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ABSTRACT
Radiotherapy remains a major approach to adjuvant therapy for patients with advanced colorectal cancer, however, the fractionation
schedules frequently allow for the repopulation of surviving tumors cells, neoplastic progression, and subsequent metastasis. The aim of the
present study was to analyze the transgenerational effects induced by radiation and evaluate whether it could increase the malignant features
on the progeny derived from irradiated parental colorectal cancer cells, Caco-2, HT-29, and HCT-116. The progeny of these cells displayed a
differential radioresistance as seen by clonogenic and caspase activation assay and had a direct correlation with survivin expression as
observed by immunoblotting. Immunofluorescence showed that themost radioresistant progenies had an aberrantmorphology, disturbance of
the cell–cell adhesion contacts, disorganization of the actin cytoskeleton, and vimentin filaments. Only the progeny derived from intermediary
radioresistant cells, HT-29, reduced the E-cadherin expression and overexpressed b-catenin and vimentin with increased cell migration,
invasion, and metalloprotease activation as seen by immunoblotting, wound healing, invasion, and metalloprotease activity assay. We also
observed that this most aggressive progeny increased the Wnt/b-catenin-dependent TCF/LEF activity and underwent an upregulation of
mesenchymal markers and downregulation of E-cadherin, as determined by qRT-PCR. Our results showed that the intermediate radioresistant
cells can generate more aggressive cellular progeny with the EMT-like phenotype. The Wnt/b-catenin pathway may constitute an important
target for new adjuvant treatment schedules with radiotherapy, with the goal of reducing themigratory and invasive potential of the remaining
cells after treatment. J. Cell. Biochem. 115: 2175–2187, 2014. © 2014 Wiley Periodicals, Inc.
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Colorectal cancer (CRC) is the second most commonly
diagnosed cancer in women and the third in men being the

fourth most common cause of cancer mortality worldwide [Jemal
et al., 2011]. The 5-year survival rate for CRC is 90% if detected at

localized stage, but this survival rate drops to 69.2% in intermediary
stage and 11.7% for patients with metastatic disease [Siegel et al.,
2012]. In Brazil, the statistics are in accord with the global incidence,
as observed in recent data from the Brazilian National Institute of
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Cancer [Ministério da Saúde, 2011]. The molecular mechanisms of
CRC development have been extensively studied, and multiple
genetic and epigenetic aberrations are correlated with its pro-
gression. However, this is not sufficient for the development of good
treatments at advanced stages of CRC. Radiotherapy (RT) is standard
in clinical practice guidelines for the neo-adjuvant treatment of
resected advanced rectal cancers. Protocols of RT consist of daily
exposure to a hyperfractionated dose of approximately 1.8–2.0 Gy
for 5–7 weeks or a hypofractionated dose of 5Gy daily for 5 days,
resulting in a total dose of 25Gy [Pach et al., 2012]. Both
fractionation schedules are important to allow for the recovery of
normal tissues between RT-exposures. However, the repopulation of
surviving tumor cells can occur, and the cure rate of CRC has
remained low as a consequence of tumor recurrence, neoplastic
progression, and metastasis, which frequently occur after radio-
therapy [Camphausen et al., 2001; Kim and Tannock, 2005]

It is important to note that 90% of cancer mortality is attributed to
metastasis and not due to the primary tumors from which these
malignant lesions arose. Increased migratory and invasive potential,
which allows malignant cells to spread from the primary tumor to
distant organs, are two important hallmarks of cancer [Hanahan and
Weinberg, 2011]. The epithelial cancer progression involves the
early down regulation of epithelial markers and the acquisition of
mesenchymal characteristics, such as changes in the organization of
the actin cytoskeleton and acquisition of a fibroblast-like shape as
well as increased cell migration and invasiveness properties [Thiery
et al., 2009]. All these events characterize the epithelial-mesen-
chymal transition (EMT), a physiological process during embryonic
development, wound-healing, and tissue repair and occurs in a
pathological manner during epithelial tumor progression. Recent
studies have been reported that the EMT is induced by growth factors
and cytokines involved in tumor progression, such as EGF, TNF-a,
and TGF-b [Andarawewa et al., 2011; Li et al., 2012] and the
secretion of these growth factors and cytokines also have been
reported after radiation exposure [Dent et al., 2003; Barcellos-Hoff
et al., 2005]. Studies using cellular models, such as lung epithelial
human A549 cells and HEC1A endometrial carcinoma cells have
shown an EMT development in cells directly targeted by ionizing
radiation [Jung et al., 2007; Tsukamoto et al., 2007]. However, it is
known that following radiation exposure, cells do not die
immediately, and the surviving cells continue interacting with their
microenvironment and the post-irradiation behavior and phenotype
of radioresistant cancer cells remain largely unknown. In addition,
most of the studies analyzed the cells that were directly irradiated,
and few recent studies have focused on the long-term and
transgenerational effects induced by radiation [Harada et al.,
2012]. In an in vivo context, molecular signatures of EMT have
been found in the invasive front of advanced tumors [Peinado et al.,
2007] and were correlated with chemo- and radio-therapeutic tumor
resistance [Sabbah et al., 2008], that could be mediated by several
mechanisms, including efflux pump upregulation, enhanced DNA
repair, loss of p53 function, and alterations in the apoptotic pathway
[Workman et al., 2013]. Moreover, resistance to therapy and
invasion are considered distinct processes, but the signaling
pathways underlying both invasion and resistance can overlap
[Alexander and Friedl, 2012]; thus, studying the remaining cells after

radiotherapy is relevant. Considering that (a) radioresistance and
subsequent metastasis occur in nearly all patients who receive
radiotherapy; (b) radiotherapy success is challenged by the survival
and invasive capabilities of the remaining tumor cells that are not
eradicated in the therapeutic window of the dose fractionation; and
(c) radiotherapy remains a major therapeutic modality in cancer
treatment, efforts to understand the molecular mechanisms that
regulate these events are essential to the development of approaches
to prevent or revert the therapeutic failure.

In the present study we analyzed the transgenerational effects
induced by radiation in the progeny derived from irradiated parental
colorectal cancer cells and evaluated whether the radiation could
increase the malignant features such as migratory and invasiveness
capabilities and the signaling pathways that are activated in the
remaining cells after treatment.

