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Key points

e The Mg®’" and Ca’" conducting transient receptor potential melastatin 7 (TRPM?7)
channel-enzyme (chanzyme) has been implicated in immune cell function.

® Mice heterozygous for a TRPM7 kinase deletion are hyperallergic, while mice with a single
point mutation at amino acid 1648, silencing kinase activity, are not.

e As mast cell mediators trigger allergic reactions, we here determine the function of TRPM7 in
mast cell degranulation and histamine release.

e Qur data establish that TRPM?7 kinase activity regulates mast cell degranulation and release of
histamine independently of TRPM7 channel function.

e Our findings suggest a regulatory role of TRPM?7 kinase activity on intracellular Ca*" and
extracellular Mg”" sensitivity of mast cell degranulation.

Abstract Transient receptor potential melastatin 7 (TRPM7) is a divalent ion channel
with a C-terminally located «-kinase. Mice heterozygous for a TRPM7 kinase deletion
(TRPM7+/2X) are hypomagnesaemic and hyperallergic. In contrast, mice carrying a single
point mutation at amino acid 1648, which silences TRPM7 kinase activity (TRPM7XR),
are not hyperallergic and are resistant to systemic magnesium (Mg®") deprivation. Since
allergic reactions are triggered by mast cell-mediated histamine release, we investigated
the function of TRPM7 on mast cell degranulation and histamine release using wild-type
(TRPM7+/+), TRPM7%/2K and TRPM7XR mice. We found that degranulation and histamine
release proceeded independently of TRPM7 channel function. Furthermore, extracellular Mg**
assured unperturbed IgE-DNP-dependent exocytosis, independently of TRPM7. However,
impairment of TRPM7 kinase function suppressed IgE-DNP-dependent exocytosis, slowed the
cellular degranulation rate, and diminished the sensitivity to intracellular calcium (Ca?*) in
G protein-induced exocytosis. In addition, G protein-coupled receptor (GPCR) stimulation
revealed strong suppression of histamine release, whereas removal of extracellular Mg”" caused
the phenotype to revert. We conclude that the TRPM?7 kinase activity regulates murine mast cell
degranulation by changing its sensitivity to intracellular Ca’" and affecting granular mobility
and/or histamine contents.
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Introduction

Magnesium (Mg”*") is a required cofactor of many
fundamental cellular reactions, including enzymatic
reactions and G protein-mediated signalling (Killilea &
Maier, 2008; Wolf & Trapani, 2008). Mg2+ also seems
to play a role in immunological functions such as
granulocyte oxidative burst, lymphocyte proliferation and
endotoxin binding to monocytes (Johnson et al. 1980).
Hypomagnesaemic rats show exacerbated inflammatory
response to endotoxins (Malpuech-Brugere et al. 2000;
Nakagawa et al. 2001), increased numbers of white blood
cells (Mazur et al. 2007) and increased production of
interleukin-1 (IL-1), tumour necrosis factor-o (TNF-a),
interferon-y (IFN-y) and substance P (Weglicki & Phillips,
1992; Weglicki et al. 1992, 1994; Rude et al. 2005).
In addition, Mg?* deficiency in rats has been linked
to increased plasma histamine levels originating from
degranulation of mast cells (Kraeuter & Schwartz, 1980).

Cellular Mg*" homeostasis is critically dependent on
the ubiquitously expressed transient receptor potential
melastatin 7 (TRPM?7) ion channel (Nadler et al. 2001;
Schmitz et al. 2003, 2004). TRPM?7 is a bifunctional protein
composed of a channel domain (TRPM?7 channel) and an
a-kinase domain (TRPM?7 kinase) (Nadler et al. 2001;
Runnels et al. 2001; Yamaguchi et al. 2001; Schmitz et al.
2003; Ryazanova et al. 2004). Annexin 1, myosin IIA
and phospholipase Cy2 are known in vitro substrates of
the TRPM?7 kinase (Dorovkov & Ryazanov, 2004; Clark
et al. 2008; Deason-Towne et al. 2012). Regulation of
gene transcription via histone modifications has also been
attributed to TRPM7 kinase (Krapivinsky et al. 2014). The
homeostatic TRPM?7 ion channel is negatively inhibited
by the synergistic interactions of cytosolic Mg*™ and
Mg-nucleotides (Nadler et al. 2001; Schmitz et al. 2003,
2004) and by polyamines (Kozak et al. 2005).

The TRPM?7 channel-kinase plays a critical role
in embryonic development. Mice homozygous for a
knock-out of the TRPM?7 kinase domain proceed through
a full day of gastrulation before being arrested at
embryonic day 7.5 (Ryazanova et al. 2010). Heterozygous
kinase domain knock-out mice (TRPM71/2K) survive to
adulthood, but manifest lower Mg?>™ bone storage and
Mg?* urine levels when fed with a regular diet. When
placed on low-Mg** diet, TRPM7+/2X mice develop
severe hypomagnesaemia leading to increased mortality
and susceptibility to seizures and limb clasping compared
to wild-type (TRPM7%/%). In addition, TRPM7+/K mice
manifest chemically induced allergic hypersensitivity on
regular Mg diet (Ryazanova et al. 2010), indicating
modified immune responses. Interestingly, muting the
kinase activity (Schmitz et al. 2003; Matsushita et al.
2005) by introducing a strategic point mutation in the
ATP-binding domain (TRPM7X®) does not replicate
the phenotype of TRPM7"/2K mice, but rather leaves
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mice insensitive to conditions
(Ryazanova et al. 2014).

Mast cells have long been considered as key effector
cells in allergic inflammation. Mast cell degranulation in
physiological conditions can be classified into two different
types. One mainly depends on the increase of intracellular
calcium concentration ([Ca’t];) for the initiation of
degranulation without involvement of trimeric G proteins
(Gilfillan & Tkaczyk, 2006; Sagi-Eisenberg, 2007); the
other is mediated by activation of trimeric G proteins,
triggered by the stimulation of G protein-coupled recep-
tors (GPCRs), such as chemokine receptors (Gilfillan &
Tkaczyk, 2006; Kuehn & Gilfillan, 2007). These recep-
tors are strongly dependent on intracellular Mg>*, as
receptor stimulation reduces the concentration of Mg**
required for activation of G proteins by GTP (Birnbaumer
& Birnbaumer, 1995). The chemokine macrophage
inflammatory protein-lee (MIP-1a), for instance, is
produced in mast cells following FceRI aggregation. It
is capable of inducing degranulation via the chemo-
kine receptor CCR1, thus activating trimeric G proteins
(Laffargue et al. 2002; Miyazaki et al. 2005). The neuro-
peptide substance P and other polycationic peptides
stimulate mast cell degranulation receptor independently,
via direct activation of G proteins (Lorenz et al. 1998).

