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ARTICLE INFO ABSTRACT

The non-selective second messenger-gated cation channel TRPC6 (transient receptor potential canonical 6) is
activated by diacylglycerols (DAG) in a PKC-independent manner and plays important roles in a variety of
physiological processes and diseases. In order to facilitate novel therapies, the development of potent inhibitors
as well as channel-activating agents is of great interest. The screening of a chemical library, comprising about
17,000 small molecule compounds, revealed an agent, which induced increases in intracellular Ca®>* con-
centrations ([Ca®"];) in a concentration-dependent manner (ECsp = 2.37 + 0.25 pM) in stably TRPC6-ex-
pressing HEK293 cells. This new compound (C20) selectively acts on TRPC6, unlike OAG (1-oleoyl-1-acetyl-sn-
glycerol), which also activates PKC and does not discriminate between TRPC6 and the closely related channels
TRPC3 and TRPC7. Further evaluation by Ca®* assays and electrophysiological studies revealed that C20 rather
operated as an enhancer of channel activation than as an activator by itself and led to the assumption that the
compound C20 is an allosteric modulator of TRPC6, enabling low basal concentrations of DAG to induce acti-
vation of the ion channel. Furthermore, C20 was tested in human platelets that express TRPC6. A combined
activation of TRPC6 with C20 and OAG elicited a robust increase in [Ca?"]; in human platelets. This potentiated
channel activation was sensitive to TRPC6 channel blockers. To achieve sufficient amounts of C20 for biological
studies, we applied a one-pot synthesis strategy. With regard to studies in native systems, the sensitizing ability
of C20 can be a valuable pharmacological tool to selectively exaggerate TRPC6-dependent signals.
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1. Introduction

Within the large superfamily of transient receptor potential (TRP)
channels, the canonical TRPC channels were first identified in
Drosophila melanogaster, and later on found to form a family of seven
Ca2+-permeable, non-selective cation channels (TRPC1-7) in mammals
[1,2]. Among them, TRPC1, 4 and 5 form a closely related subgroup as
well as TRPC3, 6 and 7. The sequences of the TRPC3/6/7 subgroup
display a close relationship with up to 78% amino acid identity. The
physiological activation of these channels is mediated by DAGs, pro-
duced by hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP,) in
consequence of GPCR stimulation or PLC activation [3]. TRPC6 is
abundantly expressed in various tissues and, amongst others, described
in pulmonary and vascular smooth muscle cells [4], brain [5] and
kidney [6] as well as in immune cells and platelets [7,8]. Connected to
these reports are several descriptions of pathologies, which are

associated with dysfunctions or mutations in the TRPC6 gene, like focal
segmental glomerulosclerosis or pulmonary hypertension [9-11]. In the
last decade, several modulators of TRPC6 have been described, begin-
ning from poorly potent inhibitors like SKF96365 [12] and 8009-5364
[13] with ICso values in the lower micromolar range leading to recent
blockers like SAR7334 [14] and SHO045 [15], which display nanomolar
affinities and a TRPC6-specific subtype selectivity. The development of
TRPC6 activators has also advanced. However, agonists like
GSK1702934 A [16], piperazine derivatives [17] and the just recently
reported pyrazolopyrimidines [18] still lack subtype selectivity within
the TRPC3/6/7 group of ion channels. With the intention to find a more
TRPC6-selective agonist, we performed a medium throughput screening
of a chemical library, which resulted in the identification of a small
molecule TRPC6 modulator, displaying selectivity versus TRPC3 and
TRPC7. Here, we describe its re-synthesis and characterization in het-
erologous cell models as well as in natively TRPC6-expressing cells.

Abbreviations: BIM-1, bisindolylmaleimide 1; DAG, diacylglycerol; DAGK, diacylglycerol kinase; FCS, fetal calf serum; FLIPR, fluorescence imaging plate reader;
OAG, 1-oleoyl-1-acetyl-sn-glycerol; PAM, positive allosteric modulator; PKC, protein kinase C; PLC, phospholipase C; PIP2, phosphatidylinositol 45-bisphosphate;
PMA, phorbol 12-myristate 13-acetate; PRP, platelet rich plasma; ROCE, receptor-operated calcium entry; TRPC, transient receptor potential canonical
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2. Methods