MATERIALS AND METHODS

MATERIALS
The mouse anti-a-tubulin monoclonal antibody (Cat. no. 32–2500)
was purchased from Invitrogen Inc. (Carlsbad, CA). Themouse anti-E-
cadherin monoclonal antibody (36 clone, Cat. no. 610182) was
purchased fromBDBiosciences (SanDiego, CA). The rabbitb-catenin,
rabbit p-GSK3b (Ser-9) (5B3, Cat. no.9323), rabbit anti-GSK3b
monoclonal (27C10,Cat. no. 9315), and rabbit anti-GAPDHantibodies
(14C10, Cat. no. 2118) were purchased from Cell Signaling (Danvers,
MA). The rabbit anti-survivin antibody (Cat. no. AF886) was
purchased from R&D System (Minneapolis, MN). The Alexa Fluor1

488 goat anti-mouse IgG (Cat. no.A11001) andAlexa Fluor1 546 goat
anti-rabbit IgG (Cat. No.A11010) were obtained from Molecular
Probes (Eugene, Oregon). The horseradish peroxidase-conjugated
anti-mouse (Cat. no. NA931) and anti-rabbit IgG (Cat. no.NA934),
were purchased from GE Healthcare (Chalfont St. Giles, UK). The
mouseanti-vimentinmonoclonalantibody (cloneV9,Cat. no.V6630),
phalloidin–tetramethylrhodamine B isothiocyanate (Cat. no.P1951),
mousemonoclonal anti-vimentin�Cy3antibody (Cat. no. C9080) and
40,6-diamidino-2-phenylindole dihydrochloride (DAPI; Cat. no.
32670) were purchased from Sigma–Aldrich (Saint Louis, MO).

CELL CULTURE AND TREATMENT WITH IONIZING RADIATION
The human colorectal adenocarcinoma cell lines Caco-2 (HTB-37TM)
and HT-29 (HTB-38TM) and the human colorectal carcinoma cell line
HCT-116 (CCL-247TM) were obtained from the American Type
Culture Collection (ATCC; Manassas, VA) and have been established
in culture for many years. The Caco-2 cells harbor mutations inAPC,
TP53, and SMAD4 and have a differentiated phenotype when they
form a confluent monolayer, with low invasive and metastatic
potential, while the HT-29 cells are moderately differentiated,
with BRAF, PIK3CA, TP53, SMAD4, and APC mutations [Rowan
et al., 2000; Flatmark et al., 2004]. The HCT-116 cells harbor KRAS,
PIK3CA, and b-catenin mutated and are TP53 wild type, with an
undifferentiated phenotype and high tumorigenic potential [Ahmed
et al., 2013]. The cells weremaintained in DMEM (GIBCO-Invitrogen,
Carlsbad, CA) supplemented with 10% heat-inactivated fetal bovine
serum (FBS), penicillin G (60mg/L), and streptomycin (100mg/L) at
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37 °C in a humidified atmosphere of 5% CO2/95% air until they
reached sub-confluency and were exposed to a single dose of
radiation (5Gy) at 25 °C using a 137Cs gamma irradiator (IBL 437C,
CIS Bio International) at a dose rate of 2.65Gy/min. The cells were
confined in irradiated cell medium (irradiated group) or in non-
irradiated cell medium (control group) for 24 h, and after this time,
the cells were passaged with 0.05% trypsin/0.02% EDTA in PBS
solution. The control and radiation surviving single cells were plated
and maintained in DMEM with 10% FBS medium until progeny
colonies formed and were then subjected to the subsequent
experiments. The progeny derived from the unirradiated cells were
called the “F1 Control,” and the progeny derived from the irradiated
cells were called the “F1 5Gy.” Thus, all the experiments were
performed with the first generation after radiation. For experimental
purposes, the cells were seeded into culture flaks, plates, or glass
coverslips or onto PolycarbonateMembrane Transwell1 Inserts with
an 8mm pore size (Cat. no. 3422; Costar, Cambridge, MA) coated
with Matrigel1 (Cat. no. 356230; BD Biosciences, San Diego, CA).
The DMEMmedium in which the progeny derived from irradiated or
control HT-29 cells were grown was called conditioned medium.

CLONOGENIC ASSAY
Progeny derived from irradiated and control parental cells (Caco-2,
HT-29, and HCT-116), were seeded at a low density (2.5� 102 cells)
in 12-well plates for seven days to determine the effects of
irradiation on their clonogenic potential. At this time, the colonies
were fixed with ethanol for 10min, stained with a crystal violet
solution (0.05% crystal violet and 20% ethanol) for 10min, washed
twice with water and then solubilized with methanol. The
absorbance at 595 nm was measured with a Spectra Max 190
spectrophotometer (Molecular Devices, Sunnyvale, CA), and the bar
charts were plotted as the percentage of colony formation based on
the optical density. Clonogenic assay in F1 5Gy HT-29 cells silenced
to survivin was also performed.

CASPASE ACTIVITY
Progeny of irradiated and control parental cells (Caco-2, HT-29, and
HCT-116) were seeded in a 96-well plate (5� 103 cells/well) for 24 h.
Then, 100mL of Caspase-Glo1 reagent (CaspaseGlo1 3/7 assay, Cat.
no. G8091, Promega, Madison, WI) was added per well. The cells
were incubated at room temperature for 1.5 h and 90mL of the
solutions (cell sampleþCaspaseGlo1 reagent) from each well
were transferred to an opaque-walled 96-well plate. The lumines-
cence was recorded with a luminometer Veritas (Turner Biosystems,
Inc. Sunnyvale, CA). The data were plotted as the caspase 3,7
activation index (F1 5Gy/F1 Control).

SURVIVIN siRNA
HT-29 cells were transfected with either a non-targeting control
siRNA scramble (siRNA negative control, Ambion, TX) as a control
for non-sequence-specific effects, or survivin-specific siRNA
sequence (Silencer Predesigned siRNA BIRC5, Qiagen), to a final
siRNA concentration of 12 nM. The cells were transfected with
LipofectamineTM RNAi MAX (Invitrogen) according to the man-
ufacturer0s instruction and the survivin expression was verified by
immunoblotting cell lysates.

CELL EXTRACTION AND IMMUNOBLOTTING
For Western blot analysis, the progeny derived from irradiated and
control cells were homogenized in lysis buffer (1% Triton X-100,
0.5% sodium deoxycholate, 0.2% SDS, 150mM NaCl, 2mM EDTA,
10mM Hepes, pH 7.4) containing 20mM NaF, 1mM orthovanadate,
and a protease inhibitor cocktail (Cat.no.P8340, Sigma, MO, 1:100
dilution) for 30min at 4 °C. The homogenized lysates were submitted
to centrifugation at 10,000 g for 10min at 4 °C. The supernatants
were collected and stored at �80 °C for the subsequent analysis.
Equal amounts of protein (30mg/lane) from the total cell lysates were
prepared by boiling after the addition of the denaturing sample
buffer and were then electrophoretically separated by SDS-PAGE on
10% or 13% gels and transferred to nitrocellulose sheets. The
membranes were blockedwith 5%non-fatmilk for 1 h and incubated
overnight with primary antibodies against E-cadherin (1:5000), b-
catenin (1:4000), vimentin (1:1000), phospho-GSK (1:1000), total
GSK (1:1000), and survivin (1:1000). After washing, the membranes
were incubated for 1 h with the appropriate secondary antibody for
1 h at room temperature. The membranes were washed, and the
protein bands were visualized using an enhanced chemilumines-
cence kit (GE Healthcare UK Limited, Buckinghamshire, UK). The
band images were quantified by optical density using LabWorks 4.6
software (Bio-Rad Laboratories, Hercules, CA). When indicated, the
membranes were washed and reprobed with anti-a-tubulin (1:500)
or anti-GAPDH (1:1000) antibodies as the protein loading control.

