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PPARY induces cell cycle withdrawal:
inhibition of E2F/DP DNA-binding
activity via down-regulation of PP2A

Soner Altiok', Min Xu, and Bruce M. Spiegelman?

Dana-Farber Cancer Institute and the Department of Cell Biology, Harvard Medical School,

Boston, Massachusetts 02115 USA

PPARY is an adipose-selective nuclear hormone receptor that plays a key role in the control of adipocyte
differentiation. Previous studies indicated that activation of ectopically expressed PPARYy induces
differentiation when cells have ceased growth because of confluence. We show here that ligand activation of
PPARY is sufficient to induce growth arrest in fibroblasts and SV40 large T-antigen transformed, adipogenic
HIB1B cells. Cell cycle withdrawal is accompanied by a decrease in the DNA-binding and transcriptional
activity of the E2F/DP complex, which is attributable to an increase in the phosphorylation of these proteins,
especially DP-1. This effect is a consequence of decreased expression of the catalytic subunit of the
serine-threonine phosphatase PP2A. These data suggest an important role for PP2A in the control of E2F/DP
activity and a new mode of cell cycle control in differentiation.
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Cell differentiation involves the reprogramming of gene
expression, resulting in the synthesis of a new set of
proteins that characterize a given cell type. In addition,
differentiation often correlates with changes in the
growth rate or growth potential of a cell. Although some
differentiated cell types continue to proliferate, many
common forms of differentiation involve the cessation of
cell growth and are referred to as terminal differentia-
tion. Because cancer is a disease whose pathology derives
largely from inappropriate cell growth, much attention
has been given to the notion of stimulating terminal dif-
ferentiation as an approach to therapy that may have
reduced toxicity, at least compared to more conventional
forms of chemotherapy (Warrel et al. 1991).

The past several years have seen dramatic advances in
our understanding of the transcriptional basis of certain
forms of cell differentiation. It is now clear that several
proteins of the basic helix-loop-helix (bHLH) family
such as MyoD and myogenin play crucial roles in the
stimulation of myogenesis (Lassar and Munsterberg
1994). Ectopic expression of these factors also causes the
cessation of proliferation in a manner similar to the dif-
ferentiation of normal myogenic cell lines. Recent data
suggest that a key component of the effects of MyoD on
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cell growth is the expression of the cyclin-dependent ki-
nase (cdk) inhibitors p21 and p27 (Guo et al. 1995; Ha-
levy et al. 1995; Skapek et al. 1995), which play a crucial
role in the regulation of the function of pRb-related tu-
mor-suppressor proteins (Weinberg 1995). Another sys-
tem of differentiation receiving much recent scrutiny is
adipogenesis. Several transcription factors are induced in
fat cell differentiation [CCAA/enhancer-binding pro-
tein-a (C/EBPa), C/EBPf, peroxisome proliferator-acti-
vated receptor-y (PPARY), and adipoxcyte determination
differentiation dependent factor 1 (ADD1) /sterol regu-
latory element binding protien 1 (SREBP1)] and strongly
influence this process (Samuelsson et al. 1991; Umek et
al. 1991; Tontonoz et al. 1993; Freytag et al. 1994; Lin
and Lane 1994; Tontonoz et al. 1994a; Wu et al. 1995;
Yeh et al. 1995; Kim and Spiegelman 1996). PPARYy has
been suggested to play a dominant role because it is in-
duced relatively early, it is selectively expressed in fat
tissue, and can evoke a full adipogenic response when
expressed at or below the levels seen in adipose tissue in
vivo (Tontonoz et al. 1994b). This molecule, a member of
the nuclear receptor family, has been shown recently to
bind two distinct ligands: the synthetic antidiabetic thia-
zolidinediones (Forman et al. 1995; Lehmann et al. 1995)
and the 15-deoxyA'?'* prostaglandin J2 (Forman et al.
1995; Kliewer et al. 1995). Despite the increasing evi-
dence of a central role for PPARYy in adipose develop-
ment, its relationship to the cessation of cell growth is
unclear. Experiments done to date have used mainly ec-
topic expression of this factor in 3T3 cells, with the ap-
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plication of ligands or activators after cells have ceased
growth because of confluence. Hence, it is not clear
whether PPARYy has the ability to cause cell cycle with-
drawal or is limited to stimulating the differentiation of
cells that have already stopped growing.

In this paper, we use ectopically and endogenously ex-
pressed PPARYy, along with synthetic thiazolidinedione
ligands, to demonstrate that activation of PPARYy is suf-
ficient to cause cell cycle arrest in logarithmically grow-
ing cells. This arrest is associated with a dramatic loss of
E2F/DP DNA-binding and transcriptional activity,
which is a consequence of reduced levels of PP2A.
Hence, PPARYy activation illustrates a potentially new
mode of cell cycle control.

Results
Activation of PPARy leads to cell cycle withdrawal

To study the effect of PPAR«y activation on cell growth,
we used a retrovirus infection system to express PPARy
in NIH-3T3 cells. This system allows us to express ec-
topic genes in many thousands of cells at relatively equal
levels. PPARYy has two isoforms, PPARyl and PPARY2,
that have different amino termini formed by alternative
splicing (Zhu et al. 1993; Tontonoz et al. 1994a). NIH-
3T3 fibroblasts were infected with the retroviral expres-
sion vector containing ¢cDNA encoding PPAR+yl or
PPAR~Y2 (NIH-PPARY), or with the empty vector (NIH-
vector) to create stable cell lines. NIH-PPAR~y cells ex-
pressed approximately one-third the level of endogenous
PPARYy mRNA and protein that are observed in differen-
tiated adipocytes (Tontonoz et al. 1994b; Hu et al. 1996).

