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ADRP is associated with intracellular lipid droplets. We demonstrate the regulatory
mechanism for ADRP expression in RAW264.7 macrophages. The ADRP mRNA expres-
sion was stimulated by PMA, and synergistically enhanced in association with its protein
level in the presence of lipids. A proteasome inhibitor protected the protein from degra-
dation under the lipid-free conditions. One of the possible sites of the PMA action was
proved tobe an Ets/AP-1 element in the promoter, since mutations of this site reduced the
PMA-induced promoter activity, and ligation of this element led to a significant increase
in the PMA-responsiveness of homologous or heterologous promoters. Mutations of this
site diminished the synergistic effect on the promoter activity induced by PMA and oleic
acid, suggesting a possible interaction between this site and the downstream PPARS
site. EMSA revealed that PU.1 and AP-1 conjointly bound to this site. The juxtaposition
of the two sequences was requisite for full activity, since spacer sequences between them
decreased the PMA-induced activity. PI3 kinase inhibitor was found to reduce the PMA-
induced mRNA expression and promoter activity in parallel with PU.1/AP-1 complex
formation on EMSA. From these results, we concluded that the Ets/AP-1 site is an impor-
tant cis-acting element that regulates the ADRP gene expression in macrophages.

Key words: ADRP, AP-1, macrophage, PPARS, PU.1.

Abbreviations: ADRP, adipose differentiation-related protein; DMSO, dimethyl sulfoxide; EMSA,
electrophoretic mobility shift assay; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; PI3 kinase,
phosphoinositide 3-kinase; PMA, phorbol 12-myristate 13-acetate.

Most types of cells store lipid droplets in their cytoplasm.
Adipocytes form lipid droplets during their differentiation
and maturation, and these lipid droplets have been thought
to function as reservoirs of neutral lipids, i.e., energy sto-
rage (I). Such intracellular lipid droplet formation is,
meanwhile, closely related to various pathological events.
Liver cells store excessive lipid droplets, which leads to a
fatty liver or non-alcoholic steatohepatitis (2). Macro-
phages, another example, accumulate lipid droplets
through the uptake of modified low density lipoproteins
and become foam cells, as found in atherosclerotic lesions
(3). Nowadays, the intracellular lipid droplets are thought
to be complex, metabolically more active organelles, since it
has been disclosed that the protein profile of the droplets
appears to include a molecular machinery to synthesize,
store, utilize and degrade various lipids (4).

Although intracellular lipid droplets exist in the hydro-
philic environment of the cytoplasm, little information
about the interface of lipid droplets has been obtained
yet. Perilipin was the first protein shown to exist on the
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surface of intracellular lipid droplets. Its expression is,
however, almost completely limited to adipocytes and
steroid-producing cells (5-8). Adipose differentiation-
related protein (ADRP) is another dominant protein that
is located on the surface of lipid droplets. ADRP was ori-
ginally identified as a protein whose expression increased
during mouse 1246 preadipocyte differentiation (9). In the
early stage of adipocyte differentiation when lipid droplets
are tiny or nascent, the lipid droplets are surrounded by
ADRP. As adipocytes further differentiate and the lipid
droplets grow in size, the proteins on the lipid droplet sur-
face have been observed to almost exclusively comprise
perilipin (10, 11). In contrast to perilipin, ADRP is ubiqui-
tously expressed, not only in adipose and steroid-producing
cells, but also in various cell types including liver, lung,
macrophages, etc, as a major component of intracellular
lipid droplets (10, 12).

Despite the wide distribution of ADRP, our knowledge
about its physiological function and regulatory mechanism
remains limited. ADRP expression was shown to accelerate
the initial rate of uptake of long-chain, but not short-
chain, fatty acids by COS-7 cells transfected with ADRP
c¢DNA (13). ADRP has also been shown to bind cholesterol,
which thus suggests that it plays an important role in mov-
ing cholesterol to the droplets for esterification (14, 15).
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It has also been suggested that ADRP participates in cyto-
plasmic trafficking of newly synthesized lipids (16). Several
physiological or pharmacological stimuli, such as long-
chain fatty acids (17) and cyclooxygenase inhibitors (18),
have been demonstrated to stimulate the ADRP expression
in mouse 1,246 preadipocytes. Treatment of rats with eto-
moxir, an inhibitor of CPT-1 and mitochondrial fatty acid
oxidation, results in accumulation of cytoplasmic lipids and
induction of ADRP (19). A PPARS-response element was
recently identified between —2001 bp and —1889 bp [based
on the transcription site reported by Eisinger and Serroro
(24)] in the ADRP promoter, and shown to be involved in
the regulation by VLDL and other PPAR ligands (20).
In macrophages, PMA stimulates the ADRP protein
expression and lipid accumulation in RAW264.7 cells in
the presence of sterol esters (21). However, the molecular
mechanism involved in PMA-induced activation of this
gene remains to be clarified.

In the present study, we therefore focused on the regu-
latory mechanism for ADRP gene expression in PMA-
induced RAW264.7 macrophage activation, and identified
the cis-acting elements responsible for the PMA action in
the promoter. We present herein evidence that an Ets/AP-1
composite element is one of the key elements in the ADRP
promoter, and that it also possibly affects the PPARS func-
tion. We suggest the possible interaction of transcription
factors PU.1 and AP-1, both of which bind cojointly to the
composite element, is the major determinant regulating
the function of this element.

MATERIALS AND METHODS

Cell Culture—The mouse RAW264.7 monocyte/
macrophage-like cell line was provided by the RIKEN
Cell Bank (RCB0535, Ibaraki, Japan). The cells were rou-
tinely cultured in 10 cm tissue culture dishes (Falcon 3003;
Becton Dickison Labware, Franklin Lakes, NJ) in o-MEM
(GIBCO BRL, Rockville, MD) supplemented with 10%
charcoal-treated fetal calf serum (FCS), 1% non-essential
amino acids and appropriate antibiotics (designated as
either the complete medium or lipid-containing medium).
The FCS we used was proved to be the same in terms of the
concentrations of fatty acids, triacylglyceride and total
cholesterol with and without charcoal treatment. The
cells were cultivated in the same medium containing 5%
charcoal-treated lipid-free FCS (BioWest, Nuaille, France)
instead of 10% FCS (designated as the lipid-free medium)
in some experiments.

Cloning of Mouse ADRP ¢cDNA and Genomic DNA—
Full length mouse ADRP ¢cDNA was cloned by PCR using
appropriate primers, which were designed according to the
published ¢cDNA sequence (9), and first strand cDNA
reverse-transcribed from mouse adipose tissue total RNA
as a template. The cDNA was cloned into a pBluescript II
KS+/—~ plasmid (Stratagene, La Jolla, CA), and then
sequenced in its entirety to confirm the integrity of the
sequence.

