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ABSTRACT

To evaluate whether �-catenin signaling has a role in the regulation of
angiogenesis in colon cancer, a series of angiogenesis-related gene pro-
moters was analyzed for �-catenin/TCF binding sites. Strikingly, the gene
promoter of human vascular endothelial growth factor (VEGF, or
VEGF-A) contains seven consensus binding sites for �-catenin/TCF. Anal-
ysis of laser capture microdissected human colon cancer tissue indicated a
direct correlation between up-regulation of VEGF-A expression and ade-
nomatous polyposis coli (APC) mutational status (activation of �-catenin
signaling) in primary tumors. In metastases, this correlation was not
observed. Analysis by immunohistochemistry of intestinal polyps in mice
heterozygous for the multiple intestinal neoplasia gene (Min/�) at 5
months revealed an increase and redistribution of VEGF-A in proximity
to those cells expressing nuclear �-catenin with a corresponding increase
in vessel density. Transfection of normal colon epithelial cells with acti-
vated �-catenin up-regulated levels of VEGF-A mRNA and protein by
250–300%. When colon cancer cells with elevated �-catenin levels were
treated with �-catenin antisense oligodeoxynucleotides, VEGF-A expres-
sion was reduced by more than 50%. Taken together, our observations
indicate a close link between �-catenin signaling and the regulation of
VEGF-A expression in colon cancer.

INTRODUCTION

Tumor growth and metastasis are highly dependent upon neoan-
giogenesis, the formation of capillary sprouts. These may arise from
either from preexisting blood vessels, circulating endothelial cells, or
bone marrow-derived endothelial precursor cells (1). VEGF3 (or
VEGF-A) is one of the principal regulators of pathological and
physiological angiogenesis (1–5). VEGF-A expression is up-regulated
in numerous solid tumors, including primary and metastatic colorectal
carcinoma (6–10).

Originally discovered as a stimulator of vascular permeability,
VEGF-A was subsequently found to be a mitogen and survival factor
for endothelial cells through its interaction with two tyrosine kinase
receptors, VEGFR-1 and VEGFR-2 (4, 11–13). The survival function
is mediated through activation of the phosphatidylinositol 3�-kinase-
Akt signaling pathway and up-regulation of Bcl-2 (14–16) as well as
through up-regulation of inhibitors of apoptosis (IAP) family mem-
bers (17). VEGF-A expression is regulated at the level of transcription
and translation in a complex fashion by numerous oncogenic and
tumor suppressor pathways, conditions of hypoxia, and estradiol-
receptor complexes (18–29).

In colon cancer, evidence from preclinical and clinical studies has
shown the necessity of angiogenesis for tumor growth and metastasis.
Furthermore, these studies implicate VEGF-A as the principal angio-
genic factor (8, 30). The elegant work of Fearon and Vogelstein (31)
has described the stepwise progression of the genetic lesions that are
found in early adenoma and culminate in carcinoma and metastasis in
colon cancer. In both the sporadic and familial adenomatosis polyp-
osis forms of colorectal cancer, inactivation of the APC tumor sup-
pressor gene initiates tumor formation. APC is a component of the
Wnt signaling pathway and negatively regulates levels of �-catenin, a
critical mediator of the Wnt transcriptional response (32).

Absence of functional APC results in the posttranslational sta-
bilization of �-catenin protein, its translocation into the nucleus,
interaction with TCF/Lef family transcription factors, and changes
in target gene expression including c-Myc (33), cyclin D1 (34),
matrilysin (35), pArf (36), Connexin 43 (37), uPAR, c-jun and fra-1
(38), WISP, (39), fibronectin (40), PPAR� (41), and Naked (42).4

These genes contribute to the growth-promoting activities medi-
ated by �-catenin signaling.

Recent work suggests that Wnt/�-catenin signaling regulates vessel
development in normal and pathological conditions. Several studies
have demonstrated the expression of Wnt ligands, Wnt receptors
[frizzleds (Fz)], and Wnt inhibitors in vascular cells (43). Moreover,
mice deficient for Wnt-2 or Fz-5 have severe vascular defects, and
mutations in human Fz-4 have been linked to familial exudative
retinopathy, a hereditary disorder in which retinal angiogenesis is
severely impaired (43–45). �-Catenin accumulation in the cytosol and
nucleus has been observed in proliferating vessels of the human
placenta and has been frequently observed in vascular cells during
pathological angiogenesis (43). A recent report described VEGF-A as
a �-catenin target gene in HeLa cells and colon cancer cells (46).

To further explore the relationship between the Wnt/�-catenin
pathway and angiogenesis, we searched the promoters of genes en-
coding the proteins that participate in vessel formation for nucleotide
sequences that recognize TCF/Lef. Notably, in the promoter for
VEGF-A, we found seven TCF/Lef binding elements. This prompted
us to investigate the relationship between VEGF-A levels and APC
mutational status in human colon cancer samples and cancer cell lines
and also to evaluate this relationship in the Min/� mouse model of
colorectal cancer. In human colon cancer cell lines, �-catenin induced
VEGF-A mRNA and protein expression. Our experiments thus con-
firm and expand the report that VEGF-A is a �-catenin target gene
(46), emphasizing the importance of �-catenin in the early and step-
wise events of colon cancer neoangiogenesis.

MATERIALS AND METHODS

Cell Culture and Transfections. SW620, HCT116, and HEK293 cell lines
were acquired from the American Type Culture Collection and maintained in
DMEM (Life Technologies, Inc., Bethesda, MD) supplemented with 10% fetal
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bovine serum and 1% penicillin/streptomycin at 37°C and 5% CO2. The
NCM460 cell line, acquired from Incell Corp. (San Antonio, TX), is an
epithelial cell line derived from the normal human colon mucosa (47). It is not
infected or transfected with any exogenous genetic information, it does not
grow in soft agar, and it is nontumorigenic. The NCM460 cells were main-
tained in M3:10 medium (Incell Corp). Plasmid transfections were performed
using LipofectAMINE 2000 (Life Technologies, Inc.) according to the man-
ufacturer’s instructions. Antisense oligonucleotides complementary to human
�-catenin mRNA or reverse control oligonucleotides (48) were transfected into
SW620 and HCT116 cells at a final concentration of 100 nM using a cationic
peptoid reagent (49).

Patient Samples. Tissue samples were taken at surgery, with the informed
consent of the patients, and frozen for subsequent cryosectioning and laser
capture microdissection (50). All Institutional Review Board requirements
were met.