Exponentially growing cells were treated with a syn-
thetic PPARYy ligand, pioglitazone, which belongs to the
class of thiazolidinedione antidiabetic agents (Forman et
al. 1995; Lehmann et al. 1995). As shown in Figure 1,
treatment with pioglitazone at 5 um concentration had
no obvious effect on cells containing empty vectors. In
contrast, this agent had dramatic effects on NIH-PPAR<y
cells, inhibiting cell proliferation and inducing drastic
morphological changes. Starting at (8 hr after treat-
ment, increasing numbers of NIH-PPAR cells changed
from an elongated fibroblastic shape to an adipocyte-like
morphology, with a round form and accumulation of
small drops of lipids within the cytoplasm (Fig. 1, arrow).
Time-course studies after pioglitazone treatment
showed that the number of NIH-PPARY cells in ligand-
treated plates was reduced by almost 40% relative to
controls by 2 days after treatment and by 80% after 5
days with pioglitazone (Fig. 2A,B). The growth of piogl-
itazone-treated NIH-vector cells decreased by 10% over
this period compared to untreated control cells, which
may be attributable to the presence of low amount of
PPARvy in these cells (data not shown). The addition of 1
um BRLA49653, another synthetic thiozolidinedione li-
gand for PPARy (Forman et al. 1995; Lehmann et al.
1995), was found to exert the same degree of inhibition of
cell growth of NIH-PPARY cells (Fig. 2C). No obvious
cytotoxic effects were observed at the concentrations
used in these compounds.
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Figure 1. Pioglitazone stimulates growth arrest as well as adi-
pose differentiation of NIH-3T3 cells expressing PPARYy ectopi-
cally. NIH-3T3 cells were infected with the retrovirus contain-
ing PPARYy expression vector (NIH-PPARY) or with the empty
vector (NIH-vector). After selection in puromycin, cells were
pooled and cultured with or without pioglitazone (5 pum) for 5
days. Arrow shows a differentiated adipocyte containing lipid
drops in the cytoplasm.

To analyze whether ligand treatment of cells express-
ing PPARYy affects progression through a specific cell
cycle stage we performed fluorescence-activated cell
sorting (FACS) analysis and bromodeoxyuridine (BrdU)
incorporation experiments. Ligand treatment led to an
accumulation of the cell populations in the G,/ G, phase
of cell cycle (data not shown). The percentage of cells
undergoing DN A synthesis after 5 days of pioglitazone
treatment was determined by the ability of cells to in-
corporate BrdU. As shown in Table 1, ligand treatment
did not change BrdU incorporation rate in NIH-vector
cells, but it caused an 80% decrease in the BrdU incor-
poration rate in NIH-PPAR+y and 3T3-F442A preadipo-
cytes after 5 days of treatment.

Together these results demonstrate that ligand activa-
tion of PPARYy is sufficient to cause cell cycle with-
drawal, even in rapidly proliferating cells.

Transcription factor activity is required for
PPARy-mediated cell cycle withdrawal

To determine some of the structural requirements of
PPAR< necessary for growth arrest, NIH-3T3 cells were
infected with retroviral vectors expressing wild type or
various mutant forms of PPAR+y. Exponentially growing
cells were treated for 5 days with pioglitazone and cell
numbers were determined. As shown in Figure 3, ligand
activation of both PPARvy1l and PPAR~2 induced a simi-
lar growth arrest. We also examined an allele of PPARYy
(PPARYy-M1) that lacks the amino-terminal 127 amino
acids of PPAR~Y2. Previous work has shown that this al-
lele is more active than the wild type with respect to the
induction of adipogenesis (Tontonoz et al. 1994b).
Growth inhibition in NIH-3T3 cells containing PPARy-
M1 was even higher than the cells ectopically expressing
wild-type PPARy1 or PPARY2. To investigate whether
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Figure 2. Growth of NIH-PPAR~y, NIH-vector, or HIBIB cells in the presence or absence of PPAR<y ligands. The same number of
NIH-PPARYy, NIH-vector, or HIBIB cells were cultured either in the presence or absence of PPARy ligands. Cell numbers were
determined at the indicated time points. (A) Cumulative growth of cells untreated or treated with 5 um pioglitazone is shown. (B)
Percent decrease of the cell numbers in the pioglitazone-treated plates (solid bars) relative to the untreated plates (open bars)is shown.
(C) Exponentially growing cells were treated without or with two members of thiozolidinediones, pioglitazone (5 uM) (solid bars) or
BRL49653 (1 um) (open bars) for 5 days and cell numbers were determined. The effect of ligands on cell growth is represented as
percentage decrease in cell numbers in the treated plates relative to untreated control plates.

DNA binding and the transcriptional activation domain
of PPARy are required for its effect on cell growth, NIH-
3T3 cells were infected with two other mutant forms of
PPARY: PPARYy-M2, containing two point mutations in
the DN A-binding domain and a carboxy-end deleted
PPARYy-CD, which lacks the activation domain (AF-2)
located in the carboxyl-terminal region of all nuclear re-
ceptors (Mangelsdorf and Evans 1995). Pioglitazone
treatment did not have any affect on cell growth and
adipogenesis in NIH-M2 and NIH-CD cells. These re-
sults demonstrate that both PPARyl and PPARY2 can
stimulate cell cycle withdrawal. These data also suggest

that the activity of PPARy as a DN A-binding protein and
transcription factor is required for its effect on cell
growth.