Based on these observations, we examined the putative
role of TRPM7 in degranulation and histamine release
of peritoneal mast cells from TRPM7*/*, TRPM7+/2K
and TRPM7*R mouse models. We found that G
protein-induced mast cell degranulation and histamine
release requires an operative TRPM?7 kinase activity in
primary murine mast cells.

hypomagnesaemic

Methods
Animals

The authors understand the ethical principles under
which The Journal of Physiology operates and certify
that their work complies with The Journal's animal
checklist  (http://www.physoc.org/animal-experiments).
The animal work was conducted under University of
Hawaii Animal Care & Use Committee approved protocol
no. 04-018-9, entitled ‘TRPM Ion Channels in Pancreatic
Beta and Immune Cells’ in accordance with the US Animal
Welfare Act and the National Research Council’s Guide for
the Care and Use of Laboratory Animals. All experiments
involving animals at the LMU in Munich, Germany
were performed in accordance with the EU Animal
Welfare Act and were approved by the local councils
on animal care (permit no. 55.2-1-54-2532-134-13 from
District Government of Upper Bavaria, Germany). The
use of transgenic animals was approved by the University
of Hawaii Institutional Biosafety Committee protocol
no. 15-08-213-02-3R, entitled “TRPM Ion Channels in

© 2015 The Authors. The Journal of Physiology © 2015 The Physiological Society
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Transgenic Mouse Tissue’, and by the District Government
of Upper Bavaria, protocol no. 821-8763.14.718/1210,
respectively. Adult female and male wild-type and TRPM7
mutant Mus musculus (TRPM7/2K and TRPM7XR) with
a C57BL/6 background were bred and maintained at the
University of Medicine and Dentistry of New Jersey, Robert
Wood Johnson Medical School, as previously described
(Ryazanova et al. 2010, 2014). Six- to eight-week-old mice
were shipped to the University of Hawaii Animal and
Veterinary Service Program and the animal facility of the
Walther Straub Institute at the LMU Munich. Mice had
unrestricted access to food and water. For mast cell iso-
lation, mice were at least 8 weeks of age with a weight of
at least 20 g. A total of 61 wild-type, 43 TRPM7+/2K and
16TRPM7XR were killed. No animals were excluded, and
there were no unexpected events.

Killing of mice

To isolate peritoneal mast cells, one mouse was killed to
establish a primary cell culture that was viable between
1 and 2 days. The mouse was first anaesthetized by
inhalation of 5% enflurane. After 2 min, anaesthesia was
confirmed by gentle foot pinch reflex. The mouse was
then killed by cervical dislocation while under anaesthesia.
Tissue harvest followed as described (Penner et al. 1987).

Primary cell culture

Cells isolated from the peritoneum of TRPM7t/T,
TRPM7+/2K or TRPM7R mice were pelleted and
apportioned (Cellgro, Mediatech, Manassas, VA, USA)
into Petri dishes with poly-D-lysine-coated glass
coverslips. Cells were cultured in 2 ml Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% fetal
bovine serum (FBS) (HyClone, GE Healthcare) and
1 % penicillin—streptomycin (Gibco) overnight in a
humidified incubator at 37°C and 5% CO,. Mast cells were
identified visually using light microscopy (phase contrast).
For RT-PCR peritoneal mast cells were further sorted
using an «CD117-FITC antibody (BioLegend, San Diego,
CA, USA) and FACSAria III (BD Biosciences, Franklin
Lakes, NJ, USA) at the Cell Sorting Core Facility, Institute
for Cardiovascular Prevention, LMU Muhnchen.

RT-PCR

Total RNA was extracted from fluorescence activated cell
sorting (FACS)-sorted CD1177" peritoneal mast cells as
well as from kidney lysates using the GenElute mamma-
lian total RNA purification kit (Sigma-Aldrich, St Louise,
MO, USA). Prior to RNA extraction, shock frozen
whole-kidney samples were lysed and homogenized in
guanidine thiocyanate and 2-mercaptoethanol (GenElute,
Sigma-Aldrich). First-strand c¢DNA synthesis was
performed by the SuperScript® II reverse transcriptase
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(Invitrogen, Carlsbad, CA, USA). PCR was performed
using REDTaq DNA polymerase (Sigma-Aldrich). To
detect Trpmé6 transcripts we used primers Trpm6—forward
5'-CCAGCTCAAAAGACCCTCACAGATGC-3’ and
Trpm6-reverse 5'-CACACCACATCTTTTCCGACCAG-3'
and the following PCR conditions: 94°C 3 min, 94°C
30s, 56°C 30 s, 72°C 1 min, 35 cycles, 72°C 5 min. Trpm7
transcripts were analysed using primers Trpm7—forward
5'-AGTAATTCAACCTGCCTCAA-3’ and Trpm7-reverse
5'-  ATGGGTATCTCTTCTGTTATGTT-3' with PCR
settings: 94°C 5 min, 94°C 30 s, 50°C 30 s, 72°C 1 min, 35
cycles, 72°C 5 min. Amplified PCR products were 586 bp
for Trpmé6 and 287 bp for Trpm?7.

Electrophysiology

Patch-clamp experiments were performed using the
whole-cell configuration. Currents were elicited by a ramp
protocol from —100 mV to +100 mV over 50 ms, and
acquired at 0.5 Hz and a holding potential of 0 mV.
Inward current amplitudes were determined at —-80 mV,
outward currents at +80 mV and plotted versus time.
Data were normalized to cell size as picoamps per pico-
farad. Capacitance was measured using the automated
capacitance cancellation function of the EPC-9/10 (HEKA,
Lambrecht, Germany). Values over time were normalized
to the cell size measured immediately after whole-cell
break-in. Average cell size at break-in for TRPM7/ cells
in physiological Mg”" external solution was 7.05 4 0.26 pF
(n=46) and in Mg?* -free external solution 6.62 #+ 0.22 pF
(n=47) (P < 0.2). For TRPM71/2K cells the average cell
size at break-in in physiological Mg?*-external solution
was 7.51 £ 0.32 pF (n = 64) and in Mg*"-free external
solution 6.35 4 0.30 pF (n=47) (P < 0.01). For TRPM7X}
cells average cell size at regular Mg” " -external solution was
6.2540.29 pF (n=24) and in Mg*" -free external solution
6.88 +0.29 pF (n=36) (P < 0.08). Standard extracellular
solution contained (in mM): 140 NaCl, 1 CaCl,, 2.8 KClI,
2 MgCl,, 10 Hepes-NaOH, 11 glucose (pH 7.2, 300
mosmol 17!). Nominally Mg”* -free extracellular solution
contained (in mM): 140 NaCl, 3 CaCl,, 2.8 KCI, 0 MgCl,,
10 Hepes-NaOH, 11 glucose (pH 7.2, 300 mosmol 171).
Standard intracellular solution contained (in mm): 140
caesium glutamate (for acquiring TRPM?7 currents) or 140
potassium glutamate (for degranulation experiments),
8 NaCl, 1 MgCl,, 10 Hepes (pH 7.2, 300 mosmol 17!). For
MgCl, and CaCl, dose responses, intracellular solution
contained (in mMm): 120 potassium glutamate, 8 NaCl,
10 EGTA, and an appropriate amount of MgCl, or CaCl,
was added, as calculated with WebMaxC.

