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Background: TRPM?7 channels are key regulators of cell growth and proliferation.

Results: A natural compound from a Hawaiian soft coral blocks TRPM7 currents and inhibits proliferation.
Conclusion: Waixenicin A represents the first potent and relatively specific inhibitor of TRPM7 ion channels.
Significance: Waixenicin A or structural analogs may have cancer-specific therapeutic potential.

Transient receptor potential melastatin 7 (TRPM?7) channels
represent the major magnesium-uptake mechanism in mamma-
lian cells and are key regulators of cell growth and proliferation.
They are expressed abundantly in a variety of human carcinoma
cells controlling survival, growth, and migration. These charac-
teristics are the basis for recent interest in the channel as a target
for cancer therapeutics. We screened a chemical library of
marine organism-derived extracts and identified waixenicin A
from the soft coral Sarcothelia edmondsoni as a strong inhibitor
of overexpressed and native TRPM?7. Waixenicin A activity was
cytosolic and potentiated by intracellular free magnesium
(Mg>*) concentration. Mutating a Mg>* binding site on the
TRPM?7 kinase domain reduced the potency of the compound,
whereas kinase deletion enhanced its efficacy independent of
Mg>*. Waixenicin A failed to inhibit the closely homologous
TRPMB6 channel and did not significantly affect TRPM2, TRPM4,
and Ca?" release-activated Ca2?" current channels. Therefore,
waixenicin A represents the first potent and relatively specific
inhibitor of TRPM?7 ion channels. Consistent with TRPM?7 inhi-
bition, the compound blocked cell proliferation in human Jurkat
T-cells and rat basophilic leukemia cells. Based on the ability of
the compound to inhibit cell proliferation through Mg**-de-
pendent block of TRPM?7, waixenicin A, or structural analogs
may have cancer-specific therapeutic potential, particularly
because certain cancers accumulate cytosolic Mg>*.
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TRPM6 and TRPM7 are members of the melastatin-like
transient receptor potential (TRPM)* subfamily. They possess
an ion channel and a functional a-kinase domain and have been
implicated in Mg?" homeostasis (1-3). Originally, TRPM6 was
thought to regulate systemic (4, 5) and TRPM?7 cellular Mg>™"
homeostasis (6). However, recent findings demonstrate that
TRPM?7 also is critically involved in systemic Mg?" regulation
of mammalian organisms, with the channel function facilitating
cellular Mg influx and the kinase activity regulating Mg>"
absorption (6). Both activities are interdependent in that Mg>"
enters through the channel pore and the kinase domain
requires Mg>" ions to function, whereas both Mg>" and Mg-
ATP provide a negative feedback loop by regulating channel
activity through binding at specific sites on the kinase domain
2,7,8).

Suppression of divalent ion conductance via TRPM7 (9) pro-
tects neurons from reperfusion injury after cerebral ischemia
(10, 11). When silencing TRPM7, Ca*>* influx and neuronal cell
death following ischemic injury are blocked, and neuronal
recovery is enhanced (12), linking TRPM7 to neurodegenera-
tive diseases (10, 12—15). TRPM?7 has also been implicated as a
regulator of cell proliferation (16 —20), inducing cell cycle arrest
if blocked. This is based on channel function in Mg>™" transport
because cell growth can be restored by Mg>" supplementation
(2,8,18,21,22). Mg** isinvolved in essentially every step of cell
proliferation, with cancerous cell growth representing the most
detrimental effect of deregulated proliferation. Interestingly,
cancerous tissue acts as a Mg2+ trap by accumulating Mngr at
the expense of plasma or surrounding tissues (23, 24). In vivo
experiments revealed a 60% reduction in primary tumor growth
and angiogenesis in Mg>"-deficient mice compared with
Mg> " -sufficient controls. When reintroducing Mg>" into the
diet of hypomagnesemic mice, tumors rapidly regained prolif-
eration capacity and became 40% larger than those grown in

“The abbreviations used are: TRPM, transient receptor potential melastatin;
CRAC, Ca®*-release activated Ca®" current; RBL, rat basophilic leukemia;
PA, picoAmpere; pF, picoFarad.
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Mg>" -sufficient mice (24). It is tempting to speculate that
TRPM?7 is involved in these processes.

TRPM?7 is expressed abundantly in a variety of human carci-
noma cells including gastric adenocarcinoma, breast cancer,
and human head and neck carcinoma cells. Suppression of
TRPM7 by siRNA and/or non-selective inhibitors has been
shown to inhibit the growth of these cell types (18, 19, 21).
Overexpression of TRPM7 was detected in breast cancer tis-
sues, and TRPM?7 expression levels correlate with their prolif-
erative potential (18). Moreover, TRPM7 has been shown to
regulate migration of human nasopharyngeal carcinoma cells
(25), indicating a potential role in metastasis.

