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Abstract: Under physiological conditions, the widely expressed calcium-activated TRPM4 channel
conducts sodium into cells. This sodium influx depolarizes the plasma membrane and reduces the
driving force for calcium entry. The aberrant expression or function of TRPM4 has been reported
in various diseases, including different types of cancer. TRPM4 is mainly localized in the plasma
membrane, but it is also found in intracellular vesicles, which can undergo exocytosis. In this study,
we show that calcium-induced exocytosis in the colorectal cancer cell line HCT116 is dependent
on TRPM4. In addition, the findings from some studies of prostate cancer cell lines suggest a
more general role of TRPM4 in calcium-induced exocytosis in cancer cells. Furthermore, calcium-
induced exocytosis depends on TRPM4 ion conductivity. Additionally, an increase in intracellular
calcium results in the delivery of TRPM4 to the plasma membrane. This process also depends on
TRPM4 ion conductivity. TRPM4-dependent exocytosis and the delivery of TRPM4 to the plasma
membrane are mediated by SNARE proteins. Finally, we provide evidence that calcium-induced
exocytosis depends on TRPM4 ion conductivity, not within the plasma membrane, but rather in
TRPM4-containing vesicles.
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1. Introduction

The transient receptor potential melastatin 4 (TRPM4) channel is a widely expressed
calcium-activated nonselective (CAN) channel, which conducts monovalent cations such
as sodium (Na+) [1]. It is directly activated via an increase in intracellular calcium (Ca2+),
but it is not permeable to Ca2+ [2]. TRPM4-mediated Na+ influx depolarizes the plasma
membrane and reduces the driving force for Ca2+ entry [3]. A TRPM4-mediated decrease
in Ca2+ entry has been observed in various cellular systems, including immune, cancer,
cardiac muscle, and dental pulp cells [1,3–11]; however, other groups have found that
TRPM4 mediates an increase in Ca2+ entry [12–14]. The aberrant expression or malfunction
of TRPM4 has been characterized in multiple diseases, such as cardiovascular [15–17],
neurological [18], and skin diseases [19], as well as in different types of cancer [14,20–33].
Furthermore, TRPM4 plays a role in various immune cell functions [3,11,34,35].

TRPM4 is not only localized in the plasma membrane but also in intercellular vesi-
cles [36]. The translocation of TRPM4 within intracellular vesicles has been associated with
the process of insulin secretion in pancreatic β-cells [37], smooth muscle cell depolarization,
the vasoconstriction of cerebral arteries [38], and the regulation of the antigen-evoked rise
in Ca2+ in connective-tissue-type mast cells [39]. However, no studies have demonstrated
that TRPM4 activity contributes directly to exocytosis.

Evidence for the role of ion channels in regulated exocytosis has been reported in
studies of different cells, such as the secretory cells of the pancreas, parietal cells, chromaffin
cells, and gastric epithelial cells. In these cells, ion channels are involved in the secretion of
different molecules via the regulation of exocytosis [37,40–43]. There are many ion channels
that have been identified as being specific for the endolysosomal compartment, which
include TRPML channels and P2X4, TMEM175, BK, CLCs, TRPM2, and TPC channels.
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These ion channels contribute to the regulation of lysosomal functions, such as lysosome
movement, membrane trafficking, nutrient-sensing, membrane repair, organelle membrane
contact, and lysosome biogenesis and adaptation [44–47]. Additionally, ion channels
from the TRP family are involved in the regulation of exocytosis. TRPM7 is located in
the membrane of acetylcholine (ACh)-secreting synaptic vesicles in sympathetic neurons,
where it mediates neurotransmitter release [48]. Furthermore, TRPM7 has been shown
to be located in ACh-secreting small synaptic-like vesicles in PC12 cells, where its ion
conductivity across the vesicle membrane, rather than its enzymatic activity, has been
shown to play a role in vesicle fusion [49]. Another TRP channel, TRPML1, has been
shown to be a lysosomal Ca2+ channel that regulates focal exocytosis, which is required for
phagosome formation during phagocytosis in macrophages [50]. Finally, the trafficking of
some TRP channels to the plasma membrane, i.e. TRPM8 and TRPV1, has been shown to
be dependent on SNARE (soluble N-ethylmaleimide-sensitive factor attachment protein
receptors) proteins [51,52], which are transmembrane proteins that are essential for the
fusion of lipid bilayers [53].

Previously, we have shown that TRPM4 is the main source of Ca2+-activated Na+

entry in the colorectal cancer (CRC) cell line HCT116 and that TRPM4 ion conductivity
is involved in the regulation of cellular functions, such as cell viability and cell cycle in
different CRC cells [29,32]. TRPM4 is controlled by p53, and the loss of p53 function in
late-stage CRC cancer may enhance the role of TRPM4 in CRC progression [54]. Here, we
report that TRPM4 is involved in the regulation of Ca2+-induced exocytosis in CRC cells.
In this study, we aimed to elucidate whether Ca2+-induced exocytosis depends on TRPM4
activity and the specific mechanism of this process.

