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ABSTRACT

Besides their crucial role in cell electrogenesis and maintenance of basal membrane
potential, the voltage-dependent K* channel Kv11.1/hERG1 shows an essential impact in
cell proliferation and other processes linked to the maintenance of tumour phenotype. To
check the possible influence of channel expression on DNA damage responses, HEK293
cells, treated with the genotoxic agent methyl methanesulfonate (MMS), were compared
with those of a HEK-derived cell line (H36), permanently transfected with the Kv11.1-
encoding gene, and with a third cell line (T2) obtained under identical conditions as H36,
by permanent transfection of another unrelated plasma membrane protein encoding gene.
In addition, to gain some insights about the canonical/conduction-dependent channel
mechanisms that might be involved, the specific erg channel inhibitor E4031 was used as
a tool. Our results indicate that the expression of Kvl1.1 does not influence MMS-
induced changes in cell cycle progression, because no differences were found between
H36 and T2 cells. However, the canonical ion conduction function of the channel
appeared to be associated with decreased cell viability at low/medium MMS
concentrations. Moreover, direct DNA damage measurements, using the comet assay,
demonstrated for the first time that Kv11.1 conduction activity was able to modify MMS-
induced DNA damage, decreasing it particularly at high MMS concentration, in a way
related to PARPI gene expression. Finally, our data suggest that the canonical Kv11.1

effects may be relevant for tumour cell responses to anti-tumour therapies.
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INTRODUCTION

Ion channels are transmembrane proteins crucially involved in the maintenance of
plasma membrane potentials, electrical excitability, cellular electrogenesis and ionic
homeostasis [37]. However, they have been recently involved also in other physiological
processes such as regulation of intracellular pH and cell volume, proliferation, migration,
differentiation, and control of cell cycle and apoptosis [36,40]. Furthermore, their alteration
and/or deregulation in some cell types has been recognized as a cause of tumour
progression [65]. Indeed, several ionic channels are involved in the manifestation of
pathophysiological characteristics known as hallmarks of cancer [7,73]. Strikingly, in
addition to the effects mediated by ion channels canonical functions, allowing ions to cross
the membrane and/or modulating membrane potential, the influence of ion channels on cell
functions that, for example favour tumour progression, might be achieved both via
canonical ion-conducting characteristics involving ion permeation, and/or through non-
canonical mechanisms independent from ion conduction [21,46,64,73,89,91]. These
mechanisms can include direct physical interactions with other proteins or molecules
entailed in intracellular signalling [11]. Also, ion channels are considered attractive
therapeutic targets in cancer [25,69], as well as markers for malignant transformation,
provided that their expression is altered in tumours [52,55].

Among ion channels, potassium channels, and more specifically voltage-dependent
ones (Kvs), constitute one of the groups more frequently involved in those cell functions
that favour tumour progression (reviewed in [17,36,52,69,73]). The EAG or KCNH family
[5,33,77], and especially two of its members, Kv10.1 (eagl, encoded by the human gene
KCNHI) and Kvl11.1 (ergl, encoded by the gene KCNH2, here also called hERGI for
simplicity), demonstrated their aberrant expression in a variety of tumour cells, where they
increased cell proliferation and tumour malignancy [3,17,54,69,73].

Specifically, Kv11.1 is a channel with a fundamental physiological role chiefly in
cardiac cells, but also in other cell types such as smooth muscle, neuronal, and
neuroendocrine cells, in which its impact in crucial cell functions (e.g. contraction,
electrical excitability and hormone secretion) has been quite exhaustively studied
[2,5,6,86]. However, the expression of the channel has also been associated to some
characteristics of tumour progression, such as tumour cell proliferation [53,71],
angiogenesis, cell migration, and differentiation (reviewed in [17,73]). Furthermore,
hERG1 channel over-expression has been detected in several tumour cell lines (e.g.
leukemic, epithelial and connective tissue cells) and in several types of primary tumours
but not in their corresponding healthy tissues [54,71], and it has been associated to poor

prognosis in some tumours [17].



Some of these functions in tumour progression might be exerted through canonical
mechanisms, derived from the K* permeation property of the channel because, as for other
K* channels, Kv11.1 activity is crucial for the maintenance of membrane polarization.
Thus, variations in basal membrane potential may impact cell differentiation, tumour
progression and intracellular homeostasis of Ca** [62,90,91], an ion that seems to play a
role in the action of some DNA-damaging agents [24,32]. Nevertheless, in the case of
Kv1l1.1, some non-canonical actions independent of ion flux activity, probably through
direct interactions with other signalling protein elements, have been recognized on cell
proliferation, migration, apoptosis or cell cycle progression events [1,30,56,57,88].

A generalized and straightforward approach to determine the influence of Kv11.1
canonical function is to use specific channel inhibitors, such as E4031, a class III
antiarrhythmic agent able to specifically block the K" conducting activity of the erg
channels at nanomolar concentrations [49,83,92,94]. Using this inhibitor, some works
reported that pharmacological blockade of Kv11.1 currents in several types of tumour cells
reduced cell proliferation [1,53,71,72], decreased cell migration and lowered intracellular
Ca?" levels [56], and inhibited the growth of xenograft implants of human tumour cells
from stomach cancer [3]. The use of E4031 also demonstrated that tumour cell proliferation
and/or viability were not affected by hERGI current blockade in some tumour cell lines,
although they were reduced by hERG1 knockdown using siRNAs [30,57]. In other cases,
however, the use of E4031 showed that mixed canonical and non-canonical hERG1 effects
were responsible for decreased VEGF secretion in cell lines from colorectal cancers [18].

Despite all the information available about the influence of Kvl1.1 on tumour
progression, there is little direct information on whether this channel influences DNA
damage responses, because the analyses were mostly centred in cellular responses such as
cytotoxicity, cell proliferation, migration and/or apoptosis [1,13,30,56,57,71,72,88,93], but
not in the induced DNA damage itself. Because of this, in this study we interrogated the
possible influence of Kv11.1 on DNA damage responses, focusing the analysis on the DNA
damage induced by a genotoxic agent, and checking whether canonical or non-canonical
hERG1 mechanisms were involved using E4031 as a tool. The monofunctional alkylating
agent methyl methanesulfonate (MMS) chosen for this work is a genotoxic agent used as
a model chemical since many years, able to induce apoptosis and cell cycle alterations, and
with a well-known mechanism of action on the DNA [9,29,34,43,63,84]. MMS methylates
mainly nitrogen atoms of nitrogen DNA bases, such as N7-G and N3-A, that may release
apurinic site intermediates in vitro and in vivo [9]. Consequently, MMS induces both base-

pair changes and deletions in different cell types and organisms [50,51,63].



The MMS-induced DNA damage was determined using the comet assay (single-cell
gel electrophoresis or SCGE) that detects single and double DNA strand breaks [15]. Such
strand breaks can be induced: (i) either directly; (ii) by labilization of alkali-labile abasic
(apurinic/apirimidinic) site intermediates of different DNA damage types; (iii) by the
activity of DNA damage excision repair systems; and/or (iv) by replication blockages [47].
This assay quantifies DNA damage in individual cells in a simple, rapid, and easy way
[80], and has been systematically used to determine DNA damage and DNA repair
[15,61,79] in different types of cells and organisms [20,26-28], biomonitoring human
populations [4], or in ecogenotoxicology studies [10].

Finally, to know the impact on DNA damage caused by the presence of Kv11.1, we
compared HEK293 cells, lacking the channel, with those of the derived cell line HEK-H36
(named H36 through the text), obtained by permanent transfection of the HEK293 cells
with the Kv11.1-encoding gene [59]. Additionally, as a permanent transfection control, we
used the cell line HEK-TRHR2 (named T2), in which an unrelated plasma membrane
protein (the thyrotropin-releasing hormone receptor) is over-expressed, after permanent
transfection with its coding gene under identical conditions to those used to obtain H36
cells.

