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ABSTRACT

Vascular smooth muscle cells (VSMCs) play a pivotal role in the stability and tonic regulation
of vascular homeostasis. VSMCs can switch back and forth between highly proliferative
(synthetic) and fully differentiated (contractile) phenotypes in response to changes in the
vessel environment. Abnormal phenotypic switching of VSMCs is a distinctive characteristic
of vascular disorders, including atherosclerosis, pulmonary hypertension, stroke, and
peripheral artery disease; however, how the control of VSMC phenotypic switching is
dysregulated under pathological conditions remains obscure. Canonical transient receptor
potential (TRPC) channels have attracted attention as a key regulator of pathological
phenotype switching in VSMCs. Several TRPC subfamily member proteins—especially
TRPC1 and TRPC6—are upregulated in pathological VSMCs, and pharmacological inhibition
of TRPC channel activity has been reported to improve hypertensive vascular remodeling in
rodents. This review summarizes the current understanding of the role of TRPC channels in
cardiovascular plasticity, including our recent finding that TRPCG6 participates in aberrant
VSMC phenotype switching under ischemic conditions, and discusses the therapeutic
potential of TRPC channels.

Keywords: Transient receptor potential channel; Phenotype switching; Remodeling;
Excitation-transcription coupling

INTRODUCTION OF VASCULAR SMOOTH MUSCLE CELL
(VSMC)

1. VSMC plasticity in the vasculature

The fundamental function of fully differentiated VSMCs, which express a wide range of
contractile and regulatory proteins, is to maintain arterial blood vessel contractility. VSMCs
display considerable plasticity, characterized by reversible switching between contractile
and proliferative (i.e., synthetic) phenotypes. In healthy vessels, VSMCs exhibit a contractile
phenotype to maintain vascular tone. Contractile VSMCs, which typically show elongated
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and spindle-shaped morphology, express various smooth muscle-specific contractile proteins
including a-smooth muscle actin (a-SMA) and smooth muscle-myosin heavy chain. In
contrast, synthetic VSMCs show a stellate shape and have high proliferative and migratory
ability, which is essential for the development and repair of damaged vessels."

In pathological conditions such as vascular injury, arteriosclerosis, and hypertension, fully
differentiated VSMCs are able to undergo partial de-differentiation and restart the program
of cell growth and proliferation. Owens GK and Schwartz SM have focused on vascular
hypertrophy, hyperploidy, and hyperplasia in various forms of experimental hypertension,>*
and has suggested that VSMC hypertrophy represents an increase of tissue mass that is an
adaptive response to increased functional demands without the loss of any differentiated
function. In contrast, VSMC proliferation is related to a transient decrease in the expression
of smooth muscle-specific contractile proteins, indicating that synthetic VSMC growth

may occur under pathological conditions where functional demands exceed the capacity of
VSMCs to respond through cellular hypertrophy.® This results in hyperplastic remodeling,
with less vascular contractility and robustness.®” In atherosclerosis, it has been confirmed
by lineage-tracing experiments that VSMCs switch from the contractile phenotype to the
proliferative phenotype during atherosclerosis and neointima formation,*? and that VSMCs
proliferate and further undergo phenotypic switching to phagocyte-like cells, resulting

in the accumulation of atherosclerotic plaques and injury-induced neointimal lesions.
Phenotypic switching of VSMCs also reportedly contributes to the development of aortic
aneurysms.®? A complex regulatory mechanism governs VSMC phenotypic switching
through the integration of numerous environmental cues, including cytokines/growth
factors, neurohumoral factors, cell-cell contact, cell adhesions, extracellular matrix
interactions, injury stimuli, and mechanical forces. In particular, platelet-derived growth
factor (PDGF) can dramatically promote multiple aspects of the synthetic VSMC phenotype,
while transforming growth factor beta (TGF-B) and its related family members, such as
bone morphogenetic protein 4, can increase the expression of VSMC contractile proteins
(Fig. 1). Therefore, aberrant hormone release is thought to play a key role in abnormal VSMC
plasticity in vascular diseases.

2. Differences in Ca*" handling in synthetic VSMCs and contractile VSMCs
The transition from contractile to proliferative VSMCs is associated with changes in the
expression levels of ion channels, transporters, receptors, and contractile proteins.”
Intracellular Akt-dependent signaling mediates the expression of a-SMA and SM22a
proteins, and RhoA mediates actin reorganization, which increases VSMC contractility.

In contrast, stimulation of VSMCs with PDGF increases the activity of extracellular signal-
regulated kinase (ERK) and cyclin-dependent kinases to promote VSMC proliferation

and migration through Kriippel-like family (KLF)-dependent production of matrix
metalloproteinases. A major functional difference between contractile VSMCs and synthetic
VSMCs is the Ca** handling system. Differentiated contractile VSMCs are characterized by
rapid transient changes in the intracellular Ca** concentration ([Ca*];), while the resting
cytosolic [Ca*"]; remains low."® These transient changes in Ca®* are mainly caused by 2
components of Ca?* signaling pathways: Ca*" influx through voltage-dependent L-type Ca**
channels and dynamic Ca* release from intracellular Ca** stores. As these Ca*" dynamics
are directed towards VSMC contraction, this pattern is known as excitation-contraction
coupling. The synthetic VSMC phenotype is characterized by a long-lasting [Ca®']; increase
(sometimes shown as oscillations) accompanied by a sustained elevation of basal [Ca*];."”
During the switch from the contractile to proliferative phenotype, the Ca* handling system
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Fig. 1. Characteristics of synthetic and proliferative VSMCs. Contractile VSMCs abundantly express voltage-dependent LTCC, which predominantly mediate
Ca*-dependent contraction through a MLC phosphorylation-dependent pathway (excitation-contraction coupling). In contrast, synthetic VSMCs abundantly
expresses receptor-activated TRPC channels, which mediate GPCR-stimulated gene expression through the activation or inactivation of several transcriptional

factors (excitation-transcription coupling).

VSMC, vascular smooth muscle cell; LTCC, L-type Ca* channels; MLC, myosin light chain; TRPC, canonical transient receptor potential; GPCR, G protein-coupled
receptor; a-SMA, a-smooth muscle actin; TGF-, transforming growth factor beta; PDGF, platelet-derived growth factor; CREB, CAMP response element binding
protein; MLCP, myosin light chain phosphatase; MRTF, myocardin-related transcription factor; NFAT, nuclear factor of activated T cells; ROCK, Rho kinase; SRF,
serum response factor.
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in VSMCs also transitions from voltage-dependent Ca* entry to voltage-independent Ca**
entry, which is preferentially directed towards gene expression (i.e., excitation-transcription
coupling). These changes are associated with altered gene expression, which is dependent
on specific transcription factors, such as serum responsive factor (SRF) and SRF-accessory
proteins, such as myocardin,' repressor element 1-silencing transcription factor (also known
as neuron restrictive silencer factor)? and nuclear factor of activated T cells.” The genes
responsible for phenotypic switching in VSMCs include those that code for L-type and
T-type Ca* channels,?? voltage-dependent Na* channels,*? CIC-3 chloride channels,*
Ca*"-activated K* channels,?*?' inward rectifier K* channels,?? Na*-Ca* exchangers,” and
canonical transient receptor potential (TRPC) channels.*® Of these various types of channels,
TRPC channels have attracted attention as a critical regulator of excitation-transcription
coupling induced by various forms of chemical and physical stimulation in the cardiovascular
system, and we have recently revealed that a TRPC subtype 6 negatively regulates TGF--
induced contractile differentiation in VSMCs (Fig. 2).
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Fig. 2. Physiological and pathophysiological significance of TRPC6 in VSMC phenotype switching. Increased TRPC6 channel activity plays a critical role in
determining the VSMC phenotype. Once VSMCs are exposed to metabolic stresses, such as hypoxia, nutrient deficiency and glucose deprivation, TRPC6 channel
activity is increased and TRPC6-mediated cation influx suppresses VSMC switching from the synthetic to contractile phenotype upon TGF-f stimulation through
PTEN-dependent reduction of Akt activity.

VSMC, vascular smooth muscle cell; TRPC, canonical transient receptor potential; TGF-3, transforming growth factor beta; PTEN, phosphatase and tensin
homologue deleted from chromosome 10.