Ligand activation of PPARy induces growth arrest in
transformed cells

It was also of interest to determine whether activation of
PPARY can induce cell cycle arrest in malignantly trans-
formed cells. We used HIB1B cells, transformed with the
SV40 large T antigen (SV40LT), as a model system. These
cells, expressing high amounts of PPARYyI, were estab-
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Table 1. Activation of PPARY leads to cell cycle withdrawal
in normal NIH-PPARw cells, in 3T3-F442A preadipocytes,
and in transformed HIBIB cells

BrdU positive

Pioglitazone (%)
NIH-vector - 44
NIH-vector + 43
NIH-PPARYy - 44
NIH-PPARYy + 9
HIBIB - 75
HIBIB + 11
3T3-F442A - 63
3T3-F442A + 14

Cells, cultured on coverslips, were untreated or treated with 5
uM pioglitazone for 5 days and then pulsed with BrdU for 1 hr.
Coverslips were fixed and processed as described in Materials
and Methods. Cells undergoing DN A synthesis during exposure
to BrdU were determined by immunohistochemical staining
and considered as BrdU positive. The data represents the aver-
age of two independent experiments in which [#00 cells were
counted per sample.

lished from brown fat tumors of transgenic mice that
constitutively express SV40LT under the control of the
adipocyte-specific aP2 promoter (Ross et al. 1992). Expo-
nentially growing HIBIB cells were treated with piogl-
itazone and cell numbers and the ability to incorporate
BrdU were determined. As shown in Figures 2A,C and 3,
PPARY activation by pioglitazone or BRL49653 strongly
repressed the growth of these cells. BrdU incorporation
into newly synthesized DN A was also decreased 85%
after 5 days of treatment with pioglitazone (Table 1).
These results show that PPAR+y activation can overcome
SV40LT driven transformation and cause cell cycle with-
drawal in HIB1B cells.

PPARwy activation leads to a selective loss in the
E2F/DP DNA -binding and transcription factor
activities

It has been shown that cell proliferation requires the
action of cyclins and cdks (Hunter and Pines 1994; Nurse
1994; Sherr 1994; Sherr and Roberts 1995). The levels of
the cdk inhibitors p21 and p27 proteins have been shown
to be induced by MyoD transcription factors during the
differentiation of skeletal muscle cells (Guo et al. 1995;
Halevy et al. 1995; Skapek et al. 1995).

We observed no changes in the expression of these cdk
inhibitors in NIH-PPAR<y or HIB1B cells after piogl-
itazone treatment, as monitored by immunofluorosence
staining, RN A, or protein blots (data not shown). In ad-
dition, the induction of cell cycle withdrawal in HIB1B
cells upon activation of PPARy suggests that the func-
tion of tumor-suppressor proteins, such as pRb, pl107,
p130, and p53, are not required for this process, as the
transforming activity of SV40LT has been linked to its
ability to bind and functionally inactivate these proteins
(DeCaprio et al. 1988; Dyson et al. 1989; Ewen et al.
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1989; Ludlow et al. 1989; Hannon et al. 1993; Wolf et al.
1995; Zalvide and DeCaprio 1995). In the presence of
SV40LT, pRb as well as the related pocket proteins p107
and p130 cannot bind to E2F/DP complexes to repress
their transcriptional activity, which is required for cell
proliferation. Hence, these data suggested that E2F/DP
transcription factors might be a more direct intracellular
target for the action of PPARy to control cell cycle. To
test this hypothesis cellular extracts were prepared from
HIB1B, NIH-PPARY, and NIH-vector cells, with or with-
out pioglitazone treatment and subsequently the DN A-
binding activity of E2F/DP complexes was analyzed by
gel mobility-shift assay. In exponentially growing cells
as well as in SV40LT-containing cells, such as HIB1B,
much of the E2F/DP complexes are expected to be found
as free complexes uninhibited by the pocket proteins
pRb, p107, and p130. As shown in Figure 4A, lane 1, we
detected only one major complex in extracts of untreated
exponentially growing HIBIB cells, which corresponds
presumably to the free E2F/DP DN A-binding complex.
This complex could bind specifically to the E2F site, as
only the wild-type but not a mutated E2F oligonucleo-
tide could compete for binding (Fig. 4A, lanes 3,4).

Interestingly, PPAR<y activation by pioglitazone
strongly reduced the DN A-binding activity of E2F/DP in
extracts from the HIB1B cells (Fig. 4A, lane 2). Assays of
the same extracts for DN A-binding activity of an unre-
lated control transcription factor Oct revealed that the
binding to this element did not decline after treatment
with pioglitazone (Fig. 4A, lanes 5,6). We also performed
similar experiments with NIH-vector and NIH-PPAR~y
cells and a selective loss of E2F/DP-binding activity was
observed only in NIH-PPAR<y cells after pioglitazone
treatment (data not shown).

The time-course of down-regulation of E2F/DP DN A-
binding activity was investigated by treating HIB1B cells
with pioglitazone for different times, cellular extracts
were prepared, and then DN A-binding assays were per-
formed. As shown in Figure 4B, E2F/DP DN A binding
was clearly reduced by 2 days of pioglitazone treatment
and nearly disappeared by 5 days of treatment.

The relationship between PPAR<y activation and the
endogenous E2F/DP transcription factor activity was
studied in HIB1B cells that were transfected transiently
with a luciferase reporter plasmid linked to three copies
of an E2F-binding site. As shown in Figure 4C activation
of PPARy with pioglitazone led to a 50% decrease in the
luciferase activity after a period of 48 hr. This effect of
PPARY activation on the endogenous E2F/DP transcrip-
tion factor activity is in a good general agreement with
the decrease of E2F/DP DN A-binding activity, as well as
the decrease in cell growth at this time. These results
demonstrate that PPARy-mediated cell cycle withdrawal
is accompanied by areduction in the E2F/DP DN A-bind-
ing and transcription factor activities.

