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Peroxisome proliferator-activated receptor g (PPARg)
s a nuclear receptor that is thought to be an important
egulator of adipocyte differentiation. This ligand-
ependent transcription factor is also activated by thia-
olidinediones, a new class of synthetic antidiabetic
rugs, resulting in a marked adipogenic response in cul-
ured cells and enhanced insulin sensitivity in vivo. The
mportance of the COOH-terminal region of PPARg2 in
hiazolidinedione-induced adipogenesis has now been
nvestigated by expression of a mutant protein
PPARg2-DC) that lacks the COOH-terminal 16 amino
cids of full-length PPARg2. The mutant protein failed
o bind a thiazolidinedione ligand, but its ability to bind
he peroxisome proliferator response element was simi-
ar to that of the wild-type protein. Expression of
PARg2-DC inhibited the thiazolidinedione-induced in-
rease in trans-activation activity of endogenous PPARg
n CV-1 cells. Furthermore, the mutant protein pre-
ented thiazolidinedione-induced adipogenesis in
T3-L1 cells, whereas expression of recombinant wild-
ype PPARg2 promoted adipogenesis. These data show
ot only that the COOH-terminal region of PPARg2 is

ndispensable for thiazolidinedione-induced adipogene-
is mediated by this protein in 3T3-L1 cells, but also that
he PPARg2-DC mutant acts in a dominant negative
anner by interfering with the access of endogenous
PARg to the peroxisome proliferator response element
f target genes. © 1999 Academic Press

Nuclear hormone receptors constitute a large family
f transcription factors that are regulated by various
ndogenous or synthetic ligands and mediate diverse
iological responses. Peroxisome proliferator-activated
eceptors (PPARs)2 are members of this family of pro-

1 To whom correspondence should be addressed. Fax: 181-78-382-
080. E-mail: tamori@med.kobe-u.ac.jp.

2 Abbreviations used: PPAR, peroxisome proliferator-activated re-
eptor; DMEM, Dulbecco’s modified Eagle’s medium; FBS, fetal bo-
ine serum; HA, hemagglutinin; GST, glutathione S-transferase;
CR, polymerase chain reaction; RXR retinoid X receptor; RAR,
93
eins (1, 2) and are encoded by three distinct genes: The
PARa gene is expressed predominantly in liver,
eart, kidney, and adipose tissue, and the encoded
rotein is thought to be important for fatty acid ho-
eostasis (7, 8). The PPARb (also known as NUC1 or
PARd) gene is expressed in many tissues, including
dipose tissue, intestine, skeletal muscle, heart, brain,
nd kidney, but the function of the encoded protein is
ot fully understood (9, 10). The PPARg gene gives rise
o two protein isoforms, g1 (6, 11) and g2 (2), as a result
f alternative RNA splicing (12, 13). The mouse
PARg1 and PPARg2 proteins differ by only 30 amino
cid residues at their NH2-termini. Whereas PPARg1
s expressed in a broad range of tissues, including liver,
eart, kidney, skeletal muscle, adipose tissue, and
hite blood cells, PPARg2 is expressed predominantly

n adipose tissue (2, 6, 10, 14).
Among PPAR isoforms, PPARg is the only one that is

ighly enriched in adipose tissue. Furthermore,
PARg plays a central role in activating the program of
dipogenesis (15). Adipocyte differentiation is charac-
erized by coordinated increases in adipocyte-specific
ene expression. In most instances, these increases in
ene expression are due to activation of gene transcrip-
ion. Expression of PPARg is increased relatively early
uring differentiation of preadipocytes into adipocytes.
urthermore, ectopic expression and ligand activation
f PPARg in nonadipogenic fibroblasts promotes their
ransformation into lipid-filled adipocytes and induces
full program of adipogenic gene expression (14). The

romoters or enhancers of several adipogenic genes
ontain PPARg binding sites (16–18). The known ago-
ists and ligands for PPARg include thiazolidine-
iones, a synthetic class of insulin sensitizers, as well
s prostaglandin J2 and certain polyunsaturated fatty
cids (19–22). One of the thiazolidinediones, troglita-
one, is used in the treatment of type II diabetes mel-
itus. Thus, PPARg may contribute to the amelioration

etinoic acid receptor; PPRE, peroxisome proliferator response ele-
ent; TR, thyroid hormone receptor.
0006-291X/99 $30.00
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f insulin resistance in individuals with type II diabe-
es or obesity who are treated with troglitazone.

