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BACKGROUND AND PURPOSE

Transient receptor potential melastatin 7 (TRPM7) is a unique channel kinase which is crucial for various physiological
functions. However, the mechanism by which TRPM7 is gated and modulated is not fully understood. To better understand
how modulation of TRPM7 may impact biological processes, we investigated if TRPM7 can be regulated by the phospholipids
sphingosine (SPH) and sphingosine-1-phosphate (S1P), two potent bioactive sphingolipids that mediate a variety of
physiological functions. Moreover, we also tested the effects of the structural analogues of SPH, N,N-dimethyl-D-erythro-
sphingosine (DMS), ceramides and FTY720 on TRPM7.

EXPERIMENTAL APPROACH
HEK293 cells stably expressing TRPM7 were used for whole-cell, single-channel and macropatch current recordings. Cardiac
fibroblasts were used for native TRPM7 current recording.

KEY RESULTS

SPH potently inhibited TRPM7 in a concentration-dependent manner, whereas S1P and other ceramides did not produce
noticeable effects. DMS also markedly inhibited TRPM7. Moreover, FTY720, an immunosuppressant and the first oral drug for
treatment of multiple sclerosis, inhibited TRPM7 with a similar potency to that of SPH. In contrast, FTY720-P has no effect on
TRPMY?. It appears that SPH and FTY720 inhibit TRPM7 by reducing channel open probability. Furthermore, endogenous
TRPM?7 in cardiac fibroblasts was markedly inhibited by SPH, DMS and FTY720.

CONCLUSIONS AND IMPLICATIONS

This is the first study demonstrating that SPH and FTY720 are potent inhibitors of TRPM7. Our results not only provide a new
modulation mechanism of TRPM7, but also suggest that TRPM7 may serve as a direct target of SPH and FTY720, thereby
mediating S1P-independent physiological/pathological functions of SPH and FTY720.
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Abbreviations
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Introduction 2001; Yamaguchi etal.,, 2001) which exerts a variety of

physiological/pathological functions, including cellular Mg**
The transient receptor potential melastatin 7 (TRPM?7) is a homeostasis (Schmitz et al., 2003), anoxia/ischaemia-induced
unique channel kinase (Nadler et al., 2001; Runnels efal., neuronal cell death (Aarts et al., 2003; Sun et al., 2009), early
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embryonic development (Jin et al., 2008; Ryazanova et al.,
2010; Jin et al., 2012; Liu et al., 2011), fibrosis-associated atrial
fibrillation (AF) (Du et al., 2010), breast tumour cell metastasis
(Middelbeek et al., 2012) and various other cellular functions
(Elizondo et al., 2005; McNeill et al., 2007; Sahni et al., 2010;
Bates-Withers and Sah, 2012). TRPM7 is ubiquitously
expressed in various cells and tissues, and is markedly
up-regulated under pathological conditions (Sun et al., 2009;
Du et al., 2010).

Although the importance of its physiological/
pathological functions has been highly appreciated, how
TRPM?7 is activated and inactivated under physiological/
pathological conditions is not fully understood. At physi-
ological intracellular Mg* concentrations, TRPM7 is
constitutively active to a small degree. The channel activity of
TRPM? is inhibited by depletion of PIP, upon activation of
PLC through Gg-linked receptor stimulation (Runnels et al.,
2002; Xie etal., 2011). PIP, seems to control the gating of
TRPM?7, as mutations of the putative PIP,-binding sites result
in non-functional TRPM7 channels (Xie etal.,, 2011).
Whereas PIP, is required for TRPM7 channel activity (Runnels
et al., 2002; Kozak et al., 2005; Gwanyanya et al., 2006; Xie
et al., 2011), intracellular Mg?*", Mg*-ATP, polyvalent cations
and protons inhibit TRPM7 (Kerschbaum et al., 2003; Kozak
et al., 2005; Demeuse et al., 2006). Pathological conditions
drastically up-regulate TRPM7 expression (Sun et al., 2009;
Du et al., 2010). For example, TRPM7 current amplitude was
increased by three- to fivefold in cardiac fibroblasts isolated
from AF patients (Du et al., 2010). Moreover, although it is
not clear what activates TRPM7, acidic extracellular condi-
tions remarkably potentiate TRPM7 inward currents by
releasing divalent block on inward TRPM7 monovalent cur-
rents, making TRPM7 a monovalent selective channel which
can induce depolarization under ischaemic pathological con-
ditions (Jiang et al., 2005; Li et al., 2007). Given its unique
properties and important physiological/pathological func-
tions, TRPM7 could be an effective therapeutic target under
various pathological conditions. Thus, it is important to
understand how TRPM?7 is regulated in vivo, and to identify
TRPM?7 specific blockers. Recent studies have demonstrated
that TRPM7 can be modulated by various reagents. A non-
specific modulator of several TRP channels, 2-APB inhibits
endogenous TRPM7 (Prakriya and Lewis, 2002) and heterolo-
gously expressed TRPM7 currents (Li ef al., 2006) but poten-
tiates TRPM6 currents at micromolar concentrations. Thus,
2-APB can be used to distinguish TRPM6 and TRPM7 currents.
TRPM?7 is also blocked by carvacrol (Parnas etal., 2009),
S-lipoxygenase inhibitors (Chen et al., 2010a), a synthetic
serine protease inhibitor nafamostat mesylate (Chen et al.,
2010b) and Ca®*-activated small conductance K* channel
blocker NS8593 (Chubanov et al., 2012). A recent study dem-
onstrated that Waixenicin A extracted from soft coral
potently and specifically blocks TRPM7 in a Mg*-dependent
manner (Zierler et al., 2011). Future studies will provide more
information as to whether these exogenous modulators of
TRPM? are useful tools for investigating how manipulation of
TRPM?7 channel activity may achieve therapeutic purpose.

