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Peroxisome Proliferator-Activated Receptor 3/8 Cross Talks with E2F
and Attenuates Mitosis in HRAS-Expressing Cells
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The role of peroxisome proliferator-activated receptor (3/6 (PPAR[3/3) in Harvey sarcoma ras (Hras)-expressing cells was exam-
ined. Ligand activation of PPAR{/8 caused a negative selection with respect to cells expressing higher levels of the Hras onco-
gene by inducing a mitotic block. Mitosis-related genes that are predominantly regulated by E2F were induced to a higher level
in HRAS-expressing Pparf3/d-null keratinocytes compared to HRAS-expressing wild-type keratinocytes. Ligand-activated
PPARP/ repressed expression of these genes by direct binding with p130/p107, facilitating nuclear translocation and increasing
promoter recruitment of p130/p107. These results demonstrate a novel mechanism of PPAR[/8 cross talk with E2F signaling.
Since cotreatment with a PPAR/8 ligand and various mitosis inhibitors increases the efficacy of increasing G,/M arrest, target-
ing PPAR3/8 in conjunction with mitosis inhibitors could become a suitable option for development of new multitarget strate-

gies for inhibiting RAS-dependent tumorigenesis.

argeting peroxisome proliferator-activated receptors (PPARs)

for the prevention and treatment of diseases is of great interest
due to their ability to modulate many physiological functions (1,
20, 34, 46, 47). PPARPB/S ligands can increase the serum high-
density-lipoprotein cholesterol concentration, improve insulin
resistance, increase fatty acid catabolism, and exert potent anti-
inflammatory activities (1, 20, 30, 34, 35, 42). There is also a po-
tential for targeting PPARRB/S for the prevention and treatment of
cancer. However, the role of PPARB/S in cancer remains contro-
versial (reviewed in references 45 to 47, 49, and 50). The first
evidence suggesting that PPARB/d modulates skin carcinogenesis
was provided by the observation that Ppar3/3-null mice exhibited
enhanced epidermal hyperplasia in response to the tumor pro-
moter 12-O-tetradecanoylphorbol-13-acetate (TPA) (48). Con-
sistent with this phenotype, exacerbated skin tumorigenesis was
also found in Ppar/3-null mice following a two-stage chemical
carcinogenesis bioassay (31). Subsequent studies demonstrated
that ligand activation of PPARB/S inhibits chemically induced
tumorigenesis (3, 4, 68). One mechanism that may underlie these
PPARP/8-dependent chemopreventive effects is modulation of
epidermal cell proliferation through inhibition of protein kinase
C a/mitogen-activated protein kinase (PKCa/MAPK) (31, 33).
Additionally, ligand activation of PPARB/S induces terminal dif-
ferentiation (3, 32, 61), which influences cell proliferation and
skin tumorigenesis.

Neoplastic conversion of normal cells to benign tumors and
progression of benign tumors to adenomas and carcinomas is as-
sociated with overexpression, amplification, and homozygosity of
oncogenic Hras (37). Chemicals can cause mutations in Hras in
mouse skin tumors (5), and examination of skin tumors produced
by chemical carcinogens or UV light revealed that nearly all tu-
mors contain an activated Hras oncogene (2, 12). Targeted intro-
duction of oncogenic Hras into the epidermis of experimental
animals can replace the initiation step resulting from exposure to
a mutagenic chemical such as 7,12-dimethylbenz[a]anthracene
(DMBA) in a two-stage chemical carcinogenesis model (7), and
introduction of an Hras oncogene into normal mouse keratino-
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cytes can also produce benign papillomas when grafted onto nude
mice (19). Thus, there is strong evidence suggesting that activating
the Hras oncogene through mutagenesis contributes to the mech-
anisms leading to neoplastic transformation during skin carcino-
genesis.

Previous work demonstrated that activation of PPARB/S at-
tenuated skin tumorigenesis in a 2-stage chemical carcinogenesis
bioassay and inhibited proliferation of cells with a mutation in the
Hras gene (3). This suggests that PPARB/8 could inhibit tumori-
genesis through inhibition of oncogenic Hras signaling, which was
examined in these studies.

MATERIALS AND METHODS

Virus production. The Hras retrovirus was generated from {2 producer
cells as described previously (53). The virus titer was determined to be
between 1 X 10”7 and 2 X 107 transforming units/ml by the use of an NIH
3T3 focus-forming assay.

Plasmids. pCMV-p130 and pCMV-E2F4 vectors were purchased
from Origene (Rockville, MD). The pCMV-p107 vector was a kind gift
from Liang Zhu (69). The FLAG-p107, pGEX-2T-p107, and pGEX-2T-
p130 vectors were kindly provided by Xavier Grana (28). pSG5-PPARB/d
has been described previously (18). pcDNA-FLAG-PPARB/8 was con-
structed by digesting pTNT-FLAG-PPARB/S (kindly provided by Gary
Perdew of Penn State University) with KpnI and NotlI followed by ligation
into Kpnl- and NotI-linearized pcDNA3.1 vector. The mouse CdkI pro-
moter from —205 to +57 was cloned using the following primers: forward
primer, 5'-ATAGGTACCGGAAGGAAAACAGAGCTCAAGAG-3'; re-
verse primer, 5'-ATACTCGAGCACACCGCAGTTCCGG-3". The PCR
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product was digested with Kpnl and Xhol and ligated into Kpnl- and
Xhol-linearized pGL4.20 vector (Promega, Madison, WI). Site-directed
mutagenesis was performed to produce mutations in the following re-
gions of the mouse CdkI promoter reporter construct (pGL4.20-mCdkI-
promoter): for the distal E2F binding site, the sense primer was 5'-GTTT
CCGCTCCCTTTCGTAATCTGCGCTCCCAGGC-3" and the antisense
primer was 5'-GCCTGGGAGCGCAGATTACGAAAGGGAGCGGAAA
C-3'; for the proximal E2F binding site, the sense primer was 5'-GATCC
CGGGAGCTTTAATATTGCGAGTTTGAAACTGC-3' and the antisense
primer was 5'-GCAGTTTCAAACTCGCAATATTAAAGCTCCCGGGA
TC-3'; and for the CHR binding site, the sense primer was 5'-CTTTACC
GCGGCGAGTCGACAACTGCTGGCACTCGG-3" and the antisense
primer was 5'-CCGAGTGCCAGCAGTTGTCGACTCGCCGCGGTAAA
G-3'. Mutations were confirmed by direct sequencing, and the following
mutant reporter constructs were obtained: a mouse CdkI promoter re-
porter construct with a mutant distal E2F binding site (pGL4.20-mCdkI-
distal E2F mutant), a mouse CdkI promoter reporter construct with a
mutant proximal E2F binding site (pGL4.20-mCdkI-proximal E2F mu-
tant), and a mouse CdkI promoter reporter construct with a mutant CHR
binding site (pGL4.20-mCdk1-CHR mutant).

Cell culture. Primary keratinocytes from newborn wild-type and
PparP/3-null mice were prepared and cultured as previously described
(13). Keratinocytes were infected with the Hras retrovirus for 2 days at an
estimated multiplicity of infection (MOI) of 1 to 12. Cells were subse-
quently cultured in control medium or medium containing GW0742 for
up to 9 days postinfection. Keratinocytes of the 308 cell line that contain
an activated mutation in Hras (56, 65) were cultured as described previ-
ously (3, 4).

Cell proliferation assays. Wild-type and Pparf/8-null keratinocytes
were infected with a retrovirus carrying Hras at an estimated MOI of 3 for
2 days. Keratinocytes were then treated with 1 puM GW0742 for another 4
days or left untreated. Cell numbers were quantified using a Z1 Beckman
Coulter particle counter. Alternatively, cells were seeded in 96-well plates
and, after 72 h of treatment with or without 1 uM GW0742, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)—phosphate-
buffered saline (PBS) was added to each well at the final concentration of
0.5 mg/ml and cells were incubated at 37°C for 1 h. The medium was
removed to quantify optical density with a spectrophotometer at 560 nm.

Immunofluorescence analysis. HRAS-expressing wild-type and
Pparf/3-null keratinocytes treated with or without 1 pM GW0742 were
cultured in chamber slides to ensure complete attachment. Cells were
fixed in 2% formaldehyde—PBS for 15 min at room temperature followed
by permeabilization with 100% methanol for 10 min at —20°C. Cells were
then washed with PBS and incubated overnight with an anti-phospho-
histone 3 (S10) antibody (Cell Signaling, Beverly, MA) at 4°C followed by
incubation with an Alexa Fluor 488-conjugated secondary antibody (Cell
Signaling, Beverly, MA) and a Cy3-conjugated antitubulin antibody (Sig-
ma-Aldrich, St. Louis, MO) for 1 h at room temperature in the dark. Cells
were then washed with PBS before incubation in Hoechst 33342 (1 pg/ml)
for 10 min at room temperature. Paraffin-embedded sections from skin
tumors were prepared from samples collected for a previously published
study from wild-type and PparB/8-null mice, with and without topical
application of GW0742 (68). Sections were deparaffinized with xylene
and rehydrated with decreasing concentrations of ethanol followed by
antigen retrieval by boiling in 10 mM sodium citrate buffer (pH 6.0).
Phospho-histone 3 S10 (pH3S10), tubulin, or total DNA (Hoechst) was
detected as described above. The mitotic index was calculated as the per-
centage of cells that gave positive staining results for pH3S10. For every
sample, a minimum of 1,000 total cells were examined. Cells were immu-
nostained with antibodies against pH3S10 and B-tubulin and costained
with Hoechst to visualize DNA and to identify mitotic cells at different
growth phases, and the distribution of cells in various phases of mitosis
was determined using a previously described method (38). For every sam-
ple, a minimum of 4,000 total cells were examined.

