
NK receptor on a T cell potentially facili- 
tates a response to small amounts of anti- 
gen, it is possible that TANK cells are 
important in initiating immune responses. 
In particular, because, by flow cytometry, 
NK receptors occur primarily on T cells of a 
memory phenotype (19, 23), costimulatory 
NK receptors may especially facilitate the 
rapid induction of secondary T cell-medi- 
ated immune resoonses. In addition, the 
expression and function of activating class I 
M H C  receptors may allow activation of a T 
cell whose TCR mav interact weakly with 
self peptide. Thus, exiression of such ;ecep- 
tors could also be significant in triggering 
the onset of autoimmune disease. 
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Inhibition of Adipogenesis Through MAP 
Kinase-Mediated Phosphorylation of PPARy 

Erding Hu, Jae Bum Kim, Pasha Sarraf, Bruce M. Spiegelman* 

Adipocyte differentiation is an important component of obesity and other metabolic 
diseases. This process is strongly inhibited by many mitogens and oncogenes. Several 
growth factors that inhibit fat cell differentiation caused mitogen-activated protein (MAP) 
kinase-mediated phosphorylation of the dominant adipogenic transcription factor per- 
oxisome proliferator-activated receptor y (PPARy) and reduction of its transcriptional 
activity. Expression of PPARy with a nonphosphorylatable mutation at this site (serine- 
112) yielded cells with increased sensitivity to ligand-induced adipogenesis and resis- 
tance to inhibition of differentiation by mitogens. These results indicate that covalent 
modification of PPARy by serum and growth factors is a major regulator of the balance 
between cell growth and differentiation in the adipose cell lineage. 

Adioose differentiation is influenced bv a 
large'number of mitogens and growth fac- 
tors (1).  In general, polypeptides that stim- 
ulate cell growth block fat cell differentia- 
tion. Platelet-derived growth factor, epider- 
mal growth factor (EGF), fibroblast growth 
factor, and tumor oromoters all inhibit fat 
cell difierentiation;n culture or in vivo (2) .  
Various cytokines, including tumor necrosis 
factor-a (TNF-a) ,  interleukin- 1 (IL- 1 ), IL- 
6, transforming growth factor-@, and inter- 
feron-y also inhibit adipogenesis (3). Insu- 
lill has a ~rorninent  and cornolex role in the 
development of adipose cells, serving as a 
growth or differentiation factor depending 
on the specific cell type. Adipose cell pre- 
cursors (preadipocytes), which express small 
amounts of insulin receptors, generally re- 
quire insulin or insulinlike growth factor-1 
for optimal differentiation (4). Adipose 
cells, which contain large numbers of insu- 
lin receptors but are postmitotic, respond to 

insulin with a lipogenic response as a result 
of the activation of lipogenic enzymes and 
the stimulation of Glut4-mediated elucose 
transport (5). In contrast, fibroblasts that 
express ectopically large amounts of insulin 
receptors ~~sua l ly  respond to insulin with 
cell growth rather than differentiation (6). 

Two families of factors are especially 
prominent in the transcriptional control of 
adipogenesis: the PPARs alld CIEBPs. 
PPARy is a member of the nuclear hor- 
mone r'eceptor family that is expressed pref- 
erentlally 111 adipose tissue (7). It is ex- 
pressed in small amounts in preadipocytes, 
and its synthesis is increased during the 
process of adipogenesis (8). PPARy binds 
specific ligands, including synthetic antidi- 
abetic thiazolidinediones and 15-deoxy- 
A"~14prostaglandin J 2  (9) ,  resulting in a 1~111 
and ponlerful adipogenic response. Thus, 
PPARy appears to be a key component in 
the determination and differentiation pro- 
cess in vivo (9 ,  10). 

Dana-Farber Cancer nsttute and Department of Cell B -  Ectopic expressioll of C/EBP-@ and 
ology, Harvard Med~ca  School, Boston, MA021 15, USA. C/EBP-S stimulates adipogenesis in fibre- 
'To whom correspondence should be addressed blasts as well (1 1 ,  12). This occurs through 
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the C/EBP-mediated expression of PPARy 
(1 2). Adipogenesis induced by C/EBP-P and 
C/EBP-6 requires a PPARy ligand (13). Ex- 
pression of large amounts of C/EBP-a also 
promotes fat cell differentiation (14). How- 
ever, when expressed at more physiological 
amounts, C/EBP-ol can synergize with 
PPARy in the promotion of fat cell differ- 
entiation of fibroblasts or myoblasts (1 0, 15). 
Cross-regulation between PPARy and the 
C/EBPs may be crucial in maintaining the 
differentiated state of adipocytes (1 6). 