The identity of proteins in the E2F/DP complex was
investigated with specific antibodies. Figure 5 shows
that addition of two different antibodies specific for DP-1
causes a loss in the major E2F/DP complex (lanes 3.,4)
and a “‘supershift” is seen with the A33 antibody (lane 3).
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Figure 3. Transcription factor activity
of PPARY is required for its negative reg-
ulatory function on cell growth. (Left)
Schematic representations of wild-type
PPARvY1, PPARY2, or mutant PPARY2 cD-
NAs. NIH-M1 cells contain PPARYy ex-
pression vector, which lacks the first 127
amino acids located in the amino termi-
nus. NIH-M2 cells express a PPAR<y2
receptor in which cystein residues at the
DNA-binding domain at positions 156
and 159 have been changed to serine.
NIH-CD cells express a truncated form
of PPARvy2, which lacks the conserved
carboxyl-terminal transactivation domain.
% decrease in cell number (Right) Effects of pioglitazone treatment
(relative to untreated control) on the growth rate of cells expressing
wild-type or mutant forms of PPARY.
Cell numbers were determined after 5 days treatment without or with 5 uM pioglitazone. Decrease in the cell number in treated plates
was represented as relative change to untreated control plates. The data represent the average of at least three independent experi-
ments.
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these complex. In contrast, addition of an antibody spe- at least five members of the E2F family, the identity of
cific for E2F-1 did not cause any change in the amount or the E2F component of this complex will require further
mobility of this complex (Fig. 5, lane 7), suggests that study.
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Figure 4. PPAR<y-induced growth arrest is accompanied by a strong decrease in the E2F/DP DN A-binding activity. (A) HIB1B cells
were treated as described in the legend to Fig. 2. Whole cell extracts were prepared and electrophoretic mobility-shift assays were
performed by using E2F or Oct oligonucleotides as probe (see Materials and Methods). For competition experiments a 100-fold molar
excess of unlabeled wild-type (wt) or mutant (mut) oligonucleotides were used. (B) HIB1B cells were treated for various times with 5
uM pioglitazone. Whole cell extracts were prepared and electrophoretic mobility-shift assays were performed with E2F probe. (C) HIB1B
cells were transfected transiently with a luciferase reporter gene linked to three tandemly repeated E2F-binding sites. All transfections
included a plasmid directing the expression of B-galactosidase under the control of B-actin promoter. Twenty-four hours after trans-
fection, cells were cultured for an additional 48 hr in the presence or absence of 5 um pioglitazone. Cells were harvested and assayed
for luciferase activity, which was normalized for variable transfection efficiencies by correcting for B-galactosidase activity. Decrease
in the luciferase activity in pioglitazone-treated cells is shown as a change relative to untreated control plates. Results are the average
of six independent transfection experiments.

GENES & DEVELOPMENT 1991


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cshlp.org on August 25, 2022 - Published by Cold Spring Harbor Laboratory Press

Altiok et al.

e DP-1

- Fi AJ3 E-20 - sc-525 o EIF-1

' -
eeoe . W --

1 2 3 - 5 6 ¥

Figure 5. DP-1 is a major component of the endogenous E2F/
DP DN A-binding activity. Extracts from exponentially growing
HIBIB cells were incubated with preimmune serum (PI) or with
the various antibodies as indicated here and then subjected to
electrophoretic mobility-shift assays using a 3?P-labeled E2F
probe. The respective antibodies were as follows: K-20, an
a-DP-1 polyclonal antibody (Santa Cruz sc-610x); A33, a rabbit
polyclonal antiserum raised against DP-1; o-E2F-1, a mouse
monoclonal antibody (Santa Cruz sc-251x); sc-525, an unrelated
control antibody prepared against the GADD45 protein (Santa
Cruz). Arrowhead shows the supershift.

PP2A restores the E2F/DP DNA -binding activity in
extracts of pioglitazone-treated cells

It has been reported that serine phosphorylation of E2F
and DP proteins can inhibit their DN A-binding activi-
ties (Dynlacht et al. 1994; Krek et al. 1994, 1995; Xu et al.
1994; Kitagawa et al. 1995). The mechanism leadingto a
decrease in the DN A-binding activity of E2F/DP in pio-
glitazone-treated cells was explored by performing
mixed extract experiments. Interestingly, the addition of
extracts from untreated cells to the extracts prepared
from pioglitazone-treated cells drastically restored E2F/

Figure 6. PP2Ac is able to restore decreased
E2F/DP DNA binding activity in piogl-
itazone-treated cells. (A) Whole cell extracts
prepared from untreated (lane /) or piogl-
itazone (5 um)-treated (lane 2) HIBIB cells
were used either directly or first mixed in
the absence (lane 3) or presence (lane 4) of 3
nM okadaic acid (OA) and then used for gel
mobility-shift assays to determine E2F/DP
DN A-binding activity. Extracts from ligand
untreated (lane 5) or treated (lane 6) HIBIB
cells were treated with 0.5 unit of PP2Ac
(GIBCO BRL) for 30 min at room tempera-

