
Abstract. To assess whether preoperative chemo-radiotherapy
enhances the expression of vascular endothelial growth factor
(VEGF) in patients with colorectal cancer, we investigated
in vivo and in vitro the interactions between chemo-
radiotherapy and the expression of VEGF, and their possible
impact on distant metastasis. Cellular cytotoxicity in the
colon cancer cell lines, LoVo, SW480 and Caco2, was deter-
mined using a WST-8 colorimetric assay after cells were
exposed to 5-fluorouracil combined with radiation. In addition,
the VEGF levels in cultured cells were measured by ELISA.
Preoperative serum samples and tumor specimens were
prospectively collected from 32 rectal cancer patients who
received preoperative chemo-radiotherapy. Both local and
circulating VEGF expression levels were measured periope-
ratively by ELISA, and assessed in relation to the clinico-
pathological findings. Perioperative circulating VEGF levels
from irradiated patients were also compared with a non-
irradiated control group. There were significant increases in
local VEGF levels, both in vivo and in vitro, after chemo-
radiotherapy, especially in viable cancer cells. The circulating
VEGF levels in the irradiated patients were significantly
lower after surgery compared with those in the control group.
Although preoperative chemo-radiotherapy enhanced tumor-
specific VEGF expression, especially in individual cancer
cells both in vitro and in vivo, it did not necessarily enhance
systemic VEGF expression, possibly because of tumor volume
reduction induced by the chemo-radiotherapy.

Introduction

Over the past three decades, (neo-)adjuvant radiotherapy with
or without chemotherapy has been widely used in attempts to
improve outcomes in rectal cancer. The National Cancer
Institute Consensus Conference in the United States in 1990
recommended post-operative chemo-radiotherapy for patients
with TNM stage II and III rectal cancers as standard treat-
ment (1). A particular dose of irradiation appears to be more
effective if given preoperatively rather than post-operatively,
probably because oxygen tension within the tumor may be
higher prior to the surgical compromise of regional blood
flow (2).

Several randomized trials reported a benefit of preoperative
radiotherapy compared to post-operative treatment (3-6). The
results of these trials demonstrated clearly the superiority of
preoperative radiotherapy in terms of local control, with better
compliance to treatment and lower toxicity. A recent meta-
analysis also concluded that the combination of preoperative
radiotherapy and surgery, as compared with surgery alone,
significantly improves local control and overall survival (7,8).

However, the exact role of preoperative radiotherapy
remains controversial for several reasons, especially in terms
of its benefit to survival, as distant metastasis remains a
significant problem even after preoperative radiation therapy
(9,10). Recently, chemotherapy has been added to radio-
therapy in an attempt to resolve this problem. Indeed, some
studies have shown the effectiveness of preoperative chemo-
radiotherapy for resectable rectal cancer, not only by reducing
rates of local recurrence, but also by improving survival
(11,12). Although chemo-radiotherapy for resectable rectal
cancer has now been widely accepted, current practices such
as radiation technique (conventional fractionation or short
course radiotherapy) and chemotherapy regimen differ between
countries, and even between institutions within the same
country. Thus, the issue of adjuvant treatment for rectal cancer
is one of the major controversies in the field of oncology.

Various cytokines or growth factors play important roles
in carcinogenesis and tumor proliferation. In particular,
vascular endothelial growth factor (VEGF) is a multifunctional
cytokine that potently stimulates angiogenesis, including
tumor neovascularization (13). Recent studies have revealed
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relationships among an increased expression of VEGF, distant
metastasis, and poor prognoses of patients with colorectal
cancer (14,15). Induction of VEGF expression, in vivo and
in vitro, after exposure to ionizing radiation, was recently
reported (16,17). Nozue et al also reported that over-expression
of VEGF after preoperative radiotherapy was involved in
distant metastasis (18).

This study evaluated the relationship between pre-
operative chemo-radiotherapy and the expression of VEGF in
patients with rectal cancer, and its possible impacts on distant
metastasis. We address the question: does preoperative
chemo-radiotherapy enhance the tumor-specific and systemic
expression of angiogenic growth factors in patients with rectal
cancer?

Materials and methods

Three colon cancer cell lines, the p53 wild-type LoVo cells,
and the mutant type SW480 and Caco2 cells were used. The
cell lines were grown in RPMI-1640 medium. The medium
was supplemented with 10% fetal bovine serum, 100 units/ml
of penicillin and 100 μg/ml of streptomycin at 37˚C, 5% CO2.
Cells were plated at a density of 1.0x104 cells/cm2 plate area
and grown for 4 days prior to further experimentation. The
experiments were performed with exponentially growing
cells.