Our results demonstrate for the first time that the expression of Kvl1.1 can
modify the level of induced DNA damage, particularly at high MMS concentration, and
also the cell viability and clonogenic efficiency after treatment with this genotoxic agent.
They also indicate that the presence of hERG1 does not influence MMS-induced cell cycle
progression. Moreover, they show that the Kv11.1 effects on induced DNA damage and in
cell viability are linked to its canonical function as an ion channel, and that those on DNA
damage might be related to Kvll.1-dependent different DNA repair activities, like
expression of the PARPI gene. Importantly, our data alert about the convenience of using
E4031 under appropriate depolarizing conditions to ensure channel opening and complete
inhibition of its activity. Finally, they also suggest that the canonical Kv11.1 effects may

be relevant for tumour cell responses to anti-tumour therapies.

MATERIAL AND METHODS

Generation of permanently transfected HEK293 cell clones and culturing conditions.

Generation of H36 cells permanently expressing Kv11.1 channels has been described
elsewhere [59]. Briefly, monolayer cultures (=50% confluent) of human embryonic kidney
cells (HEK293; ATCC CRL-1573) were transfected with Kv11.1 channel cDNA subcloned

into HindIIl/BamHI sites of the pcDNA3 vector (Invitrogen), using Lipofectamine (Gibco).
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Three days after transfection, the cells were trypsinized and diluted in a medium containing
1 mg/ml geneticin. Subsequently, they were cultured until cell colonies were visible.
Individual colonies were picked with cloning cylinders and electrophysiologically tested
for Kv11.1 currents. Cells of clone H36, showing robust currents under voltage-clamp,
were selected for the experiments. T2 cells were obtained in the same way using a
pcDNA3.1/Hygro(+) plasmid (Invitrogen), containing the cDNA for the thyrotropin
releasing hormone receptor (TRH-R, [19]) inserted between the HindIll/Xbal sites of the
vector. In this case, Hygromycin B (150 pg/ml) was used to select, as above, individual
clones expressing the receptors. We chose for further work the clone named T2, exhibiting
prominent and reproducible calcium responses when perfused with TRH after loading the
cells with the fluorescent Ca®" indicator Fura-2 [59].

All cell lines were grown at 37°C in a humidified atmosphere of 95% air and 5% CO.
using a 1:1 mixture of Dulbecco’s modified Eagle’s medium and Ham’s F-12 nutrient
mixture (Sigma), supplemented with 100 U/ml penicillin, 1.1 mg/ml streptomycin and 10%
fetal bovine serum. The doubling time was approximately 24 h for the HEK293 and 36 h
for the H36 and T2 cells under these conditions. Antibiotics used for selection were not
employed during subsequent studies. Thus, only cells from passages 3-10 after thawing
were utilized, to ensure that channel expression was maintained, as demonstrated by
systematic testing of Kv11.1-type ionic currents presence in the H36 cells used for the

experiments.
Electrophysiological recordings and intracellular calcium measurements.

Ion current recordings and estimations of cell membrane potential were performed at
room temperature under voltage-clamp and current-clamp conditions, respectively. The
perforated-patch variant of the patch-clamp technique was used to minimize alterations of
intracellular content. Perforation of the patches was achieved using nystatin as detailed
elsewhere [12,59]. Electrodes were filled with a solution containing (in mM): 65 KCl, 30
K>S04, 10 NaCl, 1 MgCly, 50 sucrose and 10 Hepes (pH7.4 with KOH). The standard
extracellular saline used for recordings contained (in mM): 137 NaCl, 4 KCI, 1.8 CaCl, 1
MgCl,, 10 glucose, 10 HEPES (pH 7.4 with NaOH). When indicated, a depolarizing
extracellular saline was employed, in which NaCl was substituted by 136 mM KCI. The
voltage dependence of Kv11.1 current activation in H36 cells was assessed using standard
tail current analysis. Tail current magnitudes normalized to maximum were fitted with a
Boltzmann function: h(¥) = L. [1/(1 + exp((V — V12)/k))], where V is the test potential, V12 is

the half-activation voltage, and & is the slope factor. Typical ionic currents, with the kinetic
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and biophysical characteristics of hERG, were observed in all recorded H36 cells used, but
were never observed in HEK293 and T2 cells. Procedures for cell loading with the Ca?*-
sensitive dye Fura-2 and for measurements of variations in intracellular Ca?*
concentrations ([Ca?*]i), to establish maintenance of TRH-R expression in T2 cells, have

been detailed elsewhere [12,59].
Chemical agents

Methyl methanesulfonate, MMS (CAS N° 66-27-3), obtained from Sigma-Aldrich,
Spain, was dissolved in sterile purified distilled water to prepare 10 mM stock solutions
immediately before the experiments. 1 mM stock solutions of the Kv11.1 current inhibitor
E4031 (CAS N° 113558-89-7; Sigma-Aldrich, Spain) in sterile distilled water were stored
at -20°C. The working concentration was subsequently prepared in cell culture medium or
extracellular saline when indicated. 5 uM E4031 was used for all treatments in serum-
containing cultured media. The compound was continuously perfused to the recording
chamber at a more reduced concentration of 1 uM, dissolved in the extracellular saline

used for the patch-clamp electrophysiological experiments.
MTS viability and clonogenic assays

Variations in cell viability levels induced by MMS treatment were determined in 96
well plates using the MTS CellTiter 96® AQueous One Solution Cell Proliferation Assay
(Promega). Cells were seeded at 10* cells/well density in 0.1 ml of medium and cultured
during 48 h. They were subsequently treated with various MMS concentrations, between
0.01 and 0.6 mM, as indicated in the corresponding results. Six wells were used for each
concentration assayed. After 3 h of treatment, cells were washed twice with phosphate
buffered saline (PBS) and covered with 0.1 ml of fresh medium. After an additional 24 h
incubation, 20 pl of MTS per well were added and the absorbance at 490 nm was measured
one hour later with a VariosKan Flash spectrophotometer (Thermo Scientific). Viability
values were obtained using SKantlt® software (Thermo Scientific). At least two
independent experiments were performed for each cell line and concentration. To study the
impact of E4031 on MMS-induced changes on viability, 5 uM of the inhibitor was added
to each well as indicated, together with the corresponding MMS concentrations.

For clonogenic survival analysis, 10° cells/well were seeded in a 6-well plate for 24
hours and then treated for 3 h at 37°C in culture medium with the indicated concentrations
of MMS. Immediately after treatment 1,000 or 3,000 cells per well were re-plated in new

6-well plates to assess colony forming efficiency. The plates were left in the incubator for
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6-10 days until clones of at least 50 cells appeared. The cells were washed with PBS, fixed
with methanol:acetic acid (3:1) for 5 min, and stained with 0.5% crystal violet in methanol
for 15 min. The dye mixture was removed, the plates rinsed with tap water; and the colony

numbers were counted after drying.
Estimation of DNA damage levels using the comet assay.

Six-well plates were used to seed the cells at 0.5 x10° cells/well. After 72 h, cells were
treated with the indicated concentrations of MMS. Negative controls with only culture
medium were always run in parallel. After a 3 h treatment, cells were washed twice with
PBS, trypsinized and suspended in PBS at 3,3x10° cells/ml. The alkaline Comet assay was
performed as previously described [23]. Briefly, 10° cells in 0.5% low melting point (LMP)
agarose (Invitrogen) were spread on slides precoated with 0.5% of normal melting point
(NMP) agarose (Invitrogen). These gels were subjected to 1 h lysis (89% of NaCl 2,5 M,
Na;EDTA 100 mM, Tris 10 mM, NaOH 0,25 M, pH=10, 10% of DMSO and 1% Triton
X-100), 20 min denaturing at pH>13 (Na2EDTA 1 mM and NaOH 300 mM), and 20 min
electrophoresis at 0.81 V/cm and 300 mA, at 4°C in the dark. After 3 x 5 min neutralization
with 0.4 M Tris-HCI, pH 7.5, and 5 min fixation with absolute ethanol, each slide was
coded for blind analysis and gels were stained with 40 ul of ethidium bromide (0.5 pg/ml)
and 1 pl of fluorescence protector Vectashield® (VECTOR laboratories, Inc. Burlingame).
Nucleoids were visualized at 400x magnification with an OlympusBX61 fluorescence
microscope, equipped with fluorescence filters and an Olympus DP70 CCD-coupled
camera at the Scientific-Technical Services (SCTs) of our University. Nucleoids from at
least 50 cells per gel were scored and photographs were analysed with the Komet 5 software
program (Kinetic, UK). Two gels were analysed per MMS concentration, and at least three
independent experiments were carried out for each concentration, condition and cell line.
The percentage of DNA on nucleoid tails (% Tail DNA) was used as the Comet assay

parameter.