To investigate the functional role of the COOH-
erminal region of PPARg2, we have now produced a
PARg2 mutant that lacks the COOH-terminal 16
mino acids of the full-length protein. This mutant
rotein was shown to act in a dominant negative man-
er, and its overexpression in 3T3-L1 cells inhibited
hiazolidinedione-induced adipogenesis.

XPERIMENTAL PROCEDURES

Materials. Cells were obtained from American Type Culture Col-
ection. Insulin was obtained from Sigma (St. Louis, MO); Dulbecco’s

odified Eagle’s medium (DMEM) and Lipofectin were from Life
echnologies (Rockville, MD), and monoclonal antibodies (12CA5) to
he hemagglutinin (HA) epitope were from Boehringer Mannheim
Indianapolis, IN). Polyclonal antibodies to PPARg2 were generated
y immunizing rabbits with a glutathione S-transferase (GST) fu-
ion protein of mouse PPARg2. Glutathione-Sepharose 4B was from
harmacia. The pSV-b-galactosidase vector was from Promega. The
AxCAwt vector was kindly provided by I. Saito (University of To-
yo, Japan), the PPRE3-TK-LUC vector by K. Umesono (University
f Kyoto, Japan), troglitazone by Sankyo (Tokyo, Japan), and
RL49653 by SmithKline Beecham (Harlow, UK). Mouse PPARg2

DNA was obtained by reverse transcription and the polymerase
hain reaction (PCR) with mRNA from 3T3-L1 adipocytes.

Preparation of recombinant adenoviruses. PCR method was uti-
ized to produce the PPARg2 constructs tagged with HA epitope at
heir COOH termini with the oligonucleotide primers [59-attc-
agagttatgggtgaaactctggga-39 (sense) and 59-taggtacctcatgcgtagtcg-
gaacatcgtacggatacaagtccttgtagatctcctg-39 (anti-sense) for wild-type
PARg2; 59-attctagagttatgggtgaaactctggga-39 (sense) and 59-ctggta-
cctacgcgtaatcggggacatcgtacgggtatgtctctgtcttcttgatcacatg-39 (anti-
ense) for COOH-terminally truncated PPARg2]. The sequence va-
idity of both constructs was confirmed by sequencing the PCR
roducts. Complementary DNA encoding HA-tagged wild-type
PARg2 (PPARg2-WT) or its COOH-terminally truncated mutant

PPARg2-DC) was subcloned into the SwaI site of pAxCAwt (23),
hich contains the CAG promoter (24). The resulting vectors were

ntroduced into cells by transfection as described previously (25). A
ingle clone of recombinant adenovirus was isolated for each protein
hrough serial dilution in a plaque assay. The isolated recombinant
denoviruses (Adex-PPARg2-WT and Adex-PPARg2-DC) were ex-
anded and twice purified by ultracentrifugation on a CsCl gradient.
iral titer was determined by plaque assay (26).

Immunoblot analysis. CHO or 3T3-L1 cells were infected with
denoviruses (multiplicity of infection, 20 plaque-forming units per
ell) for 4 h, incubated in the absence of virus for 48 h, washed twice
ith phosphate-buffered saline, harvested, and lysed for 15 min at
°C in a solution containing 50 mM Tris-HCl (pH 7.5), 150 mM KCl,
% (v/v) Triton X-100, 1 mM dithiothreitol, and 1 mM phenylmeth-
lsulfonyl fluoride. The lysate was centrifuged at 20,000 3 g for 15
in to remove cell debris, and the resulting supernatant was frac-

ionated by SDS-polyacrylamide gel electrophoresis on a 10% gel.
he separated proteins were transferred electrophoretically to a
itrocellulose membrane and, after blocking of nonspecific sites on
he membrane, were exposed to primary antibodies. Immune com-
lexes were detected with horseradish peroxidase-conjugated sec-
ndary antibodies and enhanced chemiluminescence (ECL; Amer-
ham, Little Chalfont, UK).

