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The intermediate conductance Ca2+-activated K+

channel inhibitor TRAM-34 stimulates proliferation
of breast cancer cells via activation of
oestrogen receptorsbph_557 650..658

JW Roy1, EA Cowley1, J Blay2 and P Linsdell1

1Department of Physiology and Biophysics, Dalhousie University, Halifax, Canada, and 2Departments of Pharmacology,
Pathology and Biology, Dalhousie University, Halifax, Canada

Background and purpose: K+ channels play a role in the proliferation of cancer cells. We have investigated the effects of
specific K+ channel inhibitors on basal and oestrogen-stimulated proliferation of breast cancer cells.
Experimental approach: Using the mammary adenocarcinoma cell line MCF-7 we assayed cell proliferation by radiolabelled
thymidine incorporation in the absence or presence of various K+ channel inhibitors with or without 17b-oestradiol.
Key results: Inhibitors of Kv10.1 and KCa3.1 K+ channels suppressed basal proliferation of MCF-7 cells, but not oestrogen-
stimulated proliferation. TRAM-34, a specific inhibitor of KCa3.1 channels increased or decreased cell proliferation depending
on the concentration. At intermediate concentrations (3–10 mM) TRAM-34 increased cell proliferation, whereas at higher
concentrations (20–100 mM) TRAM-34 decreased cell proliferation. The enhancement of cell proliferation caused by TRAM-34
was blocked by the oestrogen receptor antagonists ICI182,780 and tamoxifen. TRAM-34 also increased progesterone receptor
mRNA expression, decreased oestrogen receptor-a mRNA expression and reduced the binding of radiolabelled oestrogen to
MCF-7 oestrogen receptor, in each case mimicking the effects of 17b-oestradiol.
Conclusions and implications: Our results demonstrate that K+ channels Kv10.1 and KCa3.1 play a role in basal, but not
oestrogen-stimulated MCF-7 cell proliferation. TRAM-34, as well as inhibiting KCa3.1, directly interacts with the oestrogen
receptor and mimics the effects of 17b-oestradiol on MCF-7 cell proliferation and gene modulation. Our finding that TRAM-34
is able to activate the oestrogen receptor suggests a novel action of this supposedly specific K+ channel inhibitor and raises
concerns of interpretation in its use.
British Journal of Pharmacology (2010) 159, 650–658; doi:10.1111/j.1476-5381.2009.00557.x; published online 24
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Introduction

Potassium channels play an important role in a wide range of
biological functions. In addition to their traditional roles
in electrical excitability and cell signalling, it has been

demonstrated that specific K+ channels are important for the
proliferation of normal (Panyi, 2005) and cancerous cells
(Wang, 2004; Kunzelmann, 2005; Pardo et al., 2005). Aberrant
expression of K+ channels has been demonstrated in cancer
cells compared with normal cells from the same tissue (Meyer
et al., 1999; Wang, 2004). It has been suggested that aber-
rantly expressed K+ channels may be useful as biomarkers for
the detection of cancer cells (Farias et al., 2004; Stuhmer et al.,
2006) and as novel targets for cancer therapy (Schonherr,
2005; Felipe et al., 2006). Specific K+ channel inhibition
reduces cell proliferation of numerous cancer cell types,
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including breast cancer cells (Pardo et al., 2005; Ouadid-
Ahidouch and Ahidouch, 2008). How K+ channel activity is
linked to cell proliferation is not completely understood, but
it has been suggested that such activity is important for cell
cycle progression because it controls the resting membrane
potential. According to this model, K+ channel inhibition
inhibits proliferation because it leads to membrane potential
depolarization (Wonderlin and Strobl, 1996; Ouadid-
Ahidouch and Ahidouch, 2008).

MCF-7 cells are a mammary adenocarcinoma cell line
commonly used to study the pathophysiology of breast
cancer. MCF-7 cells express the mRNAs for numerous K+

channels (channel nomenclature follows Alexander et al.,
2008), including voltage-gated [KCNQ1 (vanTol et al., 2007),
KCNH1 (Ouadid-Ahidouch et al., 2001) and KCNH2 (Roy
et al., 2008)] and calcium-activated K+ channels [KCNN4
(Ouadid-Ahidouch et al., 2004b) and KCNMA1 (Ouadid-
Ahidouch et al., 2004a)]. Channel activity has also been
observed for most of these K+ channels detected in
MCF-7 cells (Ouadid-Ahidouch et al., 2001; Ouadid-
Ahidouch et al., 2004a,b; vanTol et al., 2007). In addition,
cell cycle variations in expression and channel activity have
been demonstrated for certain K+ channels (Ouadid-
Ahidouch et al., 2001; Ouadid-Ahidouch et al., 2004a,b).
Both pharmacological tools (channel inhibitors) and
molecular tools (agents for mRNA knockdown) have been
used to demonstrate the role of specific K+ channels in
MCF-7 cell proliferation. For example, clotrimazole has been
used to implicate KCa3.1 (KCNN4) in cell proliferation
(Ouadid-Ahidouch et al., 2004b), whereas astemizole or imi-
pramine have been used to implicate Kv10.1 (KCNH1) in
that process (Roy et al., 2008). Furthermore, small interfering
RNA targeting Kv10.1 has recently confirmed the contribu-
tion of this channel to MCF-7 cell proliferation (Weber et al.,
2006).