Animals. C57BL/6 Min/� and C57BL6 wild-type littermates were pur-
chased from The Jackson Laboratory (Bar Harbor, ME). Mice were housed 5
mice/cage in microisolator cages in an American Association of Laboratory
Animal Care-accredited animal facility. Mice were fed special Purina labora-
tory animal diets (5K20). Mice received food and water ad libitum.

q-PCR. Total RNA was prepared from cell lysates using the RNeasy total
RNA isolation kit (Qiagen Inc., Chatsworth, CA). Using a reverse transcription
reaction kit (Perkin-Elmer, Boston, MA), 1 �g of total RNA was reverse
transcribed. Ten percent of the reverse transcription reaction was amplified by
q-PCR using the LightCycler System (Roche, Indianapolis, IN), and the
product was quantified using a standard curve that calculated each cycle
number at which the amplification of the product was in the linear phase. This
value was normalized to the value of the internal standard GAPDH for each
analysis. In the case of patient samples, RNA was extracted from laser capture
microdissected cells from matched tumor and normal biopsies and amplified
using established procedures to accurately retain relative abundance of
mRNAs (51). Normalization was to glucuronidase synthase as described
previously (42). For the VEGF-A mRNA, q-PCR was performed using primers
as described by Liu et al. (52).

Mutational Status of APC, �-Catenin, and Ras in Patient Samples. The
mutational status of �-catenin and K-Ras was measured by single strand
conformational polymorphism using total tumor RNA, as described previously
(42). This gel analysis allows mutant RNA to be separated from wild type and
is thus more sensitive than PCR and sequencing for detecting small percent-
ages of mutant RNA in the tumor sample. Two hundred ng of total RNA from
colon cancer patient samples were reverse transcribed and PCR amplified
using the primers described previously for �-catenin (42) and the forward
(K-Ras-F, 5�-AGAGGCCTGCTGAAAATG-3�) and reverse (K-Ras-R, 5�-
TTCCTGTAGGAATCCTCTATTGTT-3�) primers for K-Ras.

To detect truncations in APC, 200 ng of total tumor RNA from colon tissue
samples were reverse-transcribed with primer RT-APC (5�-GTATGGTTACA-
GATGAGGTTTTTCC-3�) and amplified (Advantage GC-rich kit; CLON-
TECH) with primers as described previously (42). The PCR products were
transcribed in vitro and translated with the T7-coupled reticulocyte lysate
system (Promega) in the presence of [35S]methionine and [35S]cysteine to
detect translation products after SDS-PAGE and autoradiography (42, 53).

ELISA. VEGF-A and bFGF protein in tissues and cell lysates was quan-
tified using a commercially available ELISA kit (R&D Systems, Minneapolis,
MN). Protein concentration of each sample was determined using Bio-Rad
(Hercules, CA) protein assay reagent. Preparation of small intestine homoge-
nates from Min/� and wild-type mice involved freezing the dissected tissue in
liquid nitrogen followed by homogenization in ice-cold lysis buffer (1% NP40,
0.5% sodium deoxycholate, and 0.1% SDS in PBS with a protease inhibitor
mixture).

Immunohistochemistry. Small intestine and colon from Min/� mice and
normal litter mates were cleaned of feces with saline, cut open, and laid flat,
marking the proximal and distal ends of the organs. Samples were rolled,
placed into a histology cassette, and fixed for 4–6 h in 10% neutral buffered
formalin. Samples were then processed and embedded in paraffin blocks.

Sections (3–4 �m) sections were cut and floated onto glass slides, baked
and deparaffinized in xylene, and rehydrated in graded alcohols. Antigen
retrieval was performed using Citrate Plus buffer (Biogenex, San Ramon, CA)
in a Biocare steamer. Cooled samples were stained using a Ventana Medical
Systems NEXUS automated stainer. Slides were treated for 32 min with

appropriate primary antibody [VEGF-A-20 antibody (Santa Cruz Biotechnol-
ogy Inc., Santa Cruz, CA) at 1:100 dilution, �-catenin antibody (B19022;
Chemicon, Temecula, CA) at 1:500 dilution, or rabbit antibody to vWF
(DAKO Carpinteria, CA) at 1:1000 dilution]. Samples were treated for 32 min
with secondary antibody [goat antirabbit F(ab�)2 biotinylated antibody (Jack-
son ImmunoResearch Laboratories Inc., West Grove, PA) at 1:100 dilution].
The signal was resolved with a streptavidin-horseradish peroxidase conjugate,
3,3�-diaminobenzidine, and heavy metal enhancement with copper sulfate
(Ventana DAB detection reagents; Ventana Medical Systems, Tucson, AZ).
Slides were counterstained with hematoxylin and bluing reagent (Ventana
Medical Systems). Negative control samples were exposed to rabbit �-globulin
(Jackson ImmunoResearch Laboratories Inc.) at concentrations matching con-
centrations of primary antibodies and stained as described. All antibodies were
diluted in 1� PBS/0.5% BSA (IgG-free fraction)/0.01% thiomersol (pH 7.4).

Cell Fractionation and Western Blotting. For the analysis of cytosolic
�-catenin, HCT116 cells were lysed in hypotonic buffer with protein inhibitors
and passed through a 27G1/2-guage needle. After centrifugation at 6,000 rpm
for 10 min, supernatants were further clarified in an ultracentrifuge (Optima
TLX; Beckman) at 10,000 rpm for 35 min at 4°C. After normalization for
protein, aliquots of lysate were subjected to Western analysis with a �-catenin
monoclonal antibody (Transduction Laboratories, Lexington, KY).

Statistical Analysis. Data are reported as mean � SD of multiple experi-
ments. Differences between the laser microdissected, matched normal and
malignant specimens were compared using paired Student’s t tests. The un-
paired Student’s t test was used to compare VEGF-A mRNA levels in liver
metastases with a pool of normal colon tissue and in the Min/� and wild-type
(control) mouse experiments. Correlations between APC and K-Ras mutational
status and VEGF-A or VEGF-D gene expression were estimated using a
dichotomous model and analyzed by the �2 test. An arbitrary ratio cutoff of
�2.0 for tumor tissue/normal tissue mRNA was selected (Figs. 2 and 3). All
experiments were repeated a minimum of three times unless otherwise stated.
Two-tailed tests with P � 0.05 were accepted as significant.

RESULTS

Analysis of Angiogenesis-related Gene Promoters for �-Cate-
nin/TBEs. A search of the GenBank nucleotide database revealed the
presence of �-catenin/TCF binding sites (TBE: T/A T/A CAA T/A G)
in the promoters of several genes known to regulate angiogenesis (Fig.
1A; Refs. 34, 35, and 54). Thus, whereas the probability of uncovering
a �-catenin/TCF binding consensus sequence by chance is 1 for every
2048 nucleotides, the promoter regions of VEGF-A and KGF each
contained at least three such binding sites. Of these, the human
VEGF-A gene was particularly noteworthy; it contains four consensus
binding sites (sites 1, 2, 5, and 7) and an additional three putative,
partial sites (sites 3, 4, and 6) over a 3500-nucleotide stretch that
includes the promoter and 5�-untranslated region (Fig. 1B). These
findings strongly suggest that VEGF-A is a �-catenin target gene.