As TRPM?7 is involved in various cellular processes and
physiological functions, to further understand how TRPM?7 is
modulated in vivo and exerts its potential physiological/
pathological functions, we investigated the effects of two
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bioactive sphingolipids, sphingosine (SPH) and its phosphor-
ylated form sphingosine-1-phosphate (S1P), on TRPM7 cur-
rents over-expressed in HEK293 cells and on endogenous
TRPM?7 currents in cardiac fibroblasts. SPH and S1P are potent
bioactive sphingolipids which are associated with a vast
number of cellular and biological processes such as cell sur-
vival, apoptosis, senescence, differentiation, proliferation,
mitogenesis, inflammation and angiogenesis (Hannun and
Obeid, 2008; Pyne and Pyne, 2010). SPH is a metabolite
generated during the de novo synthesis of cellular sphingoli-
pids (Hannun et al., 2001), and is converted to S1P by sphin-
gosine kinase 1 (SK1) and 2 (SK2). S1P activates a family of five
G protein-coupled receptors, SIPR1-5 (Hannun and Obeid,
2008; Pyne and Pyne, 2010), leading to biological responses
such as proliferation, inflammation, migration and angiogen-
esis. In addition to activation of S1PRs when converted to S1P,
SPH also has its own targets, such as PKC and phospholipase
A2 (Hannun et al., 1986; Pyne and Pyne, 2010). The synthetic
sphingosine analogue FTY720 has been used as an immuno-
suppressant, and has been recently approved by the U.S. Food
and Drug Administration (FDA) as the first oral drug for
multiple sclerosis (Brinkmann et al., 2010; Chun and Brink-
mann, 2011). FTY-720 is phosphorylated in vivo by SK2
(Zemann et al., 2006), and the phosphorylated FTY720-P
binds to S1P receptor (Hannun and Obeid, 2008), causing
aberrant internalization of S1PR1 in T cells (Pham et al., 2008;
Grigorova et al., 2009), thereby preventing their egress from
the lymph (Mandala et al., 2002). Although the clinical effi-
cacy of FTY720 has been assumed to be mediated by its phos-
phorylated form FTY720-P, recent studies have demonstrated
that some effects of FTY720, such as its anti-tumour effects, are
independent of S1P receptor signalling pathways (Azuma
et al., 2003a,b; Pitman et al., 2012). FTY720, but not FTY720-P,
is anti-proliferative in breast and colon cancer in vitro
(Nagaoka et al., 2008). Moreover, FTY720 has other biological
functions that are distinct from those of FTY720-P (Pyne and
Pyne, 2010). For example, FTY720 inhibits phospholipase A2
(Pyne and Pyne, 2010), sphingosine-1-phosphate lyase
(SGPL1) (Bandhuvula et al., 2005), SK1 (Vessey et al., 2007),
and ceramide synthesis (Lahiri et al., 2009), and activates PP2A
and PP2A-like phosphatases (Neviani ef al., 2007; Berdyshev
et al., 2009). FTY720 has exhibited both in vivo and in vitro
functions independent of S1P receptors (Pyne and Pyne,
2010). Therefore, in addition to the functions mediated by
S1PRs, FTY720 may exert physiological, pathological and
therapeutic functions through its own targets.

A previous study has demonstrated that SPH activates
TRPM3 (Grimm et al., 2005) without activating several other
TRP channels. We report here that SPH, but not S1P, is a
potent inhibitor of TRPM7. The structural analogues of SPH,
N,N-dimethyl-D-erythro-sphingosine (DMS) but not cera-
mides, also markedly inhibit TRPM7. Whereas FTY720 inhib-
its TRPM7 with similar potency to SPH, FTY720-P does not
have any effect. We demonstrated that SPH and FTY720 effi-
ciently inhibit TRPM7 by reducing single-channel open prob-
ability in excised inside-out patches, suggesting that SPH and
FTY720 block TRPM7 channel activity independent of intra-
cellular signalling molecules and pathways. Furthermore, we
found that SPH also strongly blocks TRPM6, but not other
TRPM channels such as TRPM2 and TRPM4. Although both
TRPM6 and TRPM7 are potently blocked by SPH, given that
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TRPM? is ubiquitously expressed whereas TRPM6 is limited in
intestine and kidney, it is likely that TRPM7 may serve as a
direct target of SPH and FTY720. Taken together, our results
not only provide a new endogenous modulation mechanism
of TRPM7, but also suggest that TRPM7 is a direct target of
SPH and FTY720, which may contribute to the S1PR-
independent physiological, pathological or therapeutic func-
tions of SPH and FTY720.

Methods

Chemicals

D-erythro-sphingosine (SPH) and D-erythro-sphingosine-1-
phosphate (S1P) were purchased from Sigma (St. Louis, MO,
USA), whereas DMS, N-acetyl-D-erythro-sphingosine (C2-
Cer), N-octanoyl-D-erythro-sphingosine (C8-Cer), FTY720
and FTY720-phosphate were obtained from Cayman Chemi-
cals (Ann Arbor, MI, USA). All the stock solutions were pre-
pared and stored according to the suppliers’ instructions. The
chemicals were dissolved in Tyrode solution to their final
concentrations right before they were used to perfuse the cells.

Cell culture and transfection

A description and characterization of the 293-TRPM?7 cell line
expressing hemagglutinin (HA)-tagged murine TRPM7
(GenBank Accession No. AF376052) was previously described
(Jiang et al., 2005). The over-expression of HA-tagged TRPM7
in 293-TRPM7 cell was induced by the addition of tetracy-
cline (1 mg-mL™) to the growth medium. Cells were grown in
DMEM/Ham'’s F-12 medium supplemented with 10% FBS,
100 U-mL™ penicillin, and 100 mg-mL™" streptomycin at 37°C
in a humidity-controlled incubator with 5% CO,.

TRPM2 and TRPM4 were transiently transfected into HEK-
293 cells for whole-cell current recordings as we previously
reported (Li et al., 2007; Du et al., 2009b). As HEK-293 cells
express endogenous TRPM7 currents with an amplitude of
300-500 pA (Li et al., 2007), we transfected TRPM6 plasmids
into CHOK1 cells for current recording in order to minimize
the influence of TRPM7 on TRPM6 currents (Li et al., 2006).

Human cardiac tissue sample collection
Myocardial samples of the right atria were collected during
cardiac surgery. All procedures involving human tissue use
were approved by the institutional review boards of the Uni-
versity of Connecticut Health Center. Consent was obtained
from patients before tissue harvest. Atrial samples were
obtained from normal sinus rhythm patients (Du et al.,
2010). On excision, the samples were immediately placed in
cold and oxygenated nominally calcium-free HBSS solution
for transport to the laboratory.

Isolation of cardiac fibroblasts from human
atrial samples and mouse heart

All studies involving animals are reported in accordance with
the ARRIVE guidelines for reporting experiments involving
animals (Kilkenny et al., 2010; McGrath et al., 2010). Atrial
samples were minced and incubated in collagenase (150-
200 U-mL™" CLS II, Worthington Biochemical, Freehold, NJ,
USA, 300 U-mg™) in a shaking water bath at 37°C. Isolated cells
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were harvested after each 10 min digestion period. After five
digestion periods, all isolated cells were then centrifuged at
830 ¢ for 10 min. Fibroblasts were re-suspended and cultured
in DMEM media containing 10% FBS, or used freshly for
patch-clamp experiments (Du et al., 2010). Mouse cardiac
fibroblasts were isolated using the same method. The cell
capacitance of human and mouse fibroblasts was between 4
and 8 pF. All procedures used in handling mice were approved
by the Animal Care Committee at the University of Connecti-
cut Health Center in compliance with the Animal Welfare
Assurance.

Electrophysiological recordings

Whole-cell currents of TRPM7 were recorded using an Axo-
patch 200B amplifier. Data were digitized at 5 or 10 kHz, and
digitally filtered off-line at 1 kHz. Patch electrodes were
pulled from borosilicate glass and fire polished to a resistance
of 3-5 MQ when filled with internal solutions for whole-cell
current recordings. Series resistance (Rs) was compensated up
to 90% to reduce series resistance errors to <5 mV. Cells with
Rs bigger than 10 MQ were discarded. All patch-clamp experi-
ments were performed at room temperature (20-25°C).