2.1. Synthesis of 3-(6,7-dimethoxy-3,3-dimethyl-3,4-dihydroisoquinolin-1-
yD-2H-chromen-2-one (compound C20)

3-Cyanocoumarin (408 mg, 2.38 mmol, 1.0 eq.) was mixed with
isobutyraldehyde (172mg, 2.38 mmol, 1.0 eq.) and 1,2-dimethox-
ybenzene (330 mg, 2.38 mmol, 1.0 eq.). While stirring the mixture,
concentrated sulphuric acid (5 mL) was added dropwise over a time of
15 min at 0 °C. The reaction was stirred for 30 min at 0 °C before ad-
dition of 50 mL ice cold water. The reaction mixture was extracted five
times with toluene. The pH of the aqueous phase was adjusted to 8-9
with ammonium carbonate. The slightly yellow precipitate was filtered
off, washed with ice cold water and dried (184 mg, 0.51 mmol, 21%).
'H-NMR (400 MHz, CDCls) § [ppm] = 7.99 (s, 1 H), 7.61-7.53 (m, 2 H),
7.41-7.28 (m, 2H), 6.70 (s, 1 H), 6.66 (s, 1 H), 3.92 (s, 3H), 3.75 (s,
3H), 2.78 (s, 2H), 1.30 (s, 6H). *C-NMR (101 MHz, CDCl3) §
[ppm] = 160.0, 159.8, 154.4, 151.7, 147.4, 143.5, 132.1, 130.2, 128.5,
128.0, 124.6,119.9, 119.2, 116.7, 111.3, 110.1, 56.4, 56.0, 54.9, 38.3,
27.6, 27.5. HRMS (ESI) m/z: calc. for C55H,oNO,4 (M+H) ™ : 364.1549;
found: 364.1544. Ry (n-pentane/Et;O = 3/2): 0.31. [a]3j, (CHCls,
¢ = 1.0): +57.0°. UV-vis (Hy0): Aoy /nm (e / M~ ' em ™) = 279 (sh),
318 (23,200), 377 (sh). More detailed analytical methods and data are
provided in the Supplementary Information.

2.2. Cell culture

Parental human embryonic kidney (HEK) 293 cells were grown in
Earle’s Minimum Essential Medium (MEM) supplemented with 10%
fetal calf serum (FCS), 2 mM [-glutamine, 100 units/mL penicillin and
0.1 mg/mL streptomycin. Stably transfected cell lines (HEKytrpc3-yrp,
HEKytrecap-yrrs  HEKmtrecs.yrps,  HEKnrrecs.vyrp,  HEKhtrpc7-veps
HEKhTRPAl—YFP’ HEKrTRPVl—CFP’ HEKrTRPVZ—YFP’ HEKrTRPVB—YFP:
HEKyrpm2, HEKitrpM3-vrp, HEKhTRPMS.cFP) Were generated and main-
tained as described previously [13,19]. All cells were grown at 37 °C in

a humidified atmosphere containing 5% CO-.
2.3. Fluorometric [Ca®* ] measurements

Fluorometric [Ca®?"] measurements were performed as described
previously [19,20]. The assays were performed in HEPES-buffered
saline (HBS), containing 132 mM NaCl, 6 mM KCl, 1 mM MgCl,, 1 mM
CaCl,, 5.5mM b-glucose and 10 mM HEPES adjusted to pH 7.4 with
NaOH. The buffer was supplemented with 0.1% bovine serum albumin
(BSA) and 0.02% pluronic F127. For single-cell [Ca2+]i experiments,
stably TRPC6-transfected or parental HEK293 cells were seeded on
poly-L-lysine-coated 24 mm glass coverslips 24 h before the experiment.
Cells were loaded in HBS containing 0.2% BSA for 30 min at 37 °C with
2 uM fura-2/AM. The coverslips were mounted in a bath chamber and
superfused. The [Ca®*]; measurements were performed on an inverted
epifluorescence microscope with a Fluar 10 x /0.5 objective (Carl Zeiss,
Jena, Germany), and calibrated as described [19,21]. For fluorescence
imaging plate reader (FLIPR) measurements, cells were harvested and
loaded with 4 uM fluo-4/AM in culture medium for 30 min at 37 °C.
Measurements were carried out in a custom-made fluorescence imaging
plate reader built into a robotic liquid handling station (Freedom Evo
150, Tecan, Mainnedorf, Switzerland). Fluo-4 was excited at
450-470 nm by means of an LED array, and emitted light was imaged
through a 515 nm long pass filter with a scientific CMOS camera (Zyla
5.5, Andor Technology Ltd., Belfast, UK). Compounds were added with
a 96-tip multichannel arm (MCA96, Tecan) at the indicated final con-
centrations during the recording and incubated for 2 min before cells
were stimulated with agonist. During injections, fluorescence images
were continuously monitored under control of the Micromanager soft-
ware [22]. Fluorescence intensities in single wells were calculated with
ImageJ software [23], corrected for the respective background signals
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and normalized to the initial intensities (F/Fy).
2.4. PKCe translocation studies

Stably transfected HEKpgce.yrp cells [24] were plated on coverslips
24 h prior to the experiment. The translocation of PKC to the membrane
was monitored on an inverted LSM 510 META confocal microscope
(Carl Zeiss), using a Plan-Apochromat 100x/1.46 objective (Carl Zeiss)
and applying pinhole settings to yield optical slices with a thickness of
0.6-0.8 uM. Excitation wavelength was 514 nm and emission was fil-
tered with a 530 nm long-pass filter. Cells were challenged with 15 pM
C20, followed by 50 uM OAG and 1 pM phorbol 12-myristate 13-acetate
(PMA) in intervals of 60 s, each.