Growth factor inhibition of adipogenesis 
might occur through effects on PPARy. To 
investigate this, we treated cells with vari- 
ous mitogens and examined their effects on 
PPARy ectopically expressed in two estab- 
lished lines of fibroblasts: NIH 3T3 cells, 
which have small amounts of insulin recep- 
tors, or Rat-1 cells that ectopically express 
the insulin receptor (Rat-IR cells). Rat-IR 
cells respond to insulin with a mitogenic 
response but no adipogenesis, whereas insu- 
lin promotes the differentiation of the NIH- 
PPARy cells (10). PPARy migrates as two 
closely spaced bands on an SDS-polyacryl- 
amide gel, with the lower form being the 
predominant species (Fig. 1A). Stimulation 
of Rat-IR cells with EGF, 12-0-tetradeca- 
noylphorbol-13-acetate (TPA), serum, or 
insulin for 30 min caused a reduction in the 
amount of the lower migrating species and 
an increase in the amount of the upper 
species (Fig. lA, top panel). TNF-a treat- 
ment did not cause this mobility shift. An 
identical mobility shift was seen in NIH- 
PPARy cells treated with TPA or serum, 
but not with insulin (Fig. lA, bottom pan- 
el). The mobility shift could be detected 
within 5 min after treatment of cells with 
insulin in Rat-IR cells and persisted for at 
least 4 hours (Fig. 1B). Treatment of cell 
extracts with calf intestinal alkaline phos- 
phatase uniformly converted PPARy into 
the form of higher mobility (Fig. lB), sug- 
gesting that the protein in the upper band is 
phosphorylated. To confirm directly that 
PPARy is phosphorylated, we metabolically 
labeled cells with [35S]methionine and 
32P04 and immunoprecipitated PPARy. 
Phosphate was preferentially associated 
with the upper form of PPARy, and the 
intensity of the upper band was increased 
upon insulin treatment (Fig. 1C). 

Preliminary mapping of the phosphoryl- 
ation site associated with this mobility shift 
was carried out by examination of a series of 
NH2-terminal deletions (17). The key region 
was localized near a serine residue (Ser112) 
that is present in a sequence (PASP) that 
matches a consensus sequence for MAP ki- 
nase (PXSP), where X represents neutral or 
basic amino acids (1 8, 19). Indeed, treatment 
of wiid-type PPARy in vitro with MAP ki- 
nase (specifically, Erkl, also called p44) 

caused a mobility shift of wild-type PPARy, also blocked the ability of insulin, EGF, TPA, 
but it did not alter the mobility of an allele or serum to cause this mobility shift in vivo 
containing a serine-to-alanine mutation at (Fig. 2B). In metabolic labeling experiments, 
position 112 (S112A, Fig. 2A). This mutation this mutation blocked the ability of insulin 

A 
0  EGF TPA TNF Ser Im - -  = 

B 0  5 m  30m 4 h  Insulin 

I V ~  05rnr)rndh- + - + - + - AP 

Rat-IR cells 

IVT 0 Ins. TPA TNF Ser. 
< - --- --- - - 

7 8 9 10 11 

NlH 3T3 cells 

=} N.S. C - + -+ :Ins. 

IVT lP lP IVT IP IP 
-m 

Fig. 1. Modification of PPARy in response to mitogenic stimulation. (A) 
C 

Transfection of PPARy2 into Rat-IR and NIH 3T3 cells, growth factor stim- + 

ulation, SDS-polyacrylamide gel electrophoresis (PAGE), and protein im- 
munoblots were performed as described (26). PPARy2 (shown with two 
arrows) migrates as two closely spaced bands with a molecular mass of * 
-55 kD. Lanes 1 to 6 are extracts from Rat-IR cells and lanes 7 to 11 are 
from NIH 3T3 cells. Treatments with the indicated mitogens were for 30 min. Ser., serum; Ins., insulin; WT, in 
vitro-translated PPARy2: N.S., nonspecific bands. (B) Transfected Rat-IR cells were treated with insulin (5 
@ml) and harvested at different time points as in (A). Lysates were treated with calf intestine alkaline 
phosphatase (AP) as described (27). Proteins in treated (+) and untreated (-) lysates along with the original 
lysate were separated by SDS-PAGE and immunoblotted. Lane 1 (IVT), 1 pI of in vitro-translated PPARy2 
(TNT kit, Promega). Lanes 2 to 5 are undialyzed lysates stimulated with insulin for 0, 5 min (m), 30 min, and 
4 hours (h), respectively. Lane pairs 6-7, 8-9, 10-1 1, and 12-13 are dialyzed samples at different time points 
with (+) or without (-) AP treatment. (C) Transfected Rat-IR cells were metabolically labeled with rjsS]methi- 
onine (1 mCi/ml) or 3T (2 mCi/ml) for 4 hours and were then stimulated with insulin (5 pg/ml) for 30 min. Cells 
were lysed with RlPA as described and immunoprecipitations (IPS) were done in RlPA buffer as standard 
procedure. 35S-labeled in vitro-translated PPARy (1 FI) was used as positive control for IP (IVT, lanes 1 and 
5). Lanes 2 and 3 are IPS from 35S-labeled extracts without (-) or with (+) insulin stimulation. Lanes 6 and 7 
are IPS from 32P-labeled extracts without or with insulin stimulation. IPS with preimmune serums did not 
contain any bands in the 40- to 60-kD range. 

