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Abstract. Radiotherapy remains a major approach to adjuvant 
therapy for patients with advanced rectal cancer. Nevertheless, 
the effects of radiation on malignant processes have yet to be 
clarified. The aim of this study was to assess the biological 
effects of radiation on colorectal cancer (CRC) cells with 
special reference to epithelial-mesenchymal transition (EMT), 
a key developmental program often activated during cancer 
invasion and metastasis. We investigated the effect of radiation 
on two colorectal cancer cell lines, CaR1 and DLD1, assessing 
cell morphology, motility, migration and invasive ability. 
Expression of molecules associated with EMT was determined 
using RT-PCR, Western blotting, and immunofluorescence 
staining in control and irradiated cells. We also used real-time 
RT-PCR to examine the expression of molecules associated 
with EMT before and after chemoradiotherapy. Thus, we 
studied 26 rectal cancer patients who received preoperative 
chemoradiotherapy followed by radical surgery. In addition, 
we examined the relationship between disease recurrence and 
the expression of a number of proteins. Irradiation caused CRC 
cells to undergo phenotypic changes characteristic of EMT: 
spindle-cell shape, loss of polarity, intercellular separation and 
pseudopodia formation. Irradiation enhanced cell migration 
and invasiveness. In irradiated CRC cells, molecular changes 
consistent with EMT were observed. In clinical samples, we 
observed molecular changes consistent with EMT, and those 
changes were significantly enhanced in patients with recur-
ring disease. These results indicate that irradiation induces an 
alteration to a malignant phenotype consistent with EMT in 
colorectal cancer cells.

Introduction

Rectal cancer is one of the most common and deadly cancers 
in developed countries, accounting for approximately 8% of 
deaths from all cancers worldwide (1). Since the incidence of 
local recurrence following curative resection ranges between 4 
and 32% with a median of over 15% (2), efforts to improve the 
prognosis of rectal cancer have focused on controlling local 
recurrence. Introduction of radiotherapy, chemoradiotherapy 
and improvements in operative procedures such as total 
mesorectal excision (TME) has enhanced both local pelvic 
control and survival. In particular, adjuvant radiotherapy 
followed by surgery has been widely used in an attempt to 
improve treatment of rectal cancer, and it has become a stan-
dard therapeutic strategy in the Western world. The aim of 
preoperative radiotherapy is to sterilize the resection margins 
and to destroy microscopic collections of cancer cells situ-
ated outside the mesorectum, in presacral lymph nodes and at 
lateral pelvic walls, a potential focus of local recurrence and, a 
source of distant metastasis. Previous studies using a high dose 
radiation with variable fraction schedules have demonstrated 
a significant reduction in local recurrence compared with 
surgery alone (3-5). However, a significant number of patients 
suffer from local recurrence and distant metastasis even after 
multi-modality therapy. Thus, adjuvant chemoradiotherapy is 
still unable to achieve high rates of survival.

Previous researchers have observed that treatment of the 
primary tumor with either surgery or radiotherapy can have 
unpredictable effects on metastasis. Although radiotherapy is 
a major therapeutic modality for cancer treatment, previous 
findings indicate that irradiation promotes tumor migration, 
distant metastasis, and the invasive potential of cancer cells 
(6-8). Irradiation activates multiple signaling pathways (9) and 
affects the activity or abundance of proteases, growth factors, 
cytokines and adhesion proteins that are involved in tissue 
remodeling (10). The first major experiment examining the 
effect of local irradiation on the frequency of metastasis was 
performed by Kaplan and Murphy in 1949 (11). Their study 
was based on the clinical observation that several patients 
with epidermoid carcinoma of the lip who had received prior 
radiotherapy presented to them with widely metastatic disease. 
In 2001, Camphausen et al reported that radiation therapy 
administered to a primary Lewis lung carcinoma accelerated 
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metastatic growth in mice (8). In that study, the authors 
observed that irradiating a primary tumor induced a net imbal-
ance of pro-angiogenic over anti-angiogenic factors within the 
metastatic vascular bed, and rapid expansion followed. Several 
studies have reported on the radiation-enhanced invasiveness 
of colorectal cancer, and the increased expression of MMP has 
been considered as a mechanism for the increase in invasive 
capacity (12-14). Despite many investigations, the effects of 
irradiation on malignant biological behaviors have yet to be 
fully clarified.