VEGF-A Expression Correlates with APC Mutational Status
and Activation of �-Catenin Signaling in Human Colon Cancer.
VEGF-A is a transcriptional target of the Ras-Raf- mitogen-activated
protein kinase pathway, which is frequently up-regulated in many
cancers (20, 22). In colon cancer, activation of K-Ras is a genetic
event that usually succeeds activation of the �-catenin pathway (55).
We therefore determined whether correlations existed, in vivo, be-
tween VEGF-A expression and the APC, �-catenin, and/or K-Ras
mutational status in both primary tumors and liver metastases from
colon cancer patients. Using laser capture microdissection, epithelial
cells from malignant and matched autologous (i.e., from the same
patient) histologically normal colon were isolated from 20 different
subjects for RNA extraction. Quantitative real-time PCR showed that
whereas VEGF-D mRNA levels did not differ between primary tumor
and autologous normal tissue (0.87 � 0.40-fold; P � 0.182, paired t
test), VEGF-A mRNA levels were significantly greater in the malig-
nant tissue (2.60 � 1.93-fold; P � 0.002, paired t test; Fig. 2A). Of the
20 primary lesions investigated, 17 harbored APC gene deletions, and
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in all samples, �-catenin was wild type (Fig. 2B). Of these, 11
expressed elevated levels of VEGF-A mRNA when normalized to
glucuronidase synthase mRNA (as an internal control) and using an
arbitrary cutoff ratio for tumor tissue/normal tissue mRNA of �2.0.
By this analysis, none of the three lesions with wild-type APC was
positive for elevated VEGF-A levels. Using a conservative �2 analysis

and acknowledging that there are only three samples with wild-type
APC, the results indicate that lesions harboring APC mutations have
statistically higher levels of VEGF-A gene expression than lesions
with wild-type APC (�2 � 4.31; P � 0.038). Of the five primary
tumors showing mutations in both APC and K-Ras, there was no
evidence of a significant cumulative effect on VEGF-A mRNA levels
(Fig. 2A; �2 � 0.61; P � 0.436). The explanation for these latter data
awaits analysis of more patient specimens.

However, in liver metastases, VEGF-A mRNA levels were elevated
in 20 independent patients when compared with a pool of normal
colon tissue from 20 patients [autologous tissue was not available
(4.70 � 2.03-fold; P � 0.0001, unpaired t test)], with no correlations
to the APC status of the patient (Fig. 3, A and B). It should be noted
that in none of the samples analyzed (primary tumors and metastases)
was the �-catenin gene mutated.

�-Catenin Regulates VEGF-A in the APC Min/� Mouse
Model. To determine the role of �-catenin in the regulation of
VEGF-A during colon cancer progression, we used the Min mouse
model (56). The Min/� mouse strain, heterozygous for a nonsense
mutation in the murine APC gene at codon 850 (57), permits the study
of factors that regulate the transition between precancerous and neo-
plastic growth. VEGF-A protein levels were quantified from small
intestine and serum of Min/� mice and wild-type littermates by
ELISA assays. VEGF-A protein levels were increased in samples
from Min/� mice relative to wild-type littermates at 5 months but not
at 1 month of age (Fig. 4A). Moreover, levels of bFGF were not
augmented at 5 months in the Min/� mice (data not shown).

Given the increase in VEGF-A detected by ELISA seen at 5 months
of age in the Min	/� mice, immunohistochemistry was implemented
to visualize the distribution of �-catenin, VEGF-A, and the endothe-
lial cell marker vWF in the small intestine of Min/� mice and
wild-type littermates. Overall, significant differences were seen in the
staining pattern for all three antibodies in normal versus mutant
tissues. In wild-type mice, �-catenin staining was observed at the
plasma membrane, consistent with its participation in stabilizing the
cadherin cell adhesion complex (Ref. 58; Fig. 4B). In these samples,
no nuclear �-catenin was detected. In sharp contrast, in 5-month-old
Min/� mice, �-catenin was detected in both the nucleus and cyto-
plasm (Fig. 4C). VEGF-A immunohistochemistry in normal mice
revealed low-intensity, uniform expression in enterocytes as well as in
specific regions of the crypts with somewhat higher intensity (Fig.
4B). Immunolocalization of VEGF-A in the Min/� mouse was more
diffusely distributed, with some enterocytes showing very intense
staining, particularly within polyps. Overall, the level of VEGF-A
appeared greater in the Min/� mice compared with wild-type mice,
corroborating the ELISA data. Furthermore, VEGF-A appeared to
infiltrate the entire polyp, perhaps contributing to the genesis of a
more expansive vasculature (Fig. 4C). Staining of normal tissue with
vWF showed the expected sporadic occurrence of well-defined blood
vessels in the cellular lamina propria of the villi, adjacent to some
crypts, with some larger vessels being present in the surrounding
connective tissue including the muscularis mucosa (Fig. 4B). In
5-month-old Min/� mice, the intensity of vWF staining was increased
compared with the wild-type controls. The tight, focused staining that
typified vessels in normal animals was seen to be more diffuse,
indicating a distinct change in vessel morphology of Min/� mice (Fig.
4, B and C).

�-Catenin Induces VEGF-A Expression in Normal Colon Epi-
thelial Cells. To test whether �-catenin can directly induce VEGF-A
expression, an early-passage human colon epithelial cell line,
NCM460, derived from normal colon mucosa (47), was transfected
with cDNA encoding a mutant form of �-catenin, S37A. This mutant
is resistant to phosphorylation-dependent ubiquitination, resulting in

Fig. 1. �-Catenin/TBEs and angiogenic factors. NA denotes that the sequence of the
promoter was not available. A, binding elements identified from a search of National
Center for Biotechnology Information GenBank database in promoter sequences of genes
involved in angiogenesis (complete T/A T/A CAA T/A G and partial T/A CAA T/A G
sites are included). B, location of TBEs within the promoter for VEGF-A (GenBank
accession number AF095785). Insert describes the sequence of each TBE and indicates
whether it is in the forward or reverse complement orientation. CDS denotes coding
sequence.
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its stabilized expression (59). Forty-eight h after transfection of a
S37A-�-catenin cDNA plasmid, VEGF-A mRNA levels were quanti-
fied in the NCM460 cells using real-time q-PCR. In a representative
experiment, after transfection of S37A-�-catenin, a 280% increase in
VEGF-A mRNA and a 240% increase in cyclin D1 mRNA (a known
�-catenin target gene; Ref. 34) were observed (Fig. 5, A and B). Fig.
5A is the quantitation of the PCR products from the Light cycler using
the standard curve. The products of the reaction are shown on the gel
in Fig. 5B. Overexpression of �-catenin also produced an increase in
cellular VEGF-A protein, comparable with the change seen in

VEGF-A mRNA in the same experiment (Fig. 5C). These observa-
tions indicate that in normal colon epithelial cells, transcriptional
control of VEGF-A appears to be rate limiting, a situation comparable
with estradiol-stimulated expression of VEGF-A in endometrial
cells (29).

