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Abstract Radiotherapy is widely used for advanced rectal
tumors. However, tumor recurrence after this treatment tends
to be more aggressive and is associated with a poor prognosis.
Uncovering the molecular mechanism that controls this recur-
rence is essential for developing new therapeutic applications.
In the present study, we demonstrated that radiation increases
the EphA4 activation level of the survivor progeny of colo-
rectal cancer cells submitted to this treatment and that such
activation promoted the internalization of a complex E-
cadherin-EphA4, inducing cell-cell adhesion disruption.
Moreover, EphA4 knockdown in the progeny of irradiated
cells reduced the migratory and invasive potentials and
metalloprotease activity induced by irradiation. Finally, we
demonstrated that the cell migration and invasion potential
were regulated by AKT and ERK1/2 signaling, with the
ERK1/2 activity being dependent on EphA4. In summary,
our study demonstrates that these signaling pathways could
be responsible for the therapeutic failure, thereby promoting
local invasion and metastasis in rectal cancer after radiothera-
py. We also postulate that EphA4 is a potential therapeutic
target for colorectal cancer treatment.
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Introduction

Colorectal cancer (CRC) is the third most commonly diag-
nosed cancer in men and second in women worldwide, and
these statistics are the same in Brazil [1, 2]. Radiotherapy
(RT) is widely used for advanced rectal tumors with the
purpose of reducing the tumor size in neoadjuvant treatment.
Although preoperative RT reduces the risk of local recur-
rence in comparison with surgery alone, this confers only a
small impact on distant metastasis formation as 3040 % of
the patients will develop metastatic disease [3]. Furthermore,
the cumulative incidence of any recurrence at 5 years in
patients is still high (around 45 %), and it tends to be more
aggressive with invasive metastatic conditions and shorter
survival expectancy after preoperative RT [4-8]. Thus, the
efficacy of RT is challenged by the local invasion and dis-
semination of cells that have survived irradiation, which
may lead to therapeutic failure. Indeed, distant metastasis
has become the major cause of failure in rectal cancer [3].
It is now evident that radiation-induced changes in both the
tumor microenvironment and signaling pathways can gener-
ate profound cellular effects [9]. For instance, HIF-1«,
PI3K/AKT/mechanistic target of rapamycin (mTOR), and
mitogen-activated protein kinases (MAPKs) are activated
after irradiation [10, 11]. In this context, drugs targeting
these signaling pathways with different mechanisms of ac-
tion directed to a specific tumor type are important to over-
come this disease. Clinical trials with these therapeutic pur-
poses have been increased in the last decades, resulting in
the regulatory approval of a variety of kinase inhibitors, such
as Everolimus (mTOR inhibitor) for kidney tumors and
Trametinib (MEK inhibitor) for melanoma [12, 13].
However, no drugs targeting these pathways have been ap-
proved for CRC treatment thus far, which reinforces the
need to identify new therapeutic targets for this cancer type.
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Eph (erythropoietin-producing hepatoma) receptors are the
largest receptor tyrosine kinase (RTK) subfamily expressed in
the extracellular membrane where it binds to ephrin ligands
through its extracellular domain. This interaction enables the
cell to recognize signals from the microenvironment and reg-
ulate adhesion, migration, and invasiveness [ 14]. In particular,
EphA4 correlates with invasiveness in mammary tumor and
glioma models [15, 16]. Moreover, EphA4 expression was
correlated with epithelial-mesenchymal transition (EMT) in
hepatoma cells [17] and shorter overall survival in pancreatic
adenocarcinoma patients [18]. However, EphA4 has never
been associated with radioresponse, and its role in CRC re-
mains largely unclear. Furthermore, there have been no clini-
cal studies targeting EphA4 for cancer treatment because its
role during tumorigenesis is unknown and because the under-
standing of this role is challenged by the complexity of the
Eph/ephrin system [19].

In a previous study, we demonstrated that the progeny de-
rived from irradiation survivor CRC cells displayed an EMT-
like phenotype characterized by the downregulation of E-
cadherin and increased migratory and invasive potentials,
among other malignant features [20]. However, the signaling
pathways supporting this aggressive phenotype remained to
be elucidated. Here, we analyzed in vitro the molecular mech-
anisms underlying this aggressive phenotype that could lead
to therapy failure in association with invasion and metastasis
after radiotherapy in patients with CRC. Our findings indicate
that the progeny of irradiation survivor CRC cells displayed
increased EphA4 activation levels, concomitant with adherens
junction disorganization and increased cell dispersion, migra-
tion, and invasion. Furthermore, we showed that the
PI3K/AKT and ERK1/2 pathways, downstream of EPHA4
activation, play a role in the regulation of these events. In
conclusion, we postulate that EphA4 could be a new potential
therapeutic target for CRC in adjuvant radiotherapy.