Ligand binding assay. Approximately 10 mg of purified GST or
ST-PPARg2 (PPARg2-WT or PPARg2-DC) fusion protein were in-

ubated at 4°C for 6 h in a reaction mixture (50 ml) containing 50 mM
ris-HCl (pH 7.5), 50 mM KCl, 10 mM dithiothreitol, and 200 nM
94
xcess of unlabeled BRL49653. Protein-bound radioactivity was iso-
ated by centrifugation of the reaction mixture through Quick Spin
ephadex G-25 columns (Boehringer Mannheim) and quantitated by

iquid scintillation counting.

Gel retardation assay. The PPRE oligonucleotides 59-GTTACT-
GGACAAAGGTCACAGAT-39 and 39-AATGATCCTGTTTCCAG-
GTCTAG-59 were annealed and labeled with [a-32P]dCTP by one
ycle of the polymerase chain reaction (4 min of denaturation at
4°C, 10 min of annealing at 55°C, 10 min of elongation at 72°C).
HO cells were infected with Adex-PPARg2-WT or Adex-
PARg2-DC and lysed 48 h later. Cell extracts (30 mg of protein)
ontaining equal amounts of the two recombinant PPARg proteins
ere incubated for 20 min at room temperature with the 32P oligo-
ucleotide probe in a total volume of 15 ml containing 20 mM Tris-
Cl (pH 7.5), 100 mM NaCl, 2 mM EDTA, 5 mM MgCl2, 1 mM
henylmethylsulfonyl fluoride, 10% (v/v) glycerol, and 1 mg of poly-
dI:dC). For competition experiments, various amounts (10- to 200-
old molar excess) of unlabeled PPRE oligonucleotide probe were
ncluded in the reaction mixture. DNA-protein complexes were re-
olved from free probe by electrophoresis on a 6% polyacrylamide gel,
fter which the gel was dried and exposed to X-ray film.

Luciferase assay. CV-1 cells, cultured in DMEM supplemented
ith 10% FBS in 24-well plates, were transfected with the use of
ipofectin with the reporter plasmid PPRE3-TK-LUC (250 ng); with
he expression vector pcDL-SRa (27) containing PPARg2-WT or
PARg2-DC cDNA (or pcDL-SRa alone) (200 ng); and with the in-
ernal control plasmid pSV-b-galactosidase (300 ng). After 24 h, the
edium was replaced by FBS-free DMEM containing 1 mM troglita-

one and the cells were incubated for an additional 24 h. Cells were
hen lysed and assayed for luciferase and b-galactosidase activities.
uciferase activity was normalized by b-galactosidase activity and
xpressed as fold activation.

ESULTS

reparation of Wild-Type and COOH-Terminally
Truncated PPARg2 Constructs

PPARg forms heterodimers with the retinoid X re-
eptor (RXR), binds to enhancer, promoter, or silencer
equences of DNA, and thereby controls the expression
f various genes. Like other nuclear hormone recep-
ors, PPARg contains distinct functional domains,
hich include an NH2-terminal A/B domain, a DNA-
inding domain, a hinge domain, and a ligand-binding
omain. The COOH-terminal end of the ligand-binding
omain contains a highly conserved motif known as
F2 (activating function 2). Retinoic acid (28, 29), es-

rogen (30), or thyroid hormone (31–33) receptors that
ontain deletions or point mutations in their AF2 re-
ions have been shown to act in a dominant negative
anner. We therefore decided to delete the AF2 region

f PPARg2 in an attempt to generate a dominant neg-
tive mutant. The mutant PPARg2 (PPARg2-DC)
acked the COOH-terminal 16 amino acids of the full-
ength protein and therefore terminated at residue
89; a retinoic acid receptor a (RARa) mutant that
erminates at the corresponding residue 403 was
hown to inhibit the activity of the endogenous recep-
or (28). Both the wild-type PPARg2 receptor (PPARg2-

T) and PPARg2-DC were tagged with the HA epitope
YPYDVPDYA) at their COOH-termini (Fig. 1).
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igand Binding to PPARg2-WT and PPARg2-DC