For colocalization analysis, cells were prepared as described above.
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Anti-p107/p130 antibody (Santa Cruz Biotechnology, Santa Cruz, CA),
anti-PPARB/3 8095 antibody (18), and anti-E2F4 antibody (Santa Cruz
Biotechnology, Santa Cruz, CA) were conjugated with Alexa Fluor 647,
Alexa Fluor 488, and Alexa Fluor 568 dye, respectively, using the recom-
mended protocol of the manufacturer (Invitrogen, Carlsbad, CA). Rep-
resentative photomicrographs were obtained with an Olympus Fluoview
1000 confocal microscope, using a 60X oil objective (numerical aperture
[NA], 1.35) at room temperature. Photomicrographs were acquired with
FV10-ASW2.0 VIEWER software (Olympus) and deconvolved with Au-
toquant software (Media Cybernetics, Bethesda, MD).

Flow cytometry analysis. Cells were stained with bromodeoxyuridine
(BrdU) and/or propidium iodide (PI) and analyzed for cell cycle progres-
sion as previously described (6, 24). The percentage of cells at each phase
of the cell cycle = standard deviation (SD) was determined with FCS
Express software. For anti-HRAS staining analysis, cells were subjected to
trypsinization and washed with PBS once before fixation was performed
with 2% formaldehyde—PBS for 15 min at room temperature followed by
permeabilization with 100% methanol for 10 min at —20°C. Cells were
washed with PBS and incubated overnight with an anti-HRAS antibody
(C20; Santa Cruz Biotechnology, Santa Cruz, CA) followed by incubation
with an Alexa Fluor 488-conjugated secondary antibody (Cell Signaling,
Beverly, MA) for 1 h at room temperature in the dark. Approximately
5,000 cells/sample were analyzed by flow cytometry using a Coulter
XL-MCL analyzer (Beckman Coulter, Miami Lakes, FL). Pearson’s second
skewness coefficient, defined as 3 (mean relative HRAS intensity — me-
dian relative HRAS intensity)/standard deviation of relative HRAS inten-
sity, was calculated to determine the relative distribution of cells with
various levels of HRAS.

DNA microarray analysis. Wild-type and Ppar3/8-null keratinocytes
were infected with retrovirus carrying Hras at an estimated MOI of 3 for 4
days before treatment with or without 1 wM GW0742 for 24 h. For non-
Hras-infected keratinocytes, cells were mock infected for 4 days before
treatment with or without 1 uM GW0742 for 24 h. Total RNA was isolated
using TRIzol reagent (Invitrogen, Carlsbad, CA) and purified with an
RNeasy minikit (Qiagen, Valencia, CA). RNA (100 ng per sample) was
prepared for analysis using a GeneChip Mouse Gene 1.0 ST array (Af-
fymetrix, Santa Clara, CA) according to the manufacturer’s instructions.
The Robust Multichip Average (RMA) approach was used for normaliza-
tion of microarray data using the R/Bioconductor package as previously
described (14). To identify genes that were significantly induced by HRAS,
a false-discovery-rate (FDR) cutoff of 0.1 was used. The DAVID algorithm
was used to functionally categorize genes involved in different biological
process as previously described (25). Principal component analysis (PCA)
was performed using the R/Bioconductor package. Data have been depos-
ited in NCBI’s Gene Expression Omnibus (GEO) database (http://www
.ncbi.nlm.nih.gov/geo) (see below).

GSEA. The log 2-transformed normalized values of the microarray
data were used for Gene Set Enrichment Analysis (GSEA) (39, 57). The
phenotype data set was constructed by averaging the log 2 values of 62
mitosis-related genes. The Pearson metric was chosen to rank the genes,
and the phenotype-permutation option was set to compute the enrich-
ment scores. Sets of E2F target genes were from two published data sets in
which E2F target genes were confirmed by chromatin immunoprecipita-
tion (52, 63). The EGRI gene set was obtained from two confirmed EGR1
target gene databases (15, 58). The Sp1 gene set was obtained from the
online Molecular Signature database (http://www.broadinstitute.org
/gsea/msigdb/genesets.jsp?collection = TFT). Genes containing a GGGG
CGGGGT motif within 2 kb on either side of the transcription start site
were considered SP1 target genes. For each analysis, the normalized en-
richment score (NES) is indicated together with the corresponding FDR.
Transcription factor binding sites were identified using in silico analysis
with MatInspector software (Genomatix, Ann Arbor, MI).

Quantitative Western blot analysis. Cell lysates and supernatants
used for Western blot analyses and immunoprecipitations were prepared
as previously described (6, 18). An NE-PER nuclear protein extraction kit
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(Thermo Scientific, Rockford, IL) was used to isolate nuclear and cytosol
protein. Equal amounts of cytosol and nuclear protein were used for
Western blot analysis. Western blot analysis using radioactive detection
methods was performed as previously described (18). The primary anti-
bodies used were as follows: antiphosphoretinoblastoma (anti-phospho-
RB; phosphorylated at S780, S795, or S807/811), anti-AURKB, anti-
CENP-A, and anti-CHEK1 (Cell Signaling, Beverly, MA), anti-HRAS,
anti-cyclin-dependentkinase 1 (anti-CDK1), anti-CDK2, anti-CDK4, an-
ti-cyclin B1, anti-cyclin D1, anti-CKS1/2, anti-NEK?2, anti-H2AFZ, anti-
BIRCS5, anti-RB, anti-E2F1, anti-E2F4, anti-p107, and anti-p130 (Santa
Cruz Biotechnology, Santa Cruz, CA), anti-lactic dehydrogenase (anti-
LDH; Jackson ImmunoResearch, West Grove, PA), and anti-B-actin
(Rockland, Gilbertsville, PA). The anti-PPARB/8 antibody was previously
described (18).

RNA isolation and qPCR analysis. Total RNA was isolated from cell
lines or tumor samples by the use of TRIzol reagent (Invitrogen, Carlsbad,
CA). Reverse transcription and quantitative real-time PCR (qPCR) were
performed as previously described (44). The relative level of mRNA was
normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) or
18S RNA levels.

ChIP. Chromatin immunoprecipitation (ChIP) was performed as
previously described (44) using each of the following antibodies: anti-
p107, anti-p130, anti-E2F4, and anti-E2F1 (Santa Cruz Biotechnology,
Santa Cruz, CA) and acetylated histone 4 (Millipore, Temecula, CA).
Rabbit IgG was used as a negative control. QPCR was performed to deter-
mine the relative enrichments of specific proteins in different promoter
regions, and ubiquitin C genomic DNA was used for normalization. The
following primers were used for ChIP analysis: for the CdkI proximal E2F
binding site, forward primer 5'-AGCTCAGCTCTGATTGGCTCCTT
T-3" and reverse primer 5'-TTTCAAACTCGCCGCGGTAAAGC-3'; for
the CdkI distal E2F binding site, forward primer 5'-AAACAGAGCTCAA
GAGTCAGTTGGCG-3’ and reverse primer 5'-GCAGAGCGCGAAAGG
GAGCGGAAA-3'; for the E2f1 E2F binding site, forward primer 5'-GGC
CAATGGAGGAGGCGTT-3' and reverse primer 5'-TGCAAAGTCCGG
GCCACTT-3'; for the Chekl E2F binding site, forward primer 5'-TTTA
CGGCAGAGGTGTGCGCTTT-3' and reverse primer 5'-TTCTCACCA
AGCAGTCCTTTGCCA-3'; and for the Ubc sequence, forward primer
5'-CCAGTGTTACCACCAAGAAGGTCA-3" and reverse primer 5'-CCA
TCACACCCAAGAACAAGCACA-3'".