2.5. Electrophysiology

For the electrophysiological EC5y determination, HEKytrpce.yrp cells
were seeded at low density on poly-1-lysine-coated glass coverslips 24 h
before the experiment. Whole cell currents were recorded at room
temperature, using a Multiclamp 700B amplifier with a Digidata 1440 A
digitizer (Axon CNS, Molecular Devices) controlled by the PClamp 10
software (Molecular Devices). During the experiment, cells were su-
perfused with standard extracellular solution (140 mM NaCl, 5mM
CsCl, 2mM MgCl,, 1 mM CaCl,, and 10 mM HEPES, 0.1% BSA, pH 7.4
adjusted with NaOH). The intracellular solution contained 140 mM
CsCl, 4 mM MgCl,, 10 mM EGTA, and 10 mM HEPES adjusted to pH 7.2
with CsOH. Patch pipettes were prepared with a PIP6 pipette puller
(HEKA) from borosilicate glass capillaries (Science Products) and had a
resistance of 4-10 MQ2 when filled with intracellular solution. For
current/voltage (I/V) analysis, voltage ramps from -100mV
to + 100 mV at a speed of 500 mV/ms were applied in 1-s intervals.
Currents were filtered at 3 kHz with a four-pole Bessel filter and sam-
pled at 10 kHz. The series resistance was compensated by 70%.

2.6. Isolation of human platelets

Blood was obtained from healthy volunteers who had abstained
from any medicals for at least 7 days. The blood (16-32 mL) was drawn
from the cubital vein with a 21 G needle into 10 mL syringes, containing
2 mL of acid citrate dextrose (ACD: 3% (w/v) sodium citrate, 2% (w/v)
glucose and 1.5% (w/v) citric acid), each. Platelet rich plasma (PRP)
was obtained by centrifugation at 100 g for 25 min at room tempera-
ture. The PRP was again centrifuged at 800 g for 10 min in the presence
of 0.1 ug/mL PGI, and 0.02 U/mL apyrase. The resulting pellet was
resuspended in 2.7 mL of a Ca®* -free modified HEPES buffer (134 mM
NaCl, 2.9 mM KCl, 0.34 mM Na,HPO,, 12mM NaHCO3, 1 mM MgCl,,
20 mM HEPES and 5 mM glucose, pH 7.3) and 300 uL. ACD with 2.5%
(w/v) sodium citrate in the presence of 0.06 ug/mL PGI, and 0.015 U/
mL apyrase.

2.7. Fluorometric [Ca?™ ] measurements in platelets

The platelet suspensions were loaded with 4 uM fluo-4/AM for
30 min at room temperature under slow, constant shaking. Platelets
were washed by centrifugation (800 x g, 5min) and resuspended to a
concentration of 4-8 x 10%/mL with Ca®* -free modified HEPES buffer.
The FLIPR assay as described above was modified to a four-step addi-
tion protocol, comprising the readdition of 1 mM CaCl,, addition of
agonists (OAG, GSK1702934 A, C20), inhibition with 1 uM SH045 and
stimulation with 0.2 U/mL thrombin.

2.8. Platelet aggregation
Platelet aggregation was studied by monitoring the optical density

at 405 nm, using a POLARstar Omega microplate reader (BMG Labtech,
Ortenberg, Germany), essentially as described. [25,26] Washed
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platelets were adjusted to a density of 2-4 x 108 mL~! with modified
HEPES buffer, supplemented with 0.1 mg/mL fibrinogen, 2 mg/mL BSA
and 1 mM CaCl,, and dispensed into black 96-well plates with clear
bottom. The microplate injectors were connected to reservoirs with the
respective agonists (thrombin, ADP, OAG, GSK1702934 A), which were
added 2min after starting the measurement, whereas the TRPC6
modulating agents (C20, SH045) were added to each well prior to the
measurement. To enable platelet-platelet contact, the microplate was
shaken before each cycle (8s, 700 rpm, double orbital shaking mode).
Each measurement consisted of 65 cycles (22s per cycle) and was
performed at 37 °C. The platelet aggregation was determined by nor-
malization to the maximal response induced by 0.2 U/mL thrombin.

2.9. Data presentation and analysis

All data points are presented as means = SEM. Concentration re-
sponse curves (fura-2/fluo-4 Ca®>* assays and electrophysiology) were
generated from at least three independent measurements. In FLIPR
experiments, each condition was determined in duplicates. The curves
were fitted to a four parameter Hill equation, yielding minimum and
maximum effects, half-maximally effective concentrations (ECs9) and
Hill coefficients for cooperativity. The statistical tests used are given in
the respective figure legends. A p-value < 0.05 was considered statis-
tically significant (*).

3. Results

The ChemBioNet compound library includes common pharmaco-
phore moieties and privileged scaffolds that are extracted from the
World Drug Index (WDI) and newly arranged to generate a diverse
collection of 16,671 drug-like structures [27]. In an attempt to find new
activators of the TRPC6 channel, we screened this library on HEK293
cells stably overexpressing hTRPC6-YFP (HEK}rrpce.yrp) by medium
throughput fluorescence imaging plate reader (FLIPR) assays. The cells
were loaded with the Ca®* indicator fluo-4 which allows the determi-
nation of activating modulators by an increase in the detected fluor-
escence. In a two-step addition protocol, first the library compounds
were injected, before a redundant mix of GPCR stimuli (thrombin,
adenosine-5’-triphosphate, carbachol) was applied to the cells as a po-
sitive control for the activation of the TRPC6 channel. To circumvent
interfering signals by Ca®* mobilization from internal Ca®* stores
through GPCR stimulation, 2 uM thapsigargin was used beforehand to
deplete intracellular Ca®™ stores.

