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Peroxisome proliferator-activated receptor (PPAR) � is a member of
the nuclear hormone receptor superfamily. PPAR� may ameliorate
metabolic diseases such as obesity and diabetes. However, PPAR�’s
role in colorectal carcinogenesis remains controversial. Here, we
present genetic and pharmacologic evidence demonstrating that
deletion of PPAR� decreases intestinal adenoma growth in ApcMin/�

mice and inhibits tumor-promoting effects of a PPAR� agonist
GW501516. More importantly, we found that activation of PPAR�
up-regulated VEGF in colon carcinoma cells. VEGF directly promotes
colon tumor epithelial cell survival through activation of PI3K–Akt
signaling. These results not only highlight concerns about the use of
PPAR� agonists for treatment of metabolic disorders in patients who
are at high risk for colorectal cancer, but also support the rationale for
developing PPAR� antagonists for prevention and/or treatment of
cancer.

apoptosis � colorectal cancer

E levated dietary fat intake is an environmental factor that
exacerbates some diseases. Recent studies have shown that

peroxisome proliferator-activated receptors (PPARs) can act as
lipid sensors to regulate nutrient metabolism and energy homeosta-
sis. PPARs are members of the nuclear hormone receptor super-
family and are ligand-dependent transcription factors. Three mem-
bers of the PPAR family include PPAR�, PPAR�/�, and PPAR�.
Genetic and pharmacologic studies reveal that PPAR� is important
for enhancing fat metabolism, decreasing weight gain, improving
insulin sensitivity, and elevating high-density lipoprotein (HDL)
levels (1–4). These findings suggest that PPAR� agonists are
potential agents for the treatment of dyslipidemias, obesity, and
Type 2 diabetes. In this respect, a PPAR� agonist GW501516 is
currently under evaluation in phase III clinical trials for these kinds
of indications. However, our previous studies showing that
GW501516 accelerates intestinal adenoma growth in ApcMin/� mice
(5) raise concerns about developing PPAR� agonists for human
use, especially in people who are at a high risk for developing
colorectal cancer. Clarifying this issue is of critical importance to
avoid harmful effects in patients who may be considered for
treatment with these agents.

PPAR�’s role in colorectal carcinogenesis remains ambiguous.
The first evidence linking PPAR� to carcinogenesis emerged from
colorectal cancer studies. PPAR� expression is elevated in the
majority of human colorectal cancers, ApcMin/� mice, and
azoxymethane-treated rats (6, 7). PPAR� is up-regulated by both
Wnt/APC/�-catenin and oncogenic K-Ras (6, 8), and PPAR�
activity is induced by PGE2 (9). These signaling pathways are active
during development of colorectal cancer. Moreover, PPAR� is also
a potential target of nonsteroidal antiinf lammatory drugs
(NSAIDs) (6), and the protective effect of NSAIDs against colo-
rectal adenomas was reported to be modulated by a polymorphism
in the PPAR� gene (10). The disruption of both PPAR� alleles in
human HCT-116 colon carcinoma cells inhibits tumor growth in
xenograft studies, suggesting that PPAR� promotes tumor progres-
sion (11). Although we had previously shown that a PPAR� agonist

is proneoplastic (5), it was not known whether PPAR�, in fact,
mediates this effect. More importantly, PPAR�’s involvement in
colorectal cancer is now being hotly debated because of conflicting
reports in the literature. Although one study shows that the loss of
PPAR� does not affect intestinal polyp multiplicity in ApcMin/� mice
(12), two other reports reveal that the disruption of PPAR�
increased polyp formation in ApcMin/� mice in the absence of
exogenous PPAR� stimulation (13, 14). These two studies implicate
PPAR�, like PPAR�, as a potential tumor-suppressor gene. Thus,
the role of PPAR� in colon carcinogenesis has become controver-
sial, necessitating further in-depth studies.

Apoptosis, proliferation, and angiogenesis are essential cellular
processes for human cancer progression. The PPAR� agonist
GW501516 has been reported to stimulate proliferation of human
breast, prostate, and hepatocellular carcinoma cells (15, 16).
PPAR� was also shown to play an important role in promoting cell
survival in the kidney after hypertonic stress (17) and in the skin
after wound injury (18, 19). However, little is known regarding the
role of PPAR� in these cellular processes during colorectal cancer
progression.