2. Materials and Methods
2.1. Cell Culture

All cell lines were cultured at 37 ◦C, under 5% CO2, and at a relative humidity of
95%, according to the American Type Cell Culture Collection (ATCC, Rockville, MD, USA)
guidelines. M4KO and M4KO cells with stable expressions of M4WT, M4D984A, and the
GFP control construct were generated previously [32]. Cells were passaged every few days
with the treatment of trypsin/EDTA. All cell culture work was conducted under sterile
conditions.

The human colorectal carcinoma cell line HCT116, originally derived from Dukes’
stage A CRC, was a gift from Karen Rother [55]. HCT116 and M4KO 1–5 cells were
cultivated in McCoy’s 5A (Modified) medium with GlutaMAX (Gibco, #36600021), sup-
plemented with 10% FBS (Gibco, #10270106). For the cultivation of M4KO with the stable
expression of M4WT, M4D984A, and the GFP control construct, McCoy’s 5A (modified)
medium with GlutaMAX, supplemented with 10% FBS and 0.25 µg/mL puromycin (Gibco,
#A1113803), was used.

Lymph node carcinoma of the prostate (LNCaP) cells, derived from androgen-sensitive
prostate cancer cells and DU145 and PC3 (both derived from androgen-insensitive prostate
cancer) were purchased from the ATCC and cultured in RPMI medium 1640 (Life Technolo-
gies, Carlsbad, CA, USA), supplemented with 10% FCS and 1% penicillin/streptomycin
(Life Technologies) [4].

2.2. Transient Transfection of HCT116 Cells with Tetanus Toxin Light Chain

For the expression of tetanus toxin light chain, 4 × 105 HCT116 cells per well were
seeded 24 h before transfection in 6-well plates (for the patch clamp experiments), or at a
density of 3.5 × 105 cells per 10 cm2 plates (for the biotinylation assay). The confluence of
the cells was approximately 80% at the time of transfection. The plasmids used included:
TetX-LC-pCAGG-IRES-GFP (tetanus toxin light chain, TeNT) [56] and pCAGGS-IRES-GFP
(control). The transfection was performed with the FuGENE transfection kit (Promega,
#E2311) according to the manufacturer’s instructions. The ratio of the FuGENE reagent to
DNA was 4:1, and FuGENE and the DNA were diluted using Opti-MEM medium (Gibco,
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#31985062). For the transfection of cells in 6-well plates, 2 µg of DNA construct per well
was used, and for the transfection of cells in 10 cm2 plates, 8 µg of DNA was used. After
15 min of incubation, 100 µL of the DNA/FuGENE/media mixture was added to each
well of the 6-well plate, or 400 µL was added in the case of the 10 cm2 plates. For the
patch clamp experiments, cells were re-seeded 24 h after transfection on 35 mm cell culture
dishes, and recordings were performed 48 h after transfection (only GFP-positive cells were
analyzed). The biotinylation assay was performed 48 h post-transfection.

2.3. Electrophysiology

Patch clamp experiments were performed in a tight-seal whole-cell configuration at
22–25 ◦C. The patch pipettes had resistances of between 2 and 3 MΩ. The current recordings
were acquired with the patch clamp amplifier system EPC 10 (HEKA). After establishing
the whole-cell configuration, voltage ramps of 50 ms duration, spanning from −100 to
+100 mV or from −100 to 0 mV, from a holding potential of 0 mV, were delivered every
2 s (0.5 Hz). The capacitive currents were determined and corrected before each voltage
ramp delivery. All voltages were corrected for a liquid junction potential of 10 mV. The
currents were filtered at 1 kHz, and the sample rate was 3 kHz. For the analysis, the
currents were extracted at −80 mV and 80 mV, normalized to the cell capacitance, and
plotted versus time. The bath solutions contained (in mM): 140 NaCl, 0.5 CaCl2, 3 MgCl2,
and 10 HEPES. The pH was adjusted with NaOH to 7.2. In the N-methyl-D-glucamine
(NMDG) bath solution, 140 mM NaCl was replaced by 140 mM NMDG. The pH of the
NMDG bath solution was adjusted to 7.2 with HCl. The osmolarity of both bath solutions
was adjusted with glucose to around 300 mOsm. The internal solution contained (in mM):
140 Cs glutamate, 10 HEPES, 8 NaCl, 1 EGTA, MgCl2, and CaCl2. The MgCl2 and CaCl2
concentrations were calculated (https://somapp.ucdmc.ucdavis.edu/pharmacology/bers/
maxchelator/webmaxc/webmaxcS.htm (accessed on 27 July 2019)) and added to reach
a final concentration of 3 mM free Mg2+ and 10 µM free Ca2+. The data analysis and the
graphical presentation of the patch clamp experiments were completed with Igor Pro 6.37
software (Wavemetrics).

