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Most cis-acting regulatory elements have generally been assumed to activate a single nearby gene. However,
many genes are clustered together, raising the possibility that they are regulated through a common element.
We show here that a single peroxisome proliferator response element (PPRE), located between the mouse
PEX11a and perilipin genes, confers on both genes activation by peroxisome proliferator-activated receptor
alpha (PPAR«) and PPARYy. A functional PPRE 8.4 kb downstream of the promoter of PEX11a, a PPAR«
target gene, was identified by a gene transfection study. This PPRE was positioned 1.9 kb upstream of the
perilipin gene and also functioned with the perilipin promoter. In addition, this PPRE, when combined with
the natural promoters of the PEX11« and perilipin genes, conferred subtype-selective activation by PPAR«
and PPARvy2. The PPRE sequence specifically bound to the heterodimer of RXRa and PPARa or PPARY2, as
assessed by electrophoretic gel mobility shift assays. Furthermore, tissue-selective binding of PPARa and
PPARYy to the PPRE was demonstrated in hepatocytes and adipocytes, respectively, by chromatin immuno-
precipitation assay. Hence, the expression of these genes is induced through the same PPRE in the liver and

adipose tissue, where the two PPAR subtypes are specifically expressed.

Eukaryotic genes are regulated by transcription factors that
bind to specific DNA elements located in their vicinity. The
binding site and the transcription factor for a given gene are
generally supposed to act only on the gene and thus assure the
specificity of its regulation. Recent genome analysis, however,
revealed that an unexpectedly large number of genes of higher
eukaryotes form clusters (3). They may reside in the same or
opposite orientation, sometimes sharing promoters and, in
some cases, even overlapping in part. Such an arrangement of
genes would raise a hitherto unassumed possibility that two or
more genes can be regulated through a common cis element,
because the regulatory element of a given gene would inevita-
bly be close to another gene. We report here that the mouse
PEX11a and perilipin genes, which are positioned in tandem
on the genome, are regulated through a common recognition
site for peroxisome proliferator-activated receptors (PPARS).

The PPAR family has three subtypes, «, v, and 3 (or B),
within the nuclear hormone receptor superfamily (18). PPAR«
is highly expressed in the liver and regulates the expression of
several genes involved in lipid metabolism (14). PPARy has
two isoforms (yl and y2) generated by alternative transcrip-
tion start (77); PPAR«1 is expressed in many tissues, including
the adipose tissue and immune cells (10), whereas PPAR~Y2 is
exclusively expressed in adipose tissue, playing a central role in
adipocyte differentiation (71). PPARB/8 is ubiquitously ex-
pressed and is involved in the physiology of certain tissues as
well as lipid homeostasis (7, 51, 74). PPAR binds to peroxi-
some proliferator response elements (PPREs) located in the
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vicinity of target genes by heterodimerizing with another nu-
clear hormone receptor, retinoid X receptor (RXR) (32). A
PPRE is comprised of two AGGTCA or related half sites
separated by a single nucleotide, termed direct repeat 1. For
optimal binding, PPAR requires an extended half site consti-
tuted by AGGTCA and four extra residues on the 5’ side (28,
31, 46, 49).

PPAR« was first identified as a transcription factor that
mediates the action of certain drugs that cause peroxisomes to
proliferate in rodent liver (29). Peroxisomes are ubiquitous
organelles bounded by a single membrane, and mammalian
peroxisomes have many important metabolic functions, such as
B-oxidation of very-long-chain fatty acids and synthesis of cho-
lesterol and ether lipids (35). Peroxisomes in rodent liver
markedly proliferate on the administration of various hypolipi-
demic agents collectively termed peroxisome proliferators (8,
55). Concomitantly, peroxisomal and mitochondrial B-oxida-
tion enzymes as well as microsomal w-oxidation enzymes are
induced. Disruption of the PPARa gene of mice results in
refractivity to peroxisome proliferation in the liver upon ad-
ministration of peroxisome proliferators (36). PPARa was
shown to activate the expression in the liver of several genes
for enzymes involved in peroxisomal and mitochondrial fatty
acid B-oxidation, such as acyl coenzyme A (CoA) oxidase
(AOx) (47, 72), peroxisomal bifunctional enzyme (76), and
3-ketoacyl-CoA thiolase (32, 45). On the other hand, some
adipogenesis-related genes, such as those for adipocyte P2 (70)
and phosphoenolpyruvate carboxykinase (69), are known as
PPARYy targets. However, no gene involved in peroxisome
biogenesis has been reported to date as a target of PPARa,
despite the dramatic increase in the number of hepatic peroxi-
somes in rodents caused by the PPAR« ligands.

