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Background: The mechanisms of PPARa-mediated inhibition of tumor growth and angiogenesis remain unknown.

Results: Activation of PPARa suppresses hypoxia-induced HIF-1« signaling via promoting HIF-1« degradation and diminishes
hypoxia-induced VEGF secretion from cancer cells and tube formation by endothelial cells.

Conclusion: Activation of PPAR« suppresses the HIF-1a signaling pathway in cancer cells.

Significance: The results support the development of PPAR« agonists as anticancer agents.

Activation of peroxisome proliferator-activated receptor «
(PPAR@) has been demonstrated to inhibit tumor growth and
angiogenesis, yet the mechanisms behind these actions remain
to be characterized. In this study, we examined the effects of
PPARa activation on the hypoxia-inducible factor-1a (HIF-1c)
signaling pathway in human breast (MCF-7) and ovarian
(A2780) cancer cells under hypoxia. Incubation of cancer cells
under 1% oxygen for 16 h significantly induced HIF-1a expres-
sion and activity as assayed by Western blotting and reporter
gene analysis. Treatment of the cells with PPAR« agonists, but
not a PPARYy agonist, prior to hypoxia diminished hypoxia-in-
duced HIF-1a expression and activity, and addition of a PPAR«
antagonist attenuated the suppression of HIF-l« signaling.
Activation of PPAR« attenuated hypoxia-induced HA-tagged
HIF-1a protein expression without affecting the HA-tagged
HIF-1a mutant protein level, indicating that PPAR« activa-
tion promotes HIF-1a degradation in these cells. This was
further confirmed using proteasome inhibitors, which
reversed PPARa-mediated suppression of HIF-1« expression
under hypoxia. Using the co-immunoprecipitation tech-
nique, we found that activation of PPAR« enhances the bind-
ing of HIF-la to von Hippel-Lindau tumor suppressor
(pVHL), a protein known to mediate HIF-la degradation
through the ubiquitin-proteasome pathway. Following PPAR«-
mediated suppression of HIF-la signaling, VEGF secretion
from the cancer cells was significantly reduced, and tube forma-
tion by endothelial cells was dramatically impaired. Taken
together, these findings demonstrate for the first time that acti-
vation of PPAR« suppresses hypoxia-induced HIF-1« signaling
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in cancer cells, providing novel insight into the anticancer prop-
erties of PPAR« agonists.

Hypoxia is an established characteristic of all solid tumors
and is thought to be due to abnormal tumor microvasculature
(1). To survive hypoxic conditions, tumor cells undergo a series
of genetic and metabolic changes, such as enhanced glycolysis
and survival factor overexpression (2, 3). Hypoxia-inducible
factor-1a (HIF-1a),” a transcription factor, plays a key role in
hypoxia-inducible gene expression. The expression of HIF-1«
is low under normoxia but highly inducible by hypoxia (3).
Under hypoxic conditions, HIF-la translocates into the
nucleus, dimerizes with HIF-18 and other transcription factors,
binds to the hypoxia response element (HRE), and transcrip-
tionally activates hypoxia-inducible genes (4—6). HIF-1a is
associated with tumor growth, angiogenesis, metastasis,
chemo/radioresistance, and poor prognosis (7). Compelling
evidence indicates that blocking HIF-1a activity or targeting
HIF-1a expression slows tumor growth and increases sensitiv-
ity of tumor cells to conventional therapy (1). Thus, targeting
HIF-1a is a strategy for cancer treatment.

Clofibrate and fenofibrate, two well known ligands for per-
oxisome proliferator-activated receptor o (PPAR«), have been
widely used to control plasma levels of cholesterol and triglyc-
erides, and they increase lipoprotein lipase activity (8). Recent
studies demonstrated that these two drugs have anticancer
properties in various model systems (9-11), but the mecha-
nisms behind their actions remain to be elucidated. We have
reported previously that activation of PPARa mediates the
anticancer action of docosahexaenoic acid, likely through
down-regulation of hypoxia signaling (12, 13). We therefore
hypothesized that the anticancer properties of PPAR« agonists

2The abbreviations used are: HIF-1a, hypoxia-inducible factor-1c; HRE,
hypoxia response element; PPARa, peroxisome proliferator-activated
receptor «; RXRq, retinoid X receptor «; HO-1, heme oxygenase 1; ANOVA,
analysis of variance.
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may similarly be due to suppression of HIF-1a signaling in
human cancer cells. Note that activation of the HIF-1« gene has
been reported to down-regulate the levels of retinoid X recep-
tor a (RXRa), the obligate partner of PPAR«, which results in
decreased DNA binding activity of PPARa/RXR and reduced
expression of the PPARa-activated genes (14). To date, there
have been no data examining the effects of PPARa activation on
HIF-1a signaling in any experimental model systems. In this
study, we report the effects of clofibrate and fenofibrate on
HIF-1a signaling in human breast and ovarian cancer cell
model systems. We found that activation of PPAR« diminished
hypoxia-induced HIF-la expression and activity, primarily
through promoting HIF-1« protein degradation. As HIF-1e is
known to enhance tumor growth, angiogenesis, and metastasis
(15), our results support the development of PPAR« agonists as
therapeutic anticancer agents.

