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Perilipinis an adipocyte-specific protein associated with lipid droplets that is crucial for
the regulation of storage and mobilization of lipids. We earlier reported that the mouse
perilipin gene is regulated by peroxisome proliferator-activated receptor (PPAR) y
through a peroxisome proliferator-response element (PPRE) positioned upstream of
the perilipin promoter. Moreover, we showed that this PPRE also controls expression
ofthe PEX11lagene, whichislocated further upstream. We show here that three elements,
A,B,and C, in close proximity downstream of the PPRE, are essential for transactivation
of the perilipin gene by PPARYy. Electrophoretic gel-mobility shift assays demonstrated
that nuclear factor (NF)-1 subtypes bind specifically to element B. Furthermore, chro-
matin immunoprecipitation using 3T3-L1 cells revealed that NF-1A and NF-1B bind to
element B in a differentiation-dependent fashion, whereas binding is constitutive with
NF-1C and NF-1X. Element C is likely to be a binding motif for nuclear receptors. With
PPARa, elements A-C do not appear to be required for transactivation of the PEX11a
gene, so that cooperation with other transcription factors may be differentially involved
in selective transactivation of the PEX1la and perilipin genes by different PPAR

subtypes.

Key words: nuclear factor-1, nuclear receptor, perilipin, PPAR, transcriptional

regulation.

Abbreviations: PPAR, peroxisome proliferator—activated receptor; PPRE, peroxisome proliferator-response
element; RXR, retinoid X receptor; EMSA, electrophoretic gel-mobility shift assay; ChIP, chromatin immuno-

precipitation; NF, nuclear factor; DR, direct repeat.

Lipid droplets are subcellular structures storing triglyceride
and cholesterol esters (I), which are mobilized upon
hormonal activation of the protein kinase A signaling path-
way (2). Recent studies have shown that many proteins,
including the PAT domain family members, perilipin,
adipose differentiation—related protein (ADRP), TIP47,
and S3-12, are located on the surfaces of lipid droplets
(3). Perilipin is particularly enriched in adipose tissue
(4) and is phosphorylated by protein kinase A upon
stimulation by catecholamine, triggering translocation of
hormone-sensitive lipase from the cytosol to lipid droplets
(5). Disruption of the perilipin gene results in leanness
accompanied by ablation of hormone-sensitive lipolysis
in adipocytes (6, 7). Thus, perilipin is a crucial regulator
of hormone-inducible lipolysis, and a possible therapeutic
target in the treatment of obesity.

The peroxisome proliferator—activated receptors
(PPARs) are a family of nuclear receptors comprising
three subtypes, o, v, and 6 (or B). PPAR« was the first to
be identified (8) and is now well established to regulate
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genes involved in lipid metabolism (9). Two isoforms
of PPARy (y1 and y2), generated by alternative promoter
usage and splicing, are known (10), playing major roles in
adipocyte differentiation (711) and PPARP/S is also
implicated in lipid metabolism (12, 13). PPARs transacti-
vate target genes upon binding to peroxisome proliferator-
response elements (PPREs) through heterodimerization
with another nuclear hormone receptor, retinoid X
receptor (RXR) (14).

Perilipin expression is highly induced during adipogen-
esis (4) and we and others have identified a functional
PPRE for the mouse perilipin gene (15-18). Moreover,
we showed that this also serves for activation of a neigh-
boring gene, PEX11a (15). This latter gene product is
involved in fission of peroxisomes, and hence its enhanced
expression would cause their proliferation, leading to ele-
vation of metabolic capacity for fatty acids in the liver. The
PEX11a and perilipin genes are arranged in tandem on the
genome, with the transcriptional orientation in common.
The PEX11a gene occupies a 5.5-kb region, and its poly (A)
addition site is separated by a 5-kb spacer from the
perilipin gene cap site, with the PPRE located within
this spacer region. PPARx and PPARy bind to this
common PPRE selectively in the liver and adipose tissue,
respectively, the former activating the PEX11a gene, and
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the latter the perilipin gene. This represents a novel mode
of gene regulation in higher animals.

Eukaryotic gene expression is often attained by coopera-
tive actions of transcription factors, hence leading to tissue
specificity (19). This may also be applied to the gene reg-
ulation involving nuclear receptors (20). We show here that
other than the PPRE, three additional elements, A, B, and
C, are indispensable for transactivation of the perilipin
gene by PPARy but not for PPARa upregulation of the
PEX11a gene. By electrophoretic gel-mobility shift assay
(EMSA) and chromatin immunoprecipitation (ChIP) assay,
we here identified nuclear factor (NF)-1 as a trans-acting
factor of element B. Thus, NF-1 and other transcription
factors may selectively activate the perilipin gene in
conjunction with PPARy, contributing to its adipose-
specific expression.

EXPERIMENTAL PROCEDURES

Plasmids—Genomic DNA fragments of the perilipin and
PEX11a gene regions were subcloned into a promoter-less
luciferase reporter plasmid, pGVB (Toyo Ink) (15). 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 carried out using a Quick-
Change mutagenesis kit (Stratagene), according to the
manufacturer’s protocol. The mutant clones were tested
for the presence of the desired mutation and to confirm
the absence of any unexpected mutations by nucleotide
sequencing.

Expression vectors for mouse PPARy1, PPARYy2, and
PPARa were as described previously (15). cDNAs of rat
NF-1 subtypes were obtained by reverse transcription—
PCR (21) and subcloned into an expression vector,
pUCSRa.

