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Abstract
Purpose The transition of cells from the epithelial to the mes-
enchymal state (EMT) plays an important role in tumor pro-
gression. EMT allows cells to acquire mobility, stem-like be-
havior and resistance to apoptosis and drug treatment. These
features turn EMT into a central process in tumor biology. Ion
channels are attractive targets for the treatment of cancer since
they play critical roles in controlling a wide range of physio-
logical processes that are frequently deregulated in cancer.
Here, we investigated the role of ether-a-go-go-related 1
(hERG1) ion channels in the EMT of colorectal cancer cells.
Methods We studied the epithelial-mesenchymal profile of
different colorectal cancer-derived cell lines and the expres-
sion of hERG1 potassium channels in these cell lines using
real-time PCR. Next, we knocked down hERG1 expression in
HCT116 cells using lentivirus mediated RNA interference and
characterized the hERG1 silenced cells in vitro and in vivo.
Finally, we investigated the capacity of riluzole, an ion
channel-modulating drug used in humans to treat amyotrophic
lateral sclerosis, to reduce the resistance of the respective co-
lorectal cancer cells to the chemotherapeutic drug cisplatin.
Results We found that of the colorectal cancer-derived cell
lines tested, HCT116 showed the highest mesenchymal pro-
file and a high hERG1 expression. Subsequent hERG1

expression knockdown induced a change in cell morphology,
which was accompanied by a reduction in the proliferative
and tumorigenic capacities of the cells. Notably, we found that
hERG1expression knockdown elicited a reversion of the
EMT profile in HCT116 cells with a reacquisition of the
epithelial-like profile. We also found that riluzole increased
the sensitivity of HCT116 cisplatin-resistant cells to cisplatin.
Conclusions Our data indicate that hERG1 plays a role in the
EMTof colorectal cancer cells and that its knockdown reduces
the proliferative and tumorigenic capacities of these cells. In
addition, we conclude that riluzole may be used in combina-
tion with cisplatin to reduce chemo-resistance in colorectal
cancer cells.

Keywords EMT . hERG1 . RNAi . ion channels . colorectal
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1 Introduction

Colorectal cancer is a heterogeneous disorder and there is no
specific molecular profile that characterizes this disorder [1,
2]. Unsupervised gene expression analysis of colorectal can-
cer has, however, indicated that the epithelial-mesenchymal
transition (EMT) signature may be correlated with a poor sur-
vival of the patients [3]. EMT is a cellular process that is
characterized by molecular and morphological changes
through which epithelial cells acquire features of mesenchy-
mal cells. EMT is involved in the differentiation of tissues, in
organ development and in tissue repair, but it can also adverse-
ly contribute to disease development such as cancer [4–6].
EMT allows carcinoma cells to acquire stem cell-like charac-
teristics, motility and invasiveness, as well as resistance to
apoptosis and chemoresistance. Therefore, EMT is thought
to contribute significantly to tumor progression and the
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metastatic behavior of cancer cells [7–12]. A number of genes
associated with EMT has been identified [13, 14], but the role
of ion channels, in particular potassium channels, has so far
not adequately been addressed.

Potassium channels constitute a large class of ion channels
that are involved in several physiological processes. K+ chan-
nels contribute to regulation of the membrane potential, cell
volume and intracellular pH changes during cell cycle pro-
gression [15]. They are abundantly expressed in excitable
cells [16] and are often aberrantly expressed in cancer cells
in which they contribute to the regulation of several aspects of
cellular behavior such as evasion of apoptosis, proliferation,
angiogenesis, tissue invasion and metastasis [17–20].
Blocking of K+ channels has been found to elicit anti-
neoplastic activities in different types of cancer [21].

Interestingly, a profound reorganization of plasma mem-
brane ion channels has been found to occur in meta-
nephrogenic mesenchymal-epithelial transition (MET) during
kidney development [22]. There are also several reports sug-
gesting an involvement of ion channels in the EMT of cancer
cells. It has, for instance, been found that Ca2+ influx contrib-
utes to the regulation of EMT in human breast cancer cells [23,
24] and that the expression of EAG1 (KCNH1) K+ channels,
after treatment with TGFβ1, is up-regulated during EMT in
lung cancer cells [25], suggesting an involvement of these
channels in cancer EMT [26]. In particular, it has been found
that hERG1 (KCNH2) K+ channels are over-expressed in sev-
eral types of cancer, including colorectal adenocarcinoma [3].
hERG1 channels in cancer cells can form macromolecular
complexes with integrin receptors [27] and it has been found
that these protein-protein interactions play a role in modulat-
ing adhesive interactions of cells with the extracellular matrix,
thereby promoting cell motility and invasiveness. In addition,
it has been found that integrin-hERG1 channel complexes can
regulate downstream signaling pathways [27].