Materials and methods
Antibodies

Mouse anti-EphA4 and anti-x-tubulin monoclonal antibod-
ies were purchased from Invitrogen (Carlsbad, CA, USA),
and rabbit anti-p-EphA4 (Tyr-602) polyclonal antibody was
from ECM Biosciences (Versailles, KY, USA). Rabbit anti-
phosphotyrosine was purchased from Millipore (Billerica,
MA, USA), and mouse anti-E-cadherin monoclonal anti-
body was from BD Biosciences (San Diego, CA, USA).
Rabbit anti-(3-catenin, anti-p-AKT, and anti-AKT antibodies
were obtained from Cell Signaling (Danvers, MA, USA).
Mouse anti-p-ERK1/2 and anti-ERK /2 antibodies were pur-
chased from Sigma and mouse anti-GAPDH antibody was
from Santa Cruz (Dallas, TX, USA). Goat anti-mouse and
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anti-rabbit [gG (Alexa Fluor® 488) and goat anti-mouse IgG
(Alexa Fluor® 546) antibodies were purchased from
Molecular Probes (Eugene, OR, USA). Horseradish peroxi-
dase (HRP)-conjugated anti-mouse and anti-rabbit IgG were
purchased from GE Healthcare (Chalfont St. Giles, UK).

Reagents

The 2-(2-amino-3-methoxyphenyl)-4H-1-benzopyran-4-one
PD98059 (MEKI1 inhibitor) was obtained from Calbiochem
(LaJolla, CA, USA). The 2-(4-morpholinyl)-8-phenyl-1(4H)-
benzopyran-4-one LY294002 (PI3K inhibitor), 4',6-
diamidino-2-phenylindole dihydrochloride (DAPI), and
doxazosin mesilate were purchased from Sigma-Aldrich
(Saint Louis, MO, USA).

Cell culture and ionizing radiation treatment

The human colorectal adenocarcinoma cell line HT-29 (HTB-
38™) was obtained from the American Type Culture
Collection (Manassas, VA, USA). HT-29 cells are moderately
differentiated with BRAF, PIK3CA, TP53, SMAD4, and APC
mutations [21, 22]. Cells were maintained in Dulbecco’s mod-
ified Eagle medium (DMEM; Invitrogen) with 10 % fetal
bovine serum (FBS), penicillin G (60 mg/1), and streptomycin
(100 mg/1). Cell irradiation and generation of the cell progeny
were conducted as previously described [20]. The progeny
derived from the non-irradiated cells was named “F1
Control” and that derived from the irradiated cells was named
“F1 5Gy.”

Pharmacological inhibition of signaling pathways

Control and irradiated cells were maintained as described
above and incubated for 24 h with the pharmacological inhib-
itors LY294002 and PD98059 diluted in dimethyl sulfoxide
(DMSO) and stored at —20 °C. Each solution was diluted
immediately before each experiment to yield final concentra-
tions of 50 uM (PD98059) and 12 uM (LY294002).

Cell viability assay

HT-29 cells were plated on 96-well dishes (2 x 10? cells) and
treated with 1, 10, 20, 30, 50, 70, and 90 uM doxazosin. Cell
viability was analyzed 24, 48, 72, and 96 h after treatment by
adding 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT). Formazan crystals were solubilized with
DMSO and the absorbance measured using ELISA reader
Spectra Max 190 (Molecular Devices, CA, USA).
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Cell extraction and Western blot

Lysate protein extraction and Western blot protocols were de-
scribed previously [20]. Membranes were incubated with pri-
mary antibodies against EphA4 (1:250), «-tubulin (1:1000),
E-cadherin (1:5000), (3-catenin (1:4000), p-ERK (1:5000),
ERK1/2 (1:2000), GAPDH (1:2000), p-EphA4 (1:1000), p-
tyrosine (1:1000), p-AKT (1:1000), and AKT (1:1000).
Membranes were incubated with secondary antibodies, and
protein bands were detected using a chemiluminescence kit
(GE Healthcare). Bands were quantified by optical density
using LabWorks 4.6 software (Bio-Rad Laboratories,
Hercules, CA, USA). When indicated, membranes were
washed and reprobed with anti-x-tubulin (1:500) or anti-
GAPDH (1:1000) antibodies as a protein loading control.