Anticancer agent. 5-Fluorouracil (5-FU) was obtained from
Sigma Aldrich (St. Louis, MO, USA). The drug was dis-
solved at appropriate concentrations in distilled water and
stored at -20˚C until experiments.

Chemo-radiation procedure in vitro. Colon cancer cells were
irradiated at room temperature. Cells were treated with 5 Gy
of X-ray irradiation (100 kV and 3.5 mA for 5 min) using an
X-ray generator (MBR-1505R; Hitachi Medical Co., Tokyo,
Japan). The chemo-radiation schedules are shown in Table I.
The concentration of concurrent 5-FU was 10 μM for 24 h
with irradiation, according to our previous report (19). The
time-point of 5-FU exposure was 0 h before irradiation.

Cytotoxicity assay. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenil-
tetrazoliumbromide (MTT) assays were used to determine
the response of tumor cells to irradiation. Cells were seeded
in 96-well plates at a density of 1.0x103 cells/cm2, treated with
or without 5 Gy of X-ray irradiation, and incubated. Viable
cells were measured by MTT assays at 72 h after irradiation.

Patient cohort. A total of 32 patients (22 males and 10
females aged 48-77 years; mean, 62.2) with rectal cancer,
admitted to Mie University Hospital between 2001 and 2006,
were enrolled in the study. The clinical backgrounds of
patients are shown in Table II. All patients received
preoperative chemo-radiotherapy. Treatment was by external
irradiation (10 MV photons from a linear accelerator) using
a four-field box technique and patients received 20 Gy in 4
fractions over a period of 1 week. The irradiation field
included the entire sacrum, pubic bones, and the medial portion
of the ilium. Patients also underwent concurrent pharmaco-
kinetic modulating chemotherapy (PMC; intravenous infusion
of 5-FU, 750 mg/day, and oral administration of UFT, 400 mg/
day) over a period of 1 week (20). The rectal tumors were
biopsied by endoscopy for histopathological diagnosis before
irradiation. All 32 tumors were diagnosed as adenocarcinoma
and the patients underwent chemo-radiotherapy. All patients
underwent curative resection, an average of 10 days after
chemo-radiotherapy was completed. The perioperative
circulating VEGF levels from the irradiated patients were
also compared with those from 30 matched rectal cancer
patients who underwent curative surgery without neo-
adjuvant chemo-radiotherapy (Table II).

ELISA of VEGF expression. A supernatant of cultured cells
was collected 72 h after irradiation and stored at -80˚C until
use. Surgical specimens were immediately stored in liquid
nitrogen until use. Tissues were homogenized and collected.

Peripheral venous blood samples were also collected into
sterile glass tubes, permitted to coagulate at room tempera-
ture, and then centrifuged at 3000 x g for 5 min. Serum was
separated, aliquoted, and stored at -80˚C until use. Serum
samples from patients were collected pre- and post-irradiation,
and at 1, 3 and 7 days after operation. Serum samples were
also collected perioperatively from rectal cancer patients who
underwent curative surgery without chemo-radiotherapy.

The supernatants of cultured cells, tissue and serum were
used to measure the VEGF concentrations using a commer-
cially available enzyme linked immunosorbent assay (ELISA)
kit (Human VEGF Immunoassay; BioSource International,
Inc.). The protein concentration was measured using a BCA
Protein Assay Regent Kit (Pierce Chemical Co., Rockford, IL).

Immunohistochemical staining of VEGF. Specimens in paraffin
blocks were cut into 5-μm sections and attached to glass
slides with wax melted at 65˚C. The sections were then
dewaxed, hydrated and incubated in 3% hydrogen peroxide
for 30 min. Next, they were washed in cold tap water, micro-
waved, and washed three times in pH 7.4 phosphate-buffered
saline (PBS) for 5 min. After washing with PBS, sections
were incubated with primary antibodies at room temperature
for 2 h. Non-specific binding was blocked by incubation with
3% normal goat serum for 20 min. Sections were then
incubated with a rabbit polyclonal antibody raised against
VEGF (Santa Cruz Biotechnology, Santa Cruz, CA) at a
dilution of 1:100, for 2 h at room temperature. The sections
were washed again and incubated for 30 min at room tempera-
ture with biotinylated anti-rabbit IgG diluted in PBS. They
were then incubated with Vector DAB substrate for 1.5 min
and counterstained with Meyer's hematoxylin. The specificity
of the immunoreactivity was verified by staining known
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Table I. Experimental schedule.
–––––––––––––––––––––––––––––––––––––––––––––––––

–––––––––––––––––––––––––––––––––––––––––––––––––
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positive and negative control tissue sections, and also by
negative staining when the primary antibody was replaced
with normal rabbit serum.

