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Peroxisome proliferator-activated receptor-g (PPARg)
s a member of the nuclear hormone receptor super-
amily of transcription factors and appears to be a key
egulator of adipogenesis. Members of the thiazo-
idinedione class of insulin-sensitizing agents act as
igh-affinity ligands for PPARg, indicating that
PARg is also important in systemic insulin action. To
etermine whether Pro12 3 Ala (P12A) mutation in
PARg gene contributes to the development of obesity
r insulin sensitivity, we examined the effects of the
12A mutation on the function of PPARg by expres-
ion of the mutant protein in COS or 3T3-L1 cells. The
bilities of the P12A mutant of PPARg to mediate both
ranscriptional activation of a luciferase reporter
ene construct containing the peroxisome proliferator
esponse element and adipogenesis induced by a thia-
olidinedione drug were reduced compared with those
f the wild-type protein. These results suggest that the
12A substitution in PPARg gene may be associated
ith abnormalities of adipose tissue formation and

nsulin sensitivity. © 2000 Academic Press

Peroxisome proliferator-activated receptor-g (PPARg)
elongs to the nuclear hormone receptor superfamily
nd a central regulator of adipose cell differentiation
1). Like other members of the PPAR family, PPARg
orms a heterodimer with the retinoid X receptor
RXR), and this dimer binds to enhancers of adipocyte-
pecific genes that contain a peroxisome proliferator
esponse element (PPRE) (2, 3). Effective modulation
f the transcription of such adipocyte-specific genes by

Abbreviations used: PPARg, peroxisome proliferator-activated re-
eptor-g; RXR, retinoid X receptor; PPRE, peroxisome proliferator
esponse element; TZD, thiazolidinedione; BMI, body mass index;
CR, polymerase chain reaction; HA, hemagglutinin; DMEM, Dul-
ecco’s modified Eagle’s medium.

1 To whom correspondence should be addressed at Second Depart-
ent of Internal Medicine, Kobe University School of Medicine, 7-5-1
usunoki-cho, Chuo-ku, Kobe 650-0017, Japan. Fax: 181-78-382-
080. E-mail: tamori@med.kobe-u.ac.jp.
178006-291X/00 $35.00
opyright © 2000 by Academic Press
ll rights of reproduction in any form reserved.
PPAR activator and an RXR ligand (1, 3).
Thiazolidinediones (TZDs), a class of insulin-sen-

itizing compounds effective in the treatment of Type 2
non-insulin-dependent) diabetes mellitus (4, 5), bind
o PPARg with high affinity (6), and no other receptor
or the TZDs has been identified. The rank order of
otency for the antidiabetic activities of these com-
ounds closely matches the rank order of their affini-
ies for PPARg (7). Furthermore, each TZD drug acti-
ates PPARg in the same concentration range as that
n which it exhibits antidiabetic activity (7). Agonists of
he RXR also increase insulin sensitivity in diabetic
nd obese mice (8). These observations thus suggest
hat the insulin-sensitizing effects of TZDs are medi-
ted through activation of PPARg.
A Pro115 3 Gln mutation in PPARg2 has been impli-

ated as a rare cause of morbid obesity (9). Overexpres-
ion of this mutant protein in murine fibroblasts re-
ulted in an increase in the rates of both differentiation
nto adipocytes and accumulation of triglycerides, com-
ared with those apparent in cells expressing wild-type
PARg2 (9). Although several studies have also de-
ected a Pro12 3 Ala (P12A) polymorphism of PPARg2
10–18), the effects of this mutation remain unclear.
or example, Deeb et al. (14) showed that the P12A
ubstitution in PPARg2 is associated with a reduced
ody mass index (BMI) and improved insulin sensitiv-
ty among Finns. In contrast, Beamer et al. (12) showed
hat the P12A variant is associated with an increased
MI in two Caucasian populations.
Since the results of the subjects with P12A polymor-

hism in PPARg gene are controversial, we examined
he ability of the mutant protein to activate transcrip-
ion and to induce adipogenesis to assess the signifi-
ance of P12A mutation in PPARg gene.