The effect of E4031 on DNA damage was determined, as described for the viability,
adding this chemical in co-treatments with the corresponding MMS concentrations. When
indicated, it was also used for 5 min pre-incubations in depolarizing high KCl extracellular

saline, before changing the medium for the co-treatments with MMS.

To check DNA repair activity, the comet assay was also used to assess the
disappearance of 0.2 mM MMS-induced DNA damage in HEK293 and H36 cells. In this

case, after the standard 3 h treatment with MMS, cells were washed two times with PBS,
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allowed to recover in new fresh culture medium for different time periods (30 min, 1 hour
and 2 hours), and then cells were harvested to perform the comet assay as described above.

Two independent experiments were carried out for each cell line.
Cell apoptosis and cell cycle assays.

Cells were seeded in six-well plates at 7x10° cells/well and cultured 24 h before
performing 3 h treatments with four different MMS concentrations (0.05, 0.1, 0.2 and 0.35
mM), and only with the solvent (negative control). Following the treatments, cells were
washed twice with PBS and incubated 24 h with fresh medium without the agent. Next,
they were trypsinized and divided in 10° and 5x10° aliquots for apoptosis and cell cycle
analysis, respectively. The Annexin V-Fluorescein isothiocyanate (FITC) apoptosis
detection method (Inmunostep, Spain) was used for cell apoptosis analysis. Briefly, 10°
cells were resuspended in 0.2 ml of a solution containing 2 pl of annexin V-FITC
BioVision® reagent, 14 ul of 0.1 mg/ml propidium iodide (PI) and 184 ul of Annexin-
binding buffer (140 mM NaCl, 2.5 mM CaCl,, 10 mM Hepes/NaOH pH 7.4). Cells were
incubated for 15 min at room temperature in the dark, and apoptosis levels were determined
with a Cytoflex S cytometer (Beckman Coulter) and CytExpert® analysis software
(Beckman Coulter), at the SCTs from the University of Oviedo. For cell cycle analysis, 0.5
ml of PBS was added to 5x10° treated cells and then the cells were fixed by adding 2 ml of
cold 70% ethanol and frozen at -20°C for at least 24 h. Afterwards, the cells were
centrifuged to eliminate ethanol and resuspended in a solution containing 50 ul of PBS, 50
pl of 10 pg/ml RNAse and 75 pl of 140 pug/ml PI. After 30 min in the dark at room
temperature, cells were analysed in the Cytoflex S cytometer, using ‘‘ModFit LT’ (Verity

Software House).
Estimation of PARPI expression.

To estimate the level of PARPI expression in HEK293 and H36 cells, RNA extraction
and reverse transcription was achieved by extracting global RNA from 2-4 x 10° cells,
treated in T-25 flasks for each cell type and analysed condition (untreated and treated with
0.2 mM MMS), using the RNA purification kit E.Z.N.A.® Total RNA Kit I (Omega bio-
tek), combined with a DNA digestion with E.Z.N.A. RNase-Free DNase I Set (Omega bio-
tek), according to the manufacturer’s instructions. Each extraction was eluted in 50 pl of
nuclease-free H>O provided with the kit. RNA concentration and integrity were measured
with Agilent RNA 6000 Nano Kit (Agilent Technologies, Inc.) in an Agilent 2100

Bioanalyzer (Agilent Technologies, Inc.), at the SCTs of the University of Oviedo,
9



obtaining RNA Integrity Numbers (RIN) between 8.60 and 9.50 for all the samples.
Reverse transcription was performed using RevertAid H Minus First Strand ¢cDNA
Synthesis Kit (ThermoFisher Scientific) following the manufacturer’s indications, with
3.11 pg of RNA from each cell type and analysed conditions, and using oligo-dT as primer.

Differential gene expression of PARPI gene in HEK293 and H36 cells, untreated and
treated ones, was analyzed by qPCR with the TagMan® gene expression assay
Hs00242302 ml (Applied Biosystems), using GAPDH gene (Hs99999905 ml) as
reference gene with constitutive expression. The qPCR was carried out in a 7900HT Fast
Real-Time PCR System (Applied Biosystems), at the SCTs of our University, using 10 pl
TagMan Universal Mastermix II with UNG (Applied Biosystems) in 20 pl of final volume,
with 1 pl of Tagman probe and 2 pl of 1:4 diluted cDNA per reaction, and the following
program: 50°C for 2 min, 95°C for 10 min, and 40 cycles at 95°C for 15 s and 60°C for 1
min. Using the Expression Suite Software v1.0.3 (Applied Biosystems), data were first
corrected considering the reference gene, and then analysed with the relative quantification
(RQ) method, which represents the fold change against the cells or treatment condition
used as calibrator in each analysis, in this case control HEK293 cells. Three technical
replicates were done per sample and three independent experiments were carried out,

calculating the mean fold change and its standard error.
Statistical analysis.

Data in the text and the figures represent arithmetic means and their SEM for the
number of indicated cells. Pairwise comparisons of results were carried out with parametric
unpaired (2-tailed) Student 7 tests when indicated. When significant differences in standard
deviation were present an alternate Welch’s test or non-parametric Wilcoxon test were also
used. For the Comet assay analysis, the effects of MMS at each concentration were
compared to the negative control, in individual experiments, using the non-parametric U
Mann-Whitney test, because the % Tail DNA parameter does not follow a normal
distribution. For multiple pairwise comparisons within one experiment one-way ANOVA
and Student-Newman-Keuls (SNK) and/or HSD Tukey post-hoc tests were used as
indicated. Linear regression analyses of dose-response data were also performed to check
if the MMS effects depended on the concentration. Half-maximal inhibitory concentration
(ICs0) values were estimated with Probit analysis to obtain linear dose-response
relationships. Alternatively, Hill model fits to the experimental dose-response data were
performed with the eeFit add-in for Microsoft Excel [87], using nonlinear least-squares

regressions with a sigmoidal function [y = Max - (Max - Min) (x" / (x" + K"))], where K and
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h are the ICso value and the Hill coefficient, respectively. All the statistical tests were
performed with GraphPad Instat (version 3.05) and IBM SPSS Statistics (version 21.0.0.0).

In all cases, p-values <0.05 were considered as indicative of statistical significance.
RESULTS

Morphological and electrophysiological characterization of HEK293, H36 and T2

cells.

Our main goal was to check the contribution of Kv11.1 to cell response(s) associated
to possible DNA damage induced by sub-toxic concentrations of the genotoxic agent
MMS. We analysed the cell response performing determinations of cell viability, combined
with analyses of apoptosis and cell cycle progression by flow cytometry, and especially
with Comet assay analysis to detect and quantify DNA damage, as an indication of induced
genomic instability. To this end, we compared HEK293 cells with those of the H36 cell
clone derived from them, permanently transfected with the Kv11.1-codifying gene. The T2
clone, also derived from HEK293 and permanently expressing a hormonal membrane
receptor (the TRH receptor), was used as a transfection control.