EXPERIMENTAL PROCEDURES

Materials—The pGL3-HRE-luciferase reporter construct
containing the HREs of the VEGF gene promoter was kindly
provided by Dr. Konstantin Salnikow (Radiation Oncology
Branch, NCI, Frederick, MD). The peroxisome proliferator
response element-luciferase reporter construct was obtained from
Dr. Bruce Spiegelman (Dana-Farber Cancer Institute, Harvard
Medical School, Boston, MA), and the RXRa ¢cDNA construct
from Dr. Ronald C. Kahn (Joslin Diabetes Center, Harvard Medi-
cal School, Boston, MA). The pcDNA3-HA-HIF-la and
pcDNA3-HA-HIF-1a(P402A/P564A) (with two prolyl muta-
tions) expression vectors were from Dr. William Kaelin (Dana-
Farber Cancer Institute, Harvard Medical School). Anti-
HIF-1a antibody was from R&D Systems (Minneapolis, MN).
Anti-HA tag and anti-pVHL antibodies were from Cell Signal-
ing Technology, Inc. (Danvers, MA). Anti-GAPDH antibody
was from ProMab Biotechnologies, Inc. (Albany, CA). Anti-heme
oxygenase 1 (HO-1) antibody was from Stressgen (Ann Arbor,
MI). The Dual-Luciferase reporter kit was purchased from
Promega (Madison, WI). The VEGF ELISA kit was purchased
from R&D Systems, Inc. Anti-B-actin antibody, clofibrate, fenofi-
brate, troglitazone, GW6471, GW9662, and other chemical agents
were analytic grade and purchased from Sigma-Aldrich.

Cell Culture—The breast cancer cell line MCF-7 and the
human umbilical vein cell line EA.hy926 was purchased from
American Type Culture Collection (Manassas, VA). The ovar-
ian carcinoma cell line A2780 was a kind gift from Dr. Stephen
Howell (University of California, San Diego, CA). MCE-7 and
A2780 cells were cultivated in RPMI 1640 medium supple-
mented with 10% fetal bovine serum, 100 IU/ml penicillin, and
100 pg/ml streptomycin at 37 °C in a humidified environment
containing 5% CO,. EA.hy926 cells were cultivated in DMEM
supplemented with 10% fetal bovine serum as specified by
American Type Culture Collection. Cells were subcultivated
twice per week in 75- or 150-mm flasks.

Transient Transfection and Luciferase Activity Assay—MCE-7
cells and A2780 cells were seeded into 100-mm cell culture
dishes and reached 70— 80% confluence 24 h after plating. The
cells were then transfected with the pGL3-HRE-luciferase plas-
mid using FuGENE HD transfection reagent (Roche Applied
Science) as described previously (16). The next day, cells were
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split into 24-well plates at a density of 2 X 10° cells/well. 48 h
after transfection, cells were treated for 4 h with clofibrate,
fenofibrate, troglitazone, and other reagents at the indicated
concentrations and durations and then placed into a hypoxia
chamber (1% O, and 5% CO,; ProOx model C21, Biospherix,
Ltd., Lacona, NY) for 16 h. Cell lysate was prepared, and lucif-
erase activity was assayed using the Dual-Luciferase reporter kit
as described (16). The firefly luciferase activity was normalized
for the amount of protein used for luciferase activity assay for
each sample. The data are expressed as percentages of lucifer-
ase activity detected in untreated cells.

Overexpression of Wild-type and Mutant HIF-1a in MCF-7
Cells—MCE-7 cells were seeded in 100-mm dishes and reached
70—-80% confluence overnight. The cells were then trans-
fected with the pcDNA3-HA-HIF-1a and pcDNA3-HA-HIEF-
1a(P402A/P564A) constructs using FUGENE HD transfection
reagent as described previously (16). 72 h after transfection,
overexpression of HA-tagged HIF-1« and its mutant was veri-
fied using an antibody against HA. The cells transiently overex-
pressing HA-HIF-1a and its mutant were subjected to the
experiments testing the assumption that clofibrate may pro-
mote HIF-1a degradation in these cells.

