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ORIGINAL ARTICLE
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Previous work from our laboratory has shown that human ether à go-go (hEAG) Kþ channels are crucial for breast cancer cell
proliferation and cell cycle progression. In this study, we investigated the regulation of hEAG channels by an insulin-like growth factor-1
(IGF-1), which is known to stimulate cell proliferation. Acute applications of IGF-1 increased Kþ current-density and hyperpolarized MCF7 cells. The effects of IGF-1 were inhibited by hEAG inhibitors. Moreover, IGF-1 increased mRNA expression of hEAG in a
time-dependent manner in parallel with an enhancement of cell proliferation. The MCF-7 cell proliferation induced by IGF-1 is inhibited
pharmacologically by Astemizole or Quinidine or more specifically using siRNA against hEAG channel. Either mitogen-activated
protein kinase (MAPK) or phosphatidylinositol 3-kinase (PI3K) are known to mediate IGF-1 cell proliferative signals through the
activation of extracellular signal-regulated kinase 1/2 (Erk 1/2) and Akt, respectively. In MCF-7 cells, IGF-1 rapidly stimulated Akt
phosphorylation, whereas IGF-1 had little stimulating effect on Erk 1/2 which seems to be constitutively activated. The application
of wortmannin was found to block the effects of IGF-1 on Kþ current. Moreover, the inhibition of Akt phosphorylation by the
application of wortmannin or by a specific reduction of Akt kinase activity reduced the hEAG mRNA levels. Taken together, our
results show, for the first time, that IGF-1 increases both the activity and the expression of hEAG channels through an Akt-dependent
pathway. Since a hEAG channel is necessary for cell proliferation, its regulation by IGF-1 may thus play an important role in IGF-1 signaling
to promote a mitogenic effect in breast cancer cells.
J. Cell. Physiol. 212: 690–701, 2007. ß 2007 Wiley-Liss, Inc.

The insulin-like growth factor-1 (IGF-1) plays an important role
in the normal development and function of the mammary gland
(Hadsell, 2003). However, accumulating evidence suggests that
IGF-1 is also involved in breast cancer development (Surmacz
et al., 1998). Indeed, elevated levels of circulating IGF-1 are
associated with increased risk of breast, prostate, and colon
cancer (Hankinson et al., 1998; Pollak, 2000; Hankinson and
Schernhammer, 2003; Ibrahim and Yee, 2004; Fletcher et al.,
2005). Furthermore, when IGF-1 is over-expressed in the
mammary gland of mice, these animals have increased rates of
breast cancer development (Hadsell et al., 1996). IGF-1 is a
potent mitogenic agent in MCF-7 human breast carcinoma cells
(Dufourny et al., 1997; Dupont et al., 2000). The proliferative
effect of IGF-1 is mediated by the IGF-1 receptor (Dupont et al.,
2000). The enhancing of IGF-1 signaling pathways, by an overexpression of IGF-1 receptors, is involved in breast tissue
tumorigenesis (Surmacz, 2000). On the cellular level, it has now
been clearly demonstrated that IGF-1 exerts its marked
mitogenic effects on breast cancer cells by regulating cell cycle
machinery (Van der Burg et al., 1988). Indeed, IGF-1 stimulates
cell proliferation by initiating G1 progression to the S phase of
the cell cycle (Dufourny et al., 1997). IGF-1 activates two main
signaling cascades, the mitogen-activated protein kinase
(MAPK) (Skolnik et al., 1993) and the phosphatidylinositol
ß 2 0 0 7 W I L E Y - L I S S , I N C .

3-kinase (PI3K) pathways (Backer et al., 1992). Studies on the
MCF-7 breast cancer cell line have revealed that the PI3K/Akt
pathway, but not the MAPK cascade, is crucial in the cell cycle
progression induced by IGF-1 (Dufourny et al., 1997).
Potassium (Kþ) channel activity is known to be linked to cell
proliferation and cell cycle progression in various cell types,
including MCF-7 cells (Wonderlin and Strobl, 1996; OuadidAhidouch et al., 2001; Pardo et al., 2005). This is supported by
the finding that Kþ channel blockers inhibit cell proliferation,
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thereby leading to membrane depolarization and an arrest in
early G1 phase (Wonderlin and Strobl, 1996; Ouadid-Ahidouch
et al., 2001; Wang, 2004). Indeed, there is good evidence from
several cell lines that membrane potential in early G1 phase is
depolarized, and the progression through G1 into S phase is
accompanied by a hyperpolarization of the membrane potential
induced by Kþ channels (Wonderlin and Strobl, 1996). In
accordance with this, Kþ channel antagonists usually inhibit cell
proliferation (Conti, 2004; Guo et al., 2005; O’Grady and Lee,
2005).
Human ether à go-go (hEAG) Kþ channels are reported to
have oncogenic properties (Pardo et al., 1999). Their
distribution is restricted to the brain in normal tissue, while
becoming ubiquitous in tumor cells. Indeed, hEAG is expressed
in cervix cancer cells, breast tumors, neuroblastoma,
melanoma, soft tissue sarcoma, and in a range of tumor tissues
(Meyer et al., 1999; Pardo et al., 1999; Ouadid-Ahidouch et al.,
2001; Hemmerlein et al., 2006; Mello de Queiroz et al., 2006).
Moreover, hEAG channels have been suggested as being
important for tumor cell proliferation. Inhibition of hEAG
channel expression by molecular biology using antisense
oligonucleotides and siRNA, or pharmacological technology
with imipramine, astemizole, or quinidine reduces cell
proliferation in cancer cell lines (Pardo et al., 1999; Niemeyer
et al., 2001; Ouadid-Ahidouch et al., 2001; Gavrilova-Ruch et al.,
2002; Weber et al., 2006).
In previous studies, we reported that hEAG channels play a
crucial role in regulating MCF-7 cell cycle progression and
proliferation (Ouadid-Ahidouch et al., 2001, 2004). Indeed, the
addition of serum increases both hEAG Kþ channel expression
and activity, thereby inducing an initial hyperpolarization that
permits MCF-7 cells to enter into and progress through the G1
phase. Accordingly, hEAG channel inhibition reduces serumdependant MCF-7 proliferation by accumulating cells in the
early G1 phase (Ouadid-Ahidouch et al., 2004). Mounting
evidence now shows that Kþ channels play an important role in
the mitogenic signal growth factor in various cell types.
Consistently, mitogenic signaling mechanisms up-regulate Kþ
channel expression and activity (Xu et al., 1999; Gamper et al.,
2002). However, the role of hEAG channels in the IGF-1
mitogenic effect in breast cancer cells is still largely unknown.
The aim of the present study was therefore to (i)
determinate and characterize the functional and the
transcriptional regulation of hEAG channels by IGF-1 (ii)
identify the mechanism by which IGF-1 regulates hEAG Kþ
channels, and (iii) establish the involvement of hEAG Kþ
channels in
IGF-1-mediated MCF-7 proliferation.
The results reported in this study reveal that IGF-1 mitogenic
activity in the MCF-7 breast cancer cell line is directly
correlated with changes in hEAG Kþ channel activity. Specific
blockade hEAG Kþ channels with RNA interference technology
or a pharmacological blockade inhibit the proliferative effect of
IGF-1. Moreover, application of hEAG Kþ blockers provoked
an arrest in the G1 phase, pointing to a role for hEAG Kþ
channels in the proliferative action of this growth factor. IGF-1
also increases the hEAG mRNA level, suggesting a
transcriptional regulation of these channels by IGF-1. Finally,
the inhibition of Akt phosphorylation or a specific reduction of
Akt kinase activity, diminish the effect of IGF-1 on Kþ current
and reduce the hEAG mRNA level. Taken together, these
results show that hEAG Kþ channels appear to be a target of
Akt-dependent pathways activated by IGF-1.
Materials and Methods
Cell culture and cell synchronization

