
The Role of Waixenicin A as Transient Receptor Potential
Melastatin 7 Blocker

Byung J. Kim1, Joo H. Nam2, Young K. Kwon1, Insuk So3 and Seon J. Kim4

1Division of Longevity and Biofunctional Medicine, Pusan National University School of Korean Medicine, Yangsan, Korea, 2Department of
Physiology, Dongguk University College of Medicine, Kyungju, Korea, 3Department of Physiology, Seoul National University College of

Medicine, Seoul, Korea, and 4Center for Bio-Artificial Muscle and Department of Biomedical Engineering, Hanyang University, Seoul, Korea

(Received 19 March 2012; Accepted 8 August 2012)

Abstract: Transient receptor potential melastatin 7 (TRPM7) plays a role in a number of physiological and pharmacological
functions in variety of cells. The aim of this study was to clarify the role for TRPM7 channels and the effect of waixenicin A on
the pacemaking activity of interstitial cells of Cajal (ICCs) and on the cell viability of the human gastric and breast adenocarci-
noma cell lines, AGS and MCF-7, respectively. Waixenicin A decreased the amplitude of pacemaker potentials in cultured ICC
clusters and inhibited TRPM7 currents, but had no effect on Ca2+-activated Cl� conductance (ANO1). Furthermore, waixenicin
A was found to inhibit the growth and survival of AGS and MCF-7 cells. These findings indicate that TRPM7 channel modu-
lates intestinal motility and regulates the pathophysiology of human gastric and breast adenocarcinoma cells. These findings sug-
gest that TRPM7 channel be considered a potential target for the treatment of gut motor disorders and gastric and breast cancer.

Transient receptor potential (TRP) channels were first cloned
from Drosophila species and constitute a superfamily of pro-
teins that encode a diverse group of Ca2+-permeable non-
selective cation channels (NSCCs) [1]. Based on their amino
acid sequences, the TRP superfamily can be divided into 7
subfamilies: the TRPC (‘Canonical’) family, the TRPM (‘Me-
lastatin’) family, the TRPV (‘Vanilloid’) family, the TRPP
(‘Polycystin’) family, the TRPML (‘Mucolipin’) family, the
TRPA (‘Ankyrin’) family and the TRPN (‘NOMPC’) family
[2]. TRPM7, a member of TRPM ion channel subfamily, is a
widely expressed bifunctional protein with both ion channel
and a-kinase domains [3,4].
Interstitial cells of Cajal (ICCs) are the pacemaking cells in

gastrointestinal (GI) muscles that generate the rhythmic oscil-
lations in membrane potential known as slow waves [5–7],
and research into the biology of ICCs provides exciting new
opportunities to understand the aetiologies of diseases that
have long eluded comprehension. We previously suggested
that TRPM7 is a primary molecular candidate for the NSCC
responsible for ICC pacemaking activity in the murine small
intestine [8], and thus, we view TRPM7 as a promising new
target for the pharmacological treatment of GI motility disor-
ders. Furthermore, others have suggested that human gastric
and breast adenocarcinoma cells express TRPM7 channel and
its expression is essential for cell survival, and thus, this

TRPM7 channel is also a potential therapeutic target in gastric
and breast cancer [9,10].
Recently, Zierler et al. [11] found that waixenicin A (a

xenicane diterpenoid isolated from the Hawaiian soft coral
S. edmondsoni) is a potent and relatively specific inhibitor of
TRPM7 ion channels and suggested that it may have cancer-
specific therapeutic potential. However, the effects of waixeni-
cin A on ICC pacemaking activity and on human gastric and
breast adenocarcinoma cells have not been investigated. There-
fore, we undertook this investigation of the effects of waixeni-
cin A on ICC pacemaking activity and on the cell viability of
the human gastric and breast adenocarcinoma cells.

Materials and Methods

Materials. Waixenicin A was provided by the Huienna Chemical
Export and Import Company (Tian Jin, China). All other agents were
purchased from Sigma-Aldrich (St. Louis, MO, USA).