Histamine assay

Cells were incubated in external solution containing
2 mm Mg*" or without Mg*" supplement for 1 h
at 37°C and 5% CO,. For IgE stimulation, cells were
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pre-treated with 100 ng ml~! IgE antibody against 2,4-
dinitrophenylated (DNP)-bovine serum albumin (BSA)
in DMEM overnight. The medium was exchanged and
IgE Ab and 100 ng ml~! DNP-BSA was added for another
30 min. Similarly, mast cells were treated with 100 ng ml™!
MIP-1¢ (30 min), 100 uM substance P (30 min). For
inhibition of TRPM7 channel activity, cells were pre-
incubated with 30 uM NS8593 (10 min), followed by
simultaneous treatment with NS8593 and substance
P (30 min). Homogeneous time-resolved fluorescence
(HTRE®) was used to measure histamine release of
differentially stimulated mast cells via a competitive
immunoassay according to the manufacturer’s instru-
ctions (Cisbio Bioassays, Parc Marcel Boiteux, Codolet,
France; HTRF histamine assay cat. no. 62HTMPEB)
(Claret et al. 2003). For sensitivity 100 readings were
performed. Assay samples were prepared as triplets.

Immunofluorescence staining and confocal
microscopy

Primary mouse peritoneal cells grown on glass coverslips
were washed with Dulbecco’s phosphate-buffered saline
(DPBS) and fixed with 2% paraformaldehyde (PFA)
(37°C) for 15 min at room temperature. Afterwards,
cells were permeabilized with 0.2% Triton X-100 for
5 min at room temperature. Unspecific binding sites were
blocked with 50 wul of FcR Blocking Reagent (Miltenyi
Biotec GmbH, Bergisch Gladbach, Germany) (2.4:100)
for 30 min at 37°C, followed by 2% BSA, 5% normal
goat serum (NGS) in DPBS for 1 h at room temperature.
Thereafter, cells were stained with a rat anti-TRPM7 anti-
body (kindly provided by T. Gudermann and V. Chubanov,
Walther Straub Institute of Pharmacology and Toxicology,
LMU Munich, Germany) (Chubanov et al. 2007), diluted
1:600 in blocking solution, for 1.5 h at 37°C and a
detecting antibody conjugated with Alexa 658 or Alexa
488 (goat anti-rat, Molecular Probes, 1:1200 in PBS)
for 40 min at 37°C. Cells were visualized via confocal
microscopy (LSM510, Zeiss) using z-stack imaging and
a plan-apochromat x 63/1.4 oil DIC objective with optical
zoom of 3. Stacks ranged between 1.5 and 2 pum. The
pinhole diameter was set to yield optical sections of
1.5 um. For excitation, the 488 nm wavelength of an argon
laser and 633 nm wavelengths of two helium—neon lasers
were used. Emission was detected with band pass (BP)
505-530 nm and LP655 nm filters. Images were analysed
using Zeiss LSM Image Browser (Carl Zeiss) and Image]J
(Research Services Branch, NIMH).

Rate analysis

For the capacitance fit, the following fit function was used:
f (%) = cinitial + (Cinitial X (Cmax — 1)
X(l - eXP(— (tdelay) /.L_))n),
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where ¢piiar i the initial capacitance normalized to ¢,
Cmax 1S the degranulation amplitude normalized to ¢,
¢ is the capacitance at time point 0, is the time in seconds.
For the dose response fit we applied following formula:

f (X) = (ymin + (ymax - ymin) X (1/ (1 + (KD/X)H)))a

with x representing the concentration, K the dissociation
constant, and # the exponent.

Statistical analysis

Unless stated otherwise, data represent the mean of
individual experiments + standard error of mean (SEM).
An unpaired Student’s ¢ test was applied for significance
analysis and P < 0.05 was considered as statistically
significant (*) and P < 0.01 as highly significant (**). Data
represent the mean of individual cells &= SEM.

Results

Disruption of TRPM7 function perturbs G
protein-induced mast cell degranulation

We have previously reported that heterozygous
TRPM7+/2X mice have significantly reduced TRPM7
channel activity, are hypomagnesaemic, and are more
susceptible to allergic reactions (Ryazanova et al. 2010).
We asked now whether the hyperallergic phenotype was
due to a reduced availability of systemic magnesium
(Mg’") or whether it was the result of dysfunctional mast
cell degranulation caused by the disruption of TRPM7
function in the TRPM7+/2X mice.

Allergic reactions are triggered by IgE-dependent mast
cell degranulation (Ma & Beaven, 2009). We therefore
investigated Ca’"-induced degranulation in primary peri-
toneal mouse mast cells isolated from TRPM7*/* and
TRPM7+/2X mice. We measured fusion of mast cell
granules to the plasma membrane using the whole-cell
configuration of the patch-clamp technique, which allows
assessing vesicle fusion-induced changes in capacitance of
single cells via the automated capacitance compensation
feature of the EPC amplifier (see Methods).

Peritoneal mast cells were perfused with internal
standard potassium glutamate solution (see Methods).
Cells were maintained in an external standard
sodium-based solution containing 1 mm CaCl, and 2 mm
MgCl,. Internal calcium ([Ca®"];) was clamped to a fixed
value of 1 M using an appropriate mixture of CaCl, and
EGTA (see Methods). After whole-cell break-in, automatic
capacitance compensation was performed at a frequency
of 0.5 Hz. The initial value of cell capacitance obtained
after break-in was used to normalize the experimental
data to 1. Data were then averaged and plotted over the
time of the experiment. We found that 1 um [Ca?'];
triggered exocytosis in both animal models to a similar

© 2015 The Authors. The Journal of Physiology © 2015 The Physiological Society
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extent, reaching a plateau at 200 s with an ~30% increase
in cell size due to degranulation (Fig. 1A and B).