2.4. Biotinylation Assay

For the biotinylation assay, 4 × 106 cells were seeded onto 10 cm2 plates. To activate
TRPM4, the cells were treated with ionomycin or DMSO as a control for 15 min at 37 ◦C.
Then, the cells were put on ice and washed twice with ice-cold PBS, and treated with
5 mL of freshly prepared EZ-link Sulfo-NHS-SS-Biotin (Thermo Scientific, #21331) in cold
1 × PBS solution (0.5 mg/mL) for 15 min at 4 ◦C. To inactivate the biotin and to remove
the cell debris, the cells were washed twice with 200 mM glycine in cold 1 × PBS, and
then twice with cold 1 × PBS. Next, the total protein lysate was isolated with M-PER
buffer (Thermo Scientific, #78501) supplemented with 1 × Halt Protease Inhibitor Cocktail
(Thermo Scientific, #87786) and 1 × benzonase. The protein concentrations of the lysates
were measured with the Pierce BCA Protein Assay Kit. Streptavidin Sepharose High
Performance resin (50 µL) was washed twice with 500 µL of lysis buffer (2 min at 3000 rpm,
4 ◦C). Approximately 500 µg of each protein lysate was incubated with 50 µL of Streptavidin
resin for 2 h at 4 ◦C on a wheel. Afterwards, the samples were washed five times with lysis
buffer and eluted with 50 µL of 2 × NuPAGE sample buffer supplemented with 100 mM
DTT at 37 ◦C for 30 min. Finally, the samples were centrifuged for 2 min at 3000 rpm and
4 ◦C, and the supernatant was kept at −20 ◦C for further analysis.

The plasma membrane protein was detected with Western blot. Additionally, the
input fraction (whole-cell protein expression) was analyzed as a reference. Proteins were
separated on 10% SDS-PAGE gel, and the electrophoresis was run for approximately 40 min
at 200 V. The proteins were transferred to a nitrocellulose membrane for 1.5 h at a constant
current of 350 mA at 4 ◦C. The membranes were blocked for 2 h with 3% BSA in TBS at
room temperature. The proteins were probed with the following primary antibodies: rabbit
anti-TRPM4 antibody [57], mouse anti-α Na+/K+-ATPase antibody (Abcam, #ab7671), and
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mouse anti-β-actin (Cell Signaling, #3700), overnight at 4 ◦C. Afterwards, the membranes
were washed three times for 10 min with TBST buffer (Tween® 20) and incubated with the
fluorescent antibodies IRDye donkey anti-mouse (LI-COR, #925-68022) and IRDye 800CW
goat anti-rabbit (LI-COR, #925-32211) for 1.5 h at room temperature. After incubation, the
membranes were washed three times with TBST. The fluorescence of the antibodies was
detected with the LI-COR Odyssey Imaging System and quantified with LI-COR Image
Studio Lite software. For the membrane fraction, the αNa+/K+-ATPase expression level
was used as a loading control, and β-actin was used as a negative control.

3. Results
3.1. Exocytosis in HCT116 Cells Is Dependent on TRPM4

Upon the activation of HCT116 cells with 10 µM intracellular Ca2+, we detected high
inward currents, which were completely abolished by the exchange of Na+ to NMDG+ in
the bath solution, which suggests Na+ is the primary conducted ion (Figure 1A,B). These
currents were completely abolished in the HCT116 TRPM4 knock-out cells, M4KO 1–5
(Figure 1A,B), which confirmed our previous results that identified TRPM4 as the main
source of ICAN (Ca2+-activated nonselective current) in the CRC cell line HCT116 [32]. Dur-
ing the whole-cell patch clamp measurements, we additionally detected the cell capacitance
before each voltage ramp. The cell capacitance (measured in pF) is proportional to the cell
surface area, and changes in cell capacitance reflect exocytosis (and/or endocytosis) [58,59].
An analysis of the HCT116 cells activated with 10 µM Ca2+ showed an increase in cell
capacitance, which was absent in five M4KO cell lines (Figure 1C,D). Ca2+ is well known to
induce regulated exocytosis [37,60]. In our experimental setup, the increase in intracellular
Ca2+ triggered exocytosis, but only in cells expressing TRPM4. This leads to the conclusion
that in HCT116, Ca2+-induced exocytosis is dependent on TRPM4.

