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a  b  s  t  r  a  c  t

Cell  migration  depends  on  the  dynamic  formation  and  turnover  of cell  adhesions  and  is  tightly  controlled
by  actomyosin  contractility  and local  Ca2+ signals.  The  divalent  cation  channel  TRPM7  (Transient  Receptor
Potential  cation  channel,  subfamily  Melastatin,  member  7) has  recently  received much  attention  as  a
regulator  of cell  adhesion,  migration  and  (localized)  Ca2+ signaling.  Overexpression  and  knockdown  of
TRPM7  affects  actomyosin  contractility  and the  formation  of cell adhesions  such  as invadosomes  and
focal  adhesions,  but  the  role  of TRPM7-mediated  Ca2+ signals  herein  is  currently  not  understood.  Using
Total  Internal  Reflection  Fluorescence  (TIRF)  Ca2+ fluorometry  and  a  novel  automated  analysis  routine  we
have addressed  the role  of  Ca2+ in the control  of  invadosome  dynamics  in N1E-115  mouse  neuroblastoma
cells.  We  find  that  TRPM7  promotes  the formation  of  highly  repetitive  and  localized  Ca2+ microdomains
or  “Ca2+ sparking  hotspots”  at the  ventral  plasma  membrane.  Ca2+ sparking  appears  strictly  dependent  on
nvadosome
IRF microscopy
RPM7

extracellular  Ca2+ and  is  abolished  by TRPM7  channel  inhibitors  such  as  waixenicin-A.  TRPM7  inhibition
also  induces  invadosome  dissolution.  However,  invadosome  formation  is  (functionally  and  spatially)
dissociated  from  TRPM7-mediated  Ca2+ sparks.  Rather,  our data  indicate  that  TRPM7  affects  actomyosin
contractility  and  invadosome  formation  independent  of  Ca2+ influx.
. Introduction

Cell migration is driven by the spatiotemporal regulation of cell
dhesions and cytoskeletal contractility [1,2] and it is a promi-
ent feature of cells throughout embryonic development as well
s in adult life. Cell adhesions, such as focal complexes (FCs)
Please cite this article in press as: D. Visser, et al., TRPM7 triggers Ca2+ spa
(2013), http://dx.doi.org/10.1016/j.ceca.2013.09.003

nd focal adhesions (FAs) link the extracellular matrix (ECM) to
he actomyosin cytoskeleton and mediate traction at the leading
dge of migrating cells, whereas their disassembly at the trailing

Abbreviations: 2-APB, 2-aminoethyl diphenylborinate; BK, bradykinin; ECM,
xtracellular matrix; FA, focal adhesion; FC, focal complex; TIRF, Total Internal
eflection Fluorescence (microscopy); TRPM7, Transient Receptor Potential cation
hannel, subfamily Melastatin, member 7.
∗ Corresponding author. Tel.: +31 020 512 1933; fax: +31 020 512 1944.

E-mail address: k.jalink@nki.nl (K. Jalink).

143-4160/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.ceca.2013.09.003
© 2013 Elsevier Ltd. All rights reserved.

edge allows cell detachment and net forward movement [3]. Local
actomyosin contractility is a critical determinant of cell adhesion
dynamics (i.e. formation, turnover and disassembly of adhesive
structures) [1,4] and is under tight control of cellular signals such as
the small GTPases Rho, Rac and Cdc42, [5,6] and Ca2+. For example,
it was  recently proposed that localized Ca2+ signals (termed Ca2+

sparks or flickers) control lamellipodium protrusion and retraction
and determine the direction of cell migration [7,8].

While much of what we  know about dynamic control of cell
adhesions has been learned from studies on FCs and FAs, more
recently invadosome-type adhesions have become the subject
of intense study. Invadosomes is a collective term that covers
both podosomes in monocyte-derived cells and the closely related
rks and invadosome formation in neuroblastoma cells, Cell Calcium

invadopodia in tumor cells [9]. Like FAs, these structures con-
nect the cellular cytoskeleton to the ECM and sense mechanical
forces [10], but they distinguish themselves by the ability to
degrade ECM-components so as to facilitate cell invasion [9,11].

dx.doi.org/10.1016/j.ceca.2013.09.003
dx.doi.org/10.1016/j.ceca.2013.09.003
http://www.sciencedirect.com/science/journal/01434160
http://www.elsevier.com/locate/ceca
mailto:k.jalink@nki.nl
dx.doi.org/10.1016/j.ceca.2013.09.003
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nvadosome biogenesis and turnover are modulated by cellular
ension [4,12,13], mechanical cues [14,15] and receptor agonists
16–18], but the molecular mechanisms that coordinate invado-
ome dynamics are not well understood.

The role of (local) Ca2+ signals in controlling invadosome
ynamics has remained largely understudied [19]. Invadosomes
ontain a variety of proteins that regulate actomyosin remodeling,
any of which are Ca2+-sensitive. In addition, several Ca2+-

ermeable channels have been identified in invadosomes [19–21],
ncluding TRPV2 and TRPM7, two members of the Transient Recep-
or Potential (TRP) family of cation channels. TRP channels act
s scaffolds for the assembly of large multiprotein complexes at
he membrane and many of them are involved in sensory trans-
uction [22,23]. TRPM7 (TRP subfamily Melastatin, member 7)

s implicated in mechanotransduction [7,24,25] which is partic-
larly intriguing as it is a bifunctional protein that consists of

 non-selective divalent cation channel fused to an alpha-kinase
26–28]. Substrates for the TRPM7 kinase include annexin-1 [29]
nd myosin II isoforms [20,30]. Moreover, TRPM7 was demon-
trated to regulate actomyosin contractility, cell adhesion and cell
igration in a variety of cell types [7,20,31–34]. We,  for example,

reviously demonstrated that in neuroblastoma cells (N1E-115)
RPM7 upregulation causes actomyosin relaxation, concomitant
ith formation of invadosomes, whereas in breast cancer cells

MDA-MB-231) knockdown of TRPM7 induced a contractile pheno-
ype, which was accompanied by an increase in FA numbers [20,34].
dditionally, TRPM7 was shown to mediate localized Ca2+ influx in
esponse to mechanical stress, which is thought to steer directional
ell migration [7]. TRPM7 may  therefore act as a mechanosensor
hat guides Ca2+-mediated cytoskeletal rearrangements and cell
dhesions. It is, however, unclear to what extent TRPM7-mediated
a2+-sparks drive local alterations in cell adhesion dynamics, as

t has been difficult to dissociate the role of TRPM7 in ignition
f Ca2+ signals from its function as a signaling scaffold and a
inase.