Currently, there is no known specific inhibitor for TRPM?7.
Although several compounds have been reported to affect
TRPM?7, including 2-aminoethyl-diphenylborinate (1), lantha-
num (La*"), gadolinium (Gd**), SKF-96365 (9, 26 —28), sperm-
ine (27), carvacrol (29), and 5-lipoxygenase inhibitors (30), they
lack either potency or specificity or both and are therefore of
limited use. Concentrations between 50 and 500 uM of the cell-
permeant compound 2-aminoethyl-diphenylborinate have
been shown to reduce TRPM7 currents, while enhancing
TRPMBS6 currents, providing an experimental tool to distinguish
between both channel types (1). However, 2-aminoethyl-diphe-
nylborinate can also affect Ca®>* release-activated Ca*>* current
(CRAC) channels as well as a number of other ion channels in a
dose-dependent manner (31-33), thus disqualifying it as spe-
cific inhibitor for TRPM7. La®", Gd*", and SKF-96365 block
TRPM7 but also inhibit other Ca®"-permeable channels,
including CRAC channels (9, 26 —28). The polyamine spermine
has been shown to distinguish between CRAC and TRPM7
channels, blocking only monovalent TRPM?7 currents at micro-
molar concentrations (27). However, spermine and polyamines
also inhibit K" and other cation channels (34-37). Recently,
carvacrol was shown to inhibit TRPM?7 but also lacks specificity
as it inhibits several TRPC and TRPM channels (29) and acti-
vates TRPV3 and TRPA1 channels. The 5-lipoxygenase inhib-
itors, nordihydroguaiaretic acid, AA861, and MK886, have also
been shown to affect TRPM7 channels in the micromolar range
and independently of lipoxygenase activity (30), but they also
affect K™ and CI~ channels (38 —41). A pharmacological mod-
ulator for the TRPM?7 ion channel could be beneficial not only
as an experimental tool but also therapeutically in cardiac, neu-
ropathological, or anti-cancer treatment. We therefore
screened an in-house library of marine-derived natural prod-
ucts and identified waixenicin A as a highly potent and rela-
tively selective inhibitor for TRPM?7 that effectively suppressed
cell growth and proliferation.

EXPERIMENTAL PROCEDURES

For detailed methods, see the supplemental “Experimental
Procedures.”

Animal Material and Cell Line Origin—Freeze-dried sam-
ples of Sarcothelia edmondsoni (formerly known as Anthelia
edmondsoni) were extracted in methanol and reconstituted in
methanol/ethyl acetate/t-butyl methyl ether (60:30:10) (MET)
and diluted in Krebs-Ringer-HEPES buffer (135 mm NaCl, 5
mwm KCl, 1.5 mm MgCl,, 1.5 mm CaCl,, 20 mm HEPES, and 5.6
mM glucose). HEK293 cell lines were obtained from Dr. Andrew
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Scharenberg’s laboratory (TRPM2, TRPM7-wt, and mutants)
and Dr. Jean-Pierre Kinet’s laboratory (TRPM4). rat basophilic
leukemia cells (RBL1) cells were acquired through ATCC.
Human Jurkat T-lymphocytes were obtained from Dr. Kinet’s
laboratory. No authentication was performed by the authors
other than testing for ion channel expression through electro-
physiological measurements.

Isolation of Waixenicin A—Fractionation of the soft coral
extract was guided by LC-MS data (electrospray ionization; ion
trap analyzer; Thermo Finnigan LCQ Deca XP) obtained for the
extract peak corresponding to the highest TRPM?7 activity. The
extract was subjected to vacuum liquid chromatography and
fraction eluting with dichloromethane/methanol (95:5) con-
centrated the targeted compound. Repeated semi-preparative
reversed phase HPLC led to the isolation of waixenicin A (see
Fig. 1E), which was identified by comparison of NMR data and
optical rotation with literature values (42). Purity of our waix-
enicin A sample was determined to be >95%, and lyophilized
waixenicin A was dissolved in 60 ul of methanol (100 um stock
solution) stored at —20 °C.

Statistical Analysis—Data represent the mean of individual
experiments * S.E. and Student’s ¢ test assessed p < 0.05 as
statistically significant.