The thiazolidinedione BRL49653 binds to PPARg
ith an affinity in the nanomolar range (22). To inves-

igate the ligand binding ability of the mutant
PARg2, we first expressed both PPARg2-WT and
PARg2-DC in Escherichia coli as GST fusion proteins.
e then incubated 10 mg of GST-PPARg2-WT or
ST-PPARg2-DC fusion proteins immobilized on
lutathione-Sepharose beads with [3H]BRL49653 in
he absence or presence of a 500-fold excess of unla-
eled ligand. The extent of [3H]BRL49653 binding to
ST-PPARg2-WT was ;500 times the extent of that to
ST alone; 99% of this binding was abolished in the
resence of unlabeled BRL49653, suggesting that the
inding was specific (Fig. 2). In contrast, the extent of

3H]BRL49653 binding to GST-PPARg2-DC did not dif-
er from the extent of that to GST alone and was not
ffected by the presence of unlabeled ligand. These
esults demonstrate that the COOH-terminal 16
mino acids of PPARg2 are important for ligand
inding.

NA Binding Activities of PPARg2-WT
and PPARg2-DC

We next examined the ability of the PPARg2 mutant to
ind DNA with the use of a gel retardation assay. Ex-
racts of CHO cells infected with adenoviruses encoding
PARg2-WT or PPARg2-DC were first confirmed to ex-
ress similar amounts of the two proteins by immunoblot
nalysis with antibodies to the HA epitope tag (Fig. 3A).
he extracts were then incubated with a 32P-labeled oli-
onucleotide probe containing a peroxisome proliferator
esponse element (PPRE), after which protein-DNA com-
lexes were detected by electrophoresis and autoradiog-
aphy. Both PPARg2-WT and PPARg2-DC bound to the

32P-labeled PPRE probe, and this binding was inhibited
y the presence of unlabeled competitor oligonucleotide
n a concentration-dependent manner (Figs. 3B and 3C).
he two PPARg2 proteins thus exhibited similar abilities

o bind to the PPRE.

FIG. 1. Schematic representation of PPARg2-WT and PPARg2-D
he wild-type protein. Both PPARg2-WT and PPARg2-DC were engin
ermini. DBD and LBD indicate the DNA-binding and ligand-bindin
efer to amino acid residues.
95
rans-activation Activities of PPARg2-WT
and PPARg2-DC

To assess the trans-activation activities of PPARg2-
T and PPARg2-DC, we performed luciferase re-

orter assays in CV-1 cells. Each PPARg2 protein
as transiently expressed in CV-1 cells with the use
f the expression vector pcDL-SRa (27) and assayed
or its ability to activate transcription of the lucif-
rase gene positioned downstream of three copies of
PPRE. Troglitazone (1 mM) induced an ;15-fold

ncrease in luciferase activity in cells expressing
PARg2-WT (Fig. 4). This drug also increased lucif-
rase activity 2.3-fold in control cells transfected
ith the empty pcDL-SRa vector, an effect likely
ediated by endogenous PPARg. In contrast, trogli-

azone had no effect on luciferase activity in cells
xpressing PPARg2-DC. These results suggest that
PARg2-DC acts in a dominant negative manner to

nhibit the trans-activation activity of endogenous
PARg.

nhibition of Adipogenesis by PPARg2-DC
in 3T3-L1 Cells

To examine whether PPARg2-DC also exerts a dom-
nant negative effect on thiazolidinedione-induced ad-
pogenesis, we expressed the mutant protein or
PARg2-WT in 3T3-L1 preadipocytes with the use of

he corresponding adenovirus vectors. We verified that
qual amounts of PPARg2-WT and PPARg2-DC pro-
eins were expressed in the infected cells by immuno-
lot analysis with antibodies to PPARg2 (Fig. 5A). The
ells were then incubated for 4 days with 100 nM
nsulin and 5 mM BRL49653 to induce adipogenesis,
nd the percentage of differentiated cells was deter-
ined after incubation in the absence of inducers for

n additional 8 days. As a result of this treatment,
50% of noninfected, control 3T3-L1 preadipocytes dif-

erentiated into adipocytes (Figs. 5B and 5C). Whereas
100% of preadipocytes expressing PPARg2-WT dif-

onstructs. PPARg2-DC lacks the COOH-terminal 16 amino acids of
red at the cDNA level to contain the HA epitope tag at their COOH
omains, respectively. AF2 indicates activating function 2. Numbers
C c
ee

g d
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erentiated into adipocytes, expression of PPARg2-DC
lmost completely inhibited differentiation. These re-
ults suggest that PPARg2-DC acts in a dominant neg-
tive manner to inhibit the function of endogenous
PARg in thiazolidinedione-induced adipogenesis in
T3-L1 cells.