The screening elicited the compound 3-(6,7-dimethoxy-3,3-di-
methyl-3,4-dihydroisoquinolin-1-yl)-2H-chromen-2-one, termed C20
(Fig. 1A), which provoked a transient rise of the intracellular CaZ*
concentration [Ca®*]; in HEK;rrpce.vrp cells at a concentration of 20
uM (Fig. 1B). The effect can be assigned to a Ca®* influx from the ex-
tracellular space via TRPC6, as it did neither appear in Ca®* free
measurements nor in native HEK293 cells and was sensitive to the re-
cently published TRPC6 inhibitor SH045 (Fig. 1C). The rise in [Ca%™];is
concentration-dependent with an apparent ECsy value of 2.37 + 0.25
uUM. mterestingly we found, that C20 selectively activates TRPC6 and
not the closely related ion channels TRPC3 and TRPC7 (Fig. 1D, E; full
traces shown in Suppl. Fig. 1). In FLIPR Ca®>* measurements, C20 ra-
ther led to a slightly reduced basal activity of the TRPC3 channel and a
very weak elevation of the TRPC7 channel activity, which did not reach
statistical significance. Thus, C20 seemed to differ from other known
TRPC6 agonists, which do not discriminate between the closely related
channels. Prominent examples are OAG (1-oleoyl-1-acetyl-sn-glycerol),
which is also an activator of PKC, or the recently described activators
GSK1702934 A and PPZ1 (Suppl. Fig. 2). The selectivity of C20 was also
proven by further screening of two other representatives of the TRPC
group, namely TRPC4 and TRPC5, which were not activated by the
compound (Fig. 1F). Exploration of more distantly related TRP family
members (TRPM2, TRPM3, TRPMS8, TRPV1, TRPV3, TRPV4, TRPA1)

28

Cell Calcium 78 (2019) 26-34

revealed a weak (11% of full activation by the specific activator cap-
saicin) activation of TRPV1 (Fig. 1G and Suppl. Fig.). The compound
also strongly activated TRPA1 (up to 134% of activation by 100 uM
AITC). A similar effectis observed with many light-absorbing com-
pounds and can presumably be ascribed to a photosensitisation of
TRPA1, [28] taking into account, that C20, which bears a molecular
structure with delocalized m-bonds, absorbs at wavelengths around
400nm and could lead to the generation of reactive oxygen species
(ROS). The fact, that the TRPA1 activation was not reproducible in
whole cell patch clamp recordings fits this hypothesis (Suppl. Fig. 3K,
L). Apart from a weak reduction of the basal activity of TRPV3, C20
showed no significant bioactivity on the other tested channels (Fig. 1G).

The scaffold of compound C20 consists of a coumarin moiety fused
to an isoquinoline (Fig. 1A; Table 1). Notably, related structures from
the ChemBioNet collection extracted by 2D similarity searches did not
evoke rises in [CaZ+]i; even if there were just minor variations in the
compound scaffold (see Table 1). To enable more extensive studies and
further characterization, we aimed to resynthesize compound C20. The
synthesis strategy based on previous descriptions of the preparation of
3,3-dialkyl-1-(3-coumarinyl)-3,4-dihydroisoquinolines and was
adopted to the reported one-pot-synthesis strategy (Scheme 1)[29,30].

By examining the effect of C20 on the stimulation of TRPC3, 6 and
7, we observed that C20 seems to act synergistically with the OAG-
induced TRPC6 activation, as the addition the compound further in-
creases the Ca?* response of stimulated cells (Fig. 2A). In the same
manner, the presence of low concentrations of C20 resulted in a re-
markable enhancement of the maximal Ca®* response (Fig. 2B),
whereas a second addition of OAG or different GPCR agonists in a si-
milar manner would not lead to an enhanced Ca®* signal due to the
desensitisation of the channel (Suppl. Fig. 4A, B). Importantly, this C20-
induced potentiation of TRPC6 activity was not limited to the DAG
mimic OAG, as the activation by non-classical activators, like
GSK1702934 A, as well as activation by receptor stimulation were also
enhanced (Fig. 2C-E). Furthermore, the positive modulation of agonist-
induced Ca®" influx in HEKprrpce.yrp by C20 did not only lead to a
significant enhancement of efficacy, but also shifted the ECs, of the
respective agonist. In FLIPR-based Ca®>* measurements, the ECs, of
OAG on TRPC6 was determined at 40 = 16 pM and was decreased to
9 + 0.2 uM in the presence of 10 uM C20 (see Fig. 2F, G). A similar
effect was seen in combination with the non-classical TRPC6 activator
GSK1702934 A (Suppl. Fig. 5). These findings suggested an allosteric
modulation of the TRPC6 channel by C20, which may act as a positive
TRPC6 modulator that sensitizes the channel to lower or eventually
even basal levels of DAG. To test this hypothesis, we analysed the effect
of C20 in the presence of R59949, which is an inhibitor of type I and II
DAG kinases (DAGK), speculating that increased DAG levels would in-
tensify the effect of C20. Indeed, incubation of HEKytrpce.yrp With 10
UM R59949 led to significantly higher rises in the Ca®>* responses upon
stimulation with C20 alone (Fig. 2 H-J).