RESULTS

Waixenicin A Is TRPM?7 Inhibitor Isolated from Hawaiian
Soft Coral Sarcothelia edmondsoni—W e screened an in-house
chemical library of 1100 marine organism-derived extracts in a
high-throughput assay system that measures the fluorescence
quench of intracellular fura-2 by Mn®" ions in HEK293 cells
overexpressing murine TRPM7 (43). We identified the organic
extract of the soft coral S.edmondsoni (synonym: Anthelia
edmondsoni) as a strong inhibitor of TRPM7-mediated Mn>™"
influx at a concentration of 30 ug/ml (Fig. 14). The assay was
further employed to identify the major active component by
bioassay-linked fractionation (44). Fig. 1B shows the HPLC
chromatogram and bioassay profile for the resulting 70 frac-
tions. The highest activity concentrated in fractions eluting at
16.5—18 min, corresponding to the UV peak at 17.1 min. The
active peak was characterized by HPLC coupled to a mass spec-
trometer (LC-MS), leading to the isolation and identification of
waixenicin A (Fig. 1E), a known metabolite from S. edmondsoni
(42). Waixenicin A inhibited TRPM7-mediated Mn>" quench
in a dose-dependent manner (Fig. 1C) and demonstrated an
IC,, of the maximal slope of the Mn>* quench of 12 um (Fig.
1D).

Analysis of waixenicin A in patch clamp experiments (Fig. 2)
confirmed the inhibitory effect on TRPM7. To activate TRPM7
currents, intracellular Mg”* and Mg-ATP were washed out by
perfusion with Mg>*- and ATP-free internal solution.
Whole-cell currents were elicited by voltage ramps from
—100 to +100 mV delivered at 0.5 Hz, and current ampli-
tudes were extracted at +80 mV and plotted versus time.
TRPM7 currents reached a plateau of ~130 pico-Ampere
per pico-Farad within 200 s, whereas application of 10 um
waixenicin A for 300 s inhibited TRPM7 by ~50% (Fig. 2, A and
B). The dose-response analysis of waixenicin A-mediated inhi-
bition of TRPM7 revealed an IC., of 7 um (Fig. 2E). Outward
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FIGURE 1. Screening assay identifies waixenicin A as TRPM7 inhibitor. A, decrease in relative fluorescence units (RFU) following 10 mm MnCl, application in
HEK293-TRPM7. Vehicle was negative control (black,n = 10).La** (blue, n = 10) and the extract (red, n = 2) reduced Mn?*-induced fluorescence quench. Error
bars represent S.D. B, HPLC chromatogram (UV absorbance at 220 -240 nm) of extract fractionation (black) and bioassay profile for the fractions (green) plotted
as normalized slopes of fluorescence quench against retention time. Error bars represent S.D. C, HEK293-TRPM?7 cells were incubated with waixenicin A for 15

min before 10 mm MnCl, application: uninduced HEK293 control (gray, n = 8), vehicle (black, n = 8), waixenicin A at 6.2 um (green,

= 3),19 um (blue, n = 3),

and 56 um (red, n = 3). D, maximum slopes of fluorescence quench normalized to vehicle control, plotted against concentration, and approximated by
dose-response fit (n = 3-8). Error bars represent S.D. E, chemical structure of waixenicin A (relative configuration shown).

and inward currents were affected similarly (supplemental Fig.
S1A). In the presence of physiological 700 um free internal
Mg>" ([Mg**],), TRPM7 currents were smaller, leveling off at
~30 pA/pF (Fig. 2, C and D), and 10 uM waixenicin A com-
pletely blocked the current. The dose-response curve obtained
with 700 um [Mg>*]; dramatically shifted the IC,, from 7 um in
0 [Mg>"], to 16 nm (Fig. 2F). Inward and outward currents were
blocked similarly (supplemental Fig. S1B).

Additional removal of extracellular Mg>* resulted in a 2-fold
increase of TRPM7 currents compared with 2 mum extracellular
Mg>" (supplemental Fig. S24), indicating that Mg>" influx
through TRPM?7 contributes to reduced channel activity. 10 um
waixenicin A was less effective in suppressing TRPM7 in extra-
cellular Mg>*-free conditions, causing 30% inhibition com-
pared with 50% when extracellular Mg>" was present. This sug-
gests that waixenicin A synergizes with intracellular Mg®" in
suppressing channel activity.

Blocking Potency of Waixenicin A Is Regulated by Intracellu-
lar Mg>* —We investigated the Mg>" dependence of waixeni-
cin A by applying 10 um waixenicin A at various internal Mg?"
concentrations. We observed an IC, of 80 um [Mg>"], for both
outward (Fig. 34) and inward TRPM7 currents (supplemental
Fig. S1C). Thus, 10 um waixenicin A exhibited an equivalent
blocking potency as millimolar levels of Mg-ATP as the IC,,
values for [Mg>"]; in the presence of 2—6 mm Mg-ATP are
110-250 M (7). This would suggest that Mg ™" facilitates waix-
enicin A binding to TRPM7 or that the compound increases
efficacy of block by free internal Mg>".