VEGF stimulates endothelial cell proliferation and prevents
apoptosis in the endothelial cells of newly formed vessels (20).
Although the role of VEGF in stimulating tumor-associated an-
giogenesis through binding to VEGFRs on endothelial cells is well
documented, emerging data suggest that VEGFRs are expressed in
liquid and solid tumor cells including hematopoietic malignancies
(21, 22), non-small-cell lung carcinomas (23), prostate cancer (24),
melanoma (25), and breast cancer (26). These findings imply a
potential role for the VEGF/VEGFR autocrine loop in cancer
biology.

The aim of this study was to investigate the role of PPAR� in
modulating intestinal adenoma growth. We used genetic and phar-
macologic approaches to evaluate in vivo effects of PPAR� activa-
tion. Our results demonstrate that deletion of PPAR� resulted in a
decrease in polyp number and size in ApcMin/� mice. Moreover, the
PPAR� agonist GW501516 is not effective in accelerating intestinal
adenoma growth in PPAR�-deficient ApcMin/� mice. More impor-
tantly, we demonstrate that the effects of PPAR� are mediated, at
least in part, through VEGF, which, in turn, promotes epithelial
tumor cell survival. This autocrine activity of VEGF on carcinoma
cells works through activation of the PI3K–Akt pathway. Collec-
tively, these results reveal that PPAR� activation promotes tumor
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growth by inhibiting epithelial tumor cell apoptosis through acti-
vation of a VEGF autocrine signaling loop.

Results and Discussion
PPAR� Accelerates Intestinal Adenoma Growth in Apc Min/� Mice. APC
is a well characterized tumor suppressor-gene. APC mutations are
involved in the initiation of both hereditary and sporadic colorectal
cancer. ApcMin/� mice bearing a germ-line mutation in the APC
gene develop multiple polyps in the small intestine and have been
used widely to study intestinal polyposis. Because information
regarding PPAR�’s role in colorectal cancer is limited and highly
controversial, we critically evaluated the functional consequence of
the lack of PPAR� in ApcMin/� mice. Mice at the age of 13 weeks
from each experimental group were killed, and then polyp number
and size was determined. As shown in Fig. 1, both male (Fig. 1A)
and female (Fig. 1C) PPAR�-deficient ApcMin/� mice (PPAR��/�/
ApcMin/�) exhibited a 3-fold reduction in small intestinal polyps as
compared with control ApcMin/� mice (PPAR��/�/ApcMin/�) on the
identical genetic background. Notably, deletion of PPAR� results
in an �10-fold decrease in the number of large polyps (�1 mm) in
both male and female ApcMin/� mice. A similar trend is observed in
the large intestines of these mice (Fig. 1 B and D). Although
heterozygous deletion of PPAR� (PPAR��/�/ApcMin/�) does not
significantly reduce the total number of small and large intestinal
polyps in male mice, this disruption significantly diminishes the
number of small intestinal polyps that were �1 mm (Fig. 1A).
Histological analysis revealed that large, medium, or small polyps
from different genotypes are all adenomas (Fig. 1E). These results
provide genetic evidence showing that PPAR� accelerates polyp
growth.

Our results differ from previous reports by other laboratories (13,
14). One explanation for these disparate results may be due to
differences in the genetic background of ApcMin/� mice, animal
breeding, or possibly to differences in the specific targeting strategy
used to delete PPAR�. For example, the average number of polyps
in 13-week old ApcMin/� mice on a C57BL/6 genetic background is
�50, whereas the polyp number in ApcMin/� mice on a mixed-
genetic background (C57BL/6 � 129/SV) is �120. Our results also
show that the breeding strategy affects the number and size of
polyps in mice even on the same genetic background. Mice gener-
ated by breeding female PPAR��/�/ApcMin/� with male PPAR��/�/
Apc�/� exhibit increased adenoma number with a larger average
size than those obtained by breeding female PPAR��/�/Apc�/� with

male PPAR��/�/ApcMin/� (data not shown). Finally, the PPAR�
null mice we studied were obtained from Beatrice Desvergne
(University of Lausanne, Switzerland). These mice were generated
by deleting exons 4 and 5 encoding the DNA-binding domain (27),
whereas Peters group (28) generated the PPAR� knockout mice by
inserting a neomycin-resistance cassette into the last exon (exon 8).
It has been suggested that the strategy used to disrupt PPAR� by
the Peters group might have led to a hypomorphic allele, which
retains some aporeceptor function, thus making it difficult to
correctly interpret their results. Indeed, conflicting results in the
context of embryonic lethality have also been observed from these
two PPAR� mutant mouse strains (27, 28).