Mast cell degranulation can also be triggered by G
protein activation (Penner & Neher, 1988; Pinxteren et al.
2000). In mice, G protein-induced mast cell degranulation
is Ca’" dependent (Aridor et al. 1993). Stimulation of
G protein-mediated exocytosis by supplementing the in-
ternal solution with 100 M GTPyS with [Ca**]; buffered
to 600 nM enhanced mast cell degranulation in wild-type
cells 5-fold compared to 1 um [Ca*"]; alone (Fig. 1B
and C). However, degranulation in TRPM7%/2K mast
cells under these conditions was significantly suppressed
compared to wild-type (Fig. 1C; P < 0.025). These data
indicate that TRPM?7 contributes to G protein-induced
mast cell degranulation in mice.

Plasma membrane currents in wild-type and TRPM7
mutant peritoneal mast cells

The disruption of G protein-induced exocytosis observed
in TRPM7"/2X mice could be due to a reduction in
TRPM7 expression, reduced TRPM7 channel activity,
or impaired kinase function (Ryazanova et al. 2010).
In addition, the mouse model is not homozygous for
the kinase deletion, and thus some phosphotransferase
activity might remain. To investigate this, we took
advantage of an additional mouse model homozygous
for a point mutation at amino acid position 1646, where
lysine (K) is replaced with arginine (R) (TRPM7XR®). This
mutation effectively inactivates the phosphotransferase
activity of the TRPM7 kinase (Schmitz et al. 2003; Kaitsuka
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et al. 2014), while preserving the ion channel function,
as assessed in embryonic fibroblasts (Ryazanova et al.
2014) as well as in peritoneal macrophages (Kaitsuka et al.
2014). Unlike mice homozygous for a complete removal of
the kinase domain (TRPM72K2K mice), TRPM7XR mice
survive into adulthood (Kaitsuka er al. 2014; Ryazanova
etal 2014).

To measure the expression of TRPM7 and its closely
related sister channel-enzyme, TRPMS6, in purified
murine mast cells we performed RT-PCR. Figure 2A
demonstrates that TRPM7 is expressed in primary peri-
toneal mast cells, while TRPM6 transcripts are not
detectable. On the other hand, both TRPM7 and
TRPM6 transcripts are readily detectable in kidney
lysates (Fig. 2A). Further, we labelled TRPM7 immuno-
cytochemically (Chubanov et al. 2007) and analysed
fluorescence signals in peritoneal mast cells using
confocal microscopy. Figure 2B confirms the pre-
sence of TRPM7 protein in mast cells derived from
TRPM7'"*, TRPM7*/2X and TRPM7*R. Whole-cell
patch-clamp studies corroborated this finding (Fig. 2B
and C). Confirming our previous results and similarly
to embryonic stem cells (Ryazanova et al. 2010), TRPM7
current amplitudes are reduced by half in TRPM7+/4K
mast cells (Fig. 2C left and middle panels). Just as in
embryonic fibroblasts (Ryazanova et al. 2014) as well
as in peritoneal macrophages (Kaitsuka et al. 2014),
TRPM7 current activity in TRPM7XR mast cells is
identical to TRPM7"/* (Fig. 2C right panel). We also
observed no differences in channel activation kinetics or
current amplitudes when depleting intracellular Mg**

B C
14 - " & 4091uM[Ca"] E 200 -
-~TRPM7 < ' ~
Rk ~ = [ 100uMGTPYS
&) ] H § l ] § 150 - 600 nM [Ca™";
2 I I J
© NS >
S 12 g 20 g 100 [
€ c c ]
c %?t{ S S 50
rimg 2+ & & ]
047 TWMIC) 8 S 9
0 100 200 < ++ +/AK < ++ +/AK

time (s)

Figure 1. Suppression of G protein-induced degranulation in murine mast cells derived from

heterozygous TRPM7+/2K animals

A, average normalized capacitance measurements of Ca2*t-induced exocytosis (1 um [Ca%t];) in TRPM7++ black
circles) compared to TRPM71/2K (red squares) mast cells (n = 3-12). Capacitance as an estimate of cell size (in pF)
was measured every 2 s using the capacitance cancellation function of the EPC9. The initial capacitance measured
immediately after whole-cell break-in was used to normalize subsequent values, and was averaged and plotted
versus time of the experiment. Intracellular Ca?* concentration was clamped using the appropriate amount of
EGTA and CaCl, (see Methods). B, percentage change in normalized degranulation amplitude of data in Fig 1A.
Percentage change was assessed by subtracting the baseline of 1 from the data points at 200 s, and multiplying by
100 to achieve percentage values. Degranulation amplitude is plotted at 200 s into the experiment as percentage
change in capacitance with error bars indicating SEM. C, percentage change in average degranulation amplitude
of GTPyS-induced exocytosis (100 um) and 600 nm [Ca2t]; in TRRM7++ (black bars) and TRPM7+/2K (red bars)
mast cells (n = 7-12) 200 s into the experiment. Statistical significance is indicated by the asterisk above the bars

(P <0.025).

© 2015 The Authors. The Journal of Physiology © 2015 The Physiological Society
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and MgATP (Fig. 2B and C; Ryazanova et al. 2010).
These data suggest that TRPM?7 kinase activity does not
affect TRPM7 channel function and kinetics in mast cells,
similar to embryonic fibroblasts. Thus, TRPM7*R-derived
mast cells provide a unique cellular model to further
study the mechanism on how TRPM?7 is regulating G
protein-induced murine mast cell degranulation.

TRPM7 kinase sensitizes G protein-triggered
degranulation to [CaZt];

First, we established the [Ca’"]; dependence of G
protein-induced degranulation in all three mouse models
by perfusing mast cells with 100 um GTPyS under

A CD117* peritoneal mast cells

TRPM6 TRPM7

Ho0;

O

12 300 - PA

| TRPM7++

5
200 -

£ J@ - TRPM7*"
s 7 -e TRPM7® 100 4
o

1 e T 1 d??‘—ﬁ

0 250 500 -1

time (s)
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increasing [Ca’"]; concentrations (Fig. 3). In TRPM7*/*+
mast cells, GTPyS induced exocytosis only above 300 nm
[Ca**];, with an apparent ECsy for [Ca’T]; of 400 nm
and a steep Hill coefficient of 9, indicating an all-or-none
response of degranulation under these conditions (Fig. 3C,
open black circles).