A mouse genomic DNA library derived from adult
BALB/c male liver (Clontech, Palo Alto, CA) was screened
using a full-length mouse ADRP ¢DNA as a 32P-labeled
probe, according to the method previously described
(22, 23). We obtained seven positive clones on the secondary
screening. During the tertiary screening, a pBluescript II
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KS+/- plasmid containing the 5'-flanking region of the
mouse ADRP gene (named B4.EE3.3+EB1.8, and screened
and constructed by S. Taniguchi and L. Chan) was provided
to us (courtesy of Dr. Laurence Chan, Baylor College of
Medicine, Houston, TX). Based on the information on the
restriction enzyme sites and the sequence of the mouse
ADRP 5'-flanking region (24), and that obtained on South-
ern hybridization using the 5'-flanking fragment provided,
we found that one of our seven positive clones contained a
5'-flanking region of the gene identical to that involved in
B4.EE3.3+EB1.8. We, therefore, sequenced the 5'-flanking
region subcloned into B4.EE3.3+EB1.8. It contained a
putative promoter region up to —2757 bp relative to the
major transcriptional start site (24).

Northern Blot Analysis—RAW264.7 cells were plated at
1 x 10° cells/dish in the complete medium or the lipid-free
medium and then left for 24 h, and then the medium was
changed to the same medium containing a test reagent(s),
followed by culturing for an appropriate time. Total RNA
was purified using a commercially available kit (Isogen;
Nippon GENE, Tokyo, Japan). Full-length mouse ADRP
¢cDNA was [0-*2P] dCTP-labeled by a random priming
method (Oligolabelling kit; Amersham Pharmacia Biotech,
Buckinghamshire, England) and used as the probe. Hybri-
dization was performed according to the standard method
(22); final washing was carried out at 65°C in 1x SSPE
(150 mM NaCl, 10 mM NaH,PO, and 1 mM EDTA,
pH 7.4) containing 0.5% SDS for 30 min.

The intensity of the ADRP mRNA in autoradiographs
and 28S rRNA on ethidium bromide staining was quanti-
fied with NIH Image (v.1.62). Although GAPDH mRNA
was also detected on Northern blot analyses to compare
the mRNA expression levels in the initial experiments,
we found that the ADRP mRNA levels standardized as
to GAPDH and the 28S rRNA level were similar. Therefore,
the results for which the ADRP expression level was
standardized as to 28S rRNA are shown.

Construction of ADRP Promoter Reporter Plasmids—To
construct reporter plasmids containing the ADRP promoter
region, we amplified the desired promoter region by PCR
using appropriate forward and reverse primers that had
an appropriate restriction site at each 5-end. The PCR
products were cloned into a pGL3 luciferase plasmid
(Promega, Madison, WI). The name of each reporter plas-
mid reflects the position of the 5'-end relative to the tran-
scriptional start site (+1 bp). The 3’-end of the promoter
region of all chimeric constructs was —1 bp.

The introduction of site-directed mutations into the puta-
tive cis-acting elements was performed using a Quick
Change site-directed mutagenesis kit (Stratagene) and a
—2090 bp promoter plasmid as a template. Sense and anti-
sense oligonucleotide primers (40-42 bp) containing the
indicated mutations (Figs. 3B and Fig. 4A, legend) were
synthesized and used for the PCR-based mutagenesis.
Insertion of a spacer sequence into the Ets/AP-1 element
of the —2090 bp promoter was also performed by PCR-based
mutagenesis using appropriate oligonucleotide primers
(Fig. 8A). To assess the enhancer activity of the Ets/AP-1
element, a double strand oligonucleotide containing a geno-
mic sequence between —2052 bp and —2023 bp was ligated
to a pGL3 promoter plasmid (Promega) or a homologous
—248 bp promoter plasmid. For all these promoter con-
structs, the integrity of the total promoter region as
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well as the mutations and the insertion were confirmed by
sequencing.

Transient Transfection and Luciferase Analysis—Repor-
ter plasmids were introduced into RAW264.7 cells using
Lipofectamine PLUS reagent (GIBCO BRL), basically
according to the manufacturer’s instructions. The cells
(2 x 10°/well) were seeded in a 12-well cell culture cluster
(Costar 3513; Corning Incorporated, Corning, NY) and
grown in the complete medium for 24 h. Then the medium
was changed to serum-depleted o-MEM, and the transfec-
tion mixture (Lipofectamine 2 pl and PLUS reagent 5 pl in
a total volume of 50 pl/well) containing 1 pg reporter plas-
mid and 0.4 pg pRL-TK plasmid (Promega) was added
to the cells followed by incubation for 4 h. The cells were
then washed with serum-depleted o-MEM, and cultured
in o-MEM containing 1% FCS (lipid-containing) and a
test reagent for an additional 24 h. When the promoter
activity was examined under the lipid-free conditions,
the lipid-free medium was used starting 24 h before and
after the transfection procedure. Cell lysates were collected
for a luciferase assay involving a Dual-Luciferase Reporter
Assay System (Promega). The transfection efficiency was
normalized as to the Renilla luciferase activity expressed
by pRL-TK. Each transfection experiment was performed
in triplicate and repeated at least three times.

Nuclear Protein Extracts—Nuclear protein extracts were
prepared basically as previously described (23, 25).
RAW264.7 cells were seeded at 1 x 107 cells/dish and
then cultured in the complete medium for 24 h. The med-
ium was then changed to the complete medium containing
atest reagent or vehicle, followed by culturing for 1 h or 6 h.
The cells were washed with PBS, harvested by gentle scrap-
ing, and then resuspended in 5 volumes of buffer A [10 mM
HEPES-KOH (pH 7.9), 10 mM KCl, 1.5 mM MgCl, and
0.1 mM EDTA] supplemented with 0.3 M sucrose and
0.5% NP-40. The cells were then homogenized by pipetting,
and the suspension was layered onto 1 ml buffer A contain-
ing 1.5 M sucrose, followed by centrifugation for 10 min
(4°C, 15,000 x g). After washing with buffer A, the preci-
pitated nuclei were suspended in 50 pl buffer B [20 mM
HEPES-KOH (pH 7.9), 25% glycerol, 420 mM NaCl, 1.5 mM
MgCl; and 0.2 mM EDTA] and then left on ice for 20 min.
The mixture was centrifuged for 20 min (4°C, 15,000 x g),
and the resultant supernatant containing nuclear proteins
was aliquoted, snap-frozen in liquid nitrogen and stored at
—80°C until use (within 30 days). All solutions used were
ice-cold and contained 0.5 mM DTT, 0.5 mM PMSF, 2 pg/ml
pepstatin A and 2 pg/ml leupeptin. The protein concentra-
tion was determined with a commercially available reagent
(BIO-RAD, Hercules, CA) using bovine serum albumin as a
control.