The oestrogens play a key role in the development and
progression of breast cancer (Doisneau-Sixou et al., 2003).
Oestrogens increase the proliferation of both normal and
cancerous mammary gland cells that express the appropriate
receptor [oestrogen receptor-(ER)a or b]. Not surprisingly,
MCF-7 cells, which express both ER-a (Brooks et al., 1973) and
ER-b (Kuiper et al., 1996), proliferate much faster when
treated with oestrogens (Brooks and Skafar, 2004).

Recently, it has been demonstrated that specific K+ channels
contribute to the proliferative effects of certain growth factors
on MCF-7 cells (Coiret et al., 2005; Borowiec et al., 2007). We
therefore sought to determine the relative contribution of
different specific K+ channels to the proliferative effect of
oestrogen on MCF-7 cells. Firstly, using RT-PCR we confirmed
the mRNA expression of specific K+ channels, including
KCNH1, KCNH2, KCNJ8, KCNMA1, KCNN4 and KCNQ1.
Then using specific channel inhibitors we determined the
contribution of each K+ channel type to basal and oestrogen-
stimulated proliferation. One specific channel inhibitor,
TRAM-34, which blocks KCa3.1 (KCNN4), produced an
unusual biphasic response, either stimulating or inhibiting
proliferation depending on its concentration. Therefore, we
also sought to understand the additional possible mecha-
nisms by which TRAM-34 can modulate the proliferation of
MCF-7 cells.

Methods

Cell culture
MCF-7 cells were obtained from the American Tissue Culture
Collection (Rockville, MD, USA). Stock cultures were main-
tained in minimal essential medium (MEM) containing 5%
fetal bovine serum (FBS) and supplemented with 10 mM non-
essential amino acids, 100 U·mL-1 penicillin, 100 mg·mL-1

streptomycin (all from Invitrogen, Burlington, ON, Canada)
and 100 mg·mL-1 human insulin (Sigma-Aldrich, Oakville,
ON, Canada) in a humidified atmosphere at 37°C with 5%
CO2. For mRNA expression (detection and quantitative PCR)
and cell counting, 5 ¥ 104 cells were seeded in each well of a
6-well plate. For [3H]-thymidine incorporation, 2.5 ¥ 104 cells
were seeded in each well of a 24-well plate.

RNA extraction, reverse transcription (RT) and PCR
MCF-7 total RNA was extracted using TRIzol™ reagent (Invit-
rogen) following the manufacturer’s protocol. Turbo DNA-
free™ Kit (Ambion, Austin, TX, USA) was then used to remove
any contaminating genomic DNA. RNA (2 mg) was reverse-
transcribed using 5 mM deoxynucleotide triphosphate
(dNTP) mix (Invitrogen), 1 mM oligo(dT) (GE Healthcare Life
Sciences, Baie d’Urfé, PQ, Canada) and M-MLV reverse tran-
scriptase enzyme (200 U; Invitrogen) in a total volume of
100 mL. Primers (Invitrogen) were each designed to amplify
exon–exon junctions and tested to confirm the absence of
genomic DNA amplification by performing a negative RT
reaction, omitting the M-MLV reverse transcriptase enzyme.
Primer sequences, annealing temperatures and predicted
amplicon sizes are given in Table S1. PCR conditions were as
follows: an initial melting step at 95°C for 1 min followed by
40 cycles of denaturation at 95°C for 45 s, an appropriate
annealing temperature (Table S1) for 45 s and extension at
72°C for 1 min. The PCR was then given a final extension step
of 72°C for 10 min and held at 4°C. Each PCR reaction con-
tained the following reagents in a total of 25 mL: 100 pM of
corresponding forward and reverse primers, 200 mM dNTP
mix (Invitrogen), 1¥ PCR buffer (Fermentas Canada, Burling-
ton, ON, Canada), 1.5 mM MgCl2 (Fermentas), 2.5 U Taq DNA
polymerase (Fermentas) and 2 mL cDNA. PCR amplicons were
visualized by gel electrophoresis, extracted and sequenced by
a commercial sequencing facility to confirm identity (DalGEN
Microbial Genomics Centre, Dalhousie University, Halifax,
NS, Canada).

Quantitative RT-PCR (qRT-PCR) using the Roche LightCy-
cler® system (Roche Applied Science, Laval, PQ, Canada) was
performed to detect and quantify changes in gene expression,
as described previously (Roy et al., 2006). The levels of ER-a
and progesterone receptor (PR) transcript were normalized
relative to the level of the housekeeping gene, hypoxanthine
phosphoribosyltransferase (HPRT), and expressed as a per-
centage of control for each trial.