In contrast to the strong TRPC6 potentiation, C20 did not induce a
comparable effect on TRPC3 and TRPC7. There, the compound led to a
slight inhibition (TRPC3) or to a weak potentiation of TRPC7 at higher
concentrations. The agonist-induced stimulation of TRPC4 and TRPC5
was unaffected in the presence of 50 pM C20 (Fig. 3A-C). The analysis
of more distantly related TRP channels showed a slight inhibition of
TRPM2 and TRPV2 (ICso > > 50 uM) and a weak, but not statistically
significant potentiation of TRPV1, TRPV3, TRPV4 and TRPA1 (Fig. 3D).

To test an intervention in the second messenger pathway by acti-
vation of phospholipase C (PLC), the translocation of PKCe to the
plasma membrane under the influence of C20 was examined by con-
focal microscopy. HEK293 cells, stably expressing YFP-tagged PKCe
[24] were exposed to C20 prior to stimulation with phorbol 12-myr-
istate 13-acetate (PMA), which is a highly potent DAG mimic. Exposure
of HEKpkce.yrp cells to C20 alone did not result in a PKCe-YFP trans-
location, indicated by an unaltered even distribution of YFP in the cy-
tosol of the cells. In contrast, PMA induced a translocation of the YFP-
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14 1.4 (12%) (-)-menthol (TRPMS), 5 uM capsaicin (TRPV1),
) 140 148 1.14 117 E 1.70 229 154 # 175 238 232 200 puM 2-APB (TRPV2, TRPV3), 200 puM
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Table 1 N
Overview of compounds with related structures to C20. The structures were Il )
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Scheme 1. One-pot-synthesis of 3-(6,7-dimethoxy-3,3-dimethyl-3,4-dihy-
A20 H H go no droisoquinolin-1-yl)-2H-chromen-2-one (C20).
{o]
22 OMe OMe o no channel conductance.
é T, In line with the results from the initial Ca®>* assays, subsequent
stimulation with C20 robustly enhanced OAG-induced currents in
122 OMe OMe b no whole cell patch clamp studies with TRPC6-expressing cells. This effect
X b was most pronounced for inward currents and became particularly
s OMe OMe n-butyl no apparent in the current-voltage-relationship, whose shape converged in
K20 OMe OMe no the presence of C20 even more to an “n”-like appearance, as shown for
© activation with 25 pM OAG and subsequent modulation with 5 uM C20
oL (Fig. 4D, E). The potentiation was accompanied by an elevated channel

tagged protein to the plasma membrane (Fig. 4A). In accordance with
these results, patch clamp recordings on excised membrane patches of
TRPC6-expressing cells point to a direct or membrane-delimited action
of C20 at the TRPC6 channel (Fig. 4B). The application of C20 to the
bath solution resulted in an increased open probability, which was re-
versible upon washout of the drug. Since TRPC6 typically exhibits very
short single channel openings (< 1ms) [3], these recordings do not
allow to conclusively discriminate between a stabilization of the open
state and an increased channel availability or an increased single

29

noise with increasing positive or negative potentials and could be re-
versed by washing out the compound. Interestingly, upon modulation
with C20, the inward currents at negative potentials developed si-
multaneously with the outward currents at positive potentials, whereas
the stimulation with OAG alone showed a delayed development of in-
ward currents (Fig. 4D). When HEK},rrpcs.yrp cells were challenged si-
multaneously with 10 pM C20 and 50 pM oag, the outward current
density was increased by the 1.5-fold of the initial value, whereas the
physiologically more relevant inward current, attained a six-fold of the
maximal OAG-induced current density (Fig. 4F). Similar results were
obtained when TRPC6 was stimulated with 300 nM of the non-classical
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Fig. 2. C20 positively modulates TRPC6. (A-D) Representative FLIPR analyses of TRPC6 stimulation with different activators in combination with C20. (A) The Ca?™
responses after stimulation with various concentrations of OAG, indicated by fluo 4 fluorescence, are further enhanced by 25 pM C20. (B-E) C20 enhances the
maximal activator-induced Ca?* responses in HEKyrrpcs.yrp cells in a concentration-dependent manner. TRPC6 was stimulated with 50 uM OAG, 5 uM
GSK1702934 A, or a redundant mix of GPCR stimuli (1 mM carbachol, 300 uM Na-ATP, 0.5 U/mL thrombin) after incubation with various concentrations of C20 (*
p < 0.05, Student’s t test). (F, G) Combination of OAG with increasing amounts of C20 shifts the concentration-response relationship of OAG to lower con-
centrations. (H-J) Incubation of HEK},trpce.yrp With the DAG kinase inhibitor R59949 (10 uM) prior to treatment with C20 leads to a significantly enhanced Ca2™*
response (* p < 0.01, Student’s t test). Data were obtained in at least three independent experiments with duplicates, each, and are depicted as means *+ S.E.

activator GSK1702934 A (1.7-fold and 3.8-fold, respectively, Fig. 4F).
For evaluating the direct effect on TRPC3 and TRPC7, HEK}trpc3.-yrp
and HEK;,trpcy.yrp cells were also exposed to OAG and C20, and max-
imal current responses were compared to stimulation with OAG alone.
C20 (10 puM) led to a diminished current response upon TRPC3 sti-
mulation (70% and 55% inhibition of inward and outward currents,
respectively), whereas TRPC7 currents were not significantly altered by
10 M C20 (Fig. 4F).

