independent experiments. In £, cells were transfected with siRNAs targeted to PPARS, or
a control nonspecific siRNA for 2 days prior to cell lysis to analyze PPARS and glyceraldehyde-3-phosphate dehydro-
genase mRNA levels by real time PCR. In F, cells were transfected with siRNAs for 24 h before the addition of OSM or
vehicle for 16 h. ***,p < 0.001 compared with untreated control in A-D and F or compared with nonspecific siRNA
in E.**, p < 0.01 compared with control. Each value represents the mean = S.D. of triplicate assays per condition.

mRNA and protein in untreated and
treated cells. Ligand activation of
PPARS strongly increased ACSL3
mRNA (Fig. 24, left panel),
carnitine palmitoyltransferase 1A
(CPT1A) mRNA, a known target
gene of PPARs (Fig. 2A, right panel),
and ACSL3 protein (Fig. 2B) ex-
pression in an agonist concentra-
tion-dependent manner. We also
detected a 1.9-fold increase in total
ACSL enzymatic activity in HepG2
cells treated with L165041 at a con-
centration of 25 um (Fig. 2C). The
inducing effects of L165041 on
ACSL3 were exerted at the tran-
scriptional level as evidenced by a
similar increase in ACSL3 promoter
activity by L165041 treatment (Fig.
2D). To further demonstrate that
the effect of L165041 on ACSL3
transcription is mediated through
PPARS, HepG2 cells were first
transfected with si-PPARS-1, si-
PPARe, or the scrambled control
siRNA. The next day, cells were
transfected with the ACSL3 pro-
moter for 24 h, followed by a 24-h
treatment of L165041. The results
showed that the L165041-induced
increase in ACSL3 promoter activity
was not affected by PPAR« siRNA
but was significantly attenuated by
PPARS siRNA transfection (Fig.
2E). Real time PCR analysis con-
firmed the effective depletion of
endogenous PPARS and PPARa
mRNA expression in the siRNA-
transfected cells (data not shown).
To firmly demonstrate the func-
tion of PPARS in the activation of
ACSL3 transcription, the ACSL3
promoter reporter pGL3-ACSL3Luc
was cotransfected with a PPARS
expression plasmid (pHis-PPARS)
or the control plasmid (pHis-LacZ).
Transfectants were treated with
L165041 or vehicle (DMSO). A 2.8-
fold increase (p < 0.001) in ACSL3
promoter activity was observed fol-
lowing PPARGS transfection, and the
activity was further enhanced by the

Ligand-induced Activation of PPARS Elevates ACSL3 mRNA
and Protein Expression in HepG2 Cells—To examine a direct
functional role of PPARS in ACSL3 expression, HepG2 cells
were treated with different concentrations of L165041, a spe-
cific PPARS agonist for 24 h. Real time PCR and Western blot
analysis were performed to examine the expression of ACSL3
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treatment of L165041 (Fig. 2F). The increased promoter activity
in cells transfected with pHis-LacZ resulted from the activation
of endogenous PPARS by L165041.