As an initial step, an electrophysiological analysis was carried out to demonstrate the
functional expression of Kv11.1 in H36 cells, and the complete absence of this channel
currents in both HEK293 and T2 cells. As shown in Figure 1A, no obvious morphological
differences were observed between the three cell types in culture. On the other hand, Figure
1B demonstrates that, after application of depolarization pulses under voltage-clamp
conditions, from a basal potential of -80 mV to different voltages between -60 and +40
mV, followed by a repolarization step to -50 mV, prominent ionic currents, with the kinetic
and biophysical characteristics of Kv11.1, were observed in H36 cells. Noticeably, such
currents were completely absent in HEK293 and T2 cells, in which only small outwardly
rectifying currents were observed during the depolarization steps, due to the activity of the
endogenous voltage dependent ion channels present in these cells. Indeed, at the time scale
used, in HEK293 and T2 cells a complete absence of ionic currents was apparent during
the -50 mV steps. In contrast, strong outward currents were present during the same steps
in H36 cells. In fact, the magnitude of these currents at the peak (black circle in Figure 1B)
is clearly higher than that at the end of the previous depolarizations to positive voltages
(white circle in Figure 1B), even though the electromotive force for K* is smaller at -50
mV, given the transmembrane cation concentrations present during the recordings. This
phenomenon is exclusively related to the known anomalous rectification properties of the

Kv11.1 channels at positive voltages, due to very fast inactivation during depolarizing
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voltage steps, and release from inactivation faster than deactivation during repolarizing
voltage pulses [82,86], as demonstrated by the N-shaped current-voltage relationships
exhibited by the currents when measured at the end of the depolarizing pulses (left lower
panel in Figure 1B). Finally, the conductance/voltage relationships obtained by tail current
analysis (right lower panel in Figure 1B) yielded a Vo5 value of -12.3 £1.3 mV (n=11),
analogous to that obtained in other studies in which Kv11.1 channel activity were recorded
in similar conditions [53,75]. Altogether, these data demonstrated that the Kv11.1 channels
were expressed in H36, but not in the HEK293 and the T2 cell lines.

As an additional characterization step, we also determined the possible impact of
MMS, on the Kvl1.1 channels expressed in H36 cells. As shown in Figure 1C, the
magnitude of the Kv11.1 currents and their kinetic properties, remained unaltered both
following the direct addition of 0.35 mM MMS to the recording chamber, or after a
standard 3 hour treatment of the cells with 0.35 mM of the chemical, the highest agent
concentration used in most of the performed functional studies (see below).

Next, the basal membrane potential (Em) values of the different cell lines were
determined under current-clamp conditions (see Methods). The observed values were -61.4
+ 3.2 mV (n=8) for H36, -35.0 + 1.9 mV (n=5) for HEK293, and -37.5 £ 3.0 mV (n=6) for
T2 (Figure 2). These results indicated that, due to the presence of the over-expressed
Kv1l.1 channels in H36 cells, the resting membrane potential of these cells was
significantly more negative than those of HEK293 and T2 cells, that otherwise exhibited
very similar values. Since in all the cases the same ionic conditions were used,
corresponding to a Nerst equilibrium potential for K* of around -90 mV, our data
demonstrated that the cells expressing Kv11.1 exhibited a basal membrane potential closer
to this value than the other two cell lines. An additional demonstration that these
differences were due to the presence of hERG1 was provided by the fact that, as shown in
Figure 2, the H36 Em value became analogous to those of the HEK293 and T2 cells, when
the H36 cells were incubated with the specific erg channels inhibitor E4031, under
conditions in which an almost complete blockade of the hERG1 currents is achieved [e.g.
after a 5 min treatment with the inhibitor in high-KClI saline, followed by a 3 h exposition
of the cells to E4031 in standard culture medium (marked 34 + KCI pulse in the graph. See
also below)].

As a final checkup, we also verified that the basal membrane potential of H36 cells
was not modified following a 3 h treatment with 0.35 mM MMS. Thus, consistent with the
lack of effect on the hERGI currents, in the presence of MMS, an Em value of -60.0 + 2.5

mV (n=7) was observed, analogous to that measured in the untreated cells. Therefore, the
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treatment with the genotoxic agent per se does not modify either the biophysical properties

of the channels, or the basal membrane potential of the Kv11.1-expressing cells.

Effect of MMS on cell viability and colony forming efficiency.

To study the possible differences in MMS sensitivity of the different cell lines, their
cell viability was determined using the MTS assay (see Methods). The percentage of cell
survival with different concentrations of the genotoxic agent was determined 24 h after the
3 h MMS treatment, because no effect was detected when measurements were performed
immediately after treatment. The results obtained for HEK293, H36 and T2 cells are
presented in Figure 3A. As observed, the presence of MMS caused a progressive decrease
of cell viability, that in all cases became particularly intense at the three highest analysed
concentrations. Nevertheless, viability always remained above 50% except at the two
highest MMS concentrations (0.5 and 0.6 mM), depending on the cell lines. Statistical
analysis of cell survival within each cell line, when those cells treated with different MMS
concentrations were compared to their respective negative controls (untreated cells),
demonstrated that in H36 cells statistically significant decreases in viability started at 0.025
mM. In contrast, concentrations of at least 0.15 and 0.5 mM MMS were necessary to cause
a significant decrease of viability in T2 and HEK293 cells, respectively. Furthermore,
comparison of variations between different cell lines indicated that, except for the two
highest concentrations tested (0.5 and 0.6 mM), the survival of both HEK293 and T2 cells
were clearly higher than that of H36 cells at concentrations above 0.05 mM. Strikingly, a
higher viability was observed in H36 (56.7 £ 2.5%, n=6) when compared to HEK293 cells
(45.3 £ 4.3%, n=4) at 0.5 mM MMS, a difference that disappeared at 0.6 mM of the
genotoxic agent.

The use of a Probit analysis, to optimize the determination of the dose causing a 50%
inhibition of cell survival (see Methods), yielded similar ICso values of 527, 506 and 502
uM for HEK293, H36 and T2 cell lines, respectively. When Hill models were fitted to the
dose-response data of the individual experiments using the eeFit add-in for Microsoft
Excel ([87], see Methods and Figure 3A), an ICso of 342 + 49 uM (n=6) was obtained for
H36 cells, slightly smaller than those for HEK293 [490 + 24 uM (n=4)] and T2 cells [469
+ 32 uM (n=9)], although these differences were not statistically significant. Considering
all these data, MMS concentrations of 0.05, 0.1, 0.2 and 0.35 mM, all of them well above
50% of cell survival, and MMS treatment times of 3 h, were chosen to be used in
subsequent studies of clonogenicity, apoptosis, cell cycle progression and induced DNA

damage to check genomic instability. Since the highest concentration in this range was
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similar to those used when MMS was employed as positive control in the comet assay [23],
no additional positive controls were included in those experiments. Altogether, our results
indicated that the presence of Kv11.1 was able to sensitize H36 cells to low and medium
MMS concentrations.

To evaluate the cytotoxicity of MMS on cells expressing Kv11.1, results obtained with
the colony formation assay in H36 cells were compared with those obtained in control
HEK?293 cells (Figure 3B). The number of cell colonies formed indicated that the genotoxic
agent did not have cytotoxic effect on H36 cells in concentrations below 0.35 mM.
However, contrary to the viability data, a slightly higher sensitivity was observed in
HEK?293 cells, compared to H36 cells, because a significant decrease of formed cell colony

was also detected at 0.2 mM MMS.

Influence of Kv11.1 expression on MMS-induced DNA damage.

To check the influence of the presence of Kv11.1 on the induction of DNA damage by
MMS, we performed direct measurements of DNA damage using the Comet assay under
alkaline conditions (see Methods), and measuring the percentage of DNA in the tail (%
Tail DNA), which in mammalian cells constitutes the usual and recommended parameter
to quantify DNA damage [15]. Again, measurements of MMS-induced DNA damage were
performed with HEK293, H36 and T2 cell lines and the results obtained are depicted in
Figure 4. As expected, dose-response regression analysis demonstrated that in every cell
type, the DNA damage was significantly enhanced in response to increasing MMS
concentrations, since positive slopes of the dose-response relationships statistically
different from zero were obtained [76.1 (p=0.005), 50.1 (p=0.008), and 71.6 (p=0.004), for
HEK?293, H36 and T2 cells, respectively]. No differences in spontanecous DNA damage
were detected among the cell lines. However, when 0.2 mM MMS-induced DNA damage
was compared with one-way ANOVA and SNK post-hoc tests, the damage was lower in
H36 than in HEK293 and T2 cells (Figure 4), and the same was also true for 0.1 and 0.35
mM MMS concentrations. These results indicated that, at MMS concentrations higher than
0.1 mM, the presence of Kv11.1, but not the transfection routine alone, was able to protect

the cells from the MMS-induced DNA damage.