Materials
Glibenclamide, chromanol 293B, astemizole, E-4031, clotri-
mazole, iberiotoxin, TRAM-34 and 17b-oestradiol (E2) were
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obtained from Sigma-Aldrich. ICI182,780 (ICI) was obtained
from Tocris Bioscience (Ellisville, MO, USA). All drugs were
dissolved and diluted in appropriate vehicles according to the
manufacturer’s instructions. For proliferation assays, the con-
centration of dimethyl sulphoxide (vehicle) did not exceed
0.7% v/v. Channel blockers were used at a single high con-
centration that was confirmed to be non-toxic as determined
by a Trypan blue exclusion assay (data not shown).

[3H]-Thymidine incorporation
The quantification of MCF-7 cell proliferation was carried out
as described previously (Roy et al., 2008). Briefly, MCF-7 cells
were initially seeded in regular MEM containing 5% FBS and
supplements. After 24 h the media was changed to 5%
dextran-coated charcoal-FBS (DCC-FBS, Hyclone, Logan, UT,
USA) in phenol red-free MEM (Invitrogen) containing supple-
ments. After 72 h, cells were partially synchronized with
respect to cell cycle in 1% DCC-FBS phenol red-free MEM
containing supplements for 48 h. After synchronization, cells
were treated with indicated drug in 5% DCC-FBS phenol
red-free MEM containing supplements in the presence of
[methyl-3H]-thymidine (TRK-300, GE Healthcare Bio-Sciences
Inc.; 1 mCi·mL-1) and 1 mM non-radioactive thymidine for
36–48 h. DNA was extracted as previously described (Roy
et al., 2008), and radioactivity was measured on a Beckman LS
5000TA scintillation counter (Beckman Coulter Canada, Mis-
sissauga, ON, Canada) as counts per minute (cpm). Each treat-
ment was performed on six separate wells, and cpm values
were converted to a percentage of control values on the
same plate.

Cell counting
MCF-7 cells were cultured as for [3H]-thymidine incorporation
(see above) except that following synchronization the cells
were treated with the indicated drug in 5% DCC-FBS phenol
red-free MEM containing supplements for 72 h. Cells were
then dissociated with 1 mL of 0.25% trypsin/EDTA (Invitro-
gen) and the diluted cell suspension counted using a Coulter
Counter® model ZM30383 (Beckman Coulter Canada).

ER competitive binding assay
The collection of MCF-7 ER protein was carried out as
reported previously (Kramer et al., 1997). Briefly, MCF-7 cells
were plated onto 10 cm dishes and grown in 5% FBS MEM
containing supplements for 4 days, after which the medium
was changed to 5% DCC-FBS phenol red-free MEM contain-
ing supplements and cells were grown to 85% confluence. The
cells were then suspended by incubation in 1 mM EDTA Ca2+-
Mg2+-free phosphate-buffered saline for 30 min at 37°C. Cells
from multiple dishes were combined and collected by cen-
trifugation at 1000¥ g for 5 min, following which they were
disrupted with ice-cold 10 mM TRIS 1.5 mM EDTA, 1 mM
dithiothreitol and 10% glycerol, pH 7.4 (TEDG buffer) con-
taining HALT™ Protease-inhibitor Cocktail (Fisher Scientific,
Ottawa, ON, Canada) and disrupted by ultrasonification.
Cytosolic protein was obtained by centrifuging the cell lysate
at 100 000¥ g at 4°C for 30 min and collecting the superna-

tant. Protein concentrations were determined using the Brad-
ford method (Bio-Rad, Hercules, CA, USA) and stored in
500 mL aliquots at -80°C.

Competitive binding assays were performed as follows.
MCF-7 cell protein (250 mg) was incubated at room tempera-
ture for 2 h in TEDG buffer in the presence of 0.1 nM
[2,4,6,7,16,17-3H(N)]-oestradiol ([3H]-E2) (110 Ci·mmol-1;
Perkin-Elmer, Waltham, MA, USA) in a total final volume of
500 mL. Non-specific binding was assessed in the presence of a
100-fold excess of non-radioactive E2. TRAM-34 and E2 stan-
dards were diluted in phenol red-free 5% DCC-FBS MEM
containing supplements before being added to the cytosolic
protein. A vehicle control comprised of 5% DCC-FBS MEM
containing supplements with 0.7% DMSO. To separate
ER-bound [3H]-E2 from unbound [3H]-E2, 250 mL of hydroxy-
lapatite (HAP, 60% in TEDG buffer, Sigma-Aldrich) was added,
the mixture was vortexed every 5 min over 15 min and cen-
trifuged at 1000¥ g for 10 min. The HAP-[3H]-E2-ER complex
was washed with TEDG buffer, centrifuged and the wash step
repeated. To elute [3H]-E2 from the HAP-[3H]-E2-ER complex,
500 mL of 100% ethanol was added and the mixture then
incubated for 15 min and centrifuged at 1034¥ g for 10 min.
The separated [3H]-E2 was removed and added to 2 mL of
scintillation fluid. Radioactivity was quantified using a
Beckman LS 5000TA scintillation counter (Beckman Coulter
Canada). Competition of [3H]-E2 with TRAM-34 was assayed
in quadruplicate on four independent protein extractions. An
apparent dissociation constant of 0.135 � 0.034 nM (n = 3)
and a maximum binding capacity of 48.3 � 5.4 fmol·mg-1

(n = 3) were determined by Scatchard analysis.

