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Abstract Movement toward the source of a chemoattrac-
tant gradient is a basic cellular property in health and
disease. Enhanced migration during metastasis involves
deregulated growth factor signaling. Growth factor stimu-
lation and cell migration converge both on the important
second messenger Ca2+. To date, the molecular identifica-
tion of Ca2+ entry pathways activated by growth factors
during chemotaxis is still an open issue. We investigated
the involvement of the nonselective Ca2+ channel TRPC1
(transient receptor potential canonical 1) in FGF-2 guided
chemotaxis by means of time-lapse video microscopy and
by functional Ca2+ measurements. To specifically address
TRPC1 function in transformed MDCK cells we altered the
expression levels by siRNA or overexpression. We report
that TRPC1 channels are required for the orientation of
transformed MDCK cells in FGF-2 gradients because
TRPC1 knockdown or pharmacological blockade prevented
chemotaxis. Stimulation with FGF-2 triggered an immediate

Ca2+ influx via TRPC1 channels that depended on
phospholipase C and phosphatidylinositol 3-kinase signal-
ing. Impeding this Ca2+ influx abolished chemotaxis toward
FGF-2. This functional connection correlated with cluster-
ing of FGF receptors and TRPC1 channels as was observed
by immunolabeling. These findings show the important
interplay between growth factor signaling and Ca2+ influx
in chemotaxis.
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Introduction

Para- or autocrine growth factor stimulation is an important
determinant of tumor progression and aggressiveness and
involves Ca2+ as a second messenger. Fibroblast growth
factor-2 is one of the major signal molecules involved in
such feedback systems leading to enhanced proliferation,
angiogenesis and increased motility and invasion of
carcinomas [15, 22]. Interference with abnormal FGF-2
signaling is therefore a means to prevent the formation of
metastases. Activation of FGF receptor-1 (FGFR-1) by
FGF-2 is enhanced by cell surface heparin sulfate proteo-
glycans (HSPG) and activates multiple intracellular path-
ways such as phospholipid or mitogen-activated protein
(MAP) kinase signaling. Finally, FGF-2 can trigger a dose-
dependent elevation of [Ca2+]I, which is mediated by
transient receptor potential canonical-1 (TRPC1) channels
in endothelial cells [3, 31]. In MDCK cells, heterologous
expression of FGFR-1 results in loss of epithelial properties
and gain of a fibroblast-like morphology like during
transformation to carcinoma cells [30]. Here, we studied
FGF-2 induced Ca2+ signals in MDCK-F cells that were
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transformed by sustained alkaline stress [32]. Migration of
MDCK-F cells can be stimulated with FGF-2 as they
express the FGFR-1 [19]. Moreover, MDCK-F cells are an
established model for studying the role of ion transport
proteins in cell migration [36].

Serving as Ca2+ entry pathways, TRP channels are key
regulators of the intracellular concentration of free calcium
([Ca2+]i). The pathophysiological importance of TRP
channels arises from the fact that Ca2+ is a crucial signaling
molecule for every cell type and deregulation of [Ca2+]i can
be the cause of several diseases [1]. TRPC channels are
expressed in a variety of different cells including MDCK
cells [5, 7]. TRPC channels are mainly activated by
phospholipase C (PLC) mediated pathways [40] down-
stream of G-protein coupled receptors or receptor tyrosine
kinases. PLC hydrolyzes phosphatidyl-4,5-bisphosphate
(PIP2) into inositol 1,4,5-triphosphate (IP3) and diacylgly-
cerol (DAG). IP3 mainly opens intracellular Ca2+ stores and
DAG can physiologically activate TRPC3/6/7 whereas
TRPC1/4/5 channels alone seem to be unresponsive to
DAG [18, 24]. But DAG can also influence TRPC1
indirectly via heteromerization with TRPC3 [9, 25, 26] or
via activation of protein kinase C (PKC). PKC can
phosphorylate TRPC1 [2], whereby it activates TRPC
channel heteromers including TRPC1 and TRPC5 [34].

Another phospholipid cascade that leads to TRPC1
activation implies production of phosphatidylinositol
3,4,5-trisphosphate (PIP3) by phosphatidylinositol 3-kinase
(PI3K) as shown in vascular myocytes [33]. As it is
becoming clear that TRPC1 channels are activated follow-
ing receptor stimulation via PLC and PI3K, we investigated
whether FGF-2 also acts via these pathways.

In the pathophysiological context of metastatic cancer
disease, migration of epithelial cancer cells away from
the primary tumor toward blood or lymphatic vessels
comprises a critical step in the metastatic cascade. On the
cellular level cell migration is orchestrated among others
by the fine-tuned [Ca2+]i [8, 11, 21, 45]. Ca

2+ conveys
polarity to migrating cells and coordinates processes such
as actin dynamics or reorganization of focal adhesions [4,
46]. Stretch-activated Ca2+ channels of unknown molecu-
lar identity have been implicated in the regulation of
adhesion and force generation of randomly migrating
keratocytes [10, 23]. The molecular identity of Ca2+

channels regulating cell migration is still unclear. Howev-
er, recent studies indicate that TRP channels are involved
in cell migration and related processes [27, 43]. Stretch-
activated or chemoattractant stimulated Ca2+ entry via
TRPM7 channels leads to the formation of dynamic
microdomains of high [Ca2+]i in the leading lamella of
embryonic lung fibroblasts [44]. Moreover, migrating
MDCK-F cells form a narrow Ca2+ gradient at the front
that is lost after TRPC1 silencing leading to loss of

intrinsic cell directionality [13]. And finally, neuronal path
finding via external chemotropic guidance depends on Ca2+

entry via TRPC1 channels [38, 42].
Although it is becoming clear that Ca2+ is a key second

messenger in growth factor signaling of tumors and also in
chemotaxis, the molecular connection is still largely
unknown. In the present study, we investigated the
processes that facilitate chemotaxis of MDCK-F cells
toward FGF-2: growth factor induced lipid signaling
(PLC, PI3K) and Ca2+ entry via TRPC1 channels.