Western Blot Analysis—Western blotting was performed as
described (17, 18). In brief, cells were lysed with the lysis buffer,
sonicated on ice for three strokes of 10 s each, and centrifuged
at 15,000 X g for 15 min to remove insoluble material. 40 ug of
protein from each sample was separated on a 10% SDS-poly-
acrylamide gel; transferred to a PVDF membrane; and blotted
with antibodies against HIF-1a, HA, pVHL, HO-1, GAPDH,
and B-actin.

Transient Knockdown of PPARa and pVHL—siRNAs for
PPARa and pVHL were purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA). Each product is a pool of three target-
specific 19-25-nucleotide siRNAs designed to knock down
target gene expression. Scrambled siRNAs were applied as con-
trols. siRNAs (50 or 100 pmol) were transfected into MCF-7
cells cultured in a 6-well plate using FUuGENE HD transfection
reagent according to the manufacturer’s protocols. 48 h after
the transfection, the cells were treated with 500 mm clofibrate
for 4 h and placed into a hypoxia chamber or kept under nor-
moxic conditions for 16 h. The knockdown was confirmed by
Western blot analysis. Individual siRNAs in this siRNA pool
were also purchased and used to demonstrate the knockdown
of PPARa and pVHL under multiple siRNA conditions in
MCE-7 cells.

Co-immunoprecipitation—Co-immunoprecipitation was per-
formed as described previously (16). In short, MCE-7 cells were
treated with various agents under hypoxia. Before the cells were
placed into the hypoxia chamber for 16 h, 10 mm MG132 was
added to each dish (19). The cells were then washed with cold
phosphate-buffered saline and harvested by adding 150 ul of
immunoprecipitation buffer containing 10 mm Tris-HCl (pH
7.4), 50 mm NaCl, 0.5 mm EDTA, 1 mMm phenylmethylsulfonyl
fluoride, and 1% Triton X-100. Cells were sonicated for 1 min
with intervals on ice and centrifuged at 13,000 X g for 30 min to
remove insoluble material. Following preclearing for 1 hat4 °C,
total cell extract (200 ug of protein) was incubated with anti-
HIF-1a antibody at 4 °C with gentle rotation overnight. The
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antibody-protein complexes were precipitated by addition of
50 ul of protein G-agarose and rotation for 2 h at 4 °C. The
supernatants were then removed by centrifugation, and the pel-
lets were washed with immunoprecipitation buffer and sub-
jected to Western blotting with antibodies against pVHL and
HIF-1c.

RT-PCR—Total RNA was isolated from MCEF-7 cells using
TRIzol reagent (Invitrogen) following the manufacturer’s pro-
tocol. RNA samples were reverse-transcribed with the Super-
Script II kit (Invitrogen) as described previously (16). The
c¢DNA was amplified by PCR using the following specific prim-
ers: HIF-1¢,5'-CCT CAG TCT ACA CAG CCT G-3' (forward)
and 5'-CAT ATC TGA AGA TTC AAC C-3’ (reverse); VEGF,
5'-TCG GGC CTC CGA AAC CAT G-3' (forward) and
5'-CCT GGT GAG AGA TCT GGT TC-3' (reverse); and B-ac-
tin, 5'-GGA AAT CGT GCG TGA CAT TA-3' (forward) and
5'-GGA GCA ATG ATC TTG ATC TTC-3' (reverse). The
samples were initially denatured at 94 °C for 2 min prior to
thermal cycling. The thermal cycle for PCR was as follows:
94.°C for 15 s, 48 °C for 30 s, and 72 °C for 1 min, for a total 30
cycles. The PCR products were separated on a 1% agarose gel
containing ethidium bromide and visualized under ultraviolet
light.

ELISA—Secretion of VEGF from MCE-7 cells was deter-
mined using an ELISA kit. Cells were seeded into 6-well plates
at a density of 1 X 10° cells/well and treated with clofibrate or
troglitazone for 4 h prior to placement into the hypoxia cham-
ber for 16 h. The culture medium was then collected, and the
level of VEGF in the medium was analyzed following the man-
ufacturer’s instructions. VEGF levels were normalized to cell
numbers and are expressed as picograms/million liters of
medium.

Tube Formation Analysis—The wells of a 96-well plate were
coated with ice-cold BD Matrigel™ matrix gel solution (BD
Biosciences) and allowed to polymerize for 1 h at 37 °C. Condi-
tioned medium was prepared by treating MCE-7 cells with or
without clofibrate under hypoxic conditions for 16 h. The
medium was collected and centrifuged to remove damaged/
detached cells prior to culturing endothelial cells. EA.hy926
cells, a human umbilical vein cell line with characteristics of
differentiated endothelial cells, were plated into the polymer-
ized cell matrix at a concentration of 1 X 10* cells in 150 ul of
conditioned medium/well. The formation of endothelial tubes
were observed microscopically and photographed after 24 h of
incubation. Three experiments were performed with triplicates
each time. Tube formation was quantified using the “Pattern
Recognition” method specified by the manufacturer.