Influence of Kv11.1 expression on cell apoptosis in response to MMS treatment.

The percentage of apoptotic cells in the three cell lines was determined by flow
cytometry, using the Anexin V-FITC plus PI assay. Early apoptotic cells are characterized
by the presence of changes such as the redistribution of phosphatidylserine from the inner
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to the outer plasma membrane leaflets [22]. Due to the ability of annexin V to interact with
the phospholipid, the use of this protein labelled with a fluorescent marker, such as
fluorescein isothiocyanate (FITC), constitutes a tool to specifically determine early
apoptosis levels [75]. On the other hand, additional dysfunctions and morphologic changes
are typically found in late apoptotic cells, including loss of cell membrane integrity [22].
This allows the fluorescent intercalating agent propidium iodide (PI) to enter the cells and
stain them upon binding to DNA [75]. Therefore, data from flow cytometry assays with
cells exposed to annexin V-FITC plus PI, in which only annexin V stained cells are
detected, were considered as due to early apoptosis. Alternatively, those cells also stained
with PI were considered as late apoptotic cells. The effect of treatment with different MMS
concentrations on HEK293, H36 and T2 cells early and late apoptosis is depicted in Figure
5.

Analysis of early apoptosis showed that, although there were some increments induced
by MMS treatments in the three cell lines, no statistically significant differences were
found. Regarding late apoptosis, only 0.35 mM MMS induced a significant increase,
compared to the respective negative controls, in T2 cells. However, the dose-response
regression analyses showed that in H36 and T2 cells late apoptosis was progressively
enhanced when MMS concentrations were increased (slopes, significantly different from
zero, were 1.44 +0.43, p=0.042, and 2.71 £ 0.83, p=0.045, for H36 and T2, respectively).

These results showed that, since there were not significant differences between H36
cells, expressing the channel, and the parental HEK293 cells, or between H36 and T2 cells
in the regression analyses, the presence of Kv11.1 did not seem to influence MMS-induced

apoptosis.

Influence of Kv11.1 expression on cell cycle progression.

Using flow cytometry, we studied cell cycle progression in the three analysed cell
lines, to check the possible influence of Kvl1.1 expression on the response to MMS
exposition, following a 3 h treatment with the agent. As with the viability and apoptosis,
cell cycle progression was determined 24 h after MMS treatment, because no effects were
detected when measured immediately after treatment. Due to differences in DNA amount
during cell cycle G1, S and G2 phases, it is possible to estimate the percentage of cells in
every phase after incubating them with PI. The results of the cell cycle analysis are
summarized in Figure 6. In the negative controls, without MMS, the three tested cell lines
presented over 50% of cells in G1, and below 25% in G2. In this case, only a significantly
lower percentage of H36 cells in G1 respect to the other two cell lines (p= 0.0084, one-way
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ANOVA and SNK post-hoc tests), and a higher percentage H36 in S phase respect to
HEK293 (p=0.01 with Student’s ¢ test) were detected. On the other hand, in the presence
of MMS, the percentage of cells in G1 remained almost unaltered at low concentrations of
the agent in all cell lines, but was similarly lowered both in H36 and T2 cells at 0.2 mM,
and appeared drastically decreased in the three cell lines at the highest (0.35 mM) tested
concentration. Concomitantly, clear increases in G2 cells were also detected at these
highest concentrations, but again, no differences were detected between the H36 cells
expressing Kv11.1 and the T2 used as transfection control, in which the channel is absent
(lower panels in Fig. 6). Finally, significant but almost identical increases of cells in S
phase were observed at 0.35 mM MMS both in the H36 and the T2 cell lines. Again, like
mentioned above with the apoptosis analysis, and shall be discussed below, the absence of
any detectable difference between H36 and T2 seemed to indicate that, in terms of cell
cycle progression, the expression of Kv11.1 does not influence the response to the DNA

damaging agent MMS.

Canonical ion flux-dependent channel function is necessary for Kvl1.1 modulation of

MMS-induced changes of cell viability and DNA damage.

To check if the Kvll.1-dependent modification of MMS-induced DNA damage
needed K ion fluxes, channel-expressing H36 cells were treated with the specific erg
channels blocker E4031. As an initial step to this end, we tested the efficiency of the
treatment with the channel inhibitor by recording Kv11.1 currents in cells incubated with
E4031 (see Methods). For this purpose, we electrophysiologically checked the Kv11.1
blocking ability of E4031 under basal conditions, without modification of the cell
membrane potential, and also after depolarizing the membrane either applying
depolarization pulses under voltage-clamp conditions, or chemically depolarizing it using
a high extracellular K" concentration.

Astonishingly, long treatments with 5 uM E4031, up to 24 h, did not completely block
the Kv11.1 currents, if current magnitudes were quantified during the first depolarization
sequence, after completion of perforated-patch electrical access to the cell inside (Figure
7A,C). Indeed, the incomplete blockade of the currents was not due to an excessively low
concentration of the inhibitor, since the currents were abolished after repeatedly applying
depolarization steps at 20 s intervals (Figure 7B). Moreover, no Kv11.1 currents were
observed when the first recording was preceded by a 30 s depolarization to 0 mV under
voltage-clamp, or when the 3 h incubation period with 5 uM E4031 in standard culture

medium, was preceded by 5 min exposition to the inhibitor in a depolarizing saline

16



containing 140 mM KCI (Figure 7A,C). These data demonstrated that, unless the cells were
briefly depolarized, either electrophysiologically or by chemically collapsing the
transmembrane K" gradient for a short period of time in the presence of the inhibitor, a

complete blockade of the Kv11.1 currents was not achieved in H36 cells.

Having demonstrated the technical conditions in which a complete blockade of the
Kv11.1 channel activity could be achieved, E4031 was used as a tool to test the contribution
of the canonical ion flux-dependent hERG1 function to MMS-induced changes in cell
viability and DNA damage. As shown in Figure 8A, at intermediate MMS concentrations
the percent of viable H36 cells treated with the inhibitor were considerably higher than that
of cells non treated with E4031. Inded, at all concentrations tested, the viabilities of H36
cells treated with E4031 became almost identical to those of T2 cells, that do not express

the channel.

With respect to the effect of E4031 on the Kv11.1 modulation of MMS-induced DNA
damage (Figure 8B), the obtained results indicated that, providing that a complete blockade
of Kvl1.1 currents was ensured by means of a short preincubation with E4031 in
depolarizing high-K saline, before the co-treatment with the inhibitor and the genotoxic
agent, MMS-induced DNA damage in H36 cells was clearly higher than that detected when
hERG1 current was not inhibited, whereas there was no E4031 effect in the case of T2
cells. Indeed, under these complete current blocking conditions, no significant differences
of induced % Tail DNA were observed between E4031-treated H36 and T2 cells (Figure
8B). Noticeably, when the inhibitor was used without the depolarizing incubation period,
only a slight but non-significant increase of induced DNA damage was detected in H36
cells incubated with E-4031, as compared with the untreated cells (see inset in Figure 8B).
It is interesting to note also that this very small effect is observed in spite of the fact that,
under these conditions in which a partial blockade of the currents is achieved, a significant
drop in the basal membrane potential was just observed (see Figure 2), that remained still
more negative than the Em of the HEK293 cells, but become similar to that recorded in the
T2 cells, because probably the dominance of the endogenous cell conductances setting Em
has been restored. This suggests that although part of the Kv11.1 modulation of DNA
damage may be indirectly exerted through modifications in cell membrane potential, a
complete blockade of K" permeation itself seems fundamental for a more extensive
protection against the MMS-induced DNA damage. In any case, our results indicate that
the effects of Kv11.1 expression on the response to MMS, in terms of cell viability and

DNA damage, were dependent on the canonical ion-conducting property of the channel.
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Is Kv11.1 modulation of MMS-induced changes on DNA damage related to DNA

repair?