ISCUSSION

We have shown that the COOH-terminal region of
PARg2 is important for the function of this protein.
he COOH-terminally truncated mutant PPARg2-DC
revented not only trans-activation by endogenous
PARg but also adipogenesis induced in 3T3-L1 cells
y BRL49653, a potent thiazolidinedione ligand for
PARg (22). Moreover, this latter observation, to-
ether with the demonstration that PPARg2-WT pro-

FIG. 2. Ligand binding activities of PPARg2-WT and PPARg2-
C. Approximately 10 mg of purified GST, GST-PPARg2-WT, or
ST-PPARg2-DC were incubated for 6 h at 4°C with [3H]BRL49653

n the absence or presence of a 500-fold excess of unlabeled
RL49653. Protein-bound radioactivity was separated and quanti-

ated by liquid scintillation counting. Data are means of triplicates
rom an experiment that was repeated three times with similar
esults.
96
oted BRL49653-induced adipogenesis in 3T3-L1
ells, indicates that thiazolidinedione-induced adipo-
enesis in these cells is mediated by activation of en-
ogenous PPARg.

FIG. 3. DNA binding activities of PPARg2-WT and PPARg2-DC.
A) Immunoblot analysis of PPARg2-WT and PPARg2-DC expression
n CHO cells. Equal amounts of extract protein of control CHO cells
r of CHO cells that had been infected with Adex-PPARg2-WT or
dex-PPARg2-DC were subjected to immunoblot analysis with anti-
odies to the HA epitope tag. (B) Gel retardation assay of the DNA
inding activities of PPARg2-WT and PPARg2-DC. CHO cell extracts
ontaining equal amounts of the two PPARg2 proteins were incu-
ated for 20 min at room temperature with a 32P-labeled PPRE
ligonucleotide probe in the absence or presence of the indicated
olar excesses of unlabeled oligonucleotide. DNA–protein complexes
ere resolved from free probe by polyacrylamide gel electrophoresis
nd detected by autoradiography. (C) Quantitation of the DNA bind-
ng activities of PPARg2-WT and PPARg2-DC. The data shown in (B)
ere quantitated by NIH image. Binding measured in the absence of
nlabeled oligonucleotide was defined as 100%. Similar results were
btained in two additional experiments.
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An example of a nuclear receptor that acts in a
ominant negative manner is provided by the viral
rotein v-ErbA, which blocks the function of its cellular
ounterpart, the thyroid hormone receptor (TR) (31, 33,
4). The v-ErbA and TR proteins differ in their COOH-
erminal regions, most prominently in that v-ErbA is
runcated in this region relative to the TR. A COOH-
erminally truncated mutant of RARa, which termi-
ates at amino acid 403, has also been generated and
hown to inhibit the activity of wild-type RARa in a
ominant negative manner (28). Both TR and RAR
roteins form stable heterodimers with RXR and bind
o direct repeats of AGGTCA that are separated by
pecific numbers of nucleotides (35). PPARg also forms

FIG. 4. Trans-activation activities of PPARg2-WT and PPARg2-
C. CV-1 cells were transfected with the reporter plasmid PPRE3-
K-LUC, pcDL-SRa containing PPARg2-WT or PPARg2-DC cDNA

or pcDL-SRa alone), and pSV-b-galactosidase. The transfected cells
ere incubated for 24 h in the absence or presence of 1 mM troglita-

one, after which cell lysates were assayed for luciferase and
-galactosidase activities. Luciferase activity was normalized on the
asis of b-galactosidase activity, and was expressed as fold activation
elative to the value for control cells (transfected with empty pcDL-
Ra) incubated in the absence of troglitazone. Data are means 6 SD
f values from three independent experiments.
97
eterodimers with RXR (36). Thus, PPARg2-DC resem-
les these dominant negative mutants of both TR and
ARa in terms of both structure and function. Both
-ErbA and the RARa mutant truncated at residue 403
xhibit reduced ligand binding activity compared with
he corresponding wild-type proteins. PPARg2-DC ex-
ibited no ligand binding activity. The effect of COOH-
erminal truncation on ligand binding was more
arked for PPARg2 than for RARa; the RARa mutant