Statistical Analysis—All statistical analysis was done with
GraphPad Prism software. One-way analysis of variance
(ANOVA) with Dunnett’s post-test was used to determine dif-
ferences among control and experimental groups, with p < 0.05
or 0.01 as the level of statistical significance.

RESULTS

Activation of PPAR« by Clofibrate and Fenofibrate in MCF-7
Cells—To understand whether the PPAR« ligands clofibrate
and fenofibrate activate PPAR« signaling in MCE-7 cells, cells
were transfected with 3 ug of the peroxisome proliferator
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FIGURE 1. Clofibrate and fenofibrate activate PPAR« signaling in MCF-7
cells. Cells were transfected with the peroxisome proliferator response ele-
ment-luciferase reporter and RXRa: cDNA constructs and treated with 500 um
clofibrate, 100 um fenofibrate, and 20 um troglitazone in the presence or
absence of 5 um GW6471 for 4 h. Cell lysates were prepared, and luciferase
activity was assayed. Data (mean = S.E., n = 3) are expressed as percentages
of the luciferase activity detected in untreated control cells. ¥, p < 0.05 com-
pared with control cells using one-way ANOVA, followed by Dunnett’s
analysis.

response element-luciferase plasmid construct and 1 ug of
RXRa cDNA (13) and treated with 500 um clofibrate, 100 um
fenofibrate (two established PPAR« agonists), or 20 uMm trogli-
tazone (a PPARvy agonist) for 4 h. The concentrations of the
compounds were chosen according to previous studies (20, 21).
As expected, all three compounds activated peroxisome prolif-
erator response element-driven reporter gene activity in
MCE-7 cells (Fig. 1). However, pretreatment of the cells with a
well established PPAR« antagonist, GW6471 (5 um), reversed
PPAR activation by clofibrate and fenofibrate but had no signif-
icant effect on troglitazone-induced reporter gene activity,
indicating that clofibrate and fenofibrate activate PPAR« in this
model system.

Activation of PPARa Suppresses Hypoxia-induced HIF-1a
Expression and Activity—To investigate the effects of activa-
tion of PPARa on hypoxia-induced HIF-1la expression and
activity, MCF-7 cells were treated with clofibrate at various
concentrations for 4 h prior to placing the cells into a hypoxia
chamber with a gas mixture of 94% N,, 5% CO,, and 1% O,, for
16 h. As shown in Fig. 2 (A and B), hypoxia induced a dramatic
increase in HIF-1a expression as assayed by Western blotting
and in HRE-driven reporter activity as analyzed using the
reporter gene technique. Addition of clofibrate suppressed
hypoxia-induced HIF-1a expression and activity in a concen-
tration-dependent manner (Fig. 2, A and B). To confirm that
this suppression of HIF-1a signaling is not a cell type-related
event, A2780 cells were also subjected to the same experimental
conditions. Hypoxia-induced HIF-1a expression and activity
were also suppressed by clofibrate in A2780 cells (Fig. 2, C and
D), similar to the results obtained in MCF-7 cells.

To further establish that activation of PPAR« suppresses
HIF-1a expression and activity, fenofibrate and troglitazone,
two well established PPAR agonists, were applied to MCE-7
cells. HRE-luciferase reporter assay and Western blot analysis
showed that hypoxia-induced HIF-1a expression and activity
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FIGURE 2. Clofibrate suppresses hypoxia-induced HIF-1« expression and
activity in a concentration-dependent manner. A, MCF-7 cells were trans-
fected with the pGL3-HRE-luciferase reporter construct. Cells were treated
with different concentrations of clofibrate for 4 h prior to placement in a
hypoxia chamber for 16 h. Cell lysates were prepared, and luciferase activity
was assayed. Data (mean = S.E, n = 3) are expressed as percentages of the
luciferase activity detected in untreated cells under normoxia. *, p < 0.05; **,
p < 0.01 compared with untreated cells using one-way ANOVA, followed by
Dunnett’s analysis. B, MCF-7 cells were treated with different concentrations
of clofibrate for 4 h prior to placement in a hypoxia chamber for 16 h. Cell
lysates were prepared, and Western blotting was performed using antibodies
against HIF-1a and B-actin. Shown are representative images of three indi-
vidual experiments. C, A2780 cells were transfected with the pGL3-HRE-lucif-
erase reporter construct. Cells were treated with different concentrations of
clofibrate for 4 h prior to placementin a hypoxia chamber for 16 h. Cell lysates
were prepared, and luciferase activity was assayed. Data (mean = S.E,, n = 3)
are expressed as percentages of the luciferase activity detected in untreated
cells under normoxia. *, p < 0.05; **, p < 0.01 compared with untreated cells
using one-way ANOVA, followed by Dunnett’s analysis. D, A2780 cells were
treated with different concentrations of clofibrate for 4 h prior to placement
in a hypoxia chamber for 16 h. Cell lysates were prepared, and Western blot-
ting was performed using antibodies against HIF-1« and B-actin. Shown are
representative images of three individual experiments.