Methods

Cell culture

Alkaline-transformed Madin–Darby canine kidney
(MDCK-F) cells were cultivated in bicarbonate-buffered
Minimal Essential Medium (MEM; pH 7.4) with Earle’s
salts (PAA Laboratories, Pasching, Austria) containing 10%
fetal calf serum (Biochrom, Berlin, Germany) in a 37°C
humidified atmosphere of 5% CO2. The experiments were
mainly carried out with two different cell lines: one cell line
with a stably enhanced expression of the human N-
terminally HA-tagged TRPC1 isoform (hTRPC1-HA), one
with a stably reduced TRPC1 expression via short
interfering RNA (siTRPC1) using the pSuper.retro.puro
vector as described [13]. For control experiments, we
established a vector control cell line that was transfected
with the empty expression vector (pcDNA3) and a siMock
control cell line that was generated by transfecting MDCK-
F cells with the pSuper.retro.puro vector carrying a mock
oligo. The migratory behavior of the two control cell lines
was indistinguishable and corresponds to that of wt
MDCK-F cells [13].

Chemotaxis experiments

Migration of MDCK-F cells was captured by means of time
lapse video microscopy as already described [13]. One day
prior to the experiments the cells were seeded in fibronectin
(1.4 μg/cm2) coated ibidi-μ-slides (Ibidi, Munich, Ger-
many). The μ-slides were put into heated chambers (37°C)
mounted on inverted microscopes (Axiovert25, Carl Zeiss,
Inc., Gottingen, Germany) and the cells were equilibrated to
serum-free MEM with Earle’s salts for 1 h. Also, blockers
were usually applied 1 h before the start of the recordings.
Chemotaxis experiments were performed in a paired
fashion. We observed the cells 1 h without chemoattractant
stimulation, before we established a gradient of FGF-2: A
μ-slide consists of two reservoirs connected via a 100-μl
channel. By filling one reservoir with medium and the other
with medium containing FGF-2 (10,000× concentrated) and
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Patentblue V (Sigma) and tilting the chamber for a second
we could establish a sharp gradient as visualized by
coapplication of Patentblue V. At the center of observation
the FGF-2 concentration amounted to a value of 5 ng/ml.
Subsequently, chemotaxis was monitored for 3 h. The
acquisition interval was 5 min throughout the entire
experiment. Images were acquired with video cameras
(Models XC-ST70CE and XC-77CE, Hamamatsu/Sony,
Japan) and PC-vision frame grabber boards (Hamamatsu,
Herrsching, Germany), controlled by HiPic and WASABI
software (Hamamatsu). The outlines of the cells were
marked at each time step throughout the entire image stack
applying the AMIRA software (TGS, San Diego, CA). The
cell contours then served as the basis for further analysis.
Parameters such as migratory velocity (μmmin−1) and
translocation (μm) were analyzed using self-made JAVA
programs and the NIH ImageJ software (http://rsb.info.nih.
gov/ij/). Migration was determined as the movement of the
cell center per time unit. In order to determine the
directionality of migration with respect to the FGF-2
gradient we determined the mean movement of the cell
centers in parallel to the FGF-2 gradient as a function of
time. This corresponds to the movement in x-direction of a
coordinate system.

Western blot

MDCK-F cells were seeded in 6- or 10-cm culture dishes.
The cells were washed with ice-cold phosphate-buffered
saline (PBS) three times and lysed with RIPA buffer
containing: 25 mM Tris–HCl, 150 mM NaCl, 1% Nonidet
P40, 0,1% SDS, 1% Sodium Deoxycholate; phosphatase
inhibitor (PhosSTOP; Roche) and protease inhibitor (cOm-
plete, Mini; Roche) cocktail tablets were added following
the manufacturer’s information. When probing ERK phos-
phorylation cells kept serum-free for at least 12 h. They
were lysed either directly (control) or they underwent a
treatment as indicated. After lysis, insoluble material was
removed by centrifugation for 5 min at 12,846×g at 4°C.
Protein quantification of the lysates allowed loading of
equal protein amounts for SDS-PAGE (7.5%) before transfer
to nitrocellulose membranes (PROTRAN, Schleichert
Schuell, Dassel, Germany). After blotting, unspecific binding
sites were blocked with Western Blot solution (5% fat free
milk, 0.5% Tween in PBS) for 1 h and the membranes
were incubated with the primary antibody (monoclonal
mouse anti-phospho-ERK1/2 (p44/42 MAPK) (Thr 202/
204) (E10; Cell Signalling Technology), 1:1,000 or anti
TRPC3 antibody, 1:200 (Alomone)—in the same solution
at 4°C overnight. The next day, the membrane was
washed 3×10 min with PBS/0.5% Tween and incubated
with a peroxidase-conjugated secondary antibody—goat
anti-mouse IgG or anti-rabbit (Dianova; 1:50,000 or

1:10,000, respectively). After 1 h, the blot was washed
three times with PBS/0.5% Tween and developed using
an enhanced chemiluminescence detection reagent kit
(Thermo Scientific Rockford, Rockford, IL). To ensure
equal loading the blot was stripped and stained with a
monoclonal antibody against β-actin-mouse anti-β-actin
(Clone AC-15, #A5441, Sigma) 1:10,000. Here, we used
the same secondary antibody as already mentioned. The
experiments were repeated three to four times. Western
blots were quantified by means of densitometry.