Preparation of cells and cell cultures. The mice used in this study
were treated according to the Guidelines for the Care and Use of
Animals issued by Pusan National University. Balb/c mice (8–13 days
old) of either sex were anaesthetized with ether and euthanized by
cervical dislocation. Small intestines from 1 cm below the pyloric ring
to the caecum were removed and opened along the mesenteric border,
and luminal contents were washed out with Krebs–Ringer bicarbonate
solution. The tissues were then pinned to the base of a Sylgard dish,
and mucosae were removed by sharp dissection. Small strips of
intestinal muscle (consisting of both circular and longitudinal muscles)
were then equilibrated in Ca2+-free Hank’s solution containing
5.36 mM KCl, 125 mM NaCl, 0.34 mM NaOH, 0.44 mM Na2HCO3,
10 mM glucose, 2.9 mM sucrose and 11 mM N-(2-hydroxyethyl)
piperazine-N-2-ethanesulfonic acid (HEPES) for 30 min., and the cells
so obtained were dispersed in a solution containing 1.3 mg/mL
collagenase (Worthington Biochemical, Lakewood, NJ, USA), 2 mg/mL
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bovine serum albumin (Sigma-Aldrich), 2 mg/mL trypsin inhibitor
(Sigma-Aldrich) and 0.27 mg/mL ATP. Cells were then plated onto
sterile glass coverslips coated with 2.5 mg/mL murine collagen
(Falcon/BD Biosciences, San Jose, CA, USA) in 35-mm-diameter
culture dishes and cultured at 37°C in a 95% O2–5% CO2 incubator
in smooth muscle growth medium (SMGM; Clonetics, San Diego,
CA, USA) supplemented with 2% antibiotics/antimycotics (Gibco,
Franklin Lakes, NJ, USA) and 5 ng/mL murine stem cell factor (SCF;
Sigma-Aldrich). ICCs were identified immunologically by incubation
with anti-c-kit antibody [phycoerythrin (PE)-conjugated rat antimouse
c-kit monoclonal antibody; eBioscience, San Diego, CA, USA] at a
dilution of 1:50 for 20 min. As the morphology of ICCs differed from
those of other cell types in the culture, it was possible to identify
them by phase contrast microscopy after incubation with anti-c-kit
antibody.

Cells. Human gastric (AGS) and breast (MCF-7) adenocarcinoma cell
lines were used in this study. The AGS and MCF-7 cell lines were
established at the Cancer Research Center, College of Medicine, Seoul
National University, South Korea and propagated in RPMI-1640
medium (Gibco-BRL) supplemented with 10% heat-inactivated foetal
bovine serum and 20 lg/mL penicillin and streptomycin in a 5% CO2

atmosphere at 37°C.

Patch-clamp experiments. Whole-cell configuration patch-clamp
experiments were performed at room temperature (22–25°C). AGS cells
were transferred to a small chamber on an inverted microscope stage
(IX70; Olympus, Japan), and constantly perfused with a solution
containing (mM) KCl 2.8, NaCl 145, CaCl2 2, glucose 10, MgCl2 1.2
and HEPES 10 (adjusted to pH 7.4 with NaOH). The pipette solution
contained (mM) Cs-glutamate 145, NaCl 8, Cs-2-bis(2-aminophenoxy)-
ethane-N,N,N′,N′-tetraacetic acid 10 and HEPES-CsOH 10 (adjusted
to pH 7.2 with CsOH). An Axopatch I-D (Axon Instruments, Foster
City, CA, USA) was used to amplify membrane currents and potentials.
pCLAMP software v.9.2 and digidata 1322A (Axon Instruments) were
used for data acquisition and to apply command pulses. Results were
analysed using pClamp and Origin software (Microcal Origin version
6.0; Microcal Software, Northampton, MA, USA).

Ca2+-activated Cl� channel expression in HEK-293 cells. HEK-293
cells transfected with pEGFP-N1-mANO1 construct were grown on
glass coverslips in Dulbecco’s modified Eagle medium supplemented
with 10% foetal bovine serum. Whole-cell patch-clamp experiments
were performed at 21–25°C 24 hr after induction using cells grown on
glass coverslips. The bath solution contained 146 mM N-methyl-D-
glucamine (NMDG)-Cl, 1 mM MgCl2, 1 mM CaCl2, 10 mM glucose
and 10 mM HEPES at pH 7.4 (titrated with NMDG-OH). The pipette
solution contained 134 mM NMDG-Cl, 1 mM MgCl2, 3 mM MgATP,
10 mM EGTA, 7 mM CaCl2 and 5 mM HEPES at pH 7.2 (titrated
with NMDG-OH). The pipette solution had a free Ca2+ activity of 370
nM according to the web version of Winmax (C. Patton, Stanford
University, http://www.stanford.edu/~cpatton/webmaxcS.htm).

MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide)

assay. Cell viability was assessed using a MTT assay. AGS cells
were seeded into each well of 12-well culture plates and then cultured
in RPMI-1640 supplemented with other reagents for 72 hr. After
incubation, 100 lL of MTT solution (5 mg/mL in phosphate-buffered
saline [PBS]) was added to each well, and the plates were incubated
at 37°C for 4 hr. After removing the supernatant and shaking with
200 lL of dimethyl sulfoxide (Jersey Lab Supply, Livingston, NJ,
USA) for 30 min., absorbances were measured at 570 nm. All
experiments were repeated at least three times.

Statistical analysis. Results are expressed as means ± S.E.M.s. The
analysis was conducted using one-way analysis of variance (ANOVA) in
GraphPad Prism version 5. Significance was determined using the
Newman Keuls post hoc test. Statistical significance was accepted for
p-values of < 0.05.

Results

Waixenicin A decreased the amplitudes of pacemaker
potentials in cultured ICC clusters.
The patch-clamp technique was tested on ICCs that formed
network-like structures in culture (2�4 days). Spontaneous
rhythms were routinely recorded from cultured ICCs under
current and voltage-clamp conditions, and ICC within net-
works displayed more robust electrical rhythms. Tissue-like
spontaneous slow waves have also been recorded from these
cells [12]. To investigate the relationship between waixenicin
A and the modulation of pacemaker activity in ICCs, we
examined the effects of waixenicin A on pacemaker potentials.
In current clamp mode (I = 0), ICCs had a mean resting mem-
brane potential of �52 ± 2 mV and produced electrical pace-
maker potentials (n = 25) of frequency 16 ± 2 cycles/min and
amplitude 30 ± 1 mV (n = 25). The addition of waixenicin A
(1–10 lM) decreased the amplitudes of pacemaker potentials
but had no effect on resting membrane potentials (fig. 1A).
Amplitudes were 30.1 ± 3 mV at 1 lM of waixenicin A,
16.1 ± 2 mV at 5 lM and 10.0 ± 2 mV at 10 lM (fig. 1B,
n = 4). Waixenicin A (0.1–10 lM) effectively inhibited the
amplitudes of ICC pacemaker potentials with an IC50 on the
pacemaker activity of ICC clusters of about 4.6 lM (fig. 2A).
To investigate the effect of waixenicin A on pacemaking
activity, we performed whole-cell voltage-clamp recordings on
cultured single ICCs, which were identified using phycoerythrin-
bound anti–c-kit antibody. Basal TRPM7 activity is regulated
by millimolar levels of intracellular MgATP and Mg2+, and
hence, TRPM7 is activated by depletion of intracellular
MgATP and Mg2+ and inhibited by high concentrations of
MgATP and Mg2+ [3]. To provide evidence that inhibition by
internal Mg2+ was involved in this current, various internal
Mg2+ concentrations were included in the pipette solution and
currents were recorded. TRPM7-like currents were elicited by
voltage ramps ranging from �100 to +100 mV from a holding
potential of �60 mV. After break-in, 2–4 min. was allowed
for current amplitudes to reach the steady-state (fig. 2B,C).
These currents in ICCs elicited a rapid large increase in out-
ward whole-cell currents but only a slight increase in inward
currents in the absence of intracellular Mg2+ (fig. 2C). The
time course of outward current was plotted at + 100 mV and
inward current at �100 mV for same cells (fig. 2C, n = 7).
At a lower Mg2+ concentration, the amplitude of this current
was indeed larger than at a higher concentration. Furthermore,
the presence of 3 mM Mg2+ in the pipette solution signifi-
cantly inhibited this current (n = 5; fig. 2B,C). Perfusing
waixenicin A (10 lM) into the bath reduced both inward and
outward TRPM7-like currents in single ICCs (n = 5) (fig. 2D).
In addition, similar results were obtained in HEK293 cells
expressing TRPM7 (fig. 2E). Recently, Zhu et al. [13] sug-
gested that Ca2+-activated Cl� conductance is involved in the
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pacemaking activity of ICCs, and another recent study
confirmed that ICCs express ANO1 in the GI tract [14]. In
addition, ANO1 was recently shown to function as a Ca2+-
activated Cl� channel [15–17], and loss or block of ANO1
was found to block electrical slow waves in intact GI muscles
[18]. Therefore, we investigated the effect of waixenicin A on
Ca2+-activated Cl� conductance by over-expressing Ca2+-acti-
vated Cl� channels in HEK293 cells and recording whole-cell
currents using patch-clamp techniques. To determine the cur-
rent-voltage (I-V) relationship, we applied a ramp pulse from
�100 mV to +100 mV for 2 sec. However, waixenicin A had
no effect on Ca2+-activated Cl� conductance (fig. 2F).