The Lys-1648 residue within the TRPM7 kinase domain rep-
resents one of the inhibitory sites for Mg>" and Mg-ATP (2, 7,
8). A stable cell line inducibly overexpressing the K1648R
mutant has a reduced Mg>* sensitivity with an IC, for Mg>" of
~3 mM compared with ~700 um for TRPM7-wt (8). We first
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assessed the dose-response behavior of waixenicin A, whereas
[Mg>"], was clamped to 700 um. The dose-response relation-
ships in Fig. 3B reflect normalized current amplitudes at +80
mV extracted after 300 s of waixenicin A exposure. They dem-
onstrate that the K1648R mutant has a 150-fold reduced sensi-
tivity to the Mg>*-dependent inhibition of waixenicin A com-
pared with TRPM7-wt (IC,, = 2.5 um versus 16 nwm,
respectively). We next assessed the efficacy of 10 um waixenicin
A to inhibit TRPM7-K1648R currents while varying [Mg>*]..
10 M waixenicin A (Fig. 3A) shifted waixenicin A sensitivity to
Mg>"-dependent inhibition of the K1648R mutant by almost
3-fold compared with TRPM7-wt (IC, = 200 uM versus 80 M,
respectively). Together, these results suggest that the Mg>"
binding site on the kinase domain contributes to the inhibitory
potency of waixenicin A.

We next tested compound activity in HEK293 cells overex-
pressing a TRPM7 protein lacking the entire kinase domain
(TRPM7-AK). Despite the lack of the kinase domain and its
Mg>" binding site, the AK mutant has been shown to be even
more sensitive to intracellular Mg>" levels, as kinase truncation
appears to expose a second high affinity Mg>" binding site on
the channel (8). Thus, we used Mg*"-free intracellular solu-
tions to elicit TRPM7-AK currents (Fig. 3, C and D). Waixeni-
cin A (10 wm) was still able to inhibit TRPM7 conductance
completely and the block was even more pronounced than in
TRPM?7-wt (cf. Fig. 2A and supplemental Fig. S2A). In the com-
plete absence of both intra- and extracellular Mg,
TRPM7-AK currents were larger but were still completely sup-
pressed by 10 uMm waixenicin A (supplemental Fig. S2B). Even
300 nM waixenicin A completely inhibited TRPM7-AK, sug-
gesting a direct and Mg>*-independent high affinity mode of
action.
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FIGURE 2.Mg?* dependence of waixenicin A block. Error bars represent S.E.
A, TRPM7 current densities in HEK293-TRPM7 without (black, n = 8) and with
10 um waixenicin A (red, n = 9). B, I/V relationships are representative currents
obtained at 500 s. C, TRPM7 current densities in the presence of 700 um
[Mg?*1]; without (black, n = 10) and with waixenicin A (red, n = 8). Same
analysis as described in A. D, I/V relationships are representative currents
obtained at 600 s. £, waixenicin A was applied as described in A. Currents were
extracted at +80 mV at 500 s, normalized to current at 200 s, plotted against
concentration, and approximated by dose-response fit (n = 8-10). F, waix-
enicin A was applied as described in C. Currents were extracted at +80 mV at
600 s, normalized to current at 300 s, and analyzed as described in E (n =
5-13).

Waixenicin A was also effective when applied intracellularly
in TRPM7-overexpressing HEK293 cells with internal solution
containing 700 uM Mg>" and 10 uMm waixenicin A, causing a
~50% reduction in current (Fig. 3, E and F). Reduced efficacy
when applied through the patch pipette is not unexpected for a
lipophilic compound due to diffusional escape of waixenicin A
across the plasma membrane. Additional extracellular applica-
tion of 10 um waixenicin A completely suppressed the current.
These results suggest that the primary site of action of waixeni-
cin A is intracellular.

Waixenicin A Is a Relatively Specific TRPM7 Inhibitor—Al-
though a few molecules have been reported to inhibit TRPM7,
they all require micromolar concentrations, and none can be
considered selective. We tested waixenicin A for selectivity
against a panel of other cation channels, such as CRAC and
members of the TRP superfamily, TRPM2, TRPM4, and the
closest homolog of TRPM7, TRPMS6. Although this is not an
exhaustive panel of ion channels, they either are expressed in
Jurkat and RBL cell lines we have studied in cell proliferation
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FIGURE 3. Waixenicin A inhibits TRPM7 kinase domain mutants. Error bars
represent S.E. A, dose-response curve for [Mg®"]; in waixenicin A-treated
HEK293 cells overexpressing TRPM7-wt and TRPM7-K1648R. Current ampli-
tudes at 600 s were normalized to maximal current, averaged, plotted against
[Mg?*1, and approximated by a dose-response fit (n = 6-10). B, data acqui-
sition and analysis as in Fig. 2C. Normalized currents of TRPM7-wt cells (black)
taken from Fig. 2F and TRPM7-K1648R cells (red) are plotted against concen-
tration and approximated by dose-response fit (n = 6-9). C, TRPM7-AK cur-
rent densities in zero [Mg?* ], without (black, n = 7) and with 10 um waixenicin
A (waix A; red, n = 8). D, I/V relationships are representative currents obtained
at 500 s. £, TRPM7-wt currents in the presence of 700 um [Mg?*]; without
(black, n = 17) and with 10 um waixenicin A applied first intracellularly (blue/
red, n = 14) and then extracellularly (red, n = 14). F, I/V relationships are
representative currents obtained at 600 s (black and blue) and 800 s (red).

assays (see below) or are particularly interesting, as in the case
of TRPMS6, which has the highest homology to TRPM7.