On the other hand, the process of cell migration and inva-
sion during metastasis is frequently associated with the loss 
of epithelial markers and the acquisition of mesenchymal 
markers as well as increased migration and motility, cellular 
changes which are known as the epithelial-mesenchymal 
transition (EMT). Recent reports have suggested that EMT 
is induced by irradiation in several solid cancers, but not in 
colorectal cancer (CRC).

In the present study, we examined the effect of irradiation 
on the morphology, motility and invasiveness of colorectal 
cancer cells, and also examined whether this alteration was 
associated with EMT.

Materials and methods

Cell culture. Two human colorectal cancer cell lines, CaR1 
and DLD1, were used. The cell lines were obtained from the 
Medical Institute of Bioregulation, Kyushu University (Oita, 
Japan). CaR-1 cells were maintained in Dulbecco's modified 
Eagle's medium (DMEM), and DLD1 cells were maintained 
in 45% RPMI-1640 medium, supplemented with 10% v/v fetal 
bovine serum (FBS; Gibco-BRL, Tokyo, Japan), penicillin 
(100,000 units/l), streptomycin (100 mg/l), and gentamicin 
(40 mg/l) and incubated at 37˚C in a 5% CO2 environment.

Chemoradiation procedure in vitro. Colorectal cancer cells 
were irradiated at room temperature. Cells were treated with 
5 Gy of X-ray irradiation (100 kV and 3.5 mA) using an X-ray 
generator (MBR-1505R; Hitachi Medical Co., Tokyo, Japan).

RNA extraction. Total RNA was extracted from each of the 
cell lines and clinical materials, and purified using an RNeasy 
Mini Kit (Qiagen, Tokyo, Japan) according to the manufac-
turer's protocol.

Quantitative real-time PCR. Total RNA was extracted from 
24-h post-infection cell lysates using RNeasy kits with 
DNase I treatment as directed by the manufacturer. The total 
RNA in each sample was quantified by absorbance readings at 
260 nm using a Beckman-Coulter DU 530 spectrophotometer. 
Following RNA purification, PCR analysis was performed 
using 50  ng total RNA in reactions containing Taqman® 
One-step RT-PCR Master Mix Kit and gene-specific primers 
for epithelial cadherin (E-cadherin) (CDH1), vimentin (VIM), 
fibronectin 1 (FN1), snail (SNAI1), slug (SNAI2), and twist 
(TWIST1). Amplification was performed in an ABI Prism 
7900  HT Sequence Detector using standard settings of 
40 cycles with an annealing temperature of 60˚C. All samples 
were amplified in five parallel reactions, and experiments were 
performed at least twice with similar results.

Relative gene expression levels of each target gene. Relative 
gene expression levels were determined by the standard curve 
method. The standard curves and linear equations were gener-
ated using 5-fold serially diluted solutions of cDNA from 
qPCR Human Reference Total RNA (Clontech, Mountain 
View, CA) for each gene. All standard curves were linear in 
the analyzed range with an acceptable correlation coefficient 
(R2). The amount of target gene expression was calculated 
from the standard curve followed by quantitative normaliza-
tion of cDNA in each sample using ACTB gene expression as 
an internal control. Target gene mRNA levels are provided as 
ratios to ACTB mRNA levels. RT-PCR assays were carried out 
in duplicate for each sample, and the mean value was used for 
calculation of the mRNA expression levels.

Wound assay. Cells were grown in 10-cm culture dishes. 
When the cells reached confluency, the medium was replaced 
with fresh RPMI-1640 containing 10% FBS. Confluent cells 
were wounded with a uniform scratch using sterile pipette 
tips, rinsed to remove debris, then incubated in culture 
medium containing 10% FBS for 18 h. Quantitative analysis 
of the wound healing index expressed as a percentage was 
calculated using 20 randomly chosen distances across the 
wound at 0 and 18 h, divided by the distance measured at 
0 h.

Invasion assay. Cell invasiveness was evaluated using 24-well 
Matrigel invasion chambers (Becton-Dickinson Labware). 
Cells were suspended in the upper chamber at a final concen-
tration of 10x104/ml in 200 µl of RPMI-1640 supplemented 
with 1% FBS. The lower chamber contained 700 µl of RPMI-
1640 supplemented with 1% FBS. After 22-h of incubation, 
the tumor cells remaining on the upper surface of each filter 
were removed by wiping with a cotton swab, and the invading 
cells on the lower surface were stained with Diff-Quik stain. 
The number of cells on the lower surface of each filter was 
counted under a microscope at a magnification of x200. The 
invasion assay was performed in triplicate in three individual 
experiments.