Since they play a critical role in controlling a wide range of
physiological processes and are often deregulated in cancer, ion
channels may serve as attractive drug targets for the treatment
of cancer [28, 29]. Here, we characterized the role of hERG1
K+ channels in EMT using HCT116 colorectal cancer-derived
cells as a model and we investigated the capacity of riluzole, an
ion channel-modulating drug used in humans to treat amyotro-
phic lateral sclerosis [30, 31], to reduce the resistance of these
cells to the chemotherapeutic drug cisplatin.

2 Materials and methods

2.1 hERG1 lentivirus mediated RNA interference

We used lentivirus vectors to transduce colorectal cancer cells
with shRNA constructs capable of post-transcriptionally si-
lencing specific genes. Each shRNA construct (commercially

distributed by Open Biosystems) included a hairpin of 21 base
pairs, a sense and antisense stem and a 6 base pair loop cloned
into a pLKO.1 lentiviral vector harboring a puromycin resis-
tance gene. When the shRNA molecules are processed by
cellular enzymes they become activated (siRNA), ultimately
leading to degradation of the complementary mRNAs by the
RNA interference machinery. In order to preliminarily test the
effectiveness of the shRNA, HCT116 cells were transfected
using Lipofectamine® 2000 Transfection Reagent
(Invitrogen™) according to the manufacturer’s instructions.
Next, we produced lentivirus particles by co-transfecting
2nd generation lentiviral plasmids and the transfer vector con-
struct into HEK293T packaging cells. Successively, we trans-
duced colorectal cancer-derived HCT116 cells with virus at a
multiplicity of infection (MOI) = 3 and 5. Subsequently, we
selected stable silenced cell lines using puromycin.

2.2 Cell lines and growth assays

The colorectal cancer-derived cell lines HCT116, H630,
HCT8, CACO2 and HT29 were purchased from the
American Type Culture Collection (ATCC) (Rockville, MD,
USA). HCT116, H630 and HCT8 cells were grown in RPMI-
1640 medium (EuroClone), CACO2 cells in DMEMmedium
(EuroClone) and HT29 cells in McCoy’s medium
(EuroClone), respectively, supplemented with 2% L-Glut,
10% fetal bovine serum (FBS) (Hyclone) and 1% penicillin/
streptomycin at 37 °C in a humidified 5% CO2 atmosphere.

For soft agar colony forming assays, a bottom layer of 0.5%
low melting agarose in RPMI-1640 medium, supplemented
with 2% L-glu and 10% FBS, was prepared in 60 mm dishes.
After solidification of the bottom layer, cells were added in
RPMI-1640 culture medium containing 0.35% agarose, 2% L-
glu, 10% FBS, 1% penicillin/streptomycin and puromicin
(1.5 μg/μl). Next, the dishes were incubated for 15 days at
37 °C in a humidified 5% CO2 atmosphere. The experiments
were performed in triplicate for each cell line used. Pictureswere
taken for measurement of the diameter of the colonies.

To estimate the growth rate of the different cell lines overtime,
5 × 103 cells of the respective control and experimental cell lines
were seeded in 6-well plates. From a subset of wells the cells
were detached and counted every day for six consecutive days.

To investigate whether the cell cycle was effected by
hERG1 silencing, 3 × 105 cells were seeded in 35 mm
multi-well plates in RPMI-1640 medium supplemented with
2%L-glu, puromicin (1.5μg/μl) and 10% FBS. After 24 h the
cells were washed with PBS after which fresh medium with-
out serumwas added to synchronize the cell cycle. After 6, 18,
24, 30 and 72 h the cells were washed in PBS and stained with
propidium iodide (PI, Sigma-Aldrich) in the presence of
TRITON. Subsequently, the cells were detached from the
plates using a scraper, collected in polystyrene tubes and in-
cubated at 4 °C for 30 min. Finally, cell cycle analyses were
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carried out using a cytoflorimeter. Each analysis was per-
formed twice.