IMMUNOFLUORESCENCE AND ACTIN CYTOSKELETON DETECTION
F1 5Gy and F1 Control Caco-2 and HT-29 cells were grown in glass
coverslips until they formed colonies. The cells were washed with
PBS/CM (PBS containing 100mM CaCl2 and 100mMMgCl2, pH 8.0)
and fixed with methanol for 10min at �20 °C. Then, the cells were
rehydrated with PBS/CM, blocked with 0.2% BSA for 1 h, and
permeabilized with 0.1% Triton X-100. The cells were incubated
overnight at 4 °C with specific primary antibodies, anti-E-cadherin
(1:300) and anti-b-catenin (1:200). Afterward, the cells were
incubated with the appropriate Alexa Fluor1 488 anti-mouse or
Alexa Fluor1 546 anti-rabbit secondary antibodies (1:500) for 1 h.
Then, the cells were incubated with 40,6-diamidino-2-phenylindole
dihydrochloride (DAPI) (1:1000) for 3min, washed and mounted
using Propyl-Gallate (Sigma–Aldrich). To visualize the F-actin and
vimentin subcellular distributions, the cell monolayers were fixed in
4% paraformaldehyde, permeabilized with 0.5% Triton X-100 and
incubated in 500 ng/mL TRITC-phalloidin or anti-vimentin�Cy3
(1:300) for 40min at room temperature followed by an incubation
with 40,6-diamidino-2-phenylindole dihydrochloride (DAPI)
(1:1000) for 3min. Then, the cell monolayers were washed and
mounted using n-propyl-gallate. The glass coverslips were visual-
ized in a confocal laser scanning microscope, FV10i-O and the
images were analyzed using the FV10-ASW software (Olympus,
Tokyo, Japan). The images are representative of three independent
experiments.

WOUND HEALING ASSAY
F1 5Gy and F1 Control Caco-2 andHT-29 cells were seeded into a 24-
well plate and allowed to grow until they reached confluency. Then,
the cell monolayers were manually wounded by scraping with a
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pipette tip to carry out the wound healing assay. For each well, five
sites of a unique regular wound were analyzed under an Axio
Observer.Z1 microscope (Carl Zeiss, Inc., Jena, Germany) equipped
with an Axio Cam HRc and Axio Vision Release 8.2 Image Analyzer
and then selected and marked. Then, the cells were permitted to
migrate into the clearing area for 24 h. Immediately after wounding
(t¼ 0 h) at the end of the experiment (t¼ 24 h), the entire wound of
the five previous selected sites of each scrap/well were photo-
graphed, and the distance between the two edges of the injury were
quantified using Adobe Photoshop Cs3 (Adobe Systems Inc., CA,
EUA). The values of cell migration are represented as the percentages
of cell migration in the bar graphs and the data are presented as the
means� SEM of triplicate assays for each cell line; at least three
independent experiments were performed.

INVASION ASSAY
For the cell invasion assay, F1 5Gy and F1 Control Caco-2 and HT-29
cells (3� 104) in 200mL of serum-free medium were seeded in the
upper surface of the Polycarbonate Membrane Transwell1 Inserts
with an 8mm pore size (Costar), coated with 20mL Matrigel1 (BD
Biosciences) diluted 1:10 in DMEM. DMEMwith 10% FBS was added
as a chemoattractant in the lower chamber, and after 24 h of
incubation, the upper surface of the membrane was scrubbed with a
cotton swab. The invaded cells in the lower membrane were fixed
with ethanol for 10min, stained with crystal violet and analyzed
under the Axio Observer Z1microscope. The number of invaded cells
was expressed as the average of four random fields under the
microscope. The values of cell invasion are represented as fold
increases of cell invasion (where F1 Control¼ 1) in the bar graphs,
and the data are presented as the means� SEM of triplicate assays of
three independent experiments.

ZYMOGRAPHY ASSAY
Equal protein amounts from the conditioned culture medium of the
F1 Control and F1 5Gy HT-29 cells were subjected to SDS-PAGE in
10% (v/v) gels containing 0.2% gelatin (porcine skin, type A, Cat.No.
G9136 Sigma–Aldrich Co). After electrophoresis, the gels were
washed twice (30min each time at room temperature) in 10mM Tris/
HCl, pH 8.8 containing 2.5% Triton X-100 and then incubated in
activation buffer (5mM CaCl2, 0.02% NaN3, and 50mM Tris/HCl, pH
8.0) at 37 °C overnight. The next day, the gels were stained with
Coomassie Brilliant Blue R-250 and destained in 10% (v/v) acetic
acid and 40% (v/v) methanol. The gelatinolytic activity of the MMPs
was detected as transparent bands on the blue background. The gels
were scanned for quantification by optical density with the
LabWorks 4.6 software (Bio-Rad).

TCF/LEF REPORTER TRANSCRIPTIONAL ASSAY
To analyze the transcriptional activity ofb-catenin in the progeny, an
analysis of the activation of the T-cell factor (TCF)/lymphoid
enhancer factor (LEF) family of transcription factors (TCF/LEF) was
performed using the Dual-Luciferase1 Reporter Assay System Kit
(Cat. no. E1910, Promega, Madison, WI). Two different TCF luciferase
reporter genes were used in this assay: wild-type TCF-luciferase
reporter construct (TOPflash) and a mutated TCF-luciferase reporter
construct (FOPflash), which was used as a negative control for

TOPflash activity. The progeny derived from control or irradiated
Caco-2 and HT-29 cells were seeded (2� 103) in a 24-well plate and
grown until reaching sub-confluency. Then, the cells were co-
transfected transiently with SUPER 8X TOP FLASH b-catenin
Luciferase (2mg) and PRL-TK (Renila 0.2mg) plasmids or SUPER
8X FOP FLASH b-catenin Luciferase (2mg) and PRL-TK (Renila
0.2mg) plasmids. Both co-transfections were performed using the
FuGENE1 HD Transfection Reagent (Cat. no. E2311; Promega, WI),
according to the manufacturer0s protocol. Renilla luciferase and
firefly luciferase activities were measured 24h after transfection
using the Dual Glo assay reagents (Promega), according to the
manufacturer0s protocol, in a luminometer Veritas (Promega). The
results were normalized (Top activity/Rel activity)/(Fop activity/Rel
activity), and the TCF/LEF reporter activities were plotted in
bar graphs as fold-changes over the control. The data are presented
as the means� SEM of triplicate assays in three independent
experiments.