Statistical analysis
For [3H]-thymidine incorporation experiments data were
analysed using Student’s t-test for unpaired values. For cell
counting, qRT-PCR and competitive binding data were analy-
sed using ANOVA with Tukey’s post hoc test. Data were analysed
prior to normalization for [3H]-thymidine incorporation and
qRT-PCR. A P-value of <0.05 was considered significant.

Results

Involvement of K+ channels in MCF-7 proliferation
In order to identify the mRNA expression of specific K+ chan-
nels in MCF-7 cells, RT-PCR was performed on MCF-7 total
RNA (Figure 1A). Primers designed for KCNJ8 (RefSeq:
NM-004982), KCNQ1 (NM-000218.2, NM-181798 and
NM-181797), KCNH1 (NM-172362 and NM-002238), KCNH2
(NM-000238, NM-172056 and NM-172057), KCNN4 (NM-
002250) and KCNMA1 (NM-001014797 and NM-002247)
amplified PCR products 336, 154, 177, 172, 158 and 153 bp in
length respectively. All amplicons were excised from the
agarose gel and sequenced, confirming the correct predicted
sequence (data not shown). Figure 1A therefore confirms that,
as consistent with previous findings (Ouadid-Ahidouch et al.,
2001; Ouadid-Ahidouch et al., 2004a,b; vanTol et al., 2007;
Roy et al., 2008), our MCF-7 cells express mRNA transcripts
for KCNQ1, KCNH1, KCNH2, KCNN4 and KCNMA1.
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However we have further demonstrated that MCF-7 cells also
express mRNA transcripts for the ATP-sensitive K+ channel
KCNJ8.

The [3H]-thymidine incorporation approach to measure
DNA synthesis was used together with selective channel
blockers to determine the contribution of each of these K+

channel types to the proliferation of MCF-7 cells. Glibencla-
mide was used to block Kir6.1 (KCNJ8), chromanol 293B
(293B) for Kv7.1(KCNQ1), astemizole for Kv10.1 (KCNH1),
E-4031 for Kv11.1 (KCNH2), clotrimazole for KCa3.1 (KCNN4)
and iberiotoxin for KCa1.1 (KCNMA1). Figure 1B shows the
normalized data pooled from 3–11 experiments. Only astemi-
zole and clotrimazole had a significant effect on proliferation,
both causing a decrease. Astemizole (3 mM, n = 11) decreased
[3H]-thymidine incorporation by ~50% compared with con-
trols (P < 0.05), as described previously (Roy et al., 2008),
whereas clotrimazole (10 mM, n = 6) decreased [3H]-thymidine
incorporation by ~20% compared with controls (P < 0.05).
Glibenclamide (30 mM, n = 4), chromanol 293B (100 mM, n =
3), E-4031 (3 mM, n = 5) and iberiotoxin (100 nM, n = 3) were
without effect on [3H]-thymidine incorporation. These data
are therefore consistent with previous suggestions (Ouadid-
Ahidouch et al., 2001; Ouadid-Ahidouch et al., 2004b; Roy
et al., 2008) that the activities of Kv10.1 and KCa3.1 channels
are involved in the proliferation of MCF-7 cells. In contrast,
we find no evidence that the activities of K+ channels Kir6.1,
Kv7.1, Kv11.1 or KCa1.1 contribute to cell proliferation.

We next sought to determine whether Kv10.1 and KCa3.1
channel activity contribute to oestrogen-induced prolifera-
tion. Figure 1C shows pooled data for K+ channel blockers
applied with or without E2 (1 nM). Across all experiments E2
alone increased [3H]-thymidine incorporation by ~60% com-
pared with controls (n = 28, P < 0.05). Astemizole (Kv10.1
inhibitor, 3 mM) itself decreased [3H]-thymidine incorporation
by ~50%; however, the decrease caused by astemizole was
reversed by the presence of E2, so that E2 was able to stimu-
late substantially [3H]-thymidine incorporation in the pres-
ence of astemizole (P < 0.05). The same result was observed
with clotrimazole (KCa3.1 inhibitor); at 10 mM this drug itself
significantly decreased [3H]-thymidine incorporation by
~20%; however, [3H]-thymidine incorporation was still
increased by the addition of E2 (P < 0.05). The inhibition of
basal proliferation by astemizole and clotrimazole implicates
Kv10.1 and KCa3.1 channels in constitutive pathways of cell
growth regulation. However, in the presence of astemizole or
clotrimazole there was a consistent increase due to E2 of
~50%, showing an intact response to E2. The similar increases
in [3H]-thymidine incorporation (~50–60%) observed with E2
in the absence or presence of both inhibitors provide evidence
that the pharmacological blockade of Kv10.1 or KCa3.1 activity
did not affect the ability of oestrogen to stimulate the prolif-
eration of MCF-7 cells. Thus Kv10.1 and KCa3.1 channels may
contribute to basal MCF-7 proliferation but are not essential
for oestrogen-stimulated proliferation.