Effects of waixenicin A on AGS cells.
In previous studies, we found that human gastric adenocarci-
noma (AGS) cells express the transient receptor potential me-
lastatin 7 (TRPM7) channel, which is known to be essential
for cell survival and has been suggested as a pharmacological
target for the treatment of gastric cancer [9]. Therefore, we
investigated whether waixenicin A influences AGS cell sur-
vival. After incubation with waixenicin A at 10, 30 or
50 lM in the culture medium for 72 hr, AGS cell survival
was inhibited by 0.1 ± 0.2%, 28.2 ± 5.2% or 40.3 ± 6.1%,
respectively, according to MTT assay results (n = 5;
fig. 3A). To confirm the involvement of TRPM7 channel, we
investigated the effects of waixenicin A in AGS cells using
patch-clamp techniques. Firstly, to provide evidence that
inhibition by internal Mg2+ is involved in this TRPM7-like
current, various internal Mg2+ concentrations were included
in the pipette solution. Under the lower concentration, the
amplitude of this current was indeed larger than at the higher
concentration, and the presence of 2 mM Mg2+ in the pipette
solution significantly inhibited this current (n = 5; fig. 3B).

Then, we performed whole-cell voltage-clamp recordings to
investigate the effect of waixenicin A in TRPM7-like current
in AGS cell. A voltage ramp of +100 mV to �100 mV
evoked small inward currents at negative potentials, whereas
larger outward currents were evoked at positive potentials,
showing that they were outward-rectifying cation currents
(n = 5; fig. 3C). However, in the presence of 50 lM waixe-
nicin A, the amplitudes of these currents were inhibited out-
wardly by 41.2 ± 2.1% and inwardly by 65.1 ± 2.4% (n = 5;
fig. 3C).

Effects of waixenicin A on MCF-7 cells.
Guilbert et al. [10] suggested that TRPM7 contributes to the
proliferative potential of breast cancer (MCF-7) cells. There-
fore, we investigated the influence of waixenicin A on MCF-
7 survival. After incubation for 72 hr with 10, 30 or 50 lM
waixenicin A in culture medium, the number of surviving
MCF-7 cells were reduced by 1.0 ± 1.2%, 20.3 ± 6.1% and
55.2 ± 5.2%, respectively, according to MTT assay results
(n = 5; fig. 4A). To confirm the involvement of TRPM7
channels in these results, we investigated the effects of waix-
enicin A in MCF-7 cells using patch-clamp techniques.
Firstly, to provide evidence that inhibition by internal Mg2+

is involved in the generation of this current, different internal
Mg2+ concentrations were included in the pipette solution,
and currents were recorded. At the lower concentration, the
amplitude of this current was indeed larger than at the higher
concentration, and the presence of 2 mM Mg2+ in the pipette
solution significantly inhibited this current (n = 5; fig. 4B).
We then performed whole-cell voltage-clamp recordings to
investigate the effect of waixenicin A on TRPM7-like
currents in MCF-7 cells. A voltage ramp ranging from
+100 mV to �100 mV evoked small inward currents at
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negative potentials, whereas larger outward currents were
evoked at positive potentials, showing that they were out-
ward-rectifying cation currents (n = 5; fig. 4C). In the pres-
ence of 50 lM waixenicin A, current amplitudes were
inhibited outwardly by 43.7 ± 1.5% and inwardly by
66.3 ± 3.1% (n = 5; fig. 4C).

