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Abstract
Angiogenesis is not restricted to advanced stages of tumor development
but is also observed in benign precursor lesions. Vascular endothelial
growth factor (VEGF) is a key regulator of tumor angiogenesis, but the
genetic mechanisms controlling its expression in premalignant lesions are
poorly described. The Wnt signaling pathway, which is commonly mutated in benign colonic adenomas, was found to strongly up-regulate
VEGF. A T-cell factor-4-binding element at ⴚ805 bp in the VEGF promoter is an important mediator of this effect. Signaling through the K-ras
oncogene, also frequently mutated in benign colonic polyps, up-regulated
VEGF in a phosphatidylinositol 3-kinase-dependent manner. Furthermore, K-ras activation appeared to enhance Wnt signaling, which suggests
a unique interaction between these two pathways. These studies thus
identify VEGF as a novel target of the Wnt pathway in early colonic
neoplasia and serve to underscore the importance of angiogenesis in
premalignant disease.

Introduction
VEGF2 is one of the key pro-angiogenic stimuli in physiological
and pathological states. In colon cancer, VEGF levels are elevated and
correlated with a poor clinical outcome (1). However, angiogenesis is
not restricted to the advanced stages of cancer but can also be
observed early in premalignant stages of tumor development. In
benign colorectal adenomas, VEGF protein and RNA levels exceed
those of normal colonic mucosa (2, 3). Interestingly, VEGF protein
levels and blood vessel counts are similar in adenomas and nonmetastatic malignancies (1), whereas levels in metastatic colorectal tumors
are significantly higher.
The mechanisms that up-regulate VEGF in cancerous states are
complex. HIF-1, a heterodimeric transcription factor comprised of the
bHLH proteins HIF-1␣ and HIF-1␤, is one key regulator (4). Although mutant H-Ras regulates VEGF in epithelial, fibroblast, and
endothelial cell lines (5), the relevance to gastrointestinal malignancies is unclear, because mutations in K-ras are almost exclusively
identified in colon polyps and cancer. Inhibition of the PI3K effector
pathway with wortmannin can reduce this stimulatory effect in endothelial cells (6), but independent studies have demonstrated that the
ERK-1,-2 (p42/p44 MAP kinase) effector pathway is more relevant in
fibroblasts (7). Thus, the pathways that regulate VEGF expression are
cell-specific. In colon cancer, activation of ERK pathways plays a role
in the up-regulation of VEGF in conditions of serum starvation (8).
Otherwise, the precise transcriptional mechanisms that regulate VEGF
in colonic epithelial cells are not well described.
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Two key genetic events underlying the pathogenesis of benign
colonic adenomas are activation of the Wnt and K-ras signaling
pathways. The current studies identify VEGF as a novel target of the
Wnt signaling pathway. In addition, K-ras appears to enhance signaling through the Wnt pathway in a PI3K-dependent manner. By defining a physiologically relevant target of these signaling pathways,
these findings provide a molecular basis for the angiogenesis observed
early in premalignant disease.
Materials and Methods
Cell Lines. Lovo, ColoHSR, Colo205, Hct116, 293, and HeLa cell lines
(all from American Type Culture Collection), and Caco2 cells (gift of Dr.
Loyal Tillotson) were maintained in recommended growth media with 10%
fetal bovine serum supplemented with 2% penicillin/streptomycin (Bio-Whittaker).
Plasmids and Constructs. Upstream regulatory sequence (2.8 kb) of the
human VEGF promoter (⫺1.8 kb to ⫹1.0 kb from the transcriptional start
site; gift of Dr. Ramnik Xavier) was subcloned into the pGL2-basic
luciferase vector (Promega). Deletion constructs were prepared by digesting the 2.8-kb VEGF insert at the SfaNI site at ⫺850 bp (to yield the 1.9-kb
insert), BglII site at ⫺420 bp (to yield the 1.4-kb insert), and SmaI site at
⫺90 bp (to yield the 1.1-kb insert). The 0.4-kb fragment was prepared by
digesting the 1.0-kb insert at the 3⬘ end with SacI. Site-directed mutants
were generated using the Quik-Change protocol (Stratagene) and the