PPAR� Mediates the Effect of GW501516 in Promoting Intestinal Polyp
Growth. To determine whether PPAR� mediates the tumor-
promoting effects of the PPAR� agonist GW501516, PPAR��/�/
ApcMin/�, and PPAR��/�/ApcMin/� mice were treated with 0.5%
carboxymethylcellulose (CMC) solution containing GW501516 or
vehicle alone. After 7 weeks of treatment with GW501516, male
PPAR��/�/ApcMin/� mice exhibit a 2- to 3.6-fold increase in tumor
number in the small intestine and colon, respectively, as compared
with controls (Fig. 2 A and B). GW501516 treatment mainly
increased the number of large polyps (�1 mm) in both small and
large intestine, suggesting that PPAR� activation primarily affects
the rate of polyp growth. Unlike in PPAR��/�/ApcMin/� mice, the
administration of GW501516 fails to affect small and large intes-
tinal polyp burden in both male and female PPAR��/�/ApcMin/�

mice (Fig. 2). Interestingly, the number and size of intestinal polyps
in PPAR�-deficient ApcMin/� mice treated with CMC were signif-
icantly less than those ApcMin/� mice treated with CMC (Fig. 2).
However, this was not observed in the colons of female mice.
Moreover, PPAR��/�/ApcMin/� mice treated with CMC exhibit
lower polyp number and size than untreated mice (Figs. 1 and 2),
suggesting that CMC by itself has some inhibitory influence on
tumor growth. These results demonstrate that PPAR� is critical for
the tumor-promoting effects of GW501516.

Activation of PPAR� Induces VEGF Expression. To investigate the
molecular mechanism by which PPAR� activation promotes tumor
growth, we initially screened the downstream target genes of
PPAR� by microarray analysis. VEGF was identified as one of the
potential targets for GW501516 in both human LS-174T and
HCT-116 colon carcinoma cells (data not shown). To confirm the

Fig. 1. The effect of PPAR� deletion on intestinal polyp number and size. (A–D) Both male (A and B) and female (C and D) mice with different genotypes at
the age of 13 weeks were killed to quantitate polyp number and size in the small intestine (A and C) and large intestine (B and D). Data are expressed as mean �
SE (*, P � 0.05; Bonferroni test). (E) Representative H&E-stained sections from male PPAR��/�/ApcMin/� and PPAR��/�/ApMin/� mice are shown (Scale bar, 500 �m.)
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microarray results, we performed real-time quantitative PCR,
VEGF promoter reporter, and ELISAs in LS-174T cells. We found
that GW501516 induced VEGF mRNA levels (Fig. 3 A and B),
promoter activity (Fig. 3C), and protein secretion (Fig. 3D) in a
dose-dependent manner. In contrast, blocking PPAR� signaling by
overexpressing a dominant negative PPAR� (dNPPAR�) in LS-
174T cells or deletion of PPAR� in HCT-116 cells inhibits
GW501516-induced VEGF mRNA expression (Fig. 3 E and F),
demonstrating that PPAR� mediates the effects of GW501516 to
induce VEGF. GW501516 also induced VEGF in other colorectal
cancer (CRC) cells (Fig. 3G). We next examined VEGF expression
in adenomas from mice treated with GW501516. Our immuno-
staining (Left) and Western blot (Right) analyses show that VEGF
is up-regulated after GW501516 treatment in PPAR��/�/ApcMin/�

mice but not in PPAR��/�/ApcMin/� mice (Fig. 3H). Diffuse cyto-
plasmic staining (brown) for VEGF was observed in both epithelial
and stromal cells of intestinal polyps. Taken together, these results
demonstrate that PPAR� activation up-regulates VEGF transcrip-
tion, expression, and release in epithelial tumor cells.