Whole-cell current recording was described in a previous
report (Jiang et al., 2005). Voltage stimuli lasting for 250 ms
were delivered at 1 s intervals, with voltage ramps ranging
from -120 to +100 mV. A fast perfusion system was used to
exchange extracellular solutions, with complete solution
exchange achieved in about 1-3s. Cells were perfused with
Tyrode solution before and after application of each com-
pound. Unless otherwise stated, each compound was diluted
from the stock solution to the external Tyrode solution and
applied to the cells after TRPM7 current reached steady state.
Compounds were washed out by Tyrode solution once the
maximal effect was observed. The internal pipette solution
for TRPM7 whole-cell current recordings contained (in mM)
145 Cs-methanesulfonate (CsSO3;CHs), 8 NaCl, 10 EGTA, and
10 HEPES, with pH adjusted to 7.2 with CsOH. The standard
extracellular Tyrode’s solution for whole-cell recording con-
tained (mM): 145 NaCl, 5 KCl, 2 CaCl,, 10 HEPES and 10
glucose; pH was adjusted to 7.4 with NaOH.

The pipette solution and extracellular solution for TRPM6
current recordings were the same as those used for TRPM7
current recording (Li et al., 2006). For TRPM2 current record-
ing, 200 uM and 10 uM Ca* were included in the pipette
solution (Du etal., 2009b). For the current recording of
TRPM4, 100 uM free Ca* was included in the pipette solution
(Li et al., 2007).

Single-channel currents were recorded in inside-out
patches as previously described (Du etal.,, 2009a; 2010).
Divalent-free (DVF) solution was used in both internal and
external sides of the patches. The pipette solution contained
(mM): 140 NaSO;CHj3;, 8 NaCl, 10 HEPES, 10 EGTA, 2 EDTA
and 10 glucose (pH 7.4 adjusted with NaOH); and the bath
solution contained (mM): 140 NaSO;CH3, 8 NaCl, 10 EGTA, 2
EDTA and 10 HEPES (pH 7.2 adjusted with NaOH). Chemicals
were diluted in the DVF perfusion solution from the stock
solutions for the inside-out excised patch experiments. The
pipette resistance for single-channel recordings was 8-10 MQ.

For currents recorded from macropatches, pipette solu-
tion (extracellular solution) contained (mM): 145 NaCl, 5
KCl, 2 CaCl,, 10 HEPES and 10 glucose; pH was adjusted to



7.4 with NaOH; and the DVF bath solution (intracellular
solution) contained (mM): 140 NaSO3;CH3;, 8 NaCl, 10 EGTA,
2 EDTA and 10 HEPES (pH 7.2 adjusted with NaOH). Experi-
ments were conducted using pipette with resistance between
2 and 3 MQ.

Data analysis

Data were analysed using Clampfit 9.0 (Axon Instruments,
Union City, CA, USA) and GraphPad Prism (GraphPad Soft-
ware, Inc., La Jolla, CA, USA). Averaged data are presented as
mean =+ SE. Dose-response curves were fitted by an equation
of the form E = E.x {1/[1 + (ECs0/C)"]}, where E is the effect at
concentration C, E... is the maximal effect, ECs, is the con-
centration for half-maximal effect, and »n is the Hill coeffi-
cient (Jiang et al., 2005). ECs, is replaced by ICs, if the effect is
an inhibitory effect. Statistical comparisons were made using
two-way ANOvA and two-tailed f-test with Bonferroni correc-
tion; P < 0.05 indicated statistical significance.

Results

SPH is a potent endogenous inhibitor
of TRPM7
TRPM?7 exhibits various physiological/pathological functions
including embryonic development (Jin efal.,, 2008; Rya-
zanova et al. 2010; Liu et al. 2011), neuronal cell death (Aarts
et al., 2003), fibroblast differentiation (Du et al., 2010) and
many other biological functions (Elizondo etal., 200S5;
McNeill et al., 2007; Sahni et al., 2010). In order to under-
stand how TRPM?7 is regulated in vivo, we tested if SPH, an
active endogenous bioactive phospholipid, has any effect
on TRPM7. As shown in Figure 1, currents were elicited in
HEK-293 cells stably expressing TRPM7 by a ramp protocol
ranging from —-100 to +100 mV (Figure 1A). Cells were per-
fused with Tyrode solution before and after being exposed
to the tested compounds. Extracellular application of SPH
at various concentrations significantly inhibited outward
currents (Figure 1A) and inward currents (Figure 1B) in a
concentration-dependent manner. Because TRPM?7 is a strong
outward-rectifying channel, and the inward current ampli-
tude is usually one-tenth to one-fiftieth of the outward
current amplitude, we enlarged the y-axis to show changes of
inward currents in Figure 1B. The time-dependent changes of
outward and inward currents in representative cells exposed
to 0.5 and 1uM SPH are illustrated in Figure 1C,D. The
inward and outward currents were inhibited in parallel, and
the effect of SPH on TRPM7 was reversible, albeit the reversal
process was slow (Figure 1C,D). At 0.5 uM SPH, the time
course for inhibition was slower than that of 1 uM SPH,
whereas recovery from 1puM SPH blockade took a much
longer time than that of 0.5 uM. Because the time course is
too long to see the onset of the blockade (Figure 1D), a graph
with an enlarged x-axis of Figure 1D is shown in Supporting
Information Fig. S1. The rapid block at high concentrations
of SPH is obvious as shown in the panel with the superim-
posed time course (Supporting Information Fig. S1B).
Although it seems that the inward and outward currents
were blocked in parallel (Figure 1C,D), we analysed whether
there was a voltage-dependent block as we previously
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reported (Li et al., 2006). As shown in Figure 1E, the percent-
age inhibition of 1 uM SPH at all the tested voltages was
similar. For example, there was 98.2 + 7.8%, 97.5 = 9.8%,
98.8 = 8.78%, 99.2 * 9/68% inhibition at —-100, —40, +40 and
+100 mV, respectively (inset of Figure 1E), and no statistical
difference in the inhibition was observed at the tested volt-
ages. Because the effects of SPH were non-voltage dependent,
we used the current amplitude measured at +100 mV to
evaluate the blockade of SPH. The inhibitory effect of SPH at
various concentrations is shown in Figure 1F, and the ICs
obtained by the best fit of the dose-response curve was
0.59 uM (Figure 1F). The effect of SPH on TRPM7 seems to be
independent of the kinase domain of TRPM7, because the
kinase truncation mutant of TRPM7 was equally blocked by
SPH (Supporting Information Fig. S2).