2.3 In vivo experiments

2 × 106 cells (pLKO.1 and sh7, see below) resuspended in
100 μl culture medium were injected into the flanks of nu/nu
nude mice. Each mouse was injected in one flank with control
cells and in the other flank with silenced cells. Subsequent
tumor development was monitored for 18 days. These
in vivo experiments were carried out in accordance with the
UE Directive 2010/63/EU for animal experiments.

2.4 Protein extraction and Western blotting

Total protein extraction from control and silenced cells and
subsequent Western blot analyses were carried out using stan-
dard methods. Briefly, cells were lysed in cold Tris HCl
(50 mM), NaCl (125 mM), NP40 (0.1%), EDTA (5 mM),
NaF (0.1 M) buffer supplemented with protease inhibitors
(Roche). Protein samples were loaded in SDS-PAGE gels
and blotted. The resulting membranes were incubated with
an anti-hERG1 COOH-terminus antibody (1:1000, Dival)
and an anti-tubulin antibody (1:500, Sigma Aldrich) as de-
scribed by Lastraioli et al. [32]. The hERG1 protein contains
1159 amino acids, has a molecular mass of 127 KDa and is
expressed in HCT116 cells [32]. Densitometric analyses were
performed on scanned films using a grey scale mode. ImageJ
was used to quantify the density and size of the bands. The
background near each bandwas subtracted. The hERG1 levels
were normalized against tubulin levels [32].

2.5 Patch-clamp recording

Cells were seeded in 35 mm Petri dishes after which traces
were recorded with the amplifier Axopatch 700 A tool
(Molecular Devices) using whole cell configuration. IhERG
measurements were performed by voltage clamp according
to Schönherr et al. [33].

2.6 Real time PCR analysis

Cells and tissue specimens were homogenized in TRIzol®
Reagent (Invitrogen™) to isolate total RNA according to the
manufacturer’s protocol. The RNA integrity was assessed on
an Agilent 2100 Bioanalyzer. 1 μg total RNA of each speci-
men was retrotranscribed using random primers and
SuperScript™ II Reverse Transcriptase (Invitrogen™) ac-
cording to the manufacturer’s protocol. A SYBR green fluo-
rescent dye (Power SYBR®Green, PCRmaster mix, Applied
Biosystems) was used to monitor DNA synthesis.

In order to validate the efficiency of the primers a 10-fold
serial dilution of the cDNA was used to generate a linear

regression equation for all the genes analyzed. All the primer
pairs used were found to have a correlation coefficient > 0.99
and a slope coefficient between 3.10 and 3.60, demonstrating
an optimal efficiency of the primers. The slope coefficients
were used to calculate the efficiency parameters. Efficiency
values were used to calculate the expression of both target and
control genes. Relative expression values for each gene were
expressed as a ratio of the target gene expression level to the
GAPDH gene expression level in the same sample and nor-
malized for the level of expression of one of the samples [34,
35]. The primers for the genes of interest were designed using
the software Primer3 tool (http://frodo.wi.mit.edu/), or were
selected from the literature (Table 1S).

2.7 Chemicals

Riluzole (Sigma-Aldrich) was dissolved in DMSO at a con-
centration of 5 mM and cisplatin (Sigma-Aldrich) was dis-
solved in bi-distilled water at the concentration of 8.3 mM.
Stock solutions of riluzole and cisplatin were stored at −20 °C.
Immediately before use the drugs were diluted to the required
concentrations.

2.8 Flow cytometry analysis

Four colorectal cancer-derived cell lines were tested for their
sensitivity to cisplatin: HCT116, HCT8, H630 and HT29 by
flow cytometry. To this end, 1.5 × 105 cells were seeded in 6-
well plates (Costar, Corning). After 24 h the cells were treated
with 3 different concentrations of cisplatin (50, 100 and
150 μM) for 24 h after which apoptotic, necrotic, dead and
living cells were detected by FACSCanto flow cytometry
(Becton Dickinson) using an Annexin-V-FLUOS staining kit
(Roche). The sensitivity to cisplatin of hERG1 silenced cells
(sh7) and pLKO.1 cells (control) was tested at different concen-
trations (22,5 μg/ml, 37,5 μg/ml, 52,5 μg/ml, 67,5 μg/ml,
82,5 μg/ml, 97,5 μg/ml) for 24 h in both adherent cells and
non-adherent cells in the supernatant.