Electrophoretic Mobility Shift Assay (EMSA)—EMSA
was performed basically as previously described (23). A
synthesized sense oligonucleotide containing the Ets/AP-1
composite element (from —2058 bp to —2023 bp relative to
the transcription start site, Fig. 5A) was 3?P-labeled with
T4 polynucleotide kinase (Takara, Shiga, Japan), double-
stranded with unlabeled antisense-strand, and then puri-
fied using Chroma-Spin+TE-10 columns (Clontech, Palo
Alto, CA). RAW264.7 nuclear extracts (10 ng) was first
incubated in a 25 pl reaction volume for 20 min at 20°C
with or without unlabeled competitor oligonucleotides
(100-fold molar excess). The reaction buffer consisted of
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10 mM Tris-HCI (pH 7.6), 50 mM KCl, 5 mM MgCl,,
1 mM DTT, 1 mM EDTA, 12.5% (v/v) glycerol, 0.1% Triton
X-100, 8 pg/ml calf thymus DNA and 50 mM PMSF. A
radiolabeled probe (50,000 cpm, ~1.0 ng DNA) was then
added followed by incubation for an additional 20 min
at 20°C. DNA-protein complexes were analyzed on a 5%
native polyacrylamide gel at 100 V for 3 h in TBE buffer.
Thereafter, the gels were dried and subjected to autoradio-
graphy. To examine the inhibition of complex formation by
antibodies, 2 pl of an appropriate antibody or control nor-
mal rabbit serum (NRS) was added to the mixture before
adding the radiolabeled probe and incubation for 40 min at
20°C. The mixture was further incubated for 30 min after
the addition of the probe.

Western Blot Analysis—Whole cell extracts (correspond-
ing to 2 x 10° cells) were prepared by directly dissolving the
cells in 2x SDS loading buffer [100 mM Tris-HCI (pH 6.8),
20% glycerol, 4% SDS, 12% 2-mercaptoethanol and 2%
bromophenol blue] at 1:1. The proteins were heated at
95°C for 5 min and then subjucted applied to 10% SDS-
PAGE and electro-blotted onto a polyvinidene difluoride
membrane (Millipore, Tokyo, Japan) for 1 h at 100 V
with a wet blotting apparatus (BIO-RAD) in Tris-glycine
transfer buffer [25 mM Tris, 192 mM glycine, 20% (v/v)
methanol and 0.1% SDS]. The transfer was monitored
with Kaleidoscope pre-stained standards (BIO-RAD). The
membranes were blocked for 1 h at room temperature with
5% non-fat milk in PBS containing 0.1% Tween 20 (PBS-
Tween 20). Next, the membranes were incubated with gui-
nea pig ADRP antibodies (0.5 pg/ml in PBS-Tween 20) for
1 h. After washing 4 times (5 min each) with PBS-Tween 20,
the membranes were reacted with an appropriate second-
ary IgG-horseradish peroxidase conjugate (Santa Cruz,
CA) diluted in PBS-Tween 20 (0.08 pg/ml) for 1 h, and
then washed as above. The blots were reacted with
ECL Western blotting detection reagents (Amersham
Bioscience) and then exposed to Hyperfilm ECL (Amersham
Bioscience) for ~15 min. PU.1 and AP-1 proteins in the
nuclear extracts were also analyzed using specific anti-
bodies in the same way (data not shown). More than
two independent experiments were carried out and a
representative example is shown.

Materials and Other Assays—PMA, actinomycin D, lac-
tacystin, LY294002 and calphostin C were purchased from
Sigma (St Louis, MI) and dissolved in DMSO. Cyclohexi-
mide (Sigma) was dissolved in PBS. NH,Cl was dissolved in
water. Oleic acid (Wako Pure Chemicals, Osaka, Japan)
was dissolved in water containing 0.5 mM bovine serum
albumin. Antibodies to ADRP were purchased from PRO-
GEN Biotechnik (Heidelberg, Germany). The preparation
of specific antibodies against c-Jun and JunB has been
described elsewhere (26). For the preparation of anti-
JunD antibodies, TrpE-JunD (1-92 amino acids) fusion
protein was used to immunize rabbits and the antiserum
was affinity-purified as previously described (27). Other
antibodies were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). Oligonucleotides were synthesized by
Phasmac Co (Atsugi, Japan). [¢->2P]CTP (5,000 Ci/mmol)
and [y->PJATP (5,000 Ci/mmol) were purchased from
Amersham Bioscience. DNA sequencing was performed
with an Aloka DNA sequencing system (Tokyo, Japan)
and a Thermo Sequenase Cycle Sequencing Kit (USB
Corporation, Cleveland, OH).
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RESULTS

PMA Stimulates Expression of the ADRP Gene in
Macrophages—The expression of the ADRP gene in
PMA-induced macrophage activation was examined
using mouse RAW264.7 cells by Northern blot analyses
(Fig. 1A). While detectable amounts of ADRP mRNA
were constitutively expressed at the basal level (0 h),
PMA at a concentration of 0.16 pM further stimulated
the ADRP expression as a function of time. ADRP mRNA
increased when the cells were cultivated even in the lipid-
free medium, although the increase was less evident than
that in the complete medium which contained lipids. The
vehicle alone enhanced the ADRP mRNA expression very
slightly at 24 h on cultivation in the complete medium, but
not in the lipid-free medium (Fig. 1A). We presumed that
lipids present in the complete medium possibly enhanced
the ADRP mRNA expression, and that DMSO did not sig-
nificantly influence the expression. This presumption was
confirmed by the following experiment. After RAW264.7
cells had been cultured for 24 h in the lipid-free medium,
they were exposed to PMA, 50 uM oleic acid, or both. While
the ADRP mRNA expression was stimulated by PMA or
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oleic acid alone, but not by DMSO, the simultaneous addi-
tion of PMA and oleic acid synergistically increased the
expression (Fig. 1B). All these findings were duplicated
in human THP-1 cells, except that the mRNA expression
reached the maximum at 12 h (data not shown).

In RAW264.7 cells pre-cultured for 24 h in the complete
medium which contains lipids, ADRP protein existed at a
detectable level and PMA further increased the protein
level after an additional 12 h and 24 h (Fig. 1C). On the
other hand, the ADRP protein level was very low and
almost undetectable when the cells were pre-cultured for
24 h in the lipid-free medium, and PMA did not signifi-
cantly increase its level at 24 h (Fig. 1D, second lane).
This finding prompted us to clarify the mechanism under-
lying the possible degradation of ADRP protein. In the pre-
sence of lactacystin (20 pM), a proteasome inhibitor, PMA
increased the ADRP protein level even in the lipid-free
medium (Fig. 1D), while NH4C1 (50 mM), a lysosome inhi-
bitor, did not have such an effect, indicating that the ADRP
protein is possibly degraded through the proteasome path-
way in the absence of lipids.

Chen et al. (21) demonstrated that ADRP protein was
increased by PMA in the presence of sterol ester, as we

Lipid (-) Fig. 1. PMA enhances the

A Lipid (+)
DMSO PMA

DMSO PMA expression of ADRP in

0 12 24 0 12 24 h

28S rRNA

28S rRNA
18S rRNA <

B - C

RAW264.7 cells. A: Effect of
PMA (0.16 pM) on ADRP mRNA
expression. RAW264.7 cells were
cultured in the lipid-containing
or lipid-free medium with the
respective reagents. Twenty
micrograms total RNA was
analyzed. Ribosomal RNAs,
quantified by ethidium bromide
staining, showed that an equal
amount of total RNA was applied

12 24 0 12 24 h

Lipid (+)

DMSO PMA  Ole PMA+Ole

285 rRNA [iediotin
18S rRNA - aun G Gt o |

D Lipid (-) E

____PMA
DMSO PMA +NH,Cl +Lac

h in each lane. B: Effects of PMA
(0.16 pM) and oleic acid (50 pM)
and both on the ADRP mRNA
expression in the lipid-free med-
ium. C: Effects of PMA (0.16 pM)
on the ADRP protein levels in
the lipid-containing medium.
D: Effects of PMA, and lysosome
and proteasome inhibitors on the
ADRP protein levels in the lipid-
free medium. E: and F. Effects
of actinomycin D (2.5 pg/ml) and
cycloheximide (10 pg/ml) on the
PMA-induced enhancement of

12 24

PMA + Actinomycin D
0 6 12 18 h

ADRP _ ADRP - ADRP mRNA expression in the
complete medium. In the experi-
B-actin 28S rRNA ments under lipid-free condi-

tions, RAW264.7 cells were
VESIRRA E cultured in the lipid-free med-

F PMA + Cyclohcximide
18 h

ADRP

28S rRNA
185 rRNA

ium for 24 h prior to the addition
of the reagents.

