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channel is a new cellular
target for edelfosine
M Potier1, A Chantome1, V Joulin2, A Girault1, S Roger1, P Besson1,

M-L Jourdan1, J-Y LeGuennec1*, P Bougnoux1 and C Vandier1

1Inserm, U921, Université François Rabelais, Tours, France, and 2CNRS, FRE 2939, Institut

Gustave Roussy, Villejuif, France

Correspondence
Christophe Vandier, Inserm,
U921, Université François
Rabelais, Tours, F-37032 France.
E-mail: christophe.vandier@
univ-tours.fr
----------------------------------------------------------------

*Present address: Inserm U637
Physiopathologie
Cardiovasculaire, Université
Montpellier-2, 34295 Montpellier,
France.
----------------------------------------------------------------

Keywords
alkyl lipid; edelfosine; SK3/KCa

2.3; KCNN3; migration
----------------------------------------------------------------

Received
23 July 2010
Accepted
31 August 2010

BACKGROUND AND PURPOSE
The 1-O-octadecyl-2-O-methyl-sn-glycero-3-phosphocholine (edelfosine) is an ether-linked phospholipid with promising
anti-cancer properties but some side effects that preclude its full clinical therapeutic exploitation. We hypothesized that this
lipid could interact with plasma membrane ion channels and modulate their function.

EXPERIMENTAL APPROACH
Using cell migration-proliferation assays, patch clamp, spectrofluorimetry and 125I-Apamin binding experiments, we studied
the effects of edelfosine on the migration of breast cancer MDA-MB-435s cells, mediated by the small conductance
Ca2+-activated K+ channel, SK3/KCa2.3.

KEY RESULTS
Edelfosine (1 mM) caused plasma membrane depolarization by substantially inhibiting activity of SK3/KCa2.3 channels, which
we had previously demonstrated to play an important role in cancer cell migration. Edelfosine did not inhibit 125I-Apamin
binding to this SKCa channel; rather, it reduced the calcium sensitivity of SK3/KCa2.3 channel and dramatically decreased
intracellular Ca2+ concentration, probably by insertion in the plasma membrane, as suggested by proteinase K experiments.
Edelfosine reduced cell migration to the same extent as known SKCa channel blockers. In contrast, K+ channel openers
prevented edelfosine-induced anti-migratory effects. SK3 protein knockdown decreased cell migration and totally abolished
the effect of edelfosine on MDA-MB-435s cell migration. In contrast, transient expression of SK3/KCa2.3 protein in a
SK3/KCa2.3-deficient cell line increased cell migration and made these cells responsive to edelfosine.

CONCLUSIONS AND IMPLICATIONS
Our data clearly establish edelfosine as an inhibitor of cancer cell migration by acting on SK3/KCa2.3 channels and provide
insights into the future development of a new class of migration-targeted, anti-cancer agents.

Abbreviations
4-AP, 4-aminopyridine; APL, alkyl lysophospholipids; BKCa, big conductance Ca2+-activated K+ channels; edelfosine,
1-O-octadecyl-2-O-methyl-sn-glycero-3-phosphocholine; IKCa, intermediate conductance Ca2+-activated K+ channels;
KCa, Ca2+-activated K+ channels; SKCa, small conductance Ca2+-activated K+ channels; TEA, tetraethylammonium

Introduction

The 1-O-octadecyl-2-O-methyl-sn-glycero-3-phos
phocholine (edelfosine, also known as ET18-OCH3),
is the prototype of a class of anti-tumour ether

lipids, the alkyl lysophopholipids (APLs) (Gajate
and Mollinedo, 2002). Edelfosine has been reported
to have anti-tumourogenic activity by acting
through different physiological pathways. This
ether lipid was found to stop tumour cell
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proliferation by inhibiting cell division, leading to
the accumulation of cells in phases G2/M or G0/G1 of
the cell cycle (Roos and Berdel, 1986; Engebraaten
et al., 1991; Boggs et al., 1995; Lohmeyer and
Workman, 1995; Principe and Braquet, 1995;
Pushkareva et al., 1999). It also induced Ca2+-
independent apoptosis of tumour cells at 10 mM
(normal cells are resistant to edelfosine at this con-
centration) through the activation of Fas/CD95
death receptors (Mollinedo et al., 2004), and has
anti-angiogenic (Candal et al., 1994; Vogler et al.,
1998) as well as anti-invasive effects (Storme
et al., 1985; Van Blitterswijk et al., 1987; Bolscher
et al., 1988; Slaton et al., 1994; Haugland et al.,
1999; Steelant et al., 2001). Some authors have pro-
posed that the anti-invasive effect of edelfosine
could be due to the inhibition of tumour cell migra-
tion (Slaton et al., 1994; Haugland et al., 1999), but
this remains a highly contentious issue (Storme
et al., 1985). The disadvantages associated with the
use of APLs have been that their effective concen-
trations are generally cytotoxic. Due to their
detergent-like character, they intercalate into cellu-
lar membranes, and at high concentration, they
exert cytotoxic effects by solubilizing cell mem-
branes and causing cell lysis (Wiese et al., 2000).

Unlike most anti-neoplastic drugs, the anti-
tumour effects of ether-lipids are distinct because
they do not directly interact with DNA. Instead, due
to their phospholipid nature, they are incorporated
into cell membranes where they can affect proteins
(Gajate and Mollinedo, 2002). To date, a potential
action of edelfosine on ion channels has not been
considered. Accumulating evidence indicates that
Ca2+-activated K+ channels (KCa) are involved in the
control of proliferation (Wang, 2004) and migration
of cancer cells (Schwab et al., 1999; Bordey et al.,
2000; Kraft et al., 2003). Recently, we reported that
the small conductance Ca2+-activated K+ channel
(SKCa) SK3/KCa2.3 (channel nomenclature follows
Alexander et al., 2009) is expressed in a highly
metastasizing breast cancer cell line, MDA-MB-435s,
and in melanoma cells where it promotes cell migra-
tion with no significant effect on cell proliferation
(Potier et al., 2006; Chantome et al., 2009). The
expression of SK3/KCa2.3 channels hyperpolarizes
plasma membrane and leads to an increase of Ca2+

entry through voltage-independent Ca2+ channels
and therefore to a rise in intracellular Ca2+ concen-
tration [Ca2+]i (Potier et al., 2006).