Western blot analysis. Plates were washed in ice-cold PBS, after 
which cold lysis buffer (Tris-buffered saline, pH 7.5, containing 
1% Triton X-100) was added directly to the plates. Cells were 
scraped from plates, collected, and homogenized by using a 
Mixer Mill MM 300 homogenizer (Qiagen Inc., Chatsworth, 
CA, USA). Supernatants were collected and frozen at -20˚C 
until use. The protein concentration was measured by the BCA 
protein assay (Pierce, Rockford, IL, USA). Lysate proteins 
(20 µg) were mixed with an equal volume of 2X Laemmli's 
loading buffer containing 2-ME and heated at 100˚C for 
5 min. Samples were electrophoretically separated on 12.5% 
gradient polyacrylamide gels containing 0.1% SDS, followed 
by semi-dry transfer to an Immun-Blot PVDF membrane 
(Bio-Rad Laboratories, Hercules, CA, USA). The membranes 
were blocked using 5% skim milk in Tris-buffered saline, 
pH 7.5, supplemented with 0.1% Tween-20 (TBS-T). We used 
anti-E-cadherin, anti-vimentin, and anti-β-actin antibodies. 
The primary antibodies were washed in 0.05% Tween-20/PBS 
and then incubated with horseradish peroxidase-conjugated 
secondary antibody. Chemiluminescent signals were visualized 
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in a CS Analyzer and AE-6962 light capture system (ATTO 
Corp., Tokyo, Japan).

Clinical materials. A total of 26 patients with rectal cancer 
were enrolled in the study. The patients ranged in age from 
48 to 77 years (mean age, 64.1 years). All patients received 
preoperative chemoradiotherapy. They were treated with 
external irradiation (10 megavoltage photons from a linear 
accelerator) using a 4-field box technique and received 20 Gy 
in four fractions in one week. They also underwent concur-
rent chemotherapy (combination of intravenous infusion of 
5-fluorouracil and oral administration of uracil and tegafur) 
over one week. The rectal tumors were biopsied by endoscopy 
for histopathological diagnosis before irradiation. Two or 
three biopsy specimens were obtained and examined after 
informed consent was obtained from the patients. All tumors 
were diagnosed as adenocarcinoma, and the patients under-
went chemoradiotherapy, followed by surgery. Fresh frozen 
samples were also obtained from operative specimens as post-
chemoradiation samples.

Statistical analysis. The results were assessed by paired t-test 
and χ2 test; p<0.05 was considered statistically significant. All 
statistical analyses were performed using JMP software.

Results

Irradiation induces morphological changes consistent with 
EMT in CaR1 and DLD1 cells. The phenotypic changes 
observed in the irradiated rectal cancer cell line, CaR1, 
included loss of cell polarity, appearance of spindle-shaped 
cells, and increased formation of pseudopodia (Fig. 1A), which 
are consistent with the mesenchymal phenotype. Irradiation 
induced similar morphologic changes in the colon cancer cell 
line, DLD1 (Fig. 1B).

Increased migration and invasive capacity in irradiated CaR1 
and DLD1 cells. EMT is characterized by increased motility 
and gain of invasiveness. To determine whether irradiated 
cells had become more active in migration and invasion than 
non-irradiated cells, we evaluated serum-induced migration of 
cells using Transwell chamber assays. As shown in Fig. 2A, 
~25% more irradiated CaR1 cells migrated through the pores 
than did non-irradiated CaR1 cells. The invasive ability of 
irradiated and non-irradiated cells was examined by serum-
induced invasion through a Transwell extracellular matrix 
layer. As shown in Fig. 2B, irradiated CaR1 cells exhibited a 
6-fold increase in invasion compared to non-irradiated CaR1 
cells after a 24-h incubation. The enhanced migration was 
also confirmed by wound healing assays conducted for 40 h 
(Fig. 3). Similar results were observed in irradiated and non-
irradiated DLD1 cells.

Irradiated CaR1 and DLD1 cells exhibit molecular changes 
consistent with EMT. To determine whether irradiation induces 
specific molecular changes consistent with EMT, we performed 
real-time PCR (Table I). Expression of the epithelial adhesion 
molecule E-cadherin (CDH1) was decreased in irradiated 

Figure 1. Irradiation induces morphological changes consistent with EMT in CaR1 (A) and DLD1 (B) cells. Spindle-shaped cells showed a loss of polarity 
(white arrows), and pseudopodia (red arrows) were noted in the cells after irradiation in both cell lines. 

Table I. Changes in target gene expression in CaR1 and DLD1 
cells after irradiation.

