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Canonical transient receptor potential (TRPC) channels control
influxes of Ca2* and other cations that induce diverse cellular
processes upon stimulation of plasma membrane receptors cou-
pled to phospholipase C (PLC). Invention of subtype-specific inhib-
itors for TRPCs is crucial for distinction of respective TRPC channels
that play particular physiological roles in native systems. Here, we
identify a pyrazole compound (Pyr3), which selectively inhibits
TRPC3 channels. Structure-function relationship studies of pyra-
zole compounds showed that the trichloroacrylic amide group is
important for the TRPC3 selectivity of Pyr3. Electrophysiological
and photoaffinity labeling experiments reveal a direct action of
Pyr3 on the TRPC3 protein. In DT40 B lymphocytes, Pyr3 potently
eliminated the Ca?* influx-dependent PLC translocation to the
plasma membrane and late oscillatory phase of B cell receptor-
induced Ca2* response. Moreover, Pyr3 attenuated activation of
nuclear factor of activated T cells, a Ca2*-dependent transcription
factor, and hypertrophic growth in rat neonatal cardiomyocytes,
and in vivo pressure overload-induced cardiac hypertrophy in mice.
These findings on important roles of native TRPC3 channels are
strikingly consistent with previous genetic studies. Thus, the TRPC3-
selective inhibitor Pyr3 is a powerful tool to study in vivo function of
TRPC3, suggesting a pharmaceutical potential of Pyr3 in treatments of
TRPC3-related diseases such as cardiac hypertrophy.

Ca?* signaling | pyrazole compounds | TRPC channels | TRPC3

CazJr signals control diverse cellular processes, ranging from
ubiquitous activities like gene expression to tissue specific
responses such as lymphocyte activation and cardiac diseases (1,
2). Stimulation of plasma membrane (PM) receptors that gen-
erates 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG) from
phosphatidylinositol-4,5-bisphosphate (PIP,) via phospholipase
C (PLC) elevates cytosolic Ca?* concentration ([Ca?*];), which
is controlled by 2 components, IPs-induced Ca?* release from
intracellular Ca®* store, endoplasmic reticulum (ER), and Ca?*
influx across PM. Ca?*" influx is mediated by diverse Ca?*-
peameable ion channels activated by various triggers (1, 2).
Drosophila transient receptor potential (trp) protein and its ho-
mologues are assembled to form cation- and Ca?"-permeable
channels (3). Members of the “canonical” TRPC subfamily are
characterized by activation induced upon stimulation of PLC-
coupled receptors (4, 5). TRPC channels have been originally
proposed as store-operated channels (SOC) activated by Ca?*
depletion of stores, whereas closely related TRPC3, TRPC6, and
TRPC7 showed activation sensitivity to the membrane-delimited
action of DAG (6, 7). Hence, the exact roles of TRPCs in
mediating Ca®* entry in response to Ca>* store depletion and
messenger molecules upon receptor activation remain contro-
versial. In native systems, genetic disruption experiments have
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revealed important roles of TRPC1 and TRPC4 in the formation
of SOCs in different cell types (8—10), and TRPC6 in receptor-
operated cationic channels in vascular smooth muscle cells (11).
Specific pharmacological inhibitors greatly facilitate functional
identification of native TRP channel subtypes.

TRPC channels have been implicated in diverse biological
functions. In B lymphocytes, TRPC1 or TRPC3 regulates B cell
receptor (BCR)-mediated Ca?* oscillations that activate nuclear
factor of activated T cells (NFAT), a Ca?*-responsive transcrip-
tion factor (8). In particular, TRPC3 is associated with PLCy2 to
control amplification of receptor-mediated signals (12, 13).
TRPC3 is also important in the T cell receptor-dependent Ca?*
entry pathway (14). Recently, studies employing transgenic mice
and RNAi-mediated knockdown or overexpression strategy in
cardiac myocytes have showed that TRPC3 and TRPC6 promote
cardiac hypertrophy through activation of calcineurin and its
downstream effector, NFAT (15-19). These results suggest
TRPC channels as new targets for the development of pharma-
ceutical agents to treat cardiac hypertrophy. Roles are demon-
strated as well for TRPC3 in the brain (20) and skeletal muscle
(21), for TRPC6 in smooth muscle (22) and kidney (23), and for
TRPC4 in endothelial cells (10).