3.2. TRPM4-Dependent Exocytosis in Prostate Cancer Cells

Next, we hypothesized whether the Ca2+-induced, TRPM4-dependent increase in cell
capacitance is characteristic of CRC cells or whether there is a similar effect in prostate
cancer (PCa) cell lines that also express high levels of TRPM4 [4,22]. To investigate this,
we analyzed cell capacitance traces from previously recorded measurements published
in [4] from the following PCa cell lines: LNCaP (Figure 2A,B), DU145 (Figure 2C,D), and
PC3 (Figure 2E,F). These cell lines correspond to different PCa stages and were either
non-transfected or transfected with siRNA targeting TRPM4 or control RNA. Under these
conditions, the Ca2+-induced increase in cell capacitance was reduced upon the down-
regulation of TRPM4 with siRNA in all three cell lines, suggesting a more general role for
TRPM4 in Ca2+-induced cancer cell exocytosis. These changes in cell capacitance were not
statistically significant; however, changes in cell capacitance may be an underestimation
due to the incomplete down-regulation of TRPM4 by siRNA (~40% for LNCaP, ~57%
for DU145, and ~71% for PC3 [4]), and the transfection may also affect changes in cell
capacitance, which seems to be the case for DU145.
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ICAN was evoked with 10 μM Ca2+ in the pipette (n = 14 for HCT116, n = 4 for M4KO 1, n = 3 for M4KO 2, 
n = 3 for M4KO 3, n = 3 for M4KO 4, and n = 3 for M4KO 5). (B) Corresponding averaged IVs at 394 s and 
404 s (before and during application of NMDG+) from cells in (A). (C) Detected changes in cell capacitance 
in HCT116 and M4KO cell lines after activation with 10 μM Ca2+. The cell capacitance was normalized to 
the first point of each measurement and plotted versus time (n = 14 for HCT116, n = 4 for M4KO 1, n = 3 
for M4KO 2, n = 3 for M4KO 3, n = 3 for M4KO 4, and n = 3 for M4KO 5). (D) Scatter plot and bar diagram 
of data in (C) at 394 s, shown as mean + SD. Mann–Whitney test for non-parametric data was used to 
determine statistical significance (* p < 0.05). 

Figure 1. Patch clamp analysis and analysis of cell capacitance changes in HCT116 and M4KO clones.
(A) ICAN was evoked with 10 µM Ca2+ in the pipette (n = 14 for HCT116, n = 4 for M4KO 1, n = 3 for
M4KO 2, n = 3 for M4KO 3, n = 3 for M4KO 4, and n = 3 for M4KO 5). (B) Corresponding averaged
IVs at 394 s and 404 s (before and during application of NMDG+) from cells in (A). (C) Detected
changes in cell capacitance in HCT116 and M4KO cell lines after activation with 10 µM Ca2+. The
cell capacitance was normalized to the first point of each measurement and plotted versus time
(n = 14 for HCT116, n = 4 for M4KO 1, n = 3 for M4KO 2, n = 3 for M4KO 3, n = 3 for M4KO 4, and
n = 3 for M4KO 5). (D) Scatter plot and bar diagram of data in (C) at 394 s, shown as mean + SD.
Mann–Whitney test for non-parametric data was used to determine statistical significance (* p < 0.05).

3.3. TRPM4 Is Delivered to the Plasma Membrane upon the Increase in Intracellular Calcium

TRPM4 is delivered to the plasma membrane via intracellular vesicles [36]. To elu-
cidate whether an increase in intracellular Ca2+ can trigger the delivery of TRPM4 to the
plasma membrane, we stimulated HCT116 cells with ionomycin and performed cell surface
biotinylation assays. Ionomycin is a Ca2+ ionophore that transports Ca2+ to the cytosol
and increases intracellular Ca2+. After 15 min of stimulation, either with 1 µM or 2 µM
ionomycin, TRPM4 membrane expression increased in a dose-dependent manner (Figure 3).
In conclusion, an increase in intracellular Ca2+ leads to the delivery of TRPM4-containing
vesicles to the plasma membrane.
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as mean + SEM. (C) Detected changes in cell capacitance in DU145 cells after activation with 10 μM 
Ca2+. The cell capacitance was normalized to the first point of each measurement and plotted versus 
time (n = 5 for non-silencing, n = 7 for siRNA TRPM4, and n = 6 for non-transfected). (D) Bar diagram 
of data in (C) at 394 s, shown as mean + SEM. (E) Detected changes in cell capacitance in PC3 cells 
after activation with 10 μM Ca2+.The cell capacitance was normalized to the first point of each meas-
urement and plotted versus time (n = 6 for non-silencing, n = 5 for siRNA TRPM4, and n = 9 for non-
transfected). (F) Bar diagram of data in (E) at 394 s, shown as mean + SEM. 