�-Catenin Antisense ODNs Down-Regulate VEGF-A Expres-
sion in Colon Cancer Cells. To confirm a functional link between
�-catenin and regulation of VEGF-A expression, the HCT116 and
SW620 colon cancer cell lines expressing stabilized �-catenin [a
consequence of mutated �-catenin or inactivation of APC function,

Fig. 2. VEGF-A mRNA and mutational status of primary colon tumors. a, relative mRNA levels for VEGF-A and VEGF-D in primary tumor versus normal tissue as measured by
q-PCR from laser capture microdissected tissue. B, mutational status for APC, �-catenin, and K-Ras for the tumors analyzed in A.

Fig. 3. VEGF-A mRNA and mutational status of liver metastases. A, relative mRNA levels of VEGF-A and VEGF-D for liver metastases versus a pool of normal tissue from 20
patients as measured by q-PCR from laser capture microdissected tissue. B, samples were genotyped as described in Fig. 2.
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Fig. 4. VEGF-A levels are increased in small
intestine and serum of Min/� mice. A, VEGF-A
protein levels quantified by ELISA analysis in ho-
mogenized intestine or serum, respectively, from
Min/� mice and wild-type littermates. Each bar
represents samples from between five and eight
mice, with each measurement performed in tripli-
cate. This experiment was repeated twice. Asterisks
indicate that values differed significantly from con-
trol by unpaired Student’s t test (P � 0.05). B and
C, tissue distribution and intensity of �-catenin,
VEGF-A, and vWF-staining cells in Min/� mice.
Immunohistochemical analysis at 5 months using
antibodies to �-catenin, VEGF-A, and vWF. Intes-
tine from wild-type mice (B) compared with intes-
tine/polyps from Min/� mice (C).
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respectively (60, 61)] and VEGF-A (62) were treated with antisense
ODNs to �-catenin (48). �-Catenin antisense ODN transfection of cell
lines resulted in reduction of �-catenin mRNA levels by �90% (Fig.
6A) with a concurrent reduction in �-catenin signaling monitored
using a �-catenin reporter assay (data not shown). A significant
reduction in �-catenin protein was also seen by Western analysis in
the �-catenin antisense ODN-treated HCT116 cells, relative to cells
transfected with reverse control ODN (Fig. 6B). In an earlier report,
transfection of cells with the same �-catenin antisense ODN used here
inhibited expression of axin 2 and human Nkd, whereas the reverse
control ODN failed to inhibit their expression (42). �-Catenin anti-

sense ODN transfection of HCT116 cells significantly down-regu-
lated VEGF-A mRNA (60 � 6%; P � 0.05), as measured by quan-
titative PCR (Fig. 6A). c-Myc, another known �-catenin target gene,
was also down-regulated by the �-catenin antisense ODN treatment
(33). Similar results were obtained in SW620 colon cancer cells (data
not shown).

DISCUSSION

In the precancerous stage of colon tumor development, the �-cate-
nin pathway is activated through genetic lesions that increase the
amount of transcriptionally available �-catenin (32, 61, 63). Further-
more, angiogenesis is essential for tumors to grow beyond a minimal
size, and the major regulators of this process are bFGF and VEGF-A,
the latter of which has been implicated in colon cancer. Increasing
evidence assigns an important role to Wnt/�-catenin signaling in
normal and pathogenic angiogenesis. Thus far, several Wnt ligands,
receptors, and inhibitors have been shown to be expressed in endo-
thelial and smooth muscle cells. Increased levels of cytosolic and
nuclear �-catenin have been seen in proliferating vessels during
embryogenesis and have also been seen in tumor vessels in, for
example, human glioblastoma multiforme (43, 64). Interestingly, the
accumulation of cytoplasmic and nuclear �-catenin has not been
observed in adult vessels, whereas the expression of two secreted Wnt
inhibitors, FRP-1 and FRP-3, is inversely correlated with the prolif-
erative state of the vasculature (43).

Given that APC is a tumor suppressor in human colon cancer and

Fig. 6. A, �-catenin antisense ODN transfection of HCT116 colon cancer cells reduces
VEGF-A mRNA levels. VEGF-A levels were determined 48 h after HCT116 colon cancer
cells were transfected with antisense to �-catenin ODN or control ODN. Relative VEGF-A
mRNA ratios were determined after each transfection was normalized to GAPDH mRNA.
Levels of c-Myc mRNA, a known �-catenin target gene, were also reduced in these cells.
B, lysates from HCT116 cells were analyzed for levels of cytosolic �-catenin 48 h after
transfection with �-catenin antisense and control ODNs.

Fig. 5. Transfection of a normal colon mucosal cell line (NCM460) with S37A
�-catenin mediates an increase in VEGF-A mRNA and protein. A and B, VEGF-A and
cyclin D mRNA (control) levels were determined by q-PCR, normalized to GAPDH, and
expressed as a change relative to their levels in cells transfected with a �-galactosidase
plasmid. B, representative q-PCR products used for the analysis in A. C, VEGF-A protein
levels from NCM460 cell lysates transfected with S37A-�-catenin determined by ELISA.
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that its mutation enhances �-catenin-regulated gene expression, we
wished to determine whether �-catenin could be involved in the
regulation of angiogenesis-related genes. Strikingly, analysis of the
promoter for VEGF-A revealed the presence of seven potential �-cate-
nin/TCF consensus binding sites, pointing to a direct interaction
between two of the recognized players involved in colon carcinogen-
esis. These observations are consistent with the transcription data
reported by Zhang et al. (46), who showed that VEGF-A promoter
activity could be stimulated by oncogenic �-catenin in HeLa cells.