TRANSIENT RECEPTOR POTENTIAL (TRP) CHANNELS IN
THE CARDIOVASCULAR SYSTEM

1. TRP channels in VSMCs

In 1989, Craig Montell first identified the trp gene from a spontaneous mutation of fruit fly
Drosophila, which displayed transient elevation of potential in response to light stimuli.*
Since then, extensive studies of this gene have revealed that TRPs make up a superfamily of
ion channels that are ubiquitously expressed in mammals, and that 28 members are found in
humans. The TRP nomenclature was unified in 2002, and the TRP superfamily is currently
subdivided into 6 related protein subfamilies based on genetic and functional similarities:
canonical (TRPC1-C7), vanilloid (TRPVI-V6), melastatin (TRPM1-MS8), polycystin (TRPP2,
P3, P5), mucolipin (TRPML1-L3), and ankyrin (TRPA1). TRP proteins commonly possess

6 transmembrane domains and a preserved sequence of 25 amino acids known as the TRP
domain. Despite the high homology among TRPs, it has been revealed that the biophysical
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features of TRPs are different in terms of activation mechanisms and selectivity. For example,
the activity of TRPC family proteins (TRPCI-TRPC7), which are most closely related to the
original Drosophila TRP, are polymodally regulated by phospholipase C (PLC)-linked receptor
stimulation or other exocytotic mechanisms (Table 1).22 The TRPC3-7 proteins share a high
homology (up to 75%) in their amino acid sequence,® while TRPC1 shows a lower sequence
homology than other TRPC members. TRPC1 was initially proposed as a molecular entity

of store-operated Ca?* channels (SOCCs),***” which coordinate Ca** signaling events in

the absence of intracellular Ca* stores.*® In VSMCs, however, TRPC1 has been shown to
interact with stromal interaction molecule 1, thereby indirectly regulating store-operated
Ca* entry through the Orail channel.** TRPCl-dependent store-operated Ca** entry has
been found to be associated with vasoconstriction in the rat pulmonary artery and caudal
artery. TRPCG also contributes to receptor-stimulated vasoconstriction, but it requires PLC-
dependent production of diacylglycerol (DAG), but not inositol-1,4,5-trisphosphate (IPs). The
distribution of TRPC subtypes in the cardiovascular system is summarized in Table 1.

In addition to TRPCs, TRPV (V1, V2, and V4) and TRPM4 subfamily proteins are reportedly
present in the cardiovascular system, but the activation mechanisms and electrophysiological
properties of TRPVs and TRPMs are quite different from those of receptor-activated TRPC
channels.?**° The TRPV subfamily members (V1-V6) contain 3-5 ankyrin repeats within

their cytosolic N-terminal region. TRPVI-TRPV4 are all thermosensitive and non-selective
cation channels, which show a modest predominance of Ca*" over Na* permeation (Pe,/Px, =
1-10). TRPV1 is present at high levels in perivascular sensory nerves and participates in the
regulation of the tone of small mesenteric resistance arteries stimulated by neuropeptides.
TRPV4 channels are also chemosensitive, as they can be activated by cell swelling-induced
formation of 5',6'-epoxyeicosatrienoic acid. As TRPV2 and TRPV4 reportedly participate in
cardiac remodeling and endothelium-dependent hyperpolarization induced by mechanical
stress, these TRPVs have been proposed to play a role in mechanotransduction in VSMCs. The
mechanisms of activation of TRPV5 and TRPVG are quite different from those of TRPV1-V4,
which can be activated by low intracellular [Ca*]; or hyperpolarization. Proteins in the TRPM
subfamily do not contain ankyrin repeats in their N-termini, but have the unique structural
feature of a functional enzymatic domain in their C-termini (ADP-ribose pyrophosphatase

Table 1. Molecular characteristics and functional roles of TRPC subtypes in CVS

Subtype Expression in CVS Function in CVS Activation mechanisms lon selectivity (Pca/Pua) Metal ion permeability
TRPC1 Ubiquitous - Vasoconstriction PLC, mechanical stretch, Nonselective Na‘, Cs', Ca*, Ba*
- Neointimal hyperplasia store depletion (Ca*=Na"=Ba™)
- Cardiac hypertrophy
TRPC2 Pseudogene in human PLC, DAG, store depletion? Pea/Pna=2.7 (Ca*>Na‘=Cs") Na’, Cs*, Ca*
TRPC3 PA, CA, Ao, RA, CoA, - Cardiac remodeling PLC, DAG, Src, IPs, Peca/Prna=1.6 Na’, Cs*, Ca*, Ba*, Mn*
EC, CM, CF - Hypertension intracellular Ca*,
- IPAH store depletion
TRPC4 EC, PA, RA, PV, COA, - Vasorelaxation PLC, GTPyS, PeafPrna=11-7.7 Na’, Cs’, Ca*, Ba*, Mn*
CA, Heart - Endothelial barrier function store depletion? (Ba*>Ca?>Na‘’=Cs")
TRPC5 EC - Vasorelaxation? PLC, RNOS, Pca/Pna=1.8-9.0 Na’, Cs*, Ca*, Mn?
extracellular Ca* (Ca*>>Na*, Mn*)
TRPC6 Ubiquitous - Vascular remodeling PLC, DAG, Src, Pea/Pna=5 (Ca*>>Na‘) Na‘, Cs*, K, Li*, Ca?, Ba%,
- VSMC proliferation 920-HETE, flufenamate, Sr¥, Mn*, Zn*, Fe*"/Fe**
- IPAH mechanical stretch
TRPC7 Ubiquitous PLC, DAG, Ca*, Pea/Pna=2 (Ca*>Na‘=Cs") Na‘, Cs', Ca?, Ba%, Mn*

constitutively activated

TRPC, canonical transient receptor potential; CVS, cardiovascular system; PLC, phospholipase C; DAG, diacylglycerol; Ao, aorta; CA, cerebral artery; CoA,
coronary artery; PA, pulmonary artery; RA, renal artery; CM, cardiomyocyte; CF, cardiac fibroblast; EC, endothelial cell; RNOS, reactive nitric oxide species;
IPAH, idiopathic pulmonary arterial hypertension; 20-HETE, 20-hydroxyeicosatetraenoic acid.
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in TRPM2 and an atypical Ser/Thr kinase in TRPM6/M7). TRPM2 can be activated by an
increase in intracellular cyclic ADP-ribose and NAD", or by hydrogen peroxide. TRPM6/M7
channels are activated by a decrease in Mg** concentration. In cerebral arteries, TRPM4 is
present, forming a Ca**-activated non-selective cation channel that regulates myogenic tone
regulation (i.e., cerebral blood flow autoregulation).

2. Regulation of TRPC channel activity in VSMCs

As TRP channels are involved in a variety of mechanosensory processes, TRPC channels have
also been reported to be sensitive to forms of mechanical stimulation, such as membrane
stretching.** For example, pharmacological perturbation or gene deletion of TRPCG has
been reported to attenuate excess cardiac contractility stimulated by mechanical stress

in Duchenne muscular dystrophy mice.* Furthermore, it has been demonstrated that the
activation of TRPCG6 induced by mechanical stretching is mediated by intracellular lipids such
as DAG and 20-hydroxyeicosatetraenoic acid (HETE) in A7r5 myocytes (a smooth muscle cell
line from rat aorta).*® As with TRPCG, the TRPC2, TRPC3, and TRPC7 subfamilies have
been shown to be directly activated by DAG.*"*

The functional roles of TRPC3/C6 have been analyzed primarily with regard to Ca* influx and
signal transduction in vascular physiology. For example, in the rat portal vein, the TRPC6
channel is activated by an a-adrenergic receptor and evokes membrane depolarization and
activation of the voltage-dependent Ca?>* channel, thereby inducing contraction of smooth
muscle cells.® It has been also demonstrated that this TRPC3/C6-induced membrane
depolarization can be triggered by vasoactive G protein-coupled receptor (GPCR) ligands, such
as angiotensin Il and endothelin-1.**' However, unlike the voltage-dependent Ca** channel,
TRPC-mediated Ca* influx is considered to participate in local Ca* signaling, rather than global
intracellular Ca** mobilization, as TRPC3-mediated local Ca* influx is specifically transduced
to downstream signaling pathways in B lymphocytes.®>* Furthermore, the TRPC3 protein can
interact with various intracellular signaling molecules, including PLC, protein kinase C (PKC),
the receptor for activated C-kinase-1, the IP; receptor (IP;R), and calmodulin,*° suggesting that
TRPC3-mediated Ca* influx might amplify diverse signaling pathways in the vascular system.