The MCF-7 breast cancer cell line was obtained from the American
Type Culture Collection. MCF-7 cells (between passages 150 and 206)
JOURNAL OF CELLULAR PHYSIOLOGY DOI 10.1002/JCP

were grown in Eagle’s Minimum Essential Medium (EMEM;
Gibco-Invitrogen, Cergy Pontoise, France) supplemented with 5% fetal
bovine serum (FBS), L-glutamine (2 mM), and gentamicin
(50 mg/ml) (Gibco). The culture medium was changed every 2 days.
Cells were maintained at 378C in a humidified atmosphere with 5%
CO2.
To obtain cells accumulated in the early G1 phase, cells were
cultured in EMEM supplemented with 5% FBS and prior to our
experiments, cells were incubated for 24 h with serum- and phenol redfree EMEM (Ouadid-Ahidouch et al., 2001, 2004). This environment
was used as a control condition in our experiment to study IGF-1
action.
Cell proliferation assay

MCF-7 cells were grown in 96-well plates at 750 cells/well in EMEM
with 5% FBS. To investigate the effect of IGF-1 on cell proliferation,
after 72 h cells were pre-incubated in serum- and phenol red-free
EMEM for 24 h, then incubated in IGF-1 and drugs were added to the
serum- and phenol red-free medium. For control purposes, all
inhibitors were applied to the serum- and phenol red-deprived cells in
the absence of IGF-1. The medium was changed every day. After 2 days
of treatment, the number of living cells was estimated by a colorimetric
method using an MTS reagent (Celltiter 961Aqueous NonRadioactive Cell Proliferation Assay, Promega, Charbonnieŕes,
France). The results were expressed as a percentage of living cells in
each condition tested and normalized to control conditions.
Moreover, we used the Trypan blue exclusion assay to determine the
MCF-7 cell rate viability.
Electrophysiology

For electrophysiological analysis, MCF-7 cells were cultured in 35 mm
petri dishes. Electrophysiological signals were recorded, amplified,
digitized, and analyzed with the use of an Axopatch 200B patch-clamp
(Axon Instruments, Burlingame, CA) in conjunction with Labmaster
hardware (Digidata 1200, Axon Instruments) and Pclamp software (ver
6.03, Axon Instruments). The whole-cell mode of the patch-clamp
technique was used with 4–7 MV resistance borosilicate fire-polished
pipettes (Hirschmann1, Laborgerate, Eberstadt, Germany). Seal
resistance was typically in the 10–20 GV range. After formation of a
seal, the amplifier was switched to voltage-clamp mode and currents
attained stable values within 3–5 min. All recordings were made
without leak subtraction. Results were expressed using currentdensities (pA/pF) instead of current amplitude. The cell surface of the
MCF-7 cells was thus estimated by measuring their membrane
capacitance (20.8  4.7 pF, n ¼ 63). Whole-cell current was elicited by
voltage ramp or by voltage step from 80 to þ80 mV delivered at
30 sec intervals for 250 msec, applied from a holding potential of 40
mV. The cell under investigation was continuously superfused with
control or test solutions. All electrophysiological recordings were
performed at room temperature.
Solution

Before recording, the culture medium was replaced with a bath of
extracellular solution containing (in mM): NaCl 145, KCl 5, CaCl2 2,
MgCl2 1, HEPES 10, glucose 5 at pH 7.4 (NaOH). Patch pipettes were
filled with an intracellular solution containing (in mM): KCl 150, MgCl2
2, HEPES 10, EGTA 1.1 at pH 7.2 (KOH).
RNA extraction and reverse transcription-polymerase chain
reaction (RT-PCR)

Total RNA was extracted from approximately 1  106 cultured cells
using the Trizol method (Invitrogen, Cergy Pontoise, France) according
to the manufacturer’s instructions. RNA samples were treated with 1
U of DNase I (Promega, France) at 378C for 30 min. A phenol/
chloroform (vol/vol) extraction was performed and RNA was
precipitated with ethanol and then dissolved in 20 ml of sterile distilled
water. The RNA level was measured by spectrophotometry (OD at
260 nm). For each condition, the same amount of RNA was reversetranscribed into cDNA using an SSII kit (Invitrogen) following the
manufacturer’s instructions. Complementary DNA was stored at
208C. The PCR primers used to amplify the RT-generated hEAG
cDNAs were designed on the basis of established GenBank sequences.
The primers for hEAG cDNA were: 50 CGCATGAACTACCTGAAGACG-30 (nucleotides 898–918,

691

692

BOROWIEC ET AL.