Cell Culture and DNA Transfection—HeLa cells were
cultured in 96-well plates (luminescence assay grade;
Sumilon), with F-12 medium containing 10% fetal bovine
serum, at 37°C under 5% CO,. Transfection was carried
out by the calcium phosphate method (22). To each well
were added 0.175 g of a reporter plasmid, 0.1 pg each of a
PPAR and/or an NF1 expression vector, and 0.1 pg of an
empty vector (pCMX, pCMVNot or pUCSRa) as necessary.
After 4 h, calcium phosphate precipitates were removed,
and the cells were cultured for 24 h in the same medium
supplemented with ligands (1 uM BRL49,653 and 100 uM
Wy14,643 for PPARy and o, respectively) or the vehicle
(dimethylsulfoxide) alone. For the experiments using
3T3-L1 cells, culture, treatment for differentiation, and
transfection were performed as described previously (15).

Luciferase Assays—In 96-well plates, cells were solubi-
lized 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], and luciferase activity was measured using a
PicaGene reagent kit (Toyo Ink), in a Lucy2 microplate
luminometer (Anthos). When transfection was performed
in 12-well plates, cells were extracted with 500 ul of the cell
lysis buffer, and the luciferase assay was carried out using
40 pl of cell extract with the same reagent kit in a Lumat
LB9501 luminometer (Berthold). The experiments using
12-well plates were performed using a B-galactosidase
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expression vector, pPCMVp, as an internal control for the
efficiency of transfection. All transfection experiments
were carried out in triplicate, and the averages are
presented as relative values, together with the SD.

EMSA—The experiments were performed as described
previously (15), using the oligonucleotides indicated in the
figures. Nuclear extracts were prepared as described (23),
from 3T3-L1 adipocytes 5 days after initiation of differen-
tiation treatment and rat liver nuclear extracts as
described (24).

ChIP Assay—3T3-L1 cells were cultured in 10-cm dishes,
and treated for differentiation as described (15). On day 5
after initiation of the treatment, approximately 1 x 107
cells were processed for ChIP assay using a reagent kit
(Upstate Biotechnology), as recommended by the manufac-
turer. Immunoprecipitation was performed with polyclonal
antibodies against NF-1s and the preimmune rabbit IgG
(21). For PCR, the primer pair 5-AGAATCCGTACA-
GAAGCAGCCA-3' (positions —1966 to —1945; relative to
the transcriptional initiation site of mouse perilipin
gene) and 5'-GCTTCAAGGTTCAGGACGAGTA-3' (-1798
to —1819) was used for amplifying a region encompassing
element B, and a pair 5'-CTGTGCATGAGTGACCACTCG-
3’ (5904 to —5884) and 5'-CTAAACAGTGACTAAGGAGT-
CATTA-3' (-5686 to —5710) for a region distal to element
B. A 5-ul aliquot from the 50 pl of solution of DNA
recovered from each immunoprecipitate was used for
PCR in the presence of [¢-32P]dCTP, and the products
were analyzed on polyacrylamide gels after 28 cycles of
amplification.

Immunoblot Analysis—3T3-L1 cells cultured in 6-cm
dishes were washed once with phosphate-buffered saline
and immediately dissolved in heated SDS-PAGE sample
buffer. Western blotting was performed as described
previously (25). Antibodies to PPARy and perilipin were
purchased from SantaCruz and Progen, respectively.

RESULTS

The PEX110./ Perilipin PPRE Alone Is Not Sufficient for
Transactivation of the Perilipin Gene—We previously
reported the PEX11a/perilipin PPRE to be located 8.4 kb
downstream of the transcriptional initiation site of
PEX11a gene, corresponding to positions —1986 to —1974
relative to the perilipin gene cap site (15). This motif
conferred transactivation by PPARs, when combined
with the SV40 viral promoter. On the other hand, we
observed that this PPRE by itself was not sufficient for
activation of transcription from the natural perilipin
promoter (Fig. 1A). Namely, the region —2131/~1921 con-
taining the PPRE did not fully support transactivation by
either PPARY1 or y2 in HeLa cells, in conjunction with the
basal perilipin promoter (—944/+56). In contrast, significant
ligand-dependent reporter expression was observed for a
construct harboring a long stretch of the upstream region
(—3694/+56). Similar results were obtained when these
reporters were transfected into 3T3-L1 adipocytes
(Fig. 1B), indicating that elements other than the PPRE
are essential for transactivation of the perilipin gene by
PPARy.

Accordingly, we searched for such elements using
reporter constructs carrying deletions in various regions
around the PPRE. In an assay using HeLa cells, the region
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Fig. 1. Regions other than the PPRE are essential for trans-
activation of the perilipin gene by PPARYy. Maps of luciferase
reporter gene constructs are depicted on the left, and results of
the reporter assays on the right. Numbers in the maps indicate
positions relative to the transcriptional initiation site of the
mouse perilipin gene. Note that the maps are not drawn to scale.
The —2131/-1921 region contains the PEX11o/perilipin PPRE (small
open box). Assays were performed using HeLa cells with or without

between positions —2737 and —1409 was found important
for PPARy2-dependent transactivation of the perilipin
gene (Fig. 2A). A series of deletions from downstream
delimited a critical region between positions —2932 and
—1709 (Fig. 2B), and by a more detailed study, the region
—2127/-1709 was shown to be sufficient (Fig. 2C). We
further analyzed this region by elaborate serial deletion
from downstream. PPARy2-dependent transactivation
gradually decreased with stepwise deletion up to position
—1820, though significant transactivation was still
observed (Fig. 2D). In the region —1820/~1709, we have
noted the presence of candidate binding motifs for tran-
scription factors, possibly affecting expression of the
perilipin gene (Shimizu, M. and Osumi, T., unpublished
observation). Further deletion to position —1870 abolished
transactivation by PPARYy2, indicating that the region
—1870/-1820 is essential. This region contains two putative
elements for transcription factor binding: one like a direct
repeat (DR)-1 motif, a possible binding sequence for
nuclear receptors such as PPAR and RXR, and the other
like an octamer motif, a binding sequence for Oct-1 and
related transcription factors (Fig. 2E). We examined the
roles of these putative binding motifs by reporter assays
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a PPARyl or PPARy2 expression vector (A), or using 3T3-L1
adipocytes on day 5 of differentiation (B), as described in the
“EXPERIMENTAL PROCEDURES.” After transfection, cells were cultured
in the presence of a PPARy ligand, BRL49,653 (filled bar) or vehicle
[dimethylsulfoxide (DMSO); open bar]. Luciferase activities are
shown as relative values, taking the activity of a promoter-less
reporter plasmid, pGVB, without a ligand and PPARy expression
vector, as 1.