TRPC3/6 channel activity is negatively regulated by Ser/Thr phosphorylation of TRPC3/6
proteins via PKC, protein kinase A (PKA), and protein kinase G (PKG). PKG phosphorylates
human TRPC3 at Thr-11 and Ser-263, and human TRPC6 at Thr-70 and Ser-322.%” PKG can be
activated by nitric oxide (NO), atrial natriuretic peptide, and inhibitors of cGMP-dependent
phosphodiesterases (PDEs). The PKG-dependent suppression of TRPCG6 channel activity

by NO is physiologically important in endothelium-dependent vasodilation.*® Both PKA

and PKG can recognize the same substrate sequence (-R-R/K-X-S/T-), and PKA-dependent
phosphorylation of rodent TRPCG6 at Thr-69 has been shown to participate in endothelium-
independent vasodilation.” Increased PKG activity reportedly suppresses Ca**/calcineurin-
dependent cardiac hypertrophy induced by receptor stimulation and pressure overload, and
blockade of PKG-dependent phosphorylation by TRPC6 mutagenesis (i.e., substitution of
Thr-69 to Ala) reversed the PKG-dependent anti-hypertrophic action.* In contrast, reduction
of cGMP/PKG signaling by guanylate cyclase-A gene deletion caused spontaneous cardiac
hypertrophy by promoting TRPC3/6 channel activity.®

3. Vascular tone regulation by TRPC6

The physiological importance of TRPC6 in vascular mechanosensation has been revealed in
TRPC6-deficient mice.® An increase of blood pressure inside the small arteries unexpectedly
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results in vasoconstriction. This phenomenon, which is known as the Bayliss effect, involves
the stretch-activated non-selective cation channels in VSMCs.®>% TRPC6 deficiency decreases
VSMC contraction and depolarization induced by pressure in arteries; for instance, the

basal mean arterial pressure in TRPCG6-deficient mice is approximately 7 mmHg higher

than that in wild-type mice.® It has been recently reported that the stretch-induced channel
activity originates from a fascinating interplay between the TRPC6 channel and Gy, protein-
coupled GPCRs, including angiotensin II type 1 receptor (AT1R).* In fact, the myogenic tone
induced by an increase in intravascular pressure was attenuated in AT1R-deficient mice.®
Since TRPCO also functionally couples with G4,;PCRs that are responsive to membrane
stretching,® TRPCG is widely accepted to be a mechano-activated cation channel. TRPCG6
deficiency causes acute arterial hypoxemia in the mouse pulmonary artery,® a phenomenon
known as the Euler-Liljestrand reflex in the small pulmonary artery.®” This process includes
accumulation of intracellular DAG and reactive oxygen species (ROS) via NADPH oxidase

2 (Nox2) activation in endothelial cells, leading to an increase in endothelial permeability
and edema formation.® In patients with idiopathic pulmonary arterial hypertension, certain
single-nucleotide polymorphisms in the TRPCG6 gene promoter have been shown to be
associated with enhanced expression of TRPC6 mRNA and protein.®®® Enhanced expression
of TRPCG caused pulmonary arterial smooth muscle cells to switch from a contractile to
synthetic phenotype via an increase in [Ca*']; by upregulating store-operated Ca* entry.”

4. Role of TRPC channels in VSMC plasticity

Contractile VSMCs abundantly express the large-conductance Ca**-activated K* channel, a
voltage-dependent channel that is activated by membrane depolarization.” The function

of this channel is to provide negative feedback against membrane depolarization, limiting
voltage-dependent Ca*" influx through L-type Ca** channels, a high-affinity site of action of
anti-hypertensive Ca** channel blockers.”? The switch of VSMCs to the proliferative phenotype
is associated with loss or suppression of both voltage-dependent channels.”” However, we
should not exclude the possibility that these channels could contribute to very early events in
responses to injury” or return once the modulated cells have ceased their activity and begun a
more quiescent existence. That is, timing is a critical factor, meaning that it would be wrong
to oversimplify the situation by assuming the cells either have a pure contractile phenotype or
are constantly in a proliferative phenotype.”

In contrast, proliferative VSMCs lose voltage-dependent channels, while enhancing native
store-operated or receptor—activated Ca* entry that fails to couple with contraction.” These
channels are necessary for receptor-stimulated cell proliferation or migration, and several
TRP channel proteins have been identified as critical components of receptor-activated
cation channels in VSMCs.” TRPC1 is reportedly upregulated in response to vascular

injury, and inhibition of TRPC1 attenuates VSMC proliferation””® and hyperplasia induced
by angiotensin II.” TRPC1 also exerts a robust functionality by forming heteromultimers
with TRPC5* and its related isoform TRPC4.% Since TRPCS and TRPC4 are predominantly
expressed in endothelial cells, but not in VSMCs, these heteromultimers may play a pivotal
role in endothelial cells.

Indeed, the most important difference between the 2 VSMC phenotypes is that contractile
VSMCs express more abundant contractile proteins, such as a-SMA and SM22a than synthetic
VSMCs.! PDGF is a major cytokine that contributes to mural cell recruitment to capillaries,
while TGF-f is a major cytokine involved in the contractile differentiation of VSMCs.*

We have recently reported a signaling mechanism through which TRPC6 channel activity
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negatively regulates contractile differentiation in VSMCs induced by TGF-3 stimulation.®
Using TRPC6-deficient VSMCs, we found that TGF-B-induced contractile differentiation

in VSMCs was significantly enhanced compared to wild-type VSMCs, while PDGF-induced
proliferation and migration of VSMCs were unaffected. As the background intracellular

Ca* entry was not significantly different between wild-type VSMCs and TRPC6-deficient
VSMCs, we focused on the plasma membrane potential, because more quiescent and fully
differentiated cells reportedly exhibit relatively polarized membrane potentials, ranging
from -50 to ~90 mV, whereas more plastic stem cells exhibit less polarized membrane
potentials, averaging from -10 to -~40 mV.% Indeed, contractile TRPC67 cells showed more
hyperpolarized membrane potentials than contractile TRPC6** cells. Simultaneously, TGF31
stimulation increased SM22a expression to a higher level in TRPC6™ cells than in TRPC6*"
cells. By using C3H10T1/2 mesenchymal stem cells as a well-defined VSMC differentiation
model, we found that knockdown of TRPCG significantly increased TGF-Bl-induced
activation of Akt, a major mediator of VSMC differentiation accompanying the upregulation
of contractile proteins.® TRPCG has been reported to interact with phosphatase and tensin
homologue deleted from chromosome 10 (PTEN), a negative regulator of Akt, by inhibiting
the production of phosphatidylinositol (3,4,5)-trisphosphate, in endothelial cells and
VSMCs, and this interaction is important for cell surface expression of TRPC6.%% We also
confirmed that TRPCG interacts with PTEN, through a process in which TRPC6-mediated
cation influx negatively regulates Akt activity via membrane depolarization. Changes in
membrane potential influence the distribution of phosphatidylserine (PS) in the plasma
membrane.® PTEN possesses a C2 domain that is critical for its translocation to the plasma
membrane and enzymatic activation. The C2 domain binds to anionic phospholipids such
as PS and phosphatidylinositol in a global Ca**-dependent manner. Thus, TRPC6-mediated
cation influx may cause membrane depolarization, followed by voltage-dependent Ca* influx
through L-type Ca*  channels, thereby downregulating the differentiating activity of VSMCs
through PTEN-mediated Akt inactivation (Fig. 2). However, the TRPC6 channel does not
conduct a large amount of current. Therefore, it is not likely that TRPC6-mediated cation
influx rapidly depolarizes the membrane potential of VSMCs. As TRPC-dependent currents
are long-lasting, longer-time imaging of membrane potentials in VSMCs will be necessary to
elucidate its underlying mechanism.