Parallel experiments in TRPM7+/2X and TRPM7XR
mast cells revealed similar threshold levels for
degranulation (Fig. 3C). However, G protein-induced
mast cell degranulation at 600 nm [Ca®"]; was strongly
suppressed in both mouse models compared to wild-type:
by 50% in TRPM7+/4K mast cells (P < 0.027, Figs 1Cand
3Aand C) and by 60% in TRPM7*R mast cells (P < 0.022;
Fig. 3A and C). Thus, G protein-mediated degranulation

Kidney

TRPM6 TRPM7

Ho0;

== 586 bp

== 287 bp

TRPM7XR

100

300 4 PA 300 - PA
TRPM7+AK | TRPM7XR
200 - 200 -
100 - 100 -
/mv mV
— i
—10% 100 —1&0 100

Figure 2. Expression and TRPM7 currents in wild-type and TRPM7 mutant peritoneal mast cells

A, RT-PCR analysis of TRPM6 and TRPM7 from FACS-sorted CD117% peritoneal mast cells (left) as well as from
kidney lysates (right). A 100 kb ladder was used as a marker. Note that unlike in kidney controls, TRPM®6 expression
is absent in murine peritoneal mast cells. B, TRPM7 staining of TRPM7+/+, TRPM7+/2K and TRPM7K1646R (TRPM7KR)
mast cells. Scale bar indicates 5 um. Note that TRPM7 expression pattern is similar in the three mouse phenotypes.
C, TRPM7 current development in mast cells isolated from TRPM7+/* (black circles, n = 8) and TRPM7 R (blue
circles, n = 6) mice. Cells were perfused with l\/Ig“—free caesium glutamate internal solution (120 mm caesium
glutamate, 5 mm EDTA plus 10 mm EGTA) to trigger optimal ion channel activation. Currents were elicited
as described in Methods. D, current-voltage relationships (/-V) of representative mast cells for TRPM7++ (black),
TRPM7+/2K (red) and TRPM7XR (blue) mutant extracted at 400 s. Note that in TRPM7+/2K_derived cells, TRPM7-like

currents are strongly reduced as previously reported elsewhere (Ryazanova et al. 2010).

© 2015 The Authors. The Journal of Physiology © 2015 The Physiological Society
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in the TRPM7 mutant mice has a more graded sensitivity
to [Ca’"]; changes compared to wild-type, effectively
shifting both their EC5y by about 300 nMm to the right
(Fig. 3C). The analysis of the rate of release (see Methods
for capacitance fit function) in all three mouse models
revealed that a disruption of normal TRPM7 function
not only desensitized G protein-induced degranulation to
[Ca®T];, but also slowed the rate of release compared to
wild-type (Fig. 3B). This was most apparent in TRPM7X}
mast cells, effectively slowing degranulation by more
than 100% (P < 0.056). These findings indicate that the
TRPM?7 kinase activity is involved in G protein-induced
degranulation by slowing the rate of degranulation and
shifting its sensitivity to [Ca®"]; within its physiological
range in murine peritoneal mast cells.

TRPM7 kinase is essential for functional G protein
coupled receptor-activated histamine release

Next, we asked whether the reduced sensitivity of
G protein-induced mast cell degranulation, as seen
in whole-cell experiments using the TRPM7 mouse
mutants, would also have physiological consequences
for histamine release. Mast cells will release histamine
upon G protein-linked agonist stimulation through
MIP-la and substance P (Miyazaki et al. 2005;
Bischoff, 2007). Thus, we induced histamine release
in mast cells isolated from our three mouse models,
TRPM7*/*, TRPM7/2K andTRPM7XR, with either
100 nm MIP-lo or 10 uM substance P using a
homogeneous time-resolved fluorescence (HTRF) system.
Histamine was measured by competitive enzyme-linked
immunosorbent assay (ELISA) (Claret et al. 2003). Cells
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were incubated in 500 ul external solution supplemented
with 2 mM Mg?*. For quantification we normalized the
measured histamine release to the spontaneous release
of respective resting controls. Our results show that
both mouse mutants TRPM7*/2X andTRPM7XR had
significantly suppressed histamine release compared to
control when exposed to 100 nm MIP-la (Fig. 4A;
P < 0.0065 (TRPM71/*/TRPM71/2K) and P < 0.0033
(TRPM7+/*/TRPM7XR)) or 10 uM substance P (Fig. 4B;
P < 0.003 (TRPM7"/*/TRPM7+/2X) and P < 0.041
(TRPM7/+/TRPM7XR)).

Since TRPM7X® mice are not hypomagnesaemic, but
TRPM7/2K mice are, we next investigated the role of
extracellular Mg?". We repeated the MIP-1a and sub-
stance P experiments on mast cell activation and histamine
release, but this time under nominally free external Mg**
conditions. While the presence or absence of extracellular
Mg** had no influence on histamine release in TRPM7/*+
(see Fig. 4A, B and C, D), the absence of external
Mg?*™ completely eliminated the inhibitory effect on
histamine release seen under normal conditions in both
TRPM7 mutant mast cells. We observed strongly enhanced
histamine release by about 2-fold when using MIP-1«
stimulation (Fig. 4C, P < 0.002 and P < 0.03, respectively).
Substance P also reversed the TRPM7 mutant phenotype,
bringing histamine release back to slightly above wild-type
levels in 0 mm Mg?" conditions (Fig. 4D; P < 0.005 and
P < 0.014, respectively). We conclude that a functionally
disrupted TRPM7 activity sensitizes histamine release to
extracellular Mg? " status in peritoneal murine mast cells.

Finally, we tested whether blocking the channel pore
of TRPM7 would alter substance P-induced histamine
release in wild-type mast cells. Application of the TRPM7
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Figure 3. TRPM7 kinase regulates [Ca2t]; sensitivity of G protein-triggered mast cell degranulation

A, capacitance measurements of 100 um GTPyS-induced exocytosis in the presence of 600 nm clamped [CaZt];
in TRRM7%/* (open black circles, n = 5), TRRM7%/2K (open red squares, n = 5) and TRPM7XR (open blue
squares, n = 6) mast cells. The intracellular solution was buffered to 600 nm [Ca%*]; using EGTA as chelator and
appropriate amounts of CaCl,. Data acquisition and analysis were as in Fig. 1A. B, analysis of the rate of release
assessed from the data in A. P < 0.056 between TRPM7++ and TRPM7XR  C, intracellular Ca?* dependency of G
protein-mediated exocytosis (100 M GTPyS) in TRPM7++ (open black circles, n = 5-10), TRPM7+/2K (red circles,
n = 5-10) and TRPM7XR (blue circles, n = 5-7) mast cells. Same analysis as in A. ECsg and Hill coefficients as
indicated in the panel. [Ca?*]; was clamped using EGTA (10 mwm). Asterisk indicates P < 0.027 for TRPM71/2K and

P < 0.022 for TRPM7KR. Error bars indicate SEM.
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inhibitor NS8593 (30 um) onto fully developed native
TRPM7 currents in wild-type mast cells completely
suppressed current activity (Fig. 4E), and this was
independent of [Mg”*], (Fig. 4F) (Chubanov et al. 2012).
In line with our previous results, no significant difference
was found in substance P-induced histamine release when
blocking TRPM?7 channel activity with NS8593 (Fig. 4G
and H). This provides further evidence that the TRPM7
ion channel function has no direct involvement in mast
cell degranulation and that the observed effect is due to
disrupted TRPM7 kinase activity.