employing mutated constructs and observed that mutation
in the DR-1-like motif, but not the octamer-like motif,
resulted in marked decrease in transactivation by
PPARy2 (Fig. 2F). We next investigated whether the
PPRE and the DR-1-like motif are sufficient for transacti-
vation by PPARY2 and found that a small deletion between
these elements (positions —1920 to —1869) also exerted a
severe effect (Fig. 2F), suggesting the presence of further
important elements in this region.

We searched for those elements using various deletion
constructs starting from the one containing the —-2131/
—1820 region (Fig. 3A). A small deletion between positions
—1921 and —-1905 resulted in even stronger transactivation
than that of the original —2131/-1820 construct, possibly
due to elimination of an inhibitory sequence. Further dele-
tion up to —1891 abolished transactivation by PPARy2, and
deletion on a downstream side between —1901 and —1868
also ablated transactivation. A more elaborate deletion
study indicated the important function of the region
between —1905 and —-1870, both halves of this region
being critical for transactivation (Fig. 3B). Accordingly,
we searched for the essential elements in the -1905/
—1870 region, employing linker-scanning mutations
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Fig. 2. Identification of essential elements other than the
PPRE. Maps of the constructs are given as in Fig. 1. Transfection
experiments were performed with or without a PPARY2 expression
vector, using HeLa cells. (A—C) Deletion analyses of the region
around the PPRE. In (A) and (B), relative luciferase activities are
given, taking the activity of the promoter-less reporter, pGVB, in
the absence of a PPARY2 expression vector and ligand, as 1. In (C),
the activity of construct carrying only the basal promoter without
PPARy2 and ligand was taken as 1. (D) Further analysis of the
region —2131/~1709 by sequential deletion from downstream.
Note that the basal perilipin promoter region (-944/+56) is hereafter
depicted as a small filled box. Luciferase activities are given as in

(Fig. 3C). We observed that mutations of two regions, one
corresponding to mut-1 and the other mut-3 to 5, abolished
transactivation. Thus, we identified three elements, named
A (positions —1905 to —1900; characterized by mut-1),
B (positions —1893 to —1876; characterized by mut-3 to
5), and C (positions —1862 to —1850; renamed from

(C). (E) Nucleotide sequence of the region delimited by the deletion
analysis. Enclosed by squares are candidate motifs for transcription
factor binding. Consensus sequences for the binding of these factors
are shown at the bottom. Possible transcription factor-binding
motifs were searched for with the MOTIF program (GenomeNet,
Kyoto University). (F) Transactivation by PPARy is dependent on
the DR-1-like motif and a nearby region. Nucleotide sequences of
this region of the wild-type and mutant constructs are shown at
the bottom. Residues not involved in mutations are indicated by
dashes, and the mutated residues by small letters. Asterisks
indicate the positions of mutations. Luciferase activities are
given as in (C).

DR-1-like motif), from upstream, all essential for perilipin
gene expression (Fig. 3D). When mutant constructs were
introduced into 3T3-L1 adipocytes, mutations in elements
A, B, and C, except for mut-5, diminished the reporter
activity (Fig. 3E). Hence, these elements also seemed
important for perilipin gene expression in adipocytes.
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Fig. 3. Multiple elements appear to be required for transac-
tivation of the perilipin gene. Maps of the constructs are given
as in Fig. 1. Transfection experiments were performed with HeLa
cells in the presence or absence of a PPARY2 expression vector,
except for (E). (A and B) Deletion analysis of the region between
the PPRE and the DR-1-like motif. (C) Linker-scanning mutation
analysis of the region —1905/-1870. The sequence of this region was
sequentially replaced by the Xhol recognition sequence (ctcgag).
The wild-type and mutant sequences are given at the bottom. In
(A) and (C), luciferase activities are presented as in Fig. 2C; in (B),
the activity of construct —2131/~1921; —1868/-1820 without PPARy2

We found that their sequences, especially that of element
B, are highly conserved among the mouse, rat, and human
(Fig. 3D).

NF-1 Binds to Element B—We next searched for trans-
acting factors binding to these elements by EMSA, using
probes encompassing one of the corresponding sequences
and nuclear extracts of differentiated 3T3-L1 adipocytes.
A probe encompassing element A did not exhibit any
detectable band shift (data not shown), whereas the
element B probe exhibited a significant shifted band
(Fig. 4A, lane 2). Because element B contained putative
binding sites for transcription factors NF-1 and AP2, bind-
ing of these proteins to element B was examined and shown
to be abolished by the wild-type competitor (Fig. 4A, lane
3). Mutations in the putative NF-1 site, but not the AP2
site, eliminated the capacity for competition (Fig. 4A, lanes
4 and 5). Moreover, a competitor containing a known NF-1
binding sequence (26), but not its mutated version, exhib-
ited significant competition (Fig. 4A, lanes 6 and 7), while a
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and ligand was taken as 1. (D) Sequence comparison of the regions
encompassing elements A, B, and C among species. Residues con-
served throughout the species are marked with asterisks. Elements
A, B, and C are underlined. The alignment was made with the
CLUSTAL W multiple sequence alignment program (GenomeNet,
Kyoto University). (E) Transactivation of the perilipin gene depends
on elements A, B, and C in adipocytes. Reporter plasmids were as
used in Figs. 2F and 3C. Experiments were performed with 3T3-L1
adipocytes, as described in the “EXPERIMENTAL PROCEDURES.”
Luciferase activities are shown as relative values, taking the
activity of pGVB without PPARy2 and ligand, as 1

wild-type or mutant AP2 binding sequence (27) did not
compete for the binding (Fig. 4A, lanes 8 and 9).