J. Biochem.

2702 ‘62 Jequeldes uo A1sieaiun Bued e /Bio'seulnolplioixoql/:dny woiy papeojumoq


http://jb.oxfordjournals.org/

ADRP Gene Regulation by PU.1 and AP-1 in Macrophages

demonstrated here. The precise molecular mechanisms
involved in the gene regulation, however, remained to
be disclosed. In the following experiments, therefore, we
further pursued the mechanism underlying the PMA-
induced ADRP gene regulation in RAW264.7 cells. When
we examined the effect of the PMA concentration from
0.16 to 16 uM, 1.6 uM caused the highest ADRP mRNA
induction at 24 h (data not shown). The expression of
the ADRP gene was completely inhibited by actinomycin
D (2.5 pg/ml) (Fig. 1E). Cycloheximide (10 pg/ml) did not
inhibit the mRNA induction (Fig. 1F). These results collec-
tively revealed that PMA enhanced the ADRP mRNA
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expression in both the presence and absence of lipids at
the transcriptional level, and that its effect was further
potentiated in the presence of lipids.

A Functional Ets/AP-1 Element Exists in the ADRP
Promoter—To identify the promoter region responsible for
the PMA action, we constructed chimeric plasmids contain-
ing the ADRP promoter with a luciferase gene, and then
assessed the PMA-induced promoter activity in RAW264.7
cells. These experiments were performed using the lipid-
containing (Fig. 2, A and B) or lipid-free medium (Fig. 2C).
As shown in Fig. 2A, PMA (1.6 uM) stimulated the activity
of all the promoter constructs. When the ratios of activity
expressed in the presence and absence of PMA (relative fold
induction) were calculated, however, promoters containing
the region between —2090 bp and —2005 bp, i.e., the —2752,
—2308 and —2090 bp promoters, showed significantly higher
inducibility than the shorter promoter constructs (Fig. 2B).
This finding indicates that the region between —2090 bp
and —2005 bp encompasses the element responsible for the
PMA action. This finding was duplicated when the cells
were incubated in the lipid-free medium, although the
amplitude of the fold induction was reduced (Fig. 2C).
In the lipid-containing medium, promoters shorter than
—2005 bp (i.e., —2005 to —248 bp) still exhibited significant
PMA-inducibility in comparison to the promoter-less con-
trol (Fig. 2B), while this finding was not duplicated in the
lipid-free medium (Fig. 2C). Therefore, the —248 bp promo-
ter might possess an element(s) which could be stimulated
by PMA in conjunction with certain serum factors includ-
ing lipids. This possibility remains to be clarified. We are

Fig.2. PMA stimulates the ADRP promoter activity. Chimeric
plasmids containing the ADRP promoter were transfected into
RAW264.7 cells cultured in the lipid-containing (A and B) or
lipid-free medium (C). Each plasmid contained a promoter region
between the position designated and —1 bp in front of the luciferase
gene. The luciferase activity was normalized as to the activity of
co-transfected Renilla luciferase. A: PMA (1.6 pM) significantly
enhanced the promoter activity of all chimeric plasmids as well
as the promoter-less control (p <0.005 versus DMSO, with Student’s
t test). The activity expressed by the control plasmid in the absence
of PMA was arbitrarily designated as 1. The independent experi-
ments were performed in triplicate and more than three times.
Data are shown as means + SEM. B: The inducible transcriptional
activity of each promoter construct with PMA was compared as to
relative fold induction. The value for the promoter-less control was
arbitrarily designated as 1. Data are shown as means + SEM. Rela-
tive fold induction of each promoter was compared with those of
all the other promoters and evaluated by ANOVA (Scheffe). All
promoters exhibited significantly higher PMA-inducibility than
the promoter-less control (p < 0.01). The values for the —2752 bp,
—2308 bp and —2090 bp promoters, respectively, were significantly
higher than those of other shorter promoters (*p < 0.01). There are
no significant differences exists among either the —2752, -2308, and
—2090 bp promoters, or the —2005, —1889, —1436, —-979, —493 and
—248bp ones. C: The cells were cultured in the lipid-free medium for
24 h prior to transfection. The data were analyzed in the same way
asin panel B. The basal activity of all promoters was lower than that
inthelipid-containing medium. The independent experiments were
performed in triplicate and more than three times. The value for
the promoter-less control was arbitrarily designated as 1. Data are
shown as means + SEM. The values for the —2752 bp, —2308 bp and
—2090 bp promoters, respectively, were significantly higher than
those of other shorter promoters including promoter-less control
[*p < 0.01 by ANOVA (Scheffe)]. There were no significant differ-
ences among either the —2752, 2308, and —2090 bp promoters, or
the promoter-less control, —2005,-1889,-1436,-979,-493 and —248
bp ones.
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currently investigating this issue and thus it is outside of
the scope of the present report.

We further focused on the region between —2090 bp and
—2005 bp because the above results clearly indicated that
PMA acts on this promoter region in both the presence and
absence of lipids. Furthermore, a PPARS response element,
which was shown to mediate the effect of VLDL and PPAR
ligands, exists just downstream of this region, starting at
—2001 bp (20). We found a composite element starting at
—2047 bp, which is formed from a canonical AP-1 site and a
binding site for Ets family transcription factors adjacent to
the AP-1 site, at its 5-end (Fig. 3A). The PMA-induced
activity of the —2005 bp promoter, which possesses the
PPARS site but not the Ets/AP-1 site, was significantly
lower than that of the —2090 bp promoter, and was compar-
able to that of the —1889 bp promoter (Fig. 2, B and C). We,
therefore, presumed that PMA could directly stimulate the
promoter activity through the Ets/AP-1 site, but not
through the PPARS site.

In order to determine the significance of this composite
element, we introduced mutations into the AP-1 site
(A mut), Ets site (E mut), and both of them (AE mut) in
the —2090 bp promoter (Fig. 3B), and assessed their activity
in the lipid-containing medium. The basal activity of all
these mutant promoters was not significantly different
from that of the wild type —2090 bp promoter (data not
shown). On comparison of the relative fold induction values
(Fig. 3C), all three mutations exhibited significant reduc-
tion in the PMA-induced promoter activity in comparison
to the —2090 bp promoter. The activity of the mutant pro-
moters was comparable to that of the —2005 or —1889 bp
promoters.