Another KCa3.1 channel blocker, TRAM-34, which is
regarded as more specific than clotrimazole, gave quite differ-
ent results. Thus, 10 mM TRAM-34 unexpectedly increased
[3H]-thymidine incorporation ~50% compared with controls
(P < 0.05) and prevented any further increase due to E2
(Figure 1C). The stimulatory effects of E2 and TRAM-34 did
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Figure 1 Detection of specific K+ channels expressed by MCF-7 cells
and their contribution to basal and 17b-oestradiol (E2)-stimulated
proliferation. (A) Agarose gel depicting PCR amplicons for the mRNA
transcripts for KCNJ8 (336 bp), KCNQ1 (154 bp), KCNH1 (177 bp),
KCNH2 (172 bp), KCNN4 (158 bp) and KCNMA1 (158 bp). Lane M
is a DNA ladder, and Neg. is a negative control containing H2O
instead of cDNA. (B) [3H]-thydimine incorporation by MCF-7 cells in
the presence of K+ channel blockers specifically targeting these K+

channel types – glibenclamide (Glib, 30 mM), chromanol 293B
(293B, 100 mM), astemizole (Ast, 3 mM), E-4031 (3 mM), clotrimazole
(Clt, 10 mM) and iberiotoxin (Ibx, 100 nM). Mean normalized data
from 3–11 experiments � standard error of the mean. (C)
[3H]-thymidine incorporation of MCF-7 cells in the presence of spe-
cific K+ channel blockers with or without co-application of E2. Con-
centrations of drugs were: E2 (1 nM), astemizole (Ast, 3 mM),
clotrimazole (Clt, 10 mM) and TRAM-34 (TRAM, 10 mM). Mean nor-
malized data from 4–28 experiments � standard error of the mean.
*P < 0.05 when compared with control, †P < 0.05, and N.S., not
statistically significant between two indicated treatments.
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not appear to be additive, and there was no difference in
[3H]-thymidine incorporation between TRAM-34 alone and
TRAM-34 plus E2 (P > 0.6). This was an unexpected result
because clotrimazole, which is a structurally similar KCa3.1
channel blocker, had inhibited [3H]-thymidine incorporation
at similar concentrations and not affected the E2 response.
Given the lack of additivity with the E2 response, one possible
explanation of this phenomenon was that TRAM-34

might be acting in a similar way to E2 to increase MCF-7 cell
proliferation.

Effects of ER antagonist on responses to TRAM-34
In order to investigate further the effects of TRAM-34 on
MCF-7 cell proliferation a wider concentration range was
studied. Figure 2A shows raw data from one representative
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Figure 2 Stimulation and inhibition of proliferation by TRAM-34. (A) Raw data from a single representative [3H]-thymidine incorporation
experiment. Data are mean counts per minute � SEM from six wells. (B) The mean data from multiple trials converted to percentage of control.
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[3H]-thymidine incorporation experiment, and Figure 2B
shows the normalized data pooled from 3–11 experiments. At
low doses (0.1–1 mM) TRAM-34 had no significant effect on
[3H]-thymidine incorporation (Figure 2B). At intermediate
concentrations (3–10 mM) TRAM-34 increased [3H]-thymidine
incorporation (P < 0.05), but at the highest concentrations
tested (20–100 mM) TRAM-34 inhibited [3H]-thymidine incor-
poration (P < 0.05, Figure 2B). In contrast, clotrimazole was
always inhibitory at all doses that produced an effect
(Figure 2C). Thus, TRAM-34, but not clotrimazole, had bipha-
sic and divergent effects on MCF-7 [3H]-thymidine incorpora-
tion depending on the concentration used.