RNA EXTRACTION AND QUANTITATIVE REAL-TIME REVERSE
TRANSCRIPTION POLYMERASE CHAIN REACTION (QRT-PCR)
Changes in E-cadherin, Snail, Slug, Twist, Vimentin, Fibronectin and
N-cadherin mRNA levels were measured by RT-qPCR. Total mRNA
derived from the progeny of irradiated and control HT-29 cells were
obtained using the Trizol1 reagent (Cat. no. 15596-026, Invitrogen),
according to the manufacturer0s protocol. The mRNA was stored at
�80 °C. Two micrograms of total mRNA was subjected to genomic
DNA digestionwith amplification grade I DNAse (Cat. no. 18068-015,
Invitrogen) to remove genomic DNA contamination. The RNA was
reverse transcribed to complementary DNA (cDNA) with the Super-
script II Reverse Transcriptase (Cat. no. 18064-014, Invitrogen) and
Oligo-dT18 (Cat. no. 18418-012, Invitrogen) kits. The reactions were
performedusing theSYBRGreenPCRKit (Cat.no.204072,Qiagen) ina
Rotor Gene Q thermocycler (Qiagen) with a hot-start stage step of
10min at 95 °C followed by 45 cycles of 20 s at 95 °C, 30 s at 60 °C, and
30 s at 72 °C. The following primers were used: a-Actin, forward 50-
TACAATGAGCTGCGTGTGG-30 and reverse 50-TAGCACAGCCTGGA-
TAGCAA-30;E-cadherin, forward50-TGGCGTCTGTAGGAAGGCA0-30

and reverse 50-GGCTCTTTGACCACCGCTCT-30; Snail, forward 50-
TCGGAAGCCTAACTACAGCGA-30 and reverse 50-AGATGAG-
CATTGGCAGCGAG-30; Slug, forward 50 AAGCATTTCAACGCCTC-
CAAA-30 and reverse 50-GGATCTCTGGTTGTGGTATGACA-30; Twist,
forward 50-GGCACCATCCTCACACCTCT-30 and reverse 50-TGGC-
TGATTGGCACGACCT-30; Vimentin, forward 50-GCCAGATGCGT-
GAAATGGAA-30 and reverse 50-CTGTCCATCTCTAGTTTCAACCG-3;
Fibronectin, forward 50-CACCTTGAATGACAATGCTCGGAG-30 and
reverse 50-GACCCAGGCTTCTCATACTTGATG-30; N-cadherin, for-
ward 50- ACCAGGACTATGACTTGAGCC-30 and reverse 50-GGCG-
TGGATGGGTCTTT-CA-30. Theexpressiondatawerenormalized to the
housekeeping genea-Actin and the datawere plotted in a bar graphas
the fold changeof themRNAexpressionof the F15Gycompared to the
F1 Control. The data are presented as the means� SEM of duplicate
assays of three independent experiments.

STATISTICAL ANALYSIS
All quantitative data presented are the means� SEM from at least
three independent experiments. The statistical analysis and the
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creation of the bar graphs were performed with Prism, 5.0
(GraphPadTM Software, San Diego, CA). The Student0s t-test and
the difference was considered statistically significant when
*P< 0.05; **P< 0.01; ***P< 0.001.

RESULTS

COLORECTAL CANCER CELLS SHOW DIFFERENTIAL
RADIOSENSITIVITY LEVELS WHICH ARE DIRECTLY CORRELATED
WITH CASPASE ACTIVATION, SURVIVIN UPREGULATION, AND
ABNORMAL CELL MORPHOLOGY IN THEIR PROGENIES
To evaluate the response to radiation exposure, human colorectal
cancer cell lines Caco-2, HT-29, and HCT-116 were irradiated at sub-
confluency, confined in the irradiation medium for 24 h, trypsinized
and plated to permit progeny colony formation from the surviving
single cells. Initially, we assessed the radioresistance level in these
cells lines by using a clonogenic assay and observed that, among the

three cell lines used, Caco-2 was more radioresistant than HT-29 and
HCT-116, in this order (Fig. 1A). This result was corroborated by the
Caspase-Glo1 assay, which showed a differential induction of
caspase activity in these cells. The progeny of the irradiated
Caco-2 cell line showed a minor induction of caspase, whereas the
progeny of irradiated HT-29 cells showed an intermediate caspase
induction and the progeny of irradiated HCT-116 cells showed a
major index of caspase induction (Fig. 1B) compared to the
respective control progeny. Because it has been reported that a
member of the inhibitor of apoptosis proteins (IAP) family, survivin,
leads to the suppression of apoptosis via the direct or indirect
inhibition of caspase-related proteins [Sah et al., 2006], we analyzed
whether the expression of survivin is correlated with the differential
induction of caspase in our study model. We observed that the most
resistant progeny, F1 5Gy Caco-2 and F1 5Gy HT-29, showed an
increase of survivin expression, whereas the F1 5Gy HCT-116
progeny (more radiosensitive) displayed a reduction of survivin
expression (Fig. 1C). Additionally, to analyze if the survivin

Fig. 1. Survival and Morphologic analysis of the progeny derived from parental irradiated cells. A: Representative images of the clonogenic assay of F1 Control and F1 5Gy of
Caco-2, HT-29, and HCT-116 cells. Bar graphs are plotted as the percentages of colony formation after an optical density measurement (595 nm). B: Analysis of caspase 3 and 7
activation with the CaspaseGlo1 assay. Bar graphs are representative of activation index (F1 5Gy/F1 Control) of Caco-2, HT-29, and HCT-116 cells. The data are presented as the
means� SEM of triplicate assays for each cell type of three independent experiments. C: Immunoblotting analysis of survivin expression in cell lysates of F1 Control and F1 5Gy of
Caco-2, HT-29, and HCT-116 cells. Bar Graphs are normalized as the percentage of protein expression (where F1 Control¼ 100%), and a-tubulin protein was used as loading
control. D: cell morphology of F1 Control and F1 5 Gy was analyzed by phase contrast microscopy. Images are representative of at least three experiments. Scale bar: 50mm. The
data are presented as the means� SEM of triplicate assays for each cell type of three independent experiments. Significance was determined by a t-test. *P< 0.05; **P< 0.01;
***P< 0.001.
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expression is involved in the maintenance of the progeny derived
from irradiated cells, F1 5Gy HT-29 cells were knocked-down with
si-RNA against survivin and analyzed the clonogenic potential. The
results showed a drastic reduced colony formation in the F1 5Gy
HT-29 silenced for survivin protein in relation to F1 5Gy HT-29
(Figs. S1A and S1B, supplementary results). Because the progeny of
the Caco-2 and HT-29 were the cells most able to survive after
irradiation, the subsequent experiments were performed with both
cell lines to analyze the phenotypic behavior of their progeny after
irradiation. Previous studies showed that radiation induced
morphological changes in epithelial cells at early time points after
treatment [de Carvalho et al., 2006; Andarawewa et al., 2007].
However, there are only a few studies that focused on the survival
progeny at distant time points after radiotherapy. Therefore, we
analyzed the cell morphology of the F1 5Gy Caco-2 and F1 5Gy
HT-29 cells by optical microscopy. We observed that both progeny
F1 5 Gy Caco-2 and F1 5Gy HT-29 displayed an abnormal colony
formation compared with the F1 Control progeny (Fig. 1D). The F1
5Gy Caco-2 progeny showed abnormalities in morphology, such as
an increase in cell volume and lamellipodia formation; however,
the cohesive colony pattern was maintained 5 days after culturing.
The F1 5Gy HT-29 progeny showed intense cell dispersion and the
acquisition of a fibroblastic shape compared to the F1 Control HT-29
progeny. Together, these results suggested that Caco-2 and HT-29
cells are more radioresistant than HCT-116 cells and that this
radioresistance could be correlated with lower caspase induction and
survivin overexpression in the most radioresistant progeny,
followed by acquisition of an aberrant phenotype.