Intracellular Ca2+ measurements

One to two day(s) prior to the experiment cells were seeded
on fibronectin (1 μg/cm2) coated glass bottom dishes
(Willco wells, Amsterdan, The Netherlands). The cells
were preincubated with Ringer solution (in mM: NaCl
122.5, KCl 5.4, CaCl2 1.2, MgCl2 0.8, D-glucose 5.5,
HEPES 10.0, pH 7.4) and fura-2-AM (3 μM; Calbiochem)
for dye loading at RT for 25 min. The experiments were
carried out at 37°C, and cells were continuously superfused
with Ringer solution. Excitation wavelength alternated
between 340 and 380 nm. The emitted fluorescence was
monitored at 500 nm. CoolSnap camera, monochromator
and data acquisition were controlled by Metafluor Software
(Visitron Systems). Fluorescence intensities were corrected
by background subtraction and measured in 20-s intervals
over the entire cell area. [Ca2+]i was calculated as described
before [11]. Briefly, Ca2+ measurements were calibrated at
the end of each experiment. Maximal and minimal ratios
were determined separately for each cell by the application
of ionomycin-containing (1 μM) Ringer solutions contain-
ing either 5 mM EGTA or 5 mM Ca2+. For each cell clone
at least 45 cells were analyzed and mean values and S.E.M.
of the calculated [Ca2+]i over a 10-min period are
presented. Significance was tested with the Student’s t test.

We applied the manganese (Mn2+) quenching assay to
obtain an indirect measure of FGF-2 induced Ca2+ influx
via Ca2+ channels. Mn2+ can enter the cell via Ca2+

channels, bind to fura-2 with higher affinity than Ca2+ and
decrease fluorescence intensity of the former [29]. Thus, the
decrease in fluorescence intensity can be taken as an
indirect measure of Ca2+ influx. To this end cells were
excited at the isosbestic wavelength of fura-2 at 365 nm.
Using this wavelength, the emitted fluorescence at 500 nm
is independent of the [Ca2+]i and the decay of fluorescence
intensity can be ascribed to Mn2+ quenching. The fluores-
cence intensity was monitored in 3-s intervals. Experiments
were performed in a paired fashion: following an initial
equilibration period control Ringer solution was replaced
by a modified Ringer solution containing 50 μM MnCl2.
After 2 min this solution was exchanged for one containing
50 μM MnCl2, 10 ng/ml fibroblast growth factor-2
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(Peprotech GmbH, Hamburg, Germany) and blockers as
indicated. For each cell clone and condition at least 28 cells
(N≥3 individual experiments) were analyzed and mean
fura-2 fluorescence quenching (% of fluorescence intensity
F365 at t=0) ± SEM is shown. Regression analysis of
fluorescence intensities over time was performed to
determine the change in quenching rates QR (F365) [%/s]
before and after the stimulus. Experiments were performed
for at least three times and significance was tested with the
Student’s t test.

Immunofluorescence

After plating on poly-L-lysine coated cover slips cells
were serum-starved for at least 12 h. Subsequently, the
cells were fixed with 4% paraformaldehyde in PBS at
room temperature for 20 min. Triton X-100 (0.1%) in 4%
paraformaldehyde in PBS was applied for 1 min to
increase permeabilization. After washing with PBS non-
specific binding sites were blocked with 10% (v/v) goat
normal serum (Sigma, Germany) in 10 mM Na2HPO4 and
150 mM NaCl for 30 min. Cells were double-stained for
1 h with monoclonal antibodies against the FGF receptor-1
(1:100; QED Biosciences Inc., USA) and monoclonal rat
anti-HA recognizing the HA tag of transfected TRPC1
channels (1:200 clone 3 F10; Roche, Germany). After
washing the following secondary antibodies were applied
for 1 h: Alexa568-conjugated anti-mouse IgG (1:500
Invitrogen/Molecular Probes, USA) and Alexa-488 conju-
gated goat anti-rat IgG (1:400 Invitrogen/Molecular
Probes, USA). The cover slips were covered with Dako
fluorescence mounting medium (Dako GmbH, Germany).
We performed the following staining controls to ensure
specificity: stainings of nontransfected cells, stainings
using only the secondary antibody, double stainings
against TRPC1 or FGFR-1 and another target protein that
did not colocalize. We used the following filters for
detection: Alexa-488, D470/40 nm excitation, 515–
565 nm emission; Alexa-568, D540/25 nm excitation,
D605/55 nm emission. Images were taken using an
inverted microscope (Axiovert S100, Carl Zeiss, Ger-
many) with a 100× 1.45 oil immersion objective and a
back-illuminated EM-CCD camera Andor DU888 (Andor)
controlled by MetaMorph software.