To study whether Kv11.1 expression effect in MMS-induced DNA damage was related
to DNA repair, two types of experiments were carried out with HEK293 and H36 cells.
First of all, the Comet assay was performed at different times after the end of the treatment,
to check the disappearance of the induced DNA damage with time. As observed in Figure
9A, the DNA damage induced by 0.2 mM MMS started decreasing 1 h after the end of
MMS treatment in HEK293 cells. However, the considerably lower induced DNA damage
in H36 cells as compared to that in HEK293 cells (see also above), was not decreased in
H36 cells, even 2 h after finishing the MMS treatment. So, apparently, some DNA repair
aetivity damage removal was detected in HEK293 cells but not in H36 cells, at least within
2 h after removal of MMS.

Secondly, the expression of the PARPI gene in HEK293 and H36 cells, untreated and
treated with 0.2 mM MMS, was studied by qPCR, using the GAPDH gene as reference
[68]. The results presented in Figure 9B indicated that in untreated cells the expression
level of PARPI in H36 cells is clearly higher (almost doubled) than that observed in
HEK293 cells. On the other hand, after MMS treatment, whereas PARP1 expression in
HEK293 cells slightly increased, it elearly decreased in H36 cells.

DISCUSSION

In this report, we have checked the possible influence of Kvl1.1 on the DNA damage
response induced by treatments with the genotoxic agent MMS. We have studied this
response analysing viability, clonogenic efficiency, cell cycle progression, apoptosis and
DNA damage as indicators of genomic instability induction in HEK293 cells permanently
expressing the channel (H36), in the parental cells lacking the channel protein, and also in
a second transfected cell line (T2, used as transfection control). Furthermore, the
contribution of the potassium ion permeation function to the Kvll.I-dependent
modifications of cell viability and induced DNA damage was studied employing as a tool
the erg channels specific inhibitor E4031.

In agreement with previous information about MMS, in this work we have found that
3 hours treatments with this genotoxic chemical decreased cell viability with increasing
concentrations, decreased clonogenic efficiency, induced arrest of cell cycle at G2 and S
phases, and induced DNA damage, detected as DNA strand breaks. When these results

were compared to those previously published on the MMS effects, we found that, with
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respect to viability, HEK293 cells seemed to be more sensitive than others, like cervical
carcinoma HeLa, non-small cell lung cancer H1299, hepatoma Hep3B or fibrosarcoma
HT1080 cells, because equivalent decreases in cell viability were obtained in those cells
with similar MMS concentrations but with considerably longer treatment times [14,29,43].
With respect to clonogenic efficiency, the decrease in clone formation observed after MMS
treatment also agreed with those described with similar concentration but longer treatments
[45].

Considering apoptosis, it has been shown that MMS induced apoptosis, both through
p53-dependent and -independent mechanisms [44,76], when MMS concentrations higher
than 0.2 mM and treatment times of at least 12 hours were used [14,29,43,84]. The small
induction of late apoptosis induced by MMS here in T2 cells, and only suggested in H36
cells with regression analyses, does not disagree with those data because the MMS dose
used in this work was considerably lower than those used by other authors.

With respect to cell cycle progression analysis, generation of DNA damage triggers
cell responses that can be related to regulation of cell cycle progression [78]. Thus, in the
presence of genotoxic injury, cell cycle checkpoints are used to promote cell survival by
causing cell cycle arrest to give enough time to repair the damage. Due to induction of
several types of DNA damage, including replication-blocking DNA adducts and AP sites,
and the subsequent single strand DNA breaks, at relatively high concentrations MMS is
able to induce cell cycle arrest in G2 phase and, mostly in S phase [70,78]. In our work,
200 and 350 uM MMS induced cell cycle arrests in G2 and S phases, as described in other
cell types with similar concentrations and longer treatment times [14,29,43,84].

Finally, MMS-induced DNA damage in HEK293 cells, detected with the comet assay,
was similar to that induced in A549 cells under similar treatment conditions [23]. Other
works determining MMS-induced DNA damage with the comet or micronuclei assays, or
checking the number of y-H2AX foci, showed induction of DNA damage at concentrations
above 0.05 mM, although most of these effects were determined with longer treatment
times, and depended on the cell type [14,29,34,43,84].

According to this information, MMS was working as expected, and the possible effect
of the Kv11.1 channel expression on the cell response to this chemical could be analysed.

First of all, when analysing the MMS-induced apoptosis, the fact that no differences
were found between H36 and HEK293 cells, and that the suggested increase detected with
regression analysis in H36 cells was also found in T2 cells, seemed to suggest that the
presence of Kv11.1 was not playing any role in this response. A relationship between
hERGI and apoptosis has been proposed [7,40,73], mostly indicating a pro-apoptotic effect

of hERGI inhibitors or hERG1 silencing [40,93], but also suggesting an anti-apoptotic
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effect of such inhibitors in response to DNA damaging agents such as cisplatin or hydrogen
peroxide [88,93]. Our results, with no effects of Kv11.1 on MMS response, might be
possibly due to the lack of apoptosis response induced by MMS treatment.

When analysing the possible effects of Kv11.1 on the progression of cell cycle, our
results showed that the percentage of H36 non-treated cells in G1 phase was lower than
those of non-treated HEK293 and T2 cells, as recently described for hERG1-expressing
human chronic myeloid leukemia (CML) cells when compared with cells treated with
E4031 [77]. Analysing the influence of Kv11.1 expression on MMS induced changes on
cell cycle progression, we detected MMS-induced increases in G2 and S phases in cells
expressing the channel, as described before for cells treated with ionizing radiation [67].
However, since no differences between H36 and T2 cells were detected, the presence of
Kv11.1 does not seem to be the crucial factor involved in the MMS-induced modifications
of the cell cycle.

Contrary to these results on apoptosis and cell cycle progression, the presence of
Kv11.1 influenced MMS-induced effects on cell viability, clonogenic efficiency and DNA
damage.

With respect to cell viability, some effects favouring cell progression were already
described for this channel in colon cancer cell lines [53,72], leukemia [71], melanoma [1],
and also in HEK293 cells transfected with hERG1 [1]. In our case, we detected clear effects
of Kvl1.1 expression, increasing the sensitivity of MMS-treated cells. Our results,
especially at low/medium doses, were equivalent to those obtained in gastric cancer cells
treated with cisplatin, because in that case cells not expressing Kv11.1 were less sensitive
than those expressing the channel [93]. These results are also equivalent to those obtained
with cells after treatment with H>O,, because the cells expressing hERG1 were more
sensitive to the chemical than those not expressing the channel [88].

However, our viability data differed from the clonogenic efficiency ones, showing that
HEK293 cells seemed to be slightly more sensitive than the cells expressing Kv11.1
channels. These clonogenic efficiency data agreed with those obtained with CML K562
cells treated with ionizing radiation, indicating that exposed cells without hERG1 were
more sensitive that cells expressing the channel [67]. We do not presently know the reasons
for the apparent discrepancy between these two set of results. However, although related,
both assays measure different, pleitropic and perhaps cell-dependent phenomena, that may
show quite complex relationships with the genotoxic agent-induced DNA damage level.