PEX11 is one of the PEX genes (15) encoding the factors
required for the biogenesis of peroxisomes. At least 26 PEX



1314 SHIMIZU ET AL.

genes have been identified, based on genetic complementation
using peroxisome-deficient mutants of yeast and mammalian
cells (43, 53, 63, 64, 66). PEX11 was shown to promote perox-
isome division in yeast and mammalian cells (1, 2, 19, 42, 50,
58, 61). Disruption of the PEX11 gene in Saccharomyces cer-
evisiae and Candida boidinii resulted in decreased numbers of
peroxisomes that were larger than normal (19, 42, 58). Al-
though it was suggested that peroxisomal fatty acid metabolism
affects peroxisome abundance (12), a recent study showed that
overexpression of the PEX11 gene is sufficient to promote
peroxisome proliferation without affecting peroxisomal metab-
olism (39). In mammals, three subtypes of the PEX11 gene (a,
B, and v) have been identified and mapped on different chro-
mosomes. The expression of PEX11a and PEX11y is tissue
specific, being most prominent in the liver, whereas PEX11 is
ubiquitously expressed (37, 61). Interestingly, PEX11a expres-
sion is induced by peroxisome proliferators, though the expres-
sion of PEX118 and PEX11vy is not affected by these agents (1,
2,37, 61, 65). Thus, the proliferation of peroxisomes caused by
these agents is possibly attributable to the induction of
PEX11a expression, and hence we inferred that PEX11a is a
target gene of PPARa.

In the present study, we searched for a functional PPRE in
the vicinity of the mouse PEX11a gene and identified one in
the downstream region. Moreover, upon inspection of the
mouse genome database, we found that the gene for perilipin
is located downstream of PEX11«, close to the PPRE. Perili-
pin is expressed mainly in adipocytes and steroidogenic cells
and coats the surfaces of intracellular lipid droplets (22, 62).
Perilipin was suggested to regulate the lipolysis of triacylglyc-
erol by blocking the access of hormone-sensitive lipase to
stored lipids (13). Perilipin is produced during adipocyte dif-
ferentiation (22), where PPARY2 plays a central regulatory
role. Here, we show that the PEX11a and perilipin genes are
regulated by PPARa and PPARY, respectively, through a com-
mon PPRE.

MATERIALS AND METHODS

RNA analysis. Reverse transcription (RT)-PCR was carried out using hepatic
RNA derived from wild-type and PPARa-null mice fed a diet with or without
Wy14,643 for 2 weeks (36). The procedure for RT-PCR was as described pre-
viously (68). Concentrations of RNA samples were normalized based on the
intensity of the signal for a ribosomal protein, 36B4, a control unaffected by
peroxisome proliferators. Adequate PCR cycles were set for individual genes so
that the band intensities could be compared in the exponential amplification
phase.

Isolation of mouse PEX11a gene. Screening was carried out using a mouse
genomic \ phage library with a cDNA fragment of rat PEX11a as a probe. Rat
PEX11a cDNA was cloned from a rat cDNA library by PCR. We obtained a
positive genomic clone (clone D) containing a 2.2-kb upstream region of the
PEX1la gene. To obtain the genomic DNA fragments encompassing more
upstream regions than clone D, we isolated two restriction fragments (kb —12.5
to —7.5 and —9.5 to —1.5) from a mouse BAC clone, RP23-171D12, by walking
from the 5" end of clone D.

Plasmids. Genomic DNA fragments of the PEX11a gene were subcloned into
the luciferase reporter plasmid pGVP, containing a SV40 promoter or pGVB
basic vector (Toyo Ink). When the genomic fragments were placed on the
downstream side, they were inserted in a restriction site downstream of the
poly(A) addition site of the luciferase gene. Site-directed mutagenesis was car-
ried out using a QuickChange (Stratagene) mutagenesis kit according to the
manufacturer’s protocol. The mutant clones were tested for the presence of the
desired mutation and the absence of any unexpected mutations by nucleotide
sequencing.

pAOXPPREIuc, a mouse PPAR« expression vector, P)NCMVPPARa, and an
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empty plasmid, pPCMVNot, were constructed as described previously (46). Ex-
pression vectors for mouse PPARy2 (70) and PPARS (5) were provided by B. M.
Spiegelman and P. A. Grimaldi, respectively, and the inserts were subcloned into
a cloning vector, pCMX, provided by K. Umesono with the permission of R. M.
Evans. PPARy1 cDNA was obtained by RT-PCR and subcloned into pCMX.
The B-galactosidase expression vector, pPCMVR, was a gift from G. MacGregor
(41).

Cell culture and DNA transfection. HeLa cells were cultured in 96-well culture
plates with F-12 medium containing 10% fetal bovine serum (FBS) at 37°C under
5% CO,. Transfection was carried out by the calcium phosphate method (59). To
each well, 0.1 pg of a reporter plasmid, 0.1 pg of a PPAR expression vector, and
0.175 ng of an empty vector (pCMVNot or pCMX) were cotransfected. After
4 h, the calcium phosphate precipitates were removed, and the cells were cul-
tured for 24 h in the same medium supplemented with the ligands (100 pM
Wy14,643; 1 uM BRLA49,653; and 10 uM carbaprostacyclin, for PPAR«, PPARY,
and PPARPB/S, respectively) or vehicle (dimethyl sulfoxide [DMSO]).