In this report, we extended the studies of Zhang et al. (46) that
described VEGF-A as a �-catenin target gene in cell lines. Our
findings indicate that in primary human colon tumors, increased
VEGF-A expression correlated with mutations in the APC tumor
suppressor gene that activates �-catenin signaling. Of 17 tumors with
a proven APC mutation, 11 showed an elevation greater than 2-fold.
Laser capture microdissection permitted accurate sampling of malig-
nant and normal control tissue in these tumors. Such a correlation was
not observed in laser capture microdissected human liver metastases,
in which VEGF-A levels were increased regardless of the APC status.
Perhaps in this latter situation, genetic instability and tumor progres-
sion activate other of the multiple pathways that regulate VEGF-A,
overriding the contribution made by the �-catenin pathway in primary
lesions (see “Introduction” and Fig. 7). Although only a small number
of patient tumors were analyzed, laser capture microdissection of
malignant and matched autologous normal tissue gave the study an
additional level of precision and statistical power. Seventeen of the
tumors (85%) tested in this analysis had an APC functional deletion,
in accord with the published values for colorectal patients in which
APC is mutated in 85% of sporadic colorectal cancers and is detected
as a germ-line mutation in �95% of familial adenomatosis polyposis
colorectal patients (55). We did not detect any point mutations in the
NH2-terminal domain of �-catenin itself (32). To our knowledge, this
is the first report to correlate VEGF-A expression and APC/�-catenin
genotype in the same human colon cancer samples and suggests that
�-catenin-regulated VEGF-A production may be pivotal in the early
stages of colon cancer. Other pathways that regulate VEGF-A pro-
duction may have more prominence at later stages of the disease.

The patient data described above were further corroborated by in
vivo studies in the Min/� mouse. The murine homologue of human
APC is the Min gene, and on a sensitive C57BL/6J (B6) background,
mice heterozygous for Min develop adenomas in the intestinal tract,
mimicking the human disease (56). In this animal model, the relation-
ship between the activation of �-catenin and VEGF-A seen in our
patient specimens persisted. Levels of VEGF-A were elevated in both
the intestine and serum of Min/� mice compared with wild-type
littermates as determined by ELISA assay (Fig. 4A). It is unclear why
the elevation in VEGF-A was apparent at 5 months and not at 1

month, given that the mice harbor the APC mutation from birth.
Immunohistochemistry of the intestinal polyps from the Min/� mice
clearly showed �-catenin staining in the nuclei with regions of VEGF-
A-positive staining throughout the polyp. This correlated with an
expansive vasculature within the polyp that exhibited an altered
morphology compared with the vessels seen in intestine from wild-
type mice (Fig. 4, B and C). This is consistent with numerous reports
describing tumor vessels as leaky and unstable (65).

In vitro experiments with colon cell lines transfected with a stabi-
lized, cytosolic �-catenin (S37A) resulted in the production of aug-
mented levels of VEGF-A mRNA and protein (Fig. 5, A	C). Simi-
larly, a reduction in these levels was seen when the cell lines were
transfected with antisense �-catenin ODN (Fig. 6A). These results
support reporter assays measuring VEGF-A promoter activity in re-
sponse to stabilized cytosolic �-catenin in cancer cell lines (46).

The data described here suggest an intimate link between �-catenin
and VEGF-A production in human colon cancer samples and that this
early event may initiate angiogenesis. It is relevant to consider the
regulation of VEGF-A by �-catenin described here within the context
of the temporal progression of colon cancer (31). However, another
early event, activation of the cyclooxygenase-2 pathway, also pro-
duces an increase in VEGF-A that is �-catenin independent (48, 66).
Subsequent to these steps are the activation of Ras and inactivation of
p53, events that in combination with hypoxia activate a transcriptional
program that includes an increase in VEGF-A (25, 55, 67). Addition-
ally, we have shown that cytoplasmic levels of �-catenin are increased
in response to hypoxia.5 The multitude of pathways that increase
VEGF-A levels provide compelling evidence of its importance at
every stage during tumor progression.

However, translation of therapeutics targeting the VEGF pathway
in the clinic remains a challenge for the future (68, 69). Several
possibilities may account for this. One recent report suggests that the
genetic make-up of the tumor cells can profoundly influence the
response to antiangiogenic therapy. A combination of vinblastine with
an antibody directed against VEGFR-2 was less effective in tumor
xenografts derived from HCT116 cells lacking p53 compared with
their isogenic counterparts with intact p53 (70). Furthermore, when
the p53 pathway is activated, the oncogenic capabilities of �-catenin
are diminished (36, 71). Thus, there is selective pressure for tumors to
inactivate p53 to sustain activation of the Wnt/�-catenin pathway. In
light of these findings as well as the emerging importance of Wnt/�-
catenin signaling in the neovasculature, therapies that focus on dis-
rupting this pathway may be beneficial in the field of oncology.

5 V. Easwaran and W. J. Fantl, unpublished data.

Fig. 7. VEGF-A is a �-catenin target. Diagrammatic representation to show the multiple signaling pathways including �-catenin that regulate VEGF-A.

3151

�-CATENIN REGULATES VEGF EXPRESSION IN COLON CANCER
D

ow
nloaded from

 http://aacrjournals.org/cancerres/article-pdf/63/12/3145/2504397/3145.pdf by guest on 16 M
arch 2025



ACKNOWLEDGMENTS

We greatly appreciate the critical reading of the manuscript by Drs. Maurice
Wolin, Steve Harrison, and Sandra Milan. We thank Dr. Christoph Reinhard
for the antisense ODNs. We thank Mike Rohan for sequence analysis and
Linda M. Saiyad for administrative assistance in preparing the manuscript.

REFERENCES

1. Rafii, S., Lyden, D., Benezra, R., Hattori, K., and Heissig, B. Vascular and haema-
topoietic stem cells: novel targets for anti-angiogenesis therapy? Nat. Rev. Cancer, 2:
826–835, 2002.

2. Conway, E. M., Collen, D., and Carmeliet, P. Molecular mechanisms of blood vessel
growth. Cardiovasc. Res., 49: 507–521, 2001.

3. Ferrara, N. Vascular endothelial growth factor and the regulation of angiogenesis.
Recent Prog. Horm. Res., 55: 15–35, discussion 35–16, 2000.

4. Yancopoulos, G. D., Davis, S., Gale, N. W., Rudge, J. S., Wiegand, S. J., and Holash,
J. Vascular-specific growth factors and blood vessel formation. Nature (Lond.), 407:
242–248, 2000.