mutagenic primers 5⬘-CTGCCGCTCACTTTACTGTCTGCAGGCCAG
and 5⬘-CTGGCCTGCAGACAGTAAAGTGAGCGGCAG. The introduced
mutations were confirmed by DNA sequencing. A TCF4 reporter construct
was designed by subcloning the consensus TCF-4 binding element into the
heterologous promoter construct PT81 (9).
The previously described ␤-cateninS37A (10), dominant negative ⌬35-TCF4
(11), APC (12), kinase mutant ERK-1,-2 (13), pZipKras12Val (14), pVL Raf301
(15), p85 and p110 subunits of PI3K (16), Myr-Akt (17), and dominantnegative Akt-K179A (17) expression plasmids were transfected in varying
amounts, as described in the “Results” section. Typically, 1 g of reporter
vector was transfected with 0.25– 0.5 g of expression vector. An empty
pcDNA3.1 or pZipNeo vector was used so that equal amounts of expression
plasmid were transfected within a given experiment.
Transfections. Transient transfections were performed using the cationic
lipid Lipofectamine-PLUS (Life Technologies, Inc.) according to the manufacturer’s specifications. All of the experiments were performed in 6-well
tissue culture dishes with cells plated to reach 70% confluence on the day of
transfection. Experiments were performed in duplicate wells a minimum of
two times. Luciferase activity was measured 48 h after transfection.
Immunoblotting. Protein lysates were harvested from ColoHSR cells transiently transfected with pZipKras12Val or empty vector (pZipNeo) after 48 h.
Total cellular protein (75 g) was separated on a denaturing acrylamide gel
and electrotransferred onto nitrocellulose membranes (Schleicher and Scheull).
Blots were hybridized with a phospho-Akt-specific antibody, stripped, and
rehybridized with a total-Akt antibody (both Cell Signaling and both used at
1:1000). Visualization was performed with chemiluminescence.
Reverse Transcription-PCR. Total RNA was harvested using Trizol (Life
Technologies, Inc.) and treated with DNase I. After reverse transcription using
an oligo-dT primer, PCR was performed with specific primers for VEGF and
G3-PDH.
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Results
VEGF Expression Is Regulated by the Wnt Pathway in Colon
Cancer Cells. A 2.8-kb fragment of the regulatory sequence of the
human VEGF gene (⫺1.8 kb from the transcriptional start site to ⫹1.0
kb) was subcloned into the pGL2-basic luciferase vector. This promoter fragment has previously been demonstrated to be highly upregulated in murine tumor models (18). The 2.8-kb VEGF-pGL2
construct was active in colon cancer cell lines with endogenously
activated Wnt signaling, a consequence of mutations of the APC
tumor suppressor gene (Lovo), the ␤-catenin oncogene (Hct116), or
both (Colo205). To inhibit Wnt signaling, a dominant negative TCF4
(DN⌬35-TCF4) construct was expressed. In Lovo, Hct116, and
Colo205 cells, cotransfection of DN⌬35-TCF4 suppressed VEGF
promoter activity dramatically (Fig. 1A). In contrast, expression of
DN⌬35-TCF4 in 293 kidney cells that also vigorously express VEGF
failed to inhibit promoter activity. APC, another negative regulator of
Wnt signaling, was expressed in Lovo cells that endogenously harbor
a mutant APC gene. The VEGF promoter was suppressed 45% in
Lovo cells transfected with wild-type APC, but no such inhibition was
observed in 293 kidney cells (Fig. 1B). These studies suggest that the
Wnt pathway up-regulates VEGF expression. Moreover, this appears
to be a distinctive feature of colonic epithelial cells.
The effects of Wnt signaling on the VEGF promoter were confirmed through measurements of endogenous VEGF mRNA levels.
Wild-type APC or DN⌬35-TCF4 was expressed in Lovo cells, and
each reduced endogenous VEGF mRNA levels 45 and 55%, respectively (Fig. 1C). These results thus confirm the previous studies using
a VEGF promoter construct.
To determine whether activation of the Wnt pathway directly
up-regulates the VEGF promoter, an oncogenic ␤-cateninS37A was
transfected with the 2.8-kb VEGF-pGL2 reporter into HeLa cells. A
critical serine phosphorylation site at amino acid 37 that ordinarily
targets ␤-catenin for degradation has been mutated (10). Fig. 1D
illustrates a linear dose response to the effects of ␤-cateninS37A. The