Given its enrichment at invadosomes and its contribution to
a2+ spark formation, we hypothesized that TRPM7 mediates local-

zed Ca2+ signaling events that modulate invadosome dynamics.
o test this notion, we developed a sensitive assay to detect Ca2+

parks at high spatiotemporal resolution and studied the dynamics
f TRPM7-mediated invadosomes in N1E-115 cells.

. Materials and methods

.1. Materials and constructs

Ionomycin and bradykinin were from Calbiochem-
ovabiochem (La Jolla, CA, USA). Fura Red-AM, Oregon Green
88 BAPTA-1-AM, EDTA-AM, Pluronic F-127 and Phalloidin-
lexa-586 were from Invitrogen (Eugene, OR, USA). Salts were

rom Merck (Darmstadt, Germany) and Dulbecco’s MEM, fetal
alf serum, penicillin and streptomycin were obtained from
ibco BRL-Invitrogen (Paisley, Scotland). The monoclonal vin-
ulin antibody, Alexa488-conjugated secondary antibodies and
-aminoethyl diphenylborinate (2-APB) were from Sigma–Aldrich
St. Louis, MO,  USA). The TRPM7 antibody was  from Alomone
abs (Jerusalem, Israel). Polyethylenimine (PEI, Linear, Cat#
3966-2) transfection reagent was from Polysciences Inc. (War-
ington, USA). Lifeact-eGFP/dsRed and actin-mRFP were kind
ifts of Dr. Michael Sixt (Institute of Science and Technology,
losterneuburg, Austria) and prof. Dr. Rudolf E. Leube (Institute
Please cite this article in press as: D. Visser, et al., TRPM7 triggers Ca2+ spa
(2013),  http://dx.doi.org/10.1016/j.ceca.2013.09.003

f Molecular and Cellular Anatomy, RWTH Aachen University,
achen, Germany), respectively. Full length mouse TRPM7 cDNA,
ild type (WT) cloned into LZRS-neo was previously described

20].
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2.2. Isolation of waixenicin-A

Polyps of Sarcothelia edmondsoni were collected by hand at a
depth of 1–3 m in Kailua Bay (Oahu, Hawaii). The freeze-dried
polyps were ground by mortar and pestle and percolated exhaus-
tively with hexane. The hexane extract was dried under vacuum
and fractionated by first normal phase then reversed phase HPLC
to give pure waixenicin-A. The compound identity was established
by NMR  (in d6-benzene and d4-methanol) and LCMS, in comparison
to in-house reference data [43].

2.3. Cell culture and transfection

N1E-115 mouse neuroblastoma cells stably overexpressing
TRPM7-HA and empty vector control were generated by retroviral
transductions, as described elsewhere [20]. Cells were seeded on
24-mm glass-coverslips in 6-well plates in DMEM supplemented
with 10% FCS (D10F) and antibiotics. Transfections were with
PEI transfection reagent at 1 �g DNA per well per construct. The
medium was refreshed 12–16 h after transfection.

2.4. Intracellular Ca2+ determinations

For pseudo-ratiometrical Ca2+ recordings, cells on glass cov-
erslips were incubated for 30 min in a 200 �l volume of D10F
containing Fura Red-AM (37 �M),  Oregon Green 488 BAPTA-1-AM
(8 �M)  and Pluronic F-127 (0.1%), followed by further incuba-
tion in 2 ml  HEPES-buffered saline (HBS), pH 7.3, for at least
15 min. HBS contained 140 mM NaCl, 5 mM KCl, 1 mM  MgCl2, 2 mM
CaCl2, 10 mM  HEPES (pH 7.3) and 10 mM glucose. Coverslips were
mounted on a Leica TCS SP5 confocal microscope and recordings
were made at 37 ◦C in HBS. Excitation of Oregon Green-488 and
Fura-Red was at 488 nm and fluorescence emission was  detected
at 500–550 nm and at >600 nm,  respectively. All Ca2+ recordings
are normalized by setting the response to ionomycin to 100%.

2.5. TIRF recording of Ca2+ spark activity

Cells were seeded on glass coverslips, transfected with actin-
mRFP or Lifeact-dsRed where indicated, and cultured overnight
in DMEM supplemented with 10% FCS and antibiotics. Cells were
loaded simultaneously with the membrane-permeable fast Ca2+

indicator Oregon Green 488 BAPTA-1-AM (8 �M, Molecular Probes)
and slow divalent chelator EDTA-AM (25 �M,  Molecular Probes)
according to the protocol detailed in the previous paragraph. Exper-
iments were performed at 37 ◦C in HBS, pH 7.3.

Ca2+ sparks were imaged using a Leica AM TIRF MC  microscope
with a HCX PL APO 63x, 1.47 NA oil immersion lens. Excitation
was at 488 nm and detection of fluorescence emission was by a
QUAD/ET filter cube (Leica). Before each experiment, automatic
laser alignment was carried out and TIRF penetration depth was
set to 110 nm.  Data were acquired for 100 s at 10 Hz frame rate and
stored on disk.

TIRF time-series were subsequently processed with a custom-
made analysis routine (macro) written for ImageJ 1.42 (NIH,
USA) as described in detail in the text. The ImageJ macro is
listed in Appendix A. Ca2+ spark activity over time was rep-
resented in heatmaps as detailed in the main text and in the
legend to the figures. Briefly, individual calcium sparks were
identified in time-lapse image series by thresholding and the
resulting mask images were summed to create the single-image
heatmap. Sites of recurrent (or prolonged) Ca2+ spark activity are
rks and invadosome formation in neuroblastoma cells, Cell Calcium

termed Ca2+ hotspots. Each individual Ca2+ hotspot thus reflects
the number of times the threshold (set to discriminate Ca2+

sparks from the background signal) was passed. For the 3-D rep-
resentation of the heatmap, the ImageJ plugin ‘Interactive 3D

dx.doi.org/10.1016/j.ceca.2013.09.003
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urface plot’ is used to depict Ca2+ spark density as the height
f the plot (http://rsbweb.nih.gov/ij/plugins/surface-plot-3d.html).
or detailed analyses automated Ca2+ spark detection was option-
lly fine-tuned by manual control of e.g. threshold levels.

.6. Immunofluorescent stainings and gelatin degradation

Cells grown for 24 h on glass coverslips were fixed for 10 min
t room temperature in phosphate-buffered saline (PBS) and 4%
araformaldehyde. Subsequently, cells were permeabilized with
.1% triton X-100 in PBS. Cells were incubated with mouse
nti-vinculin (1:200) or rabbit anti-TRPM7 (1:500) for mini-
ally 60 min  followed by Alexa-488-conjugated anti-mouse or

nti-rabbit Ig (1:400), respectively. F-actin was visualized by Alexa-
68-phalloidin (0.1 �g/100 �l). The cells were mounted in mowiol
nd imaged with a TCS-SP5 confocal microscope.