Extracellular Mg?* sensitizes Ca?*-dependent mast
cell degranulation

Our data show that a functionally impaired TRPM7
kinase sensitizes G protein-linked mast cell degranulation

>
v}

E
MIP-100 Substance P

49 4

*

=

+/+ +/AK KR

HH
*

HH

norm. histamine release
[N}
1

norm. histamine release
N
1

+/+ +/AK KR

O
O

MIP-10
0 mM Mg?*
4

Substance P
0 mM Mg?*

2

o..

+/+ +/AK KR

norm. histamine release
norm. histamine release

+/+ +/AK KR

S. Zierler and others

80+
TRPM7+* PA
2 mM Mg?*

— control
—— 30uM NS

o]

J Physiol 594.11

to hypomagnesaemic conditions. However, the data
do not explain our in vivo results of the oxazolone
allergy test, where the heterozygous TRPM7+/2X mouse
manifests a hyper-allergic phenotype, whereas the homo-
zygous TRPM7*R mutant has hypo-allergic tendencies
compared to wild-type (Ryazanova et al. 2010, 2014).
Oxazolone is thought to mimic IgE-DNP-induced mast
cell degranulation mediated through Ca*" signalling
(Kobayashi et al. 2010). We therefore turned our attention
back to Ca*"-induced mast cell degranulation.

Our initial data shown in Fig. 1 indicated that
exocytosis at 1 um [Ca’"]; was identical between
wild-type and TRPM7%/2K mast cell degranulation under
normal Mg?" conditions (2 mm) (Fig. 1A). Furthermore,
no difference was found between TRPM7*/* and
TRPM7+/2X in the graded dose-response behaviour of
Ca’*-dependent degranulation (Fig. 5Cand G). Repeating
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Figure 4. TRPM7 kinase is essential for G protein-coupled receptor-activated histamine release

A-D, histamine release of mast cells from TRPM71/+ (black), TRRM71/2K (red) and TRPM7XR (blue) mutant mice,
normalized to spontaneous release rate at 30 min. Data represent means of at least 3 independent experiments
+ SEM. A, peritoneal cells were stimulated with 100 nmM MIP-1« in the presence of 2 mm Mg?*. TRPM7+/4K
and TRPM7KR were strongly suppressed compared to control (P < 0.033 and 0.0065, respectively). B, peritoneal
cells were stimulated with 10 um substance P in the presence of 2 mm Mg?*t. Histamine release was strongly
suppressed in TRPM7+4K and TRPM7XR compared to control; P < 0034 and 0.041, respectively. C, peritoneal
cells were stimulated with 100 nm MIP-1e in the absence of Mg?* (0 mm). TRPM7+/2K and TRPM7KR histamine
contents both exceeded wild-type by about 100% under these conditions (P < 0.0019 and 0.03, respectively).
D, peritoneal cells were stimulated with 10 um substance P in the absence of Mg?*. E and F, representative
|-V curves extracted from TRPM7+/* peritoneal mast cells perfused with Mg?*-free internal solution (140 mm
potassium glutamate, 10 mm EGTA) in the presence (2 mm Mg?*, A; left) or absence of Mg?+ (0 mm Mg?+,
B; right), before (black trace) or during (grey trace) application of 30 um NS8593, a the potent TRPM7 channel
inhibitor. G and H, G protein-mediated histamine release (100 M substance P) of TRPM7+/* mast cells with (open
bars) and without (filled bars) the presence of external MgZ*. Note that inhibition of channel activity using 30 um
NS8593 does not affect quantity nor Mg?+ sensitivity of histamine release (black vs. grey bars).
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Figure 5. Extracellular Mg?* regulates Ca?t-dependent mast cell degranulation

A, average normalized capacitance measurements of 1 uM [Ca?t]i-induced exocytosis of TRPM7++ mast cells, in
normal external solution containing 2 mm Mg?* (black circles) compared to Mg?t-free (open circles) conditions
(n = 5-10). Capacitance as an estimate of cell size (in pF) was measured and plotted as described in Fig. 1. B,
analysis of the rate of release of the experiment in A. Tau was obtained by fitting the data with a capacitance fit
function (see Methods). Asterisk indicates P < 0.02. C, dose response of Ca?*-induced exocytosis of TRPM7+/+
mast cells in the presence (2 mw, filled circles) and absence of Mg2* (open circles) (n = 5-10). [Ca2*]; was clamped
as in A. The maximal capacitance increase (relative degranulation amplitude) is plotted against [Ca®*]; and fitted
via a dose-response fit function (see Methods; n = 5-10). ECsg and Hill coefficients are as indicated in the panel. £,
average normalized capacitance measurements of 1 um [Ca2t]i-induced exocytosis of TRPM7+/AK mast cells kept
in normal external solution (2 mm Mg?*; red filled circles) compared to Mg?*-free (red open circles) conditions
(n = 5-0). Data were acquired and analysed as in A. F, analysis of the time constant (Tau) of the experiment in E.
Tau was obtained as in B. Asterisk indicates P < 0.003. G, dose—response curve of [Ca%*Ji-induced exocytosis of
TRPM7+/2K mast cells in the presence (2 mm, red filled circles) and absence of Mg2* (open circles) (n = 5-9). Note
that upon removal of MgZ* the dose-response curves of both TRPM7*/+ (black) and TRPM71/2K (red) derived
cells shift to an all-or-none fashion. Data were acquired and analysed as C. Error bars indicate SEM. /, average
normalized capacitance measurements of 10 M [Ca2t]i-induced exocytosis of TRPM7XR mast cells kept in normal
external solution (2 mm Mg?t; blue filled circles) compared to Mg?*-free (open circles) conditions (n = 4 each).
Data were acquired and analysed as in A. J, peak degranulation analysed as in B of TRPM7XR mast cells in response
to increasing [Ca*]; concentrations in the presence (blue filled bars) or absence (open bars) of extracellular Mg+
(n = 4-8). Error bars are SEM. K, percentage of TRPM7XR mast cells degranulating in response to [Ca?*t];. D, H
and L, histamine release in TRRM7+/+, TRPM7+/2K or TRPM7XR mast cells was measured via a HTRF® histamine
assay (Cisbio) with or without treatment. Data are presented as mean of three independent experiments and
are normalized to the respective untreated controls (spontaneous histamine release). Error bars indicate SEM.
IgE-dependent histamine release of TRPM7+/+ (black bars) (D), TRPM71/2K (red bars) (H) or TRPM7XR mast cells
incubated in the presence (open bars) or absence of extracellular Mg?* (filled bars) (L). Cells were incubated
overnight with 100 ng ml~" IgE anti-DNP antibody and further stimulated with 100 ng mI~! DNP-BSA for 30 min.
Note there is no difference in IgE-mediated Ca?*-dependent histamine release between TRPM7+/+, TRPM7H/AK
and TRPM7XR mast cells; however, the removal of external Mg?* resulted in a significant increase in the histamine
secretion of TRPM71/2K cells (P < 0.01).
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these experiments with removal of extracellular Mg**
uncovered greatly enhanced mast cell degranulation
kinetics in response to 1 um [Ca?*]; in TRPM7/* and
TRPM7+/2K (Fig. 5A and E open circles). The rate analysis
using a capacitance fit function (see Methods) of these
data showed a significant acceleration of Ca**-induced
degranulation in mast cells from TRPM7*/* and
TRPM7/2K in nominally Mg?* free medium (Fig. 54,
B, D and E; TRPM7%/*: 2.7 times faster, P < 0.05;
TRPM71/2K: 3 times faster, P < 0.002). Removal of
extracellular Mg?™ also turned the graded response of
degranulation into an all-or-none event in TRPM7"/*
and TRPM7+/4K without significantly affecting their
respective ECsg values (Fig. 5C and F).