Phospho-RTK and phosphokinase analysis

The Human Phospho-RTK Array and the Human Phospho-
Kinase Array kits were used to analyze phosphorylated pro-
teins in both F1 Control and F1 5Gy according to the manu-
facturer’s protocol (R&D Systems, Minneapolis, MN, USA).

Immunoprecipitation

Equal amounts of total protein (500 pg) from cell lysates were
precleared with protein G-sepharose beads (Sigma-Aldrich)
and incubated overnight with mouse anti-EphA4 (5 pg).
Beads were incubated with protein G-sepharose for 2 h, and
the immune complexes were released by boiling for 5 min at
95 °C in Laemmli. Samples were electrophoretically separated
using SDS-PAGE as described previously [20] and probed with
primary antibody against phosphotyrosine, E-cadherin, or f3-
catenin and HRP-conjugated secondary antibody against rabbit.

Immunofluorescence microscopy

Control and irradiated cells were grown in glass coverslips
until colony formation and processed using immunofluores-
cence as previously described [20]. After incubating the cells
overnight with primary antibodies against E-cadherin (1:300),
EphA4 (1:25), or p-EphA4 (1:25), the cells were incubated
with the appropriate Alexa Fluor® secondary antibodies
(1:500) for 1 h. Then, cells were treated with DAPI (1:1000)
for 1 min and mounted using an antifade solution (Life
Technologies, Carlsbad, CA, USA, USA). Glass coverslips
were visualized in the confocal laser scanning microscope
FV10i-O and images were analyzed using the FV10-ASW
software (Olympus, Tokyo, Japan).

Super-resolution images were taken using a LSM 710
microscope (Carl Zeiss, Germany) equipped with a PCO
Edge sCMOS camera (PCO AG, Germany) using a Plan-
Apochromat 63x%/1.4 Oil DIC M27 lens and 488- and

561-nm laser lines. Image acquisition, reconstruction, and
alignment for structured illumination microscopy were per-
formed using the Zeiss ZEN 2012 SP1 software (black
edition, version 8.1.5.484). Contrast and colors were ad-
justed using ICY bioimage analysis software.

Small interfering RNA

Cells were irradiated and, after 24 h, plated into six-well
dishes to form progeny colonies. After 24 h, these progeny
colonies were transfected according to the manufacturer’s in-
structions with “SMARTpool-siGENOME EPHA4 siRNA”
or “Silencer® Select Negative Control siRNA,” both at a final
concentration of 5 nM. After transfection, cells were incubat-
ed for 48 h and the subsequent experiments were performed.

Invasion and transmigration assays

Control and irradiated cells (3 x 10%) were seeded in FBS-free
medium in the upper surface of the 8-um pore Polycarbonate
Membrane Transwell® Inserts (Costar Cambridge, MA) that
were coated with 30 pl of Matrigel® (BD Biosciences) or
uncoated for invasion or migration assays, respectively.
DMEM with 10 % FBS was added as a chemoattractant in
the lower chamber. After 24 h of incubation, the upper surface
of the membrane was scrubbed. Cells in the lower membrane
were fixed with ethanol, stained with 1 % violet crystal, ana-
lyzed under a microscope, and counted.

Statistical analysis

All quantitative data presented are the mean+ SEM from at
least three independent experiments. Statistical analysis and
the creation of graphs were performed using Prism 5.0
(GraphPad™ Software, San Diego, CA, USA). Student’s # test
was performed and differences were considered statistically
significant when p < 0.05, p<0.01, and p <0.001.

Results

Progeny of HT-29 radiation survivor cells showed
increased EphA4 activity

In our previous study, we showed that the progeny of irradia-
tion survivor HT-29 cells develops a more aggressive pheno-
type [20]. To analyze the cell signaling pathways that support
this phenotype, we initially investigated the activation levels
of RTKSs in these progeny colonies using the Human Phospho-
RTK Array Kit. The F1 5Gy progeny showed an increase in
activated EphA4 levels compared with F1 Cont (Fig. 1a). This
result was confirmed by immunoprecipitation of EphA4
followed by immunoblotting with the anti-phosphotyrosine
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antibody (Fig. 1b) and also by Western blotting using an an-
tibody that recognizes specifically Tyr-602 EphA4 phosphor-
ylation (Fig. 1¢). Additionally, we observed no changes in the
total EphA4 expression levels in F1 5Gy compared with F1
Cont (Fig. 1c).