SPH is one of the endogenous active phospholipids in the
sphingolipid pathway. There are several structurally related
analogues (Figure 2). Because SPH is generated by the conver-
sion of ceramide, we next tested if the precursor ceramide
has any effect on TRPM7. As shown in Figure 3, neither
C2-Ceramide nor C8-Ceramide produced significant effect on
TRPM7 current amplitude at the concentrations of up to
10 uM (Figure 3). Concentrations higher than 10 uM were not
tested. These results indicate that ceramides at a concentration
10-fold higher than the ICs, of SPH have no effects on TRPM?7.

SPH can be further phosphorylated in vivo by sphingosine
kinases 1 and 2 (SphK 1, SphK 2) to produce sphingosine-1-
phosphate (S1P), a potent bioactive lipid that activates S1P
receptors and exhibits a broad spectrum of biological activi-
ties including cell proliferation, survival, migration, cytoskel-
etal organization and morphogenesis. Thus, we determined
to test whether S1P could directly inhibit TRPM?7 activity. As
shown in Figure 3E,F S1P at 10 uM failed to produce any
noticeable effects on TRPM7 over-expressed in HEK-293 cells,
indicating that SPH, but not its phosphorylated form S1P, is a
potent inhibitor of TRPM?7.

Structurally related analogue of SPH strongly
inhibited TRPM7

The inhibitory effects of SPH, but not S1P or ceramides, on
TRPM?7 suggest that there might be a structure requirement
for SPH to block TRPM7. Therefore, we tested the effects
of other structurally related analogues of SPH on TRPM?7
(Figure 2). DMS is a competitive inhibitor of sphingosine
kinase. Interestingly, we found that DMS completely blocked
TRPM7 currents at 1 uM (Figure 4). Both inward and outward
currents of TRPM7 were efficiently inhibited by DMS
(Figure 4B,C). The ICs, obtained from the best fit of the
concentration-dependent curve was 0.3 uM, similar to the
ICso of SPH on TRPM7.

Effects of FTY720 and FTY720-P on TRPM7

We next tested whether FTY720 inhibits TRPM7 channel
activity. FTY720 (Fingolimod) is a structural analogue of
sphingosine. It is a derivative of myriocin (ISP-1), a fungal
metabolite of the Chinese herb Isaria sinclairii. FTY720 is a
novel immunosuppressive drug investigated in clinical trials
for organ transplantation and has been approved by the FDA
(USA) for multiple sclerosis. Because of its structural analogy
with the naturally occurring lipid sphingosine, cells take up
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Figure 1

Effects of SPH on TRPM7 whole-cell currents recorded in HEK-293 cells over-expressing TRPM7. Cells were perfused with Tyrode solution before
and after exposure to SPH. Currents were elicited by a ramp protocol ranging from —100 to +100 mV. (A) Representative recordings of TRPM7
in the absence and presence of SPH at 0.3, 0.5 and 0.8 uM. Note the large outward current and small inward current, a feature of
outward-rectifying TRPM7. (B) lllustration of changes of inward currents with enlarged y-axis for the recordings shown in (A). Note the inhibition
of TRPM7 inward currents by 0.3, 0.5 and 0.8 uM SPH. (C) Time-dependent changes of TRPM7 outward current measured at +100 mV and inward
current measured at —100 mV before and after 0.5 uM SPH. (D) Time-dependent changes of TRPM7 outward and inward currents before and after
1 uM SPH. Note the slow recovery of TRPM?7 after being completely blocked by 1 uM SPH. (E) Analysis of voltage-dependent effects of SPH on
TRPM?7. The inhibitory effects at all the tested voltages were calculated by subtracting a TRPM7 control trace (Ctl) from a trace recorded after 1 uM
SPH, and then dividing by the Ctl trace: Inhibition = (Icy—Ispn)/lcy. Data points at 0 mV were not included in the ‘E’. Note that the inhibitory effects
at all the voltages are similar. Inset: average inhibition at =100, —-80, —60, —40, —20, +20, +40, +60, +80 and +100 mV, respectively (n = 6). No
statistical difference was observed. (F) Concentration-dependent effects of SPH on TRPM7. The best fit of dose-response curve yielded ICso = 0.59

+ 0.02 uM (n = 6 at each concentration).
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Chemical structure of SPH analogues. SPH: D-erythro-sphingosine;
S1P: D-erythro-sphingosine-1-phosphate; DMS: N,N-dimethyl-D-
erythro-sphingosine; ~ C2-Cer:  N-acetyl-D-erythro-sphingosine;
C8-Cer: N-octanoyl-D-erythro-sphingosine; FTY720: 2-amino-2-
propane-1,3-diol  hydrochloride; ~ FTY720-P:  2-amino-2[2-(4-
octylphenyl)ethyl]-1,3-propanediol, mono dihydrogen phosphate
ester.

FTY720 and phosphorylate it to its bioactive form, FTY720-P.
We tested the effect of both FTY720 and FTY720-P on TRPM7

whole-cell currents recorded in over-expressing HEK293 cells.
As shown in Figure 5, FTY720 was applied to the cell when

SPH and FTY720 are potent TRPM7 blockers

TRPM7 current reached a steady state. At 1uM, FTY720
blocked TRPM7 by 100% (Figure 5SA,B). After washout,
TRPM?7 currents were slowly but fully recovered (Figure 5B).
As both inward and outward currents were blocked, we used
current amplitudes measured at +100 mV to evaluate the
blockade effects. TRPM7 was inhibited in a concentration-
dependent manner (Figure 5C), and the ICs, obtained by the
best fit of the dose-response curve was 0.72 uM (Figure 5D).
In contrast to FTY720, 1 uM FTY720-P did not produce any
inhibition on TRPM7 (data not shown), and 10 uM FTY720-P
did not produce any noticeable change to TRPM7 current
either (Figure SE,F). Therefore, FTY720, but not its phospho-
rylated form, is a strong inhibitor of TRPM?7.

Effects of SPH on single-channel properties

of TRPM7

To understand the mechanism by which SPH or FTY720 inhib-
its TRPM7, we utilized inside-out excised patches to investi-
gate how SPH may influence single-channel properties of
TRPM7. As shown in Figure 6, single-channel currents were
recorded by using DVF solution in the pipette and in the
perfusion solution (Figure 6A). Single-channel conductance
calculated by linear regression of the current amplitudes at
various voltages was 38.3 = 0.9 pS, similar to the conductance
recorded in the CHOK cells over-expressing TRPM?7 (Li et al.,
2006). We next tested the effects of SPH on the single-channel
currents. In the patches where multiple channels were present,
application of 3 uM SPH efficiently closed the channel open-
ings (Figure 7B). However, single-channel current amplitude
was not changed, suggesting that single-channel conductance
was not changed by SPH. The effect of SPH was reversible upon
washout. The effects of 3 uM SPH is similar to the effects
produced by 50 uM MgCl,. The average NP, was reduced from
2.95 £ 0.7 to 0.3 £ 0.16 by 3 uM SPH (Figure 6D), consistent
with the inhibitory effect of SPH on the whole-cell currents.
These results indicate that SPH is a potent blocker which
inhibits TRPM7 channel activity by reducing the open prob-
ability without changing single-channel conductance.