Considering DNA damage, expression of Kv11.1 protected against MMS-induced
effects, because the detected damage levels were lower in H36 than in those cells not

expressing the channel. These results are the first evidence that the presence of Kv11.1
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could protect cells against the induction of DNA damage. They are further supported by
the fact that the amount of DNA damage detected in both HEK293 (33.4%) and T2 cells
(30.4%) with 0.35 mM MMS, was analogous to that previously described (32.0%), when
a similar 3 h treatment with 0.3 mM of the chemical was performed in A549 lung
adenocarcinoma cells [23], that exhibit very low levels of hERG1 expression [13,88]. Our
data also resembled those obtained with CML K562 cells treated with ionizing radiation,
in which DNA damage estimations measuring residual y-H2AX foci seemed to be higher
in cells not expressing the channel, although differences with cells expressing it were not
statistically significant [67]. Although this lower induced DNA damage in H36, compared
to T2 cells, might explain differences in apoptosis between these two cell types, at this
point, it would be tempting to argue that these data on DNA damage contradict the results
of cell cycle progression in which no differences were found between H36 and T2 cells.
However, it is necessary to consider that although the presence of Kv11.1 decreased the
induced DNA damage, it did not abolish it. Thus, it is possible to speculate that in H36
cells, the level of MMS-induced DNA damage was still high enough to influence this
response to some extent similar to that observed in the T2 cells. In any case, our results
point out the convenience of performing direct DNA damage determinations (e.g. through
quantification of comet assay data as depicted here), in addition to other more usually
analysed parameter, to obtain more reliable conclusions about the effect of Kv11.1 on DNA
damage levels.

In this work, the detected effects of Kv11.1 expression in MMS-induced cell viability
changes and DNA damage were related to the K'-permeation of the channel, since they
were reverted when the Kv11.1 ion current was inhibited with E4031. It is interesting to
note that the relevance of this conductive function, not only for proper maintenance of cell
electrogenesis and membrane potential, but also favouring several aspects related to tumour
progression, has been previously highlighted according to data obtained in the presence not
only of E4031, but also of other erg channels inhibitors [1,3,53,56,71,72].

It has been reported that efficient blockade of Kv11.1 channels with E4031 can be
achieved at nanomolar concentrations [49,83,92,94]. However, for the DNA damage
studies we choose to treat the cells with a relatively high amount of the compound, due to
its known ability to interact with serum proteins of the culture medium [30,57], which
might lead to a reduction of its effective concentration, as compared to the levels acting on
patch-clamp recordings in which the potency of the inhibition has to be evaluated in serum-
free extracellular saline. Moreover, the inhibitory effect of E4031 is use-dependent, since
its interaction with the binding site behind the cytoplasmic channel gate is favoured by

channel opening [81,83]. Thus, in the non-excitable HEK cells, with a relatively constant
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transmembrane potential that can be maintained during long periods of time, it is necessary
to depolarize the cells to be sure that the inhibitor works. This necessity is particularly
relevant for cells such as H36, showing quite negative membrane potential values, probably
due to the over-expression of Kv11.1. Indeed, since it was necessary to depolarize the cell
during the first voltage steps to measure the currents, the real steady inhibition before the
initial recording should be still lower than that showed in the graphs presented here.
Therefore, our results emphasize the relevance of performing proper controls to ensure that
the sought channel inhibition is complete, to be sure that reliable conclusions are obtained
about the involvement of Kv11.1 canonical functions. This will be particularly relevant for
cells lacking intrinsic electrical activity, such as most tumour cells. Interestingly, the
significant differences encountered when a short 5 min depolarization was performed, to
ensure an effective channel blockade, seemed to exclude the possibility that the E4031
actions were due to other side effects of the chemical during long-term exposure of the
cells, such as modifications of protein synthesis or trafficking. The use of additional cell
lines carrying mutant Kv11.1 channels, exhibiting different conductive and gating
properties (e.g. see [8]), might add further insights about this issue. Note also that whether
the canonical influence demonstrated here was exerted directly through variations of the
K* flux and/or concentrations, by an indirect effect due to alterations in basal membrane
potential, or through a combination of both, remains to be determined.

In our knowledge, this is the first time in which an effect of Kv11.1 expression on
DNA damage induced by a specific genotoxic agent and measured through a direct
estimation of the induced damage was demonstrated. The impact of the channel presence
in cell response(s) associated to DNA damage induced by MMS seemed to take place at
two levels. First, it enhanced MMS-induced mortality at small concentrations of the agent
in a K*-permeation dependent way. Interestingly, however, no significant differences in
ICso values were observed when the different cell lines were compared and, furthermore,
the presence of the channel seemed to increase the clonogenic efficiency. Additional
studies will be necessary to fully understand the reasons for this apparent discrepancy.
Second, and perhaps more importantly, the presence of Kv11.1 lowered the MMS-induced
DNA damage level. This effect was particularly evident at the highest MMS analysed
concentrations, and also took place via a K*-conductive dependent mechanism.

Since the extent of DNA damage is the result of a balance between two antagonistic
processes, the induction of DNA damage caused by the genotoxic agent, and the efficiency
of DNA damage repair systems [23], we tried to check if DNA repair activity might be
different depending on the presence of the Kv11.1 channel. The performance of the Comet

assay at different times after treatment allows the analysis of DNA damage removal
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[58,66], and the obtained results suggest that whereas there was some repair activity in
cells lacking the channel, there was no evidence of such activity in H36 cells, at least in 2
h after treatment. Although the possibility of a slower removal of intracellular MMS in
H36 cells cannot be completely excluded, this result would be consistent with a decrease
in DNA repair activity in these cells. However, such decrease seemed to be in contradiction
with the fact that in H36 cells the MMS-induced DNA damage was lower than in HEK293
cells. Thus, it is tempting to speculate that an exclusive effect in DNA repair activity was
not involved, since no differences in basal DNA damage were detected among cell lines,
and all of them seemed to be similarly sensitive to MMS. Nevertheless, trying to get more
information, we have studied expression of the PARPI gene, which encodes a protein
involved in several DNA repair systems [74], including those that repair MMS-induced
damage [38]. In fact, exposure to MMS activates the PARP1 protein [41,85]. Comparison
of PARPI gene expression between untreated HEK293 and H36 cells revealed a higher
expression on H36 cells, that might be at least partially responsible for the lower DNA
damage induced by MMS in these cells. However, after treatment, whereas PARPI
expression slightly increased in HEK293 cells [41], it clearly decreased in H36 cells. This
might explain the lack of DNA damage removal detected with the comet assay after
treatment. According to these results, it seems that the presence of Kv11.1 channels affects
PARPI expression, before and after exposure to a genotoxic agent and, therefore might be
influencing DNA repair activity. Since this is the first evidence of this influence, more
studies would be necessary for confirmation. In any case, an effect of Kvl1.1 on MMS
activity, such as for instance slowing the induction of DNA damage and displacing the
balance between DNA damage induction and repair, cannot be excluded with our data.

Apart from being the first time that an influence of Kv11.1 is directly demonstrated in
the induction of DNA damage, it seems interesting to consider the possibility that this effect
of the channel could be related to its recognized involvement in cell proliferation and/or
tumour progression [8,17,47,62,64]. It would be important to know also if the impact of
Kv11.1 expression could be confirmed for other cells and other types of DNA damage, due
to the increased expression of this channel protein in a number of tumour cell types. Thus,
possible limitations of our study concerned the use of HEK?293 cells, a cell line
immortalized by adenovirus infection that is not of cancer origin [31,35,42,48], and
employing cell lines heterologously overexpressing Kv11.1.