To examine the enhancer activity of the Ets/AP-1 site,
this element was ligated to either a heterologous SV40
minimal promoter or a homologous —248 bp promoter. Liga-
tion of the element stimulated both the basal (data not
shown) and PMA-induced activity of the SV40 promoter as
a function of the copy number in the lipid-containing
medium (Fig. 3D). In addition, ligation of this element,
in either the forward or reverse direction, enhanced the
PMA-induced (Fig. 3E) but not the basal (data not
shown) activity of the —248 bp promoter even in the
lipid-free medium. These results clearly indicate that the
Ets/AP-1 composite element is an enhancer which mediates
the PMA action.

Synergistic Effect of PMA and Oleic Acid on the
Promoter Activity Requires the Ets/AP-1 Function—As
shown in Fig. 1, the ADRP mRNA expression is synergis-
tically potentiated by PMA and oleic acid or lipids. We
therefore examined the effects of oleic acid and/or PMA
on the —2090 bp promoter and the mutant promoters in
the lipid-free medium. For this analysis, we constructed
additional mutant promoters named P mut and AEP mut
whose PPARS site was mutated (Fig. 4A). PMA enhanced
the activity of the —2090 bp promoter, as shown in Fig. 2C,
while 25 uM oleic acid increased the activity only slightly,
i.e., 1.27 £ 0.04 fold as compared to DMSO. Although this
increase is not statistically significant at this moment, it is
quite in contrast to in the case of other promoters whose
activity is not changed or rather significantly decreased by
oleic acid. When oleic acid and PMA were simultaneously
added, however, the promoter activity was synergistically
potentiated (Fig. 4B). The synergistic effect of oleic acid and
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PMA was abolished when the PPARS site was mutated
(P mut), although PMA alone still stimulated its activity
(Fig. 4B). Interestingly, none of the promoters whose Ets/
AP-1 site was mutated (A mut, E mut and AE mut) or
deleted (—2005 bp) exhibited the effect of oleic acid or the
synergistic effect of oleic acid and PMA, despite the exis-
tence of the intact PPARS site. In separate experiments
involving the co-expression of PPARa, we confirmed
that activity of the promoters containing these Ets/AP-1
mutations was not stimulated by PPARa ligands in
NMuLi mouse liver cells, which do not express PPARa
(Ikuyama, S. et al., unpublished observation). This finding
suggests a possible interaction between the Ets/AP-1 site
and the PPARS site, and further strengthens the idea that
the Ets/AP-1 composite element is important for the ADRP
gene regulation.

PU.1 and AP-1 Conjointly Bind to the Composite
Element—To identify the transcription factors binding to
the Ets/AP-1 element, we performed EMSA using nuclear
extracts prepared from RAW264.7 cells and the oligonu-
cleotide probes shown in Fig. 5A. The wild type sequence
formed two major specific complexes (complexes A and B)
when nuclear extracts from cells without PMA treatment
were used, and the complex formation, that of complex A, in
particular increased as a function of the duration of the
PMA treatment (Fig. 5B). In addition, a faint but discrete
band (complex C) became apparent when nuclear extracts
from PMA-treated cells were used (Fig. 5B, lanes 2 and 3).
These complexes were specific since a 100-fold molar excess
of unlabelled oligonucleotide completely abolished all
the complexes (Fig. 5C, lane 2), while the AE mut oligo-
nucleotide failed to inhibit the complex formation at all
(Fig. 5C, lane 5).

Complex B was completely inhibited by the A mut oligo-
nucleotide, which contains a mutated AP-1 and an intact
Ets site (Fig. 5C, lane 3). It was also inhibited by the PU.1
consensus oligonucleotide (Fig. 5D, lane 4) among the con-
sensus sequences for Ets family proteins, indicating that
complex B was formed by PU.1. On the other hand,
complex A was partially, but not completely, inhibited by
the E mut oligonucleotide, which encompasses the intact
AP-1 and mutated Ets sites (Fig. 5C, lane 4). The partial
inhibition of complex A was duplicated when the consensus
AP-1 oligonucleotide was used as a competitor (Fig. 5D,
lane 3). We presumed that complex A might involve
PU.1in addition to AP-1, since PU.1 could possibly function
in conjunction with AP-1, as was suggested by the reporter
assays described above. Our presumption was verified by
the finding that the majority of complex A, as well as that of
complexes B and C, was almost completely eliminated
when the AP-1 consensus and PU.1 consensus oligonucleo-
tides were added simultaneously to the reaction mixture
(Fig. 5D, lane 5). We, therefore, deduced from these results
that the dominant components of complex A were PU.1 and
AP-1, while complex B consisted of PU.1 only. Complex C
might be a higher order complex including AP-1, PU.1 and
certain cofactors. We confirmed that complex A formed by
nuclear extracts from the cells without PMA treatment
(Fig. 5B, lane 1) also consisted of PU.1 and AP-1 (data
not shown).

To further determine the factors binding to this compo-
site element, we performed supershift analyses with spe-
cific antibodies. Among the antibodies against Jun and Fos
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A 2090 CCTGGCAGACAAAAACAGAAGAAAAATTGCACATCTTTAA
Ets
2050 CAAGAGGAAGTGACTCACTGGCTTGAAATGTAAAAAAGAG
AP-1
-2010 GCCTTTTGTAGGTGAAA(B?)GGCAAAGAAAGAGGTCATGTTG
PPARD
Ets -1
2090 ——————— AAGAGGAAGTGACTCA Luc
B ACT e |

Amit —47m8 —— AAGAGGAAGTGQCQC"\

Emut — AAGACCAAGTGACTCA Luc

AEmut ——————— AAGACCAAGTGCCGCA -

P
S

Relative fold induction

Cont A mut AE mut -1889
-2090 E mut - 2005

512
B
=
=)
=
=
=) 0.8
L
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L]
& 0.4

-248 +Forward +Reverse

Fig. 3. An Ets/AP-1 composite element mediates the PMA
action. A: The genomic sequence between —2090 bp and —-1971 bp
relative to the transcriptional start sites (based on Ref. 24) is
shown. A binding motif for Ets family transcription factor starts
at —2047 bp and is adjacent to a canonical AP-1 site. A PPARGS site
exists at —2001 bp (Ref. 20). B: Site-directed mutations were intro-
duced into the AP-1 site, Ets site, or both of them in the —2090 bp
promoter. The mutated nucleotides are underlined. C: Relative
fold induction of each promoter by 1.6 M PMA in the lipid-
containing medium is shown. The value for the promoter-less
control plasmid was arbitrarily designated as 1. Relative fold induc-
tion of each promoter was compared with those of all the other
promoters and evaluated by ANOVA (Scheffe). All promoters exhib-
ited significantly higher PMA-inducibility than the promoter-less
control (p < 0.01). Promoters containing specific mutations as well
as the —2005 bp and —1889 bp promoters exhibited less PMA-
inducibility than the wild type —2090 bp promoter (*p < 0.01). The
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Relative fold induction
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Cont I 2 copies