In this study, we have demonstrated that edelfos-
ine inhibited SK3/KCa2.3-mediated MDA-MB-435s
cell migration by reducing its Ca2+ sensitivity,
leading to cell depolarization and subsequent reduc-
tion of [Ca2+]i. Edelfosine had no effect on IKCa chan-
nels or on the migration of non-cancerous breast

epithelial cells that do not express SK3/KCa2.3 chan-
nels. Thus, we propose that those SK3/KCa2.3 chan-
nels, which mediate the inhibitory effects of
edelfosine on cell migration, could be used as a
functional molecular target for the development of
new edelfosine-like APL, with preserved inhibitory
effects on SK3/KCa2.3 channels, without toxicity on
non-tumour cells.

Methods

Cell culture
The human breast cancer cell lines MDA-MB-435s
and the immortalized normal breast epithelial cell
lines MCF-10A and 184A1 were cultured as already
described (Potier et al., 2006). The human embry-
onic kidney cells, HEK293, were grown in Dulbec-
co’s modified Eagle medium with 10% fetal bovine
serum in a humidified atmosphere of 5% CO2 in
37°C. All cell lines were obtained from the American
Type Culture Collection (ATCC, LGC Promochem,
Molsheim, France).

In vitro cell proliferation and cell migration
Cell proliferation was determined using the tetrazo-
lium salt reduction method, as described (Roger
et al., 2004). For migration, cells were seeded on
24-well plates and grown for 48 h. Drugs were then
added for 24 h at concentrations that had no effect
on cell proliferation. Cell migration was analysed in
24-well plates containing 8 mm pore size cell culture
inserts (Becton Dickinson, Le Pont de Claix, France),
as described (Roger et al., 2004).

Cell cycle analysis
Cell cycle analysis was performed as described
(Barascu et al., 2006). Briefly, analyses were per-
formed using a flow cytometer equipped with a
488 nm argon laser. The red DNA fluorescence
signal was analysed as total (area) versus peak signal
and data were recorded for at least 10 000 events.

Cytotoxic assays
To distinguish between a cytostatic and a cytotoxic
effect, two cytotoxic assays were used. In the first
one, cell viability after 24 h of treatment was
assessed by the Trypan blue exclusion method. In
the second method, cells were incubated with edel-
fosine at 1, 3, 10 and 30 mM for 8 h, and then
washed three times with fresh culture medium. The
remaining viable cells were allowed to grow for 6
days before being quantified using the MTT assay as
described previously.

125I-Apamin binding
125I-Apamin binding experiments were carried out
by CEREP company (Celle L’evescault, France).
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Membrane homogenates of cerebral cortex (120 mg
protein) are incubated for 60 min at 4°C with 7 pM
[125I]apamin (Kd) in the absence or presence of edel-
fosine in a buffer containing 50 mM Tris-HCl (pH
7.4), 5.4 mM KCl and 0.1% BSA. Non-specific
binding is determined in the presence of 100 nM
apamin. Following incubation, the samples are fil-
tered rapidly under vacuum through glass fibre
filters (GF/B, Packard, Meriden, CT, USA) pre-soaked
with 0.3% PEI and rinsed several times with ice-cold
50 mM Tris-HCl using a 96-sample cell harvester
(Unifilter, Packard). The filters are dried then
counted for radioactivity in a scintillation counter
(Topcount, Packard) using a scintillation cocktail
(Microscint 0, Packard). The standard reference
compound is apamin, which is tested in each experi-
ment at several concentrations to obtain a compe-
tition curve from which its IC50 is calculated
(13 pM). The results are expressed as a percent
of control specific binding [ (measured specific
binding/control specific binding) ¥ 100] obtained in
the presence of edelfosine.

Electrophysiology and intracellular
Ca2+ measurements
Whole-cell K+ currents were recorded as already
described (Potier et al., 2006; Chantome et al.,
2009). Briefly, for electrophysiology experiments,
cells were seeded into 35 mm Petri dishes at 2500
cells/cm2. Patch pipettes were pulled from non-
heparinized hematocrit tubes to a resistance of
3–6 MW. Whole-cell macroscopic K+ currents were
generated by stepwise 8 mV depolarizing pulses
from a constant holding potential of -70 up to
+58 mV. Signals were filtered at 1 kHz and digitized
at 10 kHz. The acute effects of edelfosine were tested
on HEK293 cells (that expressed recombinant SK3/
KCa2.3 and IKCa channels) using a ramp protocol
from +60 to -100 mV, with a holding potential of
0 mV (500 ms duration; 4 s intervals) to inactivate
endogenous K+ currents. Statistical analysis was per-
formed at 0 mV in order to minimize endogenous
HEK293 Cl- currents (ECl = 0 mV).