To quantify the level of colocalization pixels with
highest fluorescence intensity were assigned as optical
centers. Dual-color images were superimposed, the pixel-
shift was corrected and the number and distances of optical
centers were determined. Intensity spots were counted in
areas of 5,000 pixel2 in every cell. At least n=30 cells from
three independent stainings were analyzed. Data are
presented as means ± SEM. Significance was tested with
Student’s t test.

Results

Chemotaxis toward FGF-2 requires TRPC1 channels

To analyze the effects of FGF-2 stimulation on TRPC1
channels during chemotaxis we compared MDCK-F cells
whose TRPC1 expression levels were altered either by
stable expression of siRNA against TRPC1 (siTRPC1) or
by overexpression of a human HA-tagged TRPC1 isoform
(hTRPC1-HA). The expression level of the siTRPC1 cell
line was reduced to 30% whereas the hTRPC1-HA cell
clone gained a doubled expression compared to respec-
tive controls (vector and siMock) as already shown [13].
These two opposing cell lines enabled us to get insights
into the role of TRPC1 during externally guided cell
migration because we could not detect a compensatory
upregulation of other TRPC channels. TRPC3 and TRPC6
channels were expressed at the same level in all cell lines
as assessed by Western blot analysis and RT-PCR (see Fig.
S1). We also compared siTRPC1 cells and TRPC1 over-
expressing cells with the respective control cell lines
whose TRPC1 expression level was not modified. The
migratory behavior of these two control cell lines carrying
two different vectors is identical and corresponds to that of
wt MDCK-F cells [13].

We had previously demonstrated that siTRPC1 cells
migrate more slowly and less efficiently than hTRPC1-HA
cells. Migration speed and translocation of siTRPC1 cells
were approximately 20% and 30% lower, respectively, than
those of hTRPC1-HA cells [13]. Compared to (vector and
siMock) control cells the mean squared displacement of
randomly moving hTRPC1-HA overexpressing cells was
significantly higher. In accordance with this study we
detected again random movement of these cells in the
absence of an FGF-2 gradient. We now established a stable
FGF-2 gradient and the same cells were subsequently
challenged for their ability to chemotax along this gradient
for 3 h. In the center of observation the FGF-2 concentra-
tion amounted to an estimated value of 5 ng/ml. The speed
of neither hTRPC1-HA overexpressing cells, siTRPC1 or
control cells were affected by the presence of the FGF-2
gradient. However, hTRPC1-HA overexpressing cells
clearly reoriented and chemotaxed toward FGF-2 as
displayed by net x-translocation up the FGF-2 gradient
(Fig. 1a and c). Thus, after 175 min hTRPC1-HA cells
reached a mean x-translocation of 20.3±8.5 μm (n=35)
toward the source of FGF-2. In contrast and as shown in
Fig. 1b and d, siTRPC1 cells did not chemotax toward
FGF-2 gradients as revealed by mean x-translocations
alternating around zero from the beginning until the end
of the experiment (−5.4±6.8 μm; n=35). Also, vector and
siMock control cells clearly chemotaxed toward FGF-2
reaching a net x-translocation of 29±7.7 μm (n=27;
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Fig. 1e) and 17.7±9.9 μm (n=27; Fig. 1f), respectively.
Thus, TRPC1 expression levels correlated positively with
the cells’ ability to sense and move toward the source of a
chemical gradient of FGF-2. Accordingly, hTRPC1-HA
cells no longer chemotaxed toward FGF-2 when incubated
with the TRP channel inhibitor GsMTx-4 (10 μM)—an
inhibitor of stretch-activated channels [6] or SKF96365
(25 μM)—a nonselective inihibitor of L-type and receptor-

operated Ca2+ channels (see summary of the chemotaxis
experiments in Fig. 2). In the presence of each of these
blockers, both cell lines behaved identically.

We next investigated the FGF-2 triggered signaling
cascades that might activate TRPC1 channels. To this end,
we performed chemotaxis experiments in the presence of
PLC and PI3K blockers U73122 (50 nM) and Wortmannin
(50 nM), respectively. As shown in Fig. 2 inhibition of both
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Fig. 1 Chemotaxis in FGF-2
gradients depends on TRPC1
expression and function. Cells
with increased and reduced
TRPC1 expression (plus respec-
tive controls) were recorded by
time-lapse video microscopy
while migrating in FGF-2
gradients with increasing con-
centrations from left to right. a
During 3 h after gradient for-
mation, hTRPC1-HA overex-
pressing cells translocated into
the direction of the FGF-2 gra-
dient as indicated by the super-
imposed outlines of the cells at
their start and end positions.
Arrows mark the trajectories
from start (white dot) to end of
observation (arrowhead). b In
contrast, siTRPC1 cells did not
respond to FGF-2 as indicated
by the superimposed outline of
the cells at their start positions
and their trajectories pointing
toward lower FGF-2 concentra-
tions. c Chemotaxis was quanti-
fied by plotting the movement
of the cells into the direction of
the FGF-2 gradient (x-direction).
Mean x-translocations ± SEM
are presented as a function of
time. Positive mean x-transloca-
tion of hTRPC1-HA overex-
pressing cells represents
movement toward higher FGF-2
concentrations, i.e., their ability
to chemotax toward FGF-2.
Chemotaxis was abolished by
10 μM GsMTx-4. d Silencing of
TRPC1 in siTRPC1 cells
abrogated chemotaxis toward
FGF-2. e, f Also siMock and
(empty) vector control cells
showed chemotaxis
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enzymes blocked chemotaxis of hTRPC1-HA cells so that
they moved randomly like siTRPC1 cells. This is man-
ifested by values of the x-translocation of both cell types
around zero. Noteworthy, only blocking of PLC resulted in
a reduction of the mean velocity. Mean velocities of
hTRPC1-HA- and of siTRPC1 cells were decreased by
more than 50% to 0.25±0.02 and to 0.24±0.03 μm/min,
respectively. These results demonstrate that knockdown of
TRPC1 channels or inhibition of lipid signaling abolished
both directed migration toward the chemoattractant. How-
ever, only PLC inhibition impacted on velocity and
directionality.