Bis(trifluoromethyl)pyrazoles (BTPs) are a class of pyrazole
derivatives that act as potent immunosuppressive compounds by
inhibiting cytokine release from human lymphocytes and sup-
pressing T cell proliferation (24). The BTP derivative 4-methyl-
4'-[3,5-bis(trifluoromethyl)-1H-pyrazol-1-yl]-1,2,3-thiadiazole-
S-carboxanilide, BTP2 (YM-58483), was shown to block SOCs in
T lymphocytes and TRPC channels in HEK293 cells (25-27).
Importantly, unlike other TRP inhibitors, SK&F 96365 and
2-aminoethyldiphenylborate, BTP2 is selective to TRP channels
and does not affect Ca®* handling by mitochondria or ER, or K*
channels or voltage-dependent Ca®* channels (25-27). Pharma-
cological profiles of BTP2 have been investigated in vitro and in
vivo to evaluate its potential as a therapeutic anti-asthma drug
(28). However, BTP2 failed to show subtype selectivity among
members of the TRPC family, inhibiting both TRPC3 and
TRPCS (27).
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Fig. 1. Selective inhibition of TRPC3-mediated Ca2* influx by Pyr3. (A)
Chemical structure of Pyr3. (B—E) Concentration-dependent inhibitory action
of Pyr3 on ATP receptor-induced (B and C) or mAChR-induced (D and E)
induced Ca?* influx via TRPCs. (B and D) Average time courses of Ca?*
responses induced by 100 uM ATP in HEK293 cells (B) or by 100 uM CCh in
HEK293T cells (D) transfected with TRPCs at indicated Pyr3 concentrations. (C
and E) Percentage peak [Ca2"]; rises in Ca2*-free, 0.5 mM EGTA-containing
(Upper) or 2 mM Ca2*-containing (Lower) external solution compared with
control responses without Pyr3 (n = 33-104). (F) Pyr3 Inhibition of Ca2* influx
via OAG-activated TRPC3. Average time courses of Ca2* responses induced by
10 uM OAG at indicated Pyr3 concentrations in TRPC3-transfected HEK293
cells (Left). Percentage peak [Ca2*]; rises in 2 mM Ca2* solution (Right) (n =
19-37).

Here, we study pharmacological properties of the pyrazole
compound Pyr3 and demonstrate that Pyr3 selectively and
directly inhibits TRPC3 channels among TRPC family members.
Pyr3 potently inhibits BCR-induced responses and hypertrophic
responses, in which importance of TRPC3 have been reported.
Our findings suggest that Pyr3 is a useful tool for clarification of
crucial and widespread functions of TRPC3 and for treatments
of TRPC3-mediated diseases as well.

Results

Pyr3 Selectively Inhibits TRPC3-Mediated Ca2*+ Influx in HEK293 Cells.
Ethyl-1-(4-(2,3,3-trichloroacrylamide)phenyl)-5-(trifluoro-
methyl)-1H-pyrazole-4-carboxylate was synthesized as reported
in ref. 24 (Fig. 14 and Fig. S1 in SI Appendix). It lacks the BTP
group in contrast to BTP1 and BTP2. Therefore, we recatego-
rized the compound together with BTP1 and BTP2 as pyrazole
compounds (Pyrs), and abbreviated it as Pyr3 and BTP1 and
BTP2 as Pyrl and Pyr2, respectively. Effects of Pyr3 were
examined on TRPC channel-mediated Ca?" influx observed
separately from Ca?* release as prominent [Ca?*]; rises upon
readministration of Ca?" to the extracellular solution under
stimulation of native P2Y purinoceptors by ATP or UTP in
HEK293 cells or muscarinic acetylcholine receptors (mAChR)
by carbachol (CCh) in HEK293T cells (Fig. S2 in SI Appendix),
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Fig. 2. Inhibition of TRPCs by Pyr2, Pyr4, or Pyr5. (A-C) Concentration-

dependent inhibitory action of Pyr2 (A), Pyr4 (B), or Pyr5 (C) on Ca2* influx
induced by 100 uM ATP via TRPCs. Percentage peak [Ca2*]; rises in Ca2*-free,
0.5 mM EGTA- (Upper) or 2 mM Ca2*-containing (Lower) external solution
compared with control responses without drugs (n = 18-66).

which have only low endogenous Ca?* influx activity (29).
Application of Pyr3 inhibited TRPC3-mediated Ca?* influx in a
dose-dependent manner with the ICsq value of 0.7 uM (Fig. 1
B-E and Figs. S3 and S4 in SI Appendix): inhibitory action of
Pyr3 became apparent at 0.3 uM, and was almost complete at 3
uM. Ten pM Pyr3 failed to significantly alter Ca?" influx
mediated by other TRPC members, Ca®>" responses in the
absence of extracellular Ca?* (Fig. 1 B-E), and the control basal
[Ca?*]; levels (data not shown). Interestingly, Ca?* influx was
inhibited by Pyr3 in cells coexpressing TRPC3 plus TRPC6 but
not in cells coexpressing TRPC1 plus TRPCS (Fig. S5 in ST
Appendix). The results suggest a selectivity of Pyr3 to TRPC3
channels among TRPC family members and intactness of Ca?*
release and Ca?* extrusion machinery after Pyr3 administration.
Because DAG has been suggested as a physiological activation
trigger for TRPC3, TRPC6, and TRPC7 channels (6), we
examined effects of Pyr3 on Ca?" influx induced by the mem-
brane-permeable DAG analogue, 1-oleoyl-2-acetyl-sn-glycerol
(OAG) in TRPC3-transfected HEK293 cells (Fig. 1F). The
OAG-induced Ca?* influx via TRPC3 was inhibited by Pyr3 in
a dose-dependent manner as observed for receptor-activated
Ca?* influx via TRPC3: 1Csq of Pyr3 was 0.8 uM. The results
support the TRPC3 channel as the main action site of Pyr3.