Intracellular Ca2+ ([Ca2+]i) measurements were
made using the fluorescent dye Fura-2. Cells were
cultured at 3.5 ¥ 104 cells per dish in glass bottom
dishes (WillCo Wells, Amsterdam, the Netherlands).
Cells were loaded for 75 min at rom temperature in
physiological saline solution (PSS; see Solutions)
containing 5 mM Fura-2 AM (the membrane-
permeant acetoxymthylester form of Fura-2). Cells
were then rinsed four times with 1 mL PSS and
allowed to de-esterify for at least 15 min at room
temperature. The dish was then placed on the
stage of a Nikon Eclipse TE2000-S inverted epi-
illumination microscope (Nikon, Champigny sur

Marne, France). Excitation light at the two excita-
tion wavelength maxima of fura-2 (340/380 nm)
was chopped by a monochromator (Cairn
Optoscan, Kent, UK). The excitation protocol was a
50 ms excitation at each wavelength every 2 s. Fluo-
rescence emission at 510 � 20 nm was detected by
photomultiplier tube (PMT) placed on the side of
the microscope. The analogue signal of the PMT was
digitized by a digidata 1322-A converter (Axon
Instruments, Foster City, CA, USA) at a sampling
frequency of 2 kHz and futher analysed using
Clampfit 8.1 (Axon Instruments). [Ca2+]i was calcu-
lated as described previously using in situ calibration
(Gannier et al., 1994). A Kd of 150 nM was used for
these calculations, according to the information
supplied for this batch of fura-2 (Invitrogen Life
Technologies, Cergy Pontoise, France).

Signals were captured using 1322-A Digidata con-
verter (Axon Instruments) and pClamp 8.1 software
(Axon Instruments). The analyses were performed
using Clampfit 8.1 and Origin 7.0 softwares (Micro-
cal Software, Northampton, MA, USA).

Western blot experiments
Western blot experiments were performed as already
described (Potier et al., 2006). Briefly, proteins were
electrotransferred onto polyvinylidene fluoride
membranes which were incubated with an anti-
SK3/KCa2.3 antibody directed against amino acids
2–21 (Sigma-Aldrich, St Quentin Fallavier, France)
followed by incubation with a horseradish
peroxidase-conjugated anti-rabbit IgG (Jackson
Immuno-Research Laboratories, West Grove, PA,
USA). Anti-GAPDH (monoclonal) and anti-actin
(Sigma-Aldrich) antibodies were used for Western
blot loading controls.

Proteinase K digestion
Proteinase K digestion was performed as described
previously for SK3/KCa2.3 protein (Syme et al.,
2003). Briefly, MDA-MB-435s cells were incubated
with 10 mM HEPES, 150 mM NaCl, and 2 mM CaCl2

(pH 7.4) with or without 200 mg·mL-1 proteinase
K (Sigma-Aldrich) at 37°C for 30 min. Proteinase
K digestion was quenched by adding ice-cold
phosphate-buffered saline containing 6 mM phe-
nylmethylsulfonyl fluoride and 25 mM EDTA.
Lysates were prepared and analysed by Western blot
as described previously.

Constructions, transient and
stable transfections
Two SK3/KCa2.3 specific siRNAs were designed as
already described (Potier et al., 2006). Transfection
into MDA-MB-435s was performed as previously
described (Chajes et al., 2006). The plasmid contain-
ing full-length rat KCNN3 cDNA (KCNN3-pTracer-
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CMV2) and the empty vector (pTracer-CMV2)
(generous gifts from Dr S. Lidofsky, USA) were trans-
fected into MCF-7 and 184A1 cells using lipo-
fectamine 2000 (Invitrogen Life Technologies) as
already described (Potier et al., 2006). Rat KCNN3
cDNA was subcloned in a lentivector as already
described (Chantome et al., 2009) and HEK293 cells
were transduced at multiplicities of infection of 2 in
the presence of polybrene (4 mg·mL-1, Sigma-Aldrich)
to obtain stable expression of the SK3 channels.
Human HA-tagged KCNN4 cDNA cloned into
pCDNA3.1(+) vector (Syme et al., 2003) was kindly
provided by Dr D.C. Devor (University of Pittsburgh,
USA). The stable expression of the IKCa channels in
HEK293 cells was generated by subjecting cells to
antibiotic selection (1 mg·mL-1 G418) 48 h post-
transfection, during 20 days

Solutions and drugs
The PSS had the following composition (in mM):
NaCl 140, MgCl2 1, KCl 4, CaCl2 2, D-glucose 11.1
and HEPES 10, adjusted to pH 7.4 with NaOH 1 M.
The pipette solutions were named based on their
calculated free Ca2+ concentration as already
described (Potier et al., 2006; Chantome et al., 2009).
pCa X indicates a free Ca2+ concentration of 10-X M.
The pipette solution for the whole-cell recordings
contained (in mM): K-glutamate 125, KCl 20, MgCl2

1, Mg-ATP 1, HEPES 10, and pH was adjusted to 7.2
with KOH and various concentrations of CaCl2 and
EGTA were added to obtain calculated pCa6 (8.7 mM
CaCl2 and 10 mM EGTA), pCa6.4 (0.7 mM CaCl2 and
1 mM EGTA) or pCa7 (0.37 mM CaCl2 and 1 mM
EGTA). The concentrations of free calcium were esti-
mated using WebMaxC (http://www.stanford.edu/
cpatton/webmaxcS.htm).

Tetraethylammonium (TEA), 4-aminopyridine
(4-AP), NS 1619 [1-(2′-hydroxy-5′-trifluoro methyl
phenyl)-5-trifluoromethyl-2(3H)benzimidazolone)],
apamin, BMS 204-352, iberiotoxin, clotrimazole and
edelfosine were added to the PSS or culture media at
the concentrations indicated in the figure legends.
Except for BMS-204352 which was kindly given by
Dominique Cahard (UMR 6014 CNRS, University of
Rouen), all drugs and chemicals were purchased from
Sigma-Aldrich.

Statistics
Unless otherwise indicated, data were expressed as
mean � standard error of the mean (n = number of
cells). Comparisons between two means were made
using Mann–Whitney or paired t-tests as appropri-
ate. For comparison between more than two means,
we used Kruskal–Wallis one-way analysis of variance
followed by Dunn’s test. Differences were consid-
ered significant when P < 0.05.