The Ca®"-permeable ion channel TRPM2 conducts mon-
ovalent and divalent cations (45—48). TRPM2 currents elicited
by 100 um adenosine-diphosphate ribose were recorded in
HEK293 cells overexpressing TRPM2 (46). The application of
10 uMm waixenicin A had no effect on TRPM2 current ampli-
tudes or I/ Vrelationships extracted before and after waixenicin
A treatment (Fig. 44).

TRPM4 is a Ca* " -activated non-selective monovalent cation
channel (49). TRPM4 currents were activated by 3 um free
internal Ca*>"* in HEK293 cells overexpressing TRPM4 (49) and
exposed to 10 uM waixenicin A. Both current amplitudes and
IV relationships remained unaffected by waixenicin A (Fig.
4B).

Because CRAC channels have similar pharmacological prop-
erties as TRPM7 (26, 28) and can be blocked by 2-aminoethyl-
diphenylborinate, La®*, Gd**, and SKF-96365, we investigated
the effect of 10 uMm waixenicin A on native I ,c. CRAC cur-
rents elicited by 20 uM inositol 1,4,5-trisphosphate in RBL1
cells remained unaffected by waixenicin A (Fig. 4C).
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FIGURE 4. Waixenicin A is specific for TRPM7. Error bars represent S.E. A,
current densities at —80/+80 mV elicited by 100 um intracellular ADP-ribose
in HEK293-TRPM2 cells without (black, n = 6) and with 10 um waixenicin A
(red, n = 8). Corresponding average //V relationships in response obtained
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= 8). B, current densities at —80/+80 mV elicited by 3 um[Ca®*],in HEK293-
TRPM4 cells without (black, n = 6) and with 10 um waixenicin A (red, n = 7).
Corresponding I/V relationships are average currents obtained before (black,
n = 6) and at the end of waixenicin A application (red, n = 7). C, native CRAC
current densities at —80 mV elicited by 20 um inositol 1,4,5-trisphosphate in
RBL1 cells without (black, n = 6) and with 10 wm waixenicin A (red circles, n =
6). Corresponding I/V relationships are average currents obtained before
(black, n = 6) and at the end of waixenicin A application (red, n = 6). D, current
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without (black,n = 11) and with 10 um waixenicin A application (red, n = 9).E,
representative //V relationships extracted at 100 s (dashed lines) and 500 s
(solid lines) from untreated controls (ctrl; black) and waixenicin A-treated cells

(red).
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TRPMBS is the closest subfamily relative of TRPM?7, and they
share similar permeation profiles and regulation by intracellu-
lar Mg>" (4, 5, 50). We transfected HEK293 cells with TRPM6
and activated it with internal Mg>*-free solution. Application
of 10 uM waixenicin A did not alter TRPM6 current densities or
I/V relationships compared with untreated controls (Fig. 4D).
Unlike TRPM7, TRPMS6 currents inactivated over time in both
control and waixenicin A-treated cells. Taken together, our
findings suggest that waixenicin A may indeed be relatively spe-
cific for TRPM?7 as it does not significantly affect any other ion
channels tested, including its closest homolog, TRPM6.

Waixenicin A Blocks Native TRPM7 Currents and Inhibits
Cell Proliferation—We next investigated waixenicin A effects
on native TRPM7. We used Jurkat T-cell lymphoma and RBL1
cells because these are the cell types in which native TRPM7 has
been most extensively characterized, including biophysical
channel characteristics, pharmacology, cell cycle, and involve-
ment in cell proliferation and growth (2, 8, 20, 26, 27, 51). We
perfused RBL1 cells with 0 or 700 uM intracellular free Mg>™
and exposed them to waixenicin A. In the absence of intracel-
lular Mg?", native TRPM?7 conductance was blocked partly by
10 um waixenicin A and 300 nM waixenicin A had no effect
(supplemental Fig. S3A). In the presence of 700 um free intra-
cellular Mg, however, 300 nm waixenicin A was sufficient to
completely block TRPM7 conductance (supplemental Fig.
S3B). Increasing waixenicin A concentration to 10 um acceler-
ated inhibition of TRPM7 currents 2-fold, as determined by
slope analysis (300 nm = —0.012 pA/pF/s versus 10 um =
—0.025 pA/pF/s).