To examine the impact of C20 on native TRPC6-bearing channel
complexes, we applied the compound to freshly prepared human pla-
telets, which are reported to express endogenous TRPC6. [7] The
treatment with OAG only evoked weak [Ca%*]; signals in FLIPR mea-
surements, which were strongly and significantly potentiated in the
presence of 10 uM C20. Again, the potentiation was sensitive to SH045
(Fig. 5A, C). Notably, not only the [Ca®™"]; responses, which result from
classical TRPC6 activation (i.e. OAG), were enhanced, but also those

A B

induced by the synthetic TPRC3/6/7 activator GSK1702934 A (Fig. 5B,
C). Reminiscent to the results in the heterologous cell system, the effect
of various concentrations of OAG was also enhanced by subsequent
exposure to C20 (Fig. 5D). Interestingly, C20 alone did not induce
discernible Ca®* signals in platelets, but subsequent treatment with
OAG provoked robust rises in [CaZ™]; (Fig. 5E). The increase in [Ca%™];
in platelets initiates manifold functional processes, including morpho-
logical alterations (shape change) and aggregation [31]. We therefore
set out to examine platelet aggregation induced by diverse stimuli, in-
cluding OAG, in the presence of C20. The aggregation was studied in
washed platelet suspensions supplemented with 0.1 mg/mL fibrinogen
by measuring the decrease in optical density upon stimulation. The
stimulation of washed platelets with 0.2 U/mL thrombin led to a rapid
aggregation, which was evident by an increase in light transmission. As
this response led to maximal aggregation, it served as positive control,
to which all other responses were normalized. The platelet aggregation

Fig. 3. Analysis of the stimulation of TRP
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Fig. 4. C20 does not enhance phospholipase C-
mediated diacylglycerol formation, but acti-
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vates TRPC6 currents in isolated membrane
patches and in the whole cell mode. (A)
Analysis of PKCe-YFP translocation in stably
transfected HEKpkce.yrp cells by confocal laser
scanning microscopy. 10 uM C20, 50 uM OAG
and 1 yM PMA were added in intervals of 60's.
The fluorescence intensity profiles (obtained
along white line; 22 pM) show the distribution
of PKCe-YFP in the cell. (B,C) Representative
current traces from inside-out membrane pat-
ches excised from HEKjyrrpcs.yep cells and re-
corded at —120 mV. HEKyrrpcs-yrp cells were
stimulated with 10 pMc20. (D) Representative
whole cell patch-clamp recordings
at + 100mV and - 100mV and (E) corre-
sponding I-V curves of HEKjrrpce.yrp Stimu-
lated with 25 pM OAG and 5 pM C20. (F)
B Comparison of maximal current responses in
HEK}rpce-vrp €voked by 50 pM OAG or 0.3 pM
GSK1702934 A with or without positive mod-
ulation by 10 uM C20. Comparison of maximal
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current responses in HEKyrrpcs.yrp and HEKjrpcy.yvrp cells, evoked by 50 uM OAG, with or without of 10 pM C20. Data represent means *= S.E. (n = 6-9, *

p < 0.05, Student’s t test).

was examined by using further agonists, including ADP (10 uM), tar-
geting P2Y; and P2Y;,, and collagen (2.5 pug/mL), which induces ag-
gregation by binding to GPVI and GP Ia/Ila [32]. In contrast treatment
with thrombin or ADP, collagen-stimulated platelets initially displayed
a transiently decreased light transmittance, indicating a shape change
response, before aggregation was induced (Fig. 6C). The presence of 10
uMc20had no significant influence on the aggregation induced by these
stimuli (Fig. 6D) Conversely, platelet stimulation with OAG (50 or 100
uM) was significantly accelerated and enhanced by addition of 10 uM
C20 (Fig. 6E). The OAG response was insensitive to the known TRPC6
inhibitors SH045 or SAR7334, whereas its potentiation by C20 was
blockable by these inhibitors (shown for SH045 in Fig. 6F). Ad-
ditionally, when the platelets were treated with 1 uM of the PKC in-
hibitor bisindolylmaleimide 1 (BIM-1) prior to stimulation, the same
amount of OAG failed to induce aggregation (Fig. 6E, lower panel),
which is in line with prior studies on TRPC6 in platelets, where it was
shown, that platelet aggregation, but not Ca®>* entry into platelets (both
induced by OAG), is dependent on PKC activity [7]. In line with the
fluorometric Ca®>* measurements, the increase in aggregation was de-
pendent on the concentration of C20. Of note, the positive modulator

enabled platelet aggregation at lower OAG concentrations that did not
initiate aggregation in the absence of C20 (Fig. 6G).