3.3. TRPM4 Is Delivered to the Plasma Membrane upon the Increase in Intracellular Calcium 
TRPM4 is delivered to the plasma membrane via intracellular vesicles [36]. To eluci-

date whether an increase in intracellular Ca2+ can trigger the delivery of TRPM4 to the 
plasma membrane, we stimulated HCT116 cells with ionomycin and performed cell sur-
face biotinylation assays. Ionomycin is a Ca2+ ionophore that transports Ca2+ to the cytosol 
and increases intracellular Ca2+. After 15 minutes of stimulation, either with 1 μM or 2 μM 
ionomycin, TRPM4 membrane expression increased in a dose-dependent manner (Figure 

Figure 2. Patch clamp analysis and analysis of cell capacitance changes in PCa cells. (A) Detected
changes in cell capacitance in LNCaP cells after activation with 10 µM Ca2+. The cell capacitance was
normalized to the first point of each measurement and plotted versus time (n = 5 for non-silencing,
n = 5 for siRNA TRPM4, and n = 9 for non-transfected). (B) Bar diagram of data in (A) at 394 s,
shown as mean + SEM. (C) Detected changes in cell capacitance in DU145 cells after activation with
10 µM Ca2+. The cell capacitance was normalized to the first point of each measurement and plotted
versus time (n = 5 for non-silencing, n = 7 for siRNA TRPM4, and n = 6 for non-transfected). (D) Bar
diagram of data in (C) at 394 s, shown as mean + SEM. (E) Detected changes in cell capacitance in
PC3 cells after activation with 10 µM Ca2+.The cell capacitance was normalized to the first point of
each measurement and plotted versus time (n = 6 for non-silencing, n = 5 for siRNA TRPM4, and
n = 9 for non-transfected). (F) Bar diagram of data in (E) at 394 s, shown as mean + SEM.
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Figure 3. Increase in TRPM4 in the plasma membrane after stimulation with ionomycin. (A) HCT116 
cells were stimulated with 1 or 2 μM ionomycin for 15 min, and TRPM4 membrane expression was 
analyzed using a biotinylation assay. DMSO was used as a control. TRPM4 expression in membrane 
and whole-cell fractions. For the membrane fraction, α-Na+/K+-ATPase was used as a loading con-
trol, and β-actin was used as a negative control. For the whole-cell fraction, β-actin was used as a 
loading control. (B) Scatter plot and bar diagram of the quantification of the TRPM4 plasma mem-
brane expression levels, shown as mean + SD. Experiment was repeated four times. 
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To investigate whether TRPM4 conductivity is necessary for Ca2+-induced exocytosis, 

we used HCT116 cells with TRPM4 knock-out, overexpressing either functional TRPM4 
(M4KO 1 + M4WT) or a dominant-negative TRPM4 mutant (M4KO 1 + M4D984A), which 
has a mutation in the pore region of the channel and is unable to conduct any ions [2,32]. 
Whole-cell patch clamp measurements revealed that M4KO 1 cells, which express a func-
tional TRPM4 channel, displayed high Na+ currents after their activation with Ca2+ in the 
patch pipette, while cells expressing the M4D984A mutant did not display the TRPM4-
characteristic currents (Figure 4A,B). A cell capacitance analysis showed that only HCT116 
cells expressing M4WT displayed an increase in cell capacitance after their activation with 
Ca2+ (Figure 4C,D). No changes were observed in cells expressing M4D984A, suggesting 
that TRPM4 conductivity plays a role in Ca2+-induced exocytosis. In HCT116, Ca2+-in-
duced exocytosis is dependent on TRPM4 ion conductivity. 

Next, we investigated whether TRPM4 ion conductivity is necessary for the delivery 
of TRPM4 to the plasma membrane, upon an increase in intracellular Ca2+. For this pro-
cess, we stimulated M4KO 1 + M4WT and M4KO 1 + M4D984A with 2 μM ionomycin or 
a DMSO control for 15 minutes and performed cell-surface biotinylation assays (Figure 
4E,F). Only in the M4KO 1 + M4WT, treatment with ionomycin resulted in an increase in 
plasma membrane TRPM4. In the M4KO 1 + M4D984A cells, TRPM4 plasma membrane 
expression did not change. These results suggest that TRPM4 ion conductivity is neces-
sary for the Ca2+-induced delivery of TRPM4 to the plasma membrane. 

Figure 3. Increase in TRPM4 in the plasma membrane after stimulation with ionomycin. (A) HCT116
cells were stimulated with 1 or 2 µM ionomycin for 15 min, and TRPM4 membrane expression was
analyzed using a biotinylation assay. DMSO was used as a control. TRPM4 expression in membrane
and whole-cell fractions. For the membrane fraction, α-Na+/K+-ATPase was used as a loading
control, and β-actin was used as a negative control. For the whole-cell fraction, β-actin was used
as a loading control. (B) Scatter plot and bar diagram of the quantification of the TRPM4 plasma
membrane expression levels, shown as mean + SD. Experiment was repeated four times.