xhibited a ligand binding activity about one-twelfth

FIG. 5. Inhibition of adipogenesis in 3T3-L1 cells by PPARg2-
C. (A) Immunoblot analysis of PPARg2-WT and PPARg2-DC ex-
ression in 3T3-L1 preadipocytes. Equal amounts of extract protein
f control 3T3-L1 preadipocytes or cells that had been infected with
denovirus vectors encoding PPAR-g2-WT or PPARg2-DC were sub-
ected to immunoblot analysis with antibodies to PPARg2. The posi-
ion of the recombinant PPARg2 proteins is indicated. (B and C)
ffects of PPARg2-WT and PPARg2-DC on adipogenesis. Two days
fter infection with Adex-PPARg2-WT or Adex-PPARg2-DC, 3T3-L1
readipocytes were incubated for 4 days with insulin (100 nM) and
RL49653 (5 mM). The cells were then incubated for an additional 8
ays in the absence of inducers, after which adipogenesis was eval-
ated by oil red O staining and macroscopic (B) or microscopic (C)
bservation. Adipogenesis in control (noninfected) cells was similarly
nalyzed. Magnification in (C), 1003.
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hat of the wild-type protein (28). Another dominant
egative mutant of RARa that contains a one-amino
cid substitution (G303E) in the ligand binding domain
lso exhibits a marked decrease in ligand binding ac-
ivity compared with wild-type RARa (29).

The likely mechanistic explanation for the domi-
ant negative action of PPARg2-DC is that the mu-
ant protein forms stable heterodimers with RXR at
PREs of target genes, as suggested by our gel re-

ardation assay data, but is unable to interact with
pecific ligands, as indicated by our ligand binding
ata. Thus, the interaction of PPARg2-DC-RXR com-
lexes with PPREs not only fails to activate tran-
cription of the target genes, but also inhibits the
inding of endogenous PPARg to these response ele-
ents. Furthermore, the homologous cofactors p300

nd CREB-binding protein (CBP), which are essen-
ial for the regulation of nuclear receptor trans-
ctivation activity, have been shown to associate
ith the COOH-terminal region of PPARg2 in a

igand-dependent manner (37). Thus, it is also likely
hat PPARg2-DC is unable to bind these cofactors.

Deletion of the NH2-terminal domain of PPARg was
hown to activate the adipogenic activity of the protein
hen expressed in NIH 3T3 cells (14). Furthermore,
hosphorylation of the serine residue at position 112 of
ouse PPARg2 by mitogen-activated protein (MAP)

inase inhibited PPARg2-mediated adipogenesis (38).
missense mutation (P115Q) in human PPARg2

equivalent to P113Q in the mouse protein) is associ-
ted with marked obesity. Moreover, this mutation
as shown to prevent phosphorylation of the serine

esidue at position 114 (S112 in the mouse protein) and
o promote adipogenesis (39, 40). We have previously
ailed to detect mutations that affect the amino acid
equence of PPARg2, including that of the COOH-
erminal domain, in individuals with lipoatrophic dia-
etes, a condition characterized by the complete ab-
ence of adipose tissue, alterations in lipid metabolism,
nd extreme insulin resistance (41). To date, no disor-
ers have been attributed to mutations of the COOH-
erminal domain of PPARg2.

PPARg is expressed not only during adipogenesis
ut also in mature adipocytes, suggesting that it also
lays an important role in maintenance of adipocyte
haracteristics. Therefore, PPARg may have two dif-
erent functions which depend on the differentiation of
dipogenesis. It will be interesting to know whether
PARg2-DC also acts as a dominant-negative mutant

n mature adipocytes and inhibits several effects of
hiazolidinediones, a new class of antidiabetic insulin-
ensitizing drugs and ligands for PPARg (42) in mature
dipocytes. These data will be very important to un-
erstand how thiazolidinediones improve insulin sen-
itivity in a whole body.
98
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