3T3-L1 and H4ITEC3 cells were cultured in 35-mm dishes with Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% FBS. For differentiation
experiments, 3T3-L1 cells were treated for 2 days with a hormone cocktail
containing 1 uM dexamethasone, 0.5 mM 3-isobutyl-1-methylxanthine, and 5 g
of insulin/ml (57). The cocktail was then removed, and the cells were cultured for
3 days in the same medium supplemented with 5 wg of insulin/ml. Transfection
was performed using Lipofect AMINE (Invitrogen) 5 days after initiation of the
cocktail treatment. Cells were maintained for 8 h with the DNA-liposome mix-
ture in a serum-free medium, Opti-MEM (Invitrogen), and then cultured for
20 h in DMEM containing 10% FBS and 5 pg of insulin/ml supplemented with
1 uM BRLA49,653 or DMSO. H4IIEC3 cells were stably transfected with the
plasmids by a modified calcium phosphate method (47). For the transfection of
linearized plasmids, reporter plasmids were cut at a unique AorS1HI site just
behind the downstream fragment of PEX11a. The linearized plasmids were
purified using NucleoSpin Extract (MACHEREY-NAGEL). HeLa cells were
cultured in 35-mm dishes with F-12 medium containing 10% FBS and transfected
as described above with 4 g of a linearized reporter plasmid, 1 pg of the PPAR«
expression vector, and 1 pg of pPCMVB. After 6 h of transfection, the cells were
subjected to a glycerol shock with 0.5 ml of 15% glycerol in HEPES-buffered
saline for 30 s. The cells were washed with F-12 medium and then cultured in the
same medium containing 10% FBS supplemented with 100 pM Wy14,643 or
DMSO for 24 h.

Luciferase assays. In the 96-well plates, the cells were solubilized with 20 pl of
cell lysis buffer (5 mM Tris-phosphate [pH 7.8]; 2 mM dithiothreitol; 1 mM
ethylenediamine-N,N,N',N'-tetraacetic acid; 10% glycerol; 1% Triton X-100).
Luciferase activity was measured using a PicaGene (Toyo Ink) reagent kit in a
Lucy2 (Anthos) microplate luminometer. After transfection was performed in
35-mm dishes, cells were extracted with 200 wl of the cell lysis buffer, and the
luciferase assay was carried out using 10, 20, and 40 pl of cell extract for the
experiments involving stable transformants, linearized plasmids, and 3T3-L1
cells, respectively, with the same reagent kit in a Lumat LB9501 (Berthold)
luminometer. The luciferase activities in the experiments using 35-mm dishes
were normalized for the efficiency of transfection on the basis of B-galactosidase
activity and are presented as relative values. All transfection experiments were
carried out in triplicate, and the averages are shown together with the standard
deviations.

Electrophoretic mobility shift assay (EMSA). A double-stranded oligonucle-
otide composed of 5'-TCGACTTCCCTTGTCACCTTTCACCCACATCCTAG
AATCC-3" and 5'-TCGAGGATTCTAGGATGTGGGTGAAAGGTGACAA
GGGAAG-3' and encompassing the downstream PPRE of PEX11a was used as
a probe (Underlining indicates the sequences corresponding to PPRE through-
out). The mutant sequence of PEX11a PPRE was as described below. We also
used a double-stranded oligonucleotide consisting of 5'-CGAACGTGACCTTT
GTCCTGGTCCCCTTTTGCTCC-3" and 5'-TCGGGAGCAAAAGGGGACC
AGGACAAAGGTCACGT-3' and containing the known PPRE of rat AOx as a
positive control (46). A mutant AOx PPRE composed of 5'-CGAACGTGACC
TTCTCGAGGGTCCCCTTTTGCTCC-3" and its complement was also used.
The probes were 3’ end labeled with Klenow DNA polymerase and [a-*P]dCTP.
The assay was carried out with fusion proteins, maltose-binding protein-PPAR«,
and glutathione S-transferase (GST)-RXRa, as described previously (46), or
with PPARy2 and RXRa synthesized in a rabbit reticulocyte lysate system
(Amersham). Other experimental conditions were as previously described (46).

ChIP assay. H4IIEC3 and 3T3-L1 cells were cultured in 10-cm dishes with
DMEM containing 10% FBS. H4IIEC3 was grown to 80% confluency, followed
by treatment with 100 pM Wy14,643 or DMSO for 2 days. 3T3-L1 was differ-
entiated as described above and cultured for 5 days after initiation of the cocktail
treatment. Approximately 1 X 107 cells were then processed for chromatin
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FIG. 1. Induction of mouse PEX11a gene expression by a peroxi-
some proliferator. RT-PCR was carried out using hepatic RNA of
wild-type and PPARa-null mice fed with or without Wy14,643, a per-
oxisome proliferator. AOx, a known target gene of PPAR«, was used
as a positive control. 36B4 was used as a control for a gene that is not
induced by Wy14,643.