Next, we examined the combined effects of OSM and L165041
on ACSL3 promoter activity (Fig. 34), mRNA expression (Fig. 3B),
and protein expression (Fig. 3C). The combination of OSM, an
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FIGURE 2. Activation of PPARGS leads to increased ACSL3 expression. A, HepG2 cells were treated with different
doses of L165041 for 16 h. Total RNA was isolated and mRNA levels of ACSL3 and CPT1A were determined by
quantitative real time PCR. The figure shown is representative of 3 separate assays. B, HepG2 cells were treated with
the indicated doses of L165041 for 24 h with triplicate dishes for each condition. Total cell lysates were probed with
anti-ACSL3 antibody, followed by anti-y-tubulin antibody. The signal intensity of ACSL3 was normalized to that of
tubulinand presented in the lower panel. The figure shown is representative of 2 separate assays. C, HepG2 cells were
treated with 25 um L165041 for 24 h. Cells were lysed and ACSL activity in 30 g of cytosolic protein was measured.
The figure shown is representative of 2 separate assays. D, HepG2 cells were co-transfected with ACSL3 promoter
luciferase reporter (pACSL3-2700) and pRL-SV40 for 24 h prior to treatment of L165041 at the indicated doses for
16 h. Triplicate wells were used in each condition. The normalized luciferase activities in untreated samples were set
as 1 and luciferase activities in treated samples were plotted relative to control. The figure shown is representative of
2 independent experiments. £, HepG2 cells were transfected with si-PPARS-1, si-PPARe, or scrambled control siRNA
for 24 h, followed by cotransfection of pACSL3-1116 and pRL-SV40 plasmids. After 24 h of reporter transfection, cells
were treated with 10 umL165041 or DMSO for 16 h before cell lysis for dual luciferase activity assay. The figure shown
is representative of 3 independent experiments in which 4 wells were used in each transfection condition. F, HepG2
cells were cotransfected with pACSL3-2700, pHis-PPARS, and pRL-SV40 in a DNA ratio of 1:1:0.05 or with the same
amount of DNA containing pACSL3-2700, pHis-LacZ, and pRL-SV40 for 24 h prior to treatment of L165041 for 16 h.
The figure shown is representative of 2 separate transfection experiments in which 8 wells were used in each
transfection condition. ¥, p < 0.05; **,p < 0.01; and ***, p < 0.001 compared with untreated control; ###, p < 0.001
compared with untreated His-LacZ control. In A-D, each value represents the mean =+ S.D. of triplicate assays per
condition (A-D); in E, each value represents the mean = S.D. of 4 wells per condition; in F, each value represents the
mean = S.D. of 8 wells per condition.

inducer of PPARS expression and L165041, a ligand that binds and
stimulates the activity of PPARS, increased ACSL3 promoter activ-
ity, mRNA, and protein expression to levels significantly higher
than that of each individual treatment, thereby providing addi-
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tional evidence for an activating role
of PPARB in ACSL3 gene expression.

We were also interested in know-
ing whether ACSL3 gene transcrip-
tion could be activated by PPAR«
and PPARYy. Treating HepG2 cells
with PPAR« agonist WY-14643 or
PPARYy agonist 15d-PGJ2 over broad
concentration ranges had no effect on
ACSL3 mRNA expression. In con-
trast, the mRNA level of CPT1A was
significantly elevated by these two
agonists dose-dependently in HepG2
cells (Fig. 4). These data, combined
with the results in Fig. 1 showing that
OSM did not induce PPARa or
PPARy mRNAs, suggest that PPARS
is the only member of the PPAR fam-
ily involved in the OSM-regulated
ACSL3 expression in the HepG2 cell
culture system.

Mapping ACSL3 Promoter to
Identify PPARS Responsive cis-Act-
ing Elements—To define the pro-
moter region responsible for
PPARéS-induced up-regulation of
ACSL3, a series of unidirectional
deletion constructs (Fig. 54) were
made in the backbone of pGL3-ba-
sic vector and tested in reporter
assays (Fig. 5B). Deletion of the 5’
promoter region up to —333 bp
upstream of the TSS did not reduce
the basal promoter activity. Further
deletion to —80 reduced the basal
promoter activity to the level of the
promoter-less pGL3-basic vector,
indicating that the proximal pro-
moter functional region resides
within the ~252-bp region from
—332 to —79, relative to the TSS.
This result was in line with a previ-
ous report of ACSL3 promoter
activity (18). Importantly, the sum-
marized results of 5 separate trans-
fection experiments clearly indicate
that the response of the ACSL3 pro-
moter to PPARS activation was
abolished by deleting the sequences
located between —1116 and —916
(Fig. 5C). Analysis of the nucleotide
sequence within this 200-bp seg-
ment of the ACSL3 promoter by
Matlnspector software revealed the