were significantly down-regulated by fenofibrate, a PPAR«a ago-
nist, but not by troglitazone, a PPARy agonist (Fig. 3, A and B).
In addition, the inhibitory effects of clofibrate were reversed by
GW6471 (5 um), a potent PPARa antagonist. GW9662, a
PPARYy antagonist, did not alter the inhibitory effects of clofi-
brate on hypoxia-induced HIF-1« expression or activity (Fig. 3,
C and D). Furthermore, transient knockdown of PPAR« using
siRNA partially reversed clofibrate-induced suppression of
HIF-1a expression in MCEF-7 cells. The knockdown of PPAR«
was confirmed using multiple siRNA conditions (Fig. 3, E and
F). Taken together, these findings indicate that it is the activa-
tion of PPAR« that accounts for the suppression of hypoxia-
induced HIF-la expression and activity by clofibrate and
fenofibrate.

Activation of PPARa Promotes HIF-1o Protein Degradation—Ac-
tivation of PPARa may suppress HIF-1a expression through
transcriptional or post-transcriptional regulation. We there-
fore performed RT-PCR analysis to test whether HIF-la
mRNA expression is regulated by PPAR« activation. At con-
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centrations that suppressed hypoxia-induced HIF-1a protein
expression, neither clofibrate nor fenofibrate significantly
altered HIF-1ae mRNA levels (Fig. 4A4), suggesting that the sup-
pression takes place at the protein level. MG132, a proteasome
inhibitor that prevents degradation of ubiquitinated HIF-1«
protein (19), and bortezomib, a structurally unrelated protea-
some inhibitor known to enhance HIF-1« protein levels in can-
cer cells (22), were then used to treat MCF-7 cells prior to
hypoxia. Both MG132 and bortezomib reversed the clofibrate-
induced suppression of HIF-1« expression (Fig. 4B), suggesting
that clofibrate suppresses hypoxia-induced HIF-1a expression
by promoting HIF-1« degradation.

It is well established that degradation of HIF-1« protein is
regulated by oxygen-dependent prolyl hydroxylation (23).
Hydroxylation of prolines 402 and 564 in HIF-1la by prolyl
hydroxylases is required for the recognition of HIF-1« protein
by pVHL. The recognition of HIF-1a by pVHL allows ubiquiti-
nation and subsequent HIF-1« degradation (24 —26). To inves-
tigate whether degradation of HIF-1« induced by PPAR« acti-
vation is involved with hydroxylation of Pro-402 and Pro-564,
we overexpressed HA-tagged HIF-1a protein and its mutant
with two prolyl mutations (HIF-1a(P402A/P564A)) in MCE-7
cells. As shown in Fig. 4C, the hypoxia-induced wild-type
HA-HIF-1a level was diminished by clofibrate, but HA-HIE-
1a(P402A/P564A) was expressed at similar levels in control
and clofibrate-treated cells (Fig. 4C). This provides strong evi-
dence demonstrating that PPARe activation promotes HIF-1«
protein degradation and that Pro-402 and Pro-564 of HIF-1«
are essential for this effect.

Because the interaction of HIF-1«a and pVHL is critical for
degradation of HIF-1a, we performed co-immunoprecipitation
to test whether clofibrate affects the binding of HIF-la to
pVHL under hypoxia, using MG132 to block HIF-1« degrada-
tion (Fig. 4D). pVHL expression was detected after immuno-
precipitation with anti-HIF-1a antibody, confirming an
interaction of HIF-law with pVHL in this model system.
Semiquantification of the Western blots by densitometric
analysis showed that this interaction was enhanced by clofi-
brate treatment (Fig. 4D and Table 1), an observation consist-
ent with the conclusion that activation of PPARa promotes
HIF-1o degradation, thereby suppressing HIF-1a signaling in
cancer cells. To further confirm the involvement of pVHL in
PPARa-mediated suppression of HIF-1a signaling, we knocked
down pVHL expression in MCF-7 cells using multiple siRNA
conditions (Fig. 54). The suppression of HIF-1a signaling by
clofibrate was attenuated by knocking down pVHL (Fig. 5B),
supporting a critical role of pVHL in PPAR«a-mediated down-
regulation of HIF-1« signaling.