Fig. 2. Phosphoryiation of A 6 
PPARy by MAP kinase in vitro wr S112A -- NT - Ins. EGF F A  S a  - Ins. EGF F A  Ser. 
and invivo. (A) Mutant PPARy - + - + Erk-l 
was constructed by overlap- ~r - - - - 
ping polymerase chain reac- *O 

tion (PCR) and verified by se- 
I 1 2  3 4 5  6 7 8  9 1 0 1 1  quencinq. In vitro-translated - .- 

wild-type (WT) and mutant -- 
(S112A) PPARy2 were treat- 
ed with active bacterial-syn- 

L 
None PD For. Bar-CAMP IvT---- 
- + - + - + - +:Ins. 

thesized glutathione-~-trans- ..* 

ferase (GST )-MAP kinase 
(Erk-1) fusion protein and resolved by SDS-PAGE fol- 
lowed by immunoblotting. Double arrows indicate 
PPARy2. (B) Rat-IR cells were transfected with wild-type 
or S112A mutant PPARy and treated with various mito- C C 

gens for 30 min as described (26). Cell lysates were * 
separated by SDS-PAGE and immunoblotted with anti- 
body to PPARy. Lane 1 is in vitro-translated PPARy. 
Lanes 2 to 6 are lysates from cells transfected with wild- 
type PPARy2 left untreated (-) or treated with insulin, 1 2 3 4  s 6 7 8 9 
EGF, TPA, or 30% serum, respectively. Lanes 7 to 11 are 
lysates from cells transfected with mutant PPARy2 left untreated or treated with the indicated mitogens. 
(C) Rat-IR cells transfected with wild-type PPARy2 were treated with PD98059 (PD) (50 FM), forskolin 
(For.) (10 pM), or 8Br-CAMP (2 mM) for 30 min before being stimulated (+) with insulin (5 pg/ml) or left 
unstimulated (-), and cell lysates were immunoblotted as described (26). Lane 1 is 1 pI of in vitro- 
translated PPARy2. Lanes 2 and 3 are control lysates without or with insulin stimulation. 
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and TPA to induce phosphorylation of 
PPARy in Rat-IR cells (17). We also tested 
several agents that inhibit M A P  kinase activ- 
ity. PD98059 inhibits M A P  kinases through 
direct inhibition of M A P  kinase kinase 
(MEK) and completely prevented the mobil- 
ity shift (Fig. 2C). Forskolin and 8-bromw 
adenosine 3',5'-monophosphate (8Br- 
CAMP), although not specific agents, also 
inhibit activation of M A P  kinases. N o  mo- 
bility was seen when cells were incubated 
wi th them. These data indicate that multiple 
growth factors all cause a phosphorylation of 
PPARy on a M A P  kinase consensus site at 
SerllZ that can be mediated, at least in some 
instances, by the classical M A P  kinases. 

T o  address the consequences of the 
Ser112 phosphorylation on PPARy func- 
tion, we examined transcriptional and adi- 
pogenic activity of the wild-type and mu- 
tant alleles. Mutation of Serllz to Ala112 
had n o  effect on  the nuclear localization, 

- Pi0 TPA Pb+TPA 

PPARy + RXRa: + + + + 
A-MEK: - - + + 

Pio treatment: - + - + 
Fig. 3. Effects of TPA and activated MEK on the 
transcriptional activity of wild-type and S112A 
PPARy. (A) Rat-IR cells were transfected with a 
reporter gene PPRE,-luciferase (9) (2 pg) along 
with PPARy and RXRu expression vectors (1 pg 
of each) (SV-sport-PPARy and SV-sport-RXRa) 
(8). After 12 hours, cells were washed and re-fed 
with DMEM medium containing 0.5% bovine se- 
rum albumin. After 24 hours, cells were stimulated 
with pioglitazone (Pio) (5 pM), TPA (1 00 ng/ml), or 
both, or left unstimulated (-). Cells were harvest- 
ed 18 hours later, and luciferase activity was as- 
sayed according to standard procedures. (B) 
Cells were transfected with PPRE,-luciferase, 
PPARy, and RXRa expression vectors along with 
an expression vector containing activated MEK-1 
(A-MEN (2 pg) (28). Cells were treated with or 
without pioglitazone, and luciferase activities were 
measured. Transfection efficiency was monitored 
and normalized by cotransfecting cells with 2 pg 
of pCHl 1 0 (Pharmacia) vector for p-galactosi- 
dase. Error bars represent the standard deviation. 