ERK1/2 (p44/42 MAPK) phosphorylation equals
in hTRPC1-HA and siTRPC1 cells after FGF-2 stimulation

FGF-2 stimulation initiates various signaling events—an
important one being the activation of ERK1/2 MAP kinases.
Thus, we investigated the FGF-2 induced signaling further
and compared ERK1/2 (p44/42 MAPK) phosphorylation in
the two opposing cell lines hTRPC1-HA and siTRPC1.
Figure 3a shows a Western Blot comparing ERK1/2
phosphorylation under control conditions (–FGF-2 ± the
FGFR-1 inhibitor SU5402) and after 5 min stimulation with
FGF-2 (10 ng/ml). Figure 3b provides a summary of these
experiments. Under basal conditions (–FGF-2), we detected
higher ERK1/2 phosphorylation in hTRPC1-HA cells than
in siTRPC1 cells. Importantly, following FGF-2 stimulation,
ERK1/2 phosphorylation in siTRPC1 increased to the same
level as in hTRPC1-HA. Thus, the inability of siTRPC1 cells
to chemotax along FGF-2 gradients cannot be ascribed to a

defect or absence of the FGF-2 receptor. Incubation with the
FGFR-1 inhibitor SU5402 together with FGF-2 attenuated
ERK1/2 phosphorylation.

FGF-2 stimulates a TRPC1-dependent Ca2+ influx

We next investigated the impact of FGF-2 stimulation on the
cytosolic Ca2+ concentration (Fig. 4a). We found that serum-
starved hTRPC1-HA cells had a mean [Ca2+]i of 111±6 nM.
Serum-starved cells treated for 3 h with FGF-2 (10 ng/ml)
had a significantly increased [Ca2+]i of 151±6 nM (n≥63).
[Ca2+]i of siTRPC1 cells was already higher (162±13 nM)
under control conditions. However, [Ca2+]i of siTRPC1 cells
did not change following FGF-2 stimulation (164±13 nM)
(n≥45). Noteworthy, we could not detect compensatory
upregulation of other TRPC channels such as TRPC3 in
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Fig. 2 Chemotaxis toward FGF-2 depends on TRPC1 and lipid
signaling. Summary of chemotaxis experiments as indicated by the net
mean x-translocation ± SEM at the end of the experiment (175 min).
Positive mean x-translocation indicates chemotaxis. Silencing of
TRPC1 (siTRPC1) or pharmacological inhibition (GsMTx-4,
SKF96365) was as efficient in abolishing chemotaxis as inhibition
of signaling events downstream of the FGFR-1: PLC with 50 nM
U73122 and PI3K with 50 nM Wortmannin. *p<0.05 (Student’s t test)
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Fig. 4 FGF-2 stimulates different Ca2+ responses in siTRPC1 cells
compared to hTRPC1-HA overexpressing and respective controls
(siMock and vector control cells). a Following a 3-h-long incubation
with 10 ng/ml FGF-2 [Ca2+]i of serum-starved hTRPC1-HA cells
increased, whereas [Ca2+]i of siTRPC1 did not change. b Serum-
starved cells were exposed to 50 μM Mn2+ to monitor the acute Ca2+

influx in response to 10 ng/ml FGF-2 by Mn2+ quenching of fura-2
fluorescence intensity F365. The change in quenching rate QR (F365)
before (dashed gray line) and after FGF-2 stimulation (black line) is
taken as an indirect measure of Ca2+ influx. In hTRPC1-HA
overexpressing cells, QR (F365) increased after application of 10 ng/
ml FGF-2. c QR (F365) was only moderately changed by FGF-2 in
siTRPC1 cells. Time control: Mn2+ quenching of a representative
siTRPC1 cell without FGF-2 stimulation. d Summary of the Mn2+

quenching experiments. The FGF-2-dependent change in QR (F365) in

hTRPC1-HA cells was significantly attenuated by Ca2+ channel
blockers (10 μM GsMTx-4 and 25 μM SKF96365) and inhibitors of
phospholipid signaling (50 nM U73122, 50 nM Wortmannin, and
LY294002), whereas the inactive analogue (U73343) had no effect. e
In contrast, in siTRPC1 cells the FGF-2 induced Ca2+ entry, i.e., the
change in QR (F365) was hardly affected by the same drugs. f In cells
expressing the empty vector, a medium Ca2+ entry was observed that
could be blocked by SKF, U73122, and LY204002. g The FGF-2
response of siMock cells was similar—the QR (F365) was between
overexpressing and knockdown cells. SKF and LY 294002 reduced
the response, but U73122 had nearly no effect on siMock cells. +, *p<
0.05 (Student’s t test); + indicates statistical difference between FGF-2
induced Mn2+ quench rates in hTRPC1-HA (d) or siTRPC1 cells (e)
and the respective vector control cells (f and g, respectively)
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these cells (see Fig. S1). TRPC3 expression is identical in all
four cell lines tested in this study.