Four subtypes of NF-1, NF-1A, NF-1B, NF-1C, and NF-
1X, are known. They bind to the sequence
TTGGCNNNNNGCCAA and related sequences, as either
homodimers or heterodimers (28). Differential gene activa-
tion by different NF-1 subtypes has also been reported (29).
Accordingly, we investigated which NF-1 subtypes bound
to element B in adipocytes, using specific antibodies to
the NF-1 subtypes in EMSA (Fig. 4B). All anti-NF-1
antibodies, but not preimmune IgG, caused a decrease in
the shifted band and/or occurrence of a supershifted band.
These antibodies also yielded smears of faster migrating
species of probe, which were not observed with the preim-
mune IgG. This was possibly due to breakage of the
protein-DNA complex by antibody binding during electro-
phoresis and the results suggest that all subtypes of NF-1
bind to element B in adipocytes. We next performed a ChIP
assay to confirm that NF-1s bind to element B in vivo
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Fig. 4. Identification of NF-1 as a ¢rans-acting factor of
element B. (A) Binding of an adipocyte nuclear protein to element
B. EMSA was performed using a nuclear extract of the 3T3-L1
adipocytes on day 5 of differentiation. For competition experiments,
unlabeled oligonucleotides in 100-fold molar excess were applied.
The bands of bound and free probes are marked. Sequences of
probes and competitors are given below the panel. Competitors
B, Bn, and Ba contain the element B sequences of the wild-type
and mutants of the putative NF-1 and AP2 sites, respectively. Com-
petitors NF, nf, AP, and ap have published sequences of the NF-1
binding site and its mutant (26), and the AP2 binding site and its
mutant (27), respectively. Portions corresponding to element B and
the consensus sites are underlined. Consensus binding sequences of
NF-1 and AP2 are given at the bottom. M denotes A or C; K, G or T
S, Cor G; and N, any nucleotide. (B) Identification of binding of NF-1
subtypes to element B using specific antibodies. EMSA was
performed as in (A). Increasing amounts (0.1, 0.2, and 0.5 pl) of
antibodies were used as indicated by filled triangles. (C) In vivo
binding of NF-1 subtypes to element B. The ChIP assay was

performed on 3T3-L1 preadipocytes (P) and adipocytes (A), using
the antibodies indicated or control rabbit IgG. (D) Expression of
NF-1 subtypes during adipocyte differentiation. Proteins were
prepared from 3T3-L1 cells on the days indicated after induction
of differentiation. Immunodetection was performed with respective
antibodies. Expression of PPARYy, a presumed functional partner of
NF-1, and perilipin, the target gene product, was also examined.
Lactate dehydrogenase (LDH) was employed as a loading control,
and the arrowhead indicates the band for the protein. (E) Enhance-
ment of PPARy2-dependent transactivation of the perilipin gene by
NF-1s. Constructs —2131/-1722 and mut-4 of Fig. 3C were used as
the wild-type and mutant element B reporters, respectively.
A promoter-less reporter vector, pGVB, was used as a negative
control. The reporter plasmids were transfected into HeLa cells,
together with expression plasmids of PPARy2 and rat NF-1 sub-
types. A, B, C, and X indicate NF-1A, NF-1B, NF-1C, and NF-1X,
respectively. Relative luciferase activities are given, taking the
activity of —2131/-1722 in the absence of any expression vectors
and ligand, as 1.
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(Fig. 4C). NF-1A and NF-1B exhibited binding to a region
encompassing element B in a differentiation-dependent
manner, whereas the binding of NF-1C and NF-1X was
constitutive. We examined the expression of NF-1 subtypes
during adipocyte differentiation by Western blotting
(Fig. 4D). All NF-1 subtypes were expressed in the differ-
entiating adipocytes. More than two bands were detected
except for NF-1B, probably due to alternative splicing.
NF-1A, especially the larger isoform, was highly induced
upon differentiation. On the other hand, the expression of
NF-1B was observed before and remained virtually
unchanged during differentiation. NF-1C and NF-1X
were already expressed in the preadipocytes, and modestly
induced upon differentiation. PPARy and perilipin were
significantly induced upon differentiation, as expected.
The result of Western blotting was consistent with the
ChIP assay results (see above), except for the
differentiation-dependent in vivo binding of NF-1B,
despite the constitutive expression. Possible reasons for
this discrepancy will be discussed later (see “DISCUSSION”).

Finally we investigated the effects of NF-1s on expres-
sion of the perilipin gene with a reporter assay using HeLa
cells (Fig. 4E). All NF-1 subtypes significantly enhanced
transactivation by PPARY2 in the absence of added ligand,
though the effects were smaller on ligand-stimulated
transactivation. The effects of NF-1s were diminished
when the element B sequence was mutated. We also exam-
ined transactivation by NF-1 heterodimers, but there was
no significant difference among different combinations of
NF-1s (data not shown).