treated
untreated

A picglitazone

DP DN A-binding activity (Fig. 6A, lane 3). The intensity
of the complex was even higher than that of the corre-
sponding complex formed in untreated cellular extracts
(Fig. 6A, cf. lane 1 with lane 3), which may be attribut-
able to increased gene expression of DP-1 in piogl-
itazone-treated cells (data not shown). However, when
the phosphatase inhibitor okadaic acid (OA) was added
to the extracts before mixing, the material from un-
treated cells was not able to restore the DN A-binding
activity of E2F/DP in pioglitazone-treated HIB1B ex-
tracts (Fig. 6A, lane 4). Because OA has been shown to
inhibit the activities of serine-threonine phosphatases
PP2A and PP1A, this suggested that one of these en-
zymes may be responsible for this activity. To distin-
guish between these two enzymes we used the inhibitor
protein 2 (IP-2), which at nanomolar concentrations in-
hibits the PP1A activity but has no effect on PP2A. The
addition of IP-2 at 1 ug concentration did not inhibit the
restoration of E2F/DP activity in mixing experiments
(data not shown). This result indicates that the activity
deficient in pioglitazone-treated cells and restored by un-
treated cells is probably PP2A. Therefore, we treated ex-
tracts with purified PP2A catalytic subunit (PP2Ac) and
the E2F/DP DN A-binding activity was determined.
Treatment with PP2Ac had no effect on the E2F/DP
DN A-binding activity in extracts of untreated cells (Fig.
6A, lane 5), but restored the endogenous E2F/DP activity
in extracts of pioglitazone-treated HIB1B cells (Fig. 6A,
lane 6). These data strongly suggest that PPARvy-induced
decrease in the activity of PP2Ac plays a critical role in
the reduction of E2F/DP binding in pioglitazone-treated
HIBIB cells.

Previous data have shown that inhibition of the PP2A
activity disrupts cell proliferation in various organisms
(Kinoshita et al. 1990; Mayer-Jaekel et al. 1993; Das et al.
1994; You and Bird 1995 and references therein), but the
mechanism of this effect is not clear. To investigate
whether direct pharmacological manipulation of PP2A
activity could regulate E2F/DP activity, HIB1B cells
were treated with either pioglitazone (3 days) or calycu-
lin A (1 day). Calyculin A treatment caused a dramatic

g <
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ture and electrophoretic mobility-shift assays were carried out by using E2F oligonucleotide as probe. The data shown represent the
results of a single experiment. Exactly identical results were obtained in another independent experiment. (B) Calyculin A treatment
leads to a decrease in the E2F/DP DN A-binding activity. HIBIB cells were treated with 5 um pioglitazone or with 0.1 nM calyculin A
for 3 days. Whole cell extracts were prepared from HIB1B cells treated as described above, and gel mobility-shift assays were performed

to determine the DN A-binding activity of endogenous E2F/DP.
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loss of E2F/DP DN A binding (Fig. 6B, lane 3), illustrating
that direct modulation of PP2A activity can regulate
E2F/DP DNA binding.

Ligand activation of PPARy induces phosphorylation
of the DP-1 in cells

The ability of PP2A to reverse the changes in DN A bind-
ing of E2F/DP caused by PPARYy suggested that phos-
phorylation events may be linked causally to ligand ac-
tivation of this receptor. To study this HIB1B cells un-
treated or treated with pioglitazone were labeled with
[*?Plorthophosphate and immunoprecipitation experi-
ments were carried out by using the anti-DP-1 antibody
A33. As shown in Figure 7A pioglitazone treatment re-
sulted in a dramatic increase in the phosphorylation of
DP-1 (lanes 6,7). This is attributable to a change in the
relative phosphorylation state, as ligand treatment did
not cause any change in amount of *°S-labeled DP-1
(lanes 3,4). To determine whether PP2Ac could act di-
rectly on the phosphorylated form of DP-1, the immu-
noprecipitates were treated with the catalytic subunit of
PP2A for 20 min. The complete loss of phosphorylation
after PP2Ac treatment (lane 6)indicates that PPARy-me-
diated phosphorylation of DP-1 occurs mainly on the
serine—threonine residues. This result also suggests that
PP2A action on E2F/DP is likely to be direct.

Although the identity of the endogenous E2F species
in these experiments is unknown, we examined whether
ectopically expressed E2F-1 could become phosphory-
lated upon ligand treatment. HIB1B cells were infected
with a retroviral vector encoding a hemagglutinin (HA)-
tagged version of E2F-1. No significant changes were ob-

PPARY induces cell cycle withdrawal

served in either amount or the phosphorylation of E2F-1
in pioglitazone-treated cells (Fig. 7B).

Activation of PPARy decreases the expression of
PP2A ¢ protein

The decreased PP2A activity that is responsible for the
inhibition of binding of E2F/DP complexes to DNA
could be regulated through changes at the transcriptional
or post-transcriptional levels. This is an especially im-
portant question for components of the cell cycle ma-
chinery, as many are known to be controlled through
protein degradation (Hochstrasser 1995). Therefore, we
determined the protein and mRN A levels of the 36-kD
catalytic subunit of PP2A in pioglitazone-treated and un-
treated cells. The treatment with this drug caused a sig-
nificant decrease in the amount of PP2Ac protein in NI-
H-PPAR<y as well as in HIB1B cells (Fig. 8A). The same
treatment with pioglitazone did not change the amount
of PP2Ac protein in NIH-vector cells (Fig. 8A, top). In the
same experiments we also performed Northern analysis
to test whether the decrease of the catalytic subunit of
the PP2A occurs at the mRN A level. As shown in Figure
8A (middle) activation of PPAR+y did not lead to any
change in the amount of RN A of this protein in NIH-
PPARYy, HIB1B, or NIH-vector cells. These results indi-
cate that PPAR<y regulates the expression of the PP2Ac
mainly at the post-transcriptional level.