The effects of SPH on TRPM7 single-channel currents
recorded in inside-out patches suggest that SPH can block
TRPM?7 in the absence of other intracellular signalling com-
ponents. We further tested this notion by determining
whether SPH can block TRPM7 currents recorded using mac-
ropatch. As shown in Figure 7A, currents were recorded using
the ramp protocol ranging from -100 to +100 mV. SPH at
1 uM effectively inhibited TRPM7 current, and this effect was
reversible and reproducible (Figure 7A,B). SPH at 1 uM inhib-
ited TRPM7 macropatch currents by 96.7% (Figure 7C), con-
sistent with the results from the whole-cell recordings
(Figure 1). These results indicate that SPH is able to block
TRPM7 channel activity independent of intracellular signal-
ling molecules or pathways.

Effects of SPH on endogenous TRPM7 current
in cardiac fibroblasts

To investigate whether SPH blocks endogenous TRPM7 cur-
rents, we tested the effects of SPH, DMS and FTY720 on
TRPM7 currents in cardiac fibroblasts isolated from human
atrium. As we previously reported, TRPM7 is highly expressed
in cardiac fibroblasts and TRPM7 currents can be readily
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Effects of C2-Cer, C8-Cer and ST1P on TRPM7 whole-cell currents. (A, C, E) Representative recordings of TRPM7 recorded in HEK-293 cells
over-expressing TRPM7 before and after application of 10 uM C2-Cer (A), C8-Cer (C) and S1P (E). (B, D, F) Time-dependent changes of outward
current amplitude measured at +100 mV before and after 10 uM C2-Cer (B), C8-Cer (D) and S1P (F). There was no noticeable change observed
after application of C2-Cer, C8-Cer or S1P (n =5 cells were tested for each compound).

recorded in cardiac fibroblasts (Du et al., 2010). As the closest
homologue of TRPM7, TRPM6 was barely detectable at RNA
level in fibroblasts (Du et al., 2010), and there is no report
demonstrating functional expression of TRPM6 in cardiac
fibroblasts so far. Moreover, TRPM7 shRNA was able to knock
down the outward-rectifying currents in fibroblasts, indicat-
ing that TRPM7 encodes the outward-rectifying current in
cardiac fibroblasts (Du et al.,, 2010). Using the same ramp
protocol as we used previously (Du et al., 2010), TRPM7 cur-
rents were readily recorded in human cardiac fibroblasts
(Figure 8). SPH was applied to the cells when TRPM7 current
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amplitude reached a steady state (Figure 8B). SPH at 1 uM
completely inhibited TRPM7 currents. Like SPH, DMS and
FTY720 also fully inhibited TRPM7 currents recorded in
human atrial fibroblasts at 1 uM (Figure 8). Similar effects of
SPH and FTY720 were also observed in mouse cardiac fibrob-
lasts (Figure 9).

Effects of FTY720 on motility

and proliferation

In order to investigate whether blocking TRPM7 by SPH,
FTY720 and DMS will influence TRPM7-dependent cellular
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DSM potently inhibited TRPM7 channel activity in whole-cell current recordings in the over-expressing HEK-293 cells. (A) Representative
recordings of TRPM7 in the absence and presence of 0.3, 0.5 and 0.8 uM DMS. Cells were perfused with Tyrode solution before and after exposure
to DMS. (B) Changes of inward currents by DMS using an enlarged y-axis. (C) Time-dependent changes of TRPM7 outward current measured at
+100 mV and inward current measured at —100 mV before and after 1 uM DMS. (D) Concentration-dependent effects of DSM on TRPM7. The
inhibition effects were evaluated using the current amplitude measured at +100 mV. The best fit of dose-response curve yielded 1Cso = 0.59 =

0.02 uM (n = 6).

functions, we tested the effects of FTY720 on motility and
proliferation properties of the HEK-293. We used HEK-293
cells because they lack S1P receptors (Lee et al., 1998; Molder-
ings et al., 2007), therefore excluding any effect mediated
by S1P receptors. Moreover, FTY720 is not converted to
FTY720-P in HEK-293 cells (Lahiri et al., 2009). Thus, we
chose FTY720 and FTY720-P for the experiments. As over-
expressing of TRPM7 at high level can cause cell rounding
and detachment (Su etal., 2006), we used HEK-293 cells
without induction of TRPM7 over-expression, as Chubanov
and colleague reported recently (Chubanov etal., 2012).
Although it was apparent that FTY720 can block endogenous
TRPM7 currents in human fibroblasts (Figure 8) and can
inhibit TRPM7 current in HEK-293 cells to almost 100%
(Figure 1E), to ensure that FTY720 is a potent blocker of
endogenous TRPM7 currents in HEK293 cells, we recorded
endogenous TRPM7 currents and tested the effects of FTY720.
We found that the endogenous TRPM7 current in HEK-293
cells can be efficiently blocked by FTY720. At 1 uM FTY720,
endogenous TRPM7 in HEK-293 cells was reduced from 357.4
+ 23.8 pAto 13.9 * 3.7 pA (measured at +100 mV, n =6, P <
0.001). We then went on to use a wound healing assay to

evaluate the motility of the cells. As shown in Figure 10, cells
treated with FTY720 for 24 h exhibited significantly reduced
wound closure speed in comparison to the mock-treated cells
(Ctl), and FTY720-P-treated cells (Figure 10A-C), suggesting
that blocking TRPM?7 inhibits cell motility. For the prolifera-
tion experiments, a statistical significant difference was not
observed after 24 h treatment. Cell number was 34 + 1.9,
40.3 = 1.5 and 39.6 = 1.6 million per dish in mock-treated
(Ctl), FTY720-treated and FTY720-P-treated groups, respec-
tively. However, a statistical difference was obtained after
48 h treatment as shown in Figure 10D, indicating that block-
ing TRPM7 by FTY720 alters cell proliferation properties.

Effects of SPH on other TRP channels

SPH has been demonstrated to activate TRPM3 at micromolar
concentration without activating other TRP channels such as
TRPM2 (Grimm et al., 2005). We next tested whether SPH
exerts inhibitory effects on the other TRPM channels includ-
ing TRPM2, TRPM4 and TRPM6. As shown in Figure 11A,B,
TRPM2 currents were activated by 200 uM ADPR and 10 pM
Ca® included in the pipette solution as we previously
reported (Du et al., 2009a). SPH at 10 uM did not produce any
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Effects of FTY720 and FTY720-P on TRPM7 channel activity evaluated by whole-cell current recording. (A) Blockade effects of T uM FTY720 on
TRPM7 whole-cell current recorded in the HEK-293 cells over-expressing TRPM7. Current recorded at 120 s represents whole-cell current before
FTY720 treatment, and current recorded at 370 s was after FTY720. (B) Time-dependent changes of TRPM7 outward current amplitude measured
at +100 mV and inward current measured at —100 mV before and after T uM FTY720. Currents were completely blocked by 1 uM FTY720 and
fully recovered after washout. (C) Inhibitory effects of FTY720 on TRPM?7 at various concentrations (n = 4-6). (D) Dose-response curve of FTY720

on TRPMY7. The average inhibition at each concentration of FTY720

was obtained by measuring the changes of current amplitude at +100 mV.