For matrix degradation assays, fluorescent gelatin-coated cov-
rslips were prepared using 100 �g/ml gelatin-Oregon Green 488
Invitrogen, Eugene, OR, USA). Poly-l-lysine coated coverslips
ere overlayed with a drop of gelatin-Oregon Green 488 for

0 min  at room temperature, followed by cross-linking in ice-cold
.5% gluteraldehyde. Using 5 mg/ml  NaBH4, free gluteraldehyde
eactive chains were quenched. Subsequently, coverslips were
terilized in 70% EtOH, washed with PBS and D10F, before N1E-
15/TRPM7 cells (50,000) were seeded and incubated for 12–24 h
t 37 ◦C and 5% CO2. Finally, cells were processed as above to
isualize the F-actin-dense core of invadosomes with Alexa-568-
halloidin (0.1 �g/100 �l). Typically, in this assay, focal sites of
elatin degradation appear as black spots as a result of secretion
f metalloproteases at invadosomes.

.7. Assaying cell shape and invadosomes

To study the effect of waixenicin-A on cell adhesion and spread-
ng, cells (50,000/well) were seeded on 6-well culture dishes in
10F containing either vehicle (methanol) or waixenicin-A and
ssayed by time lapse microscopy using a Zeiss Axiovert or Leica
ifferential Interference Contrast (DIC) microscope for 2 h at 37 ◦C
nd 5% CO2. Experiments were performed in 8-fold and cell adhe-
ion and spreading were judged from stored data. Analysis was by
etecting mean cell surface using ImageJ software.

To study the acute effects of treatment with waixenicin-A, cells
ere grown on glass coverslips for 24 h in D10F, mounted and

ransferred to a Leica TCS SP5 confocal microscope and maintained
t 37 ◦C and 5% CO2. Cells were imaged at two-minute intervals for
p to 2 h. After a baseline recording (mock-treatment; methanol)
f 15–30 min, waixenicin-A was added from a concentrated stock
olution. The effect of treatment on number and turnover of inva-
osomes was assessed in cells expressing Lifeact-eGFP by counting.
he effect of extracellular Ca2+ chelation by BAPTA on invadosomes
as tracked in Lifeact-eGFP-positive cells for an extended period

f time (>20 h). For these experiments, baseline recording (mock
reatment) was 3 h and image interval was 3 min.

To determine whether chelation of intracellular Mg2+ by EDTA-
M treatment would affect invadosome characteristics (formation,
rchitecture, dissolution etc.), Lifeact-eGFP cells were loaded as for
a2+ spark experiments (see above) and cells were subsequently

maged at 3 min  intervals for >20 h.

.8. Statistics

The distribution of number of Ca2+ hotspots per cell appeared
Please cite this article in press as: D. Visser, et al., TRPM7 triggers Ca2+ spa
(2013), http://dx.doi.org/10.1016/j.ceca.2013.09.003

kewed to the left and was therefore analyzed by the non-
arametric Mann–Whitney U-test. Continuous data that did
pproximate a Gaussian distribution were analyzed by the appro-
riate Student’s t-test. Unpaired and paired categorical data were
 PRESS
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analyzed by the Fischer’s exact test and the McNemar’s test, respec-
tively.

3. Results

3.1. TRPM7 and invadosomes

TRPM7 is expressed in most, if not all, cell types [26,27,35]. To
directly test for a role of TRPM7 in the generation of Ca2+ sparks and
their contribution to invadosome formation, we used a previously
characterized variant of mouse N1E-115 neuroblastoma cells trans-
duced with HA-tagged mouse TRPM7 to stably express TRPM7 up
to ∼3-fold of endogenous levels [20,36]. The vast majority of these
N1E-115/TRPM7 cells contain invadosomes at the ventral plasma
membrane (‘central invadosomes’), underneath the nucleus (Fig.
S1A, left panel). In a subset of the cells, we  also observed prominent
and very distinct invadosomes at the cell periphery (‘peripheral
invadosomes’) that typically are larger in size than the central ones
([20] and Fig. S1A, right panel). Both types of invadosomes in N1E-
115/TRPM7 cells are proteolytically active, as evidenced by the focal
degradation of fluorescently labeled gelatin (Fig. S1B). As reported
earlier, TRPM7 localizes to peripheral invadosomes ([20] and Fig.
S1C and D), where it may  affect invadosome formation, turnover or
function, although this notion requires further evidence.

3.2. Ca2+ spark visualization

Local fast Ca2+ alterations such as Ca2+ sparks (for terminology
see [37]) are usually hard to detect because they typically have a
minor amplitude. Moreover, both free Ca2+ and dye-bound Ca2+

rapidly diffuse through the cytosol, quickly smoothing out any
local elevations in free Ca2+. One established method to detect Ca2+

sparks is to load cells with both a fast (binding rate of a few ms;
[38]), low-affinity BAPTA-based Ca2+ indicator and with an excess
of the slow (binding rate ∼1 s), high-affinity Ca2+ chelator EGTA
[39–41]. Thus, local high Ca2+ concentrations at entry sites rapidly
light up the indicator, whereas spreading of the signal beyond a
few micrometers is prevented by the slowly acting EGTA buffer.
Furthermore, we used Total Internal Reflection Fluorescence (TIRF)
microscopy to isolate local Ca2+ signals in the basal membrane from
the bulk cytosolic signal at distances larger than ∼200 nm from the
coverslip.

We initially used membrane permeable AM-esters of the fast,
low-affinity Ca2+ indicator Fluo-5F [Kd (Ca2+) = 2.3 �M]  and EGTA
to load the cells, but failed to observe local or global fluctuations
in fluorescence over time (data not shown). Fluo-5F, however, also
failed to report the TRPM7-dependent sustained plateau phase of
Ca2+ influx that typically follows the large Ca2+ peak from internal
stores after stimulation with bradykinin (BK) in these cells ([36] and
Fig. S2A). The sustained increases in [Ca2+]i upon TRPM7 opening
are small and hence likely below the detection limit of Fluo-5F.
In the next experiments we therefore used the high-affinity Ca2+

indicator Oregon Green 488 BAPTA-1-AM which we used to study
TRPM7-mediated Ca2+ influx in our previous study ([36] and Fig.
S2B). Again, however, only very minor fluorescence fluctuations
were observed in these TIRF time-lapses.