GenBank accession AF078741 and AF078742) and
50 -TCTGTGGATGGGGCGATGTTC-30 (nucleotides 1376–1355).
The expected amplified DNA length is 479 bp for hEAGa and 560 bp for
hEAGb as described by Ouadid-Ahidouch et al. (2001). Primers were
synthesized by Invitrogen. PCR was performed on the RT-generated
cDNA using an Applied Biosystems GeneAmp 2700 PCR system
cycler. PCR reaction mixtures contained 1 ml cDNA, 1 ml of dNTPs
(10 mM; Invitrogen), 2.5 ml of sense and antisense primer (both 5 mM),
0.2 ml of Taq DNA polymerase (1 U) (Invitrogen), 5 ml of PCR buffer
and 1.5 ml of MgCl2 (50 mM) in a final volume of 50 ml. Samples were
first incubated for 2 min at 948C, followed by 34 cycles of 30 sec at
958C, 30 sec at 588C, and 40 sec at 728C, followed by a final extension
at 728C for 7 min. PCR products (10 ml) were analyzed by
electrophoresis in a 1.3% agarose gel in 0.5  TBE and stained with
ethidium bromide. To assess the relative changes in hEAG mRNA
content by IGF-1 treatment, semi-quantitative RT-PCR was performed
using b-actin as an internal standard. The following primers were used
to amplify a 210 bp of fragment b-actin cDNA: 50 -CAGAGCAAGAGAGGCATCCT-30 and 50 -GTTGAAGGTCTCAAACATGATC-30 .
The PCR conditions were the same as above, except for 25 cycles. The
reaction products were separated by electrophoresis in 1.3% agarose
gel in 0.5  TBE and stained with ethidium bromide. The PCR products
were quantified using Quantity One software (Biorad, Marnes La
Coquette, France). The final normalized results were calculated by
dividing the image density of the hEAG PCR product by the density of
the amplified b-actin product.
Western blotting analysis

Serum- and phenol red-deprived MCF-7 cells were pre-incubated for
30 min with various PI3K and MAPK inhibitors, then treated with IGF-1
(20 ng/ml) at the indicated time. The cells were washed twice in the
phosphate-buffered saline (PBS), lysed in Laemmli’s buffer (Tris-base
62.5 mM pH 6.8, glycerol 10%, 2-b mercaptoethanol 5%, SDS 2.3%, and
0.025% of bromophenol blue) and heated thrice to 95–1008C for
10 min.
Phosphorylation of Akt and Erk1/2 proteins was detected by
Western blotting. Cell lysates were separated by electrophoresis on
SDS–PAGE and blotted onto nitrocellulose membrane. Blots were
incubated with the following antibodies: anti-phospho-Aktser473
antibody (Cell Signalling Technology, Bonton) or anti-Akt (Santa Cruz
Biotechnology, CA), anti-phospho-Erk1/2 antibody or anti-Erk1/2
antibody (Cell Signaling Technology), overnight at 48C in Tris-buffered
saline buffer containing Tween-20 (0.2%) (TBS-T). Membranes were
washed three times in TBS-T and then incubated with horseradish
peroxidase-conjugated secondary antibody for 1 h at room
temperature. After three washes in TBS-T, the immuno-reactive bands
were detected using the ECL chemiluminescent system (AmershamBiotech, Sunnyvale, CA).

various TAT-Akt fusion proteins. Then cells were re-incubated with
TAT-Akt fusion proteins and stimulated with IGF-1 (20 ng/ml) for 16 h.
Cells were then prepared for RT-PCR studies and the transduction
efficiency of TAT-Akt fusion proteins in these cells was evaluated by
Western blotting using anti-HA (Roche, Neuilly Sur Seine, France) and
anti-Akt (Cell Signalling Technology) antibodies.
Cell cycle analysis

MCF-7 cells were grown in EMEM with 5% FBS. After 72 h, cells were
pre-incubated in serum- and phenol red-free EMEM for 24 h, then
incubated in IGF-1 with or without drugs for 48 h. Cell cycle
analysis was performed by measuring cellular DNA content by flow
cytometry. Cells were collected by trypsinization, resuspended in
300 ml PBS-EDTA (5 mM) and fixed with 700 ml absolute ethanol. After
fixation, cells were pelleted by centrifugation, resuspended in
PBS-EDTA (5 mM), treated with ribonuclease at a final concentration
of 10 mg/ml (Sigma, Saint Quentin Fallavier, France) for 30 min and
stained with propidium iodide (Sigma) at a final concentration of 50 mg/
ml. To assess cell cycle distribution patterns (G0/G1, S, and G2/M
phases), the stained samples were measured using an elite Beckman/
Coulter flow cytometer.
siRNA cell transfection

The hEAG siRNA (sihEAG) sequence used was 50 CUGGACAUGGACCAAGUGGAC(dTdT)-30 (position 1578–1598
on hEAG1a sequence and position 1659–1679 on hEAG1b sequence,
GenBank accession AF078741 and AF078742 respectively) as
described by Weber et al. (2006). Control experiments were
performed either by applying the nucleofection alone (nucleofected
cells), or by transfecting a specific siRNA against mouse TRPC6 which
had no known target in mammalian genomes (cells nucleofected by
control siRNA) 50 -UAUUGCCGAGACCGUUCAU(dTdT)-30
(position 1591–1609, GenBank accession MMU49069). MCF-7 cells
(2106) were transfected with 2 mg of siRNA (equivalent to 1.3 mM),
using a Nucleofector device and corresponding kit (Amaxa, Inc.,
Cologne, Germany). Transfection protocols were performed
following the manufacturer’s instructions (program E-014; solution V).
Using the nucleofector technique, Gresch et al. (2003) have reported
that the nucleofection by 1 mM siRNA is efficient, optimal and without
any non-specific effects. According to these results, we chose to use
sihEAG at 2 mg (equivalent to 1.3 mM). Immediately after transfection,
cells were cultured in EMEM medium with 5% FBS in 60 mm petri dishes
at 2.75105 cells for PCR study and in 96-well plates at 7103 cells for
proliferation assay.