At the end of the treatment, the cells of each sample were
harvested and resuspended in 500 μl phosphate buffered sa-
line and stained with PI (P4170, Sigma-Aldrich), a fluorescent
dye that only penetrates compromised cell membranes to de-
tect necrotic/dead cells by flow cytometry. A total of 1 × 104

cells for each sample was analyzed by FACSCanto flow cy-
tometry (Becton Dickinson). Aggregates and debris were ex-
cluded. The percentage of PI positive cells was recorded.

2.9 Cell viability assay

Cell viability in response to drug treatment was measured using
WST-1 (Roche) reagent. 104 cells were seeded in a 96-well plate
(Costar, Corning) with 200 μl growth medium. Next, the medi-
um was replaced by drug-containing medium or drug-free
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medium (control) and 24 h after treatment the medium was
replaced by 100 μl fresh medium per well containing 10%
WST-1. After this, the cells were incubated for 20 min and the
absorbance of each sample was measured using a microplate
reader (ELx 800) at a wavelength of 450 nm every 20 min.

To evaluate the IC50 of each drug, cells were exposed to
increasing concentrations of cisplatin, riluzole or DMSO
(1 μM, 12,5 μM, 25 μM, 55 μM, 85 μM, 115 μM, 175 μM).
All experiments were performed at least in triplicate. The IC50
values were calculated using the Origin software tool.

Finally we investigated whether the combination of cisplatin
and riluzole may have a synergic, additive or antagonistic effect
using the Calcusyn software tool (version 2, Biosoft). This anal-
ysis was based on the combination index (CI) method described
by Chou and Talahay [36]. CI = 1 indicates an additive effect,
CI < 1 indicates a synergistic effect and CI > 1 indicates an
antagonistic effect. The experiments were conducted following
the diagonal constant ratio combination design proposed by
Chou and Talalay [36]. We treated the cells with a mixture of
the two drugs at their IC50 concentrations with a 2-fold serial
dilution (1/2, 1/4, 1/8, 1/16, 1/32, 1/64) of the IC50s.

3 Results

3.1 Generation and characterization of hERG1 silenced
HCT116 cells

In order to investigate the role of hERG1K+ channels in EMT in
colorectal cancer, we first screened 5 colorectal cancer-derived
cell lines to identify those with a high hERG1 expression as well
as an overt mesenchymal phenotype. To define the epithelial-
mesenchymal profile we measured the expression of several
EMT markers: vimentin (VIM), E-cadherin (CDH1), N-
cadherin (CDH2), matrix metallopeptidase 1 (MMP1), mesen-
chyme forkhead 1 (FOXC2) and occludin (OCLN) by the cell
lines. In doing so, we found that the HCT116 cell line had the
highest mesenchymal phenotype among the cell lines tested
(Fig. 1) and expressed the hERG1 gene at a relatively high level.
Hence, we selected this cell line as experimental model to inves-
tigate the role of hERG1 in EMT. To this end, we transduced
HCT116 cells with shRNA constructs capable of post-
transcriptionally silencing the hERG1 gene using a lentiviral
vector. Five different shRNA constructs were available for this
gene. After evaluating by real time PCR the expression knock-
down capacity of each shRNA, the most effective shRNAs
(named sh4 and sh7) were selected for further experiments
(Table 2S, Fig. 1S). Subsequently, we produced lentiviral parti-
cles by co-transfecting second generation lentiviral plasmids and
the transfer vector constructs into HEK293T packaging cells.
Next, we transduced HCT116 cells at MOI (Multiple Optimal
Infection) =3 and 5 and applied puromycin selection to generate
stable silenced cell lines (named sh4 and sh7) and control cell

lines (named pLKO.1). Analysis of hERG1 transcription and
protein expression levels (Fig. 2a, b) revealed a significant re-
duction of both levels in the sh4 and sh7 cell lines compared to
the pLKO.1 cell line. The two silenced cell lines exhibited dif-
ferent hERG1 knockdown levels, i.e., the sh4 cell line showed a
more pronounced hERG1 expression knockdown.