Best fit of the dose-response curve yielded an ICso of 0.72 = 0.04 uM. (E) FTY720-P at 10 uM has no effect on TRPM7 currents. (F) TRPM7 current

amplitude measured at +100 mV before and after 10 uM FTY720-P.

effects on TRPM2 currents. However, TRPM2 currents were
readily blocked by 30 uM ACA (Figure 11B). Figure 11C,D
shows the effects of SPH on TRPM4 currents. TRPM4 currents
were elicited by including 100 uM Ca* in the pipette solution
(Figure 11C). NMDG-Cl was applied twice to ensure there was
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Similar results were reproduced in another five cells.

no leak current during the recording (Figure 11D). Applica-
tion of 10 uM SPH did not alter inward or outward current
amplitude of TRPM4. In order to study the effects of SPH on
TRPM6 currents, we transtected TRPM6 plasmids into
CHOKTI cells which have lower endogenous TRPM7 currents.
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Effects of SPH on single-channel properties of TRPM7 recorded in HEK293 cells over-expressing TRPM7. (A) Single-channel current of TRPM7
recorded at different voltages in an inside-out excised patch. (B) Single-channel conductance of TRPM7. Linear regression of the single-channel
current as a function of voltage yielded single-channel conductance of 38.3 + 0.9 pS. (C) Effects of SPH on single-channel current. MgCl, (50 uM)
was applied as a control in inhibiting TRPM7 current. (D) Average NP, before and after application of SPH, and after washout.

TRPM6 currents were recorded using the same pipette solu-
tion for TRPM7 current recording (Figure 11E). Current
amplitude was small in the beginning of the development of
TRPM6 current (Figure 11E,F). To make sure the recorded
current was TRPM6 but not TRPM?7, we applied 200 uM 2-APB
because it is known that 200 uM 2-APB inhibits TRPM7 but
potentiates TRPM6 currents. As shown in Figure 11G, there
was a significant increase in current amplitude after applica-
tion of 200 uM 2-APB, indicating that the recorded current
was indeed TRPM6 current. The effect of 2-APB was quickly
reversed upon washout. When the current amplitude reached
a steady state, 1 uM SPH was applied to the cell. TRPM6
current was markedly inhibited by SPH (Figure 11E-G). The
ICs0 of SPH block on TRPM6 was 0.46 uM, similar to the 1Cs,
of SPH inhibition on TRPM7 currents. Like TRPM?7, the recov-
ery of TRPM6 from SPH block was very slow. The dashed
traces in Figure 11EF are representative traces of recovery
after washout for 7 min. The results shown in Figure 11
suggest that the effect of SPH is relatively specific, as it only

inhibits TRPM6, the closest homologue of TRPM7, but not
other TRPM channels including TRPM2 and TRPM4.

Discussion

We demonstrate several new findings in this study. First, we
found that SPH and FTY720 are potent inhibitors of TRPM?7,
whereas other ceramides, S1P and FTY720-P do not have any
effect on TRPM7 channel activity. Second, it appears that SPH
and FTY720 inhibit TRPM7 channel activity by reducing
single-channel open probability. Third, SPH and FTY720 also
potently block endogenous TRPM7 currents in cardiac fibrob-
lasts. Fourth, blockade of TRPM7 in HEK-293 cells by FTY720
inhibits cell proliferation and migration, two cellular proc-
esses known to be influenced by TRPM?7. Fifth, TRPMS6, the
closest homologue of TRPM?7, is also blocked by SPH, whereas
TRPM2 and TRPM4 are not altered by SPH. It is known that
SPH is a potent bioactive sphingolipid which is involved in
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Figure 7

Effects of SPH on TRPM7 currents recorded by macropatches in
HEK293 cells over-expressing TRPM7. (A) TRPM7 currents recorded
in macropatches using a ramp protocol ranging from -100 to
+100 mV. SPH at 1 uM applied in the bath solution (inside of the cell)
completely inhibited TRPM7 currents. (B) Time-dependent changes
of TRPM7 current amplitude (measured at +100 mV) before and after
1 uM SPH. The effects of SPH are reversible and reproducible. (C)
Average TRPM7 current amplitude before and after 1 uM SPH (n = 6).

o
<

various biological processes, and that FTY720 is an immuno-
suppressant which has been used for multiple sclerosis treat-
ment (Brinkmann, 2007; Brinkmann et al., 2010). Although
clinical efficacy of FTY720 is mostly mediated by convention
to FTY720-P, mounting evidence suggests that FTY720 exerts
in vivo and in vitro functions independent of S1PR pathways
(Azuma et al., 2003a,b; Pitman et al., 2012). Given the inhibi-
tory effects of SPH and FTY720, and the fact that TRPM7 is
ubiquitously expressed in various types of cells and tissues, it
is conceivable that TRPM7 may be a direct target of SPH and
FTY720, thereby mediating S1P-independent physiological/
pathological functions of SPH and FTY720.

SPH is a direct endogenous blocker of TRPM7

We demonstrate in this study that SPH is a strong inhibitor of
TRPM?7. SPH is an active lipid which can be readily converted
to S1P by sphingosine kinase in vivo (Kohama et al., 1998; Liu
et al., 2000). Although S1P could inactivate TRPM?7 by deplet-
ing PIP, through activation of Gg-linked SI1P receptors
(Runnels et al., 2002), several lines of evidence indicate that
SPH blocks TRPM7 independent of S1P receptors. First, in
HEK-293 cells over-expressing TRPM7, TRPM7 current was
readily blocked by the low concentrations of SPH, FTY720
and DMS. However, S1P and FTY720-P did not block TRPM7,
even at 10 pM, as HEK-293 cells do not express S1P receptors
(Molderings et al., 2007). Second, although SPH is a bioactive
molecule which can activate signalling pathways such as
phospholipase A; and phospholipase D (Spiegel and Milstien,
1996), we found that in inside-out excised patches, SPH and
FTY720 completely blocked TRPM7 channel activity whereas
S1P had no effect on single-channel currents. These results
strongly indicate that SPH but not S1P is a direct inhibitor of
TRPM7 which can block TRPM7 in the absence of other
signalling molecules or pathways.