ATERIALS AND METHODS

Materials. 3T3-L1 cells and COS cells were obtained from Amer-
can Type Culture Collection; human embryonic kidney 293 cells and
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estriction endonucleases were from Takara Shuzo (Shiga, Japan);
ouse monoclonal antibody 12CA5 to the hemagglutinin (HA)

pitope tag was from Boehringer Mannheim; charcoal-treated calf
erum was from Sigma; and Dulbecco’s modified Eagle’s medium
DMEM) and Lipofectin were from Gibco. The TZD drug BRL49653
as kindly provided by SmithKline Beecham (Harlow, UK). DNA-
PC and the pAdex1CAwt vector were kindly provided by
zumu Saito (University of Tokyo, Japan). A reporter plasmid
ontaining three copies of the acyl-coenzyme A oxidase gene
PRE upstream of the thymidine kinase promoter and luciferase
ene (PPRE3-tk-luc) and the expression vector pSG5-mouse RXR
ere kindly provided by Kazuhiko Umesono (University of Kyoto,
apan) and Keiko Ozato (National Institutes of Health, Bethesda,
D), respectively.

Construction of plasmids. Mouse PPARg2 cDNA was obtained by
everse transcription and PCR with mRNA from 3T3-L1 adipocytes.
ppropriate restriction enzyme sites and a sequence encoding a
OOH-terminal HA epitope tag were introduced into the wild-type
DNA by PCR with the upstream primer 59-ATTCTAGAGTTATG-
GTGAAACTCTGGGA-39 and the downstream primer 59-TAG-
TACCTCATGCGTAGTCGGGAACATCGTACGGATACAAGTCCT-
GTAGATCTCCTG-39. The PCR product was cloned into the
ba I-Kpn I site of pBluescriptII-KS vector (Stratagene) to yield
BS-PPARg2-WT-HA. A corresponding plasmid encoding the P12A
utant was obtained by PCR-mediated mutagenesis with pBS-
PARg2-WT-HA. The sequences of both wild-type and P12A clones
ere confirmed experimentally.

Preparation of recombinant adenoviruses. Recombinant adenovi-
uses were prepared as described previously (19). In brief, the cDNAs
ncoding HA-tagged wild-type and P12A PPARg2 proteins were sub-
loned separately into the pAdex1CAwt adenovirus vector (20),
hich contains the CAG promoter (21). The resulting constructs
ere transfected together with DNA-TPC into 293 cells with the use
f CellPhect (Pharmacia). A single clone of each recombinant adeno-
irus (Adex-PPARg2-WT and Adex-PPARg2-P12A) was isolated
hrough serial dilution with a plaque assay. Viral titer was deter-
ined by plaque assay.

FIG. 1. Transcriptional activities of PPARg2-WT and PPARg2-P
uc, pSV-b-galactosidase, pSG5-RXR, and either pcDL-SRa alone (c
fter incubation of cells in the presence of the indicated concentrat

uciferase and b-galactosidase activities. Luciferase activity was norm
RL49653. Data are means 6 SD (n 5 8); *p , 0.01 vs. correspon
179
Assay of transcriptional activation by PPARg2. COS cells, cul-
ured in 24-well plates and with DMEM supplemented with 10%
etal bovine serum, were transfected with the use of Lipofectin with
he reporter plasmid PPRE3-tk-luc (50 ng), with the expression
ector pcDL-SRa (22) containing PPARg2-WT or PPARg2-P12A
DNA (or pcDL-SRa alone) (50 ng), with the expression vector pSG5-
ouse RXR (50 ng), and with the internal control plasmid pSV-b-

alactosidase (50 ng). After 24 h, the medium was replaced by
MEM supplemented with 10% charcoal-treated calf serum in the
bsence or presence of the indicated concentrations of BRL49653,
nd cells were incubated for an additional 24 h. Cells were then lysed
nd assayed for luciferase and b-galactosidase activities. Luciferase
ctivity was normalized by b-galactosidase activity and expressed as
old stimulation.