Purification of TAT-Akt fusion proteins

Purification of TAT fusion proteins was performed as described by
Krosl et al. (2003) with the following modifications: BL21 (DE3) pLysS
bacteria (Stratagene, Amsterdam, Netherlands) expressing the
TAT-Akt fusion proteins were cultured in LB broth medium containing
50 mg/ml Ampicillin and 34 mg/ml Chloramphenicol at 378C. Protein
expression was induced by the addition of 1 mM IPTG at 378C for 4 h.
Cells were harvested and sonicated in buffer A (8 M urea, 20 mM
HEPES (pH ¼ 8.0), and 500 mM NaCl). Lysates were clarified by
centrifugation at 13,200 rpm for 4 min at 48C. The supernatants
containing the recombinant TAT-Akt fusion proteins were
equilibrated in 30 mM Imidazole and then applied to Ni-NTa Agarose
columns (Qiagen, Courtaboeuf, France). Columns were washed with
six bed volumes of buffer B (4 M urea, 20 mM HEPES (pH ¼ 8.0),
500 mM NaCl and 30 mM Imidazole). After washing, bound proteins
were eluted with buffer B containing 250 mM Imidazole. Eluates
containing the purified proteins were dialyzed against PBS with four
overnight buffer changes at 48C. The purity of TAT-Akt fusion proteins
was assessed by coomassie blue stained SDS–PAGE and the
concentration of TAT fusion proteins was assessed using standard BSA
concentrations.
In vitro studies of TAT-Akt fusion proteins

MCF-7 cells were cultured in 35 mm petri dishes at a density of
2.5  105 cells in EMEM with 5% FBS. After 24 h, the cells were preincubated in serum- and phenol red-free EMEM for 24 h with the
JOURNAL OF CELLULAR PHYSIOLOGY DOI 10.1002/JCP

Fig. 1. IGF-1 increases MCF-7 cell proliferation in a concentration
and time-dependent manner. MCF-7 cells were cultured in 96-well
plates and then serum- and phenol red-deprived for 24 h. Under these
conditions, cells were incubated with the indicated concentrations of
IGF-1 for 48 h (A) or with 20 ng/ml IGF-1 for 24 or 48 h (B). The cell
proliferation percentage was determined by a colorimetric method.
Values indicated are mean W SE of 16 wells. MMMP < 0.001, MMP < 0.01,
M
P < 0.05.
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RT-PCR for siRNA studies

RNA extraction conditions remained unchanged from those
previously described. Only primers and PCR conditions changed. The
primers for hEAG were: 50 -CGCATGAACTACCTGAAGACG-30
(nucleotides 898–918, GenBank accession AF078741 and AF078742)
and 50 -AGGGAGCCAGAAACCACAAAGCAGA-30 (nucleotides
1808–1832 and nucleotides 1889–1913, GenBank accession AF078741
and AF078742 respectively). The amplified PCR product length is
935 bp for hEAG1a and 1016 bp for hEAG1b. The PCR conditions
were 5 min at 958C, followed by 34 cycles of 30 sec at 958C, 30 sec at
688C and 1 h 15 min at 728C, followed by a final 7 min extension at
728C.
Drugs and plasmids

For all experiments, MCF-7 cells were activated with recombinant
human IGF-1 (Promocell GmbH, Heidelberg, Germany). For the
pharmacological characterization of the IGF-1 sensitive current,

astemizole (AST) and quinidine (Sigma) were added to solutions or to
the cell culture medium. To block the IGF-1 signaling pathways, the
PI3K inhibitor wortmannin, the MAPK cascade inhibitors UO126 and
PD98059 (Sigma) were made in DMSO. The final concentration of
DMSO was 1/1,000.
The coding regions of Akt and Akt (K179>M) were amplified by
PCR and cloned at the NcoI and EcoRI sites of the bacterial expression
vector pTAT-HA.

Statistical analysis

Data are presented as mean  SE (n ¼ number of individual
measurements). The student’s t-test was used to compare treatment
means with control means and to test significant differences.
Differences between values were considered significant () when
P < 0.05; very significant () when P < 0.01, and highly significant ()
when P < 0.001.

Fig. 2. IGF-1 increases KR current recorded in serum- and phenol red-deprived MCF-7 cells. A: representative KR current traces recorded in
MCF-7 cells under voltage clamp conditions before (a) and after (b) IGF-1 (20 ng/ml) application on the bath solution. Current was elicited by voltage
step from S80 to R80 mV for 250 msec from a holding potential of S40 mV. B: The time-course of IGF-1 effect was measured at R80 mV. C: The
histogram shows the mean values of the hyperpolarization induced by IGF-1 (20 ng/ml) (n U 19). D: KR current was elicited by 10 mV increment
from S80 to R80 mV for 250 msec, applied from a holding potential of S40 mV (schematically shown at the top of a and b) and recorded before (a)
and after (b) IGF-1 application. E: IK-density/voltage relationships obtained by measuring the maximal amplitude KR current before (open circle)
and after (closed circle) the extra-cellular application of IGF-1 (20 ng/ml). F: Dose-dependent activation of KR current by IGF-1. The columns
represent the mean W SE. The number of cells investigated is indicated above each column.

JOURNAL OF CELLULAR PHYSIOLOGY DOI 10.1002/JCP

693

694

BOROWIEC ET AL.

Results
IGF-1 induces serum- and phenol red-deprived
MCF-7 cell proliferation

Initial studies were carried out to determine the effect of IGF-1
on promoting cell proliferation. To evaluate the mitogenic
effect of IGF-1, we used a serum- and phenol red-deprived
medium as control condition. Cells were then incubated in
serum- and phenol red-deprived for 24 h and treated with IGF-1
for 48 h. Figure 1A shows that IGF-1 increased cell proliferation
in a dose-dependent manner. Physiological concentrations of
IGF-1 measured in normal breast tissue during the follicular
phase of the menstrual cycle (0.625 ng/ml) and during the luteal

phase of the menstrual cycle (1.25 ng/ml) (Dabrosin, 2003)
were able to significantly increase MCF-7 cell proliferation by
6.7  7.9% (n ¼ 15) and 14.1  8.9% (n ¼ 16) respectively after
48 h of treatment. The maximal increase 44.3  12.4% (n ¼ 16)
was obtained for 20 ng/ml. Because there is no indication about
in situ physiological concentrations of IGF-1 in mammary
cancer tissue and as 20 ng/ml is the most commonly used
concentration as a mitogenic stimulus to study IGF-1 activity on
the MCF-7 cell line (Hamelers et al., 2002), we consequently
chose to use this concentration in all our experiments.
Furthermore, the effect of IGF-1 was time-dependent (Fig. 1B).
Indeed, MCF-7 cell proliferation increased by 22.2  18.1%,
(n ¼ 15) and 56.6  22.1% (n ¼ 15) after 24 and 48 h IGF-1