Because TRPM7 has been implicated in cell growth and pro-
liferation, we evaluated the proliferative activity of RBL1 cells
incubated for 2 days with waixenicin A. Vital cell counts using
trypan blue and mitochondrial dehydrogenase assays revealed a
dose-dependent reduction in viable cell numbers (supplemen-
tal Figs. S44 and 5A) and observed that only at the highest
concentration of 10 um the number of dead cells increased
(supplemental Fig. S4, B and C). We additionally performed
annexin V/propidium iodide staining with subsequent flow
cytometric analysis of RBL1 cells treated with waixenicin A for
2 days to assess apoptotic cell death (supplemental Fig. S5).
Again, only the highest concentration of waixenicin A (10 um)
became toxic (Fig. 5B and supplemental Fig. S5F). Thus, the cell
number reduction by waixenicin A below 10 um was primarily
due to inhibition of proliferation rather than toxicity.

Inhibition of proliferation by waixenicin A in intact cells
revealed an IC,, in the low um range (Fig. 54 and supplemental
Fig. S4A), whereas in patch clamp experiments, it was in the
nanomolar range (supplemental Fig. S3B). One explanation for
this discrepancy could be the presence of serum proteins in
growth assays (10% FBS). We performed cell cycle analysis
using a BrdU/7-amino-actinomycin D assay to evaluate the
impact of serum on waixenicin A activity. RBL1 cells were incu-
bated in DMEM with or without 10% FBS and 3.3 uM waixeni-
cin A was added 10 min before BrdU (Fig. 5, C and D). Cell
populations slightly shifted along the y axis due to autofluores-
cence of waixenicin A (supplemental Fig. S6). The number of
waixenicin A-treated cells in the S phase (for gating, see supple-
mental data) decreased by half (to 25.6 from 51.5% in control),
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FIGURE 5. Waixenicin A inhibits proliferation of RBL1 cells. Error bars rep-
resent S.E. A, normalized proliferation rate of RBL1 cells treated with waixeni-
cin A for 2 days and analyzed via MTT assay (n = 3). The absorbance ratio of
untreated controls represents 100% of proliferation rate. B, RBL1 cells were
treated as in A, stained with annexin V/phosphatidylinositol, and analyzed via
flow cytometry. Bars represent normalized (norm.) cell numbers (n = 3). C, cell
cycle analysis of RBL1 cells incubated with or without 10% FBS, 3.3 um waix-
enicin A, and BrdU for 6 h. Cells were stained with antiBrdU antibody and
7-AAD and analyzed via flow cytometry. Representative plots of control
(contr.) cells and cells treated with 3.3 uMmwaixenicin A. D, statistical analysis of
data set described in E. Bars represent normalized cell numbers (n = 3).
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whereas the number of cells in the G; and G, phase almost
doubled (from 39 to 60% for G, and from 5.6 to 10.1% for G,)
(Fig. 5C). However, 3.3 uM waixenicin A in the presence of 10%
FBS was not sufficient to block cells from entering the S phase
(p < 0.01) (Fig. 5D). Thus, the efficacy of waixenicin A was
significantly higher without serum than in its presence, indicat-
ing that serum may partially explain the difference in potency
observed in proliferation versus patch clamp assays.

To further assess cell cycle progression, we investigated Jur-
kat T-cells and confirmed the dose-dependent inhibitory effect
of waixenicin A (Fig. 6, A and B). Cells were treated with differ-
ent concentrations of waixenicin A and exposed to BrdU for 2 h
in media containing 10% FBS. Waixenicin A was more potent in
Jurkat cells than in RBL1 cells, as 300 nm waixenicin A effec-
tively prevented cells from entering S phase (26 versus 48% in
control). Increasing its concentration to 3.3 uM decreased the
amount of cells entering the S phase by half to 24%, and 10 um
waixenicin A completely abolished S phase progression.
Although the number of Jurkat cells in the S phase decreased
with increased waixenicin A concentration, the number of cells
in the G, phase increased, demonstrating dose-dependent
growth arrest (Fig. 6B). When using the same external solution
as in patch clamp experiments, efficacy was further enhanced,
and 3.3 uM waixenicin A completely blocked entry into S phase
(Fig. 6C). Taken together, the results establish that waixenicin
A selectively blocks heterologous and native TRPM7 currents,
exhibits nanomolar potency in the presence of intracellular
Mg>", and arrests cell growth and proliferation with low cyto-
toxicity in two different tumor cell lines.
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DISCUSSION