IRRADIATION ALTERS THE SUBCELLULAR LOCALIZATION AND
EXPRESSION OF THE EPITHELIAL MARKERS E-CADHERIN AND
b-CATENIN IN THE PROGENY OF CELLS DERIVED FROM IRRADIATED
SURVIVOR CELLS
The junction proteins are crucial for the maintenance of the
epithelial architecture, and alterations in their expression and
localization are involved in cancer progression. Thus, considering
the abnormal morphology of the F1 5Gy Caco-2 and HT-29 cells
(Fig. 1D), we analyzed the subcellular localization and the
expression of the epithelial markers E-cadherin (Figs. 2A and B)
and b-catenin (Figs. 2C and D) in these cells. Immunofluorescence
images (Fig. 2A) obtained by confocal microscopy showed a well-
defined labeling at the cell-cell contacts of E-cadherin in the F1
Control Caco-2 and HT-29 cells. However, the progeny derived from
the irradiated survivor parental cells exhibited alterations at the
subcellular localization of these adherent junctional proteins. The
F1 5Gy Caco-2 cells displayed a discontinuous staining pattern of
E-cadherin, but E-cadherin was still observed at the cell-cell
contacts. The formation of a vesicular pattern in the cytoplasm
indicated a possible E-cadherin internalization. The F1 5Gy HT-29
cells, which showed pronounced cell dissociation from each other,
displayed an intense perinuclear localization of E-cadherin
(Fig. 2A). The F1 Control Caco-2 and HT-29 cells showed a well-
defined labeling of b-catenin at the cell-cell contacts; however,
both progeny colonies of these irradiated cells showed an intense
redistribution of this protein from the cell-cell contacts to the
cytoplasm, including evident nuclear localization in the progeny of

the irradiated HT-29 cells (Fig. 2C). Furthermore, we analyzed by
immunoblotting the expression of E-cadherin and b-catenin of
both progeny of the irradiated cells. We observed that the
expression of E-cadherin was reduced in both progeny and that
this effect was more pronounced in the F1 5Gy HT-29 cells (Fig. 2D).
Regarding b-catenin, the densitometric analysis revealed a slight
reduction of this protein in the F1 5Gy Caco-2 cells and a significant
increase of this protein in the F1 5GyHT-29 cells compared to the F1
Control of both cell lines (Fig. 2D). Together, these results showed
that the progeny of the irradiated Caco-2 and HT-29 cells
underwent alterations in the subcellular localization and expres-
sion of the epithelial markers E-cadherin and b-catenin.

PROGENY DERIVED FROM IRRADIATED PARENTAL CELLS
UNDERGOES OVEREXPRESSION AND SUBCELLULAR
REDISTRIBUTION OF VIMENTIN AND ACTIN CYTOSKELETON
Because we observed protein alterations at the cell–cell contacts and
reduced expression of the epithelial marker E-cadherin, which could
be related to EMT, we decide to analyze the distribution and
expression of vimentin, an intermediate filament that is also
considered to be an EMT marker and is expressed in metastatic cells
[Sabbah et al., 2008]. An increased vimentin level was only observed
in the F1 5Gy HT-29 cells, whereas both the F1 Control and F1 5Gy
Caco-2 cells did not express this protein (Fig. 3A). Additionally, by
immunofluorescence analysis, we observed a total redistribution of
these filaments to the cell protrusions that accompanied the
morphological alteration induced by the irradiation of the F1 5Gy
HT-29 cells (Fig. 3B). Moreover, it is well known that the actin
cytoskeleton modulates the loss of cell-cell contacts and migratory
phenotype acquisition in epithelial cells that are experiencing a
malignant progression, inducing membrane protrusions that are
essential to cell migration and invasion, such as lamellipodia,
filopodia, and invadopodia [Yamaguchi and Condeelis, 2007]. As our
previous results showed alterations after irradiation related to tumor
progression, such as an alteration of the distribution and expression
of adherens junctional proteins and vimentin, we further analyzed
the distribution pattern of the actin cytoskeleton in the progeny
derived from the irradiated parental cells. By using TRITC-
conjugated phalloidin and confocal microscopy, we observed that
the F1 5Gy Caco-2 and F1 5Gy HT-29 cells displayed intense actin
cytoskeleton reorganization (Fig. 3C). Despite themaintenance of the
epithelial organization in the F1 5Gy Caco-2 cells, it was possible to
observe the formation of cell membrane protrusions, such as
lamellipodia, with a defined actin-rich leading edge and membrane
ruffles. Moreover, the F1 5Gy HT-29 cells, which adopted a
mesenchymal elongated shape, showed evident cell dispersion,
with individual cells having restricting lamellipodia formation at the
leading edge and long tail retraction, which are characteristics of
highly migratory cells [Petrie et al., 2009]. These results showed that
only the cells that adopted a mesenchymal-like shape, the F1 5Gy
HT-29 cells, had increased vimentin expression and a redistribution
of vimentin filaments throughout the cell protrusions. Indeed, the
results indicate that the progeny of both irradiated cell lines
underwent differential actin cytoskeleton reorganization related to
the migratory potential compared to the progeny from unirradiated
cells.
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PROGENY DERIVED FROM IRRADIATED HT-29 BUT NOT CACO-2
CELLS PRESENT INCREASED MIGRATORY AND INVASIVE POTENTIAL
AS WELL AS INCREASED METALLOPROTEASE ACTIVITY
It is well documented that increased cell migration and invasiveness
are characteristics of malignancy. Cell migration is driven by
protrusive and contractile actin filaments structures, and the
assembly of the cytoskeleton provides the force for plasma

membrane protrusions [Tojkander et al., 2011]. In this context, to
evaluate whether the radiation-induced cytoskeleton reorganization
observed in the progeny of Caco-2 and HT-29 cells is related to
increased cell migration, we performed a wound healing assay. We
observed a reduction of themigratory potential in the F1 5Gy Caco-2
cells, whereas the F1 5Gy HT-29 cells presented an increase in cell
migration (Figs. 4A and B, respectively). Next, we assessed the