Element C Appears to Be a Nuclear Receptor-Binding
Site—We also tried to identify a trans-acting factor to ele-
ment C. As this element has a DR-1-like sequence, we
hypothesized that it might be a nuclear receptor—binding

A Probe C
MNuclear extract - + + + + + + +
Antibody = - = = - - o ¥
Competitor = - C mC p mP - -

Bound—

Free —

12345 67 8

C: CAGGCTGCCGTTTAGCCTGGGCT
mC:

------------ ctegag-----
P: TCGACTTCCCTTGTCACCTTTCACCCACATCCT. CCTCGA
—
mP: ggg

Fig. 5. Element C probably serves for a nuclear receptor-
binding site as a DR-1 motif. EMSA was performed with the
same nuclear extract as that in Fig. 4A and a probe containing
the sequence of element C. (A) PPRE competes with element C
for binding, but PPAR is not a major binder. Sequences of probes
and competitors are given below the panel. C, mC, P, and mP are
wild-type element C, mutated element C (carrying the same
mutation as that of mut DR-1-like of Fig. 2F), PEX11o/perilipin
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site. We examined protein binding by EMSA, using a
nuclear extract from 3T3-L1 adipocytes and observed
two shifted bands, both of which were abolished by compe-
tition with the wild-type but not a mutated element C
sequence (Fig. 5A, lanes 2-4). The PEX1lo/perilipin
PPRE, a PPAR/RXR-binding site (15), also efficiently com-
peted with the element C probe (lane 5), and a mutant
version of this PPRE also significantly competed (lane 6),
although the same mutation ablated the binding of PPAR/
RXR (15). Neither anti-PPARa nor anti-PPARy antibodies
exhibited any supershift with the element C probe (lanes 7
and 8), though clear supershift occurred with the anti-
PPARy antibody for the binding of the 3T3-L1 proteins
to the PEX11o/perilipin PPRE (data not shown). Thus,
the binding activity to the element C probe is not due
to the PPAR/RXR heterodimer, despite its ability to recog-
nize the PPRE sequence. In the mutants of element C and
PPRE used here, only one half-site was mutated, while the
other remained unchanged. Hence, the different competi-
tion abilities of the two mutant sequences may suggest that
the binding protein to element C also recognizes monova-
lent half-sites, if the nucleotide sequences are favorable.
Hence, the mutated element C retaining a TGCCCT motif
would not be sufficient for binding, while the mutated
PEX11lo/perilipin PPRE retaining a TCACCT motif
would support binding. Consistent with this notion,
sequences containing a monovalent AGGTCA half-site,
the idealized sequence motif for many nuclear receptors,
also competed for the binding to element C (data not
shown). To examine whether both half-sites of element C
are required for protein binding, we introduced various
mutations into element C, to destroy one of the half-
sites. Mutations of either half-site significantly affected
the competition efficiency (Fig. 5B), indicating that

B Probe C
Nuclearextract - + + + + + + +

Competitor - - C a b c d e

Bound —

Free —
12345¢678

a ---—-- cog-gg---=========
b: tcgag

€ --——- BO=————mmmmm—m
di ——mmmmmme - co--—======
B e aa-----

PPRE, and its mutant (15), respectively. Sequences are shown as
in Fig. 4A, except that the half-sites are indicated by horizontal
arrows. Supershift assay was performed with an anti-PPARa (o)
or anti-PPARy (y) antibody. (B) Both half-sites of element C are
required for protein binding. Element C was used as a probe, and
competition efficiencies of its mutants in the protein binding were
examined. Residues changed in the mutants a—e are shown with
small letters below the panel.
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element C serves as a DR-1 motif, both half-sites being
essential. We searched for this binding factor among
nuclear receptors that recognize a DR-1 and/or monovalent
half-site, by combined analyses using gel supershift with
specific antibodies, EMSA with in vitro synthesized pro-
teins, and/or gene reporter assays in the presence of
expression vectors. The proteins examined included:
PPARa and vy, RXRa, thyroid receptor o, hepatocyte
nuclear factor (HNF)-4o and vy, Rev-erbA, NGFI-B/
Nur77, estrogen receptor-related receptor (ERR) o and
v, liver receptor homolog (LRH)-1, vitamin D receptor,
chicken ovalbumin upstream promoter-transcription
factor (COUP-TF) 1 and 2, and retinoid-like orphan
receptor (ROR) o. None of them was found likely to be
the trans-acting factor of element C.

Transactivation of the PEX11o Gene Is Independent
of Elements A, B, and C—Since the perilipin PPRE also
functions in PEX11a gene activation by PPARa (15), we
examined whether elements A, B, and C are also necessary
for this process. We constructed luciferase plasmids that
contained the PEX1lo gene promoter and the region
encompassing the PPRE and elements A, B and C, placed
upstream and downstream of the luciferase gene, respec-
tively. Reporter constructs carrying mutations in elements
A, B and C were also prepared. No significant differences in
transactivation by PPAR« were observed between the wild-
type reporter and those carrying mutations (Fig. 6A). As
NF-1s are expressed ubiquitously (28), we examined
whether transcription factors bind to element B in the
liver by EMSA, using a rat liver nuclear extract. A shifted
band was observed for the element B probe (Fig. 6B, lane 2),
which was abolished by the wild-type competitor of ele-
ment B or known NF-1 binding site, but not their mutants
(Fig. 6B, lanes 3 to 6). Binding activity to element C was
also found in the liver nuclear extract (Fig. 6C), which was
to a large extent supershifted with an anti-HNF-4o
antibody. The positions of the bands with the liver
nuclear extract differed from those with the 3T3-L1
nuclear extracts, and no supershift with the antibody
was observed for the latter (data not shown). Thus the
binding activity to element C in 3T3-L1 cells is not due
to HNF-40.