affinity for retinoid X receptor a (RXRa), 
or DNA binding activity o f  PPARy (17). 
However, differences were observed be- 
tween wild-type and mutant PPARy in 
transactivation assays. Without ligand 
treatment, wild-type and S112A PPARy 
stimulated similar low levels of transcrip- 
tional activity (Fig. 3). A thiazolidinedione 

ligand, pioglitazone, stimulated a large in- 
crease in the activity of both alleles. Addi- 
t ion of the tumor promoter (TPA) caused 
an 80% decrease in the effect of pioglita- 
zone on wild-type PPARy but only a 20% 
reduction in ligand stimulation of the 
S112A allele. Thus, the mutation at posi- 
t ion 112 reduces the negative effect of T P A  

- Adp. 

j EtBr 
&=&& g.b;?$.r~.tti. ' 0 1 2 4 6 8  

Day after induction 

Fig. 4. Ad~pocyte drfferentl- 
at~on ~nduced by wild-type B 

and 3T3 cells. (A) Express~on In 'IH of p p ~ ~ * - w  r 7 r\ 9, 
wild-type and mutant - - -' t- 

PPARy In NIH 3T3 cells. The 
pBabe retrov~ral vector (29) PPAR$-S1 2A 
was used to express wlld- n 6  - - \---. kt \@49@@ 
type and S112A mutant 
PPARy in NIH 3T3 cells. Vi- Pio (pM): 0 0.01 0.1 1 5 10 
rat infection and cell selec- 
tions were done as described (70). Expression of viral PPARy mRNA (top two panels) and protein 
(bottom panel) is shown. No endogenous PPARy mRNA or protein was detected in NIH 3T3 cells (1 7). 
EtBr, ethidium bromide-stained gel. (6) Adipose differentiation of NIH 3T3 cells expressing wild-type or 
mutant PPARy with various doses of pioglitazone. Differentiation conditions were essentially as de- 
scribed (70). Ten days after induction, dishes were stained with Oil-Red-0 and photographed. (C) Total 
RNA was isolated from NIH 3T3 cells expressing wild-type or mutant PPARy that had been treated with 
the indicated concentration of pioglitazone and probed with the adipocyte-specific cDNAs adipsin 
(Adp.) and aP2. Equal loading of RNA was ensured by ethidium bromide staining (bottom panel). (D) 
Triglyceride accumulation in cells expressing wild-type or mutant PPARy. NIH 3T3 cells expressing 
wild-type or mutant PPARy were induced to differentiate with insulin (5 pg/ml), 1 FM dexamethasone, 
and 5 pM of pioglitazone in DMEM containing fetal bovine serum (1 0%). Total triglyceride content of the 
cells was measured with a triglyceride (GPO-Trinder) kit (Sigma) at various times during the differentia- 
tion process. The triglyceride content per milligram of protein for each time point was plotted. 

TPA: 
I).)11?"" LPL 

- 
il PPARpWT 

Fig. 5. Effects of TPA on 
adipocyte differentiation 
in NIH 3T3 cells express- 
ing wild-type and S112A 
mutant. (A) NIH 3T3 cells 
expressing wild-type 
and mutant PPARy were 
induced to differentiate 
with insulin (5 kg/ml), 
dexamethasone (1 kM), 
and pioglitazone (5 pM) 
as described in Fig. 4D. 
TPA (100 ng/ml) was 

U 
added to half of the dishes at the onset of the induction. Ten days after 

EtBr induction, total RNAs were isolated and blotted with aP2, adipsin (Adp.), or 
LPL. RNA loading was controlled with EtBr staining. (6) Quantitation of mRNA. 
The amount of mRNA was quantitated by densitometry scanning (LKB Phar- 
macia). One representative experiment is shown. The expression level of these 

three genes in NIH 3T3 cells expressing the PPARy mutant was defined as 100?/0. 
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on PPARy-med~ated transcription, suggest- 
ing that the colnlnon growth factor-medi- 
ated phosphorylation may negati\~ely mod- 
ulate PPARy activity. T o  specifically exam- 
ine the role of MAP kinase, we also exam- 
ined the effects of an activated allele of 
MEK on PPARy activity. Activated MEK 
suppressed the transcriptional activity of 
wild-type PPARy but had only a small ef- 
fect on the S112A mutant PPARy (Fig. 
3B). These data add further support to the 
role of a MAP kinase in mediating this 
suppression. 