	 E-cadherin	 Vimentin	 FN1	 Snail	 Slug	 Twist

CaR1	 0.476	 1.593	 2.943	 1.462	 4.564	 0.878
DLD1	 0.617	 1.513	 1.182	 1.134	 3.535	 0.737

The numerical values show the ratio of gene expression in non-
irradiated and irradiated cell lines.

  A

  B
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cells compared with the non-irradiated cells. Increases in 
the expression of the mesenchymal markers, vimentin (VIM) 
and fibronectin 1 (FN1) were also observed. Furthermore, 
increased expression of the EMT-related transcription factor 
slug (SNAI2) was observed in irradiated CRC cells compared 
with parental cells. No significant changes were observed in 
levels of the EMT-related transcription factors snail (SNAI1) 
and twist (TWIST1).

Western blotting was carried out to assess E-cadherin 
and vimentin protein levels to determine whether irradiation 
induces changes consistent with EMT (Fig. 4A). Expression 
of E-cadherin was decreased in irradiated cells compared 
with the non-irradiated cells, and increases in the expression 
of vimentin were also observed. To investigate the possibility 
that irradiation leads to changes in the cellular localization 
of E-cadherin, immunofluorescence staining was conducted 
using CaR1 control and irradiated cells (Fig. 4B). Irradiated 
cells exhibited a change in E-cadherin from an organized, 
membrane-bound structure to a disorganized state throughout 
the cytoplasm.

Cancer tissues show molecular changes consistent with EMT 
after chemoradiotherapy (CRT)
Patient characteristics. To confirm the biological effect of 
irradiation on CRC patients, 25 patients were included in this 
study. The median age was 61.5 years (range, 41-78 years); 
the male to female ratio was 7.2:1. The median follow-up 
period was 39 months (range, 11-75 months). The pre-CRT 
clinical T stages were as follows: T2, 30.7% (n=8); T3, 50% 
(n=13); T4, 19.2% (n=5). The post-CRT pathological stages 
were T1, 19.2% (n=5); T2, 19.2% (n=5); T3, 57.6% (n=15); T4, 
3.8% (n=1). Twelve patients (46.1%) had pathological lymph 

node metastases. Lymphatic invasion was present in 18 of 
26 patients (69.2%), and vascular invasion was present in 14 
patients (53.8%). Six patients developed recurrence; 4 patients 
developed distant metastasis, and 2 patients developed local 
recurrence.

To determine whether CRT induces specific molecular 
changes consistent with EMT, we measured the expression 
of CDH1 as an epithelial marker, VIM, FN1, as mesenchymal 
markers, SNAI1, SNAI2 and TWIST1 as EMT-related transcrip-
tion factors in matched pre- and post-CRT specimens (Fig. 5). 
CDH1 was significantly decreased in post-CRT specimens 
(p=0.0065). On the other hand, VIM, FN1 were significantly 
increased after CRT (p<0.0001 and p=0.0002, respectively). 
SNAI1, SNAI2 and TWIST1 were also significantly increased 
after CRT. Furthermore, as shown in Table II, patients who 
exhibited decreased levels of CDH1 developed recurrence 
at a significantly greater frequency (n=6). In this study, no 
significance was observed in increased levels of mesenchymal 
markers (VIM, FN1) and SNAI1, SNAI2, TWIST1 in patients 
who developed recurrence. Both CDH1 down-regulation and 
VIM up-regulation were significantly frequently observed in 
patients who developed recurrence.

Discussion

EMT was initially observed in embryonic development 
during which cells lose epithelial characteristics and gain 
mesenchymal properties to increase motility and invasiveness 
(15,16). Recent research suggests that EMT plays a central role 
in tumor progression and metastasis (15-18), and is induced by 
growth factors implicated in these processes, including hepa-
tocyte growth factor, transforming growth factor β (TGF-β), 

Figure 2. Irradiated cells demonstrate increased migratory and invasive capacities. (A) After 24 h, irradiated cells exhibited an ~1.2- to 1.5-fold increase in 
the number of cells migrating through the collagen insert. (B) After 24 h, irradiated cells exhibited an ~5- to 10-fold increase in the number of cells invading 
through the Matrigel-coated collagen insert. 

  A

  B
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Figure 3. Wound closure assays of DLD1 and CaR1 cells treated or not treated with radiation (5 Gy). Representative images captured with a x10 objective at 
the time of wounding (0 h) and 20 or 40 h after wounding. All experiments were repeated at least three times with similar results.