Discussion

Ion channels play important roles in a wide variety of biologi-
cal processes, but they are also associated with several dis-
eases [19–21]. In particular, ion channels are crucial for
tumour development and cancer growth. When epithelial cells
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become cancerous, a series of genetic alterations occur that
may also affect ion channel expressions and change ion chan-
nel activities [22]. Therefore, specific ion channel inhibitors

fulfil important roles in studies on cell pathophysiology. The
TRPM subgroup (named after its founding member melastatin) of
the transient receptor potential (TRP) family of cation channels
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consists of eight members that exhibit an interesting diversity
of cation permeation characteristics and activation mecha-
nisms. Within the TRPM subfamily, TRPM7 (ChaK1, TRP-
PLIK, LTRPC7) has the unique feature of possessing a kinase
domain belonging to the atypical family of alpha-kinases fused
to the ion channel domain. TRPM7 has been functionally
characterized as a divalent cation permeable cation channel
yielding outwardly rectifying currents when overexpressed in
heterologous expression systems [3,4]. Furthermore, recent
reports have documented that TRPM7 channel function is reg-
ulated by intracellular magnesium and magnesium nucleotides
[23–25]. In addition, TRPM7 has been shown to be crucial for
cellular magnesium homoeostasis, as targeted gene deletion of
TRPM7 in cell lines led to intracellular magnesium deficiency
and growth arrest [23].
Recently, Zierler et al. [11] suggested that waixenicin A is a

potent and relatively specific inhibitor of TRPM7 ion channels. In
this recent study, waixenicin A was found to be a selective inhibi-
tor of the TRPM7 ion channel, and patch-clamp experiments con-
firmed waixenicin A as a TRPM7 antagonist. However, the
inhibitory effects of waixenicin A on TRPM7 are strongly depen-
dent on intracellular Mg2+ concentration [11]. Furthermore, it
was also found that the pharmacological inhibition of TRPM7 by
waixenicin A caused growth arrest in the G0/G1 phase [11].
Chen et al. [26] suggested 5-lipoxygenase (5-LOX) inhibi-

tors are potent blockers of TRPM7 channel that are capable of
attenuating the function of TRPM7, which makes them effec-
tive tools for the biophysical characterization and suppression
of TRPM7 channel conductance. Furthermore, in a previous
study, we found that the 5-LOX inhibitor AA861 (but not
nordihydroguaiaretic acid (NDGA)) modulated the pacemaker
activities of the ICCs.
In this study, we found that waixenicin A inhibited the pace-

making activity of ICCs (fig. 1) with an IC50 in ICC clusters of
4.6 lM (fig. 2A) and inhibited TRPM7-like currents in single
ICCs (fig. 2B). TRPM7 or Ca2+-activated Cl� conductance is
involved in pacemaking activity in ICCs [8,13]. To investigate
the effects of waixenicin A on TRPM7 and Ca2+-activated
Cl� conductances, we overexpressed TRPM7 or Ca2+-activated
Cl� channels in HEK293 cells. Waixenicin A had no effects on
Ca2+-activated Cl� conductances (fig. 2F), but inhibited TRPM7
currents (fig. 2E), and the inhibition effects of waixenicin A on
TRPM7 channels were similar to its effects in ICCs. Therefore,
we believe TRPM7 is involved in the pacemaking activity of ICCs
and that waixenicin A modulates ICC pacemaking activity.
Kim et al. [9] reported that human gastric adenocarcinoma

cells express TRPM7 channel and that this channel is essential
for cell survival. In addition, they suggested that this channel
be viewed as a potential target for the pharmacological treat-
ment of gastric cancer. Guilbert et al. [10] also suggested that
TRPM7 is required for breast cancer cell proliferation. In the
present study, we found waixenicin A inhibited cell viability
(fig. 3A) and TRPM7-like currents in AGS cells (fig. 3C).
Furthermore, we investigated the effects of waixenicin A in
MCF-7 cells (fig. 4) like AGS cells. These results suggested
that TRPM7 plays an important pathophysiological role in
AGS and MCF-7 cells.

TRPM7 has also been suggested to play a central role in cel-
lular Mg2+ homoeostasis [23], in central nervous system ischae-
mic injury [27], in skeletogenesis in zebrafish [28], in defecation
rhythm in Caenorhabditis elegans [29], in cholinergic vesicle
fusion with the plasma membrane [30], in phosphoinositide-3-
kinase signalling in lymphocytes [31] and in osteoblast prolifera-
tion [32]. However, the effects of waixenicin A on the
physiological functions of TRPM7 have not been previously
investigated. Accordingly, we suggest these effects be more
comprehensively explored.
Summarizing, TRPM7 channel was found to modulate

intestinal motility and to regulate the pathophysiology of
human gastric and breast adenocarcinoma cells. Accordingly,
we suggest that waixenicin A be viewed as a potential drug
for the pharmacological treatment of gut motor disorders and
gastric and breast cancer.
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