TRPM?7 is a ubiquitous Mg> " - and Ca® " -permeable channel
vital for cellular Mg®" homeostasis and crucial for cell survival
(2, 19, 21). Targeted deletion of TRPM7 in DT40 chicken
B-cells results in cell cycle arrest in G,/G, phase and subse-
quent inhibition of cell proliferation (2, 8), and mice lacking the
full-length protein (52) or just the kinase domain of TRPM?7 die
during early embryonic development (6). Suppressing TRPM7
expression in hippocampal neurons is neuroprotective, as it
reduces ischemic cell death, preserves cell function, and pre-
vents ischemia-induced deficits in memory (12). This is likely
caused by decreases in TRPM7-mediated Ca>" or Zn*" influx
(9,11, 12). At present, there are only relatively unspecific block-
ers for TRPM?7 that also affect other ion channels such as the
CRAC channels (9, 26 —28) or other TRP channel family mem-
bers (29). A specific pharmacological approach that could be
used to acutely and temporarily suppress TRPM7 function
would provide better insights into the role of TRPM?7 in malig-
nant cell proliferation and neurotoxicity.

This study establishes waixenicin A, a xenicane diterpenoid
from the Hawaiian soft coral S. edmondsoni with no previously
reported activity (42), as a highly potent and selective inhibitor
of the TRPM?7 ion channel. A screening assay based on Mn*"
quenching of fura-2 (43) identified TRPM?7 inhibitory activity
for the soft coral extract and waixenicin A as the major active
component of the extract, whereas patch clamp experiments
confirmed waixenicin A as a TRPM7 antagonist. Additionally,
it demonstrates that the pharmacological inhibition of TRPM7
by waixenicin A causes growth arrest in G,/G; phase of the cell
cycle.

The inhibitory effects of waixenicin A on TRPM7 are
strongly dependent on the prevailing intracellular Mg®" con-
centration. This further distinguishes the compound from
other known pharmacological TRPM7 inhibitors, which are
mostly nonspecific pore blockers and do not have a known
Mg>" dependence or nanomolar potencies (9, 26-28, 30).
Mutational analysis involving the channel kinase domain and
its previously identified Mg>* binding site reveal a complex
interaction of waixenicin A and Mg>". Under physiological
conditions of 700 um Mg>", waixenicin A inhibits TRPM?7 with
anIC., of 16 nM™, but its potency is greatly reduced when remov-
ing Mg>", resulting in an IC, of just 7 um. This indicates that
waixenicin A and [Mg>*], synergize to inhibit the channel. The
relevant Mg®" binding site involved in this mechanism appears
to be Lys-1648 within the kinase domain. This residue has been
demonstrated to alter the sensitivity of the channel to intracel-
lular Mg®>* and Mg-ATP (7, 8). In this study, we demonstrate
that removing this Mg®" binding site through mutation
K1648R indeed caused a dramatic shift in the dose-response
curve to waixenicin A from an IC,, of 16 nM in TRPM7-wt to
2.5 uM in the presence of physiological [Mg>"]; levels of 700
uM. Because Mg2+ itself acts as an inhibitor of TRPM?7, the
synergy between waixenicin A and Mg>" could be either due to
waixenicin A-mediated enhancement of Mg®" block or that
Mg>* enhances binding affinity of waixenicin A.

Although we have established an interaction between the
Lys-1648 residue of the kinase domain and waixenicin A effects,
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FIGURE 6. Waixenicin A causes growth arrest in Jurkat T-cells. Error bars represent S.E. A, cell cycle analysis of Jurkat cells incubated in RPMI media with 10% FBS and
waixenicin A plus BrdU for 2 h (n = 3). Cells were stained with antiBrdU antibody and 7-AAD and analyzed via flow cytometry. B, statistical analysis of the data set as
described in A. Bars represent normalized cell numbers (n = 3). C, Jurkat cells were incubated in standard external solution (sol.) containing 1T mm Mg?" with no FBS.
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the kinase deletion mutant TRPM7-AK suggests that waixeni-
cin A does not necessarily bind to the kinase domain itself, as
waixenicin A remains effective in blocking the channel even
when the entire kinase domain is absent. In fact, waixenicin A is
more potent and effective at blocking TRPM7-AK than either
wild-type or K1648R channels and does so even in the complete
absence of extra- and intracellular Mg>*. This indicates that
waixenicin A can bind to TRPM?7 outside of the kinase domain
with high affinity and block the channel independently of Mg**
atleast in TRPM7 truncation constructs. Although other inter-
pretations cannot be ruled out, the following scenario would
most adequately explain our observations: in the absence of
Mg>", the TRPM7-wt channel has a low affinity to waixenicin
A because the binding site of the compound is partly masked.
At physiological Mg>" levels, when the Lys-1648 residue is
occupied with Mg”, TRPM?7 will be in a conformational state
that enables waixenicin A to bind with high affinity and effec-
tively block the channel. Thus, the synergy between waixenicin
A and Mg>" appears to be caused by a change in affinity of
TRPM? for waixenicin A rather than enhancement of Mg>"
block. Removing the entire kinase domain exposes the waixeni-
cin A binding site so that waixenicin A can bind with high
affinity and block TRPM?7 largely independently of Mg>™".
Waixenicin A suppressed cell growth in various proliferation
assays of RBL1 and Jurkat T-cells, complementing previous
observations that TRPM7-deficient cells fail to grow and pro-
liferate (20). Waixenicin A induced a dose-dependent reduc-
tion of cells in synthesis phase and an accumulation of cells in
G,/G, and G, phase of the cell cycle. This suggests that the G, /S
as well as the G,/M transition is impaired. It has been shown
that TRPM?7-deficient cells exhibit substantially decreased sig-
naling along the PI3K pathway (20). A key effector in this path-
way is protein kinase B (or Akt). Constitutive protein kinase B
expression was not sufficient to support TRPM7-independent
growth, whereas PI3K expression was sufficient (20). The PI3K
pathway is activated during G,/S transition, and PI3K is
required for G,/S phase progression in lymphocytes. In partic-
ular, PI3K activation is linked to restriction point progression
and coincides with G, events that cumulate in cyclin E/cyclin-
dependent kinase-2 activation. Thus, PI3K pathway activation
is required for G, /S progression and PI3K inhibition leads to G;
arrest in many cell types (reviewed in Ref. 53). Moreover, the
PI3K/protein kinase B pathway may also regulate the efficiency
of G,/M phase progression (54), suggesting cross-talk between