Radiation effects. The effects of radiation on tumor cells were
judged from the number or amount of viable cells remaining
in the specimen. A quantitative morphologic measure of
radiation effects was performed on each specimen to determine
the proportion of tumor cells to the background stroma, using
an image analyzing system (Win Roof Version 3.6; Mitani
Corp., Japan) as previously reported (21). Data for each tumor
represent the mean value from three sections. Radiation
effect was calculated from the ratio of residual tumor nests/
(residual tumor nests + background stroma) to correct for the
VEGF produced by viable cancer cells.

The histological grading employed in this series was in
accord with the General Rules of the Japanese Research
Society for Cancer of the Colon and Rectum (JRSCCR) (22) as
follows: Grade 0, tumor structures have not been destroyed;
Grade 1a, <1/3 of the whole lesion has been destroyed; Grade
1b, <2/3 of the whole lesion has been destroyed; Grade 2, >2/3
of the whole lesion has been destroyed; Grade 3, no tumor cells
remain in any of the sections.

Statistical methods. The relationships between VEGF
expression and various clinico-pathological factors were tested
using a χ2 test and a Mann-Whitney U test. Statistical signi-
ficance was defined as p-values of <0.05. Stat View analysis
software (version 5; Abacus Concepts, Inc., Berkeley, CA)
was used for all analysis.
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Table II. Clinical backgrounds of rectal cancer patients.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Non-irradiated
Irradiated patients patients (control) P-value

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
No. of patients 32 30

Gender
Male 22 22 ns
Female 10 8

Age (mean) 62.2 62.8 ns

TNM classification
I 7 7 ns
II 5 7
III 20 16

Histologic differentiation
(before chemo-radiation)

Well 5 14 ns
Moderately 23 15
Poorly 2 1
Mucinous 2 0

Type of surgery
Low anterior resection 12 16 ns
Hartmann's procedure 1 2
Abdominoperitoneal rectal resection 2 10
Anoabdominal rectal resection 15 2

Radiation effect (mean) 0.39 -

Histological grading
Grade 0 1 -
Grade 1a 10 -
Grade 1b 10 -
Grade 2 8 -
Grade 3 3 -

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
ns, not statistically significant.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
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Results

Cell viability of colon cancer cells by chemo-radiation. The
cytotoxic effects of chemo-radiation in LoVo, SW480 and
Caco2 cells were assessed at 72 h after chemo-radiation by
the MTT assay. In all cell lines, cell viability was significantly
lower after chemo-radiation than in control cells (Fig. 1).

VEGF levels in cultured cells. The VEGF levels in cultured
cells were measured by ELISA and corrected for the number
of residual cancer cells (the VEGF concentration of super-

natant/cell viability). The level of VEGF per residual cancer
cell was increased in all cell lines after chemo-radiation,
especially in LoVo and Caco2 cells (Fig. 2).

Chemo-radiation effects in human tissue. Chemo-radiation
effects were calculated from the the ratio of residual tumor
nests/(residual tumor nests + background stroma) using a
WinRoof imaging analyzing system. In one case, chemo-
radiation was totally ineffective (Grade 0), while three cases
showed a complete response (Grade 3). The distribution of
the grades of radiation effect is shown in Table II.
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Figure 1. Cell viability was significantly decreased after chemo-radiation compared to control cells.

Figure 2. The VEGF levels in cultured cells are significantly increased in LoVo and Caco2 cells after chemo-radiation, when the VEGF levels are corrected
for the number of viable cancer cells.
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Immunohistochemical staining of VEGF. Fig. 3 shows the
immunohistochemical staining of VEGF in cancer tissue.
VEGF was mainly localized in the cytoplasm or membrane
of the cancer cell. Stromal cells were not stained.

VEGF levels in human tissue. Although the VEGF levels in
human tissue were not significantly enhanced after chemo-

radiation (Fig. 4a), the VEGF levels corrected for the number
of viable cells, using the radiation effect (tissue VEGF concen-
tration/radiation effect), were significantly increased (p<0.001)
(Fig. 4b).