DISCUSSION

In the present study, we identified three elements essential
for transactivation of the perilipin gene, other than the
PPRE. Mutation of any of them severely diminished the
transactivation by PPARY, indicating that all are essential.
Thus, synergistic action between PPARy and transcription
factors recognizing these elements seems indispensable for
expression of the perilipin gene. On the other hand, these
elements are not required for transactivation of PEX11a
gene by PPARq, at least in our reporter assay using HeLa
cells.

We further identified NF-1 as a trans-acting factor recog-
nizing element B. All four NF-1 subtypes bind to element
B, NF-1A and NF-1B differentiation-dependently, but NF-
1C and NF-1X constitutively. It is not clear why NF-1B
binds more efficiently to element B in the differentiated
3T3-L1 adipocytes than the preadipocytes, despite the
similar expression levels. Information is scarce on the bind-
ing specificities of NF-1 subtypes. In EMSA, all NF-1

M. Shimizu et al.

subtypes prepared in vitro efficiently recognize the target
DNA sequence, either as homodimers or heterodimers in
all combinations (30). On the other hand, in the expression
of murine whey acidic protein gene during mammary gland
development, NF-1B is most effective in cooperative trans-
activation with glucocorticoid receptor and STAT5, NF-1X
is the next, whereas NF-1A is a poor activator (31). This is
possibly due to a less efficient capacity of NF-1A for specific
binding to the target site. In our case, binding of NF-1B
to element B may be affected in vivo by such factors as the
local chromatin conformation and interaction with other
proteins including different NF-1 subtypes, all changeable
upon adipocyte differentiation. This point should be
investigated in future.

Some adipogenesis-related genes such as those of aP2
and stearoyl-CoA desaturase have also been reported to
be regulated by NF-1 (32-35), but the responsible NF-1
subtypes have yet to be clarified in these cases. For the
phosphoenolpyruvate carboxykinase gene (36), it was
reported that NF-1A and NF-1B, but not NF-1C and
NF-1X, stimulate the basal promoter activity. The phos-
phoenolpyruvate carboxykinase gene is also a target of
PPARYy, being induced during adipogenesis (37). Hence,
regulation by NF-1 is possibly a broad characteristic of
adipogenesis-related genes.

In the present study, differential expression and binding
of NF-1 subtypes was apparent in relation to adipocyte
differentiation. On the other hand, we did not observe
significant differences in the transactivating functions
among the four subtypes, all of which enhanced the trans-
activation by PPARy, particularly in the absence of added
ligand, in a reporter assay using HeLa cells. NF-1 is also
expressed in Hel.a cells, probably at the level nearly suffi-
cient for transactivation of the perilipin gene, when PPARy
is fully activated by the ligand. Adipose-specific expression
of the perilipin gene may largely be determined by PPARYy,
whose expression is totally differentiation-dependent.
Nevertheless, an increase in the total NF-1s during adipo-
genesis would also contribute to the induction of the
perilipin gene. It should be noted that a mutant construct
of element B (mut-5) exhibited different reporter expres-
sion in HeLa and 3T3-L1 cells (compare Fig. 3, C and E).
In this mutant, only one nucleotide was changed, from A to
T, in the NF-1 consensus residues within element B. This
subtle change severely affected the transactivation in
HeLa, but not 3T3-L1 cells, probably because of the differ-
ences in the expression level of NF-1 and/or the influences
of other transcription factors between these cells.

Unfortunately, we failed to identify trans-acting factors
for elements A and C. Reproducible protein binding was
not observed for element A with the nuclear extract of 3T3-
L1 adipocytes. On the other hand, element C consistently
exhibited significant protein binding in EMSA with the
same nuclear extract. It contains a DR-1-like sequence,
and the results of EMSA suggest that the protein binding
to this element is a nuclear receptor recognizing DR-1 and
a monovalent half-site, depending on the sequence.
However, we cannot preclude the possibility that binding
to element C in 3T3-L1 adipocytes is not due to a nuclear
receptor. It should also be noted that a functionally
equivalent factor must be present in HeLa cells, consider-
ing the significant reporter expression in the transfection
assay with these cells.
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Fig. 6. Elements A, B, and C are not required for transactiva-
tion of PEX11a by PPARGg, despite occurrence of binding in
liver. (A) Transactivation by PPAR« of reporter constructs harbor-
ing the PEX11o gene promoter. The promoter region (—337/+43,
relative to the PEX11a gene promoter cap site) is indicated by
the small filled box on the left of the luciferase gene. The wild-
type and mutant —2131/-1722 sequences used in Figs. 2F and 3C
were attached downstream of the luciferase gene, and the reporter
plasmids and a PPARx expression vector were co-transfected into

Elements A, B, and C were not required for transactiva-
tion of the PEX11a gene, at least in the reporter assays
using HeLa cells. This would be due to a lack of functional
synergy between PPARo and factors binding to those
elements, though we cannot neglect the possibility that
the factors binding to these elements in the liver have
significance in PEX11a expression. The differential actions
of transcription factors recognizing elements A, B, and C on
the PEX11a and perilipin gene expression are presumably
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HeLa cells. Relative luciferase activities are given, taking the
activity of the construct carrying only the basal promoter without
a PPARa expression vector and ligand, as 1. (B) EMSA on element B
using a nuclear extract of rat liver. For each reaction, 5 ul of nuclear
extract was used. The probe and competitors were as used in Fig. 4B.
(C) EMSA on element C with the liver nuclear extract. The probe
and competitors were as used in Fig. 5A. The asterisk indicates the
band supershifted with anti-HNF-4o antiserum (oH), but not with
preimmune serum (pre).

due to different properties of transactivating functions of
PPARa and PPARy. At present, the mechanism of
synergism between PPARy and such factors is not clear.
It is possible that PPARy and other transcription factors
interact directly, or alternatively the interaction may be
indirect, through a higher order coactivator complex. For
the progesterone receptor, a two-step synergy with NF-1
has been proposed, the mechanism involving a change in
nucleosomal conformation (38). Whatever the mechanism,
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differential synergy between the two PPAR subtypes and
other transcription factors appears to play important roles
in the selective induction of PEX11a and perilipin genes
through a common PPRE.