These findings prompted us to assess whether FGF-2
can also act acutely and elicit an instantaneous Ca2+

influx in the two opposing cell lines and controls. We
monitored the Ca2+ influx by employing the fluorescence
based Mn2+ quenching assay. Heavy metals such as Mn2+

can bind Ca2+ sensitive dyes such as fura-2 with higher
affinity than Ca2+ resulting in fluorescence quenching
effects. We performed paired experiments and determined
the increase in quenching rate (QR (F365)) following the
application of FGF-2 (10 ng/ml). In hTRPC1-HA express-
ing cells, this increase amounts to QR (F365)=−0.139±
0.020%/s (n=52), indicating an instantaneous Ca2+ influx
upon FGF-2 stimulation (Fig. 4b). In contrast, FGF-2
elicited a greatly reduced response in siTRPC1 cells
(−50% as compared to hTRPC1-HA cells) (Fig. 4c). The
mean quenching rate changed only by QR (F365)=−0.068±
0.017%/s (n=46). The differential Mn2+ quench rates of
MDCK-F cells with different expression levels of TRPC1
are consistent with the notion that TRPC1 channels
constitute major Ca2+ entry channels activated upon
FGF-2 stimulation. This was further promoted by the
measurements of FGF-2 induced Ca2+ entry in the
respective controls. Both the vector control and siMock
control exhibited intermediate quenching rates lying between
the values of hTRPC1-HA cells and siTRPC1 cells (Fig. 4f
and g). The mean quenching rate of vector control cells
changed by QR (F365)=−0.086±0.006%/s (n=99). The
change in siMock cells was QR (F365)=−0.090±0.012%/s
(n=93). Mn2+ quenching rates in both control cell lines were
significantly different from hTRPC1-HA and siTRPC1 cells,
respectively.

To provide further support for the interpretation that TRPC1
channels are responsive for the FGF-2 induced Ca2+ entry, we
inhibited the Ca2+ influx with two different blockers (10 μM
GsMTx-4 and 25 μM SKF96365) and monitored the changes
in the rate of Mn2+ quenching (summary of Mn2+ quenching
experiments in Fig. 4d–g). Both blockers prevented the FGF-
2 induced change in the fluorescence quenching rate in
hTRPC1-HA expressing cells. The mean quenching rate
changed only by QR (F365)=−0.017±0.011%/s (n=39) in the
presence of GsMTx-4 and reached a positive value of QR
(F365)=0.081±0.008%/s due (n=86) following application of
SKF96365. The latter result indicates that SKF96365 not
only blocked FGF-2 induced Ca2+ influx but also basal Ca2+

influx. In contrast, siTRPC1 cells were insensitive to GsMTx-
4 and only slightly sensitive to SKF96365. The mean
quenching rate remained unchanged at QR (F365)=−0.060±
0.018%/s (n=28) in presence of GsMTx-4. Application of
FGF-2 together with SKF96365 only led to a small increase
in Mn2+ quenching by QR (F365)=−0.036±0.010%/s (n=57)
(Fig. 4e). SKF96365 also reduced the responses of vector and

siMock control cells to QR (F365)=0.015±0.009%/s (n=73)
and QR (F365)=0.055±0.013%/s (n=59), respectively.

To get insights into the underlying activation mechanism of
TRP channels we analyzed the impact of phospholipid
signaling on the FGF-2 triggered Ca2+ influx (Fig. 4d–g).
First, we applied an inhibitor of PLC U73122 (50 nM). PLC
inhibition caused a marked reduction but not a full blockade
of Mn2+ quenching in hTRPC1-HA cells. It decreased from
QR (F365)=−0.139±0.020 to −0.042±0.009%/s (n=38). In
contrast, Mn2+ quenching was reduced to a much lesser extent
by PLC blockade in siTRPC1 cells. It was lowered only from
QR (F365)=−0.068±0.017 to −0.043±0.004%/s (n=71).
When we applied the inactive analogue U73343 together
with FGF-2 we could observe almost the same change in QR
as with FGF-2 alone—in the hTRPC1-HA cells we observed
an increase by QR (F365)=−0.126±0.010%/s (n=90) and in
siTRPC1 QR (F365)=−0.097±0.013%/s (n=29). In vector
control cells, U73122 led to a change in QR (F365)=0.042±
0.007%/s (n=66) indicating complete blockade of Ca2+ entry
(Fig. 4f). Ca2+ entry into siMock could not be blocked by
U73122 - QR (F365)=−0.063±0.009%/s (n=109) (Fig. 4g).