To examine whether TRAM-34 might be increasing cell
proliferation at intermediate concentrations by acting via the
ER, we used the potent ER antagonist ICI in an attempt to
block the stimulation. At 1 nM, ICI itself had no significant
effect on [3H]-thymidine incorporation (P > 0.5) and was able
to inhibit the stimulatory effect of 0.3 nM E2 (P < 0.05,
Figure 2D). ICI (1 nM) also blocked the mitogenic effect of 3
and 10 mM TRAM-34 (P < 0.05; Figure 2B) and was also able to
unmask an anti-proliferative effect of TRAM-34 at 10 mM (P <
0.05; Figure 2B). As a result, the concentration–response rela-
tionship for TRAM-34 applied in the presence of ICI appeared
monophasic, reflecting a simple dose-dependent inhibition of
[3H]-thymidine incorporation (Figure 2B) and revealing a pre-
viously masked inhibitory effect at lower concentrations. The
increase in [3H]-thymidine incorporation caused by TRAM-34
(10 mM) was also inhibited by the selective ER modulator
tamoxifen (Figure 2E). Tamoxifen (1 mM) itself increased
[3H]-thymidine incorporation (P < 0.05), probably due to its
activity as a partial agonist at the ER, but inhibited the
increase caused by TRAM-34 at 10 mM (P < 0.05), again
unmasking an inhibitory effect of this concentration of
TRAM-34 when compared with tamoxifen alone (Figure 2E).

In confirmation of our key results from [3H]-thymidine
incorporation, cell counting experiments were performed,
and the combined data from three separate experiments are
shown in Figure 2F. Oestrogen (0.3 nM) significantly
increased the number of cells (P < 0.05), as expected.
TRAM-34 (10 mM) also significantly increased the number of
MCF-7 cells compared with controls (P < 0.05), whereas at
20 mM TRAM-34 had no effect (P > 0.05), which is consistent
with the concentration–response curve for the effect of
TRAM-34 on DNA synthesis ([3H]-thymidine incorporation,
Figure 2B). ICI (1 nM) alone had no effect on cell number (P
> 0.05) but was able to block the stimulatory effects both of E2
(P < 0.05) and of 10 mM TRAM-34 (P < 0.05). This confirms our
findings in the [3H]-thymidine incorporation assay and pro-
vides further evidence for an oestrogenic activity of TRAM-34.

In addition to stimulating growth, activation of ERs also
causes well-described changes in the mRNA expression profile
of MCF-7 cells. Two widely studied mRNA expression changes
caused by ER activation in MCF-7 cells are the up-regulation
of PR and the down-regulation of ER-a mRNA (Ree et al.,
1989). To assess whether TRAM-34 can mimic functional acti-
vation of the ER, qRT-PCR was used to analyse the expression
profile of PR and ER-a mRNA in response to 24 h TRAM-34
treatment. Figure 3 shows the combined, normalized
PR/HPRT (Figure 3A) and ER-a/HPRT (Figure 3B) ratios from
four separate qRT-PCR experiments (24 h treatments). As

expected, E2 (1 nM) significantly increased PR mRNA expres-
sion ~250% (P < 0.05) and decreased ER-a mRNA expression
~60% (P < 0.05). Similarly and consistent with an oestrogen-
like action, TRAM-34 (10 mM) also significantly increased PR
mRNA expression ~100% (P < 0.05, n = 4) and decreased ER-a
expression ~50% (P < 0.05, n = 4). The ER antagonist ICI
(1 nM) by itself had no significant effects on either PR or ER-a
expression (P > 0.05). Nevertheless, ICI was able to completely
(Figure 3A) or partially (Figure 3B) block the increase in PR
expression or the decrease in ER-a expression caused by
TRAM-34 respectively. Similar results were also obtained from
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Figure 3 TRAM-34 mimics the effects of 17b-oestradiol (E2) on
progesterone receptor (PR) and oestrogen receptor (ER)-a mRNA
expression. (A) and (B) Normalized mean PR/hypoxanthine phospho-
ribosyltransferase (HPRT) or ER-a/HPRT ratios from quantitative
RT-PCR � standard error of the mean, from four separate trials.
MCF-7 cells were treated for 24 h with E2 (1 nM), TRAM-34 (TRAM,
10 mM), ICI182,780 (ICI, 1 nM) and clotrimazole (10 mM). *P < 0.05
when compared with controls, †P < 0.05 and N.S., not statistically
significant between two indicated treatments.
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semi-quantitative RT-PCR (see Figure S1). We also examined
whether the structurally similar compound clotrimazole had
any effect on PR or ER-a expression. Clotrimazole (10 mM) was
able to slightly but significantly increase PR expression ~23%
(P < 0.05, n = 3, Figure 3A), as did TRAM-34, but had no effect
at all on ER-a expression (P > 0.05, n = 3, Figure 3B), providing
further evidence for a unique property of TRAM-34 at these
concentrations. These results demonstrate that TRAM-34 can
mimic the effects of E2 by increasing the expression of PR and
decreasing the expression of ER-a and may be activating
the ERs.