Activation of PPAR« Inhibits Expression of the Hypoxia-in-
ducible Genes and Tube Formation by EA.hy926 Cells—To
understand the consequences of the suppression of HIF-1a sig-
naling through activation of PPAR«, we analyzed the expres-
sion of VEGF (15), HO-1 (27), and GAPDH (28), three well
recognized HIF-1a target genes in MCF-7 cells. Under hypoxic
conditions, the level of VEGF in the medium after culturing
MCE-7 cells was significantly higher than that under normoxia.
Treatment with clofibrate, but not troglitazone, reversed
hypoxia-induced VEGF secretion from MCE-7 cells (Fig. 6A).
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FIGURE 3. Clofibrate suppresses hypoxia-induced HIF-1« expression and activity through PPAR« activation. A, MCF-7 cells were transfected with the
pGL3-HRE-luciferase reporter construct. Cells were treated with 500 um clofibrate, 100 um fenofibrate, and 20 um troglitazone for 4 h prior to placementin a
hypoxia chamber for 16 h. Cell lysates were prepared, and luciferase activity was assayed. Data (mean = S.E., n = 3) are expressed as percentages of the
luciferase activity detected in untreated cells under normoxia. **, p < 0.01 compared with untreated cells using one-way ANOVA, followed by Dunnett’s
analysis. B, MCF-7 cells were treated with 500 um clofibrate, 100 um fenofibrate, and 20 um troglitazone for 4 h prior to placement in a hypoxia chamber for 16 h.
Cell lysates were prepared, and Western blotting was performed using antibodies against HIF-1a and B-actin. Shown are representative images of three
individual experiments. C, MCF-7 cells were transfected with the pGL3-HRE-luciferase reporter construct. Cells were pretreated with 5 um GW6471 or 10 um
GW9662 for 15 min prior to addition of 500 um clofibrate for another 4 h. The cells were then placed into a hypoxia chamber for 16 h. Cell lysate was prepared,
and luciferase activity was assayed. Data (mean *+ S.E, n = 3-5) are expressed as percentages of the luciferase activity detected in untreated cells under
normoxia. *, p < 0.05 compared with untreated cells using one-way ANOVA, followed by Dunnett’s analysis. D, MCF-7 cells were pretreated with 5 um GW6471
or 10 um GW9662 for 15 min prior to addition of 500 uMm clofibrate for another 4 h. The cells were then placed into a hypoxia chamber for 16 h. Cell lysates were
prepared, and Western blotting was performed using antibodies against HIF-1«and B-actin. Shown are representative images of three individual experiments.
E, MCF-7 cells were transfected with individual PPARa siRNAs (100 pmol/ml; siRNA-a or siRNA-b) for 48 h. Cell lysates were prepared, and Western blotting was
performed using antibodies against PPARa and B-actin. F, MCF-7 cells were transfected with a pool of PPARa siRNAs (100 pmol/ml; siRNA-a, siRNA-b, and
siRNA-c) prior to treatment with 500 um clofibrate for 4 h. The cells were then placed into a hypoxia chamber for 16 h. Cell lysates were prepared, and Western
blotting was performed using antibodies against HIF-1a, PPAR«, and B-actin. Shown are representative images of three individual experiments.

The hypoxia-induced mRNA expression of the VEGF gene was
also diminished by clofibrate and fenofibrate (data not shown),
indicating that activation of PPAR« suppresses expression of
the HIF-1«a target genes. This was further confirmed by the
observation that protein expression of both HO-1 and GAPDH
induced by hypoxia was reversed by treatment with clofibrate
and fenofibrate in this model system (Fig. 6B).

To further elucidate the consequences of PPARa-mediated
suppression of HIF-1a signaling, we examined the formation of