3.4. TRPM4 Ion Conductivity Plays a Role in Exocytosis

To investigate whether TRPM4 conductivity is necessary for Ca2+-induced exocytosis,
we used HCT116 cells with TRPM4 knock-out, overexpressing either functional TRPM4
(M4KO 1 + M4WT) or a dominant-negative TRPM4 mutant (M4KO 1 + M4D984A), which
has a mutation in the pore region of the channel and is unable to conduct any ions [2,32].
Whole-cell patch clamp measurements revealed that M4KO 1 cells, which express a func-
tional TRPM4 channel, displayed high Na+ currents after their activation with Ca2+ in the
patch pipette, while cells expressing the M4D984A mutant did not display the TRPM4-
characteristic currents (Figure 4A,B). A cell capacitance analysis showed that only HCT116
cells expressing M4WT displayed an increase in cell capacitance after their activation with
Ca2+ (Figure 4C,D). No changes were observed in cells expressing M4D984A, suggesting
that TRPM4 conductivity plays a role in Ca2+-induced exocytosis. In HCT116, Ca2+-induced
exocytosis is dependent on TRPM4 ion conductivity.

Next, we investigated whether TRPM4 ion conductivity is necessary for the delivery
of TRPM4 to the plasma membrane, upon an increase in intracellular Ca2+. For this process,
we stimulated M4KO 1 + M4WT and M4KO 1 + M4D984A with 2 µM ionomycin or a
DMSO control for 15 min and performed cell-surface biotinylation assays (Figure 4E,F).
Only in the M4KO 1 + M4WT, treatment with ionomycin resulted in an increase in plasma
membrane TRPM4. In the M4KO 1 + M4D984A cells, TRPM4 plasma membrane expression
did not change. These results suggest that TRPM4 ion conductivity is necessary for the
Ca2+-induced delivery of TRPM4 to the plasma membrane.
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Figure 4. Analysis of M4KO 1 with expression of functional TRPM4 (M4WT) or dominant-negative 
TRPM4 mutant (M4D984A). (A) ICAN was evoked with 10 μM Ca2+ in the pipette (n = 11 for M4KO 1 
+ control, n = 9 for M4KO 1 + M4WT, n = 9 for M4KO 1 + M4D984A). (B) Corresponding IVs at 394 s 
from cells in (A). (C) Normalized cell capacitance from cells in (A) after activation with 10 μM Ca2+

cell capacitance was plotted versus time (n = 12 for M4KO 1 + control, n = 9 for M4KO 1 + M4WT,
and n = 9 for M4KO 1 + M4D984A). (D) Bar diagram of data in (C) at 394 s. Kruskal–Wallis test for 
non-parametric data was used to determine statistical significance (* p < 0.05, non-significant (ns)).
(E) Plasma membrane and whole-cell expression of TRPM4 (M4WT or M4D984A). Cells were stim-
ulated with 2 μM ionomycin or DMSO for 15 min, and TRPM4 membrane expression was analyzed 
with a biotinylation assay. DMSO was used as a control. α-Na+/K+-ATPase was used as a loading 
control for the membrane fraction, and β-actin was used as a loading control for whole-cell TRPM4 
fraction. (F) Scatter plot and bar diagram of quantification of TRPM4 plasma membrane expression 
levels, shown as mean + SD. Experiment was repeated three times. 

3.5. TRPM4-Dependent Exocytosis Is Mediated by SNARE Proteins 
SNARE proteins are known to mediate exocytosis [53]. Here, we aimed to elucidate 

whether TRPM4-dependent exocytosis is dependent on these proteins. For this process, 
we overexpressed tetanus toxin light chain (TeNT) using a bicistronic vector [56]. Tetanus 
toxin light chain cleaves SNARE proteins, resulting in their deactivation [61]. We per-
formed patch clamp measurements in cells expressing TeNT. Notably, cells with TeNT 

Figure 4. Analysis of M4KO 1 with expression of functional TRPM4 (M4WT) or dominant-negative
TRPM4 mutant (M4D984A). (A) ICAN was evoked with 10 µM Ca2+ in the pipette (n = 11 for M4KO
1 + control, n = 9 for M4KO 1 + M4WT, n = 9 for M4KO 1 + M4D984A). (B) Corresponding IVs at
394 s from cells in (A). (C) Normalized cell capacitance from cells in (A) after activation with 10 µM
Ca2+ cell capacitance was plotted versus time (n = 12 for M4KO 1 + control, n = 9 for M4KO 1 +
M4WT, and n = 9 for M4KO 1 + M4D984A). (D) Bar diagram of data in (C) at 394 s. Kruskal–Wallis
test for non-parametric data was used to determine statistical significance (* p < 0.05, non-significant
(ns)). (E) Plasma membrane and whole-cell expression of TRPM4 (M4WT or M4D984A). Cells were
stimulated with 2 µM ionomycin or DMSO for 15 min, and TRPM4 membrane expression was
analyzed with a biotinylation assay. DMSO was used as a control. α-Na+/K+-ATPase was used as a
loading control for the membrane fraction, and β-actin was used as a loading control for whole-cell
TRPM4 fraction. (F) Scatter plot and bar diagram of quantification of TRPM4 plasma membrane
expression levels, shown as mean + SD. Experiment was repeated three times.
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3.5. TRPM4-Dependent Exocytosis Is Mediated by SNARE Proteins