ChIP-re-ChIP assay. For improved cross-linking of proteins that are
not directly bound to DNA, a modified cross-linking approach was used
(16). Briefly, cells were incubated with 5 mM dimethyl dithiobispropi-
onimidate (DTBP) on ice for 30 min and the reaction was stopped by
adding 100 mM Tris-HCI (pH 8.0) and 150 mM NaCl. A second cross-
linking was then performed with 1% formaldehyde for 10 min at room
temperature and stopped by the addition of glycine to reach a final con-
centration of 0.125 M. The remaining steps were essentially the same as
those of the ChIP protocol described above with the following exceptions.
For the first ChIP, sonicated chromatin was incubated with 2 pg of each
the following antibodies: control rabbit IgG, anti-PPARB/S (8095) anti-
body (18), or anti-E2F4 that was conjugated to agarose beads (Santa Cruz
Biotechnology, Santa Cruz, CA). After elution with extraction buffer (0.1
M NaHCO;, 1% sodium dodecyl sulfate [SDS]), samples were diluted
with buffer (20 mM Tris-HCI, 150 mM NaCl, 2 mM EDTA, 1% Triton
X-100) and subjected to a second immunoprecipitation with the same
antibody (rabbit IgG, anti-PPARB/3, or anti-E2F4) for a single pulldown
assay or the anti-PPARB/8 antibody after the first E2F4 antibody pull-
down assay.

Immunoprecipitation assay. Standard immunoprecipitations were
performed as previously described (18). For immunoprecipitations in-
volving FLAG-tagged proteins, FLAG matrix gel (Sigma-Aldrich, St.
Louis, MO) was used to pull down FLAG-tagged proteins. After three
washes, coimmunoprecipitates were eluted with releasing buffer (10 mM
Tris-HCI [pH 7.5], 150 mM NaCl, 1% Triton X-100) containing FLAG
peptide (Sigma-Aldrich, St. Louis, MO) (100 pg/ml). The eluted precip-
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itates were then resolved with SDS-polyacrylamide gel electrophoresis
(SDS-PAGE). For sequential immunoprecipitations, cell lysates were first
subjected to anti-FLAG pulldown assays and primary precipitates were
eluted as described above. Eluted coimmunoprecipitates were diluted
with lysis buffer and subjected to a second immunoprecipitation. For
immunoprecipitations involving in vitro-translated proteins, E2F4,
PPARP/3, and p130 were in vitro translated using a TNT quick coupled
transcription/translation kit (Promega, Madison, WI). In vitro-translated
proteins were mixed in the absence or presence of 1 WM GW0742 at 30°C
for 30 min. The proteins were then diluted with 25 mM MENG buffer
supplemented with 150 mM NaCl, 1%Triton X-100, and phosphatase and
protease inhibitors before immunoprecipitation was performed as de-
scribed above.

Luciferase reporter assay. 308 cells or primary keratinocytes that were
either mock infected or HRAS expressing were transiently transfected
with equal amounts of endotoxin-free pGL4.20, pGL4.20-mCdkI-pro-
moter, pGL4.20-mCdkI-distal-E2F mutant, pGL4.20-mCdkI-proximal-
E2F mutant, or pGL4.20-mCdkI-CHR mutant constructs and pCMV-
renilla as described above. At 48 h after transfection, cells were treated
with dimethyl sulfoxide (DMSO) or 1 uM GW0742 for 24 h. Cells were
lysed with 1X passive lysis buffer (Promega, Madison, WI), and luciferase
activity was measured with a luminometer.

In vitro kinase assay. Glutathione transferase-p130 (GST-p130) or
GST-pl07 protein (200 ng) (see Fig. S4F in the supplemental material)
was incubated with 500 ng of recombinant PPARRB/8 (ProteinOne, Rock-
ville, MD) or dilution buffer in the presence of 50 mM Tris-HCI (pH 7.5),
150 mM NaCl, and 1 mM EDTA with or without 1 puM GW0742 on ice for
30 min. After this step, 200 ng of a CDK4/cyclin D1 complex (Invitrogen,
Carlsbad, CA) and a mixture of 100 wM cold ATP and [y->*P]ATP was
added in the presence of 1X kinase assay buffer (50 mM Tris-HCI [pH
7.5], 10 mM MgCl,, 1 mM EDTA, 2 mM DTT, 40 mM B-glycerophos-
phate, 20 mM p-nitrophenylphosphate, 0.1 mM sodium vanadate, and
0.01% Brij 35). The reaction was performed at 30°C for 15 min, and the
reaction was stopped by adding 15 pl of 3X SDS loading buffer. The
presence of phosphorylated p130 or p107 was detected by autoradiogra-
phy, and the presence of total p130 or p107 was detected by Western blot
analysis using an anti-GST antibody (Santa Cruz Biotechnologies, Santa
Cruz, CA). For this assay, enhanced chemiluminescence (ECL) was used
to detect proteins. The presence of recombinant PPARB/8 was detected by
Western blot analysis using an anti-PPARB/3 antibody (Abcam, Cam-
bridge, MA).

Microarray data accession number. Microarray data determined in
this study have been deposited in NCBI's Gene Expression Omnibus
(GEO) database (http://www.ncbi.nlm.nih.gov/geo) and are accessible
under accession number GSE32498.

RESULTS

Ligand activation of PPARB/S induces G,/M arrest, causing se-
lection against high HRAS-expressing cells. The effect of ligand
activation of PPARB/8 was examined using primary mouse kera-
tinocytes expressing activated HRAS (53). Cell proliferation was
greater in HRAS-expressing Ppar3/3-null cells than in HRAS-ex-
pressing wild-type cells, and ligand activation of PPARB/S inhib-
ited proliferation of HRAS-expressing wild-type cells (Fig. 1A).
This effect was due to a PPARB/3-dependent G,/M-phase block
(Fig. 1B; see also Fig. S1A to S1C in the supplemental material).
This change in proliferation was not due to altered apoptosis (data
not shown). Surprisingly, HRAS expression was lower in HRAS-
expressing wild-type cells following treatment with GW0742 than
in controls, but this effect was not found in HRAS-expressing
PparP/8-null cells, whose expression of HRAS was higher than
that seen with wild-type cells (Fig. 1C). Since it is unlikely that
PPARR/S regulates the viral promoter driving HRAS expression,
the hypothesis that the reduced expression of HRAS was due to
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FIG 1 Ligand activation of PPARB/S attenuates cell proliferation by inducing G,/M arrest, causing selection against cells expressing HRAS at high levels. (A and
B) HRAS-expressing wild-type and Ppar/8-null keratinocytes were treated with or without 1 puM GW0742 for 4 days. Cell numbers were quantified daily. Cell
cycle analysis was performed after 3 days of treatment. (C) Western blot analysis of HRAS-expressing keratinocytes 5 days or 11 days postinfection. Expression
levels were normalized to 3-actin and are presented as fold change relative to control DMSO results. (D) Flow cytometric analysis using anti-HRAS antibody was
performed, and Pearson’s second skewness coefficient was calculated for HRAS intensity. (E) Cells were infected with an Hras retrovirus at increasing MOI, and
after 3 days of culture with or without 1 uM GW0742, an MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide] assay was performed. (F)
Flow cytometric analysis of HRAS intensity in HRAS-expressing keratinocytes performed as described above for panel D. For all data sets, n = 3 or 4 independent
samples per treatment group. Values represent means * standard errors of the means (SEM). *, significantly different from wild-type vehicle control (DMSO)
result, P =< 0.05. #, significantly less than GW0742-treated wild-type result, P =< 0.05. Values with different superscripts are significantly different, P < 0.05.

selection against cells expressing higher levels of HRAS was exam-  not found in Ppar/3-null keratinocytes (Fig. 1E). In addition, as
ined. Indeed, ligand activation of PPARB/8 decreased the percent-  the level of HRAS increased, so did the magnitude of the PPARB/
age of cells with high expression of HRAS and the relative copy = 8-dependent increase in G,/M arrest (see Fig. S1G in the supple-
numbers of integrated viral Hras DNA in HRAS-expressing wild- — mental material). Collectively, these data suggest that ligand acti-
type cells; such effects were not found in HRAS-expressing Pparf3/  vation of PPARB/S selects against cells with higher expression of
d-null cells (Fig. 1D; see also Fig. S1E in the supplemental mate-  activated HRAS. Whether the G,/M arrest directly causes selection
rial). This was consistent with the reduced expression of Hras against cells with higher expression of HRAS was examined by
mRNA observed in HRAS-expressing wild-type cells (see Fig. SIF  quantifying relative HRAS expression after treatment with a
in the supplemental material). Additionally, PPARB/3-dependent ~ known mitosis inhibitor. Similar to what was observed with ligand
inhibition of Hras mRNA expression occurred sooner, and the activation of PPARB/S, inhibition of the G,/M phase with pacli-
magnitude of this effect was greater, with increasing levels of taxel caused selection against cells with higher expression levels of
HRAS (see Fig. S1F in the supplemental material). The efficacy of HRAS (Fig. 1F; see also Fig. S1H in the supplemental material).
inhibition of cell proliferation by ligand activation of PPARB/8  This suggests that G,/M arrest resulting from ligand activation of
was greater with increased HRAS expression (Fig. 1E). This also  PPARB/S causes selection against cells expressing higher levels of
shows that there is a range of HRAS expression required to in- HRAS.