OCTOBER 12,2012+VOLUME 287+-NUMBER 42

tubes by the endothelial cell line EA.hy926, utilizing a well rec-
ognized in vitro angiogenesis model system (5, 29 -32). Tube
formation by EA.hy926 cells was significantly increased when
they were cultured in medium conditioned by the prior growth
of MCE-7 cells grown under hypoxic conditions. If the condi-
tioned medium was obtained from hypoxic MCE-7 cells treated
with clofibrate or fenofibrate, tube formation was not enhanced,
consistent with a decreased content of VEGF in the conditioned
medium. The presence of troglitazone during the period when
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FIGURE 4. Clofibrate promotes HIF-1« proteasomal degradation. A, MCF-7 cells were treated with 500 um clofibrate and 100 um fenofibrate for 4 h prior to
placement in a hypoxia chamber for 16 h. RT-PCR was performed to determine the mRNA levels of HIF-1a and B-actin. Shown are representative images of
three individual experiments. B, MCF-7 cells were treated with 500 um clofibrate in the presence or absence of 10 um MG132 or 1 um bortezomib (Bort) for 4 h
prior to placementin a hypoxia chamber for 16 h. Cell lysates were prepared, and Western blotting was performed using antibodies against HIF-1« and B-actin.
Shown are representative images of three individual experiments. /B, immunoblot. C, MCF-7 cells were transfected with either HA-HIF-1a expression vector or
HA-HIF-1a(P402A/P564A) mutant vector. After 48 h of transfection, cells were treated with 500 um clofibrate for 4 h prior to placement in a hypoxia chamber
or kept under normoxic conditions for 16 h. Cell lysates were prepared, and Western blotting was performed using antibodies against HA and B-actin. Shown
are representative images of three individual experiments. D, MCF-7 cells were treated with 500 um clofibrate for 4 h prior to addition of 10 um MG132. The cells
were then either placed into a hypoxia chamber or kept under normoxic conditions for 16 h. Cell extracts were prepared, and equal amounts of cell extracts
from each sample were immunoprecipitated (/P) with HIF-1« antibody. The immunoprecipitates were separated on a 10% SDS-polyacrylamide gel and blotted

with antibodies against HIF-1a and pVHL. Shown are representative images of three individual experiments.

TABLE 1
Clofibrate enhances the interaction of HIF-1« and pVHL (densitomet-
ric analysis of the Western blot data presented in Fig. 4D)

Intensities were normalized to input levels of the same proteins and are expressed as
levels relative to controls under normoxia (n = 3).

Normoxia Hypoxia
Control Clofibrate Control Clofibrate
pVHL 1.0 1.3+03 09 *0.3 1.6 = 0.4%
HIF-1a 1.0 0.8 +0.2 1.2+03 09 *0.2

“ p < 0.05 compared with the control using one-way ANOVA.

hypoxic MCE-7 cells conditioned the medium did not alter tube
formation by the EA.hy926 cells (Fig. 7). This observation is
consistent with the suppression of hypoxia-induced VEGF
secretion from MCF-7 cells, suggesting that activation of
PPARa inhibits tumor angiogenesis.

DISCUSSION

PPARa is a nuclear receptor that belongs to the PPAR family,
the members of which function as transcription factors regu-
lating expression of many genes (33). Activation of PPAR« has
been shown to play a key role in lipid metabolism, fatty acid
oxidation, glucose homeostasis, and the inflammatory process
(34). In recent years, PPARa-specific agonists have been
reported to inhibit the growth of various cancer cells in cul-
tured cell lines and in xenograft nude mouse models (35-37).
However, little is known about the molecular and cellular
mechanisms of PPARa-mediated growth inhibition of cancer
cells. In this study, we demonstrated for the first time that acti-
vation of PPARa suppresses hypoxia-induced HIF-1« expres-
sion and activity and that this suppression is mediated through
promoting HIF-1a protein degradation in human cancer cells.
These novel observations improve our understanding of the
interaction of PPAR« and HIF-1«a signaling in human cancer
cells.
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We have made several interesting findings in the context of
PPAR« and HIF-1a signaling in cancer cells. The first relates to
the clear demonstration that activation of PPAR« suppresses
HIF-1a signaling in both breast and ovarian cancer cells. The
interaction of PPAR«a and HIF-1a signaling has been previously
investigated in other model systems. An early study demon-
strated that HIF-1a mediates the inhibition of PPAR« expres-
sion under hypoxia in epithelial cells in vitro and in vivo (38).
The down-regulation of PPARa by hypoxia was recently
observed in a study using human placentas (39). HIF-1a was
also shown to inhibit PPARe« signaling by reducing its DNA
binding activity in cardiomyocytes (14). However, how PPAR«
might regulate HIF-1a signaling has not been described in any
model systems, and the relationship between these two impor-
tant nuclear receptor signaling pathways in cancer cells has
been less characterized. The facts that PPAR«a agonists are
reported to inhibit tumor growth in various cancer model sys-
tems (10, 35—37) and that HIF-1« is an established regulator of
tumor growth, angiogenesis, and metastasis (15) led us to
examine how activation of PPAR« might affect HIF-1« expres-
sion and activity in cancer cells. We have shown that the
PPAR« agonists clofibrate and fenofibrate diminish hypoxia-
induced HIF-1a expression and activity in our model systems.
This is the first demonstration that activation of PPAR« sup-
presses HIF-1a expression and activity, thus providing novel
insight into the interaction of these two important signaling
pathways in cancer.