immunoprecipitation (ChIP) assay using a reagent kit (Upstate Biotechnology)
as recommended by the manufacturer. Immunoprecipitation was performed with
polyclonal antibodies against PPARa, PPARYy, pan-RXR, and CBP (all from
Santa Cruz Biotechnology) and a preimmune rabbit immunoglobulin G (IgG).
For PCR, primer pair 5'-GAATGGCCAAGAGCCCTGCTC-3' (positions +
2282 to + 2302, relative to the first residue of the putative polyadenylation signal
of the PEX11la gene) and 5'-GCTCTGCTGACAAAGCTGGTC-3' (+2462 to
+ 2482) was used for the rat PEX11a/perilipin-PPRE, primer pair 5'-GAGTG
GTCAAGACCTCTGCTC-3' (+2094 to + 2114) and 5'-GCTCTGCTGACAA
AGCCGGTC-3" (+2265 to + 2285) was used for the mouse PEX11a/perilipin-
PPRE, primer pair 5'-ACCTATGCATGGATGACCACTA-3" (—1737 to
—1716) and 5'-CACAGCAATTAAACAGTGAC-3' (—1543 to —1524) was
used for a region distal to the rat PEX1la/perilipin-PPRE, and primer pair
5'-CTGTGCATGAGTGACCACTCG-3" (—1694 to —1674) and 5'-CTAAAC
AGTGACTAAGGAGTCATTA-3" (—1500 to —1476) was used for a region
distal to the mouse PEX11a/perilipin-PPRE. A 5-pl aliquot out of the 50-pl
solution of DNA recovered from each immunoprecipitate was used for PCR, and
the products were analyzed on an agarose gel after 35 cycles of amplification.

RESULTS

PEXlla is a target gene of PPARa. To confirm that the
PEX1la gene is a target of PPAR«, we first investigated the
induction of PEX11a mRNA expression by Wy14,643, one of
the peroxisome proliferators, using hepatic RNA from wild-
type and PPARa-null mice (36) (Fig. 1). AOx, a known target
gene of PPARa (47), was used as a reference. 36B4, a gene for
ribosomal protein, was examined as a control that was not
affected by peroxisome proliferators. In the wild-type mice,
PEX11a expression was induced by the peroxisome prolifera-
tor, consistent with other reports (2, 61), but no induction was
seen in the PPARa-null mice. These results closely paralleled
those for AOx. Thus, PEX11a is a bona fide target gene of
PPARa.

A PPRE is located downstream of PEX1la. To seek the
PPRE of the PEX1la gene, we isolated a DNA fragment
(clone D) containing the region of mouse PEX1la from a
mouse genomic \ phage library, using rat PEX11a cDNA as a
probe. Clone D contained a 2-kb upstream region, a 5-kb
region of the PEX11« structural gene consisting of three exons
and two introns, and a 12-kb downstream region (Fig. 2A). In
addition, two DNA fragments containing regions further up-
stream (—12.5 to —7.5 kb and —9.5 to —1.5 kb from the
transcriptional initiation site, respectively) were isolated from
a mouse genomic BAC clone (RP23-171D12).

To search for a PPRE in the PEX11a promoter region, we
constructed a luciferase reporter plasmid containing a 2.2-kb
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FIG. 2. Gene loci of PEX1la and perilipin. (A) Maps of the
PEX1la and perilipin genes. Exons are shown by shaded boxes, to-
gether with the numbers. A DNA fragment derived from a mouse
genomic library (clone D) is shown by an open box, together with the
relative distance from the transcriptional initiation site of the PEX11a
gene. The asterisk indicates the location of PPRE identified in the
present study. The human genome map was obtained from the NCBI
database (http://www.ncbi.nlm.nih.gov). (B) Sequence comparison of
the downstream regions of mouse and human PEX11a genes. Match-
ing nucleotides are shown by asterisks. The PPRE is boxed, together
with arrows indicating the half sites, and a broken line following the
second arrow shows the additional nucleotides required for optimal
binding of PPAR. The numbers are relative to the first residue of the
polyadenylation signal of the PEX11a gene. The alignment was made
with the GENETYX-Mac (SDC, Tokyo, Japan) program, using the
human genomic sequence of the PEX11a region (GenBank accession
no. AC079075).

upstream region (positions —2.2 to +43), as well as several
constructs containing partial fragments of the region deleted
from the 5’ side stepwise. These were introduced into the
HeLa human cervical cancer cell line together with a PPAR«
expression vector (Fig. 3A). Only basal levels of luciferase
activity were observed with all the constructs tested in the
presence of PPARa and/or Wyl14,643 compared with that for
a positive control containing the PPRE of rat AOx, which
exhibited marked activation by PPAR« under these assay con-
ditions. The promoter region of the PEX11a gene appeared to
be devoid of a functional PPRE, since we observed only a slight
increase in luciferase activity with the PEX11a constructs by
the ligand in the presence of PPARa, but a similar increase
was also observed with the vector without a promoter sequence
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FIG. 3. Transfection analysis of the genomic region of mouse
PEX11a. The luciferase (Luc) reporter gene constructs are depicted
on the left, and the results of the reporter assay are depicted on the
right. The numbers in the maps of the constructs are relative to the
transcriptional initiation sites of the PEX11a gene. (A) Analysis of the
region proximal to the PEX11a gene promoter. pAOXPPREluc, con-
taining the functional PPRE and promoter region of the rat AOx gene
(46), was used as a positive control. Luciferase activity is shown as a
relative value, with the activity of pAOXPPREIluc in the absence of
both ligand and PPARa expression vector as 1. The inset shows lucif-
erase activity of a negative control vector without a promoter sequence
(pGVB). (B) Analysis of various genomic regions of the PEX11a gene.
Triangles indicate the positions of boundaries of regions included in
the reporter vectors. Luciferase activity is given as a value relative to
the activity of pGVP in the absence of both ligand and PPAR« ex-
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(Fig. 3A, inset). The slight activation by PPAR« and the ligand
was probably due to a cryptic PPRE-like sequence in the vec-
tor. In fact, the luciferase vector containing only a basal pro-
moter of SV40 (pGVP) (Fig. 3B) or the herpes simplex virus
thymidine kinase gene also exhibited a similar activation by
PPARa and the ligand (data not shown).