crease cell proliferation and that expression above this range leads Inhibition of mitosis by ligand activation of PPARB/S in
to inhibition of proliferation in wild-type keratinocytes, an effect HRAS-expressing cells. A G,/M-phase arrest could be mediated
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FIG 2 Ligand activation of PPARB/S inhibits mitosis of HRAS-expressing keratinocytes. Wild-type and Pparf3/3-null keratinocytes were infected with an Hras
retrovirus at an estimated MOI of 3 or 12 for 2 days and then treated with or without 1 wM GW0742 for another 3 days. (A) (Left panel) Mitotic index. (Right
panel) The distribution of cells in different mitotic phases. (B) HRAS-expressing keratinocytes were treated with the indicated concentration of paclitaxel for 24
h, and cell proliferation was determined. (C) HRAS-expressing keratinocytes were synchronized at the G, phase by treatment with RO-3306 for 36 h. Cells were
then either maintained in RO-3306 or released from the G,-phase block and cultured with nocodazole with or without 1 .M GW0742 for 12 or 24 h. The mitotic
index and percentages of cells at the G,/M boundary and in different mitotic phases were determined. (D and E) Representative DNA histograms from
HRAS-expressing keratinocytes treated with and without 1 pM GW0742 (D) or 10 nM paclitaxel (E). The percentages of cells with polyploidy DNA are shown
in the far right panels. For all data sets, n = 3 independent samples per treatment group. Values represent means + SEM. *, significantly different from wild-type
controls, P < 0.05.

by a block in mitosis, which was examined in the following exper-  higher level of HRAS, which was reflected by a PPARB/8-depen-
iments by quantifying the mitotic index and comparing the effects ~ dent increase in the numbers of cells at the G,/M boundary and a
of mitosis inhibitors. Ligand activation of PPARB/3 markedly re-  decrease in the numbers of cells at metaphase, anaphase, and te-
duced the mitotic index in HRAS-expressing wild-type cellswitha  lophase (Fig. 2A). A lower percentage of cells at the G,/M bound-
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FIG 3 Ligand activation of PPARB/3 decreases expression of genes that modulate mitosis in HRAS-expressing keratinocytes. Microarray analysis was performed
using control or HRAS-expressing wild-type or Ppar(3/3-null keratinocytes. (A) PCA of normalized microarray data. (B) Differential enrichment of genes
involved in different biological processes was determined by gene ontology analysis by the use of DAVID software. The criterion for inclusion in analysis was a
minimum of a 1.3-fold change induced by HRAS. (C) Significant (82-gene) enrichment with respect to mitosis and chromosome condensation regulators in
HRAS-expressing Pparf3/3-null keratinocytes was found by DAVID analysis. Ligand activation of PPARB/S repressed induction of 62 of the 82 mitosis genes in
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ary and higher percentages of cells in metaphase, anaphase, and
telophase were observed in Pparf3/3-null counterparts (Fig. 2A).
Enhanced sensitivity to paclitaxel (a microtubule stabilizer that
blocks mitosis)-induced inhibition of cell proliferation was found
in HRAS-expressing Ppar3/3-null cells compared to wild-type
cells (Fig. 2B). This is consistent with a higher level of mitosis (Fig.
2A) and enhanced proliferation in HRAS-expressing Pparf3/d-
null keratinocytes (Fig. 1A). Blocking mitosis at prometaphase
with paclitaxel caused a greater increase in the mitotic index in
PparP/8-null cells than in wild-type cells (see Fig. S2A in the sup-
plemental material). While paclitaxel effectively blocked HRAS-
expressing wild-type cells in prometaphase, a number of HRAS-
expressing Pparf3/8-null cells proceeded to metaphase following
treatment with paclitaxel (see Fig. S2B and S2C in the supplemen-
tal material). To examine the effect of ligand activation of
PPARR/S on mitosis entry, the cells were synchronized at the G,
phase with RO-3306 (a CDKI1 inhibitor) and then released into
nocodazole to a block at the prometaphase in the presence or
absence of GW0742. Ligand activation of PPARB/d decreased the
mitotic index only in HRAS-expressing wild-type cells (Fig. 2C;
see also Fig. S2D in the supplemental material). Further, the mi-
totic index was greater after release from the G,/M boundary in
HRAS-expressing Pparf3/3-null cells compared to wild-type cells
(Fig. 2C; see also Fig. S2D in the supplemental material). While the
majority of HRAS-expressing wild-type cells released from the G,
block and treated with GW0742 remained in the G,/M boundary,
a higher percentage of HRAS-expressing Pparf3/8-null cells pro-
ceeded to prophase and prometaphase compared to controls (Fig.
2C). Since it is known that keratinocytes in the G,/M state can
exhibit polyploidy (67), this was examined in HRAS-expressing
cells. Ligand activation of PPARB/S increased levels of cells with
polyploidy DNA concomitantly with an increase in levels of cells
at the G,/M block only in HRAS-expressing wild-type cells (Fig.
2D). Similarly, a markedly greater increase in levels of cells with
polyploid DNA was found in HRAS-expressing wild-type but not
PparP/3-null cells after treatment with paclitaxel (Fig. 2E).
Ligand activation of PPARB/3 decreases expression of E2F
target genes that regulate mitosis in HRAS-expressing keratino-
cytes. Microarray analysis was performed to identify potential
genes that could regulate mitosis through PPARB/S. Principal
component analysis showed that the major differences in gene
expression profiles were due to expression of HRAS (Fig. 3A).
Differences between HRAS-expressing wild-type and Pparf3/d-
null cells with respect to gene expression were markedly larger
than those seen with control cells, and the effect of ligand activa-
tion was also PPARB/8 dependent (Fig. 3A). Gene ontology anal-
ysis showed significant enrichment of HRAS-induced genes that
regulate chromosome condensation and mitotic cell cycle in both
genotypes, and the enrichment score was much higher in HRAS-
expressing Pparf3/8-null cells than in wild-type cells (Fig. 3B).
Eighty-two mitosis-related genes induced by HRAS in either wild-
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type or Ppar3/d-null cells were identified by this analysis. Expres-
sion of 62 of these genes was repressed by ligand activation of
PPARPB/S in HRAS-expressing wild-type cells but not Pparf3/s-
null cells (Fig. 3C). Further, the fold induction caused by HRAS
was greater in Ppar3/8-null cells than in wild-type cells (Fig. 3C).
Changes in expression of 18 genes selected based on microarray
and bioinformatic analysis, including CdklI, H2afz, Chekl, and
Cenpa, were verified by gPCR (Fig. 3D and data not shown). West-
ern blot analysis of HRAS-expressing cells also showed PPARB/3-
dependent repression of CDKI, cyclin Bl, H2AFZ, CHEK],
CENPA, and NEK?2 by ligand activation, and these effects were not
due to changes in cell cycle distribution (Fig. 3E). The PPARRB/3-
dependent repression of cyclin Bl persisted (see Fig. S1D in the
supplemental material).

Bioinformatic analysis of the promoters of the 62 mitosis-re-
lated genes showed that while PPREs were not found, several com-
mon regulatory elements, including E2F, SP1, and EGR, were
present in most genes (Fig. 4A). Since E2F is known to regulate
mitosis (26, 41), the 62 genes were compared with genes in two
ChIP-confirmed E2F target gene databases (52, 63). Twenty-two
of these genes were also found to be E2F target genes based on this
analysis (Fig. 4B). Gene set enrichment analysis (GSEA) revealed
that E2F target genes were regulated similarly to the mitosis-re-
lated genes, including genes involved in DNA repair and synthesis
(Fig. 4C); SP1 and EGR were ruled out as being central to this
regulation (data not shown). E2F1 is an activator E2F that upregu-
lates expression of target genes, whereas E2F4 is a repressor form
of E2F that represses expression of target genes (9). PPARB/S-
dependent repression of E2F1 was observed following ligand ac-
tivation (Fig. 4D and E), consistent with the fact that E2F1 is
autoregulated (29). Expression of E2F4 was not changed in re-
sponse to ligand activation of PPARB/S (Fig. 4D and E). The ob-
served change in expression of mitosis-related genes was not me-
diated by altered phosphorylation of retinoblastoma (RB),
because no change in phospho-RB was observed following ligand
activation of PPARB/S (Fig. 4E). This suggests that PPARRB/3-
dependent modulation of mitosis-related gene expression occurs
downstream of RB.