Next, we interfered with PI3K function by application of
50 nMWortmannin or 10 μM LY294002. hTRPC1-HA cells
responded strongly and the FGF-2 induced quenching was
reduced to a large extent by simultaneous application of FGF-
2 and the different drugs (Wortmannin: QR (F365)=−0.037±
0.007%/s; n=78 and LY294002: QR (F365)=−0.018±
0.028%/s; n=31). In contrast, in siTRPC1 cells FGF-2
induced quenching was decreased to a much lesser extent
(Wortmannin: QR (F365)=−0.028±0.004%/s; n=53 and
LY294002: QR (F365)=−0.028±0.006%/s; n=44). In con-
trols, application of LY294002 could prevent the FGF-2
induced Ca2+ influx as shown by changed quenching rates of
QR (F365)=0.008±0.017%/s (n=65) for the vector control
cells and QR (F365)=0.034±0.027%/s (n=35) for the
siMock cells.

Taken together, these experiments show a consistent
difference between TRPC1-HA overexpressing and
siTRPC1 knockdown cells. FGF-2 induced Mn2+ quench-
ing rates were much higher in hTRPC1-HA than in
siTRPC1 cells and TRP channel blockers as well as PLC/
PI3K blockers had almost no effect on siTRPC1 cells.
These findings are consistent with the notion that FGF-2
leads to an activation of TRPC1 channels via lipid
signaling.

TRPC1 and the FGFR-1 partially colocalize

Immunohistochemistry was performed to visualize the
distribution of FGFR-1 and TRPC1 and to investigate the
level of colocalization. To ensure specific labeling we
performed adequate controls (see the Methods section). We
employed antibodies against FGFR-1 and against HA to
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stain the overexpressed hTRPC1-HA protein. Both mem-
brane proteins were equally distributed throughout the
entire cell (Fig. 5a). Epifluorescence images of TRPC1
and FGFR-1 signals were superimposed and the distances
of pixels with highest fluorescence intensity were deter-
mined by line scans as shown in Fig. 5c. Dual-color signals
whose optical centers that were less than 130 nm
(corresponding to 1.0 pixel) apart from each other were
classified as colocalizing signals. We counted single FGFR-
1 signals or those FGFR-1 signals that were colocalizing
with hTRPC1-HA signals in 5,000-pixel2-sized areas in 30
different cells (N=3) and found 15.7% of all FGFR-1 spots
colocalizing with hTRPC1-HA.

Discussion

Path finding or movement in external chemical gradients is
a basic physiologic mechanism for development, tissue
homeostasis or also for the formation of tumor metastases.
FGF-2 acts as mitogen in many cell types and is involved in
growth of tumors from different origin [15, 22]. It can
induce loss of epithelial properties in MDCK cells that
heterologously express FGFR-1 [30]. Moreover, FGF-2 can
directly stimulate migration of transformed MDCK cells

[18]. Ca2+ has been identified as a key signaling molecule
in directional sensing and migration [8, 16, 21, 35, 44, 45]
but the connection between growth factor signaling and Ca2+

entry during chemotaxis still needs to be unravelled. Our
study indicates that TRPC1 channels mediate the acute
FGF-2 triggered Ca2+ entry, which seems to be crucial for
the steering of chemotaxing MDCK-F cells that share some
properties of tumor cells.

As the specificity of TRP channel blockers has been
questioned we specifically addressed TRPC1 function by
decreasing (by siRNA) or increasing (by overexpression)
TRPC1 expression in two opposing stable cell lines. These
cells were compared to the respective vector/mock control
cell lines, which represent cells with endogenous TRPC1
expression. We found the following significant differences:
(1) the ability to sense and migrate along an external FGF-2
gradient was blunted due to specific knockdown of TRPC1
while FGF-2 receptor signaling was intact; (2) unlike
TRPC1 expressing cells, the knockdown cells did not
increase [Ca2+]i in response to FGF-2 stimulation; (3) acute
FGF-2 triggered TRPC1 mediated Ca2+ influx was at least
~50% higher in TRPC1 overexpressing cells than in
knockdown cells. FGF-2-induced Ca2+ entry rates were of
intermediate size in the control cell lines. Thus, the present
study shows that disturbed intracellular Ca2+ distribution in
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siTRPC1 cells cannot be overcome by an external chemo-
tactic stimulus. Ca2+ conveys intrinsic polarity to migrating
cells in form of a narrow Ca2+ gradient within the
lamellipodium. Ablation of TRPC1 leads to the breakdown
of this gradient and is associated with significantly lower
intrinsic directionality of migration [13]. These zones with
high [Ca2+]i in a low-Ca2+ background at the front of
migrating cells contribute to defining front–rear polarity
[44]. Thus, we propose that TRPC1 is rather involved in
“steering” of cells than being the “motor of migration”
during chemotaxis.

In addition to silencing and blockade of TRPC1
channels, inhibition of lipid signaling upstream of TRPC1
channels also interferes with the ability of MDCK-F cells to
chemotax along FGF-2 gradients. The role of phospholipid
signaling for directional movement has long been discussed
(for review, see Ref. [20]). However, the connection to TRP
channels has never been shown. In detail, studies in
Dictyostelium, mammalian neutrophils and fibroblasts have
shown that PI3Ks are locally activated at the leading edge
of chemotaxing cells [17, 39, 41]. This spatially restricted
activity could locally activate TRPC1 channels and pro-
mote the establishment of the Ca2+ gradient within the
lamellipodium. Consequently, blockade of PI3K would
impair downstream signaling to TRPC1 channels at the
front and inhibition of chemotaxis. This study indeed shows
that alternatively to TRPC1 knockdown also blockade of
PI3K prevented directional movement toward FGF-2. Thus,
both TRPC1 and PI3K seem to regulate directionality more
than controlling cell motility itself. Consequently, activation
of TRPC1 with FGF-2 did not increase the velocity and
inhibition of TRPC1 directly or upstream via PI3K
blockade only modestly decreased the velocity while
abrogating chemotaxis. Noteworthy, inhibition of PLC
interferes with both velocity and directionality, which is
presumably because PLC is involved in multiple signaling
events crucial for cell migration.