Intracellular Ca’" stimulation was not effective on
TRPM7XR, regardless of [Mg”"], levels. First, cells
responded in an all-or-none fashion, showing no
degranulation in response to 100 nm and 500 nm [Ca**];
and no clear degranulation pattern between 1 um and
10 um [Ca®"]; (Fig. 51 and J). Second, the degranulation
rate below 10 um [Ca*"]; was irregular, ranging from a
slow linear increase to a fast exponential release pattern,
preventing any meaningful kinetic analysis. Third, not
every cell degranulated, even with maximal stimulation
at 10 uM [Ca?*]; (Fig. 5Iand K).

Removal of Mg?t by itself had no effect on
basal degranulation as assessed by histamine release
using competitive ELISA (data not shown, see
Methods). However, under hypomagnesaemic conditions,
IgE-DNP-induced histamine release was consistently
elevated in all three models, reaching statistical
significance for TRPM7+/2X with P < 0.01 (Fig. 5H). We
conclude that the presumed residual kinase activity in the
heterozygous TRPM7+/2X mice is sufficient to maintain
normal Ca’"-dependent mast cell degranulation.
However, in the absence of TRPM7 phosphotransferase
activity, Ca’"-dependent degranulation is perturbed. In
addition, extracellular Mg*" is involved in regulating
the responsiveness of mouse peritoneal mast cells
to Ca*"-induced degranulation and IgE-DNP-induced
histamine release.

Discussion

Several TRP channels have been implicated in mast
cell function so far, including TRPC1, TRPC5, TRPM4
and TRPM7. TRPM4, for instance, has been suggested
to play an essential role in mast cell activation and
cutaneous anaphylaxis (Freichel et al. 2012). Inhibition
of the TRPM7 channel via siRNA reduced degranulation
and cytokine release in rat bone marrow-derived mast cells
(Huang et al. 2014). The closely related channel-enzyme
TRPMS6, however, is not expressed in human (Wykes
et al. 2007) or murine peritoneal mast cells (Fig. 2A),
indicating that TRPM6 channel or kinase cannot
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compensate for the loss of TRPM7. Here, we have shown
that diminishing the entire channel-kinase function
(TRPM7H/2X) or explicitly inactivating the TRPM7
kinase activity (TRPM7XR) changes the intracellular
calcium ([Ca®"];) sensitivity and histamine release in G
protein receptor-coupled murine mast cell degranulation
independent of channel function. Disrupting normal
TRPM7 kinase activity also significantly sensitizes G
protein-stimulated histamine release to extracellular
Mg?" levels compared to wild-type. Furthermore, an
inactive TRPM7 kinase function reduces the response to
Ca’"-induced exocytosis (TRPM7XR). However, retaining
some TRPM7 kinase activity is sufficient to maintain
normal degranulation by Ca’* (TRPM7+/4K),

TRPM? is expressed in synaptic vesicles of sympathetic
neuronsisolated from rat superior cervical ganglion (SCG)
and forms a molecular complex with the synaptic vesicle
fusion machinery. A dominant-negative pore mutation of
TRPM7 was sufficient to almost completely suppress the
amplitude of excitatory postsynaptic potentials (EPSPs),
indicating that the channel domain of TRPM?7 regulates
the synaptic vesicle-plasma membrane fusion and/or the
amount of neurotransmitter that is released from a single
vesicle (Krapivinsky et al. 2006). In mouse peritoneal mast
cells, TRPM7 channel activity is strongly suppressed in
TRPM7+/2X but not in TRPM7XR (Ryazanova et al. 2010)
(Fig. 2). Yet, neither [Ca*"];-induced degranulation rate,
nor amplitude, nor IgE-DNP-induced histamine release
showed any significant differences between TRPM7"/*
and TRPM71/2K mast cells. In contrast, TRPM7XR
mast cells had disrupted degranulation responses despite
normal TRPM7 currents (Figs 2 and 5). These results likely
exclude involvement of the protein’s channel domain in
[Ca?*];-mediated murine mast cell degranulation.

In rat pheochromocytoma (PC12) cells, TRPM7
locates to small synaptic-like vesicles (SSLVs) (Brauchi
et al. 2008), whose cargo comprises mainly acetyl-
choline (De Camilli, 1991). It has been shown
that TRPM7 co-localizes with the synaptic protein
synaptophysin and co-immunoprecipitates with synapto-
tagmin 1 and synapsin 1 (Krapivinsky et al. 2006).
Suppression of TRPM7 channel activity using the same
dominant-negative pore mutant as in SCG neurons
(Krapivinsky et al. 2006) strongly suppressed spontaneous
as well as stimulated vesicle fusion (Brauchi et al. 2008). On
the other hand, transfecting a TRPM7 kinase dead mutant
into PC12 cells did not alter vesicular fusion frequency,
but instead resulted in higher vesicular mobility (Brauchi
et al. 2008). In mouse peritoneal mast cells isolated
from TRPM7%/2K or TRPM7XR mice, G protein-induced
degranulation exhibited a much longer delay compared to
TRPM7*+'* (Fig. 3), which would agree with a concept of
decreased granular mobility in this particular cell type.
However, TRPM7 channel involvement in G protein-
induced mast cell degranulation can be excluded, since
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TRPM?7 channel activity was completely suppressed in the
presence of 100 um GTPyS (data not shown; Takezawa
et al. 2004), substance P-induced histamine secretion
remained unaffected by the TRPM7 channel inhibitor
NS8593 (Fig. 4), and TRPM7+/ AK currents in mast cells
were strongly suppressed compared to TRPM7*R and
wild-type (Fig. 2).