Elevated VEGF correlates well with tumor progression and poor
prognosis in many human tumors, including colorectal carcinomas
(29, 30). VEGF expression is regulated by a number of factors,
including hypoxia, COX-2, growth factors, cytokines, oncogenes, or
tumor-suppressor genes (31). In addition, there is evidence that
activation of PPAR� inhibits VEGF expression in CRC cells (32),
whereas PPAR� activation up-regulates its expression in human
vascular smooth muscle cells and macrophages (33, 34). Our in vitro
and in vivo results represent evidence showing that activation of
PPAR� induces VEGF expression in intestinal epithelial tumor
cells. The precise mechanism by which PPAR� regulates VEGF
expression warrants further investigation.

VEGF Promotes Epithelial Cell Survival by Activating Antiapoptotic
Factor Akt. Recent evidence shows that VEGF signaling has im-
portant roles in nonendothelial cells. For example, VEGF displays
prosurvival activity for neuron, chondrogenic and osteogenic cells,
and hematopoietic stem cells (35). To establish the functional
significance of VEGF in epithelial cancer cells, we determined
whether VEGF’s receptors are expressed in human CRC cell lines.
Analysis of real-time quantitative PCR shows that each cell line

exhibits different VEGF receptor expression profiles (Fig. 4A). We
also examined whether a PPAR� ligand regulates VEGFR expres-
sion in LS-174T cells. Western blot analysis reveals that treatment
of LS174T cells with GW501516 had no effect on VEGFR1–2
expression (Fig. 4B). Because epithelial tumor cells express VEGF
receptors, we postulated that VEGF induces cell proliferation and
promotes cell survival. LS-174T cells were treated with increasing
concentrations of VEGF after serum deprivation. VEGF only
slightly induces cell proliferation (data not shown). However,
treatment with VEGF significantly attenuated apoptosis induced by
serum deprivation (Fig. 4C). Because recent genetic evidence
shows that Akt is critical for VEGF-mediated in vivo angiogenesis
(36) and because VEGF can promote endothelial cell survival via
the PI3K–Akt pathway (37, 38), we hypothesized that VEGF
promotes epithelial cell survival through this pathway. As shown in
Fig. 4D, VEGF induced Akt phosphorylation in LS-174T cells in a
dose- and time-dependent manner. VEGF-induced activation of
Akt is completely blocked by treatment with a specific PI3K
inhibitor, LY294002 (2.5 �M) (Fig. 4E). This inhibitor also reversed
the ability of VEGF to promote epithelial cell survival (Fig. 4F).
Similar results were obtained in the HCT-116 cells (data not
shown). These results show that VEGF promotes intestinal epithe-
lial cancer cell survival through PI3-Akt signaling.

VEGF Mediates PPAR�-Induced Akt Activation and Colon Carcinoma
Cell Survival. As a first step in determining whether VEGF mediates
the antiapoptotic effects of PPAR� on LS-174T cells, we examined
the ability of PPAR� to activate Akt. As shown in Fig. 5A,
GW501516 induced Akt phosphorylation in a dose-dependent
manner. The activation of Akt was completely inhibited by the PI3K
inhibitor LY294002 (Fig. 5B). We next investigated whether VEGF
mediates PPAR�-induced Akt activation and epithelial tumor cell
survival. We found that treatment with a VEGF neutralizing
antibody inhibits Akt phosphorylation induced by GW501516 (Fig.
5C) and attenuates the antiapoptotic effects of GW501516 in
LS-174T cells (Fig. 5D). These results demonstrate that VEGF
mediates the antiapoptotic effects of PPAR� in intestinal epithelial
tumor cells by activating the PI3K–Akt cell survival pathway. Taken
together, our results demonstrate that a VEGF autocrine loop plays
an important role in CRC cell survival.