To locate the functional PPRE of the PEX11a gene, lucif-
erase vectors containing various genomic regions around
PEX11a were constructed and introduced into HeLa cells to-
gether with a PPARa expression vector. The SV40 basal pro-
moter was present in these reporter vectors (Fig. 3B). Only
with the reporter plasmid containing the downstream region,
kb +5.5 to +9.8, did we observe a significant degree of ligand-
dependent transactivation by PPARa. This construct was also
activated by PPAR«1 but not PPARB/3 (data not shown). On
the other hand, there was no functional PPRE in the upstream
region up to kb —12.5.

We next examined the effect of the downstream region,
using a luciferase reporter plasmid containing the PEX11la
native promoter (Fig. 3C). In this plasmid, a downstream frag-
ment (kb +3 to +9.7) was placed behind the luciferase gene,
keeping the distance between the transcriptional initiation site
and the downstream region as close as possible to the natural
distance. We observed a ligand-dependent transactivation by
PPARa with the construct carrying the downstream region but
not with that containing only the promoter. These results in-
dicate that the functional PPRE of the PEX11a gene is located
in the downstream region.

To determine the precise location of the PPRE, we exam-
ined a series of deletion constructs of the downstream region
starting from the kb +9.8 position (Fig. 4A). The downstream
region could be deleted to kb +9 without a significant decrease
in activation by PPARa. Further deletion of the sequence
between kb +7.5 and +9 resulted in a marked decrease in
transactivation, indicating that the PPRE of the PEX11a gene
is located in this region. When the sequence from kb +7.5 to
+9 was deleted stepwise from the upstream side (Fig. 4B), the
transcriptional activity dropped to basal level, between kb +8.3
and +8.5. Hence, the PPRE of PEX11a seemed to be located
within this 200-bp region. We next tested the kb +8.3 to +8.5
fragment for activation by PPARa (Fig. 4C). Activation by
PPARa was indeed observed, indicating that this region con-
tained a functional PPRE. Wy14,643, however, did not further
promote activation by PPARa, and hence this region by itself
seemed to be insufficient for responsiveness to the peroxisome
proliferator. A limited region between kb +8.5 and +9 con-
taining several candidate motifs for transcription-factor bind-
ing was found to confer responsiveness when combined with
the kb +8.3 to +8.5 fragment (M. Shimizu and T. Osumi,
unpublished data).

A PPRE-like sequence, TCACCTTTCACCC, was found in
the kb +8.4 downstream region. Within this motif, we mutated
three bases that closely matched the PPRE consensus and
abolished activation by PPARa (Fig. 4C). Transactivation was

pression vector. (C) Effect of the PEX11a downstream region com-
bined with the native promoter. Luciferase activity is shown as a value
relative to the activity of pGVB in the absence of both ligand and
PPAR« expression vector.
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FIG. 4. Identification of the PPRE. The luciferase (Luc) reporter gene constructs are depicted on the left, and the results of the reporter assay
are depicted on the right. The numbers in the maps of the constructs are relative to the transcriptional initiation sites of the PEX11a gene. The
lowercase letters in the sequences are mutated residues. (A) Deletion analysis of the PEX11a downstream region from the 3’ side. (B) Analysis
of the kb +9.5 to +7.5 region by sequential deletion from the 5’ side. The region was inserted in an orientation opposite to the natural one for
convenience in construction. (C) Sequence-specific transactivation by PPARa conferred by the kb +8.3 to +8.5 region of PEX11a. WT and mt
indicate reporter plasmids containing the wild-type and mutated forms of putative PPRE, respectively. (D) PPARa-selective transactivation of the
PEX11a gene. For PPARa and PPARY2, 100 uM Wy14,643 and 1 .M BRL49,653, respectively, were used as ligands. (E) The PPRE is sufficient
for transactivation by PPAR«. Double-stranded DNA fragments (WT, 5'-TCGACTTCCCTTGTCACCTTTCACCCACATCCTAGAATCC-3';
mt, 5'-TCGACTTCCCTTGTCACCTTTCGGGCACATCCTAGAATCC-3") were inserted in pGVP, upstream of the SV40 promoter. The

underlined letters in the sequences correspond to the PPRE. (F) Transfection study of linearized plasmids. Plasmids were cut with a restriction
enzyme, Aor51HI, at a unique site just behind the kb +9.7 position.
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also suppressed by this mutation in a construct composed of
the native promoter and a longer downstream region of the
PEX11la gene (Fig. 4D, upper panel). Moreover, a 40-nucle-
otide fragment around the PPRE-like motif was sufficient for
activation by PPARa (Fig. 4E). Thus, this motif is a genuine
PPRE and the primary target of PPAR-mediated transactiva-
tion of the PEX11a gene. Interestingly, PPARY2 did not sup-
port transactivation from the PPRE in this context (Fig. 4D,
lower panel), indicating that the function of this element was
selective for PPAR subtypes. The constructs shown in Fig. 4D
were next stably transfected into a rat hepatoma cell line,
HA4ITEC3, which is susceptible to induction by peroxisome pro-
liferators in culture (48). In these transformants, a significant
induction by Wy14,643 was observed with the wild type but not
the mutant construct (data not shown).