The activity of TRPM7 channels depends strongly on [Mg2+]i [27]
and lowering intracellular free Mg2+ by loading cells with the diva-
lent chelator EDTA-AM augments both TRPM7 currents as detected
by perforated patch clamp and Ca2+ influx as recorded by Ca2+ flu-
orometry in intact cells [36]. Strikingly, when we used EDTA-AM
rks and invadosome formation in neuroblastoma cells, Cell Calcium

instead of EGTA-AM we readily observed Ca2+ sparks as small, local-
ized and short-lived changes in fluorescence intensity in a large
fraction of the cells (Video 1). We therefore adopted the latter con-
ditions for the remainder of our experiments.

dx.doi.org/10.1016/j.ceca.2013.09.003
http://rsbweb.nih.gov/ij/plugins/surface-plot-3d.html
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Fig. 1. EDTA-AM pretreatment unveils Ca2+ sparks in N1E-115/TRPM7 cells. (A) N1E-115/TRPM7 cells loaded with Oregon Green 488 BAPTA-1-AM and EDTA-AM were
imaged  for 100 s at 10 Hz frame rate by TIRF microscopy. (a) Left column: three examples of unprocessed images; middle column, images corrected by subtraction of a static
background (i.e. the minimum intensity of the entire time-series); right column, images processed by the running background correction as detailed in the text. Note the
normalization of cellular fluorescence signal and the much improved visualization of Ca2+ sparks in this column. (b) Intensity profiles taken along the dashed lines in each of
the  panels in a. Note that the uneven fluorescence present in the unprocessed images is effectively normalized by the running background correction (open arrows) enabling
clear  detection of Ca2+ sparks (closed arrows). (B) Representative Ca2+ traces for two  ROIs (see C) with Ca2+ spark activity and two corresponding background (*) ROIs. Left
column: in unprocessed traces Ca2+ sparks appear on a noisy background that shows local slow fluctuations (compare e.g. ROI-1 and ROI-2). High-amplitude Ca2+ sparks in
ROI-1  can be easily thresholded but low-amplitude signals in ROI-2 are buried in background. The running background correction (column 3) but not the static correction
(column 2) eliminates the fluctuations sufficiently to allow discrimination of low-amplitude signals (ROI-2) by setting a single detection threshold (gray dashed lines in the
Ca2+ traces). Right column: zoom-in of the data in the gray boxes in the third column, showing detected Ca2+ sparks (*). (C) Left: input image; middle: 2-D heatmap of Ca2+

hotspots; right: 3-D representation of the heatmap emphasizing existence of hotspots of spark activity. Pseudocolors depict the number of frames in which [Ca2+]i exceeded
the  detection threshold. Note that Ca2+ hotspots are predominantly found at the cell periphery. Dashes indicate cell outlines. Scale bar = 20 �m.

dx.doi.org/10.1016/j.ceca.2013.09.003
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.3. Automated background correction and Ca2+ spark detection

Initial results revealed that Ca2+ sparks were of low amplitude,
hereas the background signal appeared non-uniform and showed

low fluctuations, due to variations in the TIRF illumination or focus
Video 1, Fig. 1A and B and Fig. S3A). This complicated detailed char-
cterization and we therefore set out to optimize visualization and
haracterization by automating Ca2+ spark detection with ImageJ
oftware.

First, we corrected the temporal background fluctuations by
mploying a running-background correction routine in which the
ackground is updated dynamically in the time-series. A simple
unning-background correction in which frame i − 1 serves as
he background for frame i does not suffice because it would
ffectively truncate all Ca2+ sparks that last longer than one frame.
e therefore designed a running background correction in which
Please cite this article in press as: D. Visser, et al., TRPM7 triggers Ca2+ spa
(2013), http://dx.doi.org/10.1016/j.ceca.2013.09.003

he background signal for frame i is calculated from the (pixelwise)
inimal value of two frames before (i − 15 and i − 5) and two

fter (i + 5 and i + 15) that image. The range of ±5 and ±15 frames
rom image i was experimentally optimized to be close enough to

ig. 2. Ca2+ sparking requires Ca2+ influx and correlates with TRPM7 expression levels. (A
ere  imaged before and after the application of BAPTA. (a) Left: input image; middle and

ormation over time before (top) and after (bottom) application of BAPTA are depicted. 

umber  of Ca2+ hotspots per cell before and after application of BAPTA (n = 101 [pre] and n
istogram (n = 101, p � 0.001 versus pre, McNemar’s test for paired proportions, two-tail
nd  after (right) BAPTA treatment. (B) N1E-115/TRPM7 cells were compared to their empty
f  Ca2+ spark activity. (b) Mean number of Ca2+ hotspots per cell that showed Ca2+ spark
-test, two-tailed). (c) Frequency distribution of sparking activity (n = 116 [N1E-115/EV], a
gure  represent mean ± SEM of at least 5 independent experiments. *p < 0.001 and **p < 0
 PRESS
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accurately reflect any slow fluctuations in background and yet
wide enough to minimize the chance that Ca2+ sparks would be
present in all four background frames. Of several background
correction algorithms tried, this one cleaned up the fluorescence
signal most effectively and it emphasized only those intensity
changes that corresponded to true Ca2+ sparks (Fig. 1A and B). In
addition, we  applied a 19 × 19 square kernel smoothing filter for
visualization (but not for measurement) purposes. The line profiles
and Ca2+ traces of selected Ca2+ sparks in Fig. 1A and B as well
as the processed time-series in Video 2 and Fig. S3C illustrate the
remarkable effectiveness of our running background-correction
routine.

We next automated detection of Ca2+ sparks by applying
a threshold that effectively segmented out Ca2+ sparks in the
smoothed, background-corrected time series, yielding a binary
mask (Video 3 and Fig. S3D and E). The spatial distribution and

2+
rks and invadosome formation in neuroblastoma cells, Cell Calcium

activity of Ca sparks over time was  finally captured in a single
‘heatmap’ by summing all thresholded mask images of the time-
series. Thus, the heatmap reflects the number and localization
of Ca2+ hotspots, with a single hotspot reporting the recurrence

) N1E-115/TRPM7 cells loaded with Oregon Green 488 BAPTA-1-AM and EDTA-AM
 right, 2-D and 3-D heatmaps, respectively. Representative heatmaps of Ca2+ spark
For interpretation of heatmaps, see the legend of Fig. 1C and the text. (b) Average

 = 37 [post], p < 0.001 versus pre; Mann–Whitney U-test, two-tailed). (c) Frequency
ed). (d) Ca2+ spark traces of representative Ca2+ hotspots (arrows in a) before (left)
-vector controls with 3-fold lower TRPM7 expression. (a) Representative heatmaps

ing (n = 58 [N1E-115/EV] and n = 202 [N1E-115/TRPM7], p < 0.001; Mann–Whitney
nd n = 272 [N1E-115/TRPM7], p < 0.001; Fisher’s exact test, two-tailed). Data in this
.0001.