A dramatic decrease in the expression level of PP2Ac
protein can be observed within 48 hr of pioglitazone
treatment of HIB1B cells (Fig. 8B). Because a decrease in
E2F/DP DN A-binding activity can be observed first 48
hr after pioglitazone treatment (see Fig. 4B), this is con-

Figure 7. Activation of PPAR<y induces
phosphorylation of DP-1 but not E2F-1.
HIBIB cells with or without pioglitazone
treatment for 3 days were metabolically
labeled with [*?Plorthophosphate or with
[°Slmethionine. Whole cell lysates were

t2p prepared and then subjected to immuno-

PP2A - - - -

pioglitazone
YT Pl Pl

DP-1—p , -

1 2 T 4 3

355

precipitation using preimmune serum (PI),
antiserum specific for DP-1, or antibody
prepared for HA. (A) DP-1 immunoprecipi-
tates were boiled in 1% SDS, and *?P-la-
beled DP-1 was reimmunoprecipitated
- with DP-1 antibody. Immunoprecipitates

prepared from PPAR+y-activated cells were
either tested directly (lane 4) or after treat-
ment with PP2Ac for 20 min at room tem-
perature (lane 5). Lane I shows *°S-labeled
in vitro translated DP-1. (B) Lysates of
metabolically labeled HIB1B cells ectopi-
Tp cally expressing HA-E2F-1 were subjected

pioglitazone + - + +

VT PI Pl

E2F-T—  ——

to preimmuneserum (PI) or anti-HA anti-
body MAb 12CAS5. 3S-Labeled, in vitro-
translated HA-E2F-1 is shown in lane /.
Samples were analyzed by SDS-gel elec-
trophoresis under reducing conditions.

! _l Mobilities of DP-1 and E2F-1 are indicated

by arrows.
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Figure 8. Activation of PPARY leads to decreased PP2Ac but
not mRNA. (A) Exponentially growing NIH-PPARY, NIH-vec-
tor, or HIB1IB cells were cultured in the absence or presence of
5 uM pioglitazone for 5 days. Total RN A or whole cell lysates
were then prepared. For Northern analysis total RNA (10 pg)
was blotted to nylon membrane and hybridized with 3?P-labeled
mouse PP2Ac prepared by RT-PCR from NIH-3T3 cells. An
equivalent amount of intact RN'A was run in each lane as indi-
cated as 28S RN A. The lysates were equalized for protein con-
tent and processed for Western blotting with anti-PP2Ac anti-
body. (B) HIB16B cells were treated for various times with 5 pm
pioglitazone. Lysates were prepared and processed for Western
blotting.

sistent with the finding that down-regulation of PP2Ac
can regulate E2F/DP DN A-binding activity.

Discussion

We show here that activation of either isoform of
PPARYy, PPARvyl, or PPARY2, is sufficient to induce
growth arrest, as well as to initiate adipogenesis in ex-
ponentially growing fibroblast cell lines. It is important
to note that these cell lines express approximately one-
third the level of PPARYy mRNA and protein that are
seen in cultured adipocytes or adipose tissue. Thus, it is
very likely that PPARYy does indeed play an important
role in cell cycle withdrawal during adipogenesis in vivo.
In addition to the effects observed with ectopic expres-
sion of PPARYy in fibroblastic cells, we have observed
essentially identical results with ligand activation of en-
dogenous PPARy in murine HIB1B cells, an aggressively
growing brown fat cell line derived from tumors pro-
duced through the transgenic expression of SV40LT
(Ross et al. 1992).

It has been shown that ectopic expression of C/EBPq,
which is also induced in adipogenesis, can stimulate cell
cycle withdrawal (Umek et al. 1991; Freytag et al. 1994;
Lin and Lane 1994). However, two pieces of evidence
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suggested that this factor alone is probably not respon-
sible for cell cycle withdrawal. First, when expressed at
or slightly above adipocyte levels with retroviruses, cell
growth continues at a normal rate (Tontonoz et al.
1994b). Second, the induction of C/EBPa occurs rela-
tively late in the process of differentiation in established
preadipocyte lines such as 3T3-L1 or 3T3-F442A, well
after most cell cycle withdrawal has already taken place
(Cao et al. 1991; Tontonoz et al. 1994b). On the other
hand, physiological levels of C/EBP«a cooperate dramati-
cally with PPARYy in promoting adipogenesis (Tontonoz
et al. 1994b; Hu et al. 1995; Brun et al. 1996) and it is
entirely possible that these two factors cooperate to
bring about a final halt to cell growth.