ESULTS

ranscriptional Activation by Wild-Type and
Mutant PPARg2

The transcriptional activities of the wild-type
PPARg2-WT) and mutant (PPARg2-P12A) PPARg2
roteins were compared by inducing their transient
xpression in COS cells, with the use of the expression
ector pcDL-SRa, and assaying their abilities to acti-
ate transcription of a luciferase reporter gene under
he control of the PPRE. Immunoblot analysis with
ntibodies to the HA epitope tag confirmed that
PARg2-WT and PPARg2-P12A were expressed in
imilar amounts in the transfected cells (data not
hown). The TZD BRL49653 (5 mM) increased lucif-
rase activity about twofold in control cells transfected
ith the empty pcDL-SRa vector, an effect likely me-
iated by endogenous PPARg (Fig. 1). In contrast, this

. COS cells were transfected with the reporter plasmid PPRE3-tk-
rol) or pcDL-SRa containing PPARg2-WT or PPARg2-P12A cDNA.

of BRL49653 for 24 h, cell lysates were prepared and assayed for
ized by b-galactosidase activity and expressed as fold stimulation by
g value for cells overexpressing PPARg2-WT (t test).
12A
ont
ions

al
din
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n a dose-dependent manner in cells overexpressing
PARg2-WT, with an ;12-fold increase apparent at a
RL49653 concentration of 5 mM. Although BRL49653
lso induced a dose-dependent increase in luciferase
ctivity in cells overexpressing PPARg2-P12A, the ap-
roximately sixfold increase apparent at a drug dose of
mM was significantly smaller than the effect of the

ame concentration of this drug in cells overexpressing
PARg2-WT. The TZD-induced transcriptional activ-

ty of PPARg2-P12A was thus less than that of
PARg2-WT in COS cells.

ffects of PPARg2-WT and PPARg2-P12A
on Adipogenesis

The effects of PPARg2-WT and PPARg2-P12A on
dipogenesis were investigated by infecting 3T3-L1
readipocytes with corresponding adenovirus vectors
Adex-PPARg2-WT and Adex-PPARg2-P12A, respec-
ively) for 8 h. Two days after infection, adipogenesis
as induced by incubation of the cells with the indi-

ated concentrations of BRL49653 for 4 days and then
n the absence of drug for an additional 4 days. The
xtent of adipogenesis was then evaluated by deter-
ining the number of differentiated adipocytes as a

ercentage of the total number of cells. Immunoblot
nalysis with antibodies to the HA epitope tag con-
rmed that PPARg2-WT and PPARg2-P12A were ex-
ressed in similar amounts in the infected cells (data
ot shown). Whereas only about half of noninfected
ells treated with 5 mM BRL49653 were differentiated,
irtually all cells expressing PPARg2-WT were dif-
erentiated after treatment with 500 nM BRL49653
Fig. 2). Expression of PPARg2-P12A also promoted
RL49653-induced adipogenesis in 3T3-L1 preadipo-

ytes, with ;100% of cells showing a differentitaed
henotype after treatment with 5 mM drug. However,
nly ;60% of cells expressing PPARg2-P12A were dif-
erentiated after treatment with 500 nM BRL49653, a
raction significantly lower than the corresponding
alue for cells expressing PPARg2-WT. Thus, the abil-
ty of PPARg2-P12A to mediate TZD-induced adipo-
enesis was impaired compared with that of PPARg2-
T, consistent with the results of the transcriptional

ctivation assay. TZD-induced adipogenesis in 3T3-L1
ells appeared to be more sensitive to heterologous
PARg than did TZD induction of luciferase gene tran-
cription in COS cells. Thus, whereas a significant
ifference was apparent between the effects of
PARg2-WT and PPARg2-P12A on adipogenesis at a
RL49653 concentration of 50 nM (Fig. 2B), the tran-
criptional activities of these proteins were signifi-
antly different only at a BRL49653 concentration of 5
M (Fig. 1).
180
In this study, we have shown that the abilities of the
utant PPARg2 protein to activate transcription and to

nduce adipogenesis in the presence of a TZD drug were
mpaired compared with those of the wild-type protein.