Direct interaction of TRAM-34 with the ER
In order to study the binding of TRAM-34 to the MCF-7 ERs,
competitive ligand binding studies were performed. Figure 4
shows a competition curve depicting the percentage of
[3H]-E2 bound to MCF-7 ER protein in the presence of com-
petitors. Unlabelled E2 (0.01 mM) was used as a positive
control and reduced the specific binding of [3H]-E2 to MCF-7
ER protein at that concentration by ~50% (P < 0.05, n = 4).
TRAM-34 (1–100 mM) also decreased the amount of specific
[3H]-E2 bound to ER protein from MCF-7 cells (P < 0.05, n = 3).
Lower concentrations of TRAM-34 (0.01–0.1 mM) did not
reduce [3H]-E2 binding, and values were near vehicle control
(n = 1). Fitting the data to a one-site competition curve
yielded an IC50 of 1.51 mM. This result demonstrates that, at
concentrations similar to those used in proliferation assays
(3–10 mM), TRAM-34 is able to interact directly with the ER

protein of MCF-7 cells. As TRAM-34 is able to compete with
[3H]-E2 for binding to ER protein this suggests that TRAM-34
binds close to the oestrogen-binding site of ERs. We also
tested the ability of clotrimazole to compete with [3H]-E2.
Surprisingly, at 100 mM clotrimazole reduced the binding of
[3H]-E2 to ER protein by 35 � 3.5% compared with control
(P < 0.05, n = 3). Thus, clotrimazole also binds to ERs, but
unlike TRAM-34 appears only very weakly able to activate the
receptor and cause downstream effects such as changes in
gene expression and increases in proliferation.

Furthermore, we also tested the effect of TRAM-34 on dis-
placement of radiolabelled oestrogen in cytosolic protein
preparations from two other breast cancer cell lines. MDA-
MB-231 cells, a cell line with a markedly invasive phenotype,
were found to be ER-negative. However, we found that
protein from T47D cells showed specific [3H]-E2 binding at a
level ~40% of that for MCF-7 cell protein. A high dose of
TRAM-34 (100 mM) caused a highly variable displacement of
[3H]-E2 in different trials, which we attribute to the lower
apparent yield of ER protein we were able to obtain from these
cells. Overall, this concentration of TRAM-34 reduced [3H]-E2
binding to 76.0 � 14.6% of control levels (n = 12), suggesting
that TRAM-34 has the ability to bind to ER protein isolated
from at least two different human breast carcinoma cell lines.

Discussion

K+ channels and MCF-7 cell proliferation
The activity of specific K+ channel types has been shown to
play a role in MCF-7 cell proliferation (Pardo et al., 2005;
Ouadid-Ahidouch and Ahidouch, 2008). Pharmacological
agents that block Kv10.1 and KCa3.1 inhibit the proliferation
of MCF-7 cells (Ouadid-Ahidouch et al., 2004b; Roy et al.,
2008). Our results, using astemizole, clotrimazole and TRAM-
34, are consistent with those previous reports that both
Kv10.1 and KCa3.1 play a role in basal MCF-7 cell proliferation,
while indicating that a number of other K+ channels expressed
in these cells (Kir6.1, Kv7.1, Kv11.1 and KCa1.1) are unlikely to
play a crucial role in basal cell proliferation. We also suggest
that Kv10.1 and KCa3.1 channels are not necessary for
oestrogen-stimulated cell proliferation. This result contrasts
with the mitogenic effect of insulin-like growth factor-1 in
MCF-7 cells, which has been demonstrated to be dependent
on the function of Kv10.1 channels and modulated by the Akt
signalling pathway (Borowiec et al., 2007).

TRAM-34 is a novel ER agonist
TRAM-34 was originally developed as a derivative of the com-
monly used KCa3.1 channel blocker clotrimazole (Wulff et al.,
2000) and was selected from a group of prepared clotrimazole
derivatives because of its high affinity for KCa3.1 channels (Kd

= 20 � 3 nM) and lack of cytochrome P450 inhibition (Wulff
et al., 2000). TRAM-34 differs structurally from clotrimazole
by a substituted pyrazole ring in place of the imidazole ring.
TRAM-34 has frequently been used to demonstrate a role for
KCa3.1 in cell proliferation, for example in human vascular
smooth muscle cells (Toyama et al., 2008), B lymphocytes
(Wang et al., 2007a), T lymphocytes (Ghanshani et al., 2000;
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Figure 4 TRAM-34 competes with [3H]-17b-oestradiol (E2) for
binding to the oestrogen receptor (ER). Data are expressed as a
percentage of vehicle control � standard error of the mean. Unla-
belled E2 (0.01 mM) reduced the binding of [3H]-E2 by ~50% (P <
0.05, n = 4). TRAM-34 (at low concentrations, 0.01–0.1 mM) did not
reduce the binding of [3H]-E2. These data were determined from four
sample replicates from one protein extraction, therefore only n = 1.
Statistical analysis (Student’s t-test) performed on this one protein
extraction comparing the mean of four control samples versus four
TRAM-34 samples yielded a P > 0.05, and was determined to be not
statistically significant. TRAM-34 at higher concentrations
(1–100 mM) significantly reduced the specific binding of [3H]-E2 (P <
0.05, n = 3 independent protein extractions). *P < 0.05 compared
with vehicle control.
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Wulff et al., 2000), endothelial cells (Grgic et al., 2005),
endometrial cancer cells (Wang et al., 2007b), pancreatic
cancer cells (Jager et al., 2004) and prostate cancer cells
(Lallet-Daher et al., 2009).