The EphA4 pattern of distribution or the effect of radiation
on its subcellular localization has never been investigated in
CRC cells. Thus, using immunofluorescence, we showed that
the distribution of EphA4 protein in F1 Cont cells is observed
in both cell-cell contact regions and cytoplasmic labeling. The
F1 5Gy progeny exhibited a similar distribution pattern, al-
though it was more predominant in the cytoplasm (Fig. 1d)
because this progeny does not exhibit well established cell-
cell contacts [20].

EphA4 activation by the agonist doxazosin induced cell
dispersion in CRC cells

Considering that EphA4 activation effects have never been
investigated in CRC cells, we decided to analyze the effects
of pharmacological EphA4 activation in HT-29 cells. Non-
irradiated HT-29 (F1 Cont) cells were treated with the
EphA4 agonist doxazosin to mimic the activation that was
observed in F1 5Gy and evaluate whether the control progeny
could display the same features of F1 5Gy. Originally devel-
oped as an antagonist for «cl-adrenoreceptor, doxazosin is an
approved drug (Cardura®) and was characterized as an agonist
for EphA4 [23].

The 1Csq dose of doxazosin for HT-29 cells was obtained
by the MTT assay, and the 1C,y (23 uM) was used in the
subsequent experiments (Fig. 2a). EphA4 activation by
doxazosin was confirmed through an activation kinetic assay
using F1 Cont cell lysates and immunoblotting. We observed
an increase in EphA4 activation in a time-dependent manner
in F1 Cont cells treated for 5, 15, and 30 min with 23 uM
doxazosin (Fig. 2b). In addition, phase-contrast microscopy
images showed that F1 Cont cells treated with doxazosin for
24 h displayed a more dispersed pattern when compared with
non-treated F1 Cont, where cells grew in well-delimited col-
onies (Fig. 2c). This result indicates that the activation of
EphA4 by doxazosin could be involved in the disruption of
cell—cell adhesion.

EphA4 activation by doxazosin induced adherens junction
disorganization including E-cadherin internalization
and downregulation

To investigate whether activation of EphA4 by doxazosin
could modulate the adherens junctions, E-cadherin distribu-
tion and expression in the F1 Cont progeny treated with
doxazosin were analyzed. We observed that E-cadherin was
partially internalized and accumulated at perinuclear clusters
in F1 Cont cells treated with doxazosin, although there is still
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Fig. 1 Irradiation effects on the activity, expression, and subcellular P>
localization of EphA4 in the progeny derived from irradiated cells. a
Total cell lysates from HT-29 F1 Cont and F1 5Gy were obtained and
analyzed using a Phospho-RTK Array kit. The array coordinates are
shown on the left side of the figure, illustrating the localization of the
spots containing immobilized antibodies. The graph on the right side of
the figure depicts the quantification of the spots in the Phospho-RTK
Array kit using a densitometry analysis. Data of a single experiment. b
Total lysates from HT-29 F1 Cont and F1 5Gy cells were obtained and
immunoprecipitated using an EphA4 antibody. The immunoprecipitates
were analyzed by Western blot for phosphotyrosine. Bar graphs show the
relative amount of p-Tyr linked to EphA4 levels (where F1 Cont=1).
Data of a single experiment. ¢ Western blot analysis of p-EphA4 (Tyr-
602) and EphA4 protein levels in lysates derived from HT-29 F1 Cont
and F1 5Gy. Bar graphs are plotted as the fold change of protein
expression (where F1 Cont=1). GAPDH protein was used as a loading
control. Data are presented as the mean + SEM of three independent
experiments. Significance was determined using a # test. *p <0.05;
*#p<0.01; ***p<0.001. d F1 Cont and F1 5Gy of HT-29 cells were
grown on glass coverslips until colony formation and subjected to
immunofluorescence analysis of EphA4. Images are representative of
three independent experiments. The nucleus was stained with DAPL
Scale bar, 20 mm

some labeling of E-cadherin at cell—cell contacts (Fig. 3a). In
addition, a reduction in E-cadherin expression levels after
doxazosin treatment was observed by immunoblotting
(Fig. 3b). These results show that EphA4 activation induced
a disruption of adherens junctions with internalization and
reduced expression of E-cadherin, which could favor cell dis-
persion. These events observed in F1 Cont cells treated with
doxazosin confirm that this effect mimics, at least in part, the
phenotype induced by radiation.