presence of two putative PPRE motifs in close proximity (Fig. 54)
and thus these sites were designated as PPRE1 and PPRE2. PPRE1
is located on the antisense strand of the promoter spanning the
region —944 to —932 and is composed of two half-sites separated
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FIGURE 3. Induction of ACSL3 gene transcription by OSM, L165041, and the
combined treatment. A, HepG2 cells were cotransfected with pACSL3-1116 or
pRL-SV40 for 24 h. Transfectants were treated with OSM, L165041 (L), or OSM +
L165041 (OSM + L) for 16 h before harvesting cells for dual luciferase assays.
B, cells were treated with OSM, L165041, or the combination for 16 h prior to cell
lysis to harvest RNA for real time PCR analysis. C, cells were treated with OM,
L165041, or the combination for 24 h prior to harvesting protein for Western
blotting. Each figure shown is representative of three separate experiments. *,
p < 0.05;**, p <0.01;*** p < 0.001 as compared with control. Each value repre-
sents the mean = S.D. of triplicate assays per condition.

by a single nucleotide. PPRE2 resides in the sense strand of the
ACSL3 promoter spanning the region —926 to —915. The PPRE2
site comprises two half-sites next to each other. We mutated both
PPRE sites on the reporter pACSL3-1116 and tested the response
of the mutated reporter (1116-PPREmu) to L165041. The induc-
tion of ACSL3 promoter activity by this agonist was totally abol-
ished by disruption of the PPRE sites (Fig. 5D), thereby confirming

16670 JOURNAL OF BIOLOGICAL CHEMISTRY

PPARo agonist
3_

[J ACSL3 mRNA
Il CPT1AmRNA

Relative gene expression
(fold of control)

0-

WY-14163(uM): 0 1 5 10 50 100

PPARy agonist

] ACSL3 mRNA
Il CPT1A mRNA

[3,]
1

IS
L

N
1

Relative gene expression
(fold of control)
- [X)

0_
16d-PGJ2 (uM): 0 0.1 05 1 5 10

FIGURE 4. The expression of ACSL3 mRNA was not affected by activation of
PPAR« or PPARYy. HepG2 cells were treated with PPARa agonist WY-14643 or
PPARy agonist 15d-PGJ2 at the indicated concentrations for 16 h. Total RNA was
isolated to assess the mRNA levels of ACSL3, CPT1A, and glyceraldehyde-3-phos-
phate dehydrogenase. The figures shown are representative of 2 independent
experiments. Each value represents the mean * S.D. of triplicate assays per
condition.

the role of these nucleotide sequences in mediating the PPARS-
induced activation of ACSL3 gene transcription.

Interaction of PPARS with ACSL3 Promoter in Vitro and in
Vivo—To detect a direct interaction of PPARS with ACSL3-
PPRE promoter sequences, we first performed gel mobility
shift assays using a radiolabeled double-stranded oligonu-
cleotide probe containing the ACSL3 promoter sequence
—947 to —910 and human recombinant PPARS and RXRa
proteins (Fig. 64). One major complex was detected (lane 2).
The formation of this complex was inhibited by a 100-fold
molar excess of unlabeled wild-type oligonucleotide (lane 3),
but it was not inhibited by a 100-fold molar excess of oligo-
nucleotide containing the mutated PPRE sites (lane 4). Fur-
thermore, this complex was completely supershifted in the
presence of anti-PPARS antibody. These data demonstrate
that the PPARS-RXRa heterodimer can bind to the PPRE
sites located at positions —948 to —912 of the ACSL3 pro-
moter. In addition to the recombinant proteins, we also
examined the interaction of endogenous PPARS with the
ACSL3-PPRE sequences by the gel shift assay using the
labeled probe and nuclear extracts of HepG2 cells (Fig. 6B).
Again, one major complex was detected (lane 2). The forma-
tion of this complex was inhibited by a 100-fold molar excess
of unlabeled wild-type oligonucleotide (lane 3) and by a 100-
fold molar excess of unlabeled oligonucleotide containing a
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FIGURE 5. Analysis of basal and L165041-induced luciferase activities in HepG2 cells transfected with ACSL3
promoter constructs. A, schematic presentation of the deletion constructs of the ACSL3 promoter luciferase report-
ers and the nucleotide sequences of the putative PPRE sequences. Each arrow indicates the half-site and the lower
case letters are mutated nucleotides. Nucleotide position was defined relative to the TSS. B and C, ACSL3 promoter
luciferase reporters were transiently cotransfected with pRL-SV40 into HepG2 cells for 24 h, followed with a 16-h
treatment of L165041. After normalization, the relative basal luciferase activity of each reporter was expressed as the
fold of pGL3-basic (B) and the fold-activation by L165041 was calculated by dividing the normalized luciferase
activity in treated cells with the value in untreated cells of each construct (C). Results shown are mean =+ S.D. of 5
separate transfections in which triplicate samples were measured for each condition. *, p < 0.05; **, p < 0.01 as
compared with the construct without PPRE sites. D, the ACSL3 promoter wild-type (pACSL-1116) and PPRE-mutated
site construct vector (1116-PPREmu) were cotransfected with pRL-SV40 into HepG2 cells. The plasmid pGL3-basic
was included in the transfection as a negative control for L165041 treatment. ***, p < 0.001 as compared with
pGL3-basic. Each value represents the mean = S.D. of triplicate assays per condition.