Structural Motif Important for TRPC3 Channel Selectivity on Pyr3.
Pyr2 inhibited only TRPCS at 0.3 uM. However, at higher
concentrations, Pyr2 inhibited TRPC3, TRPCS, TRPC6, and
TRPC7 (Fig. 24 and Fig. S6 A and D in SI Appendix) as reported
in ref. 27. Thus, Pyr2 is different from Pyr3 in not distinguishing
members of the TRPC family. We designed chimeric pyrazole
derivatives, Pyr4 and Pyr5 (Fig. S1 in ST Appendix) to determine
structural requirements for the selectivity to TRPC3 in Pyr3.
Pyr4, a Pyr3 analogue with 4-methyl-1,2,3-thiadiazole-5-
carboxyamide group of Pyr2 substituted for trichloroacrylic
amide group, at 10 uM inhibited TRPC3, TRPC6, and TRPC7
but not TRPC5 (Fig. 2B and Fig. S6 B and E in SI Appendix).
These results indicate a selectivity of Pyr4 to DAG-activated
TRPC channels, suggesting that 3,5-bis(trifluoromethyl)pyra-
zole group is important for Pyr2 to recognize TRPCS. Pyr5, a
Pyr3 analogue with 3,5-bis(trifluoromethyl)pyrazole group of
Pyr2 substituted for ethyl-3-trifluoromethylpyrazole-4-
carboxylate group, at 0.3 uM inhibited only TRPC3, suggesting
that the trichloroacrylic amide group shared by Pyr3 and Pyr5 is
critical for the TRPC3 selectivity (Fig. 2C and Fig. S6 C and F
in ST Appendix). Interestingly, at higher concentrations such as 10
M, Pyr5 enhanced Ca?" response in vector-transfected cells or
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Fig.3. mAChR-activated TRPC3 current is suppressed by extracellular appli-

cation of Pyr3. (A-C) Traces of ionic currentsinduced by 60 uM CCh at a holding
potential of —50 mV in TRPC3-transfected HEK293 cells (Left). I-V relation-
ships obtained by subtracting the currents evoked by the voltage-ramps
before activation of channels (a and c¢) from those after activation (current
traces b and d) (Right). (B) Three uM Pyr3 is added 1.5 min before second
stimulation of CCh into the external solution. (C) Three uM Pyr3 is added in
internal solution before the recordings, and then external Pyr3 is also applied
1.5 min before second CCh stimulation. (D) Average current amplitudes of the
firstresponse at =50 mV in the presence (n = 7) or absence (n = 8) of 3 uM Pyr3
in the internal solution. (E) Concentration-dependent inhibitory action of
Pyr3, using the testing paradigm depicted in B and C. The amplitude of the
second response was normalized to that of the first (peak2/peak1) (n = 4-8).
** P <0.01and ***, P < 0.001 vs. 0 uM Pyr3.

at sustained phase in TRPC-expressing cells (Fig. S6C in SI
Appendix), indicating a stimulatory side effect of Pyr5 on en-
dogenous [Ca"]; regulation mechanism in HEK293 cells.