Results

Edelfosine inhibits cell migration through
modulation of K+ channel activity
To determine the highest concentration of edelfos-
ine devoid of cytotoxic and cytostatic effects, we
established a dose-response curve to a range of
concentrations (1–30 mM). As shown in Figure 1,
edelfosine did not impede MDA-MB-435s cell
proliferation at concentrations up to 1 mM. At con-
centrations of edelfosine higher than 1 mM, cell pro-
liferation decreased in a dose and time-dependent
manner with an IC50 of 5.0 � 1.0 and 2.6 � 0.3 mM,
after 24 and 48 h respectively (Figure 1A). Toxicity
tests (see Methods) showed no effect on cell viability
up to 3 mM edelfosine, with a drastic effect on cell
viability at 10 mM (Figure 1B). Edelfosine did not
induce apoptosis at concentrations up to 10 mM
(data not shown). As already described for other cell
lines, the accumulation of cells in G2/M phase of
the cell cycle was observed only when the concen-
trations of edelfosine used were 3 mM or higher
(Figure 1C). Based on the dose-response curve thus
established, we decided for the remainder of the
study to use 1 mM edelfosine in cell migration
assays.

As shown in Figure 2, cell migration was
decreased by almost 50% following treatment with
1 mM edelfosine. In the presence of apamin, a well-
known blocker of SK2/KCa2.2 and SK3/KCa2.3 chan-
nels, edelfosine had no additional effect on cell
migration (Figure 2A), suggesting that edelfosine is
mediating its effects on cell migration through
the inhibition of SK3/SK2 channels. Similarly, 4-AP
and TEA, two potassium channel blockers that
were found to block SKCa channels in MDA-MB-
435s cells (Potier et al., 2006) caused no additional
inhibition of cell migration in the presence of edel-
fosine (Figure 2B). We already found that apamin,
TEA and 4-AP depolarized the plasma membrane
of MDA-MB-435s cells (Potier et al., 2006). In order
to test if edelfosine reduced cell migration by
similarly depolarizing plasma cell membranes, we
tested the effect of NS-1619 and BMS-204352, two
well-known openers of big conductance calcium-
activated K+ channels (BKCa) that were found to
hyperpolarize plasma membrane cells (Holland
et al., 1996; Gribkoff et al., 2001; Roger et al., 2004;
Gessner et al., 2005). Figure 2C and D show that
in contrast to the K+ channel blockers described
previously, BKCa channel openers prevented the
effect of edelfosine on cell migration. Note that
these openers had no effect on cell migra-
tion when they are applied in the absence of edel-
fosine (Figure 2C,D). These results suggested that
the effect of edelfosine on cell migration was
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prevented by the hyperpolarization induced by
openers of BKCa channels.

Edelfosine decreases SKCa channel activity
involved in membrane potential regulation
We performed whole-cell patch-clamp recordings to
provide strong evidence that edelfosine decreases
MDA-MB-435s cells migration by impairing SKCa

channel activity. Using 10 mV voltage steps, we cal-
culated cell capacitance as a measurement of cell
size. No statistical difference was observed between
control cells (33.2 � 1.8 pF; n = 28) and edelfosine-
treated cells (33.2 � 1.4 pF; n = 18). Figure 3A shows
typical examples of whole-cell outward K+ currents
recorded in control, untreated MDA-MB435s cells
and those treated with 1 mM edelfosine for 24 h.
Compared with control cells, edelfosine caused a
large reduction of the total whole-cell K+ currents
(68% reduction at +58 mV; Figure 3B). The current
density in edelfosine-treated cells was markedly

lower than in control cells. Over the physiological
range of resting membrane potential (i.e. -50 to
-30 mV), edelfosine significantly decreased outward
K+ currents (Figure 3B) and, as expected, depolarized
the membrane potential of MDA-MB-435s cells
from -44 � 3 to -26 � 4 mV. We recently demon-
strated that apamin-sensitive currents were the
main K+ currents regulating the membrane poten-
tial of MDA-MB-435s cells (Potier et al., 2006).
Therefore, we examined the effects of apamin on
edelfosine-insensitive currents. Figure 3C shows
that apamin, used at the high concentration of
100 nM, had no significant effect on the remaining
K+ outward current recorded from edelfosine-treated
cells.

The nature of the protein inhibited by edelfosine
was further examined using TEA and 4-AP
(Figure 3D). We have demonstrated that 10 mM TEA
and 5 mM 4-AP decreased the amplitude of the SK3/
KCa2.3 currents on MDA-MB-435s cells (Potier et al.,
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Figure 1
Effect of edelfosine on MDA-MB-435s cell survival, proliferation, toxicity and on cell cycle parameters. (A) Dose and time-dependent effects of
edelfosine on cell survival and proliferation. (B) Dose-dependent toxicity of edelfosine. For Trypan blue experiments (method 1), cells were treated
for 24 h with increasing concentration of edelfosine. For the other cytotoxic test (method 2), cells were treated with edelfosine for 8 h. Then,
edelfosine was removed for 6 days and cells were quantified using MTT assay. (C) Histograms showing the effect of increasing concentrations of
edelfosine on cell cycle phases. Cells were incubated for 24 h with edelfosine at different concentrations and their distribution in the cell cycle was
assessed by flow cytofluorimetry. Results from two separate experiments performed in triplicate are expressed as mean � SEM. *Significantly
different from control at P < 0.05.
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2006). Therefore, we conducted additional experi-
ments to assess the effects of these two inhibitors
either individually or together on K+ currents in
edelfosine-treated and -untreated cells. To deter-
mine the magnitude of TEA and 4-AP-sensitive cur-
rents in edelfosine-treated (for 24 h) and -untreated
cells, we first recorded whole cell currents in the
absence or presence of 10 mM TEA and/or 5 mM
4-AP. Then, TEA and/or 4-AP-sensitive currents were
obtained by subtracting the net outward current
observed in PSS solution from the outward current
recorded in the presence of TEA and/or-AP. As
shown in Figure 3D, edelfosine clearly and dramati-

cally decreased TEA- and 4-AP-sensitive currents,
suggesting that edelfosine reduced the activity of
SK3/KCa2.3 channels in MDA-MB-435s.