Consistent with the finding that ligand activation of PPARB/8
in 308 cells causes G,/M arrest (4), repression of E2F target genes
that regulate mitosis, including cyclin B1, CHEK1, CDK1, and
H2AFZ, was also observed following ligand activation of
PPARP/3 in these cells (Fig. 5A). This is important because 308
cells have an activated Hras mutation, in contrast to the keratino-
cyte model of viral HRAS transformation. Interestingly, the ob-
served repression was greatest in cells with higher confluence
when E2F activity was highest (Fig. 5C). Additionally, expression
of HRAS was repressed in response to ligand activation of
PPAR/3 but only after 72 h of treatment, when the cells were at
higher confluence (Fig. 5A). Ligand activation of PPARB/3 in con-
fluent 308 cells for only 24 h caused significant repression of E2F

HRAS-expressing wild-type but not PparB/3-null keratinocytes. (D and E) Confirmation of changes in mRNA (D) and protein (E) expression of mitosis-related
genes regulated by ligand activation of PPARB/8 in HRAS-expressing keratinocytes. qQPCR analysis was performed 24 h after treating HRAS-expressing cells with
1 .M GW0742. Levels of protein expression of control cells (No Hras), HRAS-expressing wild-type (WT), and Ppar3/3-null (KO) cells were compared. Control
HRAS-expressing cells were obtained 2 days postinfection (Day2). The effect of ligand activation of PPARB/8 was examined by treating HRAS-expressing cells
2 days postinoculation with either DMSO (columns D) or 1 uM GW0742 (columns G) for 24 or 48 h (Day3 or Day4, respectively). Expression levels were
normalized to B-actin and are presented as fold changes relative to control DMSO results. The inset represents the distribution of cell cycle phases obtained 24
h post-ligand treatment. For all data sets, n = 3 or 4 independent samples. Values represent means == SEM. %, significantly different from wild-type controls, P <

0.05.
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FIG 4 PPARP/S regulates E2F target genes in HRAS-expressing keratinocytes. (A) Promoter transcription factor binding site analysis was performed to identify
common transcription factors that regulate expression of the 62 differentially expressed mitosis-related genes modulated by PPARB/S. The P values indicate the
relative significance of promoter enrichment for each respective transcription factor. (B) The overlap of 62 mitosis-related genes and two ChIP-validated E2F
target gene databases is presented in the Venn diagram. (C) The gene sets described for panel B were examined by gene set enrichment analysis (GSEA). The gene
set corresponding to DNA replication and DNA repair was a subset of E2F target genes from the Ren et al. database (52). (D) qPCR validation of microarray data.
(E) Western blot analysis of mock-infected (No Hras) or HRAS-expressing keratinocytes treated with or without GW0742 at 2 to 4 days postinfection. Expression
levels were normalized to 3-actin and are presented as fold change relative to control DMSO results. For all data sets, n = 3 or 4 independent samples. Values
represent means = SEM. ¥, significantly different from HRAS-expressing wild-type control, P < 0.05.
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FIG 5 Ligand activation of PPARB/3 inhibits expression of promitotic proteins in 308 cells. 308 cells were cultured for up to 72 h and treated with GW0742 to
activate PPARPB/3 for various periods of time as illustrated by the arrows. (A and B) Western blot analysis of mitosis-related proteins (A) or RB, E2F1, and E2F4
(B) in 308 cells treated as described above. Expression levels were normalized to 3-actin and are presented as fold change relative to control DMSO results. (C)
308 cells were cultured for 24, 48, or 72 after transfection with an E2F-luciferase reporter construct. Luciferase activity was measured and normalized to renilla
as an internal control. For all data sets, n = 3 independent samples per treatment group. Values represent means * SEM.

target genes that regulate mitosis with no apparent change in
HRAS expression, indicating that reduced HRAS expression does
not mediate these changes (Fig. 5A). As found in HRAS-express-
ing keratinocytes, expression of E2F1 was repressed by ligand ac-
tivation of PPARB/8 in 308 cells (Fig. 5B). Moreover, examination
of phospho-RB showed that PPARB/3-dependent modulation of
mitosis genes in 308 cells occurs downstream of RB (Fig. 5B).
Ligand activation of PPAR/d represses CDK1 and E2F1 by
increasing recruitment of p107/p130 to E2F4 binding sites. The
molecular mechanisms of repression of E2F target genes following
ligand activation of PPARB/8 were examined next. The decreased
expression of E2F target genes could be caused by an increase of
repressor E2F4 activity, as the E2F4 repressor is known to form a
complex with RB/p107/p130 to repress target gene expression (9).
The nucleus-to-cytosol ratio of p130 (hypophosphorylated),
p107, E2F4, and PPARB/S was increased by ligand activation of
PPARR/S in 308 cells (see Fig. S3C in the supplemental material)
and in HRAS-expressing wild-type but not Pparf3/8-null cells
(Fig. 6A; see also Fig. S3A in the supplemental material). These
effects were not observed in mock-infected keratinocytes (see Fig.
S3A in the supplemental material). Since the CDK1/cyclin Bl
complex is known to be critical for mitosis entry and since ligand
activation of PPARB/S repressed HRAS-induced CDK1 expres-
sion, the promoter occupancy of E2Fs was examined in the distal
E2F1 (activator) and proximal E2F4 (repressor) binding sites of
the CDK1 promoter (70). Ligand activation of PPARB/3 caused a

June 2012 Volume 32 Number 11

reduction in the acetylated histone 4 level in both the E2F1 and
E2F4 binding sites and decreased promoter occupancy of E2F1 in
the E2F1 binding site in HRAS-expressing wild-type but not
PparB/8-null cells (Fig. 6B). While no occupancy of p130 or p107
in the E2F1 binding site was found (data not shown), promoter
occupancy of p130 in the E2F4 binding site was increased follow-
ing ligand activation of PPARB/3 in HRAS-expressing wild-type
but not Pparf/8-null keratinocytes (Fig. 6B). E2F4 promoter oc-
cupancy was evident on the E2F4 binding site; ligand activation of
PPARR/S did not alter this occupancy (Fig. 6B). None of these
changes were observed in mock-infected keratinocytes (Fig. 6B).
Similar effects were also noted in 308 cells (see Fig. S3D in the
supplemental material). Combined, these observations are consis-
tent with the notion that ligand activation of PPARB/3 represses
HRAS-induced expression of CDK1 by repressing E2F1 activator
activity and also increasing E2F4/p130 repressor activity. While
the change in occupancy of E2F4/p130 on the CDK1 promoter
following ligand activation of PPARB/S is associated with a de-
crease in expression of CDK1 protein of only 37%, the stoichio-
metry of transcriptional and translational proteins required to
mediate this repression is unknown and could involve multiple
biological factors in addition to E2F4/p130 binding.

Ligand activation of PPARB/3 also caused a reduction in acety-
lated histone 4 levels and increased promoter occupancy of p130
and p107 in the E2F binding site of the E2f] promoter (a gene
autoregulated by E2F) in HRAS-expressing wild-type but not
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mouse CDK1 (B) or E2F1 (C) promoter. For the CDK1 and E2F1 promoters, the distal E2F1 activator binding site and the proximal E2F4 repressor binding site
are depicted as two blue boxes. The CHR binding site is depicted as the yellow box. The relative positions of the PCR products used for ChIP analysis are shown
by the lines with double arrows. (D) Promoter analysis of the mouse CDK1 promoter. Mutations in the distal activator E2F1 binding site, the proximal repressor
E2F4 binding site, and the proximal CHR binding site are illustrated. For all data sets, # = 3 independent samples. Values represent means * SEM. *, significantly
different from HRAS-expressing wild-type control, P < 0.05.

PparP/8-null keratinocytes (Fig. 6C). E2F4 promoter occupancy  Similar effects were also noted in 308 cells (see Fig. S3E in the
was evident in the E2F binding site, and ligand activation of supplemental material). Combined, these observations suggest
PPARP/S did not alter this occupancy (Fig. 6C). None of these that ligand activation of PPARB/S represses HRAS-induced ex-
changes were observed in mock-infected keratinocytes (Fig. 6C).  pression of E2F1 by increasing E2F4/p130/p107 repressor activity.
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Since CHEKI1 is regulated by E2F1 (8), the effect of PPARB/S
activation on promoter occupancy of E2F1, E2F4, and p130 was
also examined. Ligand activation of PPARB/d caused a reduction
in acetylated histone 4 levels and decreased promoter occupancy
of E2F1 in the E2F binding site on the Chekl promoter in HRAS-
expressing wild-type but not Ppar3/3-null keratinocytes (see Fig.
S3B in the supplemental material). No significant promoter occu-
pancy of E2F4 or p130 with respect to the E2F binding site was
detected in HRAS-expressing keratinocytes (see Fig. S3B in the
supplemental material).

To further characterize the mechanism by which ligand activa-
tion of PPARB/S represses CDK1 expression, mutation analysis of
the CDK1 promoter was performed. Four CDK1 promoter-lu-
ciferase constructs were designed (Fig. 6D). Ligand activation of
PPARR/S caused repression of the wild-type CDK1 promoter and
the distal E2F mutant CDK1 promoter in HRAS-expressing wild-
type but not Ppar3/3-null keratinocytes (Fig. 6D). Basal luciferase
activity was significantly higher in both the proximal E2F mutant
(Fig. 6D) and the CHR mutant (data not shown), consistent with
the finding that E2F4 represses CDK1 expression. However, re-
pression of the CDK1 promoter activity was not found in response
to ligand activation of PPARB/8 with the proximal E2F mutant
(Fig. 6D) or the CHR mutant (data not shown). Similar effects
were also noted in 308 cells (see Fig. S3F in the supplemental
material). These observations suggest that while E2F1 activity is
dispensable, E2F4 repressor activity is indispensable for PPARB/
d-dependent repression of CDK1 expression.