Ligand activation of PPAR+y leads to a progressive de-
crease in the DN A-binding activity of E2F/DP transcrip-
tion factors. The members of E2F/DP transcription fac-
tors are of particular interest because of the critical role
they play in cell growth. The E2F-binding sequence has
been identified in the promoters of genes, the products of
which are associated with entry into S-phase and DN A
synthesis (La Thangue 1994). To date, five members of
the E2F (Helin et al. 1992; Kaelin et al. 1992; Shan et al.
1992; Ivey-Hoyle et al. 1993; Lees et al. 1993; Beijersber-
gen et al. 1994; Ginsberg et al. 1994) and three members
of the DP (Girling et al. 1993; Ormondroyd et al. 1995;
Wu et al. 1995; Zhang and Chellappan 1995) families
have been reported. Overexpression of the members of
the E2F or DP family has been shown to be sufficient to
allow initiation of S-phase (Johnson et al. 1993; Beijers-
bergen et al. 1994; Logan et al. 1994, 1995; Qin et al.
1994; Shan and Lee 1994; Lukas et al. 1996)and to lead to
the neoplastic transformation of rat embryo fibroblasts
(Beijersbergen et al. 1994; Ginsberg et al. 1994; Johnson
et al. 1994; Singh et al. 1994; Jooss et al. 1995; Xu et al.
1995), as well as to block terminal differentiation of
megakaryocytes (Guy et al. 1996). Furthermore, expres-
sion of dominant negative mutant DP-1 has been re-
ported to block cell cycle progression in G; (Wu et al.
1996). The time-course study shown here (Fig. 4C) dem-
onstrates that the down-regulation of E2F/DP occurs
within 48 hr after treatment with pioglitazone and cor-
relates well with the inhibition of the endogenous tran-
scription factor activity of E2F/DP as determined in
transfection assays. This time course is also in agree-
ment with the reduction in cell growth, which becomes
significant [2 days after adding ligand to the cells con-
taining PPARy. This temporal correlation along with the
crucial role played by the E2F/DP complex in cell
growth strongly suggests that at least part of this mecha-
nism is responsible for causing the PPAR+y-containing
cells to exit the cell cycle.

The in vivo and in vitro experiments presented here
show that PPAR~y-induced loss of E2F/DP DN A-binding
activity is attributable to an increase in the phosphory-
lation of this complex, in large measure to a decrease in
the protein level of PP2A catalytic subunit. In vivo la-
beling experiments reveal that activation of PPAR<y leads
to an increase in the phosphorylation of DP-1, which can
be reversed specifically by the serine—threonine phospha-
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tase PP2Ac. Because DP-1 is a major component of the
E2F/DP complex in HIBIB cells, as shown in Figure 5,
our observation taken together with the previous reports
about the negative regulation of DP-1 activity on serine—
threonine phosphorylation could provide an explanation
how the DN A-binding activity of E2F/DP decreases in
cells treated with pioglitazone. Furthermore, these data
also suggest that PP2A plays a crucial role in maintain-
ing E2F/DP transcription factors in the un(der)phos-
phorylated state at certain key residues. The identity of
these key residues and the protein kinases that modify
them remain to be determined. Cyclin A-CDK2 has
been reported previously to phosphorylate and reduce
the DN A-binding activity of E2F/DP complexes (Dyn-
lacht et al. 1994; Xu et al. 1994; Krek et al. 1995). Because
cyclin A-CDK2 activity remains high in PPARw-acti-
vated cells (data not shown), this complex must be con-
sidered a candidate. However, antibody neutralization
experiments have revealed recently that E2F-4 is a major
component of the E2F/DP complex in HIB1B cells (data
not shown). Because E2F-4, unlike E2F-1, E2F-2, and
E2F-3 does not contain a cyclin-binding motif (Krek et al.
1995), it is tempting to speculate that either another ki-
nase is involved in the phosphorylation of E2F/DP com-
plex in PPARvy-activated cells or a new mechanism of
cyclin recruitment is implied.

The very important role that E2F/DP complexes have
been shown to play in cell cycle progression strongly
suggests that the PPAR~y-linked decrease in the DN A-
binding activity of these factors is linked causally to the
differentiation-related cell cycle withdrawal. Could the
regulation of E2F/DP activity by PP2A have a general
importance beyond adipogenesis in differentiation-
linked cell cycle control? There is indirect evidence sug-
gesting that this might indeed be the case. For example,
many immortalized cell lines of different cellular lin-
eages established from transgenic animals expressing
SV40LT still retain the ability to undergo terminal dif-
ferentiation and cell cycle withdrawal (Hanahan 1988,
1989). This would suggest the presence of an alternative
mechanism in those cells that control cell growth by
regulating E2F/DP activity, rather than the function of
tumor-suppressor proteins. On the other hand, differen-
tiation-inducing agents have been reported to induce a
decrease in the DN A-binding activity of E2F/DP during
the differentiation process of several other cell types;
post-translational modifications have been implicated in
some cases (La Thangue and Rigby 1987; Hara et al.
1993; Melamed et al. 1993; Kranenburg et al. 1995).

Finally, it is worth noting that as differentiation-
linked cell cycle withdrawal can be driven by a reduction
in PP2A activity, this molecule may be an attractive tar-
get for chemotherapeutic intervention in cancer. As
noted in previous publications, PP2A inhibitors can
cause cell cycle withdrawal. What may be noteworthy
here is that this proposed mechanism, direct regulation
of E2F/DP by PP2Ac, ought to work even in the absence
of the function of tumor suppressors such as pRb, p107,
and p130 or p53. Because many cancers may have genetic
damage at these loci, direct pharmacological manipula-
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tion of PP2A or regulation of its activity through activa-
tion of PPARvyin tumors expressing this factor may have
special promise.

Materials and methods

Cell culture, transfections, and plasmids

Preparation of the PPARY2, PPARYyl, PPARYy-M2, PPARYy-M 1
viral expression vectors (Tontonoz et al. 1994a,b) and 3xwt-E2F-
Luciferase construct (Krek et al. 1993) were described previ-
ously. The PPARYy2-CD c¢cDNA (encoding amino acids 1-494)
was amplified from the PPARy2 ¢cDNA by PCR and inserted
into the pBabe-Puro retroviral expression vector.