5. Folkman, J., and D’Amore, P. A. Blood vessel formation: what is its molecular basis?
Cell, 87: 1153–1155, 1996.

6. Detmar, M. Tumor angiogenesis. J. Investig. Dermatol. Symp. Proc., 5: 20–23, 2000.
7. Carmeliet, P., and Jain, R. K. Angiogenesis in cancer and other diseases. Nature

(Lond.), 407: 249–257, 2000.
8. Ellis, L. M., Takahashi, Y., Liu, W., and Shaheen, R. M. Vascular endothelial growth

factor in human colon cancer: biology and therapeutic implications. Oncologist, 5:
11–15, 2000.

9. Ellis, L. M., and Fidler, I. J. Angiogenesis and metastasis. Eur. J. Cancer, 32A:
2451–2460, 1996.

10. Hanahan, D., and Folkman, J. Patterns and emerging mechanisms of the angiogenic
switch during tumorigenesis. Cell, 86: 353–364, 1996.

11. Dvorak, H. F., Nagy, J. A., Feng, D., Brown, L. F., and Dvorak, A. M. Vascular
permeability factor/vascular endothelial growth factor and the significance of micro-
vascular hyperpermeability in angiogenesis. Curr. Top. Microbiol. Immunol., 237:
97–132, 1999.

12. Benjamin, L. E., Golijanin, D., Itin, A., Pode, D., and Keshet, E. Selective ablation of
immature blood vessels in established human tumors follows vascular endothelial
growth factor withdrawal. J. Clin. Investig., 103: 159–165, 1999.

13. Gerber, H. P., Hillan, K. J., Ryan, A. M., Kowalski, J., Keller, G. A., Rangell, L.,
Wright, B. D., Radtke, F., Aguet, M., and Ferrara, N. VEGF is required for growth
and survival in neonatal mice. Development (Cambr.), 126: 1149–1159, 1999.

14. Carmeliet, P., Lampugnani, M. G., Moons, L., Breviario, F., Compernolle, V., Bono, F.,
Balconi, G., Spagnuolo, R., Oostuyse, B., Dewerchin, M., Zanetti, A., Angellilo, A.,
Mattot, V., Nuyens, D., Lutgens, E., Clotman, F., de Ruiter, M. C., Gittenberger-de Groot,
A., Poelmann, R., Lupu, F., Herbert, J. M., Collen, D., and Dejana, E. Targeted deficiency
or cytosolic truncation of the VE-cadherin gene in mice impairs VEGF-mediated endo-
thelial survival and angiogenesis. Cell, 98: 147–157, 1999.

15. Gerber, H. P., Dixit, V., and Ferrara, N. Vascular endothelial growth factor induces
expression of the antiapoptotic proteins Bcl-2 and A1 in vascular endothelial cells.
J. Biol. Chem., 273: 13313–13316, 1998.

16. Gerber, H. P., McMurtrey, A., Kowalski, J., Yan, M., Keyt, B. A., Dixit, V., and
Ferrara, N. Vascular endothelial growth factor regulates endothelial cell survival
through the phosphatidylinositol 3�-kinase/Akt signal transduction pathway. Require-
ment for Flk-1/KDR activation. J. Biol. Chem., 273: 30336–30343, 1998.

17. Tran, J., Rak, J., Sheehan, C., Saibil, S. D., LaCasse, E., Korneluk, R. G., and Kerbel,
R. S. Marked induction of the IAP family antiapoptotic proteins survivin and XIAP
by VEGF in vascular endothelial cells. Biochem. Biophys. Res. Commun., 264:
781–788, 1999.

18. Rak, J., Mitsuhashi, Y., Sheehan, C., Tamir, A., Viloria-Petit, A., Filmus, J., Mansour,
S. J., Ahn, N. G., and Kerbel, R. S. Oncogenes and tumor angiogenesis: differential
modes of vascular endothelial growth factor up-regulation in ras-transformed epithe-
lial cells and fibroblasts. Cancer Res., 60: 490–498, 2000.

19. Semenza, G. L. HIF-1 and mechanisms of hypoxia sensing. Curr. Opin. Cell Biol., 13:
167–171, 2001.

20. Rak, J., and Kerbel, R. S. Ras regulation of vascular endothelial growth factor and
angiogenesis. Methods Enzymol., 333: 267–283, 2001.

21. Rak, J., Mitsuhashi, Y., Bayko, L., Filmus, J., Shirasawa, S., Sasazuki, T., and Kerbel,
R. S. Mutant ras oncogenes up-regulate VEGF/VPF expression: implications for
induction and inhibition of tumor angiogenesis. Cancer Res, 55: 4575–4580, 1995.

22. Berra, E., Pages, G., and Pouyssegur, J. MAP kinases and hypoxia in the control of
VEGF expression. Cancer Metastasis Rev., 19: 139–145, 2000.

23. Laughner, E., Taghavi, P., Chiles, K., Mahon, P. C., and Semenza, G. L. HER2 (neu)
signaling increases the rate of hypoxia-inducible factor 1� (HIF-1�) synthesis: novel
mechanism for HIF-1-mediated vascular endothelial growth factor expression. Mol.
Cell. Biol., 21: 3995–4004, 2001.

24. Sanchez-Elsner, T., Botella, L. M., Velasco, B., Corbi, A., Attisano, L., and
Bernabeu, C. Synergistic cooperation between hypoxia and transforming growth
factor-� pathways on human vascular endothelial growth factor gene expression.
J. Biol. Chem., 276: 38527–38535, 2001.

25. Ravi, R., Mookerjee, B., Bhujwalla, Z. M., Sutter, C. H., Artemov, D., Zeng, Q.,
Dillehay, L. E., Madan, A., Semenza, G. L., and Bedi, A. Regulation of tumor
angiogenesis by p53-induced degradation of hypoxia-inducible factor 1�. Genes
Dev., 14: 34–44, 2000.

26. Maxwell, P. H., Wiesener, M. S., Chang, G. W., Clifford, S. C., Vaux, E. C.,
Cockman, M. E., Wykoff, C. C., Pugh, C. W., Maher, E. R., and Ratcliffe, P. J. The

tumour suppressor protein VHL targets hypoxia-inducible factors for oxygen-depen-
dent proteolysis. Nature (Lond.), 399: 271–275, 1999.

27. Fatyol, K., and Szalay, A. A. The p14ARF tumor suppressor protein facilitates
nucleolar sequestration of hypoxia-inducible factor-1� (HIF-1�) and inhibits HIF-1-
mediated transcription. J. Biol. Chem., 276: 28421–28429, 2001.

28. Zundel, W., Schindler, C., Haas-Kogan, D., Koong, A., Kaper, F., Chen, E.,
Gottschalk, A. R., Ryan, H. E., Johnson, R. S., Jefferson, A. B., Stokoe, D., and
Giaccia, A. J. Loss of PTEN facilitates HIF-1-mediated gene expression. Genes Dev.,
14: 391–396, 2000.