Fig. 2. Radiation effects on the subcellular localization and expression of E-cadherin andb-catenin in the progeny derived from irradiated cells. F1 Control and F1 5Gy of Caco-2
and HT-29 cells were grown in glass coverslips until colony formation and subjected to immunofluorescence analysis. Images are representative of at least three experiments. The
nucleus was stained with DAPI. A: Arrow: E-cadherin internalized; Arrowhead: Clusters of cytosolic E-cadherin; Bar scale: 10mm. C: Asterisk: nuclear b-catenin localization. Bar
scale: 5mm. Immunoblotting analysis of E-cadherin (B) andb-catenin (D) protein levels in lysates derived from F1 Control and F1 5Gy of Caco-2 and HT-29. Bar graphs are plotted
as the percentage of protein expression (where F1 Control¼ 100%), and a-tubulin protein was used as loading control. The data are presented as the means� SEM of triplicate
assays for each cell type of three independent experiments. Significance was determined by t-test. *P< 0.05; **P< 0.01; ***P< 0.001.
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invasiveness capacity of these progeny and we observed that only
the cells that developed a higher migratory potential, F1 5Gy HT-29,
also displayed a high invasive potential compared to the F1 Control
cells (Fig. 4C). Furthermore, we evaluated the metalloprotease
activity in these progeny by zymography.Metalloprotease-2 activity
was increased in the F1 5Gy HT-29 cells compared to the F1 Control
HT-29 cells, whereas no significant changes were observed for
metalloprotease-9 (Fig. 4D). Together, these results showed that only
the survival progeny of irradiated HT-29 cells developed an increase
in cell migration, high invasive potential and increased metal-
loprotease activity.

PROGENY DERIVED FROM IRRADIATED HT-29 CELLS SHOWS AN
INCREASE OF GSK-3b PHOSPHORYLATION AND TCF-LEF ACTIVITY
FOLLOWED BY UPREGULATION OF MESENCHYMAL MARKERS AND
E-CADHERIN DOWNREGULATION
Our previous results showed both an increased expression and
nuclear labeling of b-catenin in the F1 5Gy HT-29 cells (Figs. 2C
and D). The nuclear localization of b-catenin is related to activation
of the Wnt/beta-catenin pathway, and a member of that pathway,
glycogen synthase-3b (GSK-3b), plays an important role in the
maintenance of the b-catenin cytoplasmic pools. GSK-3b activity is
regulated by phosphorylation, and its inhibition is the result of its
phosphorylation at its 9th serine residue (Ser-9), which prevents b-
catenin degradation and induces cytoplasmic accumulation and
posterior nuclear translocation. In the nucleus, this protein binds to

the TCF/LEF promoter region and dramatically increases the
transcriptional activity of genes that regulate processes, such as
survival, migration, and invasion [Luo, 2009]. Thus, to analyze the
involvement of this pathway as a consequence of nuclear b-catenin
accumulation observed in the F1 5Gy HT-29 cells, we initially
evaluated the phosphorylation status of GSK-3b by immunoblotting
using an antibody that recognizes the inactive form of GSK-3b
(phosphorylated at Ser-9). Figure 5A showed no alteration in the
SER-9 phosphorylation status in F1 5Gy Caco-2 but increased levels
of p-GSK3-b in the F1 5Gy HT-29 cells compared to the F1 HT-29
Control cells. Next, to evaluate if decreased activity of GSK3-b is
related to the nuclear transcriptional activity of b-catenin, we
performed a luciferase assay to analyze the TCF/LEF promoter
activity. We observed an increase in the TCF/LEF promoter activity
of approximately sevenfold in the F1 5Gy HT-29 cells compared to
the F1 Control HT-29 cells (Fig. 5B) and a reduction of this activity in
F1 5Gy Caco-2 cells. Increasing in the migration and invasion
abilities of tumor cells are correlated with the EMT process, during
which epithelial markers are downregulated and mesenchymal
markers are up-regulated. To further analyze if the most malignant
progeny that increased the cell migration and invasion abilities (F1
5Gy HT-29 cells) could developmalignant features related to an EMT
process, we analyzed the expression of genes related to a
mesenchymal phenotype (Snail, Slug, Twist, Vimentin, Fibronectin,
and N-cadherin) and used the gene E-cadherin as an epithelial
marker. Figure 5C shows a significant reduction of the E-cadherin

Fig. 3. Vimentin expression and subcellular localization and distribution of Actin cytoskeleton in the progeny derived from irradiated cells. A: Immunoblotting analysis of
vimentin protein levels in F1 Control and F1 5Gy of Caco-2 and HT-29 cell lysates. Bar graphs are plotted as the percentage of protein expression (where F1 Control¼ 100%), and
a-tubulin protein was used as loading control. The data are presented as the means� SEM of triplicate assays for each cell type of three independent experiments. Significance
was determined by t-test. ***P< 0.001. B: F1 Control and F1 5Gy of HT-29 cells were grown on glass coverslips until colony formation and subjected to immunofluorescence
analysis of vimentin localization. Nucleus stained with DAPI. Images are representative of at least three experiments. Arrow: vimentin localization at cell protrusion; Bar scale:
10mm. C: F1 Control and F1 5Gy of Caco-2 and HT-29 cells were grown on glass coverslips until colony formation, fixed, and stained for F-actin. Confocal images show the actin
cytoskeleton distribution and cell protrusion formation. Nucleus was stained with DAPI. Images are representative of at least three experiments. Arrow: lamellipodia. Arrowhead:
tail retraction. Bar scale: 10mm.
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mRNA level and an increase of the Snail, Slug, and Fibronectin
mRNA levels. The mRNA levels of Twist and N-cadherin were
increased, but not in a significant manner, whereas the mRNA
expression of Vimentin did not change. Together, these results
showed that the most invasive progeny derived from parental
irradiated HT-29 cells had an increase of b-catenin cytoplasmic
pools and translocation of b-catenin to the nucleus (Figs. 2C and D),
where it could activate the transcriptional activity of genes related to
the WNT pathway and induced an EMT-related gene expression
profile, mediated by GSK-3b activity.

DISCUSSION

The therapeutic strategies for CRC involve chemotherapy, radio-
therapy, and surgery in patients with later stages of the disease.
Although preoperative radiotherapy has been shown to reduce the
local recurrence of CRC, the mortality rate is still high, 40–70% for
stage II and III patients [Sebag-Montefiore et al., 2009]. Moreover,
patients who develop a local recurrence after previous RT have
significantly shorter survival expectancies and simultaneous distant
metastasis than patients with local recurrence who have not received
RT for their primary tumor [van den Brink et al., 2004]. The schedule

of fractionated sub-lethal doses in clinical practices leads to a
therapeutic window that can promote the microenvironment
interactions of these cells, promoting repopulation and cell
migration of the radiation-surviving cancer cells [Wong
et al., 2010]. The molecular mechanisms by which this occurs
remain to be defined. Although in vitro studies have shown the
radiation-effects in early periods after treatment [de Carvalho
et al., 2006; Andarawewa et al., 2007], only a few studies were
focused on the reminiscent cells that escape from radiation-induced
cell death.