  A

  B

Figure 4. Irradiation induces molecular changes consistent with EMT. (A) Cell lysates and nuclear extracts from CaR1 control and irradiated cells were sub-
jected to Western blotting. Expression of the epithelial cellular adhesion molecule E-cadherin was decreased. In contrast, the expression of the mesenchymal 
marker vimentin was increased in irradiated cells compared with control cells. (B) Immunofluorescence analysis of CAR1 cells for E-cadherin. Irradiated 
cells showed changes in the localization of E-cadherin from their usual cell membrane-associated site. E-cadherin was observed in a disorganized cytoplasmic 
location.

  A   B
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and epidermal growth factor (19). In primary tumors, the 
induction of EMT can lead to structural changes involving 
cell adhesion molecules, and in particular E-cadherin (20-22). 
E-cadherin is a transmembrane glycoprotein that is localized 
in the adherens junction typically found in epithelial cells, 
and plays an important role in maintaining the structural 

integrity of epithelial sheets. Several EMT-inducing regula-
tors that repress E-cadherin have been described. The major 
proteins implicated in the transcriptional repression of 
E-cadherin include the zinc finger proteins snail and slug, 
δEF, smad interacting protein 1, ZEB2, and a basic helix-
loop-helix (bHLH) protein called twist. Several signaling 
pathways are also reported to be associated with EMT, which 
lead to transcriptional and post-transcriptional induction of 
EMT transcription factors (23). In regard to the relationship 
between irradiation and EMT, Andarawewa et al reported 
that irradiation induced TGF-β-mediated EMT (24).

Several studies have examined the possible role of EMT 
in CRC progression (25,26), and the association between 
chemoresistance and EMT in CRC (27-29). On the other hand, 
Kumar et al (12,13) and Speake et al (14) and described that 
irradiation enhanced the migration and invasiveness of CRC 
cells in association with enhanced expression and activity of 
MMPs, but no studies have referred to radiation-induced EMT 
in CRC cells.

In the present study, we observed that irradiation enhanced 
the invasive potential of CRC cells, and also demonstrated 
that this irradiation-enhanced invasiveness was associated 
with morphological and molecular alterations consistent with 
a change to a mesenchymal-like phenotype. Furthermore, we 
confirmed a similar phenomenon in clinical rectal cancer 
specimens.

In our results, irradiation enhanced cell adhesion, and 
increased both motility and invasive capacity. These changes 
are all associated with the cellular transition from epithelial 
to fibroblastoid phenotype, characterized by enhanced cell 

Figure 5. Rectal cancer tissues demonstrate molecular changes consistent with EMT after CRT. Twenty-six tissue samples were obtained from rectal cancer 
patients who received chemoradiotherapy followed by radical surgery. We measured the expression of E-cadherin as an epithelial marker, vimentin, fibronectin 
as mesenchymal markers, snail, slug, and twist as EMT-related transcription factors in matched pre- and post-CRT specimens. E-cadherin was significantly 
decreased in post-CRT specimens (p=0.0065). In contrast, vimentin, fibronectin were significantly increased during CRT (p<0.0001 and p=0.0002, respec-
tively). 

Table II. Changes in target gene expression consistent with 
EMT were enhanced in patients who developed recurrence.

	 Recurence (+)	 Recurrence (-)	 p-value

E-cad ↑	 6	 11	 0.04214
E-cad ↓	 0	 9
Vim ↑	 5	 15	 0.67090
Vim ↓	 1	 5
FN1 ↑	 5	 14	 0.43041
FN1 ↓	 1	 7
Snail ↑	 5	 13	 0.09717
Snail ↓	 0	 8
Slug ↑	 5	 15	 0.55731
Slug ↓	 1	 6
Twist ↑	 0	 4	 0.31266
Twist ↓	 4	 15
E-cad ↓/Vim ↑	 5	 7	 0.04691
Others	 1	 12
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motility. In other words, irradiation enhanced the invasive-
ness of CRC cells, partially through morphological and 
molecular changes resembling EMT. In clinical samples, we 
also observed molecular changes consistent with EMT and 
those changes were significantly enhanced in recurrent cases. 
This observation suggests that it is necessary to examine the 
mechanism of the relationship between irradiation and EMT 
in rectal cancer patients to improve survival further.

In conclusion, irradiation induces cells to adopt a malig-
nant phenotype, a process consistent with EMT in CRC cells. 
The suppression of the molecules associated with EMT repre-
sents a potentially effective strategy for the treatment of CRC 
patients who have undergone chemoradiotherapy, although 
further investigation is needed.
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