Although recent studies have examined the relation
etween the P12A mutation and Type 2 diabetes or
besity, the conclusions of these studies appear discor-
ant. Thus, both a positive (12) and a negative (14)
ssociation of the mutation with BMI have been de-
cribed. Furthermore, one study of Danish men showed
hat the Ala12 allele was associated with a lower BMI
mong lean subjects and with a higher BMI among
bese subjects (17). Moreover, several studies have de-
ected no relation of this mutation to obesity or insulin
ensitivity (11, 13, 15, 18). Two studies have suggested
hat this mutation is associated with increased insu-
in sensitivity (14, 16). These contradictory results
rompted us to perform a functional analysis of the
12A mutation of PPARg2. Our observation that the
12A mutation reduced the transcriptional activity of
PARg2 is consistent with a similar observation by
eeb et al. (14). One of the reasons why the conclusions

oncerning the relationship of the P12A mutation with
besity or insulin sensitivity are discordant may be
xplained by the fact that the functional impairment of
he mutant is not remarkable.

Heterozygous PPARg-deficient mice were recently
hown to exhibit a reduced fat mass and to be protected
rom the development of insulin resistance when fed a
igh-fat diet (23). Moreover, despite their reduced fat
ass, these mice exhibit overexpression and hyperse-

retion of leptin. These observations may be consistent
ith those of Deeb et al. (14) showing that the func-

ionally impaired P12A mutant of PPARg2 is associ-
ted with lower BMI and improved insulin sensitivity.
bese individuals (BMI, .30 kg/m2) with the Ala12

llele of the PPARg gene also exhibit a higher plasma
oncentration of leptin than do individuals homozy-
ous for the wild-type allele (24). These studies also
uggest that the P12A mutation impairs the function of
PARg2, given that PPARg has been shown to inhibit

eptin gene transcription (25, 26). Further studies are
equired to examine the effectiveness of TZD therapy
n diabetic individuals with the Ala12 allele of the
PARg gene because the increased insulin sensitivity

n heterozygous PPARg-deficient mice was abrogated
y treatment with a PPARg agonist (23).
In conclusion, our data show that the abilities of the

12A mutant protein of PPARg2 to activate transcrip-
ion and to mediate adipogenesis in response to a TZD
rug are impaired. Thus, it remains possible that the
12A substitution in PPARg gene may be associated
ith insulin sensitivity and abnormalities of adipose

issue formation, given that PPARg plays an important
ole in insulin sensitivity and development of fat mass.



s
i
c
2
n
e
P

FIG. 2. Effects of PPARg2-WT and PPARg2-P12A on adipogenesis. 3T3-L1 preadipocytes cultured in 24-well plates with DMEM
upplemented with 10% FBS were infected [or not (control)] with Adex-PPARg2-WT or Adex-PPARg2-P12A for 8 h at a multiplicity of
nfection of 10 [plaque-forming units per cell]. The cells were then incubated in fresh medium for 2 days, exposed to the indicated
oncentrations of BRL49653 for 4 days, and then incubated in the absence of drug for an additional 4 days; the medium was changed every
days. Cells were examined by light microscopy (magnification, 1003) (A), and the extent of adipogenesis was evaluated by determining the
umber of differentiated adipocytes as a percentage of the total number of cells (B). Data in (B) are means 6 SD of four independent
xperiments. *p , 0.01 vs. corresponding value for cells incubated in the absence of BRL49653; †p , 0.05, ‡p , 0.01 vs. cells expressing
PARg2-P12A and treated with 50 and 500 nM BRL49653, respectively (t test).
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