Fig. 3. IGF-1 increases hEAG KR channel activity in serum- and phenol red-deprived MCF-7 cells. We used a hEAG channel blocker called
astemizole (AST) at 10 mM, both to prevent (A,B) and block (C,D) the IGF-1 effect. Quinidine treatment was used to confirm these results (E,F). In
all cases, KR current was activated by voltage ramp from S80 to R80 mV for 250 msec, applied from a holding potential of S40 mV. Graphs shown on
A,C,E represent the time-course of the IGF-1 effect on KR current-density (pA/pF) measured at R80 mV, and B,D,F, representative current traces
(pA) corresponding to the points indicated.
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treatments respectively (Fig. 1B). These results show that IGF-1
leads to MCF-7 cell proliferation, which correlates with those
previously reported for the same cells by Van der Burg et al.
(1988) and Dufourny et al. (1997).
IGF-1 stimulated KR channel activity

To test a conceivable relationship between IGF-1 and Kþ
channel activity, we used the whole cell configuration of the
patch-clamp technique. Kþ current was elicited by voltage steps
from 80 to þ80 mV from a holding potential of 40 mV. To
study the effect of IGF-1 on Kþ channel activity in MCF-7 cells,
the cells were incubated in serum- and phenol red-free medium
for 24 h before their stimulation with IGF-1 (20 ng/ml). Upon

exposure of MCF-7 cells to 20 ng/ml of IGF-1, the amplitude of
the Kþ current-density increased markedly (Fig. 2A). The time
course showed that the amplitude of the Kþ current-density
increased by 29% within 1–2 min after exposure to IGF-1
stimulation (Fig. 2B). The increase in Kþ current-density in
MCF-7 cells induced by IGF-1 was accompanied by a 12 mV
hyperpolarization of membrane potential of (n ¼ 19) (Fig. 2C).
The Kþ current-density/voltage relationships recorded before
and after IGF-1 application are shown in Figure 2D,E. The
application of IGF-1 did not modify the threshold of this
activation (Fig. 2E) and the effect observed was dose dependent
(Fig. 2F). The physiological IGF-1 concentration measured
during the follicular phase (0.625 ng/ml) enhanced the Kþ
current-density (n ¼ 3), and the maximal Kþ current-density

Fig. 4. IGF-1 activates hEAG KR channel activity through PI3K/Akt. To determine the signaling pathways involved in the regulation of hEAG
channel activity by IGF-1, the PI3K inhibitor wortmannin (100 nM) (A,B) and MAPK inhibitors PD98059 (40 mM) (C,D), and UO126 (5 mM) (E,F)
were applied to the bath solution, then the MCF-7 cells were stimulated by IGF-1 (20 ng/ml). In all cases, KR current was activated by voltage
ramp from S80 to R80 mV for 250 msec, applied from a holding potential of S40 mV. Graphs shown represent the time-course of the IGF-1 effect at
R80 mV (left), and representative current traces corresponding to the points indicated (right).
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Fig. 5. Activation of Akt phosphorylation by IGF-1. Serum- and phenol red-deprived MCF-7 cells were treated with IGF-1 (20 ng/ml) for the times
indicated (A), and with or without pre-incubation for 30 min with PI3K inhibitor wortmannin (100 nM) or with inhibitors of MAPK signaling PD98059
(40 mM) and UO126 (5 mM) (B). Cells were lysed as described under Materials and Methods Section. Western blotting first probed with antiphospho-ser473Akt or with anti-phospho-Erk1/2 were stripped and reprobed with antibodies to the corresponding proteins. Each immunoblot is
representative of four similar experiments.

Fig. 6. Modulation of hEAG mRNA expression by IGF-1 is dependent on the Akt-dependent pathway. Up-regulation of hEAG mRNA transcripts
by IGF-1 treatment is demonstrated by a semi-quantitative RT-PCR technique using b-actin as the internal standard. To investigate the effect of
IGF-1 on hEAG mRNA expression and the signaling pathway involved in this regulation, MCF-7 cells were serum- and phenol red-deprived for 24 h
and then incubated with 20 ng/ml IGF-1 for 24 or 48 h in the presence of IGF-1 alone (A,B) or in the presence of both IGF-1 and inhibitors of PI3K
(wortmannin, 100 nM) and MAPK cascade (PD98059, 40 mM and UO126, 5 mM) (C,D). FBS medium (5%) was used as a positive test. hEAG mRNA
levels were quantified and normalized to the amplified b-actin products. Each column represents mean W SE (n U 3). MMP < 0.01, MP < 0.05.
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was obtained at 20 ng/ml IGF-1 (27.5  5.9%, n ¼ 10). Taken
together, these results indicate that IGF-1 modulates the Kþ
channel activity and supports a hyperpolarization of the
membrane potential.
IGF-1 increased hEAG KR current-density

We have previously demonstrated that hEAG Kþ channels are
preferentially expressed and functional in MCF-7 arrested in
the early G1 phase, by starvation during 24 h (Ouadid-Ahidouch
et al., 2001, 2004). Under these control conditions, we
investigated whether IGF-1 stimulated hEAG Kþ channel
activity. We found that astemizole, a specific hEAG channel
inhibitor, reduced Kþ current-density by 21.5  3% (n ¼ 6) and
36.8  6.8% (n ¼ 7) when used at 5 and 10 mM respectively
(data not shown). The effect of this blocker was reversible (data
not shown). In the presence of 10 mM astemizole, IGF-1 failed
to increase Kþ current-density (Fig. 3A,B). However, after
astemizole removal we noticed an increase in Kþ current of
35.4% from the control by IGF-1 (Fig. 3A,B). Moreover, the IGF1 effect on Kþ current-density was fully blocked by the addition
of 10 mM astemizole (Fig. 3C,D, n ¼ 5). Similar results were
obtained when using quinidine, a well-known hEAG Kþ channel
activity blocker (Fig. 3E,F). These results indicate that IGF-1
activates cell-membrane hEAG Kþ channel activity in MCF-7
cells.

threefold and twofold respectively, above control levels
(Fig. 6A,B). Next, we investigated the possible contribution of
the Erk1/2 and PI3K/Akt pathways to IGF-1 stimulation of
hEAG mRNA levels. Treatment with wortmannin totally
abolished IGF-1 stimulated hEAG mRNA levels (Fig. 6C,D). In
contrast, both PD98059 and UO126 failed to decreased hEAG
mRNA levels (Fig. 6C,D). To evaluate in a more definitive