THERAPEUTIC POTENTIAL OF TRPC CHANNELS IN
CARDIOVASCULAR DISEASES

Therapeutic applications of TRPC channels have been well studied using cardiac systems.
Structural and morphological changes (remodeling) of the heart are a clinical outcome

of heart failure, and many studies have shown that TRPC3 and TRPCG are involved in the
development of cardiac remodeling.*+>*¢*:% Cardiomyocyte-specific overexpression

of TRPC3 or TRPCG is hypersensitive to the hemodynamic load and promotes cardiac
hypertrophy in mice.”? Since knockdown of either TRPC3 or TRPCG6 completely suppressed
angiotensin II-induced hypertrophic growth in rat cardiomyocytes® and the inhibition of
TRPC3 or TRPCG channel activity significantly attenuated cardiac hypertrophy in mice in
vivo,* many researchers—including our group—have concluded that TRPC3 and TRPC6
heteromultimer channels clearly participate in the development of cardiac hypertrophy.”
Based on these observations, several small molecules that can inhibit TRPC3/C6 channel
activity were revealed to suppress pathological cardiac remodeling in mice (Fig. 3). In
particular, our in vivo studies using TRPC-deficient mice have revealed that TRPC3, but not
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Fig. 3. Several TRPC3/C6 inhibitors and their pharmacological effects on the cardiovascular system.
TRPC, canonical transient receptor potential; PAD, peripheral arterial disease; PAH, pulmonary arterial hypertension;
Dox, doxorubicin.

TRPCO, predominantly participates in pressure overload-induced cardiac remodeling—
especially in interstitial fibrosis, but not in myocardial hypertrophy.®** We have also found
that TRPC3 has little impact on myocardial global [Ca*]; under mechanically stretched
conditions, but significantly suppresses mechanical stretching-induced ROS production.
The TRPC3 protein interacts with Nox2 on the plasma membrane, which enables Nox2 to
escape from ER-associated degradation, leading to excess ROS production in both cardiac
myocytes® and fibroblasts® and resulting in the induction of interstitial fibrosis through

the respective signaling pathways. Although it has been shown that the TRPCG protein is
upregulated in pathological rodent hearts,” TRPCG6 has been found to counteract the TRPC3-
Nox2 protein complex and to abrogate Nox2-dependent ROS signaling in cardiomyocytes.*
This evidence suggests that TRPCG6 upregulation is an adaptive response against
environmental stress in order to avoid inducing excess ROS production (i.e., oxidative stress)
in the heart. Indeed, among several TRPC3 inhibitors, only pyrazole-3 can suppress the
TRPC3-Nox2 axis-dependent cardiac stiffness and atrophy caused by anthracycline-derivative
anti-cancer drug treatment.”® We recently screened a potent inhibitor of the TRPC3-Nox2
complex using a library of already approved drugs and found that ibudilast, a PDE4 inhibitor
approved for the treatment of asthma and dizziness secondary to chronic cerebral circulation
impairment associated with the sequelae of cerebral infarction, significantly suppressed
doxorubicin-induced atrophic shrinkage of cardiomyocytes and skeletal muscles, as well

as macrophage cell death.””® However, our preliminary experiments indicate that TRPC3
selective inhibitors have little impact on VSMC plasticity or vascular diseases, including
peripheral arterial disease. This may be because TRPC6 is highly expressed in VSMCs and
predominantly regulates VSMC plasticity, rather than the TRPC3 channel or the TRPC3-Nox2
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protein complex. Indeed, several small molecules that can inhibit TRPCG6 channel activity are
able to reduce blood pressure and pulmonary artery hypertension.”*>°° These observations
suggest that inhibition of TRPCG channel activity is a promising strategy for the treatment of
aberrant VSMC plasticity in vascular diseases.

FUTURE PERSPECTIVES

Accumulating evidence has suggested that the expression of TRPC1 and TRPCG6 in VSMCs can be
exploited to control systemic arterial blood pressure and local blood flow, and the manipulation
of TRPC1/TRPC6 channel activity offers a new therapeutic strategy for the treatment of lung
ischemia-reperfusion injury.’*-®> We recently reported that TRPCG participates in the negative
regulation of VSMC contractile differentiation under pathological (ischemic) conditions.
Although upregulation of the TRPCG protein is required for the efficient physiological
proliferation of VSMCs, it is still obscure why the TRPCG protein is continuously upregulated

in pathological VSMCs, and whether TRPCG also participates in aberrant VSMC proliferation

in human vascular diseases. Further spatio-temporal analyses of TRPCG protein function are
necessary to establish the pathological significance of TRPC6 in VSMC plasticity. In addition, as
TRPCG is also expressed in endothelial cells and mediates endothelial permeability in capillary
microvessels in response to histamine stimulation,'® it is also necessary to investigate the roles
of TRPCG in non-VSMCs, such as endothelial cells and macrophages, to achieve a comprehensive
understanding of the clinical significance of TRPCG channels in the vasculature.

Furthermore, more attention should be paid to the diverse patterns of cation permeability shown
by TRPC channels (Table 1). Unlike TRPC3, divalent metal cations such as iron (Fe?*) and zinc
(Zn*) can permeate through TRPC6, even though TRPC3 and TRPCG are up to 75% identical.'**!%
Indeed, TRPC6™ mice presented an elevated Zn** level in the placenta and reduced litter sizes.'%
Although both Zn** and Fe?" must be essential metal cations for the maintenance of cellular
homeostasis, the causal relationship between metal cation dynamics and vascular plasticity is
obscure. Future studies focusing on TRPC6-mediated metal ion influx and identification of its
relationship with VSMC plasticity will help us to obtain a comprehensive understanding of how
TRPC6 can serve as a specific therapeutic target for pathological VSMC plasticity.

REFERENCES

1. Owens GK, Kumar MS, Wamhoff BR. Molecular regulation of vascular smooth muscle cell differentiation
in development and disease. Physiol Rev 2004;84:767-801.
PUBMED | CROSSREF

2. Rensen SS, Doevendans PA, van Eys GJ. Regulation and characteristics of vascular smooth muscle cell
phenotypic diversity. Neth Heart ] 2007;15:100-108.
PUBMED | CROSSREF

3. Owens GK, Schwartz SM. Alterations in vascular smooth muscle mass in the spontaneously hypertensive
rat. Role of cellular hypertrophy, hyperploidy, and hyperplasia. Circ Res 1982;51:280-289.
PUBMED | CROSSREF

4. Owens GK, Schwartz SM. Vascular smooth muscle cell hypertrophy and hyperploidy in the Goldblatt
hypertensive rat. Circ Res 1983;53:491-501.
PUBMED | CROSSREF

5. Owens GK. Control of hypertrophic versus hyperplastic growth of vascular smooth muscle cells. AmJ
Physiol 1989;257:H1755-H1765.
PUBMED | CROSSREF

https://doi.org/10.12997/jla.2020.9.1.124 133


http://www.ncbi.nlm.nih.gov/pubmed/15269336
https://doi.org/10.1152/physrev.00041.2003
http://www.ncbi.nlm.nih.gov/pubmed/17612668
https://doi.org/10.1007/BF03085963
http://www.ncbi.nlm.nih.gov/pubmed/7116579
https://doi.org/10.1161/01.RES.51.3.280
http://www.ncbi.nlm.nih.gov/pubmed/6627608
https://doi.org/10.1161/01.RES.53.4.491
http://www.ncbi.nlm.nih.gov/pubmed/2690643
https://doi.org/10.1152/ajpheart.1989.257.6.H1755

TRPC Channels in VSMC Plasticity

Journal of
Lipid and
Atherosclerosis

N

10.

11.

12.

13.

14

15.

16.

17.

18.

19.

20.

21.

22,

23.

. Owens GK, Loeb A, Gordon D, Thompson MM. Expression of smooth muscle-specific alpha-isoactin in

cultured vascular smooth muscle cells: relationship between growth and cytodifferentiation. J Cell Biol
1986;102:343-352.

PUBMED | CROSSREF

Clowes AW, Clowes MM, Kocher O, Ropraz P, Chaponnier C, Gabbiani G. Arterial smooth muscle cells in
vivo: relationship between actin isoform expression and mitogenesis and their modulation by heparin. J
Cell Biol 1988;107:1939-1945.

PUBMED | CROSSREF

. Bennett MR, Sinha S, Owens GK. Vascular smooth muscle cells in atherosclerosis. Circ Res

2016;118:692-702.
PUBMED | CROSSREF

. Davis-Dusenbery BN, Wu C, Hata A. Micromanaging vascular smooth muscle cell differentiation and

phenotypic modulation. Arterioscler Thromb Vasc Biol 2011;31:2370-2377.
PUBMED | CROSSREF

Frismantiene A, Philippova M, Erne P, Resink TJ. Smooth muscle cell-driven vascular diseases and
molecular mechanisms of VSMC plasticity. Cell Signal 2018;52:48-64.