independent experiments were performed in triplicate and more
than three times. Data are shown as means + SEM. D: Ligation of
the Ets/AP-1 element to the SV40 core promoter increased the
PMA-responsiveness in the lipid-containing medium as a function
ofthe copy number. The value for the enhancer-less control promoter
plasmid was arbitrarily designated as 1. Data are shown as means +
SEM. Relative fold induction of each promoter was compared with
those of all the other promoters and evaluated by ANOVA (Scheffe)
(*p < 0.005 versus control). E: Ligation of the Ets /AP-1 element to
the —248 bp homologous promoter, both in either the forward or
reverse direction, increased the PMA-responsiveness in the lipid-
free medium. The cells were cultured in the lipid-free medium for
24 h prior to transfection. The value for the —248 bp promoter was
arbitrarily designated as 1. Data are shown as means + SEM.
Relative fold induction of each promoter was compared with those
of all the other promoters and evaluated by ANOVA (Scheffe)
(*p < 0.0001 versus —248 bp promoter).
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Fig. 4. Synergistic effect of PMA
and oleic acid on the promoter

activity requires the Ets/AP-1
function. A: Site-specific mutations

were introduced into the AP-1 site,
Ets site, PPARS site, or all of them in

Luc the —2090 bp promoter. The mutations
in the PPARS site were as follows

(underlined). AAGCTTAAGGGCA.

ue B: The relative promoter activities

induced by 1.6 pM PMA, 25 M oleic

Ii

uc acid or both of them in the lipid-free
medium are shown. The activity of
Luc the —2090 bp promoter, which encom-

passes both the Ets/AP-1 site and the
PPARG site, was synergistically poten-
tiated when oleic acid and PMA were
simultaneously added (*p < 0.005
versus Ole or PMA). In contrast,
although PMA or PMA plus oleic acid
significantly increased the activity
OpMso of all the promoters as compared to
Oole DMSO (p < 0.001), no significant dif-
ference was observed between PMA
EpPMA and Ole+PMA in all the mutant and
COle+PMA —2005 bp promoters. Cells were cul-
tured in the lipid-free medium for
24 h prior to transfection. The value
for the promoter-less control treated
with DMSO was arbitrarily designated
as 1. The independent experiments
were performed in triplicate three
times. Data are shown as means +
SEM. Statistical evaluation was
performed by ANOVA (Scheffe).

Luc

Cont -2090 A mut E mut AE mut P mut

family proteins, antibodies to JunB and Fra-1 gave very
faint supershifted bands (Fig. 6A, lanes 3 and 7). On the
other hand, the PU.1 antibodies, but not antibodies against
other Ets family proteins, specifically eliminated all the A,
B and C complexes (Fig. 6A, lane 11).

Since the inhibitory effects of AP-1 antibodies on
complex A formation were less evident than those of PU.1
antibodies, we assumed that the presence of PU.1 might
prevent the AP-1 antibodies from gaining access to their
target proteins. When the E mut oligonucleotide, to which
AP-1 could but PU.1 could not bind, as evidenced by the
absence of complex B, was used as a labeled probe, both Jun
and Fos antibodies more effectively inhibited complex A
formation (Fig. 6B, lanes 2 and 3). Therefore, we assumed
that PU.1 might prevent the AP-1 antibodies from coming
in contact with their target proteins in the ternary struc-
tures or, alternatively, the presence of PU.1 might induce
an increase in the DNA binding affinity of AP-1. Neverthe-
less, these results, which were consistent with the above
ones obtained with using competitor oligonucleotides, indi-
cated that complex A consists of PU.1 and AP-1, and
complex B is formed only from PU.1.

PMA Stimulates the Ets/AP-1 Element Mainly through
the PI3 Kinase Pathway—To investigate the downstream
signals stimulated by PMA, we examined the effects of a
PI3 kinase inhibitor and a PKC inhibitor on the PMA-
induced ADRP gene expression. The concentration of the

AEP mut -2005

inhibitors used was that which did not induce apoptosis of
the cells. After being cultured in the lipid-free medium for
24 h, RAW264.7 cells were incubated with the inhibitors for
1 h prior to PMA (0.16 uM) addition. .LY294002, a PI3
kinase inhibitor, suppressed the PMA-induced increase
in the ADRP mRNA expression (Fig. 7A). Calphostin C,
a PKC inhibitor, also suppressed the expression, but its
effect was less evident than that of LY294002. When the
cells were exposed to LY294002 (5 uM) for 1 h prior to PMA
(0.16 pM) stimulation in the lipid-free medium, the PMA-
induced enhancement of the promoter activity was almost
completely abolished for the promoters whose Ets/AP-1 site
is intact (—2090 bp, P mut) (Fig. 7B). Calphostin C (5 nM),
on the other hand, suppressed the PMA-induced stimula-
tion of all promoters weakly (data not shown), suggesting
that PKC-mediated signals might act on the downstream
element rather than this Ets/AP-1 site. Furthermore, PMA-
induced enhancement of the complex A formation was
found to be significantly reduced on EMSA, when nuclear
extracts from cells treated with PMA (0.16 pM) and
LY294002 (5 pM) simultaneously were used (Fig. 7C).
When extracts from PMA plus calphostin C-treated cells
were used, complex A formation was also reduced, but the
reduction was less evident than with LY294002-treated
cells.

All these results indicated that PMA activates the Ets/
AP-1 element mainly through the PI3 kinase pathway by
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A ADRP 5S-ATCTTTAACAAGAGGAAGTGACTCACTGGCTTGAAA-3"
A mut ST-ATCTTTAACAAGAGGAAGTGCCGCACTGGCTTGAAA-3’
E mut 5-GCACATCTTTAACAAGACCAAGTGACTCACTGGC-3’
A-E mut 5"-GCACATCTTTAACAAGACCAAGTGCCGCACTGGC-3’

AP-1 consensus
PU.1 consensus

B C

PMA - +

1
ADRP

lh 6h
4—C—p
M M

B—P'H “ - B—» u

NS—p

NS—»

’

o2 3

Fig.5. DNA-protein complex formation by RAW 264.7 nuclear
extracts. A: The sequences of the oligonucleotides used as a probe or
competitors are shown. The Ets and AP-1 binding sites are shown in
bold letters. A mut, E mut and AE mut are oligonucleotides into
which mutations were introduced, as indicated by underlines (see
also Fig. 3B). AP-1 and PU.1 are consensus oligonucleotides for each
transcription factor. The ADRP oligonucleotide was used as a probe.
B: Nuclear extracts from RAW264.7 cells treated (+) with 0.16 pM
PMA for 1 h or 6 h, or non-treated cells (—) were used. The 6 h PMA

1 2

increasing the DNA binding of PU.1 and AP-1, although
involvement of the PKC pathway cannot be completely
ruled out.

Juxtaposition of the Ets and AP-1 Sites Is Requisite for
Full Activity of the Ets/AP-1 Composite Element—The Ets
family proteins are known to function cooperatively with
AP-1 proteins. The functional elements for these two dif-
ferent kinds of transcription factors are located next to
each other or, in a number of cases, more widely spaced.
To examine the functional significance of the juxtaposition
of the Ets and AP-1 sites, we introduced spacer sequences
of different lengths between the core sequences of the two
elements in the —2090 bp promoter (Fig. 8A). AP-1 and PU.1
could bind independently to their recognition sequences in
the probes having insertions, as shown in Fig. 8B, which
shows that AP-1 and PU.1 competitors inhibited complex A
and complex B formation, respectively.