We further investigated whether the PPRE indeed worked
with the PEX1la promoter when located downstream, be-
cause the PPRE was separated from the transcriptional initi-
ation site of the PEX11a gene by more than 8 kb. In a super-
coiled circular plasmid, the PPRE may act from the upstream
side or a sterically close position, even when it is placed down-
stream of the reporter gene. Therefore, we linearized the re-
porter plasmids shown in Fig. 4D by cutting at a point just
behind the downstream fragment of PEX11a and transfected
them into HeLa cells together with a PPAR« expression vector
(Fig. 4F). We again observed significant transactivation with
the wild type but not the mutant construct, thereby confirming
that the PPRE worked from the downstream side.

Perilipin gene is transactivated by PPAR+y2 through the
PPRE. The transcriptional initiation site of the perilipin gene
is located 1.9 kb downstream from the PEX11a-PPRE in the
mouse genome (Fig. 2A). Production of perilipin is induced
during adipocyte differentiation (22), and the level of perilipin
mRNA is increased by BRL49,653, a PPARwy ligand, in the
differentiated adipocytes (56). Hence, we inferred that the
perilipin gene is regulated by PPARy2 through the same
PPRE. To examine this model, the region from positions
—2877 to +56 of the perilipin gene containing the PPRE and
native perilipin promoter was inserted into a reporter vector
and introduced into HeLa cells together with a PPARY2 ex-
pression vector (Fig. 5A, lower panel). A ligand-dependent
transactivation by PPARy2 was observed, and mutation of
PPRE completely abolished this activation. This construct was
activated by PPARyl and marginally by PPAR«a (Fig. 5A,
upper panel) but not at all by PPARB/3 (data not shown).

To investigate whether the PPRE works in adipocytes, we
introduced these plasmids into 3T3-L1 preadipocytes and adi-
pocytes (Fig. 5B). A transactivation by BRL49,653 was ob-
served in the differentiated adipocytes where PPAR~?2 is highly
expressed, but the reporter expression was not significantly
activated in the preadipocytes. We also observed a significant
luciferase expression without BRL49,653 in the adipocytes,
possibly because of endogenous ligands of PPARYy, such as
fatty acids. The reporter expression was completely abolished
in the mutant construct, thereby indicating that the perilipin
gene is transactivated by PPARYy2 through the PPRE.

PPAR/RXR heterodimer binds to the PPRE. We next inves-
tigated the binding of the PPARa/RXRa heterodimer to the
PPRE by EMSA, using probes encompassing the PPREs of the
PEX1la and AOx genes (Fig. 6A). An assay was carried out
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FIG. 5. Transactivation of the perilipin gene through the common
PPRE. The numbers in the maps of the constructs are relative to the
transcriptional initiation site of the perilipin gene. Luciferase (Luc)
activity is shown as a relative value, with the activity of pGVB in the
absence of both a ligand and a PPAR expression vector as 1. The
lowercase letters in the sequences are mutated residues. (A) PPARYy2-
selective transactivation of the perilipin gene. For PPARa and
PPARY2, 100 uM Wy14,643 and 1 uM BRLA49,653, respectively, were
used as ligands. (B) Ligand-dependent function of the PPRE in adi-
pocytes. Reporter plasmids were introduced into 3T3-L1 preadipo-
cytes and adipocytes. Adipocytes were the cells treated with the hor-
mone cocktail as described in Materials and Methods. Preadipocytes
were the cells cultured for the same period as adipocytes without the
hormone cocktail treatment.

using the fusion proteins, maltose-binding protein-PPARa,
and GST-RXRa (46). Shifted bands were observed with both
probes only when both PPARa and RXRa were added to the
reaction (Fig. 6A, lanes 4 and 10). This binding was abolished
by the wild-type but not the mutant competitors (Fig. 6A, lanes
5 to 8 and 11 to 14). These results indicate that the het-
erodimer PPARa/RXRa directly binds to the PPRE. We also
examined the binding of PPARYy2/RXRa to the PPRE by
EMSA (Fig. 6B) using the proteins synthesized in a rabbit
reticulocyte lysate system. PPARYy2 and RXRa, when added
together, exhibited binding to the PPRE, but PPARy2 or
RXRa alone did not (Fig. 6B, lanes 2 to 4). This binding was
abolished only by the wild-type competitors (Fig. 6B, lanes 5 to
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FIG. 6. Binding of the PPAR/RXR heterodimer to the PPRE in
vitro. For competition experiments, unlabeled oligonucleotides in 100-
fold excess were used. Sequences of probes and competitors were used
as described in Materials and Methods. Competitors a, b, ¢, and d were
wild-type and mutant PEX11a and wild-type and mutant AOX, respec-
tively. (A) Specific PPARa/RXRa binding to the PEX11a/perilipin-
PPRE. EMSA was performed using MAL-PPARa and GST-RXRa
fusion proteins. (B) Specific binding of PPARYy2/RXRa to the PPRE.
PPARY2 and RXRa were synthesized in a rabbit reticulocyte lysate
system.