peak response was observed when 1.25 g of expression vector was
cotransfected with 0.75 g of reporter vector, resulting in a ⬎30-fold
stimulation of VEGF promoter activity. In independent studies, HeLa
cells were treated with 25 mM LiCl, an inhibitor of GSK-3␤ kinase
activity. GSK-3␤ is a negative regulator of Wnt signaling, and inhibiting GSK-3␤ with LiCl resulted in a 2.2-fold increase in VEGF
promoter activity. Collectively, these findings indicate that activation
of Wnt signaling up-regulates VEGF expression in colonic neoplasia.
Mutational Analysis Defines Key cis-Regulatory Regions of the
VEGF Promoter. To delineate the cis-regulatory elements that mediate the effects of ␤-catenin on the VEGF promoter, a series of
promoter deletion constructs were designed. These constructs (1.9-kb
VEGF-pGL2, 1.4-kb VEGF-pGL2, 1.1-kb VEGF-pGL2, 0.4-kb
VEGF-pGL2) were tested in Lovo, Colo205, Caco2, and HCT 116
colon cancer cells, all of which have an endogenously activated Wnt
signaling pathway. The 2.8-kb and 1.9-kb constructs were consistently
the most active among the four cell lines. Promoter activity in all of
the colon cell lines was reduced ⬃50% when sequences at the 5⬘ end
of the 1.9-kb construct were deleted (Fig. 2A). There was a second
point between the 1.1-kb and 0.4-kb promoter fragments at which the
activity fell only in Lovo cells. These findings argue for key regulatory elements that lie within the 1.9-kb VEGF fragment but not the
1.4-kb fragment. Of note, the HIF-response element located ⫺935 bp
upstream of the transcriptional start site did not appear to play an
important regulatory role, because the activity of the 1.9-kb VEGF
construct that lacks the HIF-response element, was similar to the
2.8-kb VEGF construct that does contain the element (4).
The sequence deleted between the 1.9-kb and the 1.4-kb VEGF
promoter fragments contains a potential TCF-binding element (5⬘CTTTGATG) located ⫺805 bp upstream of the transcriptional start
site. This site was selectively mutated to 5⬘-CTTTACTG (mut1.9 kb
VEGF-pGL2). Fig. 2B illustrates a significant decline in VEGF promoter activity in Hct116 and Lovo cells when this TCF site was
selectively mutated. However, no change was observed in Caco2

Fig. 1. VEGF is regulated by the Wnt pathway. Expression levels of the 2.8-kb VEGF-pGL2 construct were determined in multiple cell lines cotransfected with DN-TCF4 (A), or
wild-type APC (B). The levels were compared with basal conditions (set at 1.0) when empty vector was cotransfected. The results represent the mean ⫾ SE of experiments performed
in duplicate and repeated at least twice. C, endogenous VEGF mRNA levels in Lovo cells transfected with empty vector (Lane 1), wild-type APC (Lane 2), DN-TCF4 (Lane 3), or
incubated with 1 M wortmannin (Lane 4). One g of total RNA was DNase treated, reverse transcribed, PCR-amplified with specific primers for VEGF (25 cycles) or GAPDH (20
cycles), and then separated on an agarose gel. Lane 5, negative control (no reverse transcriptase). The relative expression levels were determined by densitometry. With Lane 1 set to
1.0, the relative levels of expression were 0.55 (Lane 2), 0.45 (Lane 3), and 0.15 (Lane 4). D, dose response of the 2.8-kb VEGF-pGL2 promoter construct (0.75 g) to varying amounts
of cotransfected ␤-cateninS37A (0.25–1.25 g). Total of 2 g of plasmid was transfected per well.
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Fig. 2. Identification of key regulatory elements in the VEGF promoter. A, 5⬘ deletion constructs of the VEGF promoter were transfected into four colon cancer cell lines. The results
are expressed relative to the activity of the full-length 2.8-kb VEGF-pGL2 construct (set to 1.0) and represent the mean ⫾ SD of at least two separate transfections performed in
duplicate. See “Materials and Methods” for details on the design of each promoter deletion. B, transcriptional activity of the wild-type 1.9-kb VEGF promoter construct and a mutant
1.9-kb VEGF promoter construct harboring a site-specific alteration of a putative TCF4 binding site at ⫺805 bp. The expression of the wild-type 1.9-kb construct is set to 1.0.