PI3K/Akt but not MAPK is involved in the
IGF-1-dependent hEAG KR channel activity

The two major routes involved in IGF-1 receptor signaling are
the PI3K/Akt and MAPK pathways (Backer et al., 1992; Skolnik
et al., 1993). To determine whether IGF-1-induced hEAG
channel activity is dependent on PI3K/Akt or MAPK signaling
pathways, we used chemical inhibitors of PI3K (wortmannin)
and MAPK (PD98059, and UO126). MCF-7 cells were pretreated with wortmannin, PD98059 or UO126 and then
stimulated with IGF-1. Wortmannin completely suppressed the
IGF-1-induced increase in Kþ current-density (Fig. 4A,B). In
contrast, PD98059 (Fig. 4C,D) and UO126 failed to prevent the
IGF-1 effect (Fig. 4E,F). These results suggest that PI3K/Akt
participates directly in the IGF-1-induced hEAG Kþ channel
activity, whereas the MAPK pathway is not involved in the IGF-1
response. Subsequently, both IGF-1 activation of signaling
pathways and the signaling pathways inhibitors’ action were
studied using Western blotting. As shown in Figure 5A, IGF-1
induced a strong Akt phosphorylation after a 10 min
treatment and persisted for 60 min. Pre-incubation with
wortmannin for 30 min totally abolished IGF-1 stimulated
Akt phosphorylation (Fig. 5B). In contrast, Erk1/2
phosphorylation was weakly activated by IGF-1 stimulation
(Fig. 5A,B). Pre-treatment with PD98059 and UO126 reduced
Erk1/2 phosphorylation (Fig. 5B). These data confirm that, in
MCF-7 cells, IGF-1 activates the PI3K/Akt pathway, which is
essential for IGF-1 increased hEAG Kþ channel activity.
Furthermore, the MAPK cascade seems to be activated
constitutively.
IGF-1 increased hEAG mRNA levels through the
Akt-dependent pathway

It has been shown that IGF-1 is also able to produce a
transcriptional regulation of numerous ionic channels in normal
and pathological situations (Guo et al., 1998; Shen et al., 2004).
In this context, we also examined whether IGF-1 stimulates
hEAG channel expression. Semi-quantitative RT-PCR data
show that IGF-1 stimulated mRNA levels of hEAG in a timedependent manner (Fig. 6). After 24 and 48 h exposures to IGF1, hEAG mRNA levels increased significantly, by approximately
JOURNAL OF CELLULAR PHYSIOLOGY DOI 10.1002/JCP

Fig. 7. Dominant negative Akt reproduces the wortmannin effect:
evidence of Akt involvement in regulation of hEAG mRNA expression
by IGF-1. MCF-7 cells were incubated with serum- and phenol redfree medium containing functional TAT proteins fused to the wildtype (TAT-wtAkt) or to a dominant negative form (TAT-dnAkt) of
Akt for 30 min (A) and for 24 h (B,C). Then, cells were maintained for
30 min (A) and for 16 h (B,C) in the presence of IGF-1 (20 ng/ml). A:
Western blot was used to verify the presence of the TAT-Akt fusion
proteins (TAT-wtAkt and TAT-dnAkt) in MCF-7 cells. Thus, cell
lysates were prepared to detect TAT-Akt proteins by using antiPser473-Akt, Akt and HA antibodies. B: The transduction of functional
TAT proteins fused to the wild-type or to the dominant negative form
of Akt in MCF-7 was used to confirm the involvement of Aktdependent signaling in the regulation of hEAG mRNA expression by
IGF-1. After the culture conditions described above, cells were
prepared for RT-PCR studies. C: hEAG mRNA levels were quantified
and normalized to the amplified b-actin products. Each column
represents mean W SE (n U 3). MMP < 0.01 and MP < 0.05.
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manner, the crucial importance of the Akt-dependent signaling
pathway for IGF-1 stimulated hEAG mRNA levels, we produced
and used TAT-Akt fusion proteins that have previously been
described (Harir et al., 2007). The use of TAT-fusion proteins is
an appealing approach to transducing various types of cells, as
they can be delivered very quickly and efficiently to either cell
lines or primary cells, simply by adding them to the culture
medium (Vocero-Akbani et al., 2001; Krosl et al., 2003). To
analyze the role of Akt, we used a TAT-wtAkt (wild-type) and a
TAT-dnAkt (dominant negative) fusion protein. The dnAkt
form containing the point mutation K179M, that inactivates
its kinase activity, has previously been shown to act as a
dominant negative mutant by computing with endogenous
wtAkt for the binding of the downstream substrates.
Accordingly, it was shown, recently, in hematopoietic cells that
transduction of TAT-dnAkt, but not TAT-wtAkt proteins,
inhibited the phosphorylation of Akt kinase substrates like
the Forkhead transcription factors (Franke et al., 1995; Harir
et al., 2007). Both TAT-Akt fusion proteins were applied to
serum- and phenol red-deprived MCF-7 cells. After 24 h,
cells were stimulated by IGF-1 for 16 h. Transduction
efficiency of TAT-Akt fusion proteins in MCF-7 cells was
evaluated by Western blotting with anti-HA and anti-Akt
antibodies (Fig. 7A). Phosphorylation of endogenous Akt and
TAT-Akt fusion proteins by IGF-1 stimulation was confirmed
with anti-Pser473Akt antibody (Fig. 7A). Using semi-quantitative
RT-PCR, we found that TATdn-Akt, but not TAT-wtAkt
protein inhibited IGF-1-induced hEAG mRNA expression
(Fig. 7B,C). Collectively, these results indicate that modulation
of hEAG channel expression by IGF-1 requires the activation of
the Akt-dependent pathway.
Involvement of hEAG KR channel in IGF-1-induced
MCF-7 cell proliferation