Fig. 2. PPAR� mediates the effect of the GW501516 in
promoting intestinal polyp growth. Both PPAR��/�/ApcMin/�

and PPAR��/�/ApcMin/� male (A and B) and female (C and D)
mice at the age of 6 weeks were treated with vehicle or
GW501516 for 7 weeks as described in Methods. At the end of
the experimental period, the polyp numbers and sizes in small
(A and C) and large (B and D) intestine were quantitated as
described in Fig. 1.
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In determining the true biological significance of a novel path-
way, it is always important to confirm in vitro results in an in vivo
context. Thus, we evaluated the effect of GW501516 on Akt
activation in vivo. As demonstrated in Fig. 6A, GW501516 treat-
ment results in a dramatic increase in Akt phosphorylation in
intestinal adenomas taken from PPAR��/�/ApcMin/� but not
PPAR��/�/ApcMin/� mice by immunohistochemistry (Fig. 6A Left)
and Western blot (Fig. 6A Right) analysis. To further evaluate
whether GW501516 promotes tumor cell survival in vivo, TUNEL
assays were performed to detect apoptotic cells within intestinal
adenomas. The number of apoptotic cells is markedly reduced in

polyps from PPAR��/�/ApcMin/� mice treated with GW501516
compared with that seen in control (vehicle-treated) mice (Fig. 6B).
In contrast, GW501516 fails to affect apoptotic rates in intestinal
adenomas of PPAR��/�/ApcMin/� mice, demonstrating that PPAR�
mediates the antiapoptotic effects of GW501516 (Fig. 6B). These
observations indicate that the antiapoptotic effect of PPAR� cor-
relates well with induction of VEGF in vivo. In addition to the effect
of VEGF on promoting epithelial cell survival, it is possible that
activation of PPAR� accelerates tumor growth through VEGF by
increasing vascular permeability.

In conclusion, this study reveals that deletion of PPAR� atten-
uates the intestinal adenoma burden in ApcMin/� mice and presents
compelling evidence showing that VEGF, up-regulated by PPAR�
in CRC cells, can act in an autocrine fashion to promote epithelial
cell survival through activation of PI3K–Akt signaling. Our results
not only support the rationale for developing PPAR� antagonists
for use in cancer prevention and/or treatment but also establish a
potential molecular basis for understanding of the epidemiologic

Fig. 3. Activation of PPAR� up-regulates VEGF expression in CRC cell lines. (A
and B) After serum-free starvation for 24 h, the LS-174T cells were treated with
1 �M GW501516 for the indicated times (A) or indicated concentration (B) of
GW501516 for 24 h. Quantitative real-time PCR assays were performed as
described in Methods. The relative expression of target gene represents an
average of triplicates normalized against the transcript levels of h�-Actin.
Data are represented as the mean � SE of the relative expression from three
independent experiments. (C) The LS-174T cells were transiently transfected
with VEGF luciferase reporter and pRL-SV40 plasmids, followed by treatment
with GW501516 for 24 h. The dual-luciferase assays were performed as de-
scribed in Methods. Data are presented as the mean � SE of relative luciferase
activity from three independent experiments. (D) LS-174T cells were treated
with GW501516 as described in Methods. The levels of VEGF in cell superna-
tants were determined by ELISA. Three independent experiments with dupli-
cates were performed. (E) The polyclonal dNPPAR� or empty vector LS-174T
cells were treated with 1 �M GW501516 for 24 h after serum-free starving for
24 h, and quantitative real-time PCR assays were carried out as noted in Fig. 3
A and B. (F) The wild-type or PPAR��/� HCT116 cells were treated as described
in E, and quantitative real-time PCR assays were carried out. (G) Quantitative
real-time PCR analysis of the mRNA level of VEGF in indicated CRC cell lines
treated with 1 �M GW501516 for 24 h after serum-free starving for 24 h. (H)
A representative section shows VEGF immunoreactive staining (brown) in the
intestinal polyp taken from male mice treated with vehicle and GW501516 for
7 weeks. (Scale bar, 200 �m.) VEGF expression was determined by Western blot
analysis (Right). Each sample included 60 polyps collected from three animals
for each experimental group.