Direct Action of Pyr3 on TRPC3 Channel. Inhibitory action of Pyr3 on
the TRPC3 channel was confirmed in TRPC3-transfected
HEK?293 cells, using the whole-cell mode of patch-clamp method
(Fig. 3). When 60 uM CCh was added to stimulate endogenously
expressed mAChRs, TRPC3-transfected HEK293 cells showed
inward currents accompanied with an increase in the current
fluctuation in the 2 mM Ca?* external solution (Fig. 34).
Current-voltage (I-V) relationships of the currents in TRPC3-
expressing cells showed a reversal potential at + 7.2 = 3.4 mV
(n = 5) and the prominent rectification at depolarizing poten-
tials, corresponding well with those reported for receptor-
activated TRPC3 currents (30). Ionic currents with a similar I-V
characteristics were absent in control HEK293 cells (data not
shown). The CCh-induced TRPC3 current was suppressed by
extracellular perfusion of Pyr3 in a dose-dependent manner (Fig.
3 B and E) on top of run down in TRPC3 currents (Fig. 34).
TRPC3 maintains the same current level after washout of Pyr3
in contrast to control currents that gradually decrease with
repeated CCh stimulation, suggesting that the Pyr3 block of
TRPC3 is at least in part reversible but that the recovery from
the blockade is a slow process (Fig. S7A4 in SI Appendix). Notably,
because CCh induced indistinguishable Ca®* response levels at
the second and the third CCh stimulation in the presence and
absence of Pyr3 (Fig. S7B in SI Appendix), mAChR desensiti-
zation induced by Pyr3 should be minimal if at all during
repeated stimulation. Intracellular application of Pyr3 from the
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Fig. 4. Photochemical cross-linking of TRPC3 with Pyr-PP. (A) Chemical
structure of Pyr-PP. (B) Pyr-PP directly binds TRPC3. After P-PALM, TRPC3-GFP
proteins are detected with anti-GFP antibody by Western blot analysis (WB) in
avidin pull-down samples. The photochemical Pyr-PP cross-linking of TRPC3 is
inhibited by 3-min preincubation and subsequent coincubation with Pyr3 (10
or 100 uM) (Left). After P-PALM, the incorporation of the Pyr-PP-ARP adduct
is detected with anti-biotin antibody by WB in immunoprecipitated (IP) sam-
ples with anti-TRPC3 antibody (Right). (C) Electron microscopic visualization of
negatively stained TRPC3 after P-PALM with gold nanoparticles. Streptavidin-
gold conjugate is attached to labeled-TRPC3 via biotin-labeling site.

patch pipette failed to elicit significant changes in current levels
or I-V relationships (Fig. 3 C and D), and, importantly, in
susceptibility to inhibition by Pyr3 applied extracellularly (Fig. 3
C and E). OAG-activated TRPC3 currents were also inhibited by
extracellular Pyr3 (3 uM) application, which failed to affect
CCh- and OAG-activated TRPC6 currents (Fig. S8 in SI Ap-
pendix), TRPM4 currents (Fig. S9 in SI Appendix), and TRPM2
and TRPM7 currents (unpublished results). Inhibition of glyco-
sylation by tunicamycin, however, failed to affect Pyr3 sensitivity
of TRPC3 Ca?" influx (Fig. S10 in SI Appendix). These results
suggest that the action site of Pyr3 is located in the external side
of the TRPC3 protein.

Photoaffinity labeling method is a powerful tool to identify
target proteins of biologically active molecules. Recently, bifunc-
tional photoaffinity probes having ligand moiety and biotin-tag
were used for cross-linking studies of ligand/receptor complex
(31). However, the introduction of a highly polar and sterically
congested biotin-anchored tag to an affinity compound often
resulted in marked impairment of intrinsic biological activity in
the crucial probe design step. Therefore, we have carried out
postphotoaffinity labeling modification (P-PALM), using a com-
pact bifunctional Pyr probe, Pyr-PP, which carries a small
functional group for selective modification by aldehyde/keto-
reactive biotin derivative ARP (chemoselective modification
site) and a photoreactive group for subsequent photoaffinity
labeling (Fig. 44 and Fig. S114 in SI Appendix) (32). Impor-
tantly, Pyr-PP retained the activity to inhibit TRPC3-mediated
Ca?* influx (Fig. S11B in SI Appendix). In cells expressing the
green fluorescent protein (GFP)-tagged TRPC3 protein, photo-
irradiation followed by biotin modification elicited incorporation
of Pyr-PP into an ~130-kDa protein band, which corresponds
well with the molecular mass of an adduct of TRPC3-GFP (130
kDa) (Fig. 4B Left). Notably, Pyr-PP incorporation was inhibited
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Fig. 5.
DT40 B lymphocytes. (A and B) Inhibitory action of 0.3 uM Pyr3 on Ca2*

Pyr3 inhibits native TRPC3 channels and downstream responses in
oscillation upon BCR stimulation with 1 ug/mL anti-IlgM. (A) Representative
time courses with (Right) or without of Pyr3 (Left). (B) Peak [Ca2*]; rises at
initial and sustained phases (30-40 min). (C) Inhibitory action of 1 uM Pyr3 on
BCR-induced Ca?* influx. Average time courses (Left). Peak [Ca2*]; rises in
Ca?*-free, 0.5 mM EGTA- or 2 mM Ca?*-containing solution (n = 42-49)
(Right). (D) Confocal fluorescence images indicating PM translocation of
PLCy2-EYFP upon BCR-stimulation with 10 ug/mL anti-IgM. Three pM Pyr3 is
applied 10 min before BCR stimulation. (E) Effects of Pyr3 on ERK activation
induced by BCR stimulation (5 pg/mL anti-lgM). Three uM Pyr3 is applied 10
min before BCR stimulation. Cells are analyzed by WB, using anti-phospho-
ERK2 antibody. ***, P < 0.001 vs. DMSO.