8). Thus, the PPARYy2/RXRa heterodimer specifically bound
to the PPRE.

PPAR« and PPARYy bind to the PPRE tissue selectively in
vivo. To confirm that the PPARa/RXR or PPARY/RXR het-
erodimer binds to the PPRE in vivo in a tissue-selective man-
ner, we performed a ChIP assay. H4IIEC3 and 3T3-L1 cells
were used as representatives of hepatocytes and adipocytes,
respectively. H4IIEC3 derived from a rat hepatoma and the rat
sequence of the region at a position corresponding to the
PEX11a/perilipin-PPRE is different from that of mouse (Fig.
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7A). Hence, we first confirmed that the rat genomic sequence
encompassing the putative PPRE also conferred the PPAR-
dependent transactivation in the gene reporter assay (data not
shown). In addition to the binding of PPARa, PPARYy, and
RXR, recruitment of CREB-binding protein (CBP), a repre-
sentative coactivator of nuclear hormone receptor, was also
examined as an indicator of transactivation.

In H4ITECS3 cells, we observed significant bands for PPAR«,
RXR, and CBP but not for PPAR+y with the PPRE primer pair
(Fig. 7B). These bands were negligible either with the distal
region primers or for a control IgG. No dependence on the
PPARGa« ligand was observed even for CBP, possibly reflecting
the apparently ligand-independent transactivation by PPAR«
often observed in the culture system. In 3T3-L1 cells, strong
bands were observed for PPARy, RXR, and CBP but not for
PPARa with the PPRE, and only in the differentiated adipo-
cytes were strong bands not observed with the distal primers
(Fig. 7C). These results support the view that PPARa and
PPARYy selectively bind to the PPRE in the liver and the
adipose tissue and activate the transcription of PEX11a and
perilipin genes, respectively.

The PEX11a/perilipin-PPRE is conserved in the human ge-
nome. We compared the nucleotide sequences around the
PPRE in the mouse and human genomes. In the human ge-
nome database, we found a PPRE-like sequence in the down-
stream region of the human PEX1la gene (Fig. 2B). This
sequence matched the PPRE of the mouse PEX11a gene ex-
cept for an optional base between the two half sites. Further-
more, not only the PPRE but also the sequences around it
were highly conserved between the two species. Hence, the
human PEX11la gene was also suspected to be transactivated
by PPARa. We examined whether expression of the human
PEX11a was induced by peroxisome proliferators, using hu-
man hepatoma, HepG2. Cells were cultured in the presence or
absence of ciprofibrate, a peroxisome proliferator, and the
expression of endogenous PEX1la was monitored by RT-
PCR. The expression was not increased by the drug (data not
shown), though under the same conditions, carnitine palmitoyl
transferase 1 and mitochondrial HMG-CoA synthetase were
induced, in accordance with reports by other investigators (27,
34). Peroxisome numbers are not significantly increased by
peroxisome proliferators in human liver (40). The response of
the PEX11a gene to peroxisome proliferators is probably re-
stricted by a unique mechanism in human liver.

DISCUSSION

We found a functional PPRE located downstream of the
mouse PEX11a gene, 8.4 kb from the promoter. On the other
hand, we failed to observe PPAR-dependent transactivation
with the upstream region up to kb —12.5 as well as the region
of the PEX11a structural gene that includes the introns. Using
a linearized reporter plasmid, we observed transactivation by
PPARGa via the downstream PPRE, thereby indicating that the
PPRE indeed functioned from the downstream location at this
distance. The PPRE identified is located in the vicinity of the
perilipin gene and supported the activation of transcription
from the perilipin promoter. We also found that the PEX11«a
gene was selectively transactivated by PPARa and that the
perilipin gene was transactivated by PPAR+y through this com-
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FIG. 7. Tissue-selective binding of PPARa and PPARy to the
PPRE in vivo. (A) Schematic diagram of the region around the
PEX11a/perilipin-PPRE in the genomes of mouse and rat. Arrows
indicate the regions amplified by PCR in the ChIP assay. (B) Selective
binding of PPARa to the PPRE in the liver. H4IIEC3 cells were
treated with 100 pM Wy14,643 (Wy) or DMSO (DM) for 2 days and
processed for the ChIP assay. Immunoprecipitation was performed
with the antibodies indicated or preimmune rabbit IgG. (C) PPARy
selectively binds to the PPRE in the adipose tissue. The ChIP assay was
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FIG. 8. Models of the tissue-selective regulation of PEX11a and
perilipin genes. These genes are regulated through the common PPRE
in a tissue-selective manner. In the liver, PPARa is highly expressed;
hence, it initiates the activation of the PEX11a gene. On the other
hand, PPAR~?2 is limited to adipose tissue, working for perilipin gene
induction.