We thank Drs. M. Takiguchi, H. Shibata, and T. Matsui, for
providing antibodies or cDNAs. We also thank Dr. M. Moore for
comments and K. Ueda for technical advice. This work was
supported in part by the 21st Century COE Program, and a
Grant-in-Aid for Scientific Research from the Japan Society
for the Promotion of Science.

10.

11.

12.

13.

. Greenberg, A.S.,

. Lemberger,

REFERENCES

. Murphy, D. and Vance, J. (1999) Mechanisms of lipid-body

formation. Trends Biochem. Sci. 24, 109-115

. Honnor, R., Dhillon, G., and Londos, C. (1985) cAMP-

dependent protein kinase and lipolysis in rat adipocytes. II.
J. Biol. Chem. 260, 15130-15138

. Robenek, H., Robenek, M., and Troyer, D. (2005) PAT family

proteins pervade lipid droplet cores. J. Lipid Res. 46,
1331-1338

Egan, J.J., Wek, S.A, Garty, NB,
Blanchette-Mackie, E.J., and Londos, C. (1991) Perilipin, a
major hormonally regulated adipocyte-specific phosphoprotein
associated with the periphery of lipid storage droplets. JJ. Biol.
Chem. 266, 11341-11346

. Sztalryd, C., Xu, G., Dorward, H., Tansey, J., Contreras, J.,

Kimmel, A., and Londos, C. (2003) Perilipin A is essential for
the translocation of hormone-sensitive lipase. JJ. Cell Biol. 161,
1093-1103

. Tansey, J., Sztalryd, C., Gruia-Gray, J., Roush, D., Zee, J.,

Gavrilova, O., Reitman, M., Deng, C., Li, C., Kimmel, A.,
and Londos, C. (2001) Perilipin ablation results in a lean
mouse with aberrant adipocyte lipolysis, enhanced leptin
production, and resistance to diet-induced obesity. Proc.
Natl. Acad. Sci. USA 98, 6494-6499

. Martinez-Botas, J., Anderson, J., Tessier, D., Lapillonne, A.,

Chang, B., Quast, M., Gorenstein, D., Chen, K., and Chan, L.
(2000) Absence of perilipin results in leanness and reverses
obesity in leanness and reverses obesity in Lepr(db/db)
mice. Nat. Genet. 26, 474-479

. Issemann, I. and Green, S. (1990) Activation of a member of

the steroid hormone receptor superfamily by peroxisome
proliferators. Nature 347, 645-650

T., Desvergne, B., and Wahli, W. (1996)
Peroxisome proliferator-activated receptors: A nuclear
receptor signaling pathway in lipid physiology. Annu. Rev.
Cell Biol. 12, 335-363

Zhu, Y., Qi, C., Korenberg, J.R., Chen, X.N., Noya, D., Rao,
M.S., and Reddy, J.K. (1995) Structural organization of mouse
peroxisome proliferator-activated receptor gamma (mPPAR
gamma) gene: alternative promoter use and different splicing
yield two mPPAR gamma isoforms. Proc. Natl. Acad. Sci. USA
92, 7921-7925

Tontonoz, P., Hu, E., and Spiegelman, B.M. (1994) Stimulation
of adipogenesis in fibroblasts by PPAR gamma 2, a lipid-
activated transcription factor. Cell 79, 1147-1156

Wang, Y.X., Lee, C.H., Tiep, S., Yu, R.T., Ham, J., Kang, H.,
and Evans, R.M. (2003) Peroxisome-proliferator-activated
receptor delta activates fat metabolism to prevent obesity.
Cell 113, 159-170

Tanaka, T., Yamamoto, J., Iwasaki, S., Asaba, H., Hamura, H.,
Ikeda, Y., Watanabe, M., Magoori, K., Ioka, R., Tachibana, K.,
Watanabe, Y., Uchiyama, Y., Sumi, K., Iguchi, H., Ito, S., Doi,
T., Hamakubo, T., Naito, M., Auwerx, J., Yanagisawa, M.,
Kodama, T., and Sakai, J. (2003) Activation of peroxisome
proliferator-activated receptor delta induces fatty acid

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

M. Shimizu et al.

attenuates
USA 100,

beta-oxidation in skeletal muscle and
metabolic syndrome. Proc. Natl. Acad. Sci.
15924-15929

Kliewer, S.A., Umesono, K., Noonan, D.J., Heyman, R.A., and
Evans, R.M. (1992) Convergence of 9-cis retinoic acid and
peroxisome proliferator signalling pathways through hetero-
dimer formation of their receptors. Nature 358, 771-774
Shimizu, M., Takeshita, A., Tsukamoto, T., Gonzalez, F., and
Osumi, T. (2004) Tissue-selective, bidirectional regulation
of PEX11 alpha and perilipin genes through a common
peroxisome proliferator response element. Mol. Cell Biol. 24,
1313-1323

Arimura, N., Horiba, T., Imagawa, M., Shimizu, M., and
Sato, R. (2004) The peroxisome proliferator-activated receptor
gamma regulates expression of the perilipin gene in
adipocytes. J. Biol. Chem. 279, 10070-10076