Edelfosine decreases SK3/KCa2.3 channel
activity but not the activity of IKCa channel
The effect of edelfosine was directly and acutely
tested on recombinant SK3/KCa2.3 channels exp-
ressed in HEK293 cells. Figure 4A shows the typical
SK3/KCa2.3 currents elicited by voltage ramps (from
+60 to -100 mV), with a holding potential of 0 mV
to inactive endogenous K+ currents. Superfusion
with 1 mM edelfosine reduced the current and

Figure 2
Effects of edelfosine on MDA-MB-435s cell migration. Histograms showing the effect of apamin (A), tetraethylammonium
(TEA), 4-aminopyridine (4-AP) (B) and of NS-1619 (C), BMS-204352 (D) with and without 1 mM edelfosine for 24 h. The normalized cell
number corresponds to the ratio of the total number of migrating cells in the presence of drug/total number of migrating cells in control
experiments. Results from two separate experiments performed in triplicate are expressed as mean � SEM. *Significantly different from control
at P < 0.05.
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shifted the current reversal potential toward more
positive potentials consistent with an effect of edel-
fosine on SK3/KCa2.3 channel conductance. Super-
fusion of the same cell with apamin completely
blocked the current, confirming the SK3/KCa2.3
nature of the channel (Figure 3A). This experi-
ment was repeated four times and 1 mM edelfosine
reduced the amplitude of apamin-sensitive current
by 79.1 � 3.7%. The endogenous HEK293 K+ current
was not significantly affected by 1 mM edelfosine
(data not shown). The time course for SK3/KCa2.3
channel inhibition by edelfosine was further analy-
sed at a membrane potential of 0 mV in order to
minimize endogenous HEK293 Cl- currents (ECl =
0 mV). Figure 4A shows that 1 mM edelfosine revers-
ibly decreased the amplitude of SK3/KCa2.3 current
and total inhibition was observed after 5 min appli-
cation. Finally, the application of apamin blocked
the current. The selectivity of edelfosine toward IKCa

channel was tested. Figure 4B shows representative
IKCa currents recorded in HEK293 cells expressing
IKCa channels in control condition and after appli-
cation of 1 mM edelfosine. The experimental pro-
tocol was similar to the one used in Figure 4A.
Edeldosine at 1 mM only slightly and not signifi-
cantly reduced the amplitude of IKCa current to 7.00
� 0.03% (n = 3; Figure 4B). After washout, 1 mM
clotrimazole was applied and reversibly decreased
the outward current, demonstrating that it was
mediated by IKCa channels. Note that 10 mM clo-
trimazole totally inhibited this current (data not
shown).

Edelfosine decreases cancer cell migration by
acting on SK3/KCa2.3 channel activity
We previously demonstrated that SK3/KCa2.3
channels was the SKCa channel involved in MDA-
MB-435s migration (Potier et al., 2006). To deter-
mine whether SK3/KCa2.3 channel inhibition is
mediating the effect of edelfosine, SK3/KCa2.3
channel expression was knocked down by transfect-
ing MDA-MB-435s cells with either two sets of

siRNA targeted against SK3/KCa2.3 gene used indi-
vidually or with scrambled siRNA used as a negative
control. Knocking down SK3/KCa2.3 channels not
only reduced the number of MDA-MB-435s migrat-
ing cells, but also totally suppressed the inhibitory
effect of edelfosine on cell migration (Figure 5A). To
further validate the requirement of SK3/KCa2.3 chan-
nels for the effect of edelfosine, we asked whether
‘forced’ SK3/KCa2.3 expression in cells lacking these
channels would lead to a gain of sensitivity to edel-
fosine, in terms of cell migration. We addressed this
question by transfecting rat rSK3/KCa2.3 cDNA in
the SK3-negative 184A1 cell line. Note that edelfos-
ine had no effect on wild-type untransfected 184A1
cell migration (Figure 5A). In contrast, the ectopic
expression of SK3/KCa2.3 protein in 184A1 cells
led to plasma membrane hyperpolarization (not
shown) and increased cell migration rate by 30%
(Potier et al., 2006), while edelfosine treatment
decreased migration in SK3-expressing 184A1 cells
(Figure 5A).

To determine if the decrease in current density
observed following edelfosine treatment (Figure 3)
was due to a decrease in the expression of SK3/
KCa2.3 protein at the plasma membrane, we assessed
cell-surface protein expression using a proteinase K
cleavage assay as described previously (Syme et al.,
2003). In the absence of proteinase K, SK3/KCa2.3
ran at an apparent molecular mass of 75 kDa, con-
sistent with the full-length protein (Figure 5B). Edel-
fosine treatment did not change the expression level
or size of the SK3/KCa2.3 protein. Indeed, the
SK3/KCa2.3 antibody revealed a band with similar
intensity and size both in control untreated- and
edelfosine treated-cells. Following proteinase K
treatment, almost all of this 75 kDa-band was con-
verted to a product with an apparent molecular
mass of 50 kDa both in control untreated- and edel-
fosine treated-cells. This demonstrates that the
majority of the SK3/KCa2.3 proteins are expressed at
the cell surface and that edelfosine did not change
the SK3/KCa2.3 protein expression and location.