by coapplication of Pyr3. Furthermore, immunoprecipitation of
TRPC3 followed by Western blot analysis with anti-biotin anti-
body strongly supports that Pyr-PP is incorporated into TRPC3
(Fig. 4B Right). To further confirm direct attachment of Pyr-PP
on the TRPC3, biotin-labeled Pyr-PP in the negatively stained
preparation was visualized with electron microscopy after incu-
bation with streptavidin-gold conjugates (Fig. 4C) (33). Thus,
Pyr3 selectively and directly binds to TRPC3. Interestingly, CCh
failed to influence labeling of TRPC3 by Pyr-PP (Fig. S11C in S
Appendix). This is consistent with the observation that Pyr3
potently inhibited basal activity of TRPC3 but not that of TRPC6
(Fig. S12 in SI Appendix), excluding a possibility that receptor-
induced channel activation mediates the Pyr3 action.

Pyr3 Suppresses Receptor-Activated Signaling by Inhibiting Native
TRPC3 Channels in B Lymphocytes. Ca?" oscillation is important for
the efficiency and specificity of gene expression in lymphocytes
(34). We recently reported that the Ca?* oscillation is main-
tained by Ca’?" entry via TRPC3 that evokes translocation
toward PM and secondary activation of PLCy2 in DT40 B
lymphocytes (13). Fig. 54 depicts a typical Ca* oscillation that
follows initial transient Ca* responses upon stimulation of BCR
in DT40 cells. Pyr3 significantly suppressed the Ca?* oscillation
(Fig. 5 A and B) and NFAT activity (Fig. S13 in SI Appendix),
whereas it failed to suppress the initial Ca>* responses. Pyr3 also
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suppressed BCR-induced Ca?* influx but not Ca?* release (Fig.
5C). In addition, observation by time-lapse confocal laser mi-
croscopy showed localization of EYFP-tagged PLCy2 (PLCy2-
EYFP) near PM upon BCR stimulation, which was inhibited by
3 uM Pyr3 (Fig. 5D). Interestingly, coimmunoprecipitation of
PLCy1 and PLCy2 with TRPC3 is unaffected by Pyr3 (Fig. S14
in SI Appendix), suggesting that Pyr3 acts independently of
PLC-TRPC3 interaction. Thus, Pyr3 efficiently attenuates
TRPC3-mediated PLCy2 translocation and Ca2* oscillation.

The activation of protein kinase C (PKC) by DAG promotes
activation of extracellular signal-regulated kinase (ERK) through
phosphorylation in DT40 cells (13). The PLCy2 translocation and
subsequent activation also enhance the downstream responses of
DAG. In fact, the ERK phosphorylation maintained by BCR
stimulation over 45 min became transient after application of 3 uM
Pyr3 (Fig. 5E). Hence, Ca* influx via TRPC3 is required for full
ERK activation in DT40 B lymphocytes.

Pyr3 Suppresses Cardiac Hypertrophy. Cardiac hypertrophy is an
adaptive response of the heart to many forms of cardiac disease,
including hypertension and mechanical load abnormalities (35).
The importance of G protein-coupled receptors such as angio-
tensin II (Ang II) receptors, that activate PLC, is well established
in cardiac hypertrophy (36). Recently, it has been revealed
through siRNA strategy that Ca?>* influx through TRPC3 and
TRPC6 activation is essential for Ang II-induced NFAT activa-
tion and cardiomyocyte hypertrophy (16). Pyr compounds were
examined on hypertrophic responses in rat neonatal cardiomy-
ocytes. The Ang II-induced NFAT translocation was suppressed
by Pyr3, but weakly by Pyr2 in a concentration-dependent
manner (ICsp value was 0.05 uM for Pyr3 and 2 uM for Pyr2)
(Fig. S15 A and B in SI Appendix). Therefore, compared with
Pyr2, Pyr3 is more potent in inhibiting NFAT signaling of cardiac
myocytes. Pyr3 also suppressed the mechanical stretch-induced
NFAT activation (Fig. S15C in SI Appendix). Notably, the Ang
II-induced hypertrophic responses, such as actin reorganization,
brain natriuretic peptide (BNP) expression, and protein synthe-
sis were completely suppressed by Pyr3, but weakly by Pyr2 (Fig.
S15 D-F in SI Appendix).