Dalen, K., Schoonjans, K., Ulven, S., Weedon-Fekjaer, M.,
Bentzen, T., Koutnikova, H., Auwerx, J., and Nebb, H.
(2004) Adipose tissue expression of the lipid droplet-
associating proteins S3—-12 and perilipin is controlled by per-
oxisome proliferator-activated receptor-gamma. Diabetes 53,
1243-1252

Nagai, S., Shimizu, C., Umetsu, M., Taniguchi, S., Endo, M.,
Miyoshi, H., Yoshioka, N., Kubo, M., and Koike, T. (2004)
Identification of a functional peroxisome proliferator-
activated receptor responsive element within the murine
perilipin gene. Endocrinology 145, 2346-2356

Carey, M. (1998) The enhanceosome and transcriptional
synergy. Cell 92, 5-8

Schiile, R., Miiller, M., Kaltschmidt, C., and Renkawitz, R.
(1988) Many transcription factors interact synergistically
with steroid receptors. Science 242, 1418-1420

Emi, Y., Ueda, K., Ohnishi, A., Ikushiro, S., and Iyanagi, T.
(2005) Transcriptional enhancement of UDP-
glucuronosyltransferase Form 1A2 (UGT1A2) by nuclear rac-
tor I-A (NFI-A) in rat hepatocytes. J. Biochem. 138, 313-325
Sambrook, J., Fritsch, E.F., and Maniatis. T. (1989) Molecular
Cloning: A Laboratory Manual, pp. 16.32-16.36, Cold Spring
Harbor Laboratory Press, Cold Spring Harbor, NY

Ohshima, N., Takahashi, M., and Hirose, F. (2003) Identifica-
tion of a human homologue of the DREF transcription factor
with a potential role in regulation of the histone H1 gene.
J. Biol. Chem. 278, 22928-22938

Gorski, K., Carneiro, M., and Schibler, U. (1986) Tissue-
specific in vitro transcription from the mouse albumin promo-
ter. Cell 47, 767-776

Yamashita, D., Yamaguchi, T., Shimizu, M., Nakata, N.,
Hirose, F., and Osumi, T. (2004) The transactivating function
of peroxisome proliferator-activated receptor gamma is
negatively regulated by SUMO conjugation in the amino-
terminal domain. Genes Cells 9, 1017-1029

Jones, K.A., Kadonaga, J.T., Rosenfeld, P.J., Kelly, T.J.,
and Tjian, R. (1987) A cellular DNA-binding protein that
activates eukaryotic transcription and DNA replication. Cell
48, 79-89

Williams, T., Admon, A., Luscher, B., and Tjian, R. (1988)
Cloning and expression of AP-2, a cell-type-specific
transcription factor that activates inducible enhancer ele-
ments. Genes Dev. 2, 1557-1569

Gronostajski, R.M. (2000) Roles of the NFI/CTF gene family in
transcription and development. Gene 249, 31-45

Chaudhry, A.Z., Vitullo, A.D., and Gronostajski, R.M. (1998)
Nuclear factor I (NFI) isoforms differentially activate simple
versus complex NFI-responsive promoters. J. Biol. Chem. 273,
18538-18546

Kruse, U. and Sippel, A.E. (1994) Transcription factor nuclear
factor I proteins form homo- and heterodimers. FEBS Lett.
348, 46-50

Mukhopadhyay, S.S., Wyszomierski, S.L., Gronostajski, R.M.,
and Rosen, J.M. (2001) Differential interactions of specific

J. Biochem.

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


http://jb.oxfordjournals.org/

Differential Cooperation of PPAR Subtypes and NF-1

32.

33.

34.

35.

nuclear factor I isoforms with the glucocorticoid receptor and
STAD5 in the cooperative regulation of WAP gene transcription.
Mol. Cell. Biol. 21, 6859-6869

Cooke, D. and Lane, M. (1999) The transcription factor nuclear
factor  mediates repression of the GLUT4 promoter by insulin.
J. Biol. Chem. 274, 12917-12924

Cooke, D. and Lane, M. (1999) Transcription factor NF1
mediates repression of the GLUT4 promoter by cyclic-AMP.
Biochem. Biophys. Res. Commun. 260, 600-604

Singh, M.V. and Ntambi, J.M. (1998) Nuclear factor 1 is
essential for the expression of stearoyl-CoA desaturase 1
gene during preadipocyte differentiation. Biochim. Biophys.
Acta 1398, 148-156

Graves, R.A., Tontonoz, P., Ross, S.R., and Spiegelman, B.M.
(1991) Identification of a potent adipocyte-specific

Vol. 139, No. 3, 2006

36.

37.

38.

573

enhancer: involvement of an NF-1-like factor. Genes Dev. 5,
428-437

Crawford, D.R., Leahy, P., Hu, C.Y., Chaudhry, A,
Gronostajski, R., Grossman, G., Woods, J., Hakimi, P., Roesler,
W.J., and Hanson, R.W. (1998) Nuclear factor I regulates
expression of the gene for phosphoenolpyruvate carboxykinase
(GTP). J. Biol. Chem. 273, 13387-13390

Tontonoz, P., Hu, E., Devine, J., Beale, E.G., and
Spiegelman, B.M. (1995) PPAR gamma 2 regulates adipose
expression of the phosphoenolpyruvate carboxykinase gene.
Mol. Cell. Biol. 15, 351-357

Croce, L., Koop, R., Venditti, P., Westphal, H., Nightingale, K.,
Corona, D., Becker, P.,, and Beato, M. (1999) Two-step
synergism between the progesterone receptor and the
DNA-binding. Mol. Cell 4, 45-54

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


http://jb.oxfordjournals.org/