4. Discussion

In the present study, we report the discovery of a small molecule
TRPC6 modulator, termed C20, which was identified by a medium-
throughput screening. The compound was found to induce a Ca®* entry
through TRPC6 with an apparent ECsy value of 2.4 pM. Within the
TRPC3/6/7 subfamily, the activation solely occurs on TRPC6, whereas
TRPC3 was slightly inhibited in the presence of higher concentrations
of the compound and the activity of TRPC7 channels remained almost
unaffected. C20 was also screened towards other members of the TRP
family. Importantly, TRPC4 and TRPC5, the closest relatives of TRPC3/
6/7 were not modulated by the compound. On more remotely related
TRP channels, C20 mostly showed no significant bioactivity, with the
exception of TRPV1 and TRPA1, whose slight activation by C20 at
higher concentrations might be explained by a photosensitizing effect
and the generation of ROS during irradiation with blue or ultraviolet
light [28,33]. Whether C20 also acts on other channel entities, like

) B . Fig. 5.C20 induces Ca®" influx in human

thrombin 3.5 thrombin platelets. (A) FLIPR Ca’' measurements in
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l uw 2.5 l : l l OAG and 10 uM C20, alone or in combination

w20 prior to addition of 1 uM of the TRPC6 channel
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C20 + -+ -+ 60 s 60 s treatment with 50 pM OAG.

31



S. Hafner et al.

Cell Calcium 78 (2019) 26-34

A B C - Fig. 6. Effect of C20 on platelet aggregation in
0 5} 0} [ response to diverse stimuli. Representative
2100 2100 8100 2 a0 ponse _Rep
g S S = aggregation measurements with washed pla-

f=3N77 [ =373 (=37} -_

Seo ?hz U/g?'- ge ge , Qg e telets, recorded on a plate reader by mon-

© rombin; il N . s . . .

gé 50 gé 50 1£DUF':" g.é 50 i&)s”:gg"' <g 0 itoring changes in optical density. The stimu-

59 [c20], () S8 [c20], () S & [c20],(um) © 20 lation with 0.2 U/mL thrombin served as a
b ——10 = ——10 = 10 ] o - ;

& Q > -

5 0 %5 o o 5 ola 0 L K S positive control, to which responses were nor

8 — 8 - 2 s ¥ o\\’bq malized. (A-C) Platelets were challenged with
5 min 5 min 5 min & o . . . . .

various aggregation-inducing agonists (0.2 U/

E F mL thrombin, 10 uM ADP, 2.5 yug/mL collagen)

g1 ~ g with or without 10 pMC20.(p)Statistical ana-

§ [OAG], (uM) e 10 C20 § é lysis of several experiments by comparison of

:‘E’ 59/ <+ 100 0o no C20 o5 58 25 um [c20], (uv) the area under the curve (AUC, normalized to

£ N 25 S5 s0{ OAG 30 thrombin response without C20). Data re-

£ ¢ s ‘gg present means * S.E. (n = 4-10). (E) Platelets

= © .

5 O-ehn ; ..56 o e challenged with 50 uM or 100 uM OAG

E:/ T 0 2 3 with or without 10 uM C20 (upper panel) and

2 1M BIM-1 1(5)8 ””‘w" 82(? A & o in the presence of the protein kinase G in-

g 50] i)AG 1opuM c20 . 4+ - : : hibitor BIM-1 (1 uM) preincubated for 5min

g 0 W 1pMSHO45 - - + - - & 5 min prior to the start of the recording (lower

5 min

+

to thrombin response). Data represent means
(0-30 uM) prior to treatment with 25 pM OAG.

voltage-gated Ca®>* or Na™ channels, or on G-protein coupled receptors
was not tested so far and requires further investigation. However, we
demonstrated that C20 does not interfere with PLC signalling. In further
studies we observed a significant enhancement of agonist-induced
TRPC6 activation when C20 was simultaneously applied. Moreover, the
presence of C20 did not only enhance the maximal effects of activation,
but also shifted the concentration-response relationship of OAG to
lower concentrations. Hence, the compound can be regarded as a po-
sitive allosteric modulator (PAM) of TRPC6 channels. Although we
could not elucidate the exact mechanism of action, we can speculate,
that binding of C20 to TRPC6 sensitizes the channel to lower con-
centrations of diacylglycerols. This might explain the fact, that C20
alone also leads to a rise in [Ca®"]; in cells heterologously expressing
TRPC6. The finding that an inhibition of DAG kinases leads to an en-
hanced Ca®* influx upon stimulation with G20, fits this hypothesis.