Next, we found by electrophysiological measurements that
the silenced cells exhibited reduced hERG1K+ currents (χ2 test,
pLKO.1 (control) versus sh7 cells, p = 0.014; pLKO.1 (control)
versus sh4, p = 0.023) (Fig. 2c, d). Moreover, we found that the
density (pA/pF) of hERG1 K+ currents was decreased in the
silenced cells (mean: pLKO.1 = 2.9 ± 0.44 s.e.m.,
sh7 = 1.75 ± 0.20 s.e.m.; t-test, p = 0.025, DF = 22).
Additional electrophysiological measurements of capacitance
indicated a reduction in cell volume of the silenced cells (mean:
pLKO.1 = 74.78 ± 7.20 s.e.m., n= 15, sh7 = 35.88 ± 5.40 s.e.m.,
n = 15, Mann-Whitney test p < 0.001). Based on these data, we
conclude that hERG1 gene expression silencing not only re-
duced the hERG1 transcript and protein levels, but most impor-
tantly, also its physiological channel functions.

Since the sh7 cell line, despite a minor knockdown of the
hERG1 transcript and protein levels, exhibited a strong functional
impairment of the K+ channel (Fig. 2c, d), we selected this cell
line for assessing morphological and other biological changes.
We found that the silenced cells showed a different morphology
compared to the control cells (Fig. 3a, b). Particularly, we found
that the silenced cells appeared to have a reduced number of
membrane protrusions, making the morphology of cells more
flattened, and that the cells formed cohesive groups (Fig. 3b).
We also set out to investigate the tumorigenic capacity of the
silenced cells using a soft agar colony formation assay.We found
that the silenced cells formed smaller colonies compared to the
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control cells transduced with an empty vector (pLKO.1 control
versus sh7 silenced cells, Mann-Whitney test, p < 0.0001). We
did, however, not observe any significant differences in the num-
ber of colonies between the control and silenced cells. We also
calculated the growth rate of the control and silenced cells during
six consecutive days. We found that the proliferation rate of both
the sh4 and sh7 cells was lower compared to that of the control
cells (Paired t-test, control versus sh7, p = 0.011) (Fig. 3d). This
reduction in proliferation rate could be explained by a slowdown
of the cell cycle, i.e., a delay in S phase entry of the silenced sh7
cells was noted compared to that in control cells (Paired t-test,
control versus sh7, p = 0.031) (Fig. 3e). Collectively, these ex-
periments indicate that hERG1 silencing has a profound effect in
the physiology of HCT116 cells.

Next, we carried out in vivo experiments by subcutaneously
injecting control and sh7 silenced cells into mice. To this end,
2 × 106 of the respective cells were injected in both flanks of nu/
nu mice, after which the developing masses were monitored for

18 days. The tumor masses were measured and compared to
those of the control cells 4, 11, 14 and 18 days after inoculation.
Overall, we found that the volumes of the masses generated by
the silenced cells were significantly smaller compared to those
generated by the control cells. The size differences were partic-
ularly evident 11 days after inoculation (t-test, p = 0.041,
DF = 11) (Fig. 3f). We found that hERG1 silencing was main-
tained until the mice were sacrificed (hERG1 relative fold
change (log fold): pLKO.1 = 0.14 ± 0.04 s.e.m., n = 6;
sh7 = 0.10 ± 0.03 s.e.m., n = 7).

Moreover, we observed by gene expression analysis a
strong reduction in the mesenchymal markers and an incre-
ment in the epithelial markers tested in the silenced cells
(Fig. 3g).We also noted that the actin cytoskeleton of sh7 cells
compared to that of the control cells appeared to be disorga-
nized and that focal adhesions to the substratum were rare
(Fig. 3h). This altered organization of the cytoskeleton is in
conformity with EMT transition [12].
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3.2 HCT116 cells are resistant to cisplatin treatment