In the present study, we analyzed the progeny derived from
colorectal cancer cell radiation survivors according to the
phenotypes and genotypes of the features related to malignant
progression. Initially, we analyzed the radiosensitivity of colorectal
cancer cells and observed that the most differentiated cell line,
Caco-2, and the moderately differentiated cell line, HT-29, were
more radioresistant than the undifferentiated cell line, HCT-116.
It is estimated that TP53 is mutated in 40–50% of CRCs [López
et al., 2012]; therefore, it is important to analyze the treatment
response in cells with different patterns of p53 expression. TP53 is
wild type in HCT-116 cells and is mutated in Caco-2 cells, that
impairs caspase induction in these cells [Andarawewa et al., 2007].
TP53 is also mutated in HT-29 cells; however, this mutation induces

Fig. 4. Migratory and invasiveness analysis of the progeny derived from irradiated cells. F1 Control and F1 5Gy of Caco-2 (A) and F1 Control and F1 5Gy of HT-29 (B) cells were
grown until confluence and subjected to wound healing assay. Bar graphs are plotted as percentages of cell migration. The data are presented as the means� SEM of triplicate
assays for each cell line of three independent experiments. Significance was determined by a t-test **P< 0.01. C: F1 Control and F1 5Gy of Caco-2 and F1 Control and F1 5Gy
of HT-29 cells were plated in Boyden chambers, coated with Matrigel1 and subjected to invasion assay. Bar graphs are plotted as the fold increase of cell invasion (where F1
Control¼ 1). The data are presented as the means� SEM of triplicate assays for each cell line of three independent experiments. Significance was determined by a t-test
***P< 0.001. D: Conditioned culture medium of the F1 Control and F1 5Gy of HT-29 cells were subjected to zymography assay. The image is representative of at least two
experiments.
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an overproduction of a non-functional TP53 protein with an
increased half-life [Aurelio et al., 2000], resulting in an intermediate
caspase induction. Thus, the TP53 status in these cells could explain
the differential caspase induction after irradiation observed in the
present study. Survivin is an inhibitor of apoptosis (IAP) family
protein, which is a key regulator of apoptosis and is up regulated in
most human tumors but undetectable in differentiated cells. In
addition, this protein is related to therapeutic resistance, playing an
important role in the drug and radiation resistant phenotype of
human cancer cells [Mita et al., 2008]. Because the radiosensitivity
levels were different in these cell lines, we analyzed survivin protein
expression and interestingly, we observed increased survivin
expression in the most radioresistant progeny, F1 5Gy Caco-2 and
F1 5Gy HT-29, and a drastic reduction of survivin expression in the
most radiosensitivity progeny, F1 5Gy HCT-116. High survivin
expression in tumors is related to treatment failure in clinical studies

[Stauber et al., 2007], poor prognosis and pro-metastatic phenotype
in CRC patients [Krieg et al., 2013]. Additionally, the overexpression
of survivin is involved in the disruption of apoptosis, and this
impairment of apoptotic cell death may negatively affect the
response of tumor cells to therapy. To evaluate the role of survivin in
themaintenance of the progeny derived from irradiated cells, F1 5Gy
HT-29 cells were silenced for the survivin protein using a siRNA and
subjected to clonogenic assay. The results showed a reduction in the
clonogenic capability of the F1 5 Gyþ siRNA survivin in relation to
F1 5Gy HT-29 progenies (Figs. S1A and S1B). Thus, the present
results on survivin protein expression indicate its important role in
the maintenance of survival cells after radiotherapy.

In addition to cell death resistance, disruption of the cell–cell
adhesion system and the altered expression of E-cadherin and b-
catenin, are related to cancer progression and metastasis. Our results
showed intense abnormalities in the colony morphology of the most

Fig. 5. GSK-3b phosphorylation status, TCF-LEF activity, and gene expression related to mesenchymal features in the progeny derived from irradiated cells. A: Immunoblotting
analysis of GSK-3b phosphorylation and total protein level in F1 Control and F1 5Gy Caco-2 and HT-29 cells. Bar graphs are plotted as the percentage of protein expression
(where F1 Control¼ 100%), and a-tubulin protein was used as a loading control. The data are presented as the means� SEM of triplicate assays of three independent
experiments. Significance was determined by a t-test. ***P< 0.001. B: F1 Control and F1 5Gy of Caco-2 and HT-29 cells were subjected to a Luciferase Reporter Assay to measure
TCF/LEF activity. Bar graphs are plotted as the fold increase in F1 5Gy cells of reporter activity compared to F1 Control cells. C: RT-qPCR analysis of gene expression of genes
related to a mesenchymal phenotype (Snail, Slug, Twist, Vimentin, Fibronectin, and N-cadherin) and the E-cadherin gene, an epithelial marker. Bar graphs are plotted as the fold
change of F1 5Gy HT-29 cell mRNA expression compared to F1 Control HT-29 cell mRNA expression.The data are presented as the means� SEM of triplicate assays of three
independent experiments. Significance was determined by a t-test. **P< 0.01; ***P< 0.001.
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radioresistant cells, F1 5Gy Caco-2 and F1 5Gy HT-29, (Fig. 1D)
which were closely related to the subcellular mislocalization and
altered expression of the epithelial markers E-cadherin and
b-catenin (Fig. 2). We observed a slight discontinuous staining of
E-cadherin with few membrane vesicles, suggesting protein
endocytosis in the F1 5Gy Caco-2 cells [Palacios et al., 2005].
Additionally, we did not observe a significant alteration of the
b-catenin expression in the F1 5Gy Caco-2 cells, only a diffuse
cytosolic staining of this protein, with the colony cohesive pattern
still maintained in this progeny. A prominent cell–cell adhesion
disturbance was observed in the F1 5Gy HT-29 cells, where the
cytoplasmic staining and cluster formations of E-cadherin were
obvious. The downregulation of E-cadherin observed in the current
study by immunoblotting is in agreement with the results of previous
studies that described these E-cadherin protein clusters as the center
of proteosomal degradation [Kopito, 2000]; Indeed, we observed an
increased expression and nuclear localization of b-catenin in the F1
5Gy HT-29 cells. Increased b-catenin expression and its nuclear
accumulation at the invasive front of colorectal cancers and in the
scattered cells in the stroma suggest an EMT in these cells, with the
progressive loss of E-cadherin and the acquisition of mesenchymal
markers, as has been previously reported [Fodde and Brabletz, 2007].
Previous in vitro studies showed disturbances in the cell–cell
adhesion of colorectal cancer cells induced by radiation soon after
treatment [de Carvalho et al., 2006]. Here, we report, for thefirst time,
the effects of radiation on cell–cell adhesion in the colorectal cancer
cells remaining after radiation treatment. To further analyze the
malignant phenotype of the progeny derived from irradiated cells we
analyzed the vimentin protein, a mesenchymal marker that is
expressed inmetastatic cells [Wei et al., 2008].We observed that only
the progeny with intense cell dispersion, the F1 5Gy HT-29 cells,
showed increased vimentin expression and subcellular redistrib-
ution accompanying the cell protrusions. In agreement with this
observation, previous studies reveled that vimentin enhances cell
migration and stabilized myosin during cell protrusion formation
[Lund et al., 2010]. We also observed an intense formation of cell
protrusions, such as lamellipodia with defined ruffles at the leading
edge, in the F1 5Gy Caco-2 cells, although the adhesive properties of
these coloniesweremaintained.Moreover, the F1 5GyHT-29 progeny
had individual cells with restricted lamellipodia formation at the
leading edge as well as a long tail retraction with a mesenchymal
elongated shape and evident cell dispersion, all of which are
characteristics of highly migratory cells [Petrie et al., 2009].