formed with 3?P-labeled ACSL3-
PPRE probe was clearly increased
by OSM treatment at all three dif-
ferent doses, which was consistent
with the observed increase in the
expression of PPARS mRNA and
protein in OSM-treated cells (Fig.
1, A and B).

To examine the in vivo interaction
of PPARS with the ACSL3 promoter,
ChIP assays were conducted to detect
the binding of PPARS to the region
containing PPRE of the ACSL3 pro-
moter in intact HepG2 cells. Cells
were untreated or treated with OSM
or L165041 for 24 h. Chromatin frag-
ments were immunoprecipitated
with a rabbit anti-PPARS antibody or
rabbit IgG as a negative control. The
bound and input DNA were analyzed
by PCR with one primer set that
amplified a 164-bp fragment of the
human ACSL3 promoter region
from —1020 to —857 encompassing
the PPRE sites. Another primer set
amplified a 238-bp promoter frag-
ment corresponding to the —3600
to —3363 region of the ACSL3 pro-
moter without a putative PPRE site.
This PCR was conducted in parallel
as a negative control for nonspe-
cific amplification. Fig. 6C shows
that the amount of PPARS bound to
the ACSL3-PPRE sequence was in-
creased by both OSM and L165041
treatment, whereas the faint non-
specific binding signal of the IgG
immunoprecipitates was not en-
riched by the treatments. In addi-
tion, only a scant background signal
was detected from PCR amplifica-
tion of the same chromatin prepara-
tions using primers for the sequence
upstream of the PPRE sites and
again this nonspecific amplification
signal was not enhanced by the
treatment. We further performed
real time PCR to amplify the pro-
moter region —1020 to —857 to
determine the relative amounts of