SNARE proteins are known to mediate exocytosis [53]. Here, we aimed to elucidate
whether TRPM4-dependent exocytosis is dependent on these proteins. For this process, we
overexpressed tetanus toxin light chain (TeNT) using a bicistronic vector [56]. Tetanus toxin
light chain cleaves SNARE proteins, resulting in their deactivation [61]. We performed
patch clamp measurements in cells expressing TeNT. Notably, cells with TeNT expression
showed a tendency to exhibit decreased intensities of currents (Figure 5A,B); however, this
decrease was not statistically significant. Cells transfected with the control vector showed
an increase in cell capacitance, while cells expressing the tetanus toxin showed almost no
change (Figure 5C,D). The expression levels of the tetanus toxin may have been insufficient
to entirely block SNARE-mediated exocytosis. Next, we performed biotinylation assays
in cells transfected with TeNT (Figure 5E,F). After stimulation with 2 µM ionomycin,
cells transfected with the control vector showed an increase in the amount of membrane
TRPM4. This increase was abrogated in cells transfected with TeNT. This suggests that
TRPM4-dependent exocytosis and the delivery of TRPM4-containing vesicles to the plasma
membrane are mediated by SNARE proteins.

3.6. TRPM4-Dependent Exocytosis Does Not Require Plasma Membrane TRPM4 Conductivity

Next, we hypothesized whether TRPM4-dependent exocytosis is dependent on the
activity of TRPM4 in the plasma membrane or within the vesicles. We used cells expressing
either endogenous TRPM4 (HCT116) or solely the non-conducting TRPM4 mutant D984A
(M4KO 1 M4D984A). Cells were activated with 10 µM Ca2+ in the patch pipette. We
performed whole-cell patch clamp measurements and delivered voltage ramps spanning
only negative potentials from −100 mV to 0 mV (“Half-ramp” experiments, Figure 6A,
upper panel). At these negative membrane potentials, only the TRPM4 inward currents
could occur, while the outward currents were avoided. Furthermore, we placed the cells
in a bath solution containing either Na+ to allow for inward currents through activated
TRPM4 channels or NMDG+ to prevent inward currents. An overview of our experimental
conditions is given in Figure 6A (lower panel).

When endogenous TRPM4 was expressed and Na+ was present in the bath solution,
inward Na+ currents were observed, while in the NMDG+ bath solution, no inward currents
were detected (Figure 6B, IVs in Figure 6C). In both conditions, we observed an increase
in cell capacitance, shown in Figure 6D,E, demonstrating that the increase in cell capaci-
tance was independent of TRPM4 conductivity in the plasma membrane. To investigate
whether the increase in cell capacitance depended on TRPM4 conductivity in the vesicles,
we performed the same experiments with M4KO 1 + M4D984A cells (Figure 6B–E). In
these cells, when either Na+ or NMDG+ was present in the bath solution, no increase in
cell capacitance was observed. This demonstrates that the presence of non-conducting
TRPM4 in intracellular vesicles is insufficient to mediate exocytosis. In summary, TRPM4-
dependent exocytosis is independent from plasma membrane TRPM4, but depends on
TRPM4 conductivity in intracellular vesicles.
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Figure 5. Overexpression of tetanus toxin in HCT116 cells. HCT116 cells were transfected with
tetanus toxin light chain (TeNT) or the control vector. (A) Whole-cell patch clamp recordings were
performed 48 h post-transfection. ICAN was evoked with 10 µM Ca2+ in the pipette (n = 6 for HCT116
+ control, n = 7 for HCT116 + TeNT). (B) Corresponding IVs at 394 s from cells in A. (C) Normalized
cell capacitance plotted versus time for cells in A. (D) Bar diagram of data (mean + SEM) at 394 s from
(C). Statistical analysis was performed with unpaired t-test (** p < 0.01). (E) Biotinylation assay was
performed 48 h after transfection. Cells were stimulated with 2 µM ionomycin or DMSO for 15 min,
and TRPM4 membrane expression was analyzed with a biotinylation assay (plasma membrane and
whole-cell expression of TRPM4). DMSO was used as a control. α-Na+/K+-ATPase was used as a
loading control for the membrane fraction and β-actin as a loading control for whole-cell TRPM4
fraction. (F) Quantification of TRPM4 plasma membrane expression levels, shown as mean + SEM
from three independent experiments.
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Figure 6. “Half-ramp” experiments in HCT116 and M4KO 1 cells. (A) Graphical representation of
the experiment. Voltage ramps spanning from −100 to 0 mV were delivered from a holding potential
of 0 mV; under these conditions, only an inward TRPM4 current occurred (upper panel). HCT116
cells endogenously expressing TRPM4 or M4KO 1 expressing M4D984 were used, and either Na+

or NMDG+ were present in the bath solution, to allow for or to prevent inward currents (lower
panel). (B) ICAN was evoked with 10 µM Ca2+ in the pipette (n = 5 for HCT116 + Na+, n = 10 for
HCT116 + NMGD+, n = 4 for M4KO 1 M4D984A + Na+, and n = 6 for M4KO 1 M4D984A + NMDG+).
(C) Corresponding IVs at 394 s from cells in (B). (D) Scatter plot and normalized cell capacitance
plotted versus time from cells in (B). (E) Scatter plot and bar diagram of data (mean + SD) at 394 s
from (D). Kruskal–Wallis test for non-parametric data was used to determine statistical significance
(* p < 0.05, ** p < 0.01, and non-significant (ns)).