Figure 3
Effects of edelfosine on SKCa currents of MDA-MB-435s cells. (A) Example of whole-cell K+ currents recorded in one cell grown in a normal medium
(control) or after treatment with 1 mM edelfosine for 24 h. Currents were generated by stepwise 8 mV depolarizing pulses (400 ms duration; 5 s
intervals) from a constant holding potential of -70 up to +58 mV. (B) Current density-voltage relationships obtained in control and in
edelfosine-treated cells. The current density–voltage relation was obtained by dividing the averaged steady-state currents elicited between -70
and +58 mV by the respective cell capacitance. (C) Current density–voltage relations obtained in edelfosine-treated cells, with and without
100 nM apamin. (D) Tetraethylammonium/4-aminopyridine (TEA/4-AP)-sensitive current density–voltage relationships during voltage steps in
untreated and in 24 h edelfosine-treated cells. The magnitude of TEA, 4-AP and TEA + 4-AP-sensitive currents were obtained by subtracting the
outward current recorded in the presence of these drugs from the net outward current observed in normal physiological saline solution. These
drug-sensitive currents were compared in control condition and following 24 h treatment with 1 mM edelfosine. Results represent the mean � SEM
*Significantly different from control at P < 0.05. The numbers in brackets indicate the number of cells.
�
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In addition to the inhibition of SK3/KCa2.3
channel activity, edelfosine reduces Ca2+

sensitivity of SK3/KCa2.3 channels and
decreases [Ca2+]i
Edelfosine was tested in the presence of two differ-
ent Ca2+ concentrations (pCa7 and 6.4 indicate the
free Ca2+ concentration in the pipette solution), and
Figure 6A shows the average inhibition plotted for
this two pCa solutions. Iberiotoxin (100 nM) was

added to pharmacologically block BKCa currents,
and apamin was used to isolate SK3/KCa2.3-mediated
current [SK1 is not expressed in MDA-MB-435s and
SK2 is not functional (Potier et al., 2006) ]. Edelfos-
ine caused an almost full inhibition of the SK3/
KCa2.3-mediated current at pCa7 (100 nM), whereas
the inhibition was substantially smaller at pCa
6.4 (400 nM). Thus, the inhibition by edelfosine
decreased with increasing [Ca2+]i. As the edelfosine

Figure 4
Effect of edelfosine on recombinant SK3/KCa2.3 channel and IKCa channel. (A) Left: Example of recombinant SK3 whole-cell K+ currents, recorded
in one cell, obtained in control condition or after acute application of 1 mM edelfosine or 10 nM apamin (pCa = 6). Right: SK3 current obtained
at 0 mV from voltage ramps (left) as a function of time. The cell was exposed to 1 mM edelfosine or 10 nM apamin as indicated by the arrows.
(B) Left: Example of recombinant IKCa whole-cell K+ currents, recorded in one cell, obtained in control conditions or after acute application of 1 mM
edelfosine or 1 mM clotrimazole (pCa = 6). Right: IKCa current obtained at 0 mV from voltage ramps (left) as a function of time. The cell was
exposed to 1 mM edelfosine or 1 mM clotrimazole as indicated by the arrows.
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effect was dependent on [Ca2+]i, we investigated if
edelfosine could bind Ca2+ ions. Chelation of Ca2+

has been already reported with bisphsophonates
(Lamson et al., 1984; Boulenc et al., 1995). Using a
Ca2+-sensitive electrode, we measured pCa values
in solutions containing increasing concentrations
of edelfosine and of an alendronate derivative
(Figure 6B). These pCa values were compared with
values obtained with EGTA, a well-known selective
Ca2+ chelator (Figure 6B). The results are illustrated
in Figure 6B and show that only EGTA at 0.1 mM
and alendronate at 2 mM modified the control pCa

value (0.1 mM). This suggested that edelfosine, even
at 2 mM (a concentration 20 times higher than the
control [Ca2+]i), cannot complex Ca2+ ions.

Because SK3/KCa2.3 channels can regulate intrac-
ellular Ca2+ levels (Potier et al., 2006), we measured
[Ca2+]i in control-untreated cells and in cells treated
with 1 mM edelfosine. We found that edelfosine con-
siderably decreased the [Ca2+]i from 379 � 30 nM
(control cells; n = 28) to 69 � 9 nM (edelfosine-
treated cells; n = 20) (Figure 6C). To investigate
whether edelfosine interacts with the apamin
binding site, 125I-Apamin binding studies were

Figure 5
SK3/KCa2.3 gene transcript destruction suppresses edelfosine effect on MDA-MB-435s cells and SK3/KCa2.3 gene expression renders 184A1 cells
sensitive to edelfosine. (A) Left: Histograms showing the effect of siRNA transfection on cell migration, after 24 h, with or without 1 mM edelfosine.
Results from two separate experiments performed in triplicate are expressed as mean � SEM. The normalized cell number corresponds to the ratio
of total number of migrating cells in the presence of edelfosine (1 mM)/total number of migrating cells in control experiments. The insets are
Western blot patterns showing the silencing effect on the expression of SK3/KCa2.3 protein of the two siRNAs designed against SK3/KCa2.3 mRNA.
Cells were transfected with siRNA-lipofectamine complexes for 48 h. Right: Histograms showing the number of migrating cells after transient
transfection of SK3/KCa2.3-pTracer-CMV2 plasmid or empty vector in non-cancerous (184A1) breast epithelial cells with or without 1 mM
edelfosine treatment. The insets are Western blot patterns showing the expression of the SK3/KCa2.3protein channel after transient transfection
of SK3/KCa2.3-pTracer-CMV2 plasmid or empty vector in 184A1 cells. Results from two separate experiments performed in triplicate are expressed
as mean � SEM. (B) Western blot of SK3/KCa2.3 protein following incubation in absence or presence of proteinase K. Proteinase K digestion was
performed on cells treated or not with 1 mM edelfosine for 24 h. NS, non-specific. *Significantly different from control at P < 0.05.
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performed. Figure 6D shows that edelfosine did not
inhibit 125I-Apamin binding to membrane express-
ing SKCa channels, suggesting that this lipid acts at a
site that is distinct from the apamin binding site.
Clearly, further studies are needed to identify the
precise binding site of edelfosine on SK3 channels.