cells. In contrast to Hct116 and Lovo cells, which both harbor an
oncogenic K-ras13Asp, the K-ras proto-oncogene is wild-type in the
Caco2 cell line (14). This suggests that regulation of VEGF by the
Wnt pathway in colon cancer may depend on interactions with oncogenic K-ras signaling. Consistent with this hypothesis, expression of
mutant K-ras12Val in Caco2 cells led to a 33% decrease in the activity
of the mut1.9 kb VEGF promoter construct.
K-ras Up-Regulates VEGF through PI3K-dependent Pathways
in Colon Cancer Cells. Previous studies in fibroblast and endothelial
cell lines have demonstrated that VEGF can be induced by activation
of the H-Ras oncogene (5, 6). The relevance to gastrointestinal malignancies is not clear, because mutations in K-ras are primarily
identified in colon polyps and cancer. To determine whether K-ras
also up-regulates VEGF, HeLa cells were transfected with the oncogenic K-ras12Val isoform frequently identified in colon cancer. The
2.8-kb VEGF promoter was up-regulated 2.9-fold (⫾0.4) compared
with cotransfection of empty vector, pZipNeo.
K-ras activates multiple effector pathways, including the Raf/MEK/
ERK, PI3K, and jun NH2-terminal kinase pathways. To characterize
the effectors through which K-ras up-regulates VEGF in colon cancer,
specific inhibitors were tested in cell lines that endogenously carry a
mutant K-ras oncogene. In Lovo cells, cotransfection of dominantnegative Raf301 or dominant-negative kinase-deficient ERK1 and
ERK2 failed to inhibit VEGF promoter activity (Fig. 3A), which
indicates that the Raf/MEK/ERK pathway is unlikely to mediate the
effects of K-ras signaling on the VEGF promoter. Similar results were
obtained in the Hct116 cell line, which also contains the K-ras13Asp
mutation. However, inhibition of ERK activity with the dominantnegative ERK mutants reduced VEGF promoter activity 42% in
Hct116 cells, which suggests that ERK-mediated signaling may play
a role in some colon tumors. Additional confirmation was obtained
using the MEK-specific inhibitor PD98059. Incubation of Lovo and

Hct116 cells with 20 M PD98059 failed to inhibit VEGF expression
and was associated with a slight up-regulation of VEGF promoter
activity (1.3- to 1.4-fold above basal). This suggests that ERK may not
be activated by MEK in Hct116 cells.
Another key K-ras effector pathway activates PI3K. Incubation of
Lovo and Hct116 cell lines with 1 M wortmannin, a specific inhibitor
of PI3K, was associated with a significant decline in VEGF promoter
activity, which suggests that PI3K-dependent pathways are critical in
colon tumor cells with a mutant K-ras oncogene (Fig. 3B). Endogenous VEGF mRNA levels were also reduced 85% after treatment with
1 M wortmannin in Lovo cells (Fig. 1C). A key target of phosphorylation by PI3K is Akt/protein kinase B. Transfection of the dominant-negative Akt-K179A vector led to a 60% reduction of basal
VEGF promoter activity in Lovo cells and a 75% reduction in Hct116
cells, which indicates that PI3K may act through Akt to up-regulate
VEGF (Fig. 3B).
To determine whether activation of the PI3K pathway directly
up-regulates VEGF, the p85 and p110 subunits of PI3K or a constitutively active Akt (Myr-Akt) were expressed. All stimulated the
full-length VEGF promoter 3- to 4-fold in HeLa cells, similar to the
level of induction by mutant K-ras12Val (Fig. 3C). The induction of
VEGF by mutant K-ras12Val in Caco2 cells was completely blocked
by Akt-K179A (data not shown). Finally, ColoHSR cells that are
K-raswild-type were transiently transfected with the mutant K-ras12Val
vector. Immunoblotting studies demonstrated that Akt is phosphorylated in response to mutant K-ras signaling (Fig. 3D). These studies
demonstrate that PI3K-mediated activation of Akt may be the key
K-ras effector pathway that regulates VEGF in colon cancer cells.
K-ras and Wnt Pathways Interact to Up-Regulate VEGF. To
determine whether signals from the Wnt and K-ras pathways interact
to regulate VEGF, HeLa cells were transfected with K-ras12Val and/or
constitutively active ␤-cateninS37A. As illustrated in Fig. 4A, K-ras
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Fig. 3. Definition of K-ras effector pathways that regulate VEGF expression. A, effect of K-ras pathway inhibitors on the activity of the 2.8-kb VEGF promoter in Lovo and HCT
116 cells. The expression levels (⫾SE) in the presence of dominant-negative Raf301, kinase-inactive ERK-1 and -2, or the MEK inhibitor PD98059, are illustrated relative to the basal
activity of the VEGF promoter alone (set to 1.0). B, effect of PI3K pathway inhibitors on the activity of the 2.8-kb VEGF promoter. The expression levels in the presence of wortmannin
(1 M) or dominant-negative Akt-K179A are illustrated relative to basal expression (set to 1.0). C, K-ras and PI3K pathway activators up-regulate the 2.8-kb VEGF promoter construct
in HeLa cells. The results are illustrated relative to basal transcriptional activity of reporter plasmid alone (set to 1.0). D, K-ras induces phosphorylation of Akt. Serum-starved ColoHSR
cells were transfected with either the mutant pZipKrasVal12 vector or the empty vector (pZipNeo). Immunoblots were performed on harvested protein after 48 h using a
phospho-Akt-specific antibody. The blot was stripped and reprobed with an antibody to total Akt.