In any case, our data may be important to better understand, not only the possible
impact of hERGI channels in several aspects of tumour progression [25,69,73], but also its

possible negative effect in the response to some tumour therapies [39], if the presence of
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the channel is able to limit the level of DNA damage induced by some antitumoral agents,

as demonstrated here.
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FIGURE LEGENDS

Figure 1. Morphological and electrophysiological characterization of HEK293, H36 and T2
cells. A Bright field microscopy images of the different cell types in culture. B Comparison
of depolarization-induced voltage-dependent ionic currents. Representative families of
currents from the three cell types were recorded under voltage-clamp conditions in response
to the voltage protocol represented on top of the HEK293 current traces. Currents from
HEK?293, H36 and T2 cells are shown at the top. Averaged I versus V relationships from H36
cells are shown at the bottom. A plot of normalized current magnitudes measured at the end
of the depolarization steps (open circle above the current traces of the upper H36 panel) is
shown on the left. A plot of normalized peak tail current magnitudes (black circle in the upper
H36 currents panel) as a function of depolarizing voltage is represented on the right. The
continuous line is a Boltzmann fit to the data as indicated in "Material and Methods" section,
with a half point value (Vj5) at -11 = 1,5 mV (n=7). C Insensitivity of Kv11.1 current to
treatment of H36 cells with 0.35 mM MMS. Two representative families of currents from one
untreated control cell (Control), and from the same cell following a 5 min treatment with MMS
directly perfused to the recording chamber (0.35 mM MMS) are shown on the upper left. A
third current family from a cell submitted to a previous 3 h treatment with the genotoxic agent
at 37°C in culture medium (marked 3h MMS 0.35 mM) is shown in the upper right panel. A
plot of normalized peak tail current magnitudes as a function of depolarizing voltage is
represented on the lower left. V5 values corresponded to 14.5 + 1.6 mV (n=4), -15.2 + 2.1
mV (n=4) and -14.6 = 3.2 mV (n=6) for untreated controls, 0.35 mM MMS in perfusion, and
3h MMS 0.35 mM cells, respectively. A bar plot of averaged Kv11.1 tail current density (pA
of peak tail current normalized to cell membrane area estimated as pF of cell capacitance) in
untreated controls, cells treated for 5 min perfusing 0.35 mM MMS (MMS), and cells treated
for 3h with the agent as indicated above (3h MMS), is shown at the bottom right.

Figure 2. Determination of resting membrane potential of HEK293, H36 and T2 cells, and
effect of the Kv11.1 inhibitor E4031 on the treatment of H36 cells. Basal membrane potential
(Em) of H36 cells was measured without inhibitor (Control), and after treating the cells with
5 uM E4031 for 3 and 24 h. Transmembrane potential value was also estimated after a 5 min
treatment with the inhibitor in extracellular saline containing 140 mM KCl, followed by a 3 h
exposition of the cells to E4031 in standard culture medium (3h + KCI pulse). Em values of
the parental HEK293 and the T2 cells are also shown. Averaged Em values for the number

the cells indicated on the bars, were compared with Student ¢ tests: *p<0.05.
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Figure 3. Cytotoxicity of MMS on different cells. A Effect of MMS on cell viability in
HEK293, T2 and H36 cells. Data indicate the percentage of cell survival (averaged mean +
SEM) measured with the MTS viability assay as indicated in "Material and Methods" section,
24 h after the 3 h treatment with different MMS concentrations. Continuous lines correspond
to Hill model fits to the experimental dose-response data, performed with the eeFit add-in for
Microsoft Excel [87], as indicated in Methods. B Clonogenicity of HEK293 and H36 cells
lines upon MMS treatment. Cells were treated as described in Methods. Representative
photographs of the plates showing the colonies are presented at the top. Averaged mean +
SEM colony formation data from HEK293 (n=6) and H36 (n=9) plates are shown at the
bottom, after correcting data with the negative controls, * p<0.05 after one-way ANOVA and

SNK and/or Tukey post-hoc tests.

Figure 4. Comparison of the MMS-induced DNA damage levels in HEK293, H36 and T2
cells, measured with the Comet assay. Left. % Tail DNA averaged values measured after 3 h
treatments with the indicated MMS concentrations. Right. Comparison of the DNA damage
induced by 0.2 mM MMS (net values of % Tail DNA upon subtraction of the spontaneous
DNA damage) in the different cell types (dotted square in the left panel), with one-way
ANOVA and SNK post-hoc tests. Mean + SEM values from at least three independent

experiments are plotted on the graphs. ** p<0.01.

Figure 5. Comparison of MMS effects on apoptosis levels in HEK293, T2 and H36 cells. A
Flow cytometry dot plots, for negative control and 0.35 mM MMS concentration treated cells,
representative for the different experiments and cell lines. B Bar plots showing the MMS-
induced early (above) and late (below) apoptosis measured by flow cytometry, 24 h after 3 h
treatments with the chemical in each cell line. Mean + SEM values from at least three
independent experiments are shown. * p<0.05 after comparison with the respective negative

controls with one-way ANOVA and SNK and/or Tukey post-hoc tests.

Figure 6. MMS effects on cell cycle progression of HEK293, T2 and H36 cells. Plots of cell
percentages in G1, S and G2 phases, determined by flow cytometry in every cell type 24 h
after a 3 h treatment with the indicated MMS concentrations, are shown at the top.
Comparisons of percentage of cells in S (left) and G2 (right) phases in the three cell lines, at
each MMS concentration are depicted at the bottom. Mean + SEM values from at least three
independent experiments are shown. * p<0.05: *** p<(0.001 after comparison with the

respective negative controls using one-way ANOVA and SNK and/or Tukey post-hoc tests.
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Figure 7. Determination of E4031 ability to inhibit Kv11.1 currents in H36 cells. A
Representative currents during the first depolarization step sequence (top) after membrane
patch perforation. Current recordings correspond to untreated cells (negative control), cells
incubated 3 or 24 h with 5 uM E4031, and cells treated for 3 h with the inhibitor preceded by
5 min with 5 uM E4031 in an extracellular saline containing 140 mM KCI. B Time course of
E4031-induced inhibition of tail currents during the repolarization to -50 mV in response to
voltage pulse steps as indicated in panel A, at 20 s intervals. Start of continuous perfusion of
the recording chamber with extracellular saline containing 1 uM E4031 is indicated by an
arrow. Filled circles represent the results from cells incubated 24 h in the presence of 5 uM
E4031 before beginning the electrophysiological recording in saline with 1 uM of the
inhibitor. Peak tail current magnitudes are always represented normalized to that obtained in
the absence of the inhibitor, according to averaged values presented in panel C. C Current

densities normalized to cell capacitance in the whole cell population tested. Statistical analysis

of E4031 effects were performed with one-way ANOVA and SNK post-hoc tests. * p<0.05.

Figure 8. Incubation with E4031 abolished the effects of Kv11.1 expression on MMS-induced
cell viability and DNA damage. A Effect of E4031 on viability changes induced by MMS in
H36 cells. Percentages of cell survival were determined adding 5 uM E4031 to the indicated
MMS concentrations as described in Methods, and are represented together with those of H36
and T2 cells without inhibitor (from Figure 3). B Effect of Kv11.1 current inhibition on MMS-
induced DNA damage. % Tail DNA mean values from at least three independent experiments
are represented, from H36 and T2 cells treated for 3 h with E4031 and MMS, and preceded
by a 5 min period with E4031 in high KCl extracellular saline (KCl), together with data from
H36 and T2 cells without inhibitor (from Figure 6). Inset, comparison of DNA damage
induced by 0.2 mM MMS (dotted square in the main panel) in the indicated cell types. Data
from H36 incubated with E4031 without high-K pre-treatment (H36/E4031), and from T2 and
H36 cells pre-treated with the inhibitor in high KCl extracellular saline (E/KCl) were included
in the analysis. The respective induced DNA damage from the different cells were compared
with one-way ANOVA (p=0.001), and the SNK and/or HSD Tukey post-hoc tests provided

the three homology groups represented by horizontal lines.

Figure 9. Estimation of DNA repair activity in control HEK293 and Kv11.1-expressing H36
cells. A Analysis of DNA damage removal using the Comet assay. Cells were treated with
MMS for 3 h and the level of DNA damage was measured after the indicated recovery times.

The remaining DNA damage was compared with one-way ANOVA, and the SNK and/or HSD
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Tukey post-hoc tests, to provide the two homology groups represented by horizontal lines. B
Expression of the PARPI gene. Expression levels were compared by qPCR as indicated in
Methods, to determine fold changes when different cell types and treatment conditions were
compared to untreated HEK293 cells. 0.2 mM MMS was used for treatments. * p<0.05 versus
untreated control HEK293 cells, after one-way ANOVA and SNK and/or HSD Tukey post-

hoc tests.
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Figure 2
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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Figure 8
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