G protein-induced degranulation in mouse mast cells
depends on some availability of [Ca’]; (Oberhauser
et al. 1996). Our data show that mouse wild-type mast
cells responded steeply to increases in intracellular Ca*"
in the presence of a non-hydrolysable GTP analogue.
However, mast cells derived from our mouse models
with either diminished TRPM7 protein or inactive
kinase function (TRPM7+/2X andTRPM7XR, respectively)
consistently showed a decreased degranulation rate, a
more graded degranulation response with Hill coefficients
of 3 rather than 9, and a right-shifted ECs, of [Ca**];
from 400 nM to 690 nM (Figs 1 and 3). This desensitization
mechanism is reflected also in the significantly reduced
G protein-coupled receptor-mediated histamine release
in mast cells when stimulating with either MIP-1lo or
substance P (Fig. 4). Thus, it seems that the TRPM7
kinase modulates the efficacy with which Ca’" supports
G protein-mediated mast cell degranulation. However,
so far, no in vivo TRPM7 kinase substrates regulating
Ca*" sensitivity or exocytosis have been identified in mast
cells.

Contact hypersensitivity (CHS) to the allergen
oxazolone is mediated through the high-affinity IgE
receptor in murine mast cells (Kobayashi et al. 2010).
Our previous work identified that the heterologous
deletion of the TRPM7 kinase domain (TRPM71/4K)
significantly increased oxazolone-induced CHS in
these mice (Kobayashi et al. 2010). At the same
time, TRPM7*/2K mice manifested hypomagnesaemia
compared to control. In the current study, we could
not detect any difference in IgE-DNP-induced histamine
release or Ca®"-induced mast cell degranulation between
wild-type and TRPM7+/2X mice (Figs 1 and 5). However,
removal of extracellular Mg?" significantly accelerated
the rate of mast cell degranulation, turned the Ca**
response into an ‘all-or-none event), and slightly increased
the histamine release volume, which was significant for
TRPM7+/2K (Fig. 5).Itis therefore likely that the enhanced
CHS phenotype seen in TRPM7%/2X mast cells is due to
the systemic hypomagnesaemia seen in this mouse model
rather than TRPM?7 itself.

In contrast to TRPM7/2K, which might have some
residual kinase activity remaining, complete ablation
of any phosphotransferase activity in the homozygous
TRPM7XR  mutant resulted in slight resistance to
oxazolone-mediated CHS without any effect on systemic
Mg?" status (Ryazanova et al. 2014). TRPM7*R mast cells
displayed perturbed Ca*"-induced degranulation that did
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not, however, directly affect IgE-DNP histamine release
volume (Fig. 5). This indicates some involvement of the
TPRM?7 phosphotransferase activity in the Ca®*-induced
exocytotic process. It appears, however, that as long
as at least some functional TRPM7 kinase activity is
maintained (TRPM71/2K), normal Ca?*-induced mast
cell degranulation remains protected.

Although the fundamental mechanisms of exocytotic
membrane fusion are shared between different cell types,
mast cells have evolved their own specialized mechanisms
to meet their distinct exocytotic needs. The trafficking
of mast cell granules to the cell membrane, for instance,
is organized after the activation of a mast cell, unlike
in neurons, thus resulting in an extensive reorganization
of the cytoskeleton after stimulation, which allows the
granules to dock and fuse with the plasma membrane.
These dynamic changes are regulated by phosphorylation
of myosin IIA, since it is the only myosin isoform pre-
sent in mast cells (Choi et al. 1994). It is likely that the
TRPM7 kinase, being able to phosphorylate myosin IIA
at various sites (Clark ef al. 2006), plays a crucial role
in this process. Alternatively, the kinase could directly
target gene transcription of proteins relevant for exocytosis
and release. It was hypothesized that the kinase tags
itself via autophosphorylation for cell type-specific nuclear
targeting and that a kinase-dead mutant (K1646A) alters
the binding of these target molecules (Krapivinsky et al.
2014). Thus, impairment of proper kinase function could
directly or indirectly affect signalling cascades important
for mast cell responses.

Another target candidate for TRPM?7 kinase is annexin
1 (Dorovkov & Ryazanov, 2004). In resting mast cells
annexin 1 (ANXAI) localizes to the cytoplasmic gran-
ules (Oliani et al. 2000). Even in degranulated mast
cells ANXA1 remains associated with the granule matrix
(Oliani & Perretti, 2001). The expression of this protein is
increased during the inflammatory response in a model
of granulomatous inflammation (Oliani et al 2008).
ANXAL1 is considered an anti-inflammatory molecule
since its expression is upregulated upon glucocorticoid
(dexamethasone) treatment (Oliani et al. 2000) and
compared to control, ANXA1l knock-out mice display
higher mast cell degranulation (Damazo et al. 2006).
Furthermore, phosphorylation of ANXAI1 at Ser5 can
potentially modulate membrane-binding properties of
annexin 1, and thus might regulate insertion of the vesicles
into the plasma membrane (Dorovkov & Ryazanov, 2004).

Recently, TRPM7 kinase has been suggested to be
cleaved from the channel during apoptosis, thus increasing
TRPM7 channel activity, which subsequently is thought to
be essential for apoptosis (Desai et al. 2012). Further, it has
been speculated that TRPM7 kinase affects transcriptional
pathways in the heart, via regulation of transcription
factors. Its cleavage might allow the kinase to act
independently as regulator of transcriptional activity (Sah
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et al. 2013). These exciting hypotheses are currently under
investigation and highlight the potential biological role of
TRPM?7 kinase that could also affect mast cell responses.
In summary, we found that the presence of extracellular
Mg’ hasa stabilizing or protective effect on Ca** -induced
mast cell degranulation independent of TRPM7, providing
a cellular link between Mg®" status and systemic
inflammatory and allergic responses (Malpuech-Brugere
et al. 2000). We propose that the TRPM7 kinase
activity, but not the channel domain, participates in
the regulation of murine mast cell degranulation. A
functional TRPM7 kinase assures proper Ca**-induced
exocytosis and regulates the [Ca’']; and [Mg’t],
sensitivity of G protein-coupled receptor-mediated mast
cell degranulation by changing granular mobility and/or
histamine content. However, in vivo TRPM7 kinase sub-

strates regulating exocytosis in mast cells remain to be
identified.
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