EphA4 interacted with E-cadherin in the progeny
of radiation survivor cells

Some Eph family receptors could interact with E-cadherin
[24]. Additionally, these receptors are endocytosed upon their
activation, leading to cell repulsion and dispersion [25]. Our
results showed that doxazosin causes EphA4 activation and E-
cadherin internalization, but an interaction between Eph re-
ceptors and E-cadherin has never been described. To better
resolve the localization of E-cadherin relative to p-EphA4 in
F1 Cont and F1 5Gy progenies, we used structured illumina-
tion microscopy. E-cadherin immunofluorescence was used to
define the location of adherens junctions. Some p-EphA4 was
found precisely co-localized with E-cadherin at cell-cell con-
tacts in F1 Cont cells. In turn, the F1 5Gy progeny showed
cytoplasmic labeling for p-EphA4 and for E-cadherin, and the
image merge showed co-localization spots for both proteins,
indicating that E-cadherin and p-EphA4 could be internalized
together (Fig. 4a).

To further investigate the association between EphA4
and E-cadherin, EphA4 was immunoprecipitated and sub-
sequent E-cadherin expression was analyzed by immuno-
blotting. Figure 4b shows the presence of E-cadherin in
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Fig. 2 Doxazosin activates
EphA4 and induces cell
dispersion in HT-29 CRC cells. a
HT-29 cells (F1 Cont) were
treated with doxazosin and cell
viability was analyzed using the
MMT methodology for ICsq
determination. Graph represents
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the percentage of viable cells as a
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doxazosin for 5, 15, and 30 min,
after which total cell lysates were
analyzed using immunoblotting
for EphA4 (Tyr-602) and total
EphA4 levels. x-Tubulin was Cc
used as a loading control.
Numbers above the figure
represent the ratio of the optical
density of doxazosin-treated to
untreated cells (where non-treated
cells=1). ¢ Cell morphology of
the HT-29 F1 Cont treated with
doxazosin for 24 h, as analyzed
using phase-contrast microscopy.
Images are representative of at
least three experiments. Scale bar,
50 um
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the EphA4-immunoprecipitated lysates, although there was
no difference in E-cadherin—EphA4 association levels be-
tween F1 Cont and F1 5Gy in these lysates. We also
showed that {3-catenin immunoprecipitates with EphA4;
thus, (3-catenin might also be a target of EphA4 signaling,
as suggested previously [26]. These results suggest that
EphA4 and E-cadherin could be physically interacting.

Promotion of migration, invasiveness,
and metalloprotease-2 activity by EphA4 in the progeny
of radiation survivor cells

To investigate whether EphA4 is essential for the aggressive
phenotype displayed by the F1 5Gy progeny, EphA4 expres-
sion was silenced using small interfering RNA (siRNA).
Figure 5a shows the high efficiency of EphA4 knockdown.
Because F1 5Gy cells transfected with siRNA negative con-
trol showed no significant difference in EphA4 expression
compared with F1 5Gy non-transfected cells, F1 5Gy non-
transfected cells were used as a negative control in subsequent
experiments. We found that EphA4 knockdown did not inter-
fere with the colony formation capability of F1 5Gy cells
(Fig. 5b), but this knockdown was able to reduce both the high
migratory (Fig. 5¢) and invasive (Fig. 5d) potential in this
progeny. It was also able to reduce MMP-2 activity (Fig. Se).
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AKT and ERK1/2 signaling pathways were more active
in the progeny of radiation survivor cells and ERK1/2
activation is dependent on EphA4

To explore additional signaling pathways in the F1 5Gy prog-
eny, we evaluated its kinase activation profile using a
Phospho-Kinase Array kit. Figure 6a shows increases in the
phosphorylation levels of AKT, ERK1/2, GSK3, and f3-
catenin compared with the F1 Cont progeny. The increased
levels of p-GSK3 (Ser9) and p-[3-catenin corroborate the ac-
tivation of the Wnt/(3-catenin pathway in the F1 5Gy progeny
that we showed in our previous study [20]. The increased
levels of p-AKT and p-ERK1/2 were confirmed using immu-
noblotting (Supplemental Fig. 1). There is consistent evidence
that PI3K/AKT and EKR1/2 regulate EMT-related events,
such as metalloprotease expression/activity and increased ex-
pression of Snail, an E-cadherin transcriptional repressor [27,
28]. ERK1/2 and AKT are also common downstream targets
of various RTKs, including EphA4, as observed in glioma
cells [16]. Thus, we analyzed whether EphA4 could regulate
the high levels of p-ERK1/2 and p-AKT observed in F1 5Gy.
Figure 6b shows that the knockdown of EphA4 could dramat-
ically reduce the level of p-ERK1/2 but not p-AKT, indicating
that ERK1/2 is a downstream target of EphA4. To further
confirm the involvement of ERK1/2 and PI3K/AKT in the
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Fig. 3 Subcellular localization a
and E-cadherin expression upon
EphA4 activation by doxazosin in
HT-29 cells. a F1 Cont of HT-29
cells were grown in glass
coverslips until colony formation
and treated or not with 23 M
doxazosin for 24 h. Then, cells
were subjected to
immunofluorescence analysis of
E-cadherin. Images are
representative of three
independent experiments. The
nucleus was stained with DAPI.
Scale bar, 20 um. b
Immunoblotting analysis of E-
cadherin protein levels in lysates
derived from HT-29 F1 Cont cells
treated or not with 23 mM
doxazosin for 24 h. Bar graphs
are plotted as a fold change of
protein expression (where non-
treated cells = 1). GAPDH protein
was used as a loading control.
Data are presented as the mean