dx.doi.org/10.1016/j.ceca.2013.09.003
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Fig. 3. Ca2+ sparks are mediated by TRPM7. Application of (A) 2-APB (100 �M)  and (B) waixenicin-A (3–10 �M)  inhibit TRPM7 and significantly reduce Ca2+ spark formation.
(a)  Heatmaps of Ca2+ sparking before (top) and after (bottom) application of inhibitors. (b) Number of Ca2+ hotspots per active cell (2-APB: n = 24 [pre] and n = 17 [post],
p  < 0.001; and waixenicin-A: n = 45 [pre] and n = 20 [post], p � 0.001; Mann–Whitney U-test, two-tailed). (c) Frequency distribution of number of hotspots per cell before
a , p � 
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nd  after application of inhibitors (2-APB: n = 24, p < 0.01; and waixenicin-A: n = 45
a2+ spark activities at hotspots (indicated with arrows in a) following addition of 2
reincubation for a few minutes. Data are mean ± SEM of at least 5 independent ex

nd duration of Ca2+ sparks (i.e. the number of frames a spark is
etected in the series), but not their amplitude. Interestingly, this
eatmap representation clearly highlighted subcellular locations
ith intense Ca2+ spark activity, that we will call ‘Ca2+ hotspots’

Fig. 1C). Often, hotspots were most prominent at the cell periph-
ry where most reorganization of the cytoskeleton occurs. Time
ourses of individual Ca2+ spark activity that were determined
rom regions of interest (ROI) in processed image stacks revealed
hat Ca2+ spark duration was generally highly variable, lasting
etween 0.1 s and ∼5 s (median ∼0.4 s), whereas spark ampli-
ude (�F/F) averaged 23% ± 12% (N = 54 ROIs and 146 sparks in 10
ells).

In conclusion, we worked out an image analysis routine to reli-
bly and sensitively detect Ca2+ sparks. See Appendix A for a listing
f the ImageJ macro, which will be available upon request.

.4. Ca2+ sparks depend on Ca2+ influx and TRPM7 activity

Ca2+ signals may  originate from either influx through ion
hannels in the plasma membrane or from internal stores. We  first
ddressed whether Ca2+ sparks in N1E-115/TRPM7 cells require a
Please cite this article in press as: D. Visser, et al., TRPM7 triggers Ca2+ spa
(2013),  http://dx.doi.org/10.1016/j.ceca.2013.09.003

lasma membrane component. Removal of extracellular free Ca2+

y chelation with BAPTA (4–8 mM)  rapidly inhibited Ca2+ sparks
Fig. 2A), evidenced by the complete silencing of a significant
roportion of active cells (63.4% decrease, n = 101, p � 0.001).
0.001; McNemar’s test for paired proportions, two-tailed). (d) Potent inhibition of
(see also Video 4) and waixenicin-A. Note that inhibition by waixenicin-A required
ents. #p < 0.01, and **p < 0.0001.

The remaining cells showed a large decrease in number of Ca2+

hotspots per cell (53.6% ± 5.3% decrease, n = 101 cells [pre] and
n = 37 cells [post], p < 0.001).

To determine whether TRPM7 is the membrane channel that
mediated Ca2+ sparks we initially established that its expres-
sion levels correlate with Ca2+ spark activity (Fig. 2B). Since
TRPM7 knockdown via RNA interference severely affects cell via-
bility in this cell system (as well as many others [42,43]; and
data not shown), we alternatively compared N1E-115/TRPM7
cells to the empty-vector control cells (‘N1E-115/EV’) that have
2–3 times lower expression of TRPM7 [20]. Indeed, N1E-115/EV
cells appeared much less active, as both the percentage of cells
that display Ca2+ sparks (N1E-115/TRPM7 = 74%, n = 272; N1E-
115/EV = 50%, n = 116, p < 0.001) and the number of Ca2+ hotspots
per active cell (1.69 ± 0.31 hotspots per control cell, n = 58,
versus 4.9 ± 0.32 hotspots per TRPM7 overexpressing cell, n = 202,
p < 0.001) were strongly decreased.

Furthermore, treatments known to affect TRPM7 permeation
also affected Ca2+ sparking in N1E-115/TRPM7 cells. For example,
application of 2-aminoethyl diphenylborinate (2-APB, 100 �M),
which rapidly inhibits macroscopic TRPM7 Ca2+ signals ([36] and
rks and invadosome formation in neuroblastoma cells, Cell Calcium

Fig. S4B), similarly abolished Ca2+ spark activity (Fig. 3 A and Video
4), decreasing Ca2+ hotspots by 57.2% ± 8.5% (n = 24 cells [pre] and
n = 17 cells [post], p < 0.001) and completely preventing Ca2+ spark
formation in 33.3% of previously active cells (n = 24, p = 0.013).

dx.doi.org/10.1016/j.ceca.2013.09.003
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Fig. 4. Ca2+ hotspots do not localize specifically to invadosomes. (A)–(D) Four examples demonstrating the distribution of Ca2+ hotspots and invadosomes in N1E-115/TRPM7
cells.  Invadosomes are visualized as bright actin dots, labeled with RFP-actin or Lifeact-dsRed (here in green). Shown in each panel is actin (top), Ca2+ hotspots (middle)
and  overlay (bottom). Please note that the minimum value of the LUT for the Ca2+ hotspot image in the overlay was  adjusted to improve visualization of colocalization
with  invadosomes. Arrows indicate location of the Ca2+ traces in (b). In (A) Ca2+ hotspots are primarily located in the periphery, away from central invadosomes. In (B) Ca2+

hotspots appear along one side of the cell and are clearly excluded from invadosomes. In (C) several neighboring peripheral invadosomes (ROI 1 + 2) do not colocalize with
C hotspo
s somes
p ar = 20

I
s
s
c
m

a2+ hotspots. In (D) two peripheral invadosomes overlap with highly active Ca2+

tatistical  analysis reveals no significant colocalization of Ca2+ hotspots with invado
anel  D presents a single outlier where some colocalization seems to occur. Scale b

n addition, increasing the extracellular concentration of Mg2+ to
2+
Please cite this article in press as: D. Visser, et al., TRPM7 triggers Ca2+ spa
(2013), http://dx.doi.org/10.1016/j.ceca.2013.09.003

upraphysiological levels (10–20 mM)  completely prevented Ca
park formation in a significant proportion of previously active
ells (37.2% decrease, n = 86, p � 0.001 versus pre-MgCl2; McNe-
ar’s test for paired proportions, two-tailed) and diminished Ca2+
ts (ROI 1 + 3), whereas others are mostly silent (ROI 2 + 4). As detailed in the text,
; thus, panels A–C are representative for the vast majority of observations whereas

 �m.

hotspots in the remainder of cells within several minutes post
rks and invadosome formation in neuroblastoma cells, Cell Calcium

application (n = 86 [pre] and n = 65 [post], p = 0.123; Mann–Whitney
U-test, two-tailed). Hence, our data indicate that Ca2+ influx
through the TRPM7 pore underlies Ca2+ spark activity in N1E-
115/TRPM7 cells.