To determine whether the inhibition of hEAG channel activity
would suppress MCF-7 cell proliferation induced by IGF-1, the
two hEAG channel blockers, astemizole and quinidine, were
added to the cell culture medium. Astemizole inhibited cell
proliferation induced by IGF-1 in a concentration-dependent
manner (n ¼ 19) (Fig. 8A). Astemizole (10 mM) inhibited MCF-7

cell proliferation induced by IGF-1 by 61%. When used alone,
astemizole had no effect (Fig. 8A). In the same manner, we found
that the commonly used concentration of quinidine (20 mM) to
totally block hEAG channels, significantly reduced the
mitogenic action of IGF-1 by 68% (n ¼ 20) (Fig. 8B).
Furthermore, to determine whether the inhibition of IGF-1
proliferation induced by astemizole and quinidine was
accompanied by cell arrest in a specific cell cycle phase, we used
flow cytometry to analyze the cell cycle status of MCF-7 cells
incubated in IGF-1 alone or with hEAG Kþ channel blockers.
After 24 h of serum- and phenol red-deprivation, cells were
incubated in IGF-1 (20 ng/ml) in the presence or absence of
hEAG Kþ channel blockers for 48 h. Cells incubated in IGF-1 for
48 h showed a distribution with 71.4  3.3%, 20  3.2%, and
8.6  1.3% in G0/G1, S, and G2/M phases respectively (n ¼ 3)
(Fig. 8C). Astemizole (5 and 10 mM) induced an accumulation of
cells in G0/G1 (89.2  2% for 5 mM and 87  1.55% for 10 mM,
n ¼ 3) and a reduction in the number of cells in the S phase
(8.6  1.7%, 9.2  1.3%) and the G2/M phase (2.2  0.4%,
3.8  0.35%). Similar results are obtained in the presence of
quinidine 20 mM (Fig. 8C). Moreover, the Trypan blue exclusion
assay showed that MCF-7 cell viability was affected neither by
astemizole (5 and 10 mM) nor by quinidine (20 mM). Taken
together, these results show that suppression of hEAG Kþ
channel activity inhibited IGF-1 stimulated MCF-7 proliferation
by inducing G1 arrest.
To confirm that hEAG Kþ channel activity is required for
IGF-1 cell proliferation increase, we used siRNA technology
to down-regulate hEAG expression in MCF-7 cells. Cells
were transfected using the Nucleofector Technology. The
transfection with 2 mg of control siRNA did not modify
the rate of cell viability compared to nucleofected cells
(n ¼ 3). A non-significative effect on cell proliferation was
also observed between nucleofected cells and cells
nucleofected with control siRNA (Fig. 9A). As predicted,
IGF-1 incubation for 48 h induced an increase in cell
proliferation (Fig. 9A). In contrast, it failed to increase MCF-7
cell proliferation in cells transfected with sihEAG (Fig. 9B).
Moreover, transfection with sihEAG reduced cell proliferation
by 33  3.1% (n ¼ 3) compared to control siRNA (Fig. 9B).
Taken together, these results demonstrate that hEAG Kþ

Fig. 8. hEAG KR channel blockers inhibited cell proliferation induced by IGF-1 and accumulated cells in the G1 phase. A,B: hEAG KR channel
blockers inhibited IGF-1 proliferation. MCF-7 cells were cultured in 96-well plates and then serum- and phenol red-deprived for 24 h. Under these
conditions, cells were incubated with 20 ng/ml IGF-1 in the absence or presence of the hEAG channel inhibitors AST at 2 mM, 5 mM, and 10 mM (A) or
quinidine at 20 mM (B) for 48 h. In order to provide a control sample, all KR channels inhibitors were applied alone to the serum- and phenol reddeprived cells. The cell proliferation percentage was determined by a colorimetric method. Values indicated are mean W SE of 20 wells.
MMM
P < 0.001. C: hEAG KR channel blockers accumulated cells in the G1 phase. MCF-7 cells were serum- and phenol red-deprived for 24 h, cells were
treated with IGF-1 (20 ng/ml) in the absence or presence of AST at 5 and 10 mM and quinidine (20 mM) for 48 h. Thereafter, cells were collected by
trypsinization, stained with propidium iodide and the DNA content was measured by flow cytometry.
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reductions in their hEAG mRNA levels 48 and 72 h after
transfection (Fig. 9C,D).
Discussion

Fig. 9. A specific down-regulation of hEAG with siRNA inhibited the
IGF-1 proliferative effect. MCF-7 cells were transfected by a
Nucleofector device without siRNA (nucleofected cells) and with
control siRNATRPmouse (control siRNA) or hEAG siRNA (sihEAG).
Then, cells were cultured in EMEM medium with 5% FBS. After 18 h,
cells were serum- and phenol red-deprived for 6 h and then incubated
with IGF-1 (20 ng/ml) for 24 or 48 h. A,B: For proliferation assay, cells
were grown in 96-well plates. After 48 h of IGF-1 incubation, cell
proliferation was determined by a colorimetric method. IGF-1 was
unable to increase cell proliferation in cells transfected by the specific
RNAi of hEAG (B) compared with cells transfected by control siRNA
(A,B). Indicated values are mean W SE of eight wells. Experiments
were repeated three times, MMMP < 0.001. C: Original gels showing
reduced mRNA level of hEAG with the corresponding specific RNAi,
compared with control RNAi 48 and 72 h after transfection. D: hEAG
mRNA levels were quantified and normalized to the amplified b-actin
products. Each column represents mean W SE (n U 3). MP < 0.05.

channels are strongly involved in MCF-7 cell proliferation
induced by IGF-1.
Using semi-quantitative RT-PCR, we demonstrated that
sihEAG greatly reduced the hEAG mRNA level. Indeed,
compared to cells transfected with control siRNA, cells
transfected with sihEAG showed 50  0.01% and 72.5  0.04%
JOURNAL OF CELLULAR PHYSIOLOGY DOI 10.1002/JCP