We further investigated the functional connection be-
tween FGF-2 stimulation and Ca2+ influx via TRPC1
channels in a time frame from a few minutes up to 3 h.
We monitored [Ca2+]i after 3-h-long FGF-2 stimulation and
the acute FGF-2 stimulated Ca2+ influx with the Mn2+

quenching technique. We detected an increase in the [Ca2+]i
of hTRPC1-HA overexpressing cells in response to 3-h-
long FGF-2 stimulation. These data correlate well with
results gained in other cell types, in which FGF-2 activates
SKF96365 sensitive currents mediated by TRPC1 [3].
Accordingly, knockdown of TRPC1 would interfere with
these currents which could also explain why [Ca2+]i of
siTRPC1 cells did not change in response to 3-h-long FGF-
2 incubation. To date, we cannot state why [Ca2+]i was
higher in serum-deprived siTRPC1 cells. We detected no
compensatory upregulation of other TRPC channels. Thus,

Western blot analysis revealed that expression of TRPC3
channels is identical in all four cell lines used in this study.
Similarly, RT-PCR experiments indicate that TRPC6
mRNA levels (normalized to GAPDH) are the same in
siTRPC1 and the corresponding mock control cells.
Presently, it is highly speculative to assume that a mutual
regulation of TRPC1 and TRPC6 channels as it was
recently described [37] underlies the elevation of [Ca2+]i
in siTRPC1 cells. These authors provided evidence that
TRPC6 channels are inhibited by TRPC1-mediated Ca2+

influx. Along these lines, TRPC1 knockdown would
possibly cause a disinhibition of TRPC6 channels in
siTRPC1 cells which could lead to an elevated [Ca2+]i
and also account for the elevated basal Mn2+ quench rate in
siTRPC1 cells. Noteworthy, the unresponsiveness of
siTRPC1 cells to FGF-2 stimulation was not due to
malfunction or downregulation of FGFR-1 in these cells.
Due to the major signaling events caused by FGFR-1
activation ERK1/2 phosphorylation reached the same level
in siTRPC1 and hTRPC1-HA cells.

Our results indicate that TRPC1 channels are a down-
stream target of FGF-2 induced phospholipid signaling
because FGF-2 triggered Ca2+ influx could be impaired by
blockade of PLC (U73122) or PI3K (wortmannin and
LY294002). It is well established that TRPC channels are
activated by PLC after activation by receptor tyrosine
kinases or by G-protein coupled receptors [40]. PLC could
possibly influence TRPC1 via DAG and IP3. Although
TRPC1 channels themselves are not stimulated by DAG
their heteromultimerization with TRPC3 channels might
convey indirect DAG sensitivity [9, 25, 26]. In fact, we
confirmed by Western blot analysis that TRPC3 channels
were expressed in MDCK-F cells.

PI3K producing primarily PIP3 from PIP2, is blocked by
50 nM wortmannin or 10 μM LY294002. In a recent study,
receptor mediated activation of native TRPC1 channels in
vascular myocytes was prevented by application of wortman-
nin or the PLC blocker U73122 [33]. We also see a blocking
effect of these blockers on FGF-2 induced Ca2+ entry
whereas the inactive analogue of U73122 (U73343) was
ineffective. This suggests that PLC and PI3K are upstream in
the signaling cascade that activates TRPC1 channels. There
are reports showing effects of U73122 other than blocking
PLC. Thus, it can apparently impair Ca2+ release from
intracellular Ca2+ stores by blocking Ca2+ pumps [28].
However, Ca2+ pump inhibition cannot account for the
reduction of the Mn2+ quench observed in our experiments.

Alternatively, the interplay between TRPC1 and PI3K in
MDCK-F cells might resemble the positive feedback loop
observed in macrophages. Here, the components Ca2+

entry, PI3K and F-actin dynamics maintain the organization
of the active leading edge whereby the localized Ca2+ entry
is the key for the specific localization at the front [12].
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A third putative mechanism according for FGF-2
dependent activation of TRPC1 channels could be a direct
interaction with activated FGFR-1. This possibility has to
be taken into account since TRPC1 channels and FGFR-1
are in close spatial proximity within the plasma membrane
as indicated by immunofluorescence colocalization studies
that revealed a high overlap frequency of TRPC1 and
FGFR-1. A similar colocalization of TRPC1 and FGFR-1
was observed in the developing brain [14].

Combining our findings of the chemotaxis experiments
and Ca2+ measurements, we conclude that FGF-2 stimula-
tion activates a Ca2+ influx via PLC and PI3K dependent
activation of TRPC1 channels. This Ca2+ influx is crucial
for chemotaxis toward FGF-2. Accordingly, silencing of
TRPC1 led to FGF-2 insensitivity. Future studies will
reveal whether this mechanism can be transferred from the
MDCK-F cell model to preclinical tumor models in an
effort to impair tumor metastasis.
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