We further examined Pyr3 in pressure overload-induced car-
diac hypertrophy in vivo. Importantly, systolic and diastolic
blood pressure, heart rate, mortality, body weight, and weight for
liver, lung, and heart were unaffected by chronic treatment with
Pyr3 (0.1 mg-kg~!-day~!) in sham operated mice (Fig. S164 and
Tables S1 and S2 in SI Appendix). In addition, transverse aortic
constriction (TAC) operation significantly increased left ven-
tricular end-systolic pressure (ESP) in mice treated with vehicle
or Pyr3 (Tables S1 and S2 in SI Appendix), suggesting that
pressure overload was equally induced in these mice. Strikingly,
increased size of the heart by 1-week TAC operation was
significantly attenuated by Pyr3 (Fig. 6 A and B and Fig. S16B in
SI Appendix). The Pyr3 effect refers to concentric hypertrophy,
because the ratio of internal ventricular radius at end diastole (1)
to ventricular wall thickness (h) was significantly decreased in
echocardiography in mid transverse heart sections (Fig. 64 and
Fig. S16C in SI Appendix), in contrast to fractional shortening
(FS) and the right ventricle unaffected by TAC (Fig. S16 D and
E in SI Appendix). The TAC-induced increase in expression of
atrial natriuretic peptide (ANP) mRNA, a reliable marker for
cardiac hypertrophy, was also suppressed by Pyr3 (Fig. 6C).
Six-weeks TAC operation induced an r/h ratio increase charac-
teristic of dilated hypertrophy (Fig. S16F in SI Appendix), and
deterioration of FS and elevation of weight-to-tibia length ratio
of the left ventricle (LVW/TL) in good correlation with systolic
pressure gradient. These symptoms were suppressed by Pyr3
(Fig. 6 D and E). Thus, Pyr3 is potent against concentric and
dilated cardiac hypertrophy.
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Fig.6. Potentsuppressive effects of Pyr3 on cardiac hypertrophy induced by
pressure overload in mice. (A-C) Effects of Pyr3 on 1-week TAC-induced
concentric hypertrophy. (A) H&E-stained mid transverse sections of hearts
isolated from sham- and TAC-operated mice. (B and C) Effects of Pyr3 on the
increase in cross-sectional areas (CSA) (B) and ANP mRNA expressions (C). *, P <
0.05, **, P < 0.01, and ***, P < 0.001. (D and E) Effects of Pyr3 on 6-weeks
TAC-induced dilated hypertrophy. Scattergram of systolic pressure gradient
vs. FS, asurrogate of systolic function (D) and LVW/TL (E) in TAC-operated mice
with (red) and without (black) treatment with Pyr3. Pyr3 significantly shifts
relationships upward in FS (P < 0.001) and downward in LVW/TL (P < 0.01).

Discussion

The present investigation demonstrates a potent inhibitory ac-
tion of Pyr3 on both recombinant and native TRPC3 channels.
Photoaffinity labeling with Pyr-PP reveals direct action of Pyr3
on the TRPC3 channel. Pyr3 efficiently suppressed biological
responses in which critical involvements of TRPC3 have been
reported. In B lymphocytes, Pyr3 eliminated the BCR-induced
Ca?* oscillation regulated by TRPC3-mediated Ca?* influx. In
the cardiac system, Pyr3 attenuates NFAT activation and hyper-
trophic growth in myocytes and pressure overload-induced hy-
pertrophy in vivo.

BTPs were originally identified as inhibitors of T lymphocyte
activation (24). Several reports have suggested that BTP2 (Pyr2)
is a potent inhibitor for both Ca?* release-activated Ca?*
(CRAC) channels and TRPC channels and for NFAT-driven
IL-2 production (25-27). Structure-function relationships in
BTPs proposed that 4’-[3,5-bis(trifluoromethyl)pyrazol-1-yl]-
carboxanilide moiety is useful for discovering potent inhibitors
for CRAC channels (37). However, here we demonstrate that
the 3,5-bis(trifluoromethyl)pyrazole group is not required for
the inhibition of TRPC3, because Pyr3 without this group
selectively inhibited TRPC3 channel, and is more potent than
Pyr2 in inhibiting NFAT of cardiac myocytes. Moreover, our
structure-function relationship study using Pyr4 and Pyr5 dem-
onstrates that the 3,5-bis(trifluoromethyl)pyrazole or trichloro-
acrylic amide group is critical for the selectivity of Pyr4 or Pyr5
to TRPCS or TRPC3, respectively. Thus, pyrazole group pro-
vides a molecular skeleton to invent potent inhibitors for each
TRPC.