SPH is a potent inhibitor of TRPM7

and TRPM6

We demonstrate that SPH exhibits the most potent inhibitory
effect on TRPM7. The ICso of SPH or FTY720 for inhibiting
TRPM?7 current is in the sub-micromole range, while much
higher concentrations are required for SPH to regulate other
ion channels. For example, Icrac can only be completely
blocked by 10 uM SPH and the ICs, of SPH to block Icrac is
6 UM (Mathes et al., 1998). The ICs, of SPH on ryanodine
receptors ranges from 10 to 40 pM (Sharma et al., 2000). SPH
also blocks cardiac Ca** and Na* currents (McDonough et al.,
1994; Yasui and Palade, 1996) and K* currents (Petrou et al.,
1994), as well as voltage-operated calcium channels in
GH4C1 cells (Titievsky et al., 1998). Although some channels
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Figure 8
Effects of SPH, DMS and FTY720 on endogenous TRPM?7 current in human atrial fibroblasts. (A, C, E) TRPM7 current elicited by a ramp protocol

was blocked by 1 uM SPH (A), DMS (C) and FTY720 (E). (B, D, F) Changes of TRPM7 outward currents before and after application of SPH (B),
DMS (D) and FTY720 (F).

are inhibited by SPH, Grimm and colleague found that SPH is TRPCS, TRPV4, TRPVS, TRPV6 and TRPM2 did not respond to
an activator of TRPM3 (Grimm et al., 2005). The concentra- SPH application (Grimm et al., 2005). We found that SPH can
tion of SPH needed to induce half-maximal Ca* influx block TRPM6 with similar potency to TRPM7, but it has no
through TRPM3 is 12 uM (Grimm et al., 2005). Interestingly, effects on TRPM2 and TRPM4. Thus, the channel kinases
although TRPM3 can be activated by SPH, TRPC3, TRPC4, TRPM6 and TRPM?7 represent the first TRP channels known to
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Inhibition of TRPM7 whole-cell currents by SPH and DMS in mouse cardiac fibroblasts. (A, C) TRPM7 currents before and after SPH (A) and DMS
(C). (B-D) TRPM7 current amplitude before and after 1 uM SPH (B) and DMS (D). Similar results were obtained in five other fibroblasts.

be inhibited by SPH. Most importantly, it appears that SPH
exerts the most potent inhibition on TRPM6 and TRPM7 in
comparison to other ion channels shown to be blocked by
SPH so far.

Mechanism by which SPH blocks TRPM7

We demonstrate that SPH and FTY720 inhibit TRPM7 by
reducing channel open probability without changing single-
channel conductance in inside-out patches (Figure 6). SPH
blocks TRPM7 currents when applied in both extracellular
(Figures 1, 4 and 5) and intracellular (Figures 6 and 7) sides.
However, as SPH is a membrane permeable phospholipid, it is
difficult to exclude its effects from either side. The effect of
SPH on Icrac currents was reported to be mediated exclusively
through inserting the SPH molecule to cell membrane, as
intracellular application did not block Icrac (Mathes et al.,
1998). Unlike Icrac, the effect of SPH on a K* channel (Petrou
et al., 1994) is similar to that on TRPM7. SPH was shown to be
able to block the K" single-channel currents in cell-attached
configurations, as well as in excised patches from both inside-
out and outside-out configurations (Petrou et al., 1994). In
contrast to the effects of SPH on Icrac (Mathes et al., 1998), we
found that the effects of SPH and FTY720 on TRPM7 in the
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inside-out excised patches can be easily and quickly washed
out, suggesting that SPH and FTY720 may exert their effects
from the cytosol side, but not by incorporating into the
membrane. This is consistent with the notion that SPH is able
to diffuse rapidly between cell membranes (Hannun et al.,
2001). Moreover, although the positively charged FTY720
and SPH potently inhibit TRPM7, their phosphorylated ana-
logues FTY720-P and S1P do not have any direct effect on
TRPM?7, which could be due to the fact that the net positive
charge is internally neutralized as the zwitterions in S1P and
FTY720-P (Zheng et al., 2006). We have previously reported
that activation of TRPM7 requires the availability of PIP,
(Runnels et al., 2002; Xie et al., 2011), and depletion of PIP,
inactivates TRPM7. Moreover, it has been demonstrated that
positive charge screening of PIP, inhibits TRPM7 activity
(Kozak et al., 2005). Thus, it is plausible that SPH and FTY720
inhibit TRPM7 channel activity by masking negative charges
of PIP,, thereby inactivating TRPM7 by reducing single-
channel open probability.

Intracellular Mg** and Mg-NTPs have been demonstrated
to play important roles in regulating TRPM7 channel func-
tions (Demeuse et al., 2006). Demeuse and colleagues dem-
onstrated that the C-terminus truncation mutant of TRPM7 is
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Effects of FTY720 on mobility and proliferation of HEK-293 cells. (A) Top: original images taken at O h after wounding in control, 2 uM
FTY-720-treated and 2 uM FTY720-P-treated HEK-293 cells. Bottom: outlines of the wound determined using the program Image]. (B) Images
taken 24 h after wounding (top), and outlines of the wound (bottom) in control, 2 uM FTY-720-treated and 2 uM FTY720-P-treated HEK-293 cells.
(C) Average percentage of area closure assessed 24 h after wounding (n = 6, ***P < 0.001). (D) Effects of FTY720 and FTY720-P on proliferation
of HEK293 cells over-expressing TRPM7. Cells were treated with control, 2 uM FTY720 and 2 uM FTY720-P for 48 h. Average data were from six

independent experiments (n = 6, ***P < 0.001).

more sensitive to Mg?*, and proposed that a Mg*-nucleotide
binding site is at K1648 (Demeuse et al., 2006). In two recent
studies, it has been demonstrated that TRPM7 blockers Waix-
enicin A (Zierler et al., 2011) and NS8593 (Chubanov et al.,
2012) block TRPM7 in a Mg*-dependent manner. As our

experiments were conducted with Mg?**-free pipette solutions,
it seems that Mg* is not required for SPH and FTY720 to
block TRPM7. Additionally, we found that the C-terminus
truncation mutant of TRPM7 which lacks kinase domain
(residues 1501-1863) was equally blocked by SPH (Supporting
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Figure 11