29. Mueller, M. D., Vigne, J. L., Minchenko, A., Lebovic, D. I., Leitman, D. C., and
Taylor, R. N. Regulation of vascular endothelial growth factor (VEGF) gene tran-
scription by estrogen receptors � and �. Proc. Natl. Acad. Sci. USA, 97: 10972–
10977, 2000.

30. Warren, R. S., Yuan, H., Matli, M. R., Gillett, N. A., and Ferrara, N. Regulation by
vascular endothelial growth factor of human colon cancer tumorigenesis in a mouse
model of experimental liver metastasis. J. Clin. Investig., 95: 1789–1797, 1995.

31. Fearon, E. R., and Vogelstein, B. A genetic model for colorectal tumorigenesis. Cell,
61: 759–767, 1990.

32. Polakis, P. Wnt signaling and cancer. Genes Dev., 14: 1837–1851, 2000.
33. He, T. C., Sparks, A. B., Rago, C., Hermeking, H., Zawel, L., da Costa, L. T., Morin,

P. J., Vogelstein, B., and Kinzler, K. W. Identification of c-MYC as a target of the
APC pathway. Science (Wash. DC), 281: 1509–1512, 1998.

34. Tetsu, O., and McCormick, F. �-Catenin regulates expression of cyclin D1 in colon
carcinoma cells. Nature (Lond.), 398: 422–426, 1999.

35. Crawford, H. C., Fingleton, B. M., Rudolph-Owen, L. A., Goss, K. J., Rubinfeld, B.,
Polakis, P., and Matrisian, L. M. The metalloproteinase matrilysin is a target of
�-catenin transactivation in intestinal tumors. Oncogene, 18: 2883–2891, 1999.

36. Damalas, A., Kahan, S., Shtutman, M., Ben-Ze’ev, A., and Oren, M. Deregulated
�-catenin induces a p53- and ARF-dependent growth arrest and cooperates with Ras
in transformation. EMBO J., 20: 4912–4922, 2001.

37. van der Heyden, M. A., Rook, M. B., Hermans, M. M., Rijksen, G., Boonstra, J.,
Defize, L. H., and Destree, O. H. Identification of connexin43 as a functional target
for Wnt signalling. J. Cell Sci., 111: 1741–1749, 1998.

38. Mann, B., Gelos, M., Siedow, A., Hanski, M. L., Gratchev, A., Ilyas, M., Bodmer,
W. F., Moyer, M. P., Riecken, E. O., Buhr, H. J., and Hanski, C. Target genes of
�-catenin-T cell-factor/lymphoid-enhancer-factor signaling in human colorectal car-
cinomas. Proc. Natl. Acad. Sci. USA, 96: 1603–1608, 1999.

39. Pennica, D., Swanson, T. A., Welsh, J. W., Roy, M. A., Lawrence, D. A., Lee, J.,
Brush, J., Taneyhill, L. A., Deuel, B., Lew, M., Watanabe, C., Cohen, R. L., Melhem,
M. F., Finley, G. G., Quirke, P., Goddard, A. D., Hillan, K. J., Gurney, A. L.,
Botstein, D., and Levine, A. J. WISP genes are members of the connective tissue
growth factor family that are up-regulated in wnt-1-transformed cells and aberrantly
expressed in human colon tumors. Proc. Natl. Acad. Sci. USA, 95: 14717–14722,
1998.

40. Gradl, D., Kuhl, M., and Wedlich, D. The Wnt/Wg signal transducer �-catenin
controls fibronectin expression. Mol. Cell. Biol., 19: 5576–5587, 1999.

41. He, T. C., Chan, T. A., Vogelstein, B., and Kinzler, K. W. PPAR� is an APC-
regulated target of nonsteroidal anti-inflammatory drugs. Cell, 99: 335–345, 1999.

42. Yan, D., Wiesmann, M., Rohan, M., Chan, V., Jefferson, A. B., Guo, L., Sakamoto,
D., Caothien, R. H., Fuller, J. H., Reinhard, C., Garcia, P. D., Randazzo, F. M.,
Escobedo, J., Fantl, W. J., and Williams, L. T. Elevated expression of axin2 and hnkd
mRNA provides evidence that Wnt/�-catenin signaling is activated in human colon
tumors. Proc. Natl. Acad. Sci. USA, 98: 14973–14978, 2001.

43. Goodwin, A. M., and D’Amore. P. A. Wnt signaling in the vasculature. Angiogenesis,
5: 1–9, 2002.

44. Ishikawa, T., Tamai, Y., Zorn, A. M., Yoshida, H., Seldin, M. F., Nishikawa, S., and
Taketo, M. M. Mouse Wnt receptor gene Fzd5 is essential for yolk sac and placental
angiogenesis. Development (Camb.), 128: 25–33, 2001.

45. Robitaille, J., MacDonald, M. L., Kaykas, A., Sheldahl, L. C., Zeisler, J., Dube, M. P.,
Zhang, L. H., Singaraja, R. R., Guernsey, D. L., Zheng, B., Siebert, L. F., Hoskin-
Mott, A., Trese, M. T., Pimstone, S. N., Shastry, B. S., Moon, R. T., Hayden, M. R.,
Goldberg, Y. P., and Samuels, M. E. Mutant frizzled-4 disrupts retinal angiogenesis
in familial exudative vitreoretinopathy. Nat. Genet., 32: 326–330, 2002.

46. Zhang, X., Gaspard, J. P., and Chung, D. C. Regulation of vascular endothelial growth
factor by the Wnt and K-ras pathways in colonic neoplasia. Cancer Res., 61:
6050–6054, 2001.

47. Moyer, M. P., Manzano, L. A., Merriman, R. L., Stauffer, J. S., and Tanzer, L. R.
NCM460, a normal human colon mucosal epithelial cell line. In Vitro Cell Dev. Biol.
Anim., 32: 315–317, 1996.

48. Haertel-Wiesmann, M., Liang, Y., Fantl, W. J., and Williams, L. T. Regulation of
cyclooxygenase-2 and periostin by Wnt-3 in mouse mammary epithelial cells. J. Biol.
Chem., 275: 32046–32051, 2000.

49. Murphy, J. E., Uno, T., Hamer, J. D., Cohen, F. E., Dwarki, V., and Zuckermann,
R. N. A combinatorial approach to the discovery of efficient cationic peptoid reagents
for gene delivery. Proc. Natl. Acad. Sci. USA, 95: 1517–1522, 1998.

50. Emmert-Buck, M. R., Bonner, R. F., Smith, P. D., Chuaqui, R. F., Zhuang, Z.,
Goldstein, S. R., Weiss, R. A., and Liotta, L. A. Laser capture microdissection.
Science (Wash. DC), 274: 998–1001, 1996.