PUBMED | CROSSREF

van Varik BJ, Rennenberg RJ, Reutelingsperger CP, Kroon AA, de Leeuw PW, Schurgers LJ. Mechanisms of
arterial remodeling: lessons from genetic diseases. Front Genet 2012;3:290.

PUBMED | CROSSREF

Alexander MR, Owens GK. Epigenetic control of smooth muscle cell differentiation and phenotypic
switching in vascular development and disease. Annu Rev Physiol 2012;74:13-40.

PUBMED | CROSSREF

Shankman LS, Gomez D, Cherepanova OA, Salmon M, Alencar GF, Haskins RM, et al. KLF4-dependent
phenotypic modulation of smooth muscle cells has a key role in atherosclerotic plaque pathogenesis. Nat
Med 2015;21:628-637.

PUBMED | CROSSREF

. Feil S, Fehrenbacher B, Lukowski R, Essmann F, Schulze-Osthoff K, Schaller M, et al. Transdifferentiation of

vascular smooth muscle cells to macrophage-like cells during atherogenesis. Circ Res 2014;115:662-667.
PUBMED | CROSSREF

Gomez D, Shankman LS, Nguyen AT, Owens GK. Detection of histone modifications at specific gene loci
in single cells in histological sections. Nat Methods 2013;10:171-177.

PUBMED | CROSSREF

Albarran-Juarez J, Kaur H, Grimm M, Offermanns S, Wettschureck N. Lineage tracing of cells involved in
atherosclerosis. Atherosclerosis 2016;251:445-453.

PUBMED | CROSSREF

Matchkov VV, Kudryavtseva O, Aalkjaer C. Intracellular Ca* signalling and phenotype of vascular smooth
muscle cells. Basic Clin Pharmacol Toxicol 2012;110:42-48.
PUBMED | CROSSREF

Vallot O, Combettes L, Jourdon P, Inamo J, Marty I, Claret M, et al. Intracellular Ca** handling in vascular
smooth muscle cells is affected by proliferation. Arterioscler Thromb Vasc Biol 2000;20:1225-1235.
PUBMED | CROSSREF

Muiioz E, Hernandez-Morales M, Sobradillo D, Rocher A, Nuiiez L, Villalobos C. Intracellular Ca*
remodeling during the phenotypic journey of human coronary smooth muscle cells. Cell Calcium
2013;54:375-385.

PUBMED | CROSSREF

Cheong A, Bingham AJ, LiJ, Kumar B, Sukumar P, Munsch C, et al. Downregulated REST transcription
factor is a switch enabling critical potassium channel expression and cell proliferation. Mol Cell
2005;20:45-52.

PUBMED | CROSSREF

Nieves-Cintréon M, Amberg GC, Nichols CB, Molkentin JD, Santana LF. Activation of NFATc3 down-
regulates the 1 subunit of large conductance, calcium-activated K* channels in arterial smooth muscle
and contributes to hypertension. J Biol Chem 2007;282:3231-3240.

PUBMED | CROSSREF

Kuga T, Kobayashi S, Hirakawa Y, Kanaide H, Takeshita A. Cell cycle--dependent expression of L- and
T-type Ca** currents in rat aortic smooth muscle cells in primary culture. Circ Res 1996;79:14-19.
PUBMED | CROSSREF

Rodman DM, Reese K, Harral J, Fouty B, Wu S, West J, et al. Low-voltage-activated (T-type) calcium
channels control proliferation of human pulmonary artery myocytes. Circ Res 2005;96:864-872.
PUBMED | CROSSREF

https://e-jla.org https://doi.org/10.12997/jla.2020.9.1.124 134


http://www.ncbi.nlm.nih.gov/pubmed/3944187
https://doi.org/10.1083/jcb.102.2.343
http://www.ncbi.nlm.nih.gov/pubmed/2460473
https://doi.org/10.1083/jcb.107.5.1939
http://www.ncbi.nlm.nih.gov/pubmed/26892967
https://doi.org/10.1161/CIRCRESAHA.115.306361
http://www.ncbi.nlm.nih.gov/pubmed/22011749
https://doi.org/10.1161/ATVBAHA.111.226670
http://www.ncbi.nlm.nih.gov/pubmed/30172025
https://doi.org/10.1016/j.cellsig.2018.08.019
http://www.ncbi.nlm.nih.gov/pubmed/23248645
https://doi.org/10.3389/fgene.2012.00290
http://www.ncbi.nlm.nih.gov/pubmed/22017177
https://doi.org/10.1146/annurev-physiol-012110-142315
http://www.ncbi.nlm.nih.gov/pubmed/25985364
https://doi.org/10.1038/nm.3866
http://www.ncbi.nlm.nih.gov/pubmed/25070003
https://doi.org/10.1161/CIRCRESAHA.115.304634
http://www.ncbi.nlm.nih.gov/pubmed/23314172
https://doi.org/10.1038/nmeth.2332
http://www.ncbi.nlm.nih.gov/pubmed/27320174
https://doi.org/10.1016/j.atherosclerosis.2016.06.012
http://www.ncbi.nlm.nih.gov/pubmed/21999706
https://doi.org/10.1111/j.1742-7843.2011.00818.x
http://www.ncbi.nlm.nih.gov/pubmed/10807737
https://doi.org/10.1161/01.ATV.20.5.1225
http://www.ncbi.nlm.nih.gov/pubmed/24079969
https://doi.org/10.1016/j.ceca.2013.08.006
http://www.ncbi.nlm.nih.gov/pubmed/16209944
https://doi.org/10.1016/j.molcel.2005.08.030
http://www.ncbi.nlm.nih.gov/pubmed/17148444
https://doi.org/10.1074/jbc.M608822200
http://www.ncbi.nlm.nih.gov/pubmed/8925562
https://doi.org/10.1161/01.RES.79.1.14
http://www.ncbi.nlm.nih.gov/pubmed/15774856
https://doi.org/10.1161/01.RES.0000163066.07472.ff

TRPC Channels in VSMC Plasticity

Journal of
Lipid and
Atherosclerosis

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Quignard JF, Ryckwaert F, Albat B, Nargeot J, Richard S. A novel tetrodotoxin-sensitive Na* current in
cultured human coronary myocytes. Circ Res 1997;80:377-382.

PUBMED | CROSSREF

Platoshyn O, Remillard CV, Fantozzi I, Sison T, Yuan JX. Identification of functional voltage-gated Na*
channels in cultured human pulmonary artery smooth muscle cells. Pflugers Arch 2005;451:380-387.
PUBMED | CROSSREF

Wang GL, Wang XR, Lin MJ, He H, Lan XJ, Guan YY. Deficiency in CIC-3 chloride channels prevents rat
aortic smooth muscle cell proliferation. Circ Res 2002;91:E28-E32.

PUBMED | CROSSREF

Karkanis T, Li S, Pickering JG, Sims SM. Plasticity of KIR channels in human smooth muscle cells from
internal thoracic artery. Am J Physiol Heart Circ Physiol 2003;284:H2325-H2334.

PUBMED | CROSSREF

Miguel-Velado E, Moreno-Dominguez A, Colinas O, Cidad P, Heras M, Pérez-Garcia MT, et al.
Contribution of Kv channels to phenotypic remodeling of human uterine artery smooth muscle cells. Circ
Res 2005;97:1280-1287.

PUBMED | CROSSREF

Zhang S, Dong H, Rubin L], Yuan JX. Upregulation of Na*/Ca** exchanger contributes to the enhanced
Ca* entry in pulmonary artery smooth muscle cells from patients with idiopathic pulmonary arterial
hypertension. Am J Physiol Cell Physiol 2007;292:C2297-C2305.

PUBMED | CROSSREF

Yu Y, Sweeney M, Zhang S, Platoshyn O, Landsberg J, Rothman A, et al. PDGF stimulates pulmonary
vascular smooth muscle cell proliferation by upregulating TRPC6 expression. Am J Physiol Cell Physiol
2003;284:C316-C330.

PUBMED | CROSSREF

Montell C, Rubin GM. Molecular characterization of the Drosophila trp locus: a putative integral
membrane protein required for phototransduction. Neuron 1989;2:1313-1323.