mon PPRE. Consistently, the expression of PEX11a is induced
in the liver and the expression of perilipin is induced in the
adipose tissue, where PPARa and PPAR~Y2 are, respectively,
selectively expressed. In the ChIP assay, endogenous PPAR«
and PPARY indeed bound selectively to the PPRE in hepato-
cytes and adipocytes, respectively. Based on these observa-
tions, we propose a mechanism of tissue-selective regulation of
PEX11la and perilipin (Fig. 8). The PPRE functions as a cis
element for PEX11a gene activation by PPAR« in the liver
and for perilipin gene expression by PPARy in the adipose
tissue. We observed transactivation selective for PPAR sub-
types only with the natural PEX11a and perilipin promoters.
When the SV40 promoter was used, the PPRE worked with
both PPARa and PPARYy (data not shown). Thus, the combi-
nation with specific promoters seems to determine the selec-
tivity for PPAR subtypes. Transcription machineries acting on
different promoters are not always the same, and tissue-specific
promoter-binding factors have been described (25). The selec-
tivity of PEX11a-perilipin PPRE to PPAR subtypes might be
determined by the combinatorial interactions between PPAR
subtypes and promoter-binding factors, probably also involving
coactivators.

Most PPREs reported to date (14) are located proximally to
the transcriptional initiation site. The location of the PEX11a
PPRE, however, is not necessarily exceptional: a few PPREs
have been found in distal positions, e.g., 4 to 5 kb upstream in
the adipocyte P2 (70) and CYP4A1 genes (4), in an intron in
the acyl-CoA-binding protein gene (23), and in the down-
stream region in the apolipoprotein E gene (20). Enhancers
often function irrespective of position relative to the promoter
and distance from the transcriptional initiation site (6). In fact,
the wing margin enhancer of the Drosophila cut locus (30) and
the T-cell receptor Ca gene enhancer (75) act from positions
more than 50 kb upstream, and the B-globin enhancer is func-
tional in the downstream region (16, 17). The distance- and

performed on the 3T3-L1 preadipocytes (Pre) and adipocytes (Ad).
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position-independent functions of enhancers have been attrib-
uted to the physical communication between the promoters
and enhancers, bridged by transcription factor complexes (9).
Evidence for such physical interactions has been emerging
recently (11, 67).

The bidirectional function of a single PPRE is exceptional.
Although tissue-selective activation by PPARa and PPARYy
was reported for the lipoprotein lipase gene, this activation
involves only a single gene (60). On the other hand, there are
several precedents for bidirectional enhancers. In most of
these cases, such as chicken B-globin—¢-globin (44) and albu-
min—a-fetoprotein (21) gene pairs, the target genes are related
to each other, structurally and functionally, reflecting their
origination by gene duplication. The functions of PEX11«a and
perilipin, however, are different, and their amino acid se-
quences are not related. The function of PEX11 remains ob-
scure, made more confusing by a report that its primary func-
tion is in fatty acid oxidation, not peroxisomal division (73). In
any case, PEX11a is expressed mainly in the liver, where lipid
metabolism is one important function, and is located on the
membrane of peroxisomes, organelles involved in fatty acid
catabolism. On the other hand, the expression of perilipin is
limited to the adipose tissue where lipid is stored. Based on
these observations, the functions of PEX1la and perilipin
would be the same in the area of lipid mobilization, and hence
it would be reasonable that these genes are regulated by par-
tially overlapping mechanisms.

It has generally been postulated that an enhancer serves a
single gene. Recent genome analysis, however, revealed that
many genes are located very close together, sometimes even
sharing promoters (3). Enhancers as well as individual en-
hancer elements can activate target promoters located several
kilobases apart. Hence, the functional distal enhancer element
of a gene may be even closer to another gene. Based on these
considerations, we expect that even more gene pairs will be
revealed in the future to be regulated by common bidirectional
enhancer elements. In such cases, combinations with promot-
ers and other proximal elements may confer regulatory speci-
ficity to each gene, as found in the present study of the
PEX11a-perilipin gene pair.

The proliferative effect of hypolipidemic agents on peroxi-
somes in rodent liver was first observed in the 1960s (24).
However, the protein that promotes peroxisomal division in
response to these agents is as yet unknown. One of the likely
candidates seems to be PEX11a, though peroxisomal meta-
bolic activities were also shown to affect the number of this
organelle (12, 52, 54, 73). In this study, we showed that the
PEX11a gene is a bona fide target of PPAR«a and identified its
functional PPRE. The expression of no other PEX gene has so
far been reported to be induced by peroxisome proliferators.
Thus, it is tempting to speculate that the proliferation evoked
by these agents is directly caused by PEX11a. It was reported,
however, that peroxisome proliferation is observed in
PEX11a-null mice (37). In addition, a dynamin-related protein
has recently been reported to be involved in peroxisomal divi-
sion (26, 33, 38). Future studies will be required in order to
determine which gene is the key factor in peroxisome prolif-
eration.
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