+ SEM of three independent
experiments. Significance was
determined using a ¢ test.

*p <0.05; *¥p<0.01;

*#kp <0.001

F1 Cont

F"I Cont + Doxa

o

aggressive properties displayed by the F1 5Gy cells, we per-
formed pharmacological inhibition of ERK1/2 and
PI3K/AKT (Fig. 6¢).

PI3K/AKT and ERK1/2 signaling pathways are
respectively involved with the high invasive and migratory
potential of the radiation survivor progeny

To elucidate the signaling pathways that give support to the
aggressive features of the F1 5Gy cells, such as their high
migratory and invasive potentials [20], these cells were treated
with MEK1/2 and PI3K inhibitors and their migration and
invasion potentials were analyzed. Figure 7a shows that the
isolated inhibition of the ERK1/2 pathway and the co-
inhibition of both pathways, but not the isolated inhibition of
PI3K/AKT, could reduce the high migratory potential of the
F1 5Gy cells. Furthermore, only the inhibition of PI3K/AKT,
but not ERK1/2, could reduce the invasive potential of the F1
5Gy progeny (Fig. 7b). In other words, ERK1/2 is responsible
for the high migration potential, whereas AKT regulates the
invasiveness of the F1 5Gy progeny. Taken together, these
results show that ERK1/2 is a downstream kinase of EphA4

E- cadherin
o o
g

o
N
a

Cont + Doxa
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and that the PI3K/AKT and ERK1/2 signaling pathways play
an essential role in the high migratory and invasive potentials
of the F1 5Gy progeny.

Discussion

CRC is one of the leading causes of cancer-related deaths
worldwide, and the molecular mechanisms underlying its tu-
morigenesis are among the best characterized. The most sup-
ported model is the adenoma—carcinoma sequence, in which
CRC arises through progressive accumulation of genetic and
epigenetic mutations that confer the cells advantages and are
clonally selected. The initiating events for the majority of
CRCs are mutations in the APC, resulting in increased levels
of [3-catenin, followed by mutations in K-ras and in p53 [29].
However, in a cohort of CRC patients, only 3.3 % of tumors
contained the combination of these three gene mutations, sug-
gesting that these mutations may lie on alternative pathways
of tumor development in CRC [30]. RT is a common treat-
ment for advanced rectal cancer and is a great benefit to many
patients because it reduces the risk of local recurrence.
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Fig. 4 Analysis of the interaction
between EphA4 and E-cadherin
in the progeny of radiation
survivor cells. a HT-29 F1 Cont
and F1 5Gy cells were grown on
glass coverslips until colony
formation and subjected to double
labeling with E-cadherin and p-
EphA4 (Tyr-602) and analyzed
using super-resolution
microscopy. Immunofluorescence
localization of E-cadherin and p-
EphAd4, as detected using
structured illumination
microscopy, confirmed the co-
localization of the proteins at the
adherens junctions in F1 Cont and
at the cytoplasm in F1 5Gy cells.
Scale bar, 5 um. b Total cell
lysates from HT-29 F1 Cont and
F1 5Gy were obtained and
immunoprecipitated using EphA4
antibody. The
immunoprecipitates were
analyzed by Western blot for E-
cadherin and 3-catenin
expression

d

E-cadherin

F1 Cont

F15Gy
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However, tumor relapses after RT tend to be more aggressive
and are associated with poor prognosis. The ability of the cells
to survive, invade, and generate a distant metastasis is the
major cause of RT failure. Additionally, therapeutic stress
caused by RT induces a strong release of growth factors and
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F1

cytokines that not only control the normal tissue repair pro-
gram but also induce the activation of signaling pathways
favoring an aggressive phenotype of the remaining cells [10].