We investigated the response of 4 colorectal cancer-derived
cell lines, HCT116, HCT8, HT29 and H630, to cisplatin treat-
ment by flow cytometry using an Annexin-V-FLUOS kit. In
order to define suitable drug concentrations, we tested 3 dif-
ferent cisplatin concentrations (50, 100 and 150 μM) (Fig. 4a).
Based on this test, we selected the 100 μM cisplatin concen-
tration for subsequent experiments (Fig. 4b). By doing so, we
noted different apoptotic and necrotic rates in the 4 cell lines,
suggesting different sensitivities of the respective cells to cis-
platin (Fig. 4). Among the cell lines tested, HCT116 and H630
were more resistant to cisplatin compared to HCT8 and HT29.
Interestingly, we found that the silenced HCT116 cells exhib-
ited an increased sensitivity to cisplatin (adherent cells:
PLKO.1 (control) mean = 5.2 ± 0.56 s.e.m. versus sh7
(silenced) mean = 9.15 ± 1.88 s.e.m., paired t-test p < 0.05;
non-adherent cells in the supernatant: PLKO.1 (control)
mean = 41.38 ± 3.60 s.e.m. versus sh7 (silenced)
mean = 62.68 ± 3.66 s.e.m., paired t-test p < 0.001; at 6
different cisplatin concentrations; see materials and methods).

3.3 Riluzole has a synergic effect with cisplatin onHCT116
cells

In order to investigate whether riluzole, a drug that interferes
with ion channel activity [31], is able to potentiate the effect of
cisplatin in HCT116 cisplatin-resistant cells, we treated these
cells with a combination of cisplatin and riluzole. Next, we
determined the IC50s of the respective drugs by WST-1 assay

(Fig. 5) and, in order to assess whether riluzole enhances the
toxic effect of cisplatin, we exposed the cells to increasing con-
centrations of cisplatin (1 μM, 12,5 μM, 25 μM, 55 μM,
85 μM, 115 μM) in combination with different constant con-
centrations of riluzole (10 μM; 25 μM; 45 μM; 65 μM), includ-
ing its IC50 value (45 μM). We found that the toxicity of the
drug mixture increased along with the concentration of riluzole
(Fig. 6). In addition, we performed a second round of experi-
ments to determine whether cisplatin and riluzole have a syner-
gistic, additive or antagonistic effects using a cell viability assay
(WST-1) in conjunction with Calcusyn data analysis. For these
experiments, we treated the HCT116 cells with a mixture of
cisplatin and riluzole at different concentrations, but a constant
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Fig. 4 Apoptotic and necrotic effects of cisplatin on colorectal cancer
cells. Colorectal cancer-derived cell lines HCT116, HCT8, HT29 and
H630 exhibit different levels of cisplatin sensitivity. (a) Dose-response
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150 μM. (b) HCT116 and H630 cells are relatively resistant to cisplatin
(100 μM concentration), whereas HCT8 and HT29 cells are relatively
sensitive (increased apoptosis/necrosis). Apoptosis was measured by
Annexin-V staining after a 24-h treatment over untreated control. Error
bars represent s.e.m.; data were acquired by flow cytometry

�Fig. 3 Morphological and functional characteristics of hERG1 silenced
cells. hERG1 silenced cells show different morphologies compared to
controls, including a reduced number of membrane protrusions. (a)
pLKO.1 control cells and (b) sh7 silenced cells. (c) Soft agar colony
formation assay. hERG1 silenced cells form smaller colonies compared
to control cells and (d) show a reduced proliferative capacity. Histograms
represent the mean ± s.e.m. (error bars). (e) Histograms of cell cycle
analyses at 6, 30 and 72 h showing a delay in S phase entry of the
silenced sh7 cells compared control cells. (S phase: control versus sh7,
p = 0.031; G2/M phase: control versus sh7, p = 0.0159; Paired t-test). (f)
After subcutaneous injection of control and sh7 silenced cells in nu/nu
mice, the volumes of the masses generated by silenced cells were signif-
icantly smaller than those of the controls. Histograms represent the
mean ± s.e.m. (error bars) at 11 days after cells injection. (g) Expression
analysis of mesenchymal (VIM, CDH2, MMP1, FOXC2) and epithelial
(CDH1, OCLN) markers. The silenced cells exhibit a stronger epithelial-
like molecular profile than the controls (mesenchymal-like profile).
Histograms represent the relative fold change ± s.e.m. (error bars). (h)
Actin cytoskeleton (red stained) and focal adhesion contacts in control
pLKO.1 (a, b) and hERG1 silenced sh7 (c, d) cells. Control cells show
actin stress fibers aligned in the direction of cell migration (arrows), and
filopodia and focal adhesions with the substratum (arrow heads). In the
silenced cells the actin cytoskeleton is not oriented and the filopodia are
strongly reduced. The actin cytoskeleton is mainly localized at the cell
surface in the silenced cells (arrow heads not filled). Actin proteins were
visualized with rhodamine-conjugated phalloidin. Magnification 1000×
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ratio of the two drugs, with a 2-fold serial dilution of their IC50s
(1/2, 1/4, 1/8, 1/16, 1/32, 1/64). By doing so, we found that the