Our present results show that TRAM-34 has novel biphasic
effects on MCF-7 cell proliferation. At moderate concentra-
tions TRAM-34 increased cell proliferation (Figure 2B), but at
higher concentrations TRAM-34 inhibited proliferation
(Figure 2B), mimicking the effects of clotrimazole (Figure 2C).
In the presence of the ER antagonist ICI TRAM-34 failed to
stimulate proliferation and instead inhibited cell proliferation
at lower concentrations, such that ICI was able to unmask this
inhibitory effect of TRAM-34 (Figure 2B). Consistent with
observations in many other cell types (Ghanshani et al., 2000;
Wulff et al., 2000; Jager et al., 2004; Grgic et al., 2005; Wang
et al., 2007a,b; Toyama et al., 2008; Lallet-Daher et al., 2009)
we suggest the anti-proliferative effect of TRAM-34 (and also
clotrimazole) is due to inhibition of KCa3.1 channels. In con-
trast, the mitogenic effect of TRAM-34 observed at moderate
concentrations does not appear to be the result of K+ channel
inhibition. This effect of TRAM-34 on cell proliferation
appeared to be non-additive with that of E2 and was inhibited
by the ER-selective modulators ICI and tamoxifen, suggesting
that TRAM-34 may be mimicking the effects of E2 to increase
cell proliferation. TRAM-34 was also capable of increasing PR
and decreasing ER-a mRNA expression, two characteristic
effects of ER activation in MCF-7 cells, and these effects were
also sensitive to the ER antagonist ICI. Interestingly, clotrima-
zole had a small, but statistically significant effect on PR
mRNA expression, suggesting that clotrimazole may also be a
very weak ER agonist. Unlike TRAM-34, clotrimazole had no
stimulatory effect on proliferation, consistent with clotrima-
zole being a much weaker ER agonist. Competitive ligand
binding assays pointed to a direct effect of TRAM-34 mediated
through ERs, as both TRAM-34 and clotrimazole were able to
specifically reduce the binding of [3H]-E2 to ER protein. This
confirms that TRAM-34 and clotrimazole bind directly to ERs
close to the E2 binding site, suggesting that interactions with
the ER may be a common effect of triarylmethanes. However,
in our studies only TRAM-34 can activate pathways leading to
modulation of gene expression and increases in cell prolifera-
tion, whereas clotrimazole has no, or only very weak, agonist
activity in spite of its ability to bind to the ER.

In conclusion, TRAM-34 is a high-affinity KCa3.1 channel
blocker that is routinely used to study the role of KCa3.1 in cell
physiology. Caution however should be taken when interpret-
ing results using TRAM-34 as our results demonstrate complex
effects not previously described. In MCF-7 cells TRAM-34
mimics the effects of E2 most likely by direct interaction with
the ER. We therefore suggest that TRAM-34 is a novel non-
steroidal ER agonist that would have K+ channel-independent
effects in cells that are ER-positive. Our research raises caveats
to the use of TRAM-34 or related molecules in vivo to target
KCa3.1 channels for therapeutic purposes (Wulff et al., 2007;
Chou et al., 2008).
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Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Figure S1 TRAM-34 modulates the expression of oestrogen
receptor-a (ER-a) and progesterone receptor (PR) mRNA.
Semi-quantitative RT-PCR was performed, as previously
described (Roy et al., 2006), to detect changes in ER-a and
progesterone receptor mRNA caused by TRAM-34. The
optimal numbers of PCR cycles were 24, 35 and 29 for ER-a,
progesterone receptor PR and hypoxanthine-guanine phos-
phoribosyltransferase (HPRT) respectively. The concentra-
tions used were: 17b-oestradiol (E2, 1 nM), TRAM-34 (TRAM,
10 mM), ICI182,780 (ICI, 1 nM) and TRAM-34 (10 mM) +
ICI182,780 (1 nM). (A) Agarose gel demonstrating the results
from semi-quantitative RT-PCR of ER-a (top panel) and HPRT
(bottom panel) mRNA expression. (B) Agarose gel demonstrat-
ing the results from semi-quantitative RT-PCR of PR (top
panel) and HPRT (bottom panel). M is a 100 base pair DNA
ladder, and Neg. is an H2O control. The amplicon density was
quantified using NIH Image J software (developed at the US
National Institutes of Health and available on the internet at
http://rsb.info.nih.gov/nih-image/) and the density of each
amplicon converted to a ratio of ER-a or PR to HPRT mRNA
expression and normalized as a percentage of control. (C) and
(D) Average ER-a/HPRT or PR/HPRT ratios � standard error of
the mean, from four separate trials. *P < 0.05 when compared
with controls, †P < 0.05 and N.S., not statistically significant
between two indicated treatments.

Table S1 Primer sequences, annealing temperature and pre-
dicted amplicon sizes for mRNA expression studies
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