On investigation of the inhibition of complex A formation
using a wild type sequence as a probe, a 6.25 to 25-fold
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5-CGCTTGATGACTCAGCCGGAA-3"
5-CCTCTGAAAGAGGAACTTGGTTAGG-3"

D

AP-1+PU.1

e
A
2 4
< <

PU.1

A mut
E mut
AE mut

3 4 5

sample was applied to a separate gel, although the experiment was
performed at the same time. C: DNA-protein complexes were com-
peted for with a 100-molar excess of oligonucleotides containing
mutations. The nuclear extracts were prepared from cells treated
with 0.16 uyM PMA for 1 h. D. DNA-protein complexes were competed
for with a 100-molar excess of consensus oligonucleotides. Nuclear
extracts were prepared from cells treated with 0.16 pM PMA for 1 h.
Representative results are shown. NS, non-specific band; free,
unbound probe.

molar excess of the self competitor efficiently prevented
complex A formation (Fig. 8C, lanes 2—4). Oligonucleotide
INS10, which has a 10 bp insertion, also inhibited complex
A formation in a manner closely similar to the wild type
competitor (Fig. 8C, lanes 8-10), while oligonucleotide
INS8 having an 8 bp insertion showed apparently reduced
competitive activity (Fig. 8C, lanes 5-7). Note that this
result is in sharp contrast to the case of complex B formed
by PU.1 only, which was inhibited in a similar manner by
all of these different competitors (Fig. 8C, lanes 2-10).
Since a 10 bp sequence inserted creates an additional
one turn of a double helix between the Ets and AP-1 core
elements, the two proteins binding to the respective ele-
ments could come to face each other on the same interface
nearly as in the case of the wild type sequence. Therefore,
the PU.1 and AP-1 proteins are thus suggested to possibly
come into contact or face each other on some of their
interfaces, which might increase their DNA binding
affinity.
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Fig. 6. Identification of binding proteins with specific anti-
bodies. A: Specific antibodies against Jun, Fos and Ets family pro-
teins were examined as to inhibition of complex formation. Very faint
supershifted bands appeared when antibodies to JunB (lane 3) or Fra
1 (lane 7) were added (shown by arrowhead). PU.1 antibodies pre-
vented the formation of complexes A, B and C (lane 11). The ADRP
oligonucleotide (Fig. 5A) was used as a probe. B. Antibodies to either

We next investigated the effect of the insertion on the
promoter activity in the lipid-containing medium. While
the insertion of a 4 bp nucleotide did not significantly influ-
ence the PMA-inducible activity, the insertion of an 8 bp or
more nucleotide apparently reduced the response to PMA
(Fig. 8D). Note that the PMA-inducibility of INS 10, which
exhibited closely similar DNA binding affinity to the wild
type sequence on EMSA, also decreased. These results
clearly indicated that the two elements should be in
close proximity to exert full enhancer activity, even though
the PU.1 and AP-1 proteins could bind to the respective
elements.

DISCUSSION

In the present study, we demonstrated that PMA enhanced
the expression of ADRP in RAW264.7 macrophages. The
PMA effect on mRNA expression was synergistically poten-
tiated and associated with increases in protein levels in the
presence of lipids or oleic acid. We identified an Ets/AP-1
composite site in the ADRP promoter as one of the elements
responsible for the PMA action. In previous studies, PMA
stimulated the ADRP expression in the presence of sterol
ester, and it also stimulated lipid droplet accumulation
in RAW264.7 cells (21) and in a human epidermal cell
line (21, 28). Our present results have not only confirmed
those in previous reports, but also, and more importantly,
have provided a solid molecular basis for PMA-induced
ADRP gene regulation.

The Ets/AP-1 element at —2047 bp consists of a canonical
AP-1 site and a binding motif for Ets family transcription
factors. Mutations in the Ets/AP-1 site, either in the Ets site

... .m

U U
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1 2 3 4
Jun or Fos family proteins effectively inhibited complex A formation
(lanes 2 and 3) when the E mut oligonucleotide (Fig. 5A) was used as a
probe. Complex B was not formed since PU.1 could not bind to the
probe, and PU.1 antibodies had no effect on the complex A. Nuclear
extracts were prepared from RAW264.7 cells treated with 0.16 pM

PMA for 1 h. A representative result is shown in each panel.
NS, non-specific band; free, unbound probe.

or the AP-1 site, significantly decreased the PMA-induced
activity. The combined action of Ets and AP-1 proteins has
been demonstrated for several monocyte/macrophage-
specific genes. The juxtaposition of Ets/AP-1 binding motifs
has been detected in the granulocyte-macrophage colony-
stimulating factor gene (29) and the urokinase-type plas-
minogen activator gene (30). These two motifs are more
widely spaced in other genes such as matrix metalloprotei-
nase genes (31) and the macrosialin gene (32). A variety of
Ets family proteins, i.e., Ets-1, Ets-2, Elf-1, PEA3 and PU.1,
have been demonstrated to interact cooperatively with
AP-1 (33). The direct physical association between Ets
family and Jun family proteins has been demonstrated,
and the Ets/Jun dimer recruits the Fos protein to form a
trimolecular complex (33).

Regarding the ADRP promoter, the factors binding to this
element and forming a ternary complex are PU.1 and AP-1
proteins. We confirmed by Western blot analysis that PU.1,
c-Fos and Fra-2 are constitutively expressed, and that PMA
increases the protein levels of c¢-Jun, JunB and Fra-1 in
RAW264.7 cells (data not shown). PU.1 is apparently far
more abundant than AP-1 proteins. This might be the
reason why only PU.1 was found to be able to form complex
B alone in the absence of AP-1 on EMSA. On the other hand,
it is difficult to identify each AP-1 protein involved in this
complex formation, since EMSA involving antibodies spe-
cific for each Jun and Fos family protein failed to show a
discernible supershifted band. We hypothesized that this
might be because of the steric hindrance by PU.1. Based on
the results of Western blot analyses, however, it is reason-
able to regard c-Jun, JunB, c-Fos, Fra-1 and Fra-2 as prob-
able candidates involved in the complex formation.
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Fig. 7. PMA effect on the Ets/AP-1 is eliminated mainly by
PI3 kinase inhibitor. A: RAW264.7 cells were cultured in the
lipid-free medium for 24 h prior to PMA stimulation. After 24 h
incubation with the reagents in lipid-free medium, total RNA
was subjected to Northern blot analysis, as described in Fig. 1.
The concentrations of LY294002 (LY) and calphostin C (Cal)
were ones which do not induce apoptosis of the cells in the lipid-
free medium. B: 1L.Y294002 (5 pM) abolished the PMA (0.16 uM)-
induced enhancement of the —2090 bp and P mut promoter activity.
Transfection of the reporter plasmids into RAW264.7 cells was per-
formedin thelipid-free medium. Cells were cultured in the lipid-free
medium for 24 h prior to transfection. Transfected cells were
exposed to LY for 1 h prior to PMA stimulation. The value for the
promoter-less control plasmid was arbitrarily designated as 1. The
independent experiments were performed in triplicate three times.
Data are shown as means+SEM. C. EMSA performed using nuclear
extracts from RAW264.7 cells treated for 1 h with 0.16 pM PMA,
PMA plus LY294002 (5 pM), PMA plus calphostin C (5 nM), or the
vehicle (DMSO). A representative result is shown. NS, non-specific
band; free, unbound probe.