PPAR/d interacts with p107 and p130. Since nuclear trans-
location of PPARB/S in response to ligand activation in HRAS-
expressing cells occurred concomitantly with the increased nu-
clear accumulation of hypophosphorylated p130 and p107 (Fig.
6A), this suggests that PPARB/3 may physically interact with p130
and p107 to facilitate their translocation. It is already known that
E2F4 and p130/p107 physically interact, and indeed, colocaliza-
tion of p130/p107 and E2F4 was found in both wild-type and
PparP/d-null keratinocytes, as shown by confocal microscopy
(Fig. 7A and B). In addition, colocalization of PPARB/3 and p130/
p107 was observed in HRAS-expressing wild-type but not Ppar3/
&-null cells (Fig. 7A and B). p107 and E2F4 were coimmunopre-
cipitated with PPARB/8 (Fig. 7C), and PPARB/d and E2F4 were
coimmunoprecipitated with p107 in HEK293T cells (see Fig. S4A
in the supplemental material). While E2F4 and both forms of p130
were coimmunoprecipitated with PPARB/3, hypophosphorylated
p130 was preferentially pulled down (Fig. 7D). The finding that
both p130/p107 and E2F4 were coimmunoprecipitated with
PPARP/S suggests that either (i) PPARB/8 can physically bind to
p130/p107 and E2F4 or (ii) PPARRB/8 can bind to p130/p107 only
and E2F4 was coimmunoprecipitated because E2F4 associates
with pl07/p130. To distinguish between these possibilities, in
vitro-translated p130, PPARB/3, and E2F4 proteins were used in a
coimmunoprecipitation assay. While PPARB/8 physically inter-
acted with p130 (see Fig. S4B in the supplemental material), no
direct interaction between PPARB/3 and E2F4 was observed with
either E2F4 (see Fig. S4C in the supplemental material) or
PPARR/S pull down (see Fig. S4D in the supplemental material).
A direct interaction between p130/p107 and PPAR[/3 was also
found in HRAS-expressing primary keratinocytes (Fig. 7E). An
interaction between endogenous p130/p107 and PPARB/S was
also found in HEK293T cells (see Fig. S4E in the supplemental
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material). Combined, these findings suggest that PPARB/S can
directly interact with p130/p107 but not E2F4.

The observation that both p130/p107 and E2F4 were coimmu-
noprecipitated with PPARB/d (Fig. 7C and D) implies that p130/
p107, E2F4, and PPARB/8 may form a complex. A sequential im-
munoprecipitation approach was used to examine this idea.
Indeed, E2F4 was detected in a complex with PPARB/ and p107/
p130 following sequential immunoprecipitation of PPARB/S fol-
lowed by immunoprecipitation of p107/p130 (Fig. 7F and G),
suggesting that this complex exists in a system when the three
proteins are overexpressed. To determine if this complex is found
on the promoter of the CdkI gene, a ChIP-re-ChIP assay was
performed using a cross-linker (DTBP) that allows detection of
proteins that are not directly bound to chromatin. With this ap-
proach, promoter occupancy of PPARB/S was detected at the
same site in HRAS-expressing wild-type cells and increased in the
presence of GW0742 (Fig. 7H) but PPARB/3 was not detected on
the E2F4 repressor sites when formaldehyde was used as the cross-
linker (data not shown). Enriched promoter occupancy of E2F4
and PPAR/8 was found after sequential PPARB/3 and E2F4 pull-
down only in wild-type cells (Fig. 7H). These data suggest that
PPARR/S, E2F4, and p130/p107 may form a complex on the Cdk1
promoter. Whether this occurs for other E2F target genes remains
to be determined.

PPARB/d may preferentially interact with hypophosphory-
lated p130 (Fig. 7D and E), suggesting that the binding of
PPARR/S to p130 may protect p130 from phosphorylation. Since
p130 can be phosphorylated by a CDK4/cyclin D1 complex (22),
an in vitro kinase assay was performed to examine this hypothesis.
The addition of both PPARB/d and GW0742 decreased the phos-
phorylation of p130 by 33% (Fig. 71). The decreased phosphory-
lation of p130 was not due to competition between PPARB/8 and
p130 for CDK4/cyclin D1, because PPARB/8 was not phosphory-
lated by CDK4/cyclin D1 (Fig. 7I). To determine whether the ob-
served decrease of phosphorylation of p130 by ligand activation of
PPARR/S was due to the decreased binding of CDK4/cyclin D1
complex to p130, the interaction of p130 and CDK4 was exam-
ined. Ligand activation of PPARB/8 decreased the association be-
tween p130 and CDK4 in HRAS-expressing cells (Fig. 7). In ad-
dition, the interaction between p130 and CDK2, which can also
phosphorylate p130 (10), was also decreased by ligand activation
of PPARB/S (Fig. 7]). No significant change in the phosphoryla-
tion of pl07 by CDK4/cyclin D1 in the presence of PPARB/S
and/or GW0742 was observed (see Fig. S4G in the supplemental
material).

Ligand activation of PPAR(/0 attenuates mitosis in vivo. To
determine if the changes found in HRAS-expressing cells in re-
sponse to ligand activation of PPARB/S also occur in vivo, the
mitotic index and expression of Hras were examined in skin tu-
mors obtained from a two-stage bioassay (initiation with DMBA,
promotion with TPA). Ligand activation of PPARB/S caused a
decrease in the mitotic index in skin tumors from wild-type but
not Ppar(3/d-null mice (Fig. 8A to C). In addition, the mitotic
index in skin tumors from Ppar3/3-null mice was higher than that
seen with wild-type mice (Fig. 8A to C). Consistent with the hy-
pothesis that PPARB/8-dependent inhibition of mitosis causes se-
lection against cells expressing higher levels of HRAS, expression
of Hras mRNA was lower in skin tumors from wild-type mice
treated with GW0742, an effect not found in Pparf3/3-null mice
(Fig. 8D). In addition, ligand activation of PPARB/3 also de-
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FIG 7 PPARB/3 binds with p107/p130. (A and B) Confocal immunofluorescence of HRAS-expressing wild-type and Ppar3/8-null keratinocytes treated with
DMSO or 1 uM GW0742 for 24 h. Photomicrographs are shown at higher magnification only for wild-type keratinocytes. Bars, 3 wm. (C to E) IP assays in
HEK293T cells transiently transfected with pCMV-p107/pCMV-p130, pPCMV-E2F4, and pSG5-PPARB/3 (C and D) or in HRAS-expressing keratinocytes (E)
treated with DMSO or 1 uM GW0742 for 24 h. Arrows indicate p107 (C), hypophosphorylated p130 (D), or p107 or hyper- or hypophosphorylated p130 (E).
(F and G) Sequential pulldown assay of HEK293T cells transiently transfected with pCMV-p107 (F) or pPCMV-p130 (G), pCMV-E2F4, and pcDNA-FLAG-
PPARR/S and treated with DMSO or 1 uM GW0742 for 24 h. Arrows indicate p107 (F), p130 (G), or E2F4 or FLAG-PPARR/S. (H) ChIP-re-ChIP assay on
HRAS-expressing wild-type and PparB/8-null keratinocytes after 24 h of DMSO or 1 pM GW0742 treatment. Relative recruitment of PPARB/S, E2F4, or the
complex of the two on the repressor E2F4 binding site of the CdkI gene was quantified by qPCR. Data represent the proportion of input. (I) An in vitro kinase
assay was performed, and the ratio of the phosphorylated p130 to total p130 is shown below each band. (J) Co-IP assays were performed with HRAS-expressing
keratinocytes treated with DMSO or 1 uM GW0742 for 24 h. Arrows indicate CDK2, CDK4, E2F4, or p130. The amount of CDK2, CDK4, and E2F4 pulled down

was quantified by normalization to the amount of p130 pulled down.