canonical PPRE site (lane 4), but it was not inhibited by a
100-fold molar excess of oligonucleotide containing the
mutated PPRE sites (lane 5) nor by a 100-fold molar excess of
a nonspecific oligonucleotide lacking a PPRE sequence (lane
6). We further compared the relative abundance of this com-
plex formed with nuclear extracts prepared from untreated
(lanes 7-9) and OSM-treated (lanes 10-12) HepG2 cells. The
results showed that the signal intensity of the complex
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chromatin DNA in various precipitates. Fig. 6D shows that
compared with untreated cells, the amount of PPARS cross-
linked to the PPRE-ACSL3 sequence was increased 2.1- and
2.6-fold by OSM and L165041, respectively. Thus, the results of
ChIP assays provide further support to the in vitro binding
assay and demonstrate a direct interaction of PPARS with
ACSL3-PPRE sequences in vivo, and this interaction was fur-
ther enhanced by treating cells with OSM or the agonist.
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FIGURE 6. Electrophoretic mobility shift assay and ChIP analyses of PPARS association with PPRE sites of
ACSL3 promoter in vitro and in vivo. A, labeled ACSL3-PPRE probe was incubated with 150 ng of PPAR§ and 50 ng
of RXRa recombinant proteins in the absence (lane 2) or presence of 100-fold molar excess of unlabeled wild-type
probe (lane 3) or mutated probe (lane 4). The binding reaction was also carried out in the presence of 1 ug of
anti-PPARS antibody (lane 5). B, labeled ACSL3-PPRE probe was incubated with 30 g of nuclear extracts (lanes 2-6)
with and without the indicated competitors. In lanes 7-12, different amounts of nuclear extracts of control or OSM-
treated cells were examined in the binding assays. C, anti-PPARS antibody was used in a ChIP analysis followed by
PCR to amplify a 164-bp fragment of the human ACSL3 promoter region —1020 to —857 and a 238-bp fragment of
the ACSL3 promoter region (—3600 to —3363) from genomic DNA isolated from HepG2 cells untreated or treated
with OSM or L165041. Normal rabbit IgG was included in the assay as negative controls for nonspecific binding. The
PCR product was separated on a 2% agarose gel and stained with ethidium bromide. Input represents the starting
material before immunoprecipitation. The data shown are representative of 2 separate ChIP assays with similar
results. D, real time PCR analysis was conducted to amplify the ACSL3-PPRE promoter region (— 1020 to —857).Each
immunoprecipitated DNA sample was analyzed in triplicates. The data are expressed as relative increases for the
ratio of signal from PPARS antibody-enriched chromatin relative to a control IgG. The ratio of untreated cells was set
as 1, and ratios in treated samples were plotted relative to the control. ¥, p < 0.05; **, p < 0.01, as compared with
control. Each value represents the mean = S.D. of triplicate assays per condition.

treated livers by real time RT-PCR
demonstrated a 1.8-fold increase
(p < 0.05) by L165041 treatment
(Fig. 7A), whereas the mRNA level
of CPT1A was increased as well up
to 1.5-fold (p < 0.05). Examination
of ACSL3 protein abundance in
hamster liver samples by Western
blotting corroborated the results of
mRNA and showed higher ACSL3
protein levels in ligand-treated liv-
ers as compared with control (Fig.
7B). Measurement of serum lipid
levels showed that L165041 treat-
ment reduced serum TG levels by
28% (p < 0.05) and TClevels by 21%
(p < 0.05) as compared with vehicle
control animals. Together, these
data demonstrate that activation of
PPARS up-regulates the liver
expression of ACSL3 mRNA and
protein in hamsters, thereby con-
firming ACSL3 as a direct target
gene of PPARS in liver tissue.

DISCUSSION

Hepatic lipid metabolism is coor-
dinately regulated by a complex
interplay between hormones, tran-
scription factors, and energy sub-
strates to meet the metabolic needs
of the body. The ACSL family of
enzymes is an important and inte-
gral part of this network that con-
verts inactive and unusable FAs to
CoA-conjugated FAs as substrates
for most downstream pathways that
metabolize FA (2). From this per-
spective, one could postulate that
the expression level of ACSL
enzymes is likely to be governed by
transcription factors within this
metabolic network to adapt to the
rapid changes in metabolic de-
mands for FAs.