PUBMED | CROSSREF

Ramsey IS, Delling M, Clapham DE. An introduction to TRP channels. Annu Rev Physiol 2006;68:619-647.
PUBMED | CROSSREF

Vazquez G, Wedel BJ, Aziz O, Trebak M, Putney JW Jr. The mammalian TRPC cation channels. Biochim
Biophys Acta 2004;1742:21-36.

PUBMED | CROSSREF

Wes PD, Chevesich J, Jeromin A, Rosenberg C, Stetten G, Montell C. TRPC1, a human homolog of a
Drosophila store-operated channel. Proc Natl Acad Sci U S A 1995;92:9652-9656.
PUBMED | CROSSREF

Zitt C, Zobel A, Obukhov AG, Harteneck C, Kalkbrenner F, Liickhoff A, et al. Cloning and functional
expression of a human Ca*-permeable cation channel activated by calcium store depletion. Neuron
1996;16:1189-1196.

PUBMED | CROSSREF

Zhu X, Jiang M, Peyton M, Boulay G, Hurst R, Stefani E, et al. trp, a novel mammalian gene family
essential for agonist-activated capacitative Ca** entry. Cell 1996;85:661-671.

PUBMED | CROSSREF

Liu X, Cheng KT, Bandyopadhyay BC, Pani B, Dietrich A, Paria BC, et al. Attenuation of store-

operated Ca®" current impairs salivary gland fluid secretion in TRPC17" mice. Proc Natl Acad SciU S A
2007;104:17542-17547.

PUBMED | CROSSREF

Mori Y, Wakamori M, Miyakawa T, Hermosura M, Hara Y, Nishida M, et al. Transient receptor potential
1 regulates capacitative Ca** entry and Ca*' release from endoplasmic reticulum in B lymphocytes. ] Exp
Med 2002;195:673-681.

PUBMED | CROSSREF

ShiJ, Miralles F, Birnbaumer L, Large WA, Albert AP. Store-operated interactions between plasmalemmal
STIM1 and TRPC1 proteins stimulate PLCf1 to induce TRPC1 channel activation in vascular smooth
muscle cells. J Physiol 2017;595:1039-1058.

PUBMED | CROSSREF

Nishida M, Hara Y, Yoshida T, Inoue R, Mori Y. TRP channels: molecular diversity and physiological
function. Microcirculation 2006;13:535-550.

PUBMED | CROSSREF

Maroto R, Raso A, Wood TG, Kurosky A, Martinac B, Hamill OP. TRPC1 forms the stretch-activated
cation channel in vertebrate cells. Nat Cell Biol 2005;7:179-185.

PUBMED | CROSSREF

https://e-jla.org https://doi.org/10.12997/jla.2020.9.1.124 135


http://www.ncbi.nlm.nih.gov/pubmed/9048658
https://doi.org/10.1161/01.res.0000435853.85322.af
http://www.ncbi.nlm.nih.gov/pubmed/16052353
https://doi.org/10.1007/s00424-005-1478-3
http://www.ncbi.nlm.nih.gov/pubmed/12433844
https://doi.org/10.1161/01.RES.0000042062.69653.E4
http://www.ncbi.nlm.nih.gov/pubmed/12598232
https://doi.org/10.1152/ajpheart.00559.2002
http://www.ncbi.nlm.nih.gov/pubmed/16269658
https://doi.org/10.1161/01.RES.0000194322.91255.13
http://www.ncbi.nlm.nih.gov/pubmed/17192285
https://doi.org/10.1152/ajpcell.00383.2006
http://www.ncbi.nlm.nih.gov/pubmed/12529250
https://doi.org/10.1152/ajpcell.00125.2002
http://www.ncbi.nlm.nih.gov/pubmed/2516726
https://doi.org/10.1016/0896-6273(89)90069-X
http://www.ncbi.nlm.nih.gov/pubmed/16460286
https://doi.org/10.1146/annurev.physiol.68.040204.100431
http://www.ncbi.nlm.nih.gov/pubmed/15590053
https://doi.org/10.1016/j.bbamcr.2004.08.015
http://www.ncbi.nlm.nih.gov/pubmed/7568191
https://doi.org/10.1073/pnas.92.21.9652
http://www.ncbi.nlm.nih.gov/pubmed/8663995
https://doi.org/10.1016/S0896-6273(00)80145-2
http://www.ncbi.nlm.nih.gov/pubmed/8646775
https://doi.org/10.1016/S0092-8674(00)81233-7
http://www.ncbi.nlm.nih.gov/pubmed/17956991
https://doi.org/10.1073/pnas.0701254104
http://www.ncbi.nlm.nih.gov/pubmed/11901194
https://doi.org/10.1084/jem.20011758
http://www.ncbi.nlm.nih.gov/pubmed/27753095
https://doi.org/10.1113/JP273302
http://www.ncbi.nlm.nih.gov/pubmed/16990213
https://doi.org/10.1080/10739680600885111
http://www.ncbi.nlm.nih.gov/pubmed/15665854
https://doi.org/10.1038/ncb1218

TRPC Channels in VSMC Plasticity

Journal of
Lipid and
Atherosclerosis

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Poteser M, Graziani A, Rosker C, Eder P, Derler I, Kahr H, et al. TRPC3 and TRPC4 associate to form a
redox-sensitive cation channel. Evidence for expression of native TRPC3-TRPC4 heteromeric channels in
endothelial cells. ] Biol Chem 2006;281:13588-13595.

PUBMED | CROSSREF

Spassova MA, Hewavitharana T, Xu W, Soboloft], Gill DL. A common mechanism underlies stretch
activation and receptor activation of TRPC6 channels. Proc Natl Acad Sci U S A 2006;103:16586-16591.
PUBMED | CROSSREF

Seo K, Rainer PP, Shalkey Hahn V, Lee DI, Jo SH, Andersen A, et al. Combined TRPC3 and TRPC6
blockade by selective small-molecule or genetic deletion inhibits pathological cardiac hypertrophy. Proc
Natl Acad Sci U S A 2014;111:1551-1556.

PUBMED | CROSSREF

Weissmann N, Sydykov A, Kalwa H, Storch U, Fuchs B, Mederos y Schnitzler M, et al. Activation of TRPC6
channels is essential for lung ischaemia-reperfusion induced oedema in mice. Nat Commun 2012;3:649.
PUBMED | CROSSREF

Inoue R, Jensen LJ, Jian Z, ShiJ, Hai L, Lurie Al, et al. Synergistic activation of vascular TRPC6 channel by
receptor and mechanical stimulation via phospholipase C/diacylglycerol and phospholipase A2/omega-
hydroxylase/20-HETE pathways. Circ Res 2009;104:1399-1409.

PUBMED | CROSSREF

Hofmann T, Obukhov AG, Schaefer M, Harteneck C, Gudermann T, Schultz G. Direct activation of human
TRPCG6 and TRPC3 channels by diacylglycerol. Nature 1999;397:259-263.

PUBMED | CROSSREF

Trebak M, Vazquez G, Bird GS, Putney JW Jr. The TRPC3/6/7 subfamily of cation channels. Cell Calcium
2003;33:451-461.

PUBMED | CROSSREF

Inoue R, Okada T, Onoue H, Hara Y, Shimizu S, Naitoh S, et al. The transient receptor potential protein
homologue TRPG is the essential component of vascular a;-adrenoceptor-activated Ca**-permeable cation
channel. Circ Res 2001;88:325-332.

PUBMED | CROSSREF

Nishida M, Watanabe K, Sato Y, Nakaya M, Kitajima N, Ide T, et al. Phosphorylation of TRPCG6 channels
at Thr69 is required for anti-hypertrophic effects of phosphodiesterase 5 inhibition. J Biol Chem
2010;285:13244-13253.

PUBMED | CROSSREF

Nishioka K, Nishida M, Ariyoshi M, Jian Z, Saiki S, Hirano M, et al. Cilostazol suppresses angiotensin
1I-induced vasoconstriction via protein kinase A-mediated phosphorylation of the transient receptor
potential canonical 6 channel. Arterioscler Thromb Vasc Biol 2011;31:2278-2286.