2076 mcb.asm.org

Molecular and Cellular Biology


http://mcb.asm.org

PPARRB/3 Interacts with E2F and Attenuates Mitosis

B

Pparp/o*'* Pparp/s- Mitotic index (G2/M excluded)
4.
Acetone GWO0742 Acetone GW0742 P=0026 ,P=044
A
3 v
Hoechst < v
v
() P=0.005 Ve
£21 o A N
(8] .. A v
H3S10 S| e ™ * 7
P 2 .
= 4] L]
n
-
n
Tubulin 0l— . . :
Pparp/s*'* Pparp/s*'* Pparp/6™~ Pparp/s™
Acetone GWO0742 Acetone GWO0742
Merge D 20 3 Pparp/s*"* Control
: Pparp/o"'* GWO742
< B Pparf/s™- Control
% 15 B Pparf/s”- GW0742
- e 3 s
C 151 Mitotic index (G2/M included) 2
i
= " T 1.0
=0.008| P = 0.044 P
S ‘ 2
<10 Y 205
1 o V.
3 v 4
el
£
O 0.0
2 5 A v v
s - AT N vy F Acetone GW0742
oo ™ AL v Skin _ Tumor _ Skin _ Tumor
Y N N N N
. A P-p130- g ~C' - C ¢ -
0 an p130 -
T T T T p130 N/C ratio
Pparp/s*'* Pparp/5*'* Pparp/s™~ Pparp/5™= 107 B 3 o
Acetone GWO0742 Acetone GWO0742 p v ——
N/C ratio 0.17  0.18
. B R R
Pparf/s" Pparf/s NCrao 040 033 037  0.59
| Acetone  GWO742 | Acetone  GWO0742 PPARB/G--1 5 ‘0:: ‘; ;Oi“ -1 25- -
— — N/C ratio B . i .
CDK1 e W5 &8 - eER S eSTTWTE .
LAMIN A/IC
1.0+0.3 0.3+0.1* 15+03 1404 - - = =
CHEK1 W wIuttn . & Gl 0 6 M M ACTIN S sue
1.0£0.2 0.7+0.2 11+04 1307
E2F1 B s I I T I G Input P
1.0+0.1 06+0.1* H+ - H+ —J—
HRAS « i P:gg ——
10£03 0401 £2, 6+ - IB™NE §
ACTIN — D G G G

IP:PPARB/S Wil 7 WERF T

FIG 8 Ligand activation of PPARB/S selects against higher HRAS-expressing chemically induced skin tumors by inhibiting mitosis. (A) Representative
photomicrographs of skin tumors in wild-type or Pparf3/3-null mouse skin treated with or without GW0742. The mitotic index was calculated from a minimum
of 1,000 cells per sample. (B and C) Quantification of the mitotic index for the samples examined in panel A, excluding cells in the G,/M boundary (B) and
including cells in the G,/M boundary (C). For panels B and C, representative skin tumors were used (n = 5 to 8). (D) RNA was isolated from skin tumors, and
Hras mRNA expression was determined by qPCR and normalized to 18S RNA. For all data sets, n = 6 to 10 independent samples. Values represent means = SEM.
*, significantly different from wild-type controls, P < 0.05. Bar, 100 wm. (E and F) Western blot analysis of CDK1, CHEK1, E2F1, and HRAS (E) or p130, p107,
E2F4, and PPARPB/5 (F) in skin and skin tumors. Expression levels of proteins were normalized to 3-actin and are presented as the fold change relative to control
DMSO (E) or as the average ratio of nuclear to cytoplasmic protein (N/C) (F). The arrows pointing down in panel E indicate the same wild-type control sample
used for comparison. (G) Co-IP assay showing an interaction between PPARB/8 and p107 or p130 in cell lysates from skin tumors treated with GW0742.

creased the level of proteins that promote mitosis, including
CDK1, CHEK], and E2F1, in skin tumors from wild-type but not
Pparp/3-null mice (Fig. 8E). Expression of HRAS was also re-
duced by ligand activation of PPARB/8 in wild-type mouse skin
tumors but not in Ppar/3-null mouse skin tumors (Fig. 8E).
Consistent with results observed in HRAS-expressing primary ke-
ratinocytes and 308 cells (Fig. 6A; see also Fig. S3A and S3C in the
supplemental material), ligand activation of PPARB/3 increased
the nucleus-to-cytosol ratio of p130 (hypophosphorylated), p107,
E2F4, and PPARR/S in skin tumors but not in adjacent nontrans-
formed skin (Fig. 8F). There was also an increase in nuclear accu-
mulation of phosphorylated p130 in skin tumors following ligand
treatment (Fig. 8F). There are at least two possibilities to explain
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why the two forms of p130 increase in numbers when PPARB/S is
activated. First, even though PPARB/3 preferentially interacts
with hypo-p130, PPARB/S can also interact with phosphorylated
p130 (Fig. 7D and E). Thus, when PPARB/S is activated, nuclear
translocation of PPARB/8 may lead to an increase in both hypo-
and phosphorylated p130 levels. The second possibility is that,
even though ligand-activated PPARB/8 decreases phosphoryla-
tion of p130 (Fig. 7I), it does not completely prevent p130 from
being phosphorylated by CDKs. Thus, nuclear hypo-p130 may be
phosphorylated by instances of the CDK2/CDK4 complex that are
present in the nucleus and this may account for the increased
levels of both forms of p130 observed in the nucleus when
PPARRY/S is activated. An association between PPARB/8 and p107
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FIG 9 Ligand activation of PPARB/S leads to hypersensitivity to pharmacological inhibition of mitosis in HRAS-expressing keratinocytes. (A to D) HRAS-
expressing wild-type or Ppar3/3-null keratinocytes were treated with or without 1 uM GW0742 for 2 days and then treated with 1 wM GW0742, 10 uM RO-3306,
or 10 pM RO-3306 and 1 pM GW0742 for 24 h. (A) Representative photomicrographs after 24 h of cotreatment. A significant increase in cell death was observed
in HRAS-expressing wild-type keratinocytes cotreated with GW0742 and RO-3306 but not Ppar(3/3-null keratinocytes. (B) Distribution of cells in the sub-G1
and G,/M phases of the cell cycle. (C) The percentage of viable cells was normalized to the corresponding control in the absence of RO-3306. (D). Flow cytometric
analysis using an anti-HRAS antibody was performed, and Pearson’s second skewness coefficient of HRAS intensity was calculated. (E) HRAS-expressing
keratinocytes were cultured in medium with or without 1 uM GW0742 or treated with 20 nM paclitaxel or nocodazole (100 ng/ml) with or without 1 pM
GWO0742 for 40 h. The distribution of cells in the G,/M phase of the cell cycle was determined. (F and G) HRAS-expressing wild-type or PparB/3-null
keratinocytes were treated with or without 1 uM GW0742 for 2 days and then treated with 1 pM GW0742, 10 wM SB218078, or 10 uM SB218078 and 1 pM
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and hypophosphorylated p130 was also detected in wild-type skin
tumors treated with GWO0742 (Fig. 8G). These findings suggest
that ligand activation of PPARB/3 also attenuates mitosis in
chemically induced skin tumors with an HRAS mutation through
cross talk with E2F signaling.

Enhanced sensitivity to pharmacological inhibition of mito-
sis in HRAS-expressing cells by ligand activation of PPARB/d.
Other therapeutics, including RO-3306 (CDKI1 inhibitor), pacli-
taxel (microtubule stabilizer), nocodazole (microtubule destabi-
lizer), and SB218078 (CHEKI inhibitor), can effectively inhibit
growth of transformed cells by blocking progression at the M
phase of the cell cycle. Since ligand activation of PPARB/d with
GWO0742 also causes G,/M arrest in HRAS-expressing keratino-
cytes, the effect on cell proliferation of combining GW0742 with
other mitosis inhibitors was examined. RO-3306 increased the
percentage of cells in the sub-G, and G,/M phases of the cell cycle
in HRAS-expressing keratinocytes, and this effect was markedly
increased by cotreatment with GW0742, an effect not found in
similarly treated HRAS-expressing Pparf3/8-null keratinocytes
(Fig. 9A and B). These changes were consistent with the enhanced
PPARR/8-dependent inhibition of cell proliferation observed
in HRAS-expressing wild-type keratinocytes cotreated with
RO-3306 and GW0742 (Fig. 9C). Similar to the effect of ligand
activation of PPARB/, treatment with RO-3306 caused selection
against cells expressing higher levels of HRAS in wild-type kerati-
nocytes (Fig. 9D). Cotreatment of RO-3306 with GW0742
enhanced this selection (Fig. 9D). Paclitaxel also increased the
percentage of cells in the G,/M phase of the cell cycle in HRAS-
expressing keratinocytes, and this effect was increased by cotreat-
ment with GW0742, an effect not found in HRAS-expressing
PparB/8-null keratinocytes (Fig. 9E). In contrast, cotreatment of
GW0742 with nocodazole did not increase the effects induced by
nocodazole alone (Fig. 9E). Similarly enhanced inhibition of cell
proliferation was also found following cotreatment with GW0742
and RO-3306 or paclitaxel in 308 mouse keratinocytes (data not
shown). Enhanced PPARB/3-dependent inhibition of cell prolif-
eration was also observed in HRAS-expressing wild-type cells co-
treated with the CHEK1 inhibitor SB218078 and GW0742 (Fig. 9F
and G).