To assess the effects of the S112A muta- 
tion on differentiation, we expressed this mu- 
tant allele or the wild-type PPARy in NIH 
3T3 cells with retroviral vectors. Differentia- 
tion was assessed in the differentiation medi- 
um containing serum, insulin, or \.arious 
amounts of pioglitazone. These cells have 
been used extensively to investigate the role 
of PPARy and C/EBPs in adipogenesis (10- 
12, 22). Similar amounts of both wild-type 
and mutant PPARy lnRNAs and proteins 
were expressed in these cells (Fig. 4A). How- 
ever, a large increase in differentiation was 
observed in cells expressing the S112A allele 
as revealed by lipid accumulation (Fig. 4B) or 
expression of the differentiation-linked 
lnRNAs adipsin and aP2 (Fig. 4C). The dose- 
response curve for the differentiation response 
to pioglitazone was shifted 10- to 100-fold in 
these two assays. Expression of adipsin and 
aP2 mRNAs was observed in cells expressing 
the S112A mutant without the addition of 
exogenous ligand, whereas these RNAs were 
not observed in the wild-type cells (Fig. 4C). 
The time course of differentiation in the pres- 
ence of 5 yM pioglitazone was followed by 
glycerol accu~nulation (Fig. 4D). Cells con- 
taining the S112A allele differentiated 2 to 4 
days before cells bearing the wild-type allele. 

Finally, the ability of a mitogen to inter- 
fere with differentiation driven by wild-type 
and mutant PPARy was examined. TPA 
blocks adipogenesis of standard preadipo- 
cyte cell lines (2).  TPA inhibited (50 to 
80%) the expression of three differentia- 
tion-linked genes in cells expressing wild- 
type PPARy: aP2, adipsin, and lipoprotein 
lipase (LPL) (Fig. 5). In contrast, morpho- 
logical adipogenesis (1 7) and expression of 
the differentiation-linked genes in cells ex- 
pressing mutant PPARy were basically un- 
affected by the presence of TPA throughout 
the differentiation protocol. These results 
de~nonstrate that mutation of Ser112 of 
PPARy strongly suppresses the ability of 
T P A  to inhibit adipogenesis. 

The ability to balance cell growth and 
differentiation is critical in the development 
of ~nulticellular organisms. The data shown 
here illustrate a rather clear and simple mech- 
anism for interaction between these two pro- 
cesses; MAP kinase, a central regulator of cell 

growth, modifies PPARy in a way that signif- 
icantly reduces its transcriptional activity and 
ability to promote adipogenesis. MAP kinase 
may be particularly suitable for this purpose 
because, among the signal transduction ma- 
chinery linked to the cell cycle, MAP kinase 
can enter the nucleus to modifv transcription 
factors (21). It is interesting to note that 
MAP kinase has been implicated in the phos- 
phorplation of another nuclear receptor, the 
estrogen receptor, although this correlates 
with an increase in transcriptional activity 
( 2 2 ) .  ~, 

These data may have ilnplications for 
insulin resistance as well as for adipogenesis. 
The  demonstration that PPARy is the 
high-affinity receptor for the thiazolidinedi- 
one class of insulin-sensitizing drugs sug- 
gests that this receptor is involved in sys- 
temic insulin action. This conclusion would 
imply that peptides or hormones that cause 
MAP kinase-mediated Ser112 modification 
of PPARy could cause resistance to insulin. 
In this regard, it is notable that TPA and 
insulin itself can cause this ~nodification of 
endogenous PPARy (1 7) .  

Finally, it will be imwortant to determine , , 
the ~nechanisms by w6icll phosphorylation 
of Ser1l2 reduces the activitv of PPARv. 
This could occur by direct interference with 
the binding of ligands, although the region 
around Serl1"s not near the ligand-binding 
domain, which resides at the COOH-terini- 
nus. Al te r~~a t i \~e ly ,  this modification could 
control interactions between PPARy and 
co-rewressors or coactivators that have been 
described to interact with Inany members of 
the nuclear receptor family (23). Whether 
such interactions and their regulation by 
MAP kinase-mediated phosphorylation 
contribute to PPARy function in adipogen- 
esis in V ~ V O  remains to be studied. 
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