IGF-1 promotes the proliferation, survival, motility, and
metastasis of cancer cells (Surmacz, 2000). The role of IGF-1 in
regulating cell proliferation by inducing cyclin up-regulation has
been well-defined. However, the role of Kþ channels in the
mitogenic effect of IGF-1 in breast cancer is as yet incompletely
understood. In the present study, we show, for the first time,
that hEAG Kþ channel activity is necessary for IGF-1dependent proliferation and that IGF-1 is able to modulate this
hEAG channel activity and expression by the Akt-dependent
pathways. This conclusion is supported by the following
findings: (1) IGF-1 stimulated cellular proliferation in a
concentration-dependent manner. This activity was almost
completely blocked by hEAG pharmacological blockers.
Moreover, the specific siRNA targeted to hEAG, downregulated the corresponding genes and inhibited cell
proliferation induced by IGF-1, (2) IGF-1 directly up-regulated
hEAG channel activity through the Akt-dependent pathway, (3)
IGF-1 also increased hEAG mRNA levels, and (4) dominant
negative Akt reduced the mRNA levels of hEAG.
Four Kþ channels, including hEAG channels, have been
identified as being the main contributors to the Kþ conductance
in breast cancer cells (Ouadid-Ahidouch et al., 2001, 2004). The
oncogenic potential of hEAG channels (Pardo et al., 1999) and
the fact that this channel is used as a marker of cancer
development (Farias et al., 2004; Mello de Queiroz et al., 2006;
Hemmerlein et al., 2006) lead us to study the relationship
between IGF-1 and hEAG channel activity. Moreover, it has
been demonstrated that hEAG channel blockers inhibit MCF-7
cell proliferation induced by serum and accumulated MCF-7
cells in the early G1 phase, thereby indicating that this type
of Kþ channels plays a critical regulatory role in the growth of
human breast cancer cells (Ouadid-Ahidouch et al., 2001,
2004). In this study, we have demonstrated that a shorter
application of IGF-1 stimulated hEAG channel activity in a dosedependent manner. This effect occurs within 1–2 min after IGF1 exposure, suggesting a direct phosphorylation of the channels,
their auxiliary subunits, and/or stimulation of channel
trafficking. Up to now, no studies have shown that a short
application with IGF-1 is able to modulate ionic channel activity.
In fact, it has been only demonstrated that longer incubations
with IGF-1 up-regulated Kþ channels activity by a
transcriptional effect within 4–6 h (Gamper et al., 2002). Other
studies have clearly reported an over-expression of ionic
transporters due to IGF-1, including skeletal L-type Ca2þ
channels (Zheng et al., 2004), Ca2þ channel alpha2deltasubunits from rat atria (Chu and Best, 2003) and KCl
transporters (Shen et al., 2004). In the present study, we also
show a transcriptional effect of IGF-1 on hEAG channels.
Indeed, our molecular biology results clearly show that IGF-1 is
able to increase hEAG mRNA levels after 24 h incubation.
In breast cancer cells, IGF-1 was shown to induce its
mitogenic effect mainly through the PI3K/Akt signaling pathway
(Dufourny et al., 1997). In our study, immunoblot analysis in
MCF-7 cells revealed an activation of Akt by IGF-1. The time
course of Akt phosphorylation shows a maximal activation after
10 min incubation with IGF-1. This result is in accordance with
those found by Dufourny et al. (1997) in MCF-7 cells.
Using electrophysiological techniques, it has been shown that
IGF-1 mainly regulates the Kþ channel activity by two principal
signaling pathways, namely PI3K and MAPK (Gamper et al.,
2002; Wei et al., 2004). Wei et al. (2004) have reported that the
stimulatory effect of IGF-1 on the apical 70 pS Kþ channel is
mediated by a MAPK-dependent pathway. In contrast, the
effect of IGF-1 on Kv channels is mediated by PI3K stimulation
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(Gamper et al., 2002). Our electrophysiological results in
Figure 4 show that the hEAG enhancing activity by IGF-1 is
inhibited by the addition of wortmannin. Although the
specificity of the PI3K inhibitor wortmannin remains
questionable, many studies have reported in MCF-7 cells that
(i) wortmannin used until 250 nM reduces both the activity of
the PI3K and the cell proliferation induced by the IGF-1 (Jackson
et al., 1998), and (ii) the IGF-1 mitogenic effect is induced via
PI3K/Akt-dependent pathway (Laban et al., 2003; Dufourny
et al., 1997). According to these results, we can suggest that the
increase of hEAG expression by IGF-1 is mediated by the PI3K/
Akt pathway. Moreover, the time course of the IGF-1 effect
(about 1 min) suggests that the modification of hEAG channel
activity is supported by a functional modification such as
phosphorylation rather than by transcriptional changes. In our
opinion, these effects are more likely to be attributable to an
increase in functional channel numbers. Nevertheless, during
our electrophysiological studies, we observed that the
application of MAPK inhibitors such as UO126 and PD98059
can produce a marginal amplitude increase in hEAG current.
We suggest that UO126 and PD98059, in this case, block a
constitutive activation of the MAPK pathway. Indeed, a
constitutive activation of MAPK is supported by our results
(Fig. 5). We can also suggest that this constitutive activation
supports a tonic inhibition of the Kþ channels.
Longer applications (about 24 h) of IGF-1 produce an
increase in hEAG mRNA levels. The hEAG mRNA levels
induced by IGF-1 were markedly reduced when Akt
phosphorylation was inhibited. Most importantly, specific
reduction of Akt kinase activity using the dominant negative
form of Akt abolished IGF-1 stimulated hEAG mRNA levels.
Moreover, our results show that the MAPK pathway is little
involved in these IGF-1 regulated mitogenic processes and is
basally active in these cells. Accordingly, IGF-1-treatment
results in only slight activation of this pathway.
IGF-1 has been demonstrated to play an important role in the
regulation of cell proliferation (Jones and Clemmons, 1995). In
addition, IGF-1 has been shown to induce proliferation of HEK
cells through an activation of the Kv Kþ channel family (Gamper
et al., 2002). Our results show that treatment of MCF-7 by
hEAG channel inhibitors, astemizole and quinidine, inhibit the
IGF-1 mitogenic effect in a concentration-dependent manner
and induce an accumulation of cells in the G1 phase.
Unfortunately, specificity of hEAG Kþ channel blockers is
largely discussed today. To overcome this problem, we used
RNA interference, which represents a suitable alternative to
functional blocker of channel activity (Weber et al., 2006;
Gurney and Hunter, 2005). siRNA for hEAG has been
characterized and does not induce non-specific responses
(Weber et al., 2006). sihEAG treatment resulted in a reduction
in cell proliferation increase induced by IGF-1 (Fig. 9) to an
extent comparable to that induced by astemizole and quinidine.
In conclusion, we suggest that IGF-1 stimulates cell
proliferation by two mechanisms: (i) increasing hEAG Kþ
channel activity by a phosphorylation pathway and (ii) increasing
the number of hEAG functional channels by up-regulating their
mRNA level. These two mechanisms are directly linked to Akt
activity. Furthermore, we can also suggest that the predictive
status of IGF-1 in breast cancer development could be
supported by its ability to up-regulate oncogenes expression as
hEAG Kþ channels. Blocking hEAG channel activity or
expression may provide novel strategies for the reduction of
IGF-1-dependent cellular proliferation of breast cancer cells.
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