Effects of SPH on TRPM2, TRPM4 and TRPM6. (A-B) Effects of SPH on TRPM2 whole-cell currents recorded in HEK-293 cells. (A) Representative
TRPM2 currents elicited by voltage ramps ranging from —100 to +100 mV under the following conditions: (a) when Tyrode solution was replaced
by NMDG-CI; (b) when current reached steady state (before SPH); (c) in the presence of SPH; (d) after block by 30 uM ACA. (B) Time-dependent
changes of outward and inward currents of TRPM2 after replacement of Tyrode solution with NMDG (a), before (b) and after (c) 10 uM SPH, and
in the presence of 30 uM ACA (d). NMDG was used to ensure that there were no leak currents. The time points labelled with ‘a’, ‘b’, ‘c" and ‘d’
represent the time points when the representative recordings in ‘A" were taken. (C-D) Effects of SPH on TRPM4 whole-cell currents recorded in
HEK-293 cells by voltage ramp protocols. (C) Typical TRPM4 currents recorded after initial phase of activation (a), after second phase of activation,
and when the current reached steady state (b) in the presence of 10 uM SPH (c), and with NMDG-CI to replace Tyrode solution (d). (D)
Time-dependent changes of outward and inward currents of TRPM4 in the absence and presence of 10 uM SPH. NMDG-Cl was applied twice to
eliminate the possibility of involvement of leak currents. The time points labelled with ‘a’, ‘b’, ‘c’ and ‘d’ represent the time points when the
representative recordings in ‘C’ were taken. (E-H) Effects of SPH on TRPM6 whole-cell currents. TRPM6 plasmids were transiently transfected into
CHOKT cells and the currents were elicited by voltage ramps ranging from —120 to +100 mV. (E) Typical TRPM6 recordings in the absence and
presence of 200 uM 2-APB and 1 uM SPH, and after washout SPH. (F) lllustration of the changes in TRPM6 inward currents by the treatments
shown in ‘E’. (G) Time course of TRPM6 activation, potentiation by 2-APB, and inhibition by 1 uM SPH. The inward currents were measured at
—100 mV and outward currents were measured at +100 mV. (H) Average inhibition of TRPM6 at various concentrations of SPH. The best fit of the
dose-response curve yielded an ICso of 0.63 * 0.1 uM (n = 4-6 cells). Note that the effect of SPH was reversible. The dashed traces in (E) and

(F) were recorded after washout for 7 min.
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Information Fig. S2), suggesting that Mg*-nucleotide binding
site K1648 is not necessary for SPH and FTY720-induced
block on TRPM7. Nevertheless, further investigation is
required to understand the detailed mechanism by which
SPH and FTY720 inhibit TRPM6 and TRPM?.

Potential implications

TRPM?7 exerts multiple cellular and physiological functions
via its cation-permeable channel function and perhaps its
kinase function (Aarts et al., 2003; Schmitz et al., 2003; Jin
et al., 2008; Ryazanova et al., 2010; Low et al., 2011; Middel-
beek et al., 2012). We demonstrated here that the bioactive
phospholipids SPH and FTP720, but not the phosphorylated
S1P or FTY720-P, potently blocked both inward and outward
currents of TRPM7 (Figures 1 and 5), suggesting that inhibi-
tion of TRPM7 by SPH and FTY720 can generate cellular and
physiological consequence. Indeed, HEK293 cells treated
with FTY720 displayed significantly reduced proliferation
and migration abilities (Figure 10). The concentrations of
SPH and FTY720 needed to block TRPM7 are in the submi-
cromolar range, similar to the plasma concentrations of S1P
invivo (0.19-0.7 uM) (Igarashi and Yatomi, 1998; Kihara et al.,
2007), and the concentrations of FTY720 for generating anti-
cancer effects in vivo and in vitro (~2 to 10 uM) (Azuma et al.,
2003a,b; Lee et al., 2005; Nagaoka et al., 2008). The circulat-
ing concentration of SPH in plasma is in the nanomolar range
(Knapp et al., 2005), but the local concentration of SPH in
cells and tissues can reach up to 268 uM (Arikawa et al.,
2002). SPH production can be increased by stimuli such as
PDGF (Coroneos et al., 1995) and apoptosis process (Suzuki
et al., 2004). The concentration of FTY720 for multiple scle-
rosis is at nanomolar levels, ranging from 35 to 53 nM
for patients receiving the dosages of 1.25 and 5 mg-day™
(Kovarik et al., 2004). Therefore, it is likely that the SPH
concentrations in vivo and the therapeutic concentrations of
FTY720 for anti-cancer can effectively block TRPM7 currents.

FTY720 has two major functions: immunosuppressive
effect and anti-cancer effect. Although the immunosuppres-
sive effect is mainly mediated by FTY720-P through S1PRs,
there are increasing amounts of evidence demonstrating that
S1PR-independent effects play a major role in the anti-cancer
function of FTY720 (Lee et al., 2005; Nagaoka et al., 2008;
Pyne and Pyne, 2010). For example, it was demonstrated that
FTY720, but not FTY720-P, was efficient in prevention of
breast cancer metastasis in a mouse model (Azuma et al.,
2003b). Interestingly, it has been recently demonstrated that
TRPM?7 is required for breast cancer cell metastasis (Middel-
beek et al., 2012). It is promising that future investigations
may reveal the potential link between the anti-cancer effects
of FTY720 and its inhibitory effects on TRPM?7.

In summary, this is the first study demonstrating that an
endogenous signalling phospholipid, SPH, is a potent inhibi-
tor of TRPM7. TRPM7 is a unique protein with both ion
channel and protein kinase functions (Nadler et al., 2001;
Runnels et al., 2001; Yamaguchi et al., 2001). Although its
physiological/pathological functions are still not fully under-
stood, recent studies have revealed that TRPM7 is essential in
a variety of physiological/pathological functions (Clapham,
2003; Runnels, 2010). Thus, understanding the inhibitory
effects of SPH on TRPM7 may help towards a better under-
standing of the physiological and pathological functions of

SPH and FTY720 are potent TRPM7 blockers

TRPM?7. Moreover, like SPH, FTY720 can also potently inhibit
TRPM7. Although FTY720 exerts its immunosuppressive
effects through its active metabolite FTY720-P, FTY720 also
exhibits direct effects on multiple signalling pathways (Xin
et al., 2007; Pyne and Pyne, 2010) as SPH does (Hannun and
Obeid, 2008). Furthermore, we have previously demonstrated
that activation of G¢-linked S1P receptors to deplete PIP, can
completely inactivate TRPM?7 in cardiac fibroblasts (Runnels
et al., 2002). Therefore, as a direct target of FTY720 and SPH,
and an indirect target of S1P and FTY720-P via Gg-linked
receptors, TRPM7 may serve as an important mediator of the
physiological/pathological functions of SPH and FTY720,
especially those independent of S1P signalling pathways.
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Figure S1 Time course of SPH blockade on TRPM7. (A) The
onset of 1 uM SPH block on TRPM?7 is illustrated with an
enlarged x-axis. The data in this panel are from the same
recording shown in Figure 1D. (B) Superimposed time course
of block by 0.5 and 1 uM SPH. Changes of currents at 0.5 and
1 uM SPH with time are shown as normalized currents to the
maximal current amplitude of each concentration.

Figure $2 Effects of SPH on TRPM7 kinase truncation
mutant (TRPM7-Trunc). Whole-cell currents were recorded in
HEK-293 cells transiently transfected with TRPM7-Trunc plas-
mids. The TRPM7-Trunc was constructed by replacing the
codon encoding serine 1501 with a stop codon. So the
TRPM7-Trunc lacks residues 1501-1863. (A) Representative
recordings of TRPM7-Trunc in the absence and presence of
1uM SPH, as well as after washout. (B) Time-dependent
changes of inward currents measured at -100 mV and
outward currents measured at +100 mV before and after
application of SPH. (C) Concentration-dependent effects of
SPH on TRPM7-Trunc (n = 4-5 cells at each concentration).
The ICs, obtained by the best fit of the dose-response curve
was 0.46 = 0.12 uM.