Discussion and conclusions

This study demonstrates for the first time that edel-
fosine decreases the activity of SK3/KCa2.3, an ion
channel involved in cancer cell migration (Potier
et al., 2006; Chantome et al., 2009).

Figure 6
Mechanisms of action of edelfosine on SK3/KCa2.3-dependent cell migration. (A) Apamin-sensitive currents recorded at +25 mV (holding potential
= -70 mV). Whole-cell recordings of MDA-MB-435s cells were obtained at two pCa pipette solutions, pCa 7 and pCa 6.4 and in the presence of
100 nM iberiotoxin in order to completely block BKCa channels. Apamin-sensitive currents, defined as the difference between outward currents
recorded in drug-free bath solution and after superfusion with 10 nM apamin, were recorded in physiological condition (control) and after 24 h
treatment with 1 mM of edelfosine. *Significantly different from control at P < 0.05. The number of investigated cells is indicated in brackets. (B)
Comparative effect of EGTA, edelfosine and alendronate derivative to complex calcium and to reduce pCa. Measurements of pCa values in a pCa4
solution (containing in mM: HEPES 10; EGTA 1, MgCl2 1, KCl, 150, CaCl2, 1.1, pH 7.2 KOH) as control solution and with increasing concentrations
of edelfosine and an alendronate derivative. The pCa values were measured by a Ca2+-sensitive electrode. The inset is the voltage-pCa relationship
obtained with the Ca2+-sensitive electrode and used to determine the pCa. Reported results were obtained in a single experiment and that was
repeated two times. (C) Intracellular Ca2+ concentration [Ca2+]i was measured in MDA-MB-453s cells in physiological condition (control) and
following 24 h treatment with 10 nM of apamin and 1 mM of edelfosine. [Ca2+]i was measured using the fluorescent dye Fura-2. *P < 0.05;
**P < 0.01. The number of investigated cells is indicated in brackets. (D) Histogram showing the % of control specific binding of 125I-Apamin
(7 pM) to SKCa channel obtained from membrane homogenates of cerebral cortex by 0.3 and 2 mM edelfosine.
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As already reported in other cancer cells, we
found that, in MDA-MB-435s cells, concentrations
of edelfosine equal or higher than 3 mM applied
during 24 h reduced cancer cell proliferation and led
to the accumulation of cells in the G2/M phase of
the cell cycle (Roos and Berdel, 1986; Engebraaten
et al., 1991; Boggs et al., 1995; Lohmeyer and
Workman, 1995; Principe and Braquet, 1995; Push-
kareva et al., 1999). In contrast to leukaemic or some
solid tumour cells other than breast cancer cells
(Mollinedo et al., 2004; Nieto-Miguel et al., 2006;
2007), edelfosine was not found to induce apopto-
sis. This discrepancy is likely to be due to the intrin-
sic differences between cell types and its elucidation
will require additional studies.

It has already been demonstrated that edelfosine
decreases migration of tumour cells, but its exact
mechanisms of action remained unknown (Slaton

et al., 1994; Vogler et al., 1998; Haugland et al.,
1999). Recently, we identified SK3/KCa2.3 channels
as a new mediator of breast and melanoma cancer
cell migration (Potier et al., 2006; Chantome et al.,
2009). In the present study, we found that edelfos-
ine reduced the migration of MDA-MB-435s cells by
decreasing the activity of SK3/KCa2.3 channels and
limiting Ca2+ entry into cells. This is a consequence
of the membrane depolarization induced by edelfos-
ine and subsequent decrease of Ca2+entry due to
the reduction of driving force for Ca2+ (Figure 7).
Indeed, the effect of edelfosine on cell migration
was prevented by the addition of BKCa channel
openers (NS-1019 and BMS 204-352), which are
known to hyperpolarize the membrane of breast
epithelial cancer cells (Roger et al., 2004). This dem-
onstrates that membrane depolarization of MDA-
MB-435s is the critical modification induced by

Figure 7
Proposed model to explain how edelfosine decreases SK3/KCa2.3-dependent cancer cells migration. When SK3/KCa2.3 channels are expressed and
active in plasma membranes, they hyperpolarize the membrane. This leads to an increase of Ca2+ entry through voltage-independent Ca2+

channels and raised [Ca2+]i, promoting cell migration. This model proposes that edelfosine incorporates within plasma membrane and blocks
SK3/KCa2.3 channel-induced hyperpolarization. This leads to a membrane depolarization and to a decrease of the driving force for Ca2+ and then
to decreased SK3/KCa2.3 channel activity. Additionally, edelfosine reduced the Ca2+ sensitivity of SK3/KCa2.3 channels, leading to a further
reduction of SK3/KCa2.3 channel activity. Consequently, [Ca2+]i is reduced and cell migration decreased. The inset represents the cone shape form
proposed for edelfosine [modified from (Patel et al., 2001)].
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edelfosine. In addition, the inhibition by edelfosine
decreased with increasing [Ca2+]i, suggesting that
this ether lipid reduced the calcium sensitivity of
SK3/KCa2.3 channels. In contrast to well-established
pore blockers, such as apamin, edelfosine acts as an
inhibitory lipid interacting at a site distinct from the
apamin binding site in SKCa channels. Interestingly,
edelfosine was found to have no effect on
IKCa channel, suggesting a selectivity of edelfosine
towards the other members of the KCa channels.
Because edelfosine contains a phosphate group, we
tested the hypothesis that edelfosine would act by
complexing calcium. This compound was not found
to complex calcium even for a concentration 20
times higher than the calcium-free concentration.
Thus, this cannot explain the effect of 1 mM edelfos-
ine on SK3/KCa2.3 channels recorded with pCa7 or
6.4. Furthermore, edelfosine has no effect on IKCa

channels, strongly suggesting that another mecha-
nism, more selective, is involved in the reduction of
SK3 channel activity. Interestingly, the alendronate
derivative at 2 mM was found to complex calcium.
This is in agreement with the results obtained using
tiludronate (another bisphosphonate), showing that
the concentration of this compound needed to
complex 50% of the free calcium ions was found to
be 20–40 times higher than EGTA (Boulenc et al.,
1995).