two drugs have synergistic and/or additive effects at low con-
centrations (Figs. 6 and 7; Table 3S).
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Fig. 5 IC50 measurements. Cells were treated with increasing
concentrations of cisplatin (a), DMSO (b), riluzole (c), cisplatin +
DMSO (d), and cisplatin + riluzole (e) to determine the IC50 of each

drug and their combination. (f) Toxicity of cisplatin-riluzole mixture.
Absorbances were measured using a microplate reader (ELx 800) at a
wavelength of 450 nm every 20 min
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3.4 Calcium-activated potassium channels may serve
as riluzole targets in colorectal cancer cells

It has been reported that calcium-activated potassium channel
KCa3.1 expression increases the sensitivity of cancer cells to
cisplatin [37]. Based on this observation, we set out to inves-
tigate the KCa1.1, KCa2.3 and KCa3.1 expression levels in
the above mentioned colorectal cancer-derived cell lines.
Using qRT-PCR we found that the expression of the corre-
sponding genes varies among these cell lines. KCa3.1 was
found to be expressed at the highest level (average Ct values:
KCa1.1 = 33.11, KCa2.3 = 30.50, KCa3.1 = 22.17) with log
fold ratios of KCa3.1/KCa1.1 = 3.53 and KCa3.1/
KCa2.3 = 2.68). We conclude that KCa3.1 is by far the most
highly expressed calcium-activated potassium channel. Both
HCT116 and H630 cells were found to express KCa3.1 and
hERG1 at high levels compared to HCT8 and HT29 cells. In
particular, we found that KCa3.1 was notably higher (~6.3
fold) expressed in HCT116 and H630 cells than in HCT8

and HT29 cells (Fig. 3S). Thus, KCa3.1 channels may serve
as riluzole targets in cisplatin-resistant colorectal cancer cells.

4 Discussion

Epithelium-mesenchymal transition (EMT) plays a key role in
tumor progression, and allows cells to invade surrounding
tissues, intravasate into lymph and blood vessels ultimately
leading to the formation of distant metastases through the
activation of complex signaling processes and cytoskeleton
rearrangements [38]. Genes involved in EMT regulation have
been reported to play a key role in colorectal cancer develop-
ment [3]. As such, the discovery of novel genes implicated in
EMT may be relevant for the clinical management of colorec-
tal cancer.

Here, we found that colorectal cancer-derived HCT116
cells exhibit a mesenchymal molecular profile and, at the same
time, a high level of hERG1 expression [32]. Based on this
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Fig. 6 Concentration-dependent toxicity of cisplatin-riluzole mixture. The toxicity of the cisplatin-riluzole drugmixture increases with the concentration
of riluzole. Riluzole concentration: 10 μM (a); 25 μM (b); 45 μM (c); 65 μM (d)
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observation, we tested the hypothesis that hERG1 channels
may be involved in EMT by knocking down its expression
in HCT116 cells by lentivirus-mediated RNA interference,
which allows a high and stable transduction efficiency (>
70%). We found that hERG1 transcript and protein levels
were reduced in the silenced cells and, most importantly, that
the silenced cells exhibited reduced hERG1 currents, thereby
confirming a functional knockdown and impairment of the
hERG1 ion channels. Of the two shRNAs tested, sh4-
shRNAwas found to elicit a stronger effect on hERG1 expres-
sion, whereas sh7-shRNA elicited a stronger phenotypic ef-
fect. This discrepancy could be due to the fact that sh4-shRNA
recognizes 3 (most abundant) isoforms whereas sh7-shRNA
recognizes all known isoforms (Fig. 1S). In fact, the shorter
and less abundant hERG1 isoforms orchestrate the correct
delivery and assembly of hERG1 channels into the plasma
membrane [39]. Nevertheless, we found that both shRNAs
were effective in knocking down hERG1 expression, thereby
confirming the specificity of the shRNAs selected.