It has been suggested that Pyr2 activates the Ca?"-activated
nonselective cation channel TRPM4 that decreases Ca?" influx
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by depolarizing membrane potential and reducing the Ca?*
entry driving force in lymphocytes (38). This contradicts with the
report that Pyr2 failed to alter membrane potential in Jurkat
cells (25). In addition, when external Na™ ions were completely
replaced by the nonpermeant organic cation N-methyl-D-
glucamine, Sr?* influx activated by CCh still showed an intact
sensitivity to Pyr2, leading to an idea that the action of Pyr2 to
block TRPC3 channels is independent of the membrane-
depolarizing action of TRPM4 (27). This idea is consistent with
our results. Importantly, if Pyr3 activates TRPM4-mediated
membrane depolarization, it should also inhibit receptor-
activated Ca?" influx via TRPC channels other than TRPC3.
However, this is not the case. Hence, the action of Pyrs is mainly
attributable to inhibition of TRPCs.

Pyr2 unlikely acts from the cytosolic side of CRAC channels,
for instance, by inhibiting the activation mechanism or the
intracellular part of the channel pore (26). It has been also
proposed that Pyr2 inhibits TRPC3 by preventing channel
interactions with DAG or by compromising the conformational
change in the channels that leads to opening (27). We have
confirmed direct action of Pyrs on TRPC3 through observation
that Pyr3 inhibition of TRPC3 activity or incorporation of
Pyr-PP does not require receptors or their activation. Electro-
physiological recording (Fig. 3) locates the action site on the
extracellular side of TRPC3 proteins. Amino acid residues
unique for TRPC3 in functionally important domains such as E3
(39) may be responsible for the TRPC3 selectivity of Pyr3.
Recently, we reported a reconstruction of a 3-dimentional (3D)
structure of TRPC3 at 15 A resolution by single particle analysis
of images taken by a cryoelectron microscope (33). It would be
interesting to locate Pyr-binding site in 3D reconstitution of
TRPC3 proteins at this resolution.

Functions of native TRPC3 channels are yet to be established.
Initial overexpression studies reported that TRPC3 forms SOCs
(5). However, constitutive channel activity suppressed by strong
intracellular Ca?* buffering (40, 41) and DAG-induced activa-
tion via a membrane-delimited pathway have been reported for
TRPC3 (6). Therefore, depending on the expression system and
protein expression levels, TRPC3 can function in a store-
dependent or -independent manner (42, 43). Physical interac-
tions have been suggested for TRPC3 also with IP3 receptors,
PLCyl, and PLC#2 (12, 13, 44). Interestingly, BCR stimulation
failed to induce PLC#2 translocation to PM in DT40 B cell
mutant lines engineered with disruption of TRPC3 localization
at PM (unpublished results), in support of the importance of
TRPC3 in the PLCy2 translocation. We have also found that
TRPC3 mediates Ca?" influx responsible for translocation of
PKCB to the PM and anchors PKCB at PM. This suggests that
TRPC3 functions not only as an ion conducting channel but also
as a protein scaffold. Pyr3 should be extremely useful in selec-
tively dissecting multiple roles of native TRPC3.

[Ca%*); elevation by various hypertrophic stimuli plays a
critical role in the development of cardiac hypertrophy (36).
Continuous blockage of L-type voltage-dependent Ca?* chan-
nels by Ca?" antagonists effectively suppresses the development
of cardiac hypertrophy (16). However, because L-type Ca?*
channels controls excitation-contraction coupling, these Ca’*
channel antagonists may exert serious influence on the myocar-
dial contraction. Recently, TRPC3 and TRPC6 channels have
been reported to regulate cardiac hypertrophy (15-19). Suppres-
sion of Ang II- or mechanical stretch-induced NFAT activation
and hypertrophic growth of cardiomyoctes by Pyr3 strongly
suggest a potential of Pyr3 in the treatment of cardiac hyper-
trophy. Compared with Pyr2, which was reported to inhibit ANP
secretion and B-myosin heavy chain expression in rat neonatal
ventricular myocytes stimulated with «-adrenergic agonist,
phenylephrine (15), Pyr3 has improved potency in inhibiting
hypertrophic responses. Moreover, attenuation of pressure over-
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load-induced cardiac hypertrophy in vivo by Pyr3 will give
efficacy for the pathological heart without serious influence of
the normal myocardial contraction. This Pyr3 property may lead
to a safer therapeutic approach to cardiac hypertrophy.

Methods

The detailed methods for cell culture and cDNA expression, [Ca2*]; mea-
surements, electrophysiology, photoaffinity labeling, coimmunoprecipi-
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taion, confocal image analysis, measurements of NFAT and ERK activation,
and analysis of cardiac hypertrophy in vitro and in vivo are described in S/
Appendix.