Edelfosine, at much higher concentrations than
those used in our study (20 mM vs. 1 mM), was
found to inhibit the invasion of MO4 cells without
affecting cell migration (Storme et al., 1985). The
absence of edelfosine effect on MO4 cell migration
could be explained by the absence of SK3/KCa2.3-
mediated cell migration mechanism in MO4 cells.
Alternatively, the high concentration of edelfosine
used by these authors which inhibited MO4 cell
proliferation (Storme et al., 1985) and induced
apoptosis, might hide the effects on MO4 cell
migration.

Because of its phospholipid structure, edelfosine
may produce some of its effects on SK3/KCa2.3
channel after being incorporated into cellular mem-
branes. Indeed, edelfosine is readily incorporated
into lipid monolayers and bilayers (Busto et al.,
2007), in cellular membranes of MCF-7 cells (esti-
mated by a reduction of the total fatty acids/
phosphorus ratio) (Besson et al., 1996), and in other
tumour cells, as discussed by Mollinedo et al. (2004).
Furthermore, edelfosine was found to change the
fatty acid composition of membrane phospholipids
(Besson et al., 1996) and the proportion of phos-
phatidylcholine and sphingomyelin of membrane
phospholipids (P. Besson, unpubl. data). This can
explain how this compound modifies plasma mem-
brane lipid composition resulting in selective asso-

ciation and displacement of proteins with lipid raft
scaffolds (Gajate et al., 2004; Zaremberg et al., 2005;
Gajate and Mollinedo, 2007). This alteration in
plasma lipid membranes could in turn affect the
activity of lipid-sensitive channels, possibly by
increasing the membrane fluidity (Hac-Wydro and
Dynarowicz-Latka, 2010). This could explain why
edelfosine reduced SK3/KCa2.3 channel activity
without changing SK3/KCa2.3 protein expression
and location at the plasma membrane, as docu-
mented by our results using proteinase K.

Different mechanisms for edelfosine uptake have
been suggested, including direct adsorption at the
plasma membrane, lipid flip-flop and endocytosis
(Mollinedo et al., 2004). In this case, edelfosine
seems to act through lipid raft reorganization, prob-
ably by the displacement of an essential protein
from lipid rafts (Gajate et al., 2004; 2009; Gajate and
Mollinedo, 2007; Zaremberg et al., 2005). Because of
its conic shape (see Figure 6), edelfosine could affect
the activity of SK3/KCa2.3 channels by changing the
physical properties of the membrane. This was
already observed with mechano-gated 2P domain
K+ channels (TREK/TRAAK channels). Indeed, the
conic shape of neutral lysophospholipids, such as
lysophosphatidylcholine, as well as platelet activat-
ing factor (independently of its receptor) tends to
favour a convex deformation of the plasma mem-
brane, which leads to TREK-1/TRAAK channels
opening (Maingret et al., 2000; Patel et al., 2001).
Recently, Brainard et al. (2005) demonstrated that
KCa channels localize to caveolae close to the cyto-
skeleton in order to form an actin-KCa channels-
caveolin microdomain complex. According to those
findings, it would be interesting to examine
whether or not edelfosine integrates at a specific
plasma membrane location close to SK3/KCa2.3
channels.

Besides a role in cell proliferation, K+ channels
seem to be crucial for other mechanisms such as
apoptosis (see Burg et al., 2006) or migration/
invasion (see Schwab et al., 2007). Surprisingly,
although cancer cell migration studies related to ion
channels are few, it has emerged that ion channels
belonging to the KCa channel sub-family are the
channels able to promote cancer cell migration. The
role of BKCa channels in cancer cell migration is not
fully understood: activation of BKCa channels
reduced, or was not involved, in cancer cell migra-
tion (Kraft et al., 2003; Roger et al., 2004). Besides
our results, Schwab et al. (2007) have shown that
the activity of IKCa is required for optimal cell migra-
tion. Currently, there is an increasing list of recent
patents related to the use of K+ channel modulators
in the anti-cancer therapy (Villalonga et al., 2007).
To date, only IKCa blockers have been proposed for

BJP M Potier et al.

476 British Journal of Pharmacology (2011) 162 464–479



the treatment of prostate, pancreatic and endome-
trial cancer, based on their ability to inhibit in vitro
cell proliferation. The involvement of SK3/KCa2.3
channel as a new K+ channel promoting cell migra-
tion and the identification of edelfosine as a new
inhibitor of SK3/KCa2.3 channels may help to
develop new SKCa channels blockers and a new class
of migration-targeted anti-cancer agents.

Despite the emergence of edelfosine as a very
effective and promising anti-tumour agent, its clini-
cal therapeutic use has been hampered by several
side effects, including gastrointestinal, lung, liver,
renal and haemolytic toxicities (Gajate and Mol-
linedo, 2002). In particular, haemolysis has been
considered a major side effect of edelfosine when
given i.v. To alleviate these adverse effects, there is a
need to develop new analogues of edelfosine,
having greater or identical anti-tumour activity but
with less toxicity. Our identification of the SK3/
KCa2.3 channel as a molecular target accounting for
the effects of edelfosine on cell migration, a pivotal
process in tumour expansion and metastasis, opens
up the way to consider the synthesis of molecular
analogues. The fact that edelfosine decreases SK3/
KCa2.3 channel activity and the migration of MDA-
MB-43s cells, provides a unique opportunity to
identify analogues having activity as SK3/KCa2.3
inhibitors but no toxic actions.
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