51. Luo, L., Salunga, R. C., Guo, H., Bittner, A., Joy, K. C., Galindo, J. E., Xiao, H.,
Rogers, K. E., Wan, J. S., Jackson, M. R., and Erlander, M. G. Gene expression
profiles of laser-captured adjacent neuronal subtypes. Nat. Med., 5: 117–122, 1999.

52. Liu, P. Q., Rebar, E. J., Zhang, L., Liu, Q., Jamieson, A. C., Liang, Y., Qi, H., Li,
P. X., Chen, B., Mendel, M. C., Zhong, X., Lee, Y. L., Eisenberg, S. P., Spratt, S. K.,
Case, C. C., and Wolffe, A. P. Regulation of an endogenous locus using a panel of
designed zinc finger proteins targeted to accessible chromatin regions. Activation of
vascular endothelial growth factor A. J. Biol. Chem., 276: 11323–11334, 2001.

3152

�-CATENIN REGULATES VEGF EXPRESSION IN COLON CANCER
D

ow
nloaded from

 http://aacrjournals.org/cancerres/article-pdf/63/12/3145/2504397/3145.pdf by guest on 16 M
arch 2025



53. van der Luijt, R., Khan, P. M., Vasen, H., van Leeuwen, C., Tops, C., Roest, P., den
Dunnen, J., and Fodde, R. Rapid detection of translation-terminating mutations at the
adenomatous polyposis coli (APC) gene by direct protein truncation test. Genomics,
20: 1–4, 1994.

54. Roose, J., and Clevers, H. TCF transcription factors: molecular switches in carcino-
genesis. Biochim. Biophys. Acta, 1424: M23–M37, 1999.

55. Kinzler, K. W., and Vogelstein, B. Lessons from hereditary colorectal cancer. Cell,
87: 159–170, 1996.

56. Shoemaker, A. R., Gould, K. A., Luongo, C., Moser, A. R., and Dove, W. F. Studies
of neoplasia in the Min mouse. Biochim. Biophys. Acta, 1332: F25–F48, 1997.

57. Su, L. K., Kinzler, K. W., Vogelstein, B., Preisinger, A. C., Moser, A. R., Luongo, C.,
Gould, K. A., and Dove, W. F. Multiple intestinal neoplasia caused by a mutation in
the murine homolog of the APC gene. Science (Wash. DC), 256: 668–670, 1992.

58. Gottardi, C. J., and Gumbiner, B. M. Adhesion signaling: how �-catenin interacts
with its partners. Curr. Biol., 11: R792–R794, 2001.

59. Orford, K., Crockett, C., Jensen, J. P., Weissman, A. M., and Byers, S. W. Serine
phosphorylation-regulated ubiquitination and degradation of �-catenin. J. Biol.
Chem., 272: 24735–24738, 1997.

60. Korinek, V., Barker, N., Morin, P. J., van Wichen, D., de Weger, R., Kinzler, K. W.,
Vogelstein, B., and Clevers, H. Constitutive transcriptional activation by a �-catenin-
Tcf complex in APC	/	 colon carcinoma. Science (Wash. DC), 275: 1784–1787,
1997.

61. Morin, P. J., Sparks, A. B., Korinek, V., Barker, N., Clevers, H., Vogelstein, B., and
Kinzler, K. W. Activation of �-catenin-Tcf signaling in colon cancer by mutations in
�-catenin or APC. Science (Wash. DC), 275: 1787–1790, 1997.

62. Ellis, L. M., Liu, W., and Wilson, M. Down-regulation of vascular endothelial growth
factor in human colon carcinoma cell lines by antisense transfection decreases
endothelial cell proliferation. Surgery, 120: 871–878, 1996.

63. van de Wetering, M., Sancho, E., Verweij, C., de Lau, W., Oving, I., Hurlstone, A.,
van der Horn, K., Batlle, E., Coudreuse, D., Haramis, A. P., Tjon-Pon-Fong, M.,
Moerer, P., van den Born, M., Soete, G., Pals, S., Eilers, M., Medema, R., and
Clevers, H. The �-catenin/TCF-4 complex imposes a crypt progenitor phenotype on
colorectal cancer cells. Cell, 111: 241–250, 2002.

64. Yano, H., Hara, A., Takenaka, K., Nakatani, K., Shinoda, J., Shimokawa, K.,
Yoshimi, N., Mori, H., and Sakai, N. Differential expression of �-catenin in human
glioblastoma multiforme and normal brain tissue. Neurol. Res., 22: 650–656, 2000.

65. Dvorak, H. F., Nagy, J. A., Dvorak, J. T., and Dvorak, A. M. Identification and
characterization of the blood vessels of solid tumors that are leaky to circulating
macromolecules. Am. J. Pathol., 133: 95–109, 1988.

66. Turini, M. E., and DuBois, R. N. Cyclooxygenase-2: a therapeutic target. Annu. Rev.
Med., 53: 35–57, 2002.

67. Carmeliet, P., Dor, Y., Herbert, J. M., Fukumura, D., Brusselmans, K., Dewerchin,
M., Neeman, M., Bono, F., Abramovitch, R., Maxwell, P., Koch, C. J., Ratcliffe, P.,
Moons, L., Jain, R. K., Collen, D., Keshert, E., and Keshet, E. Role of HIF-1� in
hypoxia-mediated apoptosis, cell proliferation and tumour angiogenesis. Nature
(Lond.), 394: 485–490, 1998.

68. Ferrara, N. Role of vascular endothelial growth factor in physiologic and pathologic
angiogenesis: therapeutic implications. Semin. Oncol., 29: 10–14, 2002.

69. Glade-Bender, J., Kandel, J. J., and Yamashiro, D. J. VEGF blocking therapy in the
treatment of cancer. Expert Opin. Biol. Ther., 3: 263–276, 2003.

70. Yu, J. L., Rak, J. W., Coomber, B. L., Hicklin, D. J., and Kerbel, R. S. Effect of p53
status on tumor response to antiangiogenic therapy. Science (Wash. DC), 295:
1526–1528, 2002.

71. Sadot, E., Geiger, B., Oren, M., and Ben-Ze’ev, A. Down-regulation of �-catenin by
activated p53. Mol. Cell. Biol., 21: 6768–6781, 2001.

3153

�-CATENIN REGULATES VEGF EXPRESSION IN COLON CANCER
D

ow
nloaded from

 http://aacrjournals.org/cancerres/article-pdf/63/12/3145/2504397/3145.pdf by guest on 16 M
arch 2025