Fig. 4. VEGF promotes CRC cell survival and induces Akt activation. (A)
Quantitative real-time PCR analysis of VEGFR mRNA were performed as
described in Fig. 3 A and B. (B) LS-174T cells were treated as described in Fig.
3D. VEGFR1–2 protein levels were analyzed by Western blotting. (C) LS-174T
cells were treated with VEGF as described in Methods. The number of apo-
ptotic cells was determined by flow cytometry using an annexin V-FITC kit.
Data are expressed as the mean � SE of percent of apoptotic cells from three
separate experiments. (D) LS-174T cells were treated with the indicated con-
centration of VEGF for 2 h (Left) or 10 ng/ml VEGF for the indicated times
(Right) after serum starvation for 24 h. The level of phosphorylated Akt was
detected by Western blotting using anti-phospho-Akt (Ser-473) antibody. The
blots were reprobed with Akt antibody to monitor the loading of samples. (E)
LS-174T cells were pretreated with the inhibitor for 1 h after serum starvation
for 24 h and then incubated with 1 ng/ml VEGF for 2 h. Akt activation was
measured by following the same approach as mentioned above. B, D, and E are
representative of three different experiments that showed similar results. (F)
LS-174T cells were pretreated with the inhibitor for 1 h and then treated with
VEGF for 2 days in serum-free media. The percent of apoptotic cells was
measured as noted above.
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association between obesity and the relative risk of colorectal
cancer.

Methods
Animals. PPAR�-null ApcMin/� mice (PPAR��/�/ApcMin/�) and the
control (PPAR��/�/ApcMin/�) were derived from same-litter mates
by breeding PPAR��/�/Apc�/� on a mixed-genetic background
(C57BL/6 � 129/SV) with PPAR��/�/ApcMin/� on a C57BL/6
genetic background (The Jackson Laboratory, Bar Harbor, ME)
and fed with standard mouse diet in the Animal Care Facility
according to National Institutes of Health and institutional guide-
lines. At the age of 13 weeks, these mice were killed by CO2. For
GW501516 treatment experiments, PPAR��/�/ApcMin/� (n � 34)
and PPAR��/�/ApcMin/� mice (n � 30) at the age of 6 weeks were
randomly grouped into two groups treated with 150 �l of 0.5%
CMC or 0.5% CMC solution containing GW501516 (10 mg/kg of
body weight) by daily gavage feeding. After treatment for 7 weeks,
mice were killed, and polyp size and number was measured as
described (9). After the number of tumors was counted, intestinal
tissues were embedded in paraffin. For histological analysis, sec-
tions 5 �m in thickness were stained with H&E to examine polyp
morphology from all groups. The unstained sections were subjected
to TUNEL assays and immunohistochemical staining.

Cell Culture and Reagents. LS-174T, HCT-116, HCA-7, SW480,
HT-29, and SW620 cells were maintained in McCoy’s 5A medium
with 10% FBS. PPAR�-null HCT-116 cells were a gift from K. W.
Kinzler (Johns Hopkins School of Medicine, Baltimore, MD) (11).
GW501516 was obtained from Ramidus AB (Lund, Sweden). Ly
294002 was obtained from Calbiochem (La Jolla, CA).

Real-Time Quantitative PCR. VEGF, VEGFR1, VEGFR2, and
VEGFR3 mRNA was quantified by real-time quantitative PCR
using iCycler (Bio-Rad, Hercules, CA) and iQ SYBR green Su-
permix (Bio-Rad). The assay was conducted previously described
(39). Primers for VEGF, VEGFR1, VEGFR2, VEGFR3, and Actin
genes were chosen by using the Beacon Designer 4 program.

Transfection and Reporter Activity Assay. VEGF promoter reporter
construct was generated by subcloning a full-length VEGF pro-
moter into pGL3 by standard techniques. The LS-174T cells (2 �
105) were transiently cotransfected with 0.4 �g of VEGF (�2,274
to �50) and 5 ng of pRL-SV40 plasmids by using LipofectAMINE
Plus reagent according to the manufacturer’s instructions (Life
Technologies, Rockville, MA). After transfection, the cells were
treated with either vehicle or GW501516 for 24 h. Luciferase
activity was measured by using a Dual Luciferase kit (Promega,
Madison, WI) with a Monolight 3010 luminometer (BD Bio-
sciences/Pharmingen, San Diego, CA). The relative luciferase ac-
tivity was determined by normalized to Renilla luciferase.