Increased EphA4 expression/activity has been reported in
various types of cancers, including CRC, and its upregulation
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Fig. 5 Effects of EphA4 silencing on the malignant potential of the F1

5Gy progeny. a Immunoblotting analysis of EphA4 protein levels in
lysates derived from HT-29 F1 Cont and F1 5Gy after 48 h of
transfection with siRNA for EphA4. Numbers above the figure
represent the ratio of the optical density of the bands as fold change of
protein expression normalized by «-tubulin (where F1 Cont cells=1). b
Representative images of the clonogenic assay of HT-29 F1 Cont and F1

5Gy silenced or not for EphA4. Bar graphs are plotted as the fold change
of colony formation after an optical density measurement at 595 nm for
the eluate (where F1 5Gy =1). Data are presented as the mean = SEM of
two independent experiments. ¢, d HT-29 F1 Cont and F1 5Gy silenced or
not for EphA4 were plated in Boyden chambers, uncoated or coated with

contributes to malignant events in several tumors [31].
However, the signaling mediated by this receptor has never
been associated with a radioresponse, and its role in CRC
remains largely unclear. Our results revealed high levels of
activated EphA4 in the F1 5Gy progeny, which showed a
highly aggressive EMT-like phenotype [20]. In this context,
the only study that associates the Eph system with irradiation
showed an increase in ephrin-Al expression in radioresistant,

0.3

Matrigel, and subjected to migration (¢) or invasion (d) assays,
respectively. Bar graphs are plotted as the fold increase of cell migration
or invasion (where F1 5Gy=1). Data are presented as the
mean + SEM of three independent experiments. Significance was
determined using a ¢ test, *P <0.05. e Conditioned culture media of
HT-29 F1 Cont and F1 5Gy silenced or not for EphA4 were subjected
to a zymography assay. The gel was scanned and the image was
converted to black and white for the quantification of gel bands.
Numbers above the figure represent the ratio of the optical density of
the bands as fold change of metalloprotease activity (where F1 Cont
cells=1)

but not radiosensitive, squamous carcinoma cells after gamma
radiation [32]. Next, we investigated the effect of EphA4 ac-
tivation in CRC cells by using doxazosin in order to mimic
some of the features of the F1 5Gy progeny, such as E-
cadherin downregulation and altered subcellular localization
[20]. We showed that doxazosin induced cell dispersion and
partial internalization and reduced the expression of E-
cadherin. Accordingly, EphA4 activation reduced E-cadherin
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Fig. 6 Analysis of EphA4 downstream signaling pathways that
contribute to the malignant potential in F1 5Gy progeny. a Total cell
lysates from HT-29 F1 Cont and F1 5Gy were obtained and analyzed
using a Phospho-Kinase Array kit. The array coordinates shown on the
left side of the figure depict the localization of the spots containing
immobilized antibodies on the nitrocellulose membrane. Spots A5 and
A6 represent ERK1/2, spots C9 and C10 represent GSK3, spots B9 and
B10 represent AKT, and spots A9 and A10 represent (3-catenin. The
graph on the right side of the figure depicts the quantification of the

expression, mediating EMT in hepatoma cells [17], induced
the loss of adherens junctions and polarity in Xenopus embryo
[26], and increased the expression of Snail [33]. In agreement,
our previous study showed an upregulation of Snail mRNA in
the F1 5Gy progeny [20]. Together, these results indicate that
in addition to inducing E-cadherin internalization, EphA4
could also reduce E-cadherin expression on a transcriptional
level through Snail.

Some studies suggest regulation between E-cadherin and
Eph receptors via a reciprocal regulatory mechanism because

@ Springer

p-ERK 1/2 4
p-GSK3 I p-AKT / ’
p-p-catenina —
~
Q Q’Qz

Hm F1Cont

45 F15 Gy

4.0 4 ]
3.5 4 | —
3.0 4
2.5 4
2.0 4
© 1.5+

Relative densities
spots

1.04 ‘
0.0 -

P-AKT| s e ~ 60 Kda
Total AKT E ~ 60 Kda
o
<
00(‘ %Qﬁ ‘)(5\
0.7 1 0.03
p-ERK 1/2 | = —— ~ 42/44 Kda