dx.doi.org/10.1016/j.ceca.2013.09.003


Please cite this article in press as: D. Visser, et al., TRPM7 triggers Ca2+ sparks and invadosome formation in neuroblastoma cells, Cell Calcium
(2013),  http://dx.doi.org/10.1016/j.ceca.2013.09.003
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.5. Waixenicin-A blockage of Ca2+ spark activity

While 2-APB rapidly blocks Ca2+ influx through TRPM7, it also
s known to affect other Ca2+ channels including ICRAC and IP3
eceptors. We  therefore turned our attention to waixenicin-A, a
etabolite isolated from extracts of the soft coral S. edmondsoni,
hich potently and specifically inhibits TRPM7 channels [44,45].
lthough it is currently not clear whether this is due to pore
lockage or perhaps through other mechanism(s) that involve
inding of the compound to TRPM7, waixenicin-A is, to date, con-
idered the most specific inhibitor of this channel. In line with
hese reports, pre-incubation with waixenicin-A completely pre-
ented the characteristic TRPM7-dependent sustained Ca2+-influx
hase upon BK-stimulation, as illustrated by Ca2+ fluorometry
xperiments (Fig. S4C). Waixenicin-A treatment also strongly sup-
ressed Ca2+ sparking (Fig. 3B), apparent from both a large drop

n the fraction of cells that exhibit Ca2+ sparks (60% decrease,
 = 45, p � 0.001) and from the strongly decreased number of Ca2+

otspots in the remaining active cells (71.7% ± 5.5% decrease, n = 45
ells, p � 0.001). Taken together, these data clearly establish TRPM7
s the carrier of Ca2+-influx in our cells.

.6. Ca2+ sparks do not localize to invadosomes

To address the potential contribution of TRPM7-mediated Ca2+

parks to invadosome dynamics, we set out to track Ca2+ spark
ctivity and invadosomes simultaneously. Invadosomes are conve-
iently visualized by monitoring their actin-dense core with actin
arkers such as mRFP-actin or Lifeact-dsRed. The very intense

taining of both these markers in invadosome cores overlaps well
ith known invadosome markers like vinculin, Tks4 and cortactin

46,47] (Fig. S1A and data not shown). We  confirmed that both
arkers did not affect Ca2+ spark formation (4.3 ± 0.6 and 4.6 ± 0.7

a2+ hotspots per cell, untransfected-control, n = 54, versus RFP-
ctin-transfected, n = 31, respectively, p = 0.73, Mann–Whitney
arameter free test, 2-tailed; results obtained with Lifeact-dsRed
ere similar but not quantified in detail). We  also checked that

nvadosome formation, numbers, architecture and dynamics were
naffected by the conditions used to visualize Ca2+ sparks, i.e. by
reincubation with EDTA-AM (Fig. S5).

As mentioned before, in those experiments Ca2+ sparks
ppeared mostly absent from the cell center and were found almost
xclusively at the periphery where dynamic actin remodeling takes
lace (see Figs. 1C, 2 and 3). TRPM7-mediated Ca2+ sparks are,
herefore, unlikely to contribute considerably to formation and
urnover of central invadosomes (see Fig. S1A), and indeed no
vidence for significant colocalization of Ca2+ sparks with central
nvadosomes was found (Fig. 4A and B).

Since immuno-localization showed that TRPM7 was  more
Please cite this article in press as: D. Visser, et al., TRPM7 triggers Ca2+ spa
(2013), http://dx.doi.org/10.1016/j.ceca.2013.09.003

pparent in peripheral invadosomes (see Fig. S1C) we  expected
hat Ca2+ sparking would be more pronounced at those sites, but
etailed analysis showed that this was not the case. In the vast
ajority of experiments we found no evidence for colocalization of

ig. 5. Waixenicin-A treatment reverts TRPM7-mediated cell spreading and actomyosin-r
ottom: quantification (mean ± SEM) of initial spreading at 30 and 50 min  (p < 0.001 vers
ach  for at least 10 fields of view per condition). (B) Waixenicin-A causes cell contraction. C
f  waixenicin-A (0.75 �M and 4 �M).  Traces (black, average response; gray, individual re
C)  Top: effect of waixenicin-A treatment (added at t = 0) on invadosome numbers. Botto
pplication (2 �M, n = 5 fields of view; 0.75 �M,  n = 15, counting hundreds of invadosome
f  confocal time-series experiments that show concentration-dependent invadosome diss
hat  stably express GFP-actin (see also Video 6). (E) Dose–response curve derived from th
ells  treated with waixenicin-A (4 �M)  or vehicle for 24 h. F-actin stained with Phalloidin-
aixenicin-A (see zoom-in). Scalebar = 20 �m. *p < 0.001 and #p < 0.005.
 PRESS
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Ca2+ hotspots with peripheral invadosomes at all (Fig. 4B–D). Occa-
sionally we  observed some overlap of Ca2+ sparks with peripheral
invadosomes (Fig. 4D), but these events represented a minor pro-
portion of the studied peripheral invadosomes. Statistical analyses
revealed that ∼92% of detected Ca2+ hotspots (n = 107) were outside
invadosomes whereas conversely, only ∼11% of studied invado-
somes showed Ca2+ spark activity (n = 79). Since we calculated that
the footprint of Ca2+ hotspots in a cell on average covers ∼17%
of the total cell surface (mean ± SEM; cell size = 1309 ± 61.3 �m2,
n = 96; Ca2+ hotspot size = 43.6 ± 6.4 �m2, n = 178; Ca2+ hotspots per
cell = 4.9 ± 0.32, n = 202), the probability of randomly observing at
least 11% of invadosomes with Ca2+ spark activity (n = 79) is very
high (P0.17(x ≥ 11%) = 0.93). Moreover, we  did not observe any inva-
dosomes that formed or disappeared at Ca2+ hotspots during, prior
to or following Ca2+ spark ignition.

In summary, despite the extensive numbers of cells and
invadosomes that we  studied, we  found no evidence in sup-
port of our hypothesis that TRPM7 serves to set up a local
microenvironment of increased Ca2+ levels in invadosomes. We
therefore have to reject the hypothesis that TRPM7 controls inva-
dosome dynamics via localized Ca2+ signals.