The PPAR nuclear receptor sub-
family of transcription factors are
master players in FA metabolism
(14, 22). Depending on the tissues,

Activation of PPARS Increases the Hepatic ACSL3 Expression
in Hamsters—The results described above established the
important role of PPARGS as the trans-activator for ACSL3 gene
transcription in the HepG2 cell system. To examine whether
this regulatory mechanism also operates in the liver tissue in
vivo, L165041 was administered to hamsters intraperitoneally
for 1 week at a daily dose of 10 mg/kg, whereas control hamsters
received an equal volume of the vehicle by the same route.
Measurement of ACSL3 mRNA levels in control and ligand-
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individual members of the family may exert dominant roles
over the other subtypes in certain cellular functions by regulat-
ing different sets of target genes. PPAR« has been well recog-
nized as the major regulator of FA catabolism in liver tissue by
activation of many genes involved in B-oxidation (16, 23),
whereas PPARy has a predominant role in the activation of
genes involved in lipid synthesis and glucose homeostasis in
adipose tissue (24, 25). The first example that connected the
ACSL family with PPAR nuclear receptors was the report in
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FIGURE 7. Effects of activation of PPARS on liver ACSL3 expression and
plasma TG and TC levels. Hamsters (n = 9) were treated with 10 mg/kg of
L165041 or vehicle (n = 9) for 7 days. At the end of treatment, animals were
sacrificed and serum and liver tissues were isolated. In A, total RNA was isolated
from each liver sample and the relative mRNA abundance of ACSL3 and CPT1A
were determined by conducting real time PCR and normalized to glyceralde-
hyde-3-phosphate dehydrogenase. *, p < 0.05 as compared with control group.
Data shown are mean = S.E. of 7-9 samples per group. In B, total protein extracts
were individually prepared from 6 randomly chosen liver samples of the vehicle
or treatment groups. Equal amounts of homogenate proteins (50 ug) were
resolved by SDS-PAGE and ACSL3 protein was detected by immunoblotting
using a rabbit anti-ACSL3 antibody. The membrane was reprobed with an anti-
B-actin antibody. In G, levels of TG and TC in serum samples of treated and vehicle
control groups were individually measured. Data shown are mean = S.E.of 8to 9
samples per group. *, p < 0.05.

1995 that showed regulation of ACSL1 expression by PPAR«
(17). In this current study we have identified PPARS as the
predominant transactivator for ACSL3 gene transcription in
liver-derived HepG2 cells and in the liver tissue of hamsters in a
pharmacologically responsive manner. Thus, ACSL3 is the sec-
ond enzyme of the ACSL family as a direct target gene for
PPARs, activated by PPARS, whereas ASCLI is activated by
PPARc.

Our investigation initially set out to elucidate the mechanism
underlying the OSM-induced transcription of ACSL3 in
HepG2 cells as an entry point to unravel the cellular mecha-
nisms that regulate the transcription of this enzyme in liver
tissue under different metabolic or pharmacologic conditions
to gain a better understanding to our previous intriguing obser-
vation that ACSL3 expression in liver is most responsive to
changes in nutritional status (9). Our first observation of this
current study was that OSM induced a significant elevation of
PPARS mRNA without affecting PPARa or PPARYy gene
expression. To our knowledge, this is the first report on the
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regulation of PPARS expression by OSM. This new finding pro-
vided an important clue for a possible role of PPARS in ACSL3
transcription. The concomitant induction of a PPRE luciferase
reporter activity and ACSL3 promoter activity by OSM added
more circumstantial evidence to link PPARS with ACSL3 gene
transcription, which was further strengthened by the loss of the
OSM inducing effect on ACSL3 mRNA expression in PPARS-
depleted cells through siRNA-mediated knockdown. This set of
data established the involvement of PPARS in OSM-mediated
up-regulation of ACSL3. By utilizing the well characterized
PPARGS agonist L165041, we demonstrated a direct impact of
PPARS activation, separate from the context of OSM stimula-
tion, on ACSL3 expression at the promoter, mRNA, and pro-
tein levels. Although some studies have reported receptor-in-
dependent effects of PPAR agonist (26, 27), the up-regulation of
ACSL3 transcription by this agonist requires the presence of
PPARS because its effect on ACSL3 promoter activity was
largely abolished in PPARS-depleted cells. Additional evidence
is provided by the data showing that overexpression of PPARS
alone increased ACSL3 promoter activity, which was further
stimulated by the addition of L165041.