4. Discussion

We demonstrated that TRPM4 plays a role in Ca2+-induced exocytosis in the colorectal
cancer cell line HCT116. An investigation of the changes in cell capacitance in HCT116
cells and HCT116 cells with the TRPM4 knock-out (M4KO) revealed that the expression of
TRPM4 is necessary for exocytosis, with this being reflected as an increase in cell capacitance.
Interestingly, the capacitance increase only occurred in cells expressing functional TRPM4
(M4WT), but not in the dominant negative TRPM4 mutant (M4D984A). This suggests that
Ca2+-induced exocytosis in HCT116 is dependent on TRPM4 conductivity. Furthermore, we
showed that the conductivity of plasma membrane TRPM4 is not necessary for an increase
in cell capacitance. Hence, we propose that the conductivity of TRPM4 within intracellular
vesicles is necessary for exocytosis in HCT116 cells. Furthermore, we showed that TRPM4
is delivered to the plasma membrane upon a rise in intracellular Ca2+. Previous studies



Cells 2022, 11, 1793 12 of 16

have shown that TRPM4 is present in dynamic vesicles [36], suggesting that TRPM4 is
delivered to the plasma membrane upon activation with Ca2+, in a process that is dependent
on TRPM4 conductivity. Moreover, our data suggest a more general role for TRPM4 in
Ca2+-induced exocytosis in cancer cells with high levels of TRPM4 expression, such as
PCa cells.

The overexpression of the tetanus toxin light chain in HCT116 cells resulted in an
inhibition of Ca2+-induced exocytosis. Furthermore, the overexpression of the tetanus toxin
abrogated the Ca2+-induced delivery of TRPM4 to the plasma membrane. This leads to
the conclusion that TRPM4-dependent exocytosis and the Ca2+-induced translocation of
TRPM4 to the plasma membrane is mediated by SNARE proteins. These findings are in
line with a previously reported mechanism of SNARE-dependent trafficking to the plasma
membrane of other members of the TRP ion channel family, TRPV1 and TRPM8 [51,52].
Interestingly, cells expressing TeNT also showed reduced TRPM4-mediated currents. After
activation with Ca2+, the delivery of TRPM4-containing vesicles to the plasma membrane
may occur for the functional purpose of recruiting additional channels to further increase
the Na+ influx. This increase in Na+ influx may then further reduce the driving force
for Ca2+, and thus, fusion of TRPM4-containing vesicles to the plasma membrane may
enhance the negative feedback mechanism for Ca2+ entry by membrane depolarization.
Additionally, the control transfected HCT116 cells displayed a biphasic current after their
activation with Ca2+. Similar observations were made in pancreatic β-cells, in which a
dynamic translocation of TRPM4 to the plasma membrane via Ca2+- induced exocytosis
resulted in biphasic currents [37]. This could support the hypothesis that an increase in
intracellular Ca2+ concentration triggers the delivery of functional TRPM4 channels from
the intracellular pool to the plasma membrane. However, such a conclusion is difficult
to make, as we did not observe such a biphasic current in other whole-cell patch clamp
experiments that investigated TRPM4 currents in HCT116 cells.

Lysosomal exocytosis is a Ca2+-induced process that is mediated by SNARE proteins.
This process involves the secretion of lysosome-associated membrane protein 1 (LAMP1)-
containing vesicles [62]. It was shown that the exocytosis of LAMP1-containing vesicles
might contribute to cancer features, including enhanced cell migration [63]. It was pre-
viously shown that TRPM4 mediates the migration of CRC and PCa cells [4,22,25,30,32].
Therefore, TRPM4-dependent exocytosis might be involved in the regulation of cancer cell
migration and/or contribute to polarized exocytosis in metastasis [64,65]; however, further
studies are needed to investigate that hypothesis.

Based on our findings, we propose a novel mechanistic model of TRPM4 contribution
to Ca2+-induced exocytosis in HCT116 cells (a summary of the experiments is presented
in Figure 7). After an increase in the intracellular Ca2+ concentration, TRPM4 channels
are activated and they inwardly conduct Na+. Ca2+ also activates TRPM4 channels in the
vesicular pool, and the conductivity of TRPM4 in this vesicular pool, rather than in the
plasma membrane, results in the translocation of these vesicles and their fusion with the
plasma membrane.
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