3.7. Cytosolic Ca2+ levels and invadosomes

Apart from mediating Ca2+ sparks, TRPM7 expression has also
been shown to affect basal Ca2+ levels in N1E-115 cells [20,36].
Buffering of extracellular Ca2+ by BAPTA (2–8 mM)  to nanomolar
levels not only inhibited Ca2+ sparking (Fig. 2A) but also reverted
the increase of basal Ca2+ levels that is apparent in N1E-115/TRPM7
cells ([36] and Fig. S4A). Could such Ca2+ changes at a more
global (cell-wide) scale, rather than in the invadosome microen-
vironment, somehow affect invadosome dynamics? We  assayed
invadosome dynamics by recording confocal time-lapse movies
of cells expressing GFP-actin or Lifeact-GFP over prolonged times.
Strikingly, addition of BAPTA (2–8 mM)  failed to noticeably affect
invadosome formation or turnover (n = 36 time-lapse recordings in
6 separate experiments) (Video 5). Similar results were obtained
with the Ca2+ chelator EGTA, or when the imaging buffer was
replaced by nominally Ca2+-free solution (data not shown). This
demonstrates that like the TRPM7-mediated Ca2+ sparks, also the
effects of TRPM7 expression on basal Ca2+ levels are not involved
in regulating invadosome dynamics. As expected from the essential
role of extracellular Ca2+ in cell adhesion [48,49], cells eventually
detached when exposed to nominally free Ca2+ buffer for prolonged
periods of time, i.e. 8 h. However, most of those cells that were
still adherent after such treatment did contain invadosomes (n = 60
fields of cells in 6 separate experiments) (Fig. S6). This is notable
because the examination time point, 8 h post BAPTA-treatment,
well exceeds the average lifetime of invadosomes (up to a few
rks and invadosome formation in neuroblastoma cells, Cell Calcium

hours) in these cells. The presence of invadosomes at this time
point, therefore, indicates that neither local Ca2+ sparking, nor basal
Ca2+ levels are dominant in the regulation of invadosomes in these
cells.

elaxation. (A) Top: effect of waixenicin-A treatment on cell spreading upon seeding.
us control, one-sample t-test. Experiments were repeated 5 times independently,
ell surface area was tracked over time by image analysis before and after application
sponses) were normalized to the cell surface area at the frame before application.
m: quantification (mean ± SEM) of invadosome dissolution at 10 and 20 min  after
s per data point, p < 0.005 versus control, one-sample t-test). (D) Typical examples
olution upon waixenicin-A treatment (0.75 �M and 4 �M)  in N1E-115/TRPM7 cells
e data in (C) at 20 min  after application. (F) Examples of adherent N1E-115/TRPM7
Alexa568. Note the induction of focal adhesions and stress fibers upon exposure to

dx.doi.org/10.1016/j.ceca.2013.09.003
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.8. Effect of waixenicin-A on cellular contractility and adhesion

The role of TRPM7 channels in controlling cell adhesion and
igration has been well established in a range of different cell

ypes [7,20,31,32,34,50,51]. In N1E-115 cells, the most prominent
ffects of TRPM7 upregulation are an increase in basal Ca2+ levels
nd relaxation of the cytoskeleton, which leads to a spread phe-
otype and the formation of invadosomes [20]. However, although
RPM7 localizes to invadosomes ([20] and Fig. S1C), our experi-
ents show that Ca2+ levels play no dominant role in determining

nvadosome dynamics in these cells (Fig. 4 and Fig. S6). Experi-
ents we carried out with waixenicin-A may  shed some light on

his apparent contradiction. When testing the effects of waixenicin-
 on cytoskeletal organization of N1E-115/TRPM7 cells, we noted

hat initial spreading after seeding of cells was impaired in the
resence of waixenicin-A (25–50% decrease compared to control,

 < 0.001; n = 5 experiments; Fig. 5A). Conversely, N1E-115/TRPM7
ells that were allowed to adhere and spread to coverslips in serum-
ontaining DMEM showed a mild contraction response within
inutes after addition of waixenicin-A, indicative of increased cel-

ular tension (Fig. 5B). This response was concentration dependent
nd typically proceeded slowly at lower concentrations (10% loss
f surface area for 4 �M and 0.75 �M was 25 and 70 min, respec-
ively; Fig. 5B). Even more striking was the effect of waixenicin-A
n invadosomes. Addition of high doses (≥2 �M)  of waixenicin-A
aused a very marked, rapid and complete dissolution of invado-
omes (Fig. 5C and D) which typically was complete within 10 min,
s assayed by live-cell imaging. At lower doses changes progressed
ore gradually with clear effects still present at doses as low

s 0.5 �M (Fig. 5C and D and Video 6). The dose–response curve
taken at 20 min  post addition of waixenicin-A; Fig. 5E) reveals
n IC50 of 0.84 �M and appears quite steep. We  therefore ana-
yzed for cooperativity by Hill slope analysis, which revealed a
ill coefficient of 3.68, i.e. close to 4. It is therefore tempting to

peculate that the steep dose–response curve reflects binding of
ne molecule of waixenicin-A to each of the four subunits of the
RPM7 channel, although direct evidence for this notion is lack-
ng. In any case, the rapid disappearance of invadosomes following
RPM7 inhibition is in agreement with the notion that TRPM7-
ediated loss of actomyosin contractility regulates invadosome

ormation and turnover [12,13]. To further test this, we  assayed
ells at 24–48 h post waixenicin-A treatment. Indeed, the major-
ty of cells showed extensive formation of focal adhesions and
tress fibers at these late time points (Fig. 5F), indicating increased
ellular tension [52]. Hence, waixenicin-A appears to revert the
orphological phenotype of TRPM7 overexpression in N1E-115.
e also conclude that waixenicin-A is a promising and powerful

harmacological tool to study the effects of TRPM7 on adhesion and
igration.
In summary, these data support the view that TRPM7 activity

ffects the tension-relaxation balance of the actomyosin cytoskele-
on, which in turn modulates the formation of various adhesion
tructures. Strikingly, however, the effect of waixenicin-A appears
ndependent of Ca2+ influx through the TRPM7 channel.

. Discussion

There is ample evidence that ion channels can set up intra-
ellular Ca2+ microdomains to locally regulate effector proteins.
ynaptic transmission in neurons provides a clear example of such

 model [53]. N- and P/Q-type voltage-operated Ca2+ channels in
Please cite this article in press as: D. Visser, et al., TRPM7 triggers Ca2+ spa
(2013),  http://dx.doi.org/10.1016/j.ceca.2013.09.003

ynaptic terminals generate brief and localized Ca2+ transients that
ctivate the SNARE-complex to initiate neurotransmitter release
54–56]. In the present study we focused on the role of such Ca2+

parks in the control of cell adhesion dynamics, in particular of
 PRESS
 xxx (2013) xxx– xxx

invadosomes in neuroblastoma cells. Expression levels of the Ca2+-
permeable divalent cation channel TRPM7 are known to affect
adhesion and migration [20,31–34,50,51,57], and we have shown
that the channel localizes to a ring around invadosomes ([20]
and Fig. S1C and D). Such a constellation theoretically constitutes
the ideal architecture to generate local Ca2+ signals, and indeed a
variety of Ca2+ sensitive regulatory proteins have been identified
in invadosomes [9,19–21,58]. We  addressed the hypothesis that
TRPM7 exerts its effect on adhesion dynamics by mediating local
Ca2+ signals so as to modulate Ca2+-sensitive cytoskeletal effector
proteins. TRPM7 itself may  be one of the effectors because Ca2+

influx through the channel appears to be required for the associa-
tion of its kinase domain with the myosin II heavy chain [20,30].