DISCUSSION

This report is the first to demonstrate PPARB/8-dependent inhi-
bition of cell proliferation in HRAS-expressing cells by increasing
G,/M arrest. This is consistent with previous work that showed
inhibition of skin carcinogenesis and inhibition of proliferation in
keratinocyte cell lines with Hras mutations (3, 4). The current
studies revealed that induction of G,/M arrest caused by ligand
activation of PPARB/S specifically targets cells with higher expres-
sion of HRAS. That the PPARB/8-dependent induction of G,/M
arrest causes selection against cells with higher expression of
HRAS is consistent with results showing that cells treated with
chemicals that induce G,/M arrest also cause selection against cells
expressing higher levels of HRAS. Interestingly, human cancer cell
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lines expressing oncogenic RAS were previously shown to be more
sensitive to mitotic perturbations than normal cells (36), an ob-
servation also noted in the present studies. For example, as HRAS
activity increased in keratinocytes (as the result of viral transduc-
tion) or 308 cells (with an activating mutation in HRAS), the
efficacy of GW0742 with respect to induction of G,/M arrest in-
creased. Moreover, ligand activation of PPARB/3 inhibits mitosis
in skin tumors, and this phenotype is also associated with reduced
expression of HRAS in these tumors. It was also shown that cells
expressing oncogenic RAS exhibit a disadvantage with respect to
cell proliferation following knockdown of many mitotic genes
(36). This is important because PPARB/d-dependent repression
of many of these mitosis-related genes was also observed in
HRAS-expressing keratinocytes, 308 cells, and skin tumors in the
present study.

Among the mitosis-related genes that were repressed by ligand
activation of PPARB/d in HRAS-expressing cells, Cdk1 and Chekl
are of great interest. While some of these changes were relatively
modest, this could have been due to the presence of an endoge-
nous high-affinity agonist that prevents alterations in expression
of greater robustness. An active cyclin B1-CDK1 complex is a
trigger to enter mitosis, whereas depletion of cyclin B1-CDK1 can
cause a block in mitosis concomitantly with repeated rounds of S
phase, leading to cells with polyploidies in both fission yeast and
human cells (11, 23,27, 40). CHEK1 is required for spindle check-
point function (specifically at the tension-sensing branch of the
checkpoint), and Chekl '~ cells can exit mitosis in the presence of
paclitaxel and undergo endoreduplication, leading to polyploidies
(66). Ligand activation of PPARB/8 decreased expression of
CDK1 and CHEKI1 in HRAS-expressing cells, and the observed
phenotype, including delayed entry into mitosis, retarded exit
from mitosis, and increased polyploidy cell numbers, is similar to
the phenotype of CdkI-null and ChekI-null cells. Combined,
these observations suggest that the PPARB/8-dependent decrease
in expression of CDK1 and CHEKI alone in HRAS-expressing
cells may largely underlie the observed mitosis block following
ligand activation of PPARB/S.

Inhibition of cell cycle kinetics induced by ligand activation of
PPARP/3 could have been due in part to direct regulation of target
genes by PPARB/S, which was not examined in the present study.
However, results from these studies also establish that PPARB/3-
dependent inhibition of mitosis in cells with an activating Hras
mutation can also inhibit cell cycle progression and is mediated by
amechanism (Fig. 9H) that involves (i) PPARRB/3 directly binding
with p107/p130 proteins; (ii) translocation of PPARB/S to the
nucleus in response to ligand activation, leading to increased nu-
clear hypophosphorylated p130 and p107; (iii) ligand bound-
PPARRB/8 maintaining p130 in a hypophosphorylated state; and
(iv) heightened nuclear p107/p130 causing increased recruitment
of the p130/p107/E2F4 complex to the promoters of mitosis-re-
lated genes and inhibition of their transcription, i.e., of genes with
repressor E2F4 binding sites (such as Cdkl and E2fI) that are
repressed directly by this complex. Because of this PPARB/3-de-

GWO0742 for 24 h. (F) Representative photomicrographs after 24 h of cotreatment. A significant increase in cell death was observed in HRAS-expressing wild-type
keratinocytes cotreated with GW0742 and SB218078 but not Ppar3/3-null keratinocytes. (G) The percentage of viable cells was normalized to the corresponding
control in the absence of SB218078. For all data sets, # = 3 independent samples per treatment group. Values represent means * SEM. %, significantly different
from HRAS-expressing wild-type control, P = 0.05. (H) Mechanism of PPARB/3-mediated inhibition of mitosis in HRAS-expressing cells. PPARB/8 chaperones
p130 into the nucleus, where it represses E2F target genes, causing inhibition of mitosis.
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pendent downregulation of E2F1 expression, decreased E2F1 re-
cruitment to promoters of other genes preferentially regulated by
activator E2Fs (such as ChekI) is secondarily influenced by this
regulation. Thus, it is not surprising that expression of CHEK1 is
also downregulated by ligand activation of PPARB/3. Alterna-
tively, it remains possible that the PPARB/d/p130/p107/E2F4
complexes exhibit differential affinities for binding sites on chro-
matin or that their presence leads to differences in recruitment of
transcriptional corepressors. Further studies are needed to exam-
ine these ideas. Since cells with RAS mutations are more sensitive
to mitotic perturbations than normal cells, the present studies
focused more on the regulation of mitosis genes. However, it is
also noteworthy that expression of many E2F target genes in-
volved in DNA replication and DNA repair was also reduced by
ligand activation of PPARB/S. This change in gene expression is
reflected by the decrease in cells in the S phase in HRAS-expressing
keratinocytes following ligand activation of PPARRB/S.

The interaction between p107/p130 and PPARB/S is indepen-
dent of HRAS. Moreover, PPARB/S preferentially binds to the
hypophosphorylated form of p130 based on data from coimmu-
noprecipitations. This conclusion is also supported by results
showing the more prominent colocalization of pl130 and
PPARR/S in the cytosol of cells, since hypophosphorylated p130
was found primarily in the cytoplasm. In the presence of ligand,
PPARB/8 may inhibit phosphorylation of p130 by CDK4. This
suggests that, when p130 is shuttled to the nucleus via random
nuclear translocation of PPARB/8 under normal conditions, p130
is phosphorylated by the CDK4/cyclin D1 complex present in the
nucleus, thus losing its repressor activity. This also suggests that
ligand activation of PPARPB/3 is essential for repression of mitosis
genes, because it maintains p130 in a hypophosphorylated state
and chaperones hypophosphorylated p130 into the nucleus in
cells with activated HRAS signaling.

Nuclear translocation of PPARB/3 in HRAS-expressing cells
following ligand activation is central to the inhibition of mitosis
genes. Nuclear translocation of PPARB/® and increased nuclear
p107 and p130 levels in normal keratinocytes are typically not
observed. In contrast, increased nuclear translocation of PPARB/3
and concurrent increases of p107 and p130 levels in HRAS-ex-
pressing keratinocytes and skin tumors illustrate the essential na-
ture of nuclear translocation of PPARB/S following ligand activa-
tion in the presence of activated HRAS signaling. The increase in
both cytosolic and nuclear PPARB/3 levels following ligand acti-
vation in control keratinocytes is most likely due to the stabiliza-
tion of the receptor rather than to an increase of protein synthesis
and nuclear translocation for the following reasons. First, no in-
crease in the level of PPARB/® mRNA was observed following
ligand activation. Second, ligand activation of PPARB/8 is known
to prevent its ubiquitin-mediated degradation, thus increasing its
half-life (17). However, the mechanism of nuclear translocation of
PPARB/S in HRAS-expressing keratinocytes, skin tumors, and
confluent 308 cells following ligand activation remains unclear. It
is possible that increased HRAS activity activates downstream ki-
nases and alters the phosphorylation status of PPARB/S, leading
to its nuclear translocation.

Increasing G,/M arrest of cells expressing high levels of HRAS
can be achieved by ligand activation of PPAR[3/8, and cotreatment
of a PPAR3/3 ligand with various mitosis inhibitors enhances the
efficacy of increasing G,/M arrest. This supports the hypothesis
that combining ligand activation of PPARB/8 with mitosis inhib-
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itors is a feasible approach for treating tumors that express higher
levels of RAS. Indeed, oncogenic RAS signaling is increased in a
number of human cancers, including lung, colon, pancreas, and
melanoma (55). While the role of PPARB/S in some cancers re-
mains controversial (reviewed in references 45 to 47, 49, and 50),
the body of evidence suggesting that PPARB/S protects against
cancer is increasing. For example, a recent compelling study dem-
onstrated that colorectal cancer patients with relatively low ex-
pression of PPAR[B/3 in the primary tumor were ~4 times as likely
to die from this disease as patients with relatively higher expres-
sion of PPARB/S in their primary tumors (64). It is also not dis-
puted that ligand activation of PPARB/S inhibits chemically in-
duced skin carcinogenesis (3, 4, 32, 68). Moreover, preclinical and
clinical studies have also shown that ligand activation of PPARB/3
inhibits or prevents metabolic syndrome, obesity, dyslipidemias,
glucose intolerance, and chronic inflammation, characteristics
that are positively associated with cancer (43, 51, 59, 60, 62). Since
targeting single molecules for chemoprevention and chemother-
apy has not proven highly effective (21) due in part to the genetic
heterogeneity associated with diseases (54), targeting PPARB/3 in
conjunction with mitosis inhibitors could become a suitable op-
tion for development of new multitarget strategies for inhibiting
RAS-dependent tumorigenesis.
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