Stable cell lines expressing wild-type or mutant forms of
PPARYy were derived as described (Tontonoz et al. 1994b).
BOSC23 cells were cultured in 90-mm dishes and transfected at
80% confluence by calcium—phosphate coprecipitation with 10
png of pBabe-derived expression vector as described (Pear et al.
1993). Forty-eight hours after transfection viral supernatants
were collected and NIH-3T3 cells were infected at 50% conflu-
ence with equal titers of recombinant virus. The supernatants
were applied to the cells in Dulbecco’s modified Eagle medium
(DMEM) containing 10% cosmic calf serum (Hyclone) and 4
pg/ml of polybrene. Twenty-four hours after infection, cells
were split and plated in DMEM containing 10% calf serum and
2 ug/ml of puromycin to select infected cells. NIH-3T3 cell
lines infected with empty vector or with viral expression vec-
tors containing wild-type or mutant forms of PPARy cDNA as
well as HIBIB and 3T3-F442A cell lines were cultured in
DMEM containing 10% cosmic calf serum. Pioglitazone (5-[4-
[2-(5-ethyl-2-pyridyl)-ethoxy]benzyl]-2,4-thiazolidinedione)
(Upjohn) was dissolved in DMSO and used in cell culture ex-
periments.

HIBI1B cells were transfected transiently with lipofect AMINE
following the protocol provided by the supplier (GIBCO BRL).
Briefly, a mixture of E2F luciferase reporter plasmid, B-galacto-
sidase expression vector, and 20 pl of lipofect AMINE in 0.6 m1
of DMEM was incubated at room temperature for 45 min and
then diluted to 3 m1 with DMEM. Cells per 60-mm dish were
washed with DMEM and diluted DN A-lipid mixture was
added. Five hours after incubation at 37°C, the cells were refed
with DMEM containing 10% calf serum. Twenty-four hours
after transfection cells were treated with or without piogl-
itazone for an additional 48 hr. Luciferase (de Wet et al. 1987)
and B-galactosidase (Maniatis et al. 1989) experiments were per-
formed as described previously.

RNA and protein analysis

Total RNA was isolated from cultured cells by guanidine
isothiocyanate extraction (Chirgwin et al. 1979). RN A, dena-
tured in formamide and formaldehyde, was electrophoresed
through formaldehyde-containing agarose gels as described (Ma-
niatis et al. 1989). cDN A probes for mouse PP2A catalytic sub-
unit was prepared by RT-PCR. First-strand DN A was prepared
from mouse NIH-3T3 cell total RNA (10 pug) using the cDNA
Cycle Kit (Invitrogen). The sequences of the PCR primers used
were 5'-ATGGACGAGAAGTTGTTCACCAGG-3" and 5'-
TTACAGGAAGTAAGTCTGGGGTAC-3'. PCR products
were isolated after electrophoresis through an agarose gel and
labeled with [a->?P]JdCTP (6000 Ci/mmole) by the random-
priming method (Feinberg and Vogelstein 1984) to a specific
activity of at least 10° cpm/pg. For Western blot analysis cel-
lular extracts were prepared as described (Maniatis et al. 1989)
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and blotted with a polyclonal anti-PP2A catalytic subunit anti-
body (Upstate Biotech, Inc.).

Electrophoretic mobility-shift assays

Whole cell extracts were prepared and electrophoretic mobility-
shift assays were performed as described previously (Shirodkar
et al. 1992). The double-stranded oligonucleotides used as a la-
beled DNA probe included the E2F-binding site 5'-ATT-
TAAGTTTCGCGCCCTTTCTCAA-3' (Cao et al. 1992) or Oct-
binding site 5'-TGTCGAATGCAAATCACTAGAA-3" (Sc-
heidereit et al. 1988). The mutant E2F oligonucleotide was 5'-
ATTTAAGTTTCGATCCCTTTCTCAA-3" (Cao et al. 1992).
For competition experiments 100-fold molar excess of unla-
beled oligonucleotides were added before the addition of labeled
probe. The reaction products were separated in a 4% polyacryl-
amide gel run in 0.25x TBE (22.5 mM Tris-borate and 0.5 mM
EDTA). The gel was dried, and autoradiography with intensify-
ing screen was performed.

BrdU incorporation experiments

BrdU incorporation experiment was performed as described in
the protocol provided by the supplier (Boehringer Mannheim
Biochemical). Briefly, cells grown on coverslips were labeled
with 10 uM BrdU for 1 hr. Samples were washed and fixed with
ethanol-glycine buffer and incubated with anti-BrdU monoclo-
nal antibody. After incubation with anti-mouse-immunoglobu-
lin-alkaline phosphatase followed by the substrate reaction,
bound anti-BrdU antibody was visualized by light microscopy.

Metabolic labeling and im munoprecipitations

HIB16B cells were labeled metabolically with [**S]methionine
(1 mCi/ml) or [?Plorthophosphate 2 mCi/ml) for 4 hr. Cells
were lysed in a buffer containing 50 mm Tris HCI (pH 7.4), 150
mM NaCl, 5 mm EDTA, 1% Tween 20, 1 mM sodium ortho-
phosphate, 10 mm NaF, 0.5 mM PMSF, 2 pg/ml of aprotinin, 2
ug/ml of leupeptin. Proteins were precipitated with antibodies
as indicated and Sepharose CL-4B-protein A beads (Pharmacia).
Immunocomplexes were washed four times. For immune repre-
cipitation experiments, washed immunobeads were boiled for
10 min in 50 pl of 50 mMm Tris HC1 (pH 7.4), 1% SDS, and 1| mm
DTT, followed by addition of 0.5 m1 of lysis buffer, and incu-
bated with DP-1 antibody at 4°C.

For in vitro translation of DP-1 and HA-E2F-1[>**SImethio-
nine-labeled translation products were prepared with the TNT
lysate system (Promega) according to the manufacturer’s in-
structions.
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