As cell–cell junction disturbances and cytoskeleton reorganiza-
tion with membrane projection structures could increase migration
capabilities, we performed a cell migration assay. The F1 5Gy Caco-2
cells showed a slow cellular migration, and this could be related to
the large leading edge of the lamellipodia, which produce multi-
vector forces resulting in random cell migration [Petrie et al., 2009;
Friedl et al., 2012]. On the other hand, the intermediate radioresistant
progeny, the F1 5Gy HT-29 cells, showed increased cell migration in
accordance with the observed cell protrusions and the fibroblastic-
like shape of the cells, which induces a dominant and directionally
leading edge protrusion, enhancing directed migration [Petrie
et al., 2009]. It is known that vimentin increases the ability to
generate the driving force of the actin filaments through the

phosphorylation of the VASP protein, an inhibitory protein of actin
capping, enabling the actin elongation that is necessary for
membrane protrusion formation [Lund et al., 2010]. Therefore, we
suggest that the increased expression and subcellular localization of
vimentin in the F1 5Gy HT-29 cells acts with the increasedmigratory
potential of this progeny. It is well known that a fibroblast-like cell
morphology is thought to promote cell migration and the invasion of
metastatic cells when they are undergoing EMT. Regarding clinical
features, single cells or small clusters of de-differentiated tumor cells
at the invasive front of colorectal cancers are represented by tumor
budding, and this has been proposed to be a histological hallmark of
EMT, particularly in the setting of colorectal carcinoma [Mitrovic
et al., 2012].

In addition to an increase in cell migration, we observed that the
F1 5Gy HT-29 cells also increased in invasiveness and matrix
metalloproteinase-2 (MMP) activity. MMPs have critical roles in cell
migration and invasion, and their upregulation is associated with
tumor progression, poor differentiation, invasive stage, metastasis,
and poor prognosis [Deryugina andQuigley, 2006].Moreover,MMP-2
activity is increased in colorectal cancer and after fractionated 5Gy
preoperative radiotherapy in patients with colorectal cancer [Kumar
et al., 2000; Herszényi et al., 2012]. Multiple transcriptional path-
ways are activated after E-cadherin loss, including those related to
b-catenin activity [Sabbah et al., 2008]. For instance, there is
evidence that at the invasive front of colorectal cancer, b-catenin
accumulates in the cytoplasm and leads to its nuclear translocation,
which activates the Wnt/beta-catenin pathway [Fodde and
Brabletz, 2007]. Because nuclear b-catenin was observed in the
F1 5Gy HT-29 cells, we analyzed the events related to Wnt/beta-
catenin activation. We observed increased GSK-3b phosphoryla-
tion and TCF/LEF activity, indicating that there was transcriptional
activity of b-catenin in the F1 5Gy HT-29 cells. Aberrant Wnt
signaling have been found in human tumorigenesis and has been
related to activate MMPs, becoming a promise target in pharmaco-
logical intervention [Wu et al., 2007; Verkaar and Zaman, 2011].
Indeed, the most studies linked the inhibition of this pathway only
to reduce tumor growth, but not for reduction of invasiveness
potentials.

Some studies have shown that this signaling pathway is related to
EMT development, where many genes that regulate the epithelial
features, such as polarity, cell adhesion, mesenchymal phenotype
acquisition, cell migration, and invasion, are transcriptionally
altered [Sabbah et al., 2008]. Thus, we evaluated whether the
acquisition of cell migration and invasiveness by the F1 5Gy HT-29
cells was correlated with the development of an EMT phenotype by
performing qRT-PCR to analyze the gene expression of the markers
of these processes. We observed a reduction of mRNA E-cadherin
with a concomitant increase of its repressors, Snail, Slug, and Twist.
Indeed, we observed an increase in the mesenchymal markers
Fibronectin and N-cadherin. Previous studies were performed
related to EMT development after radiation in a xenograft model
of hepatocellular carcinoma and showed the occurrence of later
metastasis, suggesting the metastatic potential of residual tumor
cells after treatment [Li et al., 2011]. Cancer cells may undergo
adaptive changes following radiotherapy and that these adaptive
changes may involve, at least in part, the EMT. Although most
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studies describe any alteration related to the acquisition of a
fibroblastic cell shape as being an EMT, here we considered the
acquisition of an EMT-like phenotype in F1 5Gy HT-29 cells. The
complete loss of epithelial markers and the gain of mesenchymal
markers is rarely observed, and a partial EMT with dedifferentiation
that is not fully complete, for example by the remaining expression
of E-cadherin observed in this study, in the most migratory and
invasive progeny, the F1 5Gy HT-29 cells (Fig. 3B).

In summary, we showed the transgenerational effects induced by
radiation in the progeny derived from irradiated parental cells of
colorectal cancer. Our results demonstrate that the intermediate
radioresistant cells can generate cellular progeny that are more
aggressive with EMT-like characteristics, and this explains, at least
partially, the cancer progression related to the radioresistance of
tumor cells. Therefore, not necessarily the most radioresistant
phenotype acquires malignant advantages to migrate and invade
after surviving the treatment. This is an important observation given
the tumor heterogeneity, which coexist cells in various degrees of
differentiation and malignant capabilities and the studies consider
only the most resistant cells such as new target for increase the
therapeutic successfully. Additionally, we suggest that the compo-
nents of the Wnt/b-catenin cell signaling pathway could constitute
important targets for new adjuvant treatment schedules with
radiotherapy, with the goal of reducing the migratory and invasive
potential of the remaining cells after radiotherapy.
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