PMA activates a number of downstream signal transduc-
tion molecules. We examined the involvement of the PI3
kinase pathway and the PKC pathway in the PMA-induced
ADRP expression in RAW264.7 cells. Inhibitors of both
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pathways suppressed the ADRP mRNA expression. In
the reporter assay, however, we could demonstrate more
clearly that a PI3 kinase inhibitor abolished the PMA-
induced enhancement of the promoter activity mediated
by the Ets/AP-1 element. This effect was further evidenced
by EMSA, which showed that complex A formation was
significantly reduced when nuclear extracts from the
LY294002-treated cells were used. Both PU.1 (34) and
AP-1 (35) were shown to be activated through the PI3
kinase pathway. Involvement of the PKC pathway,
however, cannot be completely ruled out, since complex A
formation was somewhat reduced on calphostin C treat-
ment. Moreover, PU.1, as well as AP-1, is known to be
activated through the PKC pathway (36, 37). The activity
of the Ets/AP-1 element might be, therefore, regulated dif-
ferently and probably in a more complex way through a
number of stimuli.

Furthermore, a more than eight nucleotide insertion
between the Ets and AP-1 core sequences caused signifi-
cant reduction in the promoter activity in response to PMA.
These results indicated that PU.1 and AP-1, possibly Jun
family proteins based on a previous report (33), should be in
contact or in close proximity to exert full enhancer activity
in this promoter. Taking these findings into consideration,
we propose a possible mechanism for the function of the
Ets/AP-1 element, as follows. In the wild type sequence in
which intact Ets and AP-1 sites are adjacent, the binding
of PU.1 and AP-1 to each element is enhanced by PMA
stimulation, and the ternary complex can effectively recruit
certain cofactors to form a higher order complex and
thereby enhance promoter activity. In A mut or E mut
promoters, on the other hand, such cofactors could not be
efficiently recruited because of the absence of the PU.1/
AP-1 interaction. A spacer sequence between the two sites
might also prevent from the PU.1/AP-1 interaction and,
therefore, recruitment of cofactors can not effectively
take place. The complex C observed on EMSA might
reflect a higher order complex including such cofactors.
We presume that CBP/p300 is one of the possible candi-
dates for the cofactors recruited to this element. CBP/p300
has been shown to interact with AP-1 (38, 39) and PU.1
(40). As we mentioned above, the Ets/AP-1 interaction
occurs even though these two motifs are more widely
spaced in other genes. In such cases, different cofactors
might be recruited.

Interestingly, we found that the synergistic effect of oleic
acid and PMA on the promoter activity was eliminated
when the Ets/AP-1 site was mutated or deleted. Oleic
acid seems to act on the PPARS site identified by Chawla
et al. (20), since the P mut promoter responded to PMA, and
there was no synergistic effect of PMA plus oleic acid. We
confirmed that RAW264.7 cells express PPARS (data not
shown). In addition, co-expression of PPARa, which could
stimulate the —2090 bp but not the P mut promoter
activity, also failed to stimulate the activity of promoters
containing the Ets/AP-1 mutations in response to PPAR«
ligands in PPARo-negative NMuLi cells (data not
shown). Therefore, it is strongly suggested that a functional
Ets/AP-1 site is requisite for the PPAR-mediated
activation of the ADRP promoter. In the experiments per-
formed by Chawla et al. (20), their promoter (—2065 bp)
contained this very element. The possible interaction
between Ets/AP-1 and PPARS (and o) might also be
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Fig. 8. Juxtaposition of Etsand AP-1elementsisrequisite for
full enhancer activity. A: Four to 24 bp intervening sequences
were inserted between the Ets and AP-1 core elements in the
—2090 bp promoter—luciferase construct. B: AP-1 and PU.1 indepen-
dently can bind to each recognition site, respectively, even though
these two elements are separated. A representative result with the
INS16 oligonucleotide as a probe is shown. C: Inhibition of complex
formation by serial dilution (6.25 to 25 fold molar excess) of the
competitor oligonucleotide. The ADRP oligonucleotide was used as
a probe. A representative result is shown. D: Relative fold induction

mediated by certain cofactors, such as CBP/p300 also in
this case, since it has been shown that PPAR interacts
with CBP/p300 (41). This is currently under investigation
using our system.

-2005 -1889

of the wild type and the inserted promoters induced by PMA in the
lipid-containing medium was compared. The value for the promoter-
less control is arbitrarily designated as 1. The means + SEM of six
independent experiments are shown. Relative fold induction of each
promoter was compared with those of all the other promoters and
evaluated by ANOVA (Scheffe). All promoter constructs exhibited
significantly higher PMA-inducibility than the promoter-less control
(p <0.01). Promoters with a more than 8 bp insertion exhibited sig-
nificantly lower activity than the —2090 bp promoter as well as the 4
bp insertion one (*p < 0.01).

From all these results collectively, we suggest the follow-
ing scenario for ADRP regulation. Since the PI3 kinase and
PKC pathways are involved in a number of basic cellular
functions, including cell growth, differentiation and gene
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expression (42, 43), the Ets/AP-1 function is constitutively
active, thereby, ADRP mRNA is constitutively expressed.
In the absence of lipids or fatty acids, however, the ADRP
protein translated is rapidly degraded possibly through the
proteasome pathway, as in the case of apoB, which is ubi-
quitinated and degraded by this machinery (44), although
we have not yet obtained evidence as to whether or not
ADRP is actually ubiquitinated. Once cells are exposed
to fatty acids or lipids, these substances function as ligands
for PPARS to stimulate ADRP mRNA expression in one
way, and the lipids incorporated or synthesized in the
cells stabilize the ADRP protein by facilitating cytosolic
lipid droplet formation in another way. For most cells,
lipid droplet formation is important not only for energy
storage but also for the detoxication of fatty acids, which
are potentially harmful to cells (16). The Ets/AP-1 site in
the ADRP promoter might be a molecular switch that keeps
the PPARS lipid sensor (20) “ON” at all times to incorporate
or metabolize lipids.

The nucleotide sequence data reported are available in the
DDBJ database under accession number AB207137. We wish
to thank Ms Etsuko Kumagai and Misaki Kuwano for their
excellent technical assistance, and Dr. Shoji Tokunaga, Dept.
of Preventive Medicine, Graduate School of Medical Sciences,
Kyushu University, for the helpful suggestions regarding sta-
tistical evaluation. This work was supported in part by research
grants from The Ministry of Education, Culture, Sports, Science
and Technology, Japan, and CREST, Japan Science and
Technology Corporation.
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