ACKNOWLEDGMENTS. We thank N. Onohara and S. Tanabe for technical
support. This work was supported by grants from the Ministry of Education,
Culture, Sports, Science and Technology, Core Research for Evolutional Sci-
ence and Technology, and the National Institute of Biomedical Innovation of
Japan.

26. Zitt C, et al. (2004) Potent inhibition of Ca2* release-activated Ca2* channels and
T-lymphocyte activation by the pyrazole derivative BTP2. J Biol Chem 279:12427-
12437.

27. He L-P, Hewavitharana T, Soboloff J, Spassova MA, Gill DL (2005) A functional link
between store-operated and TRPC channels revealed by the 3,5-bis(trifluorometh-
yl)pyrazole derivative, BTP2. J Biol Chem 280:10997-11006.

28. OhgaKk, etal. (2008) The suppressive effects of YM-58483/BTP-2, a store-operated Ca2*
entry blocker, on inflammatory mediator release in vitro and airway responses in vivo.
Pulm Pharmacol Ther 21:360-369.

29. Okada T, et al. (1998) Molecular cloning and functional characterization of a novel
receptor-activated TRP Ca2* channel from mouse brain. J Biol Chem 273:10279-10287.

30. Trebak M, Bird GS, McKay RR, Birnbaumer L, Putney JW Jr (2003) Signaling mechanism
for receptor-activated canonical transient receptor potential 3 (TRPC3) channels. J Biol
Chem 278:16244-16252.

31. Tomohiro T, Hashimoto M, Hatanaka Y (2005) Cross-linking chemistry and biology:
Development of multifunctional photoaffinity probes. Chem Rec 5:385-395.

32. Nagase T, Shinkai S, Hamachi | (2001) Post-photoaffinity labeling modification using
aldehyde chemistry to produce a fluorescent lectin toward saccharide-biosensors.
Chem Commun 229-230.

33. Mio K, et al. (2007) The TRPC3 channel has a large internal chamber surrounded by
signal sensing antennas. J Mol Biol 367:373-383.

34. TomidaT, Hirose K, Takizawa A, Shibasaki F, lino M (2003) NFAT functions as a working
memory of Ca2* signals in decoding Ca2* oscillation. EMBO J 22:3825-3832.

35. Frey N, Olson EN (2003) Cardiac hypertrophy: The good, the bad, and the ugly. Annu
Rev Physiol 65:45-79.

36. Molkentin JD, Dorn Il GW (2001) Cytoplasmic signaling pathways that regulate cardiac
hypertrophy. Annu Rev Physiol 63:391-426.

37. Yonetoku Y, et al. (2006) Novel potent and selective calcium-release-activated calcium
(CRACQ) channel inhibitors. Part 2: Synthesis and inhibitory activity of aryl-3-
trifluoromethylpyrazoles. Bioorg Med Chem 14:5370-5383.

38. Takezawa R, et al. (2006) A pyrazole derivative potently inhibits lymphocyte Ca2*
influx and cytokine production by facilitating transient receptor potential melastatin
4 channel activity. Mol Pharmacol 69:1413-1420.

39. Xu SZ, et al. (2005) Generation of functional ion-channel tools by E3 targeting. Nat
Biotechnol 23:1289-1293.

40. Zitt C, et al. (1997) Expression of TRPC3 in Chinese hamster ovary cells results in
calcium-activated cation currents not related to store depletion. J Cell Biol 138:1333-
1341.

41. Kiselyov K, Mignery GA, Zhu MX, Muallem S (1999) The N-terminal domain of the IP3
receptor gates store-operated hTrp3 channels. Mol Cell 4:423-429.

42. Vazquez G, Lievremont JP, St J Bird G, Putney JW Jr (2001) Human Trp3 forms both
inositol triphosphate receptor-dependent and receptor-independent store-operated
cation channels in DT40 avian B lymphocytes. Proc Nat/ Acad Sci USA 98:11777-11782.

43. Trebak M, Bird GS, McKay RR, Putney JW Jr (2002) Comparison of human TRPC3
channels in receptor-activated and store-operated modes. Differential sensitivity to
channel blockers suggests fundamental differences in channel composition. J Biol
Chem 277:21617-21623.

44. Boulay G, et al. (1999) Modulation of Ca2* entry by polypeptides of the inositol
1,4,5-trisphosphate receptor (IP3R) that bind transient receptor potential (TRP): Evi-
dence for roles of TRP and IP3R in store depletion-activated Ca2* entry. Proc Nat/ Acad
Sci USA 96:14955-14960.

PNAS | March 31,2009 | vol. 106 | no.13 | 5405

PHARMACOLOGY


http://www.pnas.org/cgi/data/0808793106/DCSupplemental/Appendix_PDF
http://www.pnas.org/cgi/data/0808793106/DCSupplemental/Appendix_PDF