To address our hypothesis we developed a sensitive assay that
greatly improves the visualization of local Ca2+ signals and reli-
ably detects them at a high spatiotemporal resolution. Our data
indicate that TRPM7 indeed plays an essential role in mediating
localized Ca2+ sparks at the basal membrane of neuroblastoma cells.
Ca2+ hotspots are prevalent at the periphery of the cells. However,
despite the sensitivity of our analysis we  only sporadically detected
such Ca2+ sparks at invadosomes, and overall the spatial distri-
bution of Ca2+ hotspots showed no enrichment in invadosomes.
Thus, our study dissociates TRPM7-mediated Ca2+ sparking from
invadosome dynamics and actomyosin contractility.

Remarkably, inhibition of TRPM7 with waixenicin-A (but not
interfering with Ca2+ influx by chelation of extracellular Ca2+)
caused rapid and complete dissolution of invadosomes and, on a
longer timescale, induced a more contractile phenotype in neu-
roblastoma cells, as evidenced from the development of numerous
FAs and stress fibers. How waixenicin-A causes this effect, in a
manner unrelated to Ca2+ influx, remains to be investigated. We
previously reported that phosphotransferase-activity of TRPM7’s
kinase domain was not required for the induction of cell spreading,
as evident by using a kinase-dead mutant (D1775A), and suggested
that this instead may  be caused by altered signaling through ele-
vated basal [Ca2+]i [20], but our current data show that this latter
viewpoint requires revision. Yet another model was  put forward by
Su and colleagues, who proposed that TRPM7 modulates the acto-
myosin cytoskeleton and its contractility by regulating [Mg2+]i [32].
Indeed, TRPM7 channels readily carry Mg2+ ions too, but at least in
our cells, waixenicin-A induced alterations in Mg2+ influx cannot
be held responsible for the observed cytoskeletal effects because its
chelation with 10 mM EDTA was  without effect (data not shown).
Alternatively, we  should consider the possibility that waixenicin-
A may  alter interactions of TRPM7 with other proteins or may
even induce endocytosis of TRPM7, thereby affecting its proposed
scaffolding function. Lastly, we cannot fully exclude the possibility
that waixenicin-A may  have off-target effects, although a previous
study reported that waixenicin-A did not affect other ion channels
(including TRP members and CRAC) at concentrations well-above
those employed in the current study [44]. In any case, the responses
observed upon application of waixenicin-A resemble that of TRPM7
knockdown in MDA-MB-231 breast cancer cells [34] and gener-
ally are in line with the notion that TRPM7 expression levels affect
cytoskeletal organization and cellular tension [20,32,34]. Cellular
tension is an important determinant of tumor cell transformation
and malignancy (e.g. [59,60]) and indeed, TRPM7 has recently been
implicated in breast cancer metastasis [34] and high expression is
associated with adverse pathological parameters [57,61].

Several recent studies have addressed the possible role of local-
ized Ca2+ signals in the turnover of adhesion sites. Our identification
of a key role for TRPM7 in the ignition of Ca2+ sparks is in line
with the results of Wei  and colleagues, who showed by knock-
rks and invadosome formation in neuroblastoma cells, Cell Calcium

down and inhibitor studies that TRPM7-mediated Ca2+ ‘flickering’
is involved in guiding of fibroblast lamellipodia during directional
migration experiments. They presented a model in which TRPM7,

dx.doi.org/10.1016/j.ceca.2013.09.003
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ogether with type 2 IP3 receptors, evokes Ca2+ sparks at the lead-
ng edge of migrating fibroblasts and argue that those events are
nvolved in the regulation of traction forces that are associated with

igration [7]. Whether or not the Ca2+ sparks in their study mod-
fy the dynamics of FAs, and which effector proteins are affected
emains to be determined. In another recent study, TRPV2 chan-
els were demonstrated to localize to invadosomes in macrophages
19]. This study showed that fMLP-induced Ca2+ influx through
RPV2 triggered dissolution of invadosomes through activation of
he Ca2+-sensitive protein tyrosine kinase Pyk2 [19] but it did not
ocus on resolving local Ca2+ microdomains.

Whereas thus the existence and exact role of localized Ca2+ sig-
als in adhesive structures in various cell types may  be debated,

t has become clear that invadosomes contain a number of
a2+-sensitive protein constituents, including myosins, gelsolin,
ropomyosins, calponin and vinculin. In microglial invadosomes
he Ca2+ release activated channel (CRAC) Orai1 was identified
21] and inhibitor studies suggested a function in formation of
hese structures. Notably, this study found no evidence for a role
f TRPM7 (or other TRP channels tested) in invadosome formation.
n addition, the authors identified calmodulin as a prominent con-
tituent in invadosomes. This small Ca2+ binding protein conveys
a2+ sensitivity to its (many) protein interactors, among which are
everal TRP channels [62] and cytoskeletal regulators, and thus is a
ritical determinant of Ca2+ signaling [63,64].

In summary, functional studies providing evidence for the inva-
osome as a hub for localized Ca2+ signaling have been very limited,
nd indeed consensus on the importance of Ca2+ in general (be it
ocalized Ca2+ influx, cytosolic Ca2+ levels or extracellular Ca2+)
or invadosome dynamics has not been reached. For example,
a2+ influx may  trigger invadosome dissolution in some studies
19,65] and it was required for invadosome formation in others
21], whereas we here describe that switching to nominal [Ca2+]e

oes not noticeably affect de novo formation or dynamic behavior
f invadosomes. In addition to the different experimental strate-
ies employed in these studies, it may  be anticipated that cell-type
pecific differences govern the variation in these results. As to
ow TRPM7 controls the actomyosin cytoskeleton and cell adhe-
ion dynamics, either the activity of its kinase-domain [20,66] as
ell as Ca2+-influx [7,20,31,33] and Mg2+-influx [32,50] through

ts pore have been proposed. Based on the results of the present
tudy we conclude that TRPM7 regulates invadosome dynamics
y affecting actomyosin-based tension conditions in adherent cells

ndependent of (localized) Ca2+ influx. Just how interfering with
RPM7 functioning exerts these effects remains a challenge for
uture research.
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