Our second new finding relates to the observation that clofi-
brate promotes the degradation of HIF-1a protein in cancer
cells. It is well known that HIF-1« protein degradation is regu-
lated by oxygen (27). Under normoxia, HIF-1a is hydroxylated
by prolyl hydroxylases at Pro-402 and Pro-564, present in the
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FIGURE 6. Clofibrate suppresses hypoxia-inducible gene expression.
A, MCF-7 cells were treated with 500 um clofibrate or 20 um troglitazone for
4 h prior to placement in a hypoxia chamber for 16 h. The amount of VEGF in
the medium was analyzed using an ELISA assay kit. Data (mean = S.D.,n = 3)
are expressed as picograms/million liters of medium. **, p < 0.01 compared
with untreated cells using one-way ANOVA, followed by Dunnett’s analysis.
B, MCF-7 cells were treated with 500 um clofibrate or 100 um fenofibrate for
4 h prior to placement in a hypoxia chamber for 16 h. Cell lysates were pre-
pared, and Western blotting was performed using antibodies against GAPDH,
HO-1, and B-actin. Shown are representative images of three individual
experiments. /B, immunoblot.

oxygen-dependent degradation domain of the protein. These
modifications allow HIF-1a to be recognized by pVHL, which is
the recognition component of an E3 ubiquitin ligase, leading to
HIF-1a ubiquitination and subsequent proteasomal degrada-
tion (40). Several lines of evidence from our study support the
conclusion that activation of PPAR«a enhances HIF-1a degra-
dation in cancer cells. First, we have shown that HIF-1a« mRNA
expression was unchanged after addition of clofibrate under
hypoxic conditions, indicating that transcription of the HIF-1«
gene is not affected by activation of PPARa. Second, when
MG132 and bortezomib, two well established proteasome
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FIGURE 7. Tube formation of EA.hy926 cells cultured in conditioned media.
EA.hy926 cells resuspended in conditioned media were plated onto 96-well
plates coated with Matrigel. The conditioned media were prepared from the
media used to culture MCF-7 cells under various conditions (normoxia, hypoxia,
hypoxia plus clofibrate, hypoxia plus fenofibrate, and hypoxia plus troglitazone).
Tube formation of EA.hy926 cells was recorded 24 h after plating. Shown are
representative images of three individual experiments (lows panels) and quanti-
tative analysis following the manufacturer’s formula (upper panel). **, p < 0.01
analyzed by one-way ANOVA, followed by Dunnett’s analysis.

inhibitors (22, 41, 42), were applied to the cells under hypoxia,
clofibrate-induced suppression of HIF-la expression was
reversed, indicating that HIF-1a protein degradation is tar-
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geted by clofibrate. Third, we demonstrated that when HIF-1«
was overexpressed in MCEF-7 cells, clofibrate treatment sup-
pressed wild-type HIF-1a expression but had no effect on
mutant HIF-1la (with mutation of Pro-402 and Pro-564)
expression, strongly indicating that activation of PPAR« pro-
motes HIF-1a protein degradation. Finally, our co-immuno-
precipitation experiments showed that clofibrate enhanced the
interaction of HIF-1a with pVHL under hypoxic conditions,
suggesting that more HIF-1a proteins are processed into the
ubiquitin-proteasome degradation pathway upon activation of
PPARa in our model system. This was further confirmed by the
observation that knockdown of pVHL significantly attenuated
clofibrate-induced suppression of HIF-1a signaling. Given the
importance of both PPAR«a and HIF-1« signaling in cancer as
well as in other diseases, the detailed mechanisms of how
PPAR« activation leads to an enhanced interaction of pVHL
with HIF-1« protein, resulting in rapid degradation of HIF-1c
under hypoxia, merit further investigation.

Another interesting finding of this study relates to the con-
sequences of PPARa-mediated suppression of hypoxia-in-
duced HIF-1a expression and activity. This includes primarily
the demonstration that clofibrate treatment down-regulates
hypoxia-induced expression of VEGF in and secretion of VEGF
from MCEF-7 cells and suppresses hypoxia-induced tube forma-
tion (angiogenesis) by endothelial cells. The VEGF gene is a well
established target of HIF-1a signaling (15). Suppression of
VEGF expression by PPAR« agonists has been described in
other cancer model systems (43—46). Our findings comple-
ment previous reports and provide a mechanistic explanation
of how PPARa« agonists suppress VEGF expression and angio-
genesis, thus supporting the development of PPAR« agonists as
effective anti-angiogenic agents for cancer therapy.

In conclusion, we have demonstrated that activation of
PPARa suppresses hypoxia-induced HIF-1a signaling via pro-
motion of HIF-1a degradation in human cancer cells. These
findings provide new insight into our understanding of the two
important signaling pathways in cancer cells and support the
use of PPARa agonists as therapeutic anticancer agents.
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