PUBMED | CROSSREF

Nishida M, Sugimoto K, Hara Y, Mori E, Morii T, Kurosaki T, et al. Amplification of receptor signalling by
Ca* entry-mediated translocation and activation of PLCy2 in B lymphocytes. EMBO ] 2003;22:4677-4688.
PUBMED | CROSSREF

Numaga T, Nishida M, Kiyonaka S, Kato K, Katano M, Mori E, et al. Ca* influx and protein scaffolding via
TRPC3 sustain PKCp and ERK activation in B cells. J Cell Sci 2010;123:927-938.

PUBMED | CROSSREF

Woodard GE, Lépez JJ, Jardin I, Salido GM, Rosado JA. TRPC3 regulates agonist-stimulated Ca*
mobilization by mediating the interaction between type I inositol 1,4,5-trisphosphate receptor, RACK1,
and Orail. ] Biol Chem 2010;285:8045-8053.

PUBMED | CROSSREF

Bandyopadhyay BC, Ong HL, Lockwich TP, Liu X, Paria BC, Singh BB, et al. TRPC3 controls agonist-
stimulated intracellular Ca* release by mediating the interaction between inositol 1,4,5-trisphosphate
receptor and RACK1. ] Biol Chem 2008;283:32821-32830.

PUBMED | CROSSREF

Tang]J, Lin Y, Zhang Z, Tikunova S, Birnbaumer L, Zhu MX. Identification of common binding sites for
calmodulin and inositol 1,4,5-trisphosphate receptors on the carboxyl termini of Trp channels. J Biol
Chem 2001;276:21303-21310.

PUBMED | CROSSREF

Yao X. TRPC, cGMP-dependent protein kinases and cytosolic Ca** Handb Exp Pharmacol 2007;179:527-540.
PUBMED | CROSSREF

Takahashi S, Lin H, Geshi N, Mori Y, Kawarabayashi Y, Takami N, et al. Nitric oxide-cGMP-protein
kinase G pathway negatively regulates vascular transient receptor potential channel TRPC6. J Physiol
2008;586:4209-4223.

PUBMED | CROSSREF

https://e-jla.org https://doi.org/10.12997/jla.2020.9.1.124 136


http://www.ncbi.nlm.nih.gov/pubmed/16537542
https://doi.org/10.1074/jbc.M512205200
http://www.ncbi.nlm.nih.gov/pubmed/17056714
https://doi.org/10.1073/pnas.0606894103
http://www.ncbi.nlm.nih.gov/pubmed/24453217
https://doi.org/10.1073/pnas.1308963111
http://www.ncbi.nlm.nih.gov/pubmed/22337127
https://doi.org/10.1038/ncomms1660
http://www.ncbi.nlm.nih.gov/pubmed/19443836
https://doi.org/10.1161/CIRCRESAHA.108.193227
http://www.ncbi.nlm.nih.gov/pubmed/9930701
https://doi.org/10.1038/16711
http://www.ncbi.nlm.nih.gov/pubmed/12765690
https://doi.org/10.1016/S0143-4160(03)00056-3
http://www.ncbi.nlm.nih.gov/pubmed/11179201
https://doi.org/10.1161/01.RES.88.3.325
http://www.ncbi.nlm.nih.gov/pubmed/20177073
https://doi.org/10.1074/jbc.M109.074104
http://www.ncbi.nlm.nih.gov/pubmed/21799177
https://doi.org/10.1161/ATVBAHA.110.221010
http://www.ncbi.nlm.nih.gov/pubmed/12970180
https://doi.org/10.1093/emboj/cdg457
http://www.ncbi.nlm.nih.gov/pubmed/20179100
https://doi.org/10.1242/jcs.061051
http://www.ncbi.nlm.nih.gov/pubmed/20022948
https://doi.org/10.1074/jbc.M109.033605
http://www.ncbi.nlm.nih.gov/pubmed/18755685
https://doi.org/10.1074/jbc.M805382200
http://www.ncbi.nlm.nih.gov/pubmed/11290752
https://doi.org/10.1074/jbc.M102316200
http://www.ncbi.nlm.nih.gov/pubmed/17217077
https://doi.org/10.1007/978-3-540-34891-7_31
http://www.ncbi.nlm.nih.gov/pubmed/18617565
https://doi.org/10.1113/jphysiol.2008.156083

TRPC Channels in VSMC Plasticity

Journal of
Lipid and
Atherosclerosis

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70

71.

72.

73.

74.

75.

Koitabashi N, Aiba T, Hesketh GG, Rowell J, Zhang M, Takimoto E, et al. Cyclic GMP/PKG-dependent
inhibition of TRPCG6 channel activity and expression negatively regulates cardiomyocyte NFAT activation
novel mechanism of cardiac stress modulation by PDES inhibition. ] Mol Cell Cardiol 2010;48:713-724.
PUBMED | CROSSREF

Kinoshita H, Kuwahara K, Nishida M, Jian Z, Rong X, Kiyonaka S, et al. Inhibition of TRPCG6 channel
activity contributes to the antihypertrophic effects of natriuretic peptides-guanylyl cyclase-A signaling in
the heart. Circ Res 2010;106:1849-1860.

PUBMED | CROSSREF

Dietrich A, Mederos Y Schnitzler M, Gollasch M, Gross V, Storch U, Dubrovska G, et al. Increased vascular
smooth muscle contractility in TRPC6™ mice. Mol Cell Biol 2005;25:6980-6989.

PUBMED | CROSSREF

Davis MJ, Sikes PJ. Myogenic responses of isolated arterioles: test for a rate-sensitive mechanism. Am J
Physiol 1990;259:H1890-H1900.

PUBMED | CROSSREF

Gudermann T, Mederos y Schnitzler M, Dietrich A. Receptor-operated cation entry--more than esoteric
terminology? Sci STKE 2004;2004:pe35.

PUBMED | CROSSREF

Mederos y Schnitzler M, Storch U, Meibers S, Nurwakagari P, Breit A, Essin K, et al. Gq-coupled receptors
as mechanosensors mediating myogenic vasoconstriction. EMBO J 2008;27:3092-3103.

PUBMED | CROSSREF

Blodow S, Schneider H, Storch U, Wizemann R, Forst AL, Gudermann T, et al. Novel role of
mechanosensitive AT1B receptors in myogenic vasoconstriction. Pflugers Arch 2014;466:1343-1353.
PUBMED | CROSSREF

Weissmann N, Dietrich A, Fuchs B, Kalwa H, Ay M, Dumitrascu R, et al. Classical transient receptor
potential channel 6 (TRPC6) is essential for hypoxic pulmonary vasoconstriction and alveolar gas
exchange. Proc Natl Acad Sci U S A 2006;103:19093-19098.

PUBMED | CROSSREF

Weir EK, Lopez-Barneo J, Buckler KJ, Archer SL. Acute oxygen-sensing mechanisms. N Engl ] Med
2005;353:2042-2055.

PUBMED | CROSSREF

Yu Y, Fantozzi I, Remillard CV, Landsberg JW, Kunichika N, Platoshyn O, et al. Enhanced expression of
transient receptor potential channels in idiopathic pulmonary arterial hypertension. Proc Natl Acad Sci U
S A 2004;101:13861-13866.

PUBMED | CROSSREF

Yu Y, Keller SH, Remillard CV, Safrina O, Nicholson A, Zhang SL, et al. A functional single-nucleotide
polymorphism in the TRPCG6 gene promoter associated with idiopathic pulmonary arterial hypertension.
Circulation 2009;119:2313-2322.

PUBMED | CROSSREF

. Fernandez RA, Wan J, Song S, Smith KA, Gu Y, Tauseef M, et al. Upregulated expression of STIM2,

TRPCOG, and Orai2 contributes to the transition of pulmonary arterial smooth muscle cells from a
contractile to proliferative phenotype. Am J Physiol Cell Physiol 2015;308:C581-C593.

PUBMED | CROSSREF

Wei AD, Gutman GA, Aldrich R, Chandy KG, Grissmer S, Wulff H. International Union of Pharmacology.
LII. Nomenclature and molecular relationships of calcium-activated potassium channels. Pharmacol Rev
2005;57:463-472.

PUBMED | CROSSREF

Wu SN. Large-conductance Ca*- activated K* channels: physiological role and pharmacology. Curr Med
Chem 2003;10:649-661.

PUBMED | CROSSREF

Richard S, Neveu D, Carnac G, Bodin P, Travo P, Nargeot J. Differential expression of voltage-gated Ca*-
currents in cultivated aortic myocytes. Biochim Biophys Acta 1992;1160:95-104.