39334 JOURNAL OF BIOLOGICAL CHEMISTRY

the PI3K pathway and key regulators of DNA damage check-
point machinery. It is therefore not surprising that we find
fewer cells in S phase, whereas the numbers of cells in G,/G,
and G, phase increase during waixenicin A treatment. Thus,
our data suggest that blocking TRPM7 conductance, resulting
in failure of G,/S and G,/M progression, might also negatively
affect the PI3K/protein kinase B pathway as previously shown
for TRPM?7 knock-out DT40 cells (20).

We found that waixenicin was less potent in long term cell
growth assays (low micromolar range) compared with acute
inhibitory effects observed in patch clamp experiments (low
nanomolar range). Possible factors that might contribute to this
discrepancy include cellular sequestration of the waixenicin A,
conversion into inactive metabolites, up-regulation of compen-
satory Mg>" transport mechanisms that counteract the low-
ered Mg2+ transport via TRPM7, and/or reduced bioavailabil-
ity of waixenicin due to serum binding. Indeed, we found that
waixenicin A was less potent in the presence of serum, indicat-
ing direct binding of waixenicin A to serum proteins, and
thereby effectively lowering free waixenicin A concentration.
Moreover, serum and growth factors in the medium may acti-
vate additional mitogenic signals such as cyclin-dependent
kinases, which contribute to cell cycle progression and might
offset the inhibition by waixenicin A. Proliferative signals can
also be transduced by proto-oncogenes, even in the face of
reduced or absent growth factors. Constitutive oncogene acti-
vation plays a key role in carcinogenesis and tumor progression.
Because constitutive or increased activity of PI3K-dependent
pathways present a major means whereby tumor cells achieve
uncontrolled proliferation (53), waixenicin A might be partic-
ularly effective in targeting oncogenic cell growth. Additionally,
tumor cells accumulate Mg>* at the expense of surrounding
cells, and waixenicin A is much more potent in inhibiting
TRPM7 conductance in the presence of elevated intracellular
Mg>". Thus, waixenicin A represents a novel natural com-
pound with anti-proliferative activity, whose mechanism is
based on a highly potent and seemingly specific inhibition of
Mg transport via TRPM?7.

We confirmed the specificity of waixenicin A against a num-
ber of ion channels found in our cellular model systems of Jur-
kat and RBL cells, including ICRAC, TRPM2, TRPM4, and
TRPMBS6. Although we cannot rule out potential effects on other
channels or proteins, we consider the specificity of TRPM7 as
relatively high for the following reasons: (i) blocking efficacy
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occurs in the low nanomolar range, (ii) this potency is depend-
ent on Mg>" binding at a strategic residue, Lys-1648, in the
kinase domain of TRPM?7, (iii) TRPMS, the only other known
channel kinase and the most homologous relative of TRPM7
within the TRPM subfamily, remained unaffected by the waix-
enicin A even at 10 uM. These features make waixenicin A an
attractive molecular structure for targeting TRPM7-related
pathophysiologies such as cancer (18, 19, 21), ischemia-related
neuronal death (10, 11), and cardiac fibrosis and atrial fibrilla-
tions (55-57), and they open the door to future structure activ-
ity relationship studies of the waixencin A pharmacophore.
Such studies would be aimed at elucidating the structural fea-
tures of waixencin A that are essential for TRPM7 inhibition
and making modifications to improve solubility and/or bio-
availability. It might also be possible to reduce and/or simplify
the structure to facilitate synthetic chemistry of analogs.
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