ELISA. VEGF production from cell-free supernatants was measured
by using a human VEGF Quantikine ELISA kit (R & D Systems,
Minneapolis, MN) according to the manufacturer’s instructions.
Briefly, LS-174T cells (5 � 105) were cultured in serum-free
medium for 16 h. Then cells were treated with vehicle or indicated
concentration of GW501516 for 24 h. The supernatants were
subjected to ELISA.

Immunohistochemical Staining. Tissue sections (n � 5 per animal)
were stained with a VEGF antibody (LAB Vision, Fremont, CA)

Fig. 5. VEGF mediates the effects of PPAR� on Akt activation and inhibition
of apoptosis. (A) LS-174T cells were treated with the indicated concentration
of GW501516 for 24 h after serum starvation for 24 h. Akt activation was
measured as noted above. (B) LS-174T cells were pretreated with the inhibitor
for 1 h after serum starvation for 24 h and then incubated with 1 �M
GW501516 for 24 h. (C) LS-174T cells were pretreated with 1 �g/ml anti-hVEGF
neutralizing antibody for 1 h and then treated with GW501516 for 24 h after
serum starvation for 24 h. The above figures are representative of three
different experiments with similar results. (D) LS-174T cells were pretreated
with 1 �g/ml anti-hVEGF neutralizing antibody for 1 h and then treated with
GW501516 for 4 days under serum-free conditions. The percentage of apo-
ptotic cells was measured as noted above.

Fig. 6. GW501516 activates Akt in ApcMin/� mouse polyps. (A) Phospho-Akt
immunostaining was performed in sections of small intestine from both
PPAR��/�/ApcMin/� and PPAR��/�/ApcMin/� male mice treated with vehicle or
GW501516 for 7 weeks. A representative section shows phospho-Akt immu-
noreactive staining (brown) in the epithelial cells of polyps. (Scale bar, 100
�m.) Phospho-Akt in polyps was determined by Western blot analysis as
described in Fig. 3H Right). (B) TUNEL staining of small intestinal adenomas
from both PPAR��/�/ApcMin/� and PPAR��/�/ApcMin/� mice treated with vehi-
cle or GW501516. A representative section shows that apoptotic nuclei are
stained brown by the DeadEnd colorimetric TUNEL system as described in
Methods. (Scale bar, 100 �m.) The bar graph represents mean � SE of apo-
ptotic cells per polyp from 30 polyps taken from three mice for each experi-
mental group (Right).
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and a phospho-Akt antibody (Ser-473) at a dilution of 1:250 (Cell
Signaling Technology, Beverly, MA). The immunohistochemical
staining was completed by using a Zymed-Histostain-SP Kit
(Zymed, South San Francisco, CA) as described (9).

Western Blot Analysis. Whole-cell extracts were prepared from cells
or polyps treated with vehicle, LY294002, VEGF, or/and
GW501516 at the indicated times and dose after serum starvation
for 24 h. Western blots were performed as described (40). A
phospho-Akt antibody (Ser 473) (Cell Signaling Technology),
VEGF antibody (Santa Cruz Biotechnology, Santa Cruz, CA) and
VEGFR1–2 antibodies (LAB Vision) were used in a 1:500 dilution.
The blots were stripped and then reprobed with Akt (Cell Signaling
Technology) or �-Actin antibody.

Apoptosis Assays. LS-174T cells (2.5 � 105) were incubated in
serum-free media containing 10% FBS, vehicle, LY294002, or/and
VEGF for 2 days. For the VEGF antibody experiments, the cells
were treated with vehicle, anti-VEGF neutralizing antibody (R &

D Systems, Minneapolis, MN), or/and GW501516 for 4 days. The
number of apoptotic cells was determined by flow cytometry using
TACS Annexin V-FITC Apoptosis Detection kit according to the
manufacturer’s instructions (R & D Systems).

TUNEL Assays. The fragmented DNA of apoptotic cells in tissue
sections was end-labeled by using the Dead-End colorimetric
TUNEL system according to the manufacturer’s instructions (Pro-
mega, Madison, WI).

Statistical Analysis. A post hoc test (ANOVA) was used to calculate
P values for experiments in Figs. 1 and 2.
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