up-regulates VEGF promoter activity 2.9-fold, and ␤-catenin increases it 4.5-fold. However, the combination yields a 6.2-fold increase in VEGF promoter activity, which indicates a strong interaction
between the two signaling pathways. To determine whether these

effects are mediated through TCF4, a reporter construct bearing one
copy of a consensus TCF4 element (5⬘-CCTTTGATCTTAC), upstream of the heterologous TK-promoter in the PT-81 luciferase
vector, was used (9). ␤-cateninS37A up-regulated activity of this TCF
reporter 1.8-fold, and K-ras up-regulated activity 1.4-fold. However,
the combination led to a 3.3-fold increase in reporter activity, which
suggests that K-ras can up-regulate VEGF by enhancing Wnt signaling through TCF4. Control studies with an empty PT-81 vector did not
demonstrate such synergy.
HeLa cells, expressing ␤-catenin, were then treated with the PI3K
inhibitor wortmannin to determine whether the Wnt pathway may
reciprocally regulate PI3K. In the absence of ␤-catenin expression,
wortmannin inhibited VEGF promoter activity as shown previously
(Fig. 4B). However, when Wnt signaling was activated by overexpressing ␤-catenin, the addition of wortmannin failed to down-regulate VEGF. This suggests that signaling through the Wnt pathway
does not lead to the downstream activation of PI3K in the regulation
of VEGF.
Discussion

Fig. 4. Interaction between the Wnt and K-ras signaling pathways. A, the 2.8-kb VEGF
promoter construct, a heterologous promoter construct with a consensus TCF4 site, or an
empty PT81 vector were cotransfected into HeLa cells with K-ras, ␤-cateninS37A, or both
expression vectors. The changes in expression levels are displayed relative to the baseline
activity of the reporter construct alone (set to 1.0 for each reporter construct). The results
are the mean of at least two separate experiments ⫾ SE. B, transcriptional activity of the
2.8-kb VEGF reporter construct in HeLa cells expressing ␤-cateninS37A that are incubated
in the presence or absence of 1 M wortmannin. The mean relative light units (RLU) ⫾ SE
are illustrated.

The Wnt signaling cascade regulates not only key patterning events
in development but also the process of tumorigenesis. This is particularly relevant to colorectal malignancies, because the pathway is
activated in the majority of colorectal adenomas and cancers. Although several gene targets of the Wnt pathway, including c-MYC
(19), cyclin D1 (20), and PPAR␦ (21), have been identified, it is likely
that this list is incomplete. These studies demonstrate that VEGF is a
novel target of the Wnt pathway in colon cancer.
The regulation of VEGF gene expression is complex, and part of
this complexity stems from cell-specific variations in its regulation. In
colonic epithelial cells, Wnt signaling plays an important role, and this
effect appears to be mediated in part through a consensus TCF4
element ⫺805 bp upstream of the transcriptional start site. However,
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there are likely to be additional TCF elements that may also regulate
VEGF expression. Furthermore, K-ras activates VEGF in colon cancer cells through a PI3K/Akt-dependent pathway. Although there are
likely to be multiple effects of PI3K activation on the VEGF promoter, we have identified a unique cooperative interaction with the
Wnt pathway.
There are many potential mechanisms that may link these two
pathways. PI3K activates Akt/protein kinase B, which subsequently
phosphorylates GSK-3␤. Although phosphorylation of GSK-3␤ at
Ser9 by Akt inhibits GSK-3␤ activity in response to insulin signaling
(22), no such inhibition has previously been demonstrated in colon
cancer cell lines. However, there may be alternative mechanisms
through which GSK-3␤ could link the PI3K and Wnt pathways. Other
possibilities include activation of the MAP-kinase-like enzyme
Nemo-like kinase that regulates phosphorylation of TCF4 (23), or
induction of the coactivator p300 that binds to ␤-catenin (24).
The observation that K-ras induction of VEGF may be linked to
Wnt signaling in colon cancer implies an interaction between two
critical pathways that regulate cellular proliferation and transformation. Such a coordinate pattern of gene regulation is likely to have
broad implications for additional genes that underlie the pathogenesis
of colon cancer. One such candidate is gastrin, previously demonstrated in independent studies to be regulated by both the Wnt and
K-ras pathways (9, 14).
The observation that VEGF is up-regulated by the Wnt and K-ras
pathways thus provides a molecular basis for the angiogenesis observed in benign colonic adenomas. This also serves to highlight the
significance of angiogenesis in benign premalignant disease and reinforce the principle that angiogenesis is not confined to advanced
stages of cancer. Finally, these findings imply the importance of
antiangiogenic approaches in the design of chemopreventive strategies for colon polyps and cancer.
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