PUBMED | CROSSREF

Ivanov A, Gerzanich V, Ivanova S, Denhaese R, Tsymbalyuk O, Simard JM. Adenylate cyclase 5 and K¢,1.1
channel are required for EGFR up-regulation of PCNA in native contractile rat basilar artery smooth
muscle. J Physiol 2006;570:73-84.

PUBMED | CROSSREF

Beech DJ. Ion channel switching and activation in smooth-muscle cells of occlusive vascular diseases.
Biochem Soc Trans 2007;35:890-894.

PUBMED | CROSSREF

https://e-jla.org https://doi.org/10.12997/jla.2020.9.1.124 137


http://www.ncbi.nlm.nih.gov/pubmed/19961855
https://doi.org/10.1016/j.yjmcc.2009.11.015
http://www.ncbi.nlm.nih.gov/pubmed/20448219
https://doi.org/10.1161/CIRCRESAHA.109.208314
http://www.ncbi.nlm.nih.gov/pubmed/16055711
https://doi.org/10.1128/MCB.25.16.6980-6989.2005
http://www.ncbi.nlm.nih.gov/pubmed/2260713
https://doi.org/10.1152/ajpheart.1990.259.6.H1890
http://www.ncbi.nlm.nih.gov/pubmed/15280577
https://doi.org/10.1126/stke.2432004pe35
http://www.ncbi.nlm.nih.gov/pubmed/18987636
https://doi.org/10.1038/emboj.2008.233
http://www.ncbi.nlm.nih.gov/pubmed/24101294
https://doi.org/10.1007/s00424-013-1372-3
http://www.ncbi.nlm.nih.gov/pubmed/17142322
https://doi.org/10.1073/pnas.0606728103
http://www.ncbi.nlm.nih.gov/pubmed/16282179
https://doi.org/10.1056/NEJMra050002
http://www.ncbi.nlm.nih.gov/pubmed/15358862
https://doi.org/10.1073/pnas.0405908101
http://www.ncbi.nlm.nih.gov/pubmed/19380626
https://doi.org/10.1161/CIRCULATIONAHA.108.782458
http://www.ncbi.nlm.nih.gov/pubmed/25673771
https://doi.org/10.1152/ajpcell.00202.2014
http://www.ncbi.nlm.nih.gov/pubmed/16382103
https://doi.org/10.1124/pr.57.4.9
http://www.ncbi.nlm.nih.gov/pubmed/12678784
https://doi.org/10.2174/0929867033457863
http://www.ncbi.nlm.nih.gov/pubmed/1329983
https://doi.org/10.1016/0167-4838(92)90042-C
http://www.ncbi.nlm.nih.gov/pubmed/16284070
https://doi.org/10.1113/jphysiol.2005.100883
http://www.ncbi.nlm.nih.gov/pubmed/17956239
https://doi.org/10.1042/BST0350890

TRPC Channels in VSMC Plasticity

Journal of
Lipid and
Atherosclerosis

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Misarkova E, Behuliak M, Bencze M, Zicha J. Excitation-contraction coupling and excitation-transcription
coupling in blood vessels: their possible interactions in hypertensive vascular remodeling. Physiol Res
2016;65:173-191.

PUBMED

Sweeney M, Yu Y, Platoshyn O, Zhang S, McDaniel SS, Yuan JX. Inhibition of endogenous TRP1 decreases
capacitative Ca*" entry and attenuates pulmonary artery smooth muscle cell proliferation. Am J Physiol
Lung Cell Mol Physiol 2002;283:L144-L155.

PUBMED | CROSSREF

Kumar B, Dreja K, Shah SS, Cheong A, Xu SZ, Sukumar P, et al. Upregulated TRPC1 channel in vascular
injury in vivo and its role in human neointimal hyperplasia. Circ Res 2006;98:557-563.

PUBMED | CROSSREF

Takahashi Y, Watanabe H, Murakami M, Ohba T, Radovanovic M, Ono K, et al. Involvement of

transient receptor potential canonical 1 (TRPC1) in angiotensin II-induced vascular smooth muscle cell
hypertrophy. Atherosclerosis 2007;195:287-296.

PUBMED | CROSSREF

Striibing C, Krapivinsky G, Krapivinsky L, Clapham DE. TRPC1 and TRPCS form a novel cation channel in
mammalian brain. Neuron 2001;29:645-655.

PUBMED | CROSSREF

Camacho Londofio JE, Tian Q, Hammer K, Schroder L, Camacho Londoiio J, Reil JC, et al. A background
Ca* entry pathway mediated by TRPC1/TRPC4 is critical for development of pathological cardiac
remodelling. Eur Heart J 2015;36:2257-2266.

PUBMED | CROSSREF

Schaper W. Collateral circulation: past and present. Basic Res Cardiol 2009;104:5-21.

PUBMED | CROSSREF

Numaga-Tomita T, Shimauchi T, Oda S, Tanaka T, Nishiyama K, Nishimura A, et al. TRPCG regulates
phenotypic switching of vascular smooth muscle cells through plasma membrane potential-dependent
coupling with PTEN. FASEB J 2019;33:9785-9796.

PUBMED | CROSSREF

Levin M. Molecular bioelectricity in developmental biology: new tools and recent discoveries: control of
cell behavior and pattern formation by transmembrane potential gradients. BioEssays 2012;34:205-217.
PUBMED | CROSSREF

Lien SC, Usami S, Chien S, Chiu JJ. Phosphatidylinositol 3-kinase/Akt pathway is involved in transforming
growth factor-betal-induced phenotypic modulation of 10T1/2 cells to smooth muscle cells. Cell Signal
20006;18:1270-1278.

PUBMED | CROSSREF

Kini V, Chavez A, Mehta D. A new role for PTEN in regulating transient receptor potential canonical channel
6-mediated Ca* entry, endothelial permeability, and angiogenesis. ] Biol Chem 2010;285:33082-33091.
PUBMED | CROSSREF

Monet M, Francoeur N, Boulay G. Involvement of phosphoinositide 3-kinase and PTEN protein in mechanism
of activation of TRPCG protein in vascular smooth muscle cells. J Biol Chem 2012;287:17672-17681.

PUBMED | CROSSREF

Zhou Y, Wong CO, Cho KJ, van der Hoeven D, Liang H, Thakur DP, et al. Membrane potential modulates
plasma membrane phospholipid dynamics and K-Ras signaling. Science 2015;349:873-876.

PUBMED | CROSSREF

Onohara N, Nishida M, Inoue R, Kobayashi H, Sumimoto H, Sato Y, et al. TRPC3 and TRPCG6 are essential
for angiotensin II-induced cardiac hypertrophy. EMBO J 2006;25:5305-5316.

PUBMED | CROSSREF

Shimauchi T, Numaga-Tomita T, Ito T, Nishimura A, Matsukane R, Oda S, et al. TRPC3-Nox2 complex
mediates doxorubicin-induced myocardial atrophy. JCI Insight 2017;2:93358.

PUBMED | CROSSREF

Nakayama H, Wilkin BJ, Bodi I, Molkentin JD. Calcineurin-dependent cardiomyopathy is activated by
TRPC in the adult mouse heart. FASEB J 2006;20:1660-1670.

PUBMED | CROSSREF

Kuwahara K, Wang Y, McAnally J, Richardson JA, Bassel-Duby R, Hill JA, et al. TRPCG fulfills a
calcineurin signaling circuit during pathologic cardiac remodeling. J Clin Invest 2006;116:3114-3126.
PUBMED | CROSSREF

Nishida M, Kurose H. Roles of TRP channels in the development of cardiac hypertrophy. Naunyn
Schmiedebergs Arch Pharmacol 2008;378:395-406.

PUBMED | CROSSREF

https://e-jla.org https://doi.org/10.12997/jla.2020.9.1.124 138


http://www.ncbi.nlm.nih.gov/pubmed/27322009
http://www.ncbi.nlm.nih.gov/pubmed/12060571
https://doi.org/10.1152/ajplung.00412.2001
http://www.ncbi.nlm.nih.gov/pubmed/16439693
https://doi.org/10.1161/01.RES.0000204724.29685.db
http://www.ncbi.nlm.nih.gov/pubmed/17289052
https://doi.org/10.1016/j.atherosclerosis.2006.12.033
http://www.ncbi.nlm.nih.gov/pubmed/11301024
https://doi.org/10.