Total ERK 1/2 [See—= s e ~ 42/44 Kda

a-tubulin --§~ 50 Kda

F1

spots using densitometry analysis. b Immunoblotting analysis of p-ERK
and p-AKT protein levels in lysates derived from HT-29 F1 Cont and F1
5Gy silenced or not for EphA4 after 48 h of transfection with siRNA. ¢
Immunoblotting analysis of protein levels in lysates derived from HT-29
F1 Cont, F1 5Gy, and F1 5Gy treated with PI3K (LY294002) and
MEK1/2 (PD98059) inhibitors. In (¢), numbers above the figure
represent the ratio of the optical density of the bands as a fold change
of protein expression normalized to a-tubulin (where F1 5Gy cells = 1)

E-cadherin-dependent cell adhesion could regulate the expres-
sion, localization, and activation of these receptors [34, 35].
Furthermore, E-cadherin may be required for the membrane
localization of Eph receptors [36]. In this context, EphA2
function is dependent on E-cadherin, but no evidence on an
interaction between them was demonstrated [37]. Moreover,
EphB/ephrin-B signaling regulates the formation of E-
cadherin-based adhesions [38]. Here, for the first time, we
show a direct interaction between EphA4 and E-cadherin
(Fig. 4). EphA4 activation may be succeeded by its
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Fig. 7 Effects of PI3K and MEK inhibitors on the migratory and
invasive potentials of the progeny derived from irradiated cells. a, b
HT-29 F1 Cont, F1 5Gy, and F1 5Gy cells treated with the
corresponding inhibitors were plated into Boyden chambers, uncoated
(a) or coated with Matrigel (b), and subjected to migration or invasion

internalization, which is a well-known mechanism of Eph
receptors and other RTKs [19]. Their direct interaction may
cause E-cadherin internalization and possible degradation via
proteasome, or downregulation at a transcriptional level lead-
ing to cell—cell adhesion loss, contributing to a more malig-
nant potential.

To investigate whether EphA4 activation is involved with
the malignant properties observed in the F1 5Gy progeny [17],
we silenced this receptor and observed a reduction in the mi-
gratory and invasive potentials, and reduced MMP-2 activity,
indicating that EphA4 contributes to this aggressive pheno-
type. Accordingly, EphA4 regulates MMP-2 activity in pan-
creatic cells [33] and the dissemination of prostate cancer cells
via Vav2-RhoA [39]. Moreover, because its overexpression
correlated with liver metastasis in CRC, EphA4 may be a
potential metastasis biomarker [40].

After analyzing a broad spectrum of intracellular kinases,
upregulation of p-AKT, p-ERK, p--catenin, and p-GSK3
(Ser9) was observed in the F1 5Gy progeny. We also showed
that ERK1/2 activation is dependent on EphA4. MAPK acti-
vation by EphA4 was also observed in glioma and prostate
cancer, but not in CRC cells [16, 41]. Because the p-AKT
level in the F1 5Gy progeny was not altered by EphA4 knock-
down, it is likely that other signaling pathways induced by
radiation could activate it. The role of PI3K/AKT and
ERK1/2 in the first stages of tumor development is well un-
derstood, but little is known about their effect during the late
stages of tumor progression and after infrared treatment. The
activation of PI3K/AKT and ERK1/2 can be induced by ther-
apy stress and can trigger an adaptive response related to cell
invasion through altered interconnected pathways [10]. Our
results show that PI3K/AKT and ERK1/2 play an important
role in coordinating the aggressive features displayed by the

o

Cell Invasion (fold change)

assays, respectively. Bar graphs are plotted as the fold increase of cell
migration or invasion (where F1 5Gy=1). Data are presented as the
mean = SEM of triplicate assays for each cell line of three independent
experiments. Significance was determined using a ¢ test *p <0.05;
**p<0.01

F1 5Gy progeny and suggest that these pathways could be
responsible for therapy failure in CRC patients.

In summary, our results demonstrated that radiation in-
duced EphA4 activation in the progeny of cells submitted
to this treatment. This activation caused adherens junction
disorganization and, consequently, cell dispersion.
Furthermore, EphA4 activates ERK1/2 as a downstream
pathway, and along with PI3K, EphA4 coordinates cell mi-
gration and invasion. These cellular events could be respon-
sible for the high rates of therapeutic failure in inhibiting
local invasion and metastasis in rectal cancer after radiother-
apy. Because RTKs are surface molecules and therefore
promising “druggable” targets, the inhibition of EphA4
could be an interesting strategy in adjuvant RT in CRC
patients to reduce the therapeutic failure rates caused by
local invasion and metastasis formation.
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