VEGF levels in serum. Fig. 5 shows the circulating levels of
VEGF, before and after surgery, in patients with or without
chemo-radiotherapy. The serum concentrations of VEGF
increased gradually soon after surgery until POD 7. In the
control group, post-operative serum concentration of VEGF
showed same alteration as the irradiated group. However,
irradiated patients had significantly lower levels of circulating
VEGF after surgery compared with the control group.

Discussion

Recently, with the success of a combined modality approach
in the post-operative setting, there has been increased interest
in preoperative chemo-radiotherapy for resectable rectal
cancer. Neo-adjuvant chemo-radiotherapy is advantageous in
its enhancement of locoregional control by eliminating
microscopic residual disease around the primary tumor and
in the draining lymphatics. There is also a possible impact on
overall survival. By contrast, it may be disadvantageous due
to its potent stimulation of angiogenesis, through molecules
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Figure 3. In a resected specimen, immunohistochemical staining reveals that VEGF expression is mainly localized in the cytoplasm or membrane of cancer
cells.

Figure 4. (a) The VEGF levels in human tissue are not significantly enhanced after chemo-radiation. (b) The VEGF levels corrected for the number of viable
cells using the radiation effect are significantly increased after chemo-radiation.

Figure 5. The post-operative circulating VEGF levels are significantly
suppressed in irradiated patients compared with non-irradiated control
patients.
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such as VEGF, leading to possible distant metastasis.
Normally, VEGF is expressed weakly in a wide variety of
human tissues; however, high expression levels can be detected
at sites where angiogenesis is required, such as in fetal tissue
and the vast majority of tumors (23). VEGF and its receptor
are also expressed at high levels in metastatic human colon
cancers and in tumor-associated endothelial cells (14).
Takahashi et al (24) showed that the VEGF expression levels
in patients with lymph node-negative colon cancer were
significantly related to the time to recurrence, while Gascinu
et al (15) noted that p53 and VEGF were both expressed in
node-positive rectal cancer. The majority of disease-free
patients showed p53-negative and VEGF-negative tumors,
while distant metastases were seen in patients with VEGF
positive tumors (15).

In the current study, the induction of VEGF expression
after exposure to chemo-radiation was observed in vitro.
Increased local levels of VEGF were also found in patients
after preoperative chemo-radiotherapy. We focused on the
induction of VEGF derived from residual cancer cells, since
pathological effects of various degrees were seen in all
patients and, immunohistochemically, VEGF was mainly
localized in the cytoplasm or at the membrane of cancer
cells. Consequently, the VEGF level per residual cancer cell
was significantly increased in patients after chemo-
radiotherapy.

The prognostic impact of VEGF serum levels in patients
with colon cancer has been evaluated in several studies (25-
28). Nakayama et al (25) reported on elevated circulating
levels of VEGF in patients with advanced disease and in
patients who experienced tumor recurrence. Although they
showed that mean VEGF levels tend to decrease post-
operatively compared with preoperative concentrations,
Werther et al (26) evaluated post-operative circulating VEGF
as a prognostic marker in colon cancer patients. Thus, both
tumor-specific and circulating VEGF expression levels
correlate with a poor prognosis. However, the relationship
between local expression and circulating values remains to be
fully investigated. Circulating VEGF levels reflect the total
amount of VEGF produced systemically, whereas local
VEGF expression is mainly influenced by the local status of
cancer. Post-operative circulating VEGF levels are influenced
by the cancer status and surgical stress, and may also be
influenced by the effects of chemo-radiation. Thus, we
evaluated the perioperative serum VEGF levels until post-
operative day 7, in both irradiated and non-irradiated control
patients. Our results showed that serum concentrations of
VEGF increased gradually soon after chemo-radiotherapy
until POD 7. The serum concentration of VEGF in the
control group also showed same alteration; however,
irradiated patients had lower levels of VEGF after surgery
than those in the control group. That is, systemic VEGF
levels, which have a possible impact on distant metastasis,
may be influenced not by chemo-radiation per se, but by its
volume reduction effect.

In conclusion, preoperative chemo-radiotherapy enhanced
tumor-specific VEGF expression, especially in individual
cancer cells, both in vitro and in vivo. However, it did not
necessarily enhance systemic VEGF expression, possibly
because of tumor volume reduction induced by chemo-radio-

therapy. The current results suggest that there may be no
need to worry about a possible enhancement of distant
metastasis through the VEGF pathway, by chemo-radio-
therapy for rectal cancer, when a sufficient radiation effect is
obtained; however, we need to further investigate whether
VEGF expression after chemo-radiotherapy correlates with
actual tumor recurrence.
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