We found that hERG1 silencing had several consequences,
including changes in cell morphology and reductions in the
proliferative and tumorigenic capacities of the cells both
in vitro and in vivo. The morphological change of the silenced
cells, i.e., reductions in lamellipodia and actin rearrangements,
are representative reductions in the mesenchymal phenotypes
of the cells. In conformity with this notion, we found by gene
expression analysis of EMT markers that hERG1 expression
knockdown elicited a change in the molecular profile of
HCT116 cells in the direction of a more epithelial profile.
Moreover, we found that two distinct hERG1 silenced cell
lines, sh7–3 and sh7–5, respectively (MOI = 3 and 5) exhib-
ited similar morphologic and molecular profiles, underscoring
the experimental reproducibility of the hERG1 RNAi experi-
ments. An alternative approach used by Restrepo-Angulo
et al. [25] to study the involvement of EAG1 channels (closely

related to hERG1) in EMT by inducing EMT in A549 lung
cancer cells through TGFβ1 treatment does not directly prove
the involvement of EAG1 channels in EMT since TGFβ1 is
known to regulate several different biological processes. Our
results highlight, for the first time, the role of hERG1 potas-
sium channels in EMT in colorectal cancer cells.

Previous studies have already revealed physical relationships
between hERG1 ion channels and proteins involved in cell-cell
and cell-substrate interactions, such as integrins [27]. Although
integrins alone are not causing cancer, the expression of
integrins correlates with cancer progression and a poor patient
survival. Notably, oncogenes may require integrin signaling to
initiate cancer cell growth and invasion. The availability of com-
pounds capable of targeting hERG1 channels [40] turns the
hERG1-integrin complex into an appealing therapeutic target
in colorectal cancer, thereby focusing on weakly expressed iso-
forms in muscle and nervous tissues. Collectively, our data pro-
vide indications for a key role of hERG1 in EMT in HCT116
colorectal cancer-derived cells. Additional studies on other
(colorectal cancer-derived) cell lines and/or primary tumor sam-
ples are required to generalize this finding.

Previous reports have indicated that ion channels may play
important roles in tumor progression and treatment. KCa3.1
has, for example, been found to promote apoptosis in human
epidermoid cells treated with cisplatin [37]. We found that the
silenced hERG1 cells are more sensitive to cisplatin.
Therefore, we selected a commercially available drug,
riluzole, that is known to act on several different ion channels,
i.e., activated KCa1.1, KCa2.3, KCa3.1 and K2p2.1, and
blocked KV1, KV3, KV4, Nav1.2, Nav1.4, Nav1.5, Cav1.2
and hERG1 ion channels [31]. In particular, riluzole has been
found to reduce the activity of hERG1 ion channels and, at the
same time, to stimulate the activity of KCa3.1 ion channels.
According to previous studies and our results, modulation of
these two ion channels (i.e., decrease hERG1 and increase
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KCa3.1 ion channels) should increase the cisplatin sensitivity
of cancer cells expressing these genes. Indeed, we found that
HCT116 cells overexpressing both hERG1 and KCa3.1,
showed an increased sensitivity to cisplatin when treated with
riluzole. However, we do not know whether this increased
sensitivity is only due to modulation of the hERG1 and
KCa3.1 ion channels or whether other channels contribute to
this effect as well. Cisplatin is a drug that is widely used in
cancer therapy. Cisplatin (and other chemotherapeutic drugs)
often face the emergence of resistance, which limits its use.
Riluzole could be employed in combination with cisplatin to
reduce or delay this resistance.Whereas cisplatin elicits severe
neurotoxic effects [41], riluzole has a neuroprotective effect
[42, 43]. Therefore, riluzole may alleviate the side effects of
cisplatin and prevent resistance to this drug. Since riluzole is
FDA approved for used in humans, this could speed up the
process of testing this drug combination in clinical trials.
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