At presence, no reliable activators are known that selectively act on
TRPC6, even though there are some candidates, which are widely used
for this purpose. The natural products hyperforin from St. John’s wort,
which has been used for centuries for the treatment of depressive dis-
orders, has been described in 2007 as a selective activator of TRPC6.
The bioactivity is supposed to base on similar pharmacophoric prop-
erties of OAG and hyperforin, whereat the selectivity towards TRPC3
and TRPC?7 is explained through the rigid scaffold of hyperforin com-
pared to OAG [34,35]. However, the TRPC6-specific action is con-
troversial, as hyperforin-induced currents do not display the typical
current/voltage characteristics and are also found in not-TRPC6 ex-
pressing cell types, which was recently ascribed to a TRPC-independent,
protonophoric action of this compound [36]. The cyclooxygenase in-
hibitor flufenamic acid, which was already developed in the 60’s, was
also commonly used as unspecific inhibitor of cation channels [37,38].
It was found, that the compound had a potentiating effect on TRPC6,
but not on TRPC3 and TRPC7, and the use of flufenamate enabled the
detection of native TRPC6 currents in smooth muscle cells of the portal
vein from rats and pulmonary epithelium [39,40]. However, due to its
off-target effects and the recently described flufenamate-induced in-
hibition of TRPC6, also the application of flufenamic acid as a TRPC6-
selective activator is not unquestionable [41].

Of note, less is known about positive allosteric modulation of TRP
channels mediated by small molecules, although some examples can be
found in the regulation of thermoregulated TRPs. A 1.4dihydropyridine
derivative (MRS1477) has been reported to positively modulate the
TRPV1 channel. The channel has already been described before to be

S.E. (n = 4-10, two-sample ¢ test,
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panel). (F) Statistical analysis of several ex-
periments by comparison of AUC (normalized
*p < 0.05). (G) Platelets were challenged with various concentrations of C20

allosterically modulated, as the activation by protons or vanilloid li-
gands is taking place at structurally different sites at the channel
[42,43]. For MRS1477, an interaction with the pore forming loop be-
tween the transmembrane regions 5 and 6 has been hypothesized,
which directly and independently of the applied activator affects
channel gating, without having an intrinsic agonist or antagonist ac-
tivity [44]. Just recently, another example for a small molecule positive
TRP-modulator has been reported. Synthetic inhibitors of COX-2
(coxibs) proved to positively modulate TRPV3-activity upon 2-APB
stimulation as well as thermoactivation [45]. With C20 we firstly de-
scribe a similar mechanism apart from TRPV channels, although the
underlying mechanism of C20-induced TRPC6 potentiation will have to
be further explored. The results from inside-out single channel mea-
surements seem to indicate, that C20 acts in a membrane-delimited
fashion without the need of other intracellular components. Despite the
fact that these recordings did not reveal the exact mode of action of C20
at the single channel level, the preferential potentiation of inward
currents that was associated with an increased current noise (e.g. in
Fig. 4E) point to a preferential increase in channel availability at ne-
gative membrane potentials. The binding site for C20 is currently un-
known. Based on cryo-electron microscopy imaging studies, a structural
model of TRPC6 is available, including the site of an inhibitory mod-
ulator [46]. Whether C20 occupies the same or an overlapping binding
site, remains to be investigated.

The expression of TRPC6 in murine and human platelets is well
described [7] and there is evidence, that the channel takes part in re-
ceptor-operated calcium entry (ROCE), as studies with murine TRPC6’
~ platelets revealed a decreased Ca®" influx upon stimulation by OAG.
The exact role of TRPC6 regulating the platelet function remains,
however, ambiguous. Further reports from experiments with TRPC6-
deficient mice provided rather disputable results. Some studies reported
a lack of phenotype in TRPC6-deficient mice regarding platelet re-
sponses and haemostasis and, therefore, suggested a minor physiolo-
gical and pathophysiological role of TRPC6 in platelets [47-50]. Con-
tradicting these reports, other studies describe a prolonged tail bleeding
time and a delayed thrombus formation in TRPC6”" mice [51]. In stu-
dies on human platelets we found, that C20 leads to a significantly
enhanced Ca®* influx when combined with TRPC6-activating com-
pounds like OAG or GSK1792934 A. Importantly, we also observed a
significantly increased platelet aggregation when C20-treated platelets
were stimulated with OAG, but not when stimulated with other ag-
gregation-inducing agonists like ADP or collagen. Since the application
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of the recently published TRPC6 inhibitor SHO45 counteracted the
positive effect of C20 on OAG-induced aggregation, we conclude that
the effect indeed involves TRPC6. On the other hand, the TRPC6 in-
hibitor did not influence the OAG- or thrombin-induced aggregation in
the absence of C20. Therefore, we agree with previously made ob-
servations that TRPC6 seems not to be a critical component in platelet
aggregation induced by commonly used hormonal or physiological
stimuli. Its role in platelet Ca®>* homeostasis may, therefore, contribute
to more subtle changes in agonist sensitivity or to other platelet re-
sponses.

The ability to selectively amplify TRPC6 responses in heterologous
cell systems as well as in native tissues makes C20 a valuable phar-
macological tool. We, therefore, refer to C20 as TRPC6-PAM-C20.
Furthermore, TRPC6-PAM-C20 fulfils the criteria of drug likeness
(Lipinski‘s rule of five) and is easily prepared in a one-step and one-pot
synthesis and, therefore, readily available for biological studies.
Particularly with regard to studies in native systems, the sensitizing
ability of a positive allosteric modulator like TRPC6-PAM-C20 can assist
to elucidate still unidentified roles of TRPC6 in other tissues or organs.
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