PPARs regulate gene transcription through direct binding to
the PPRE motifs imbedded in the promoter region of target
genes (28). In this report, we have mapped the PPARS response
DNA elements to two PPRE-like sequences. These two PPRE
sites are separated by 5 nucleotides and located in the ACSL3
promoter region —944 to —915, relative to the TSS. It is inter-
esting that the promoter basal activity is localized to the 252-bp
proximal region —332 to —79 of ACSL3 promoter, whereas the
PPRE sites are approximately 900 bp upstream of the TSS. This
characteristic has been reported in other nuclear receptor tar-
get genes where PPRE binding sites are not in proximity of the
annotated TSS of a gene but are often located distally (29, 30).
We confirmed the functional importance of these two PPRE
sites through deletion and mutation analysis. Deletion of the
PPRE-containing segment eliminated the agonist-mediated
up-regulation of ACSL3 promoter activity. Mutation of both
PPRE sites together abolished the inducing effect of L165041,
whereas a single site mutation at either PPRE1 or PPRE2 could
not completely prevent the induction (data not shown). This
suggests that both PPRE motifs are functional binding sites of
PPARS.

The direct binding of PPARS to these motifs on the ACSL3
promoter was first suggested by conducting gel shift and super-
shift assays using recombinant PPARS-RXRa. We found one
DNA-protein complex formed. The specificity of this interac-
tion was demonstrated by the loss of binding in the presence of
100-fold molar excess of specific competitors, whereas retain-
ing binding in the presence of 100-fold molar excess of oligo-
nucleotides that did not have a PPRE sequence or a mutated
PPRE sequence from the ACSL3 promoter. By using nuclear
extracts of HepG2 cells we further demonstrated that endoge-
nous binding of the PPARS complex to the ACSL3-PPRE
sequences was enhanced by OSM treatment, corroborating the
results of mRNA, protein, and enzyme activity analyses.

Additional evidence for a direct binding of PPARS to the
PPRE sites of the ACSL3 promoter was obtained by ChIP assays.
The amount of PPARS bound to the ACSL3 promoter contain-
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ing chromatin in the immunoprecipitates of anti-PPARS was
substantially higher than that of the control IgG, and it was
enriched further in OSM- or L165041-treated cells, thereby
demonstrating a PPARS-mediated and ligand-induced binding
event. Altogether, these results provide strong support for a
functional role of PPARGS in regulating ACSL3 gene transcrip-
tion through these PPRE sequences.

With the previous observed association of ACSL3 induction
and the reduced cellular TG content in OSM-treated HepG2
cells (11), we were very interested in knowing whether activa-
tion of PPARS could stimulate ACSL3 expression in vivo, par-
ticularly in liver tissue, thus linking a metabolic transcriptional
activator to our phenotypic observations and providing novel
mechanistic insights. The results obtained from hamsters con-
firmed our findings in HepG2 cells. We detected a clear
increase in both mRNA and protein levels of ACSL3 in
L165041-treated livers as compared with control liver samples.
Indeed, the TG plasma level was reduced by 28% in the ligand-
treated hamsters. Thus, the increase in ACSL3 expression in
liver is likely a contributing factor for the hypolipidemic effect
of OSM and the PPARGS agonist. Because PPARS agonists have
been previously reported to lower plasma TG in different ani-
mal models (31), future studies of liver-specific knockdown or
overexpression of ACSL3 will be required to assess to what
extent the increased expression of ACSL3 in liver contributes to
the overall TG lowering effect of PPARS activation.

In conclusion, we have demonstrated that OSM increases the
transcription of PPARS, which in turn engages in OSM-in-
duced ACSL3 transcription through its direct binding to the
PPRE sequences imbedded in the ACSL3 promoter to activate
gene transcription in HepG2 cells. We further demonstrated
that this PPARS-governed regulatory mechanism of ACSL3
transcription operates in liver tissue iz vivo and has an impact
on the plasma level of TG. This work adds new understanding
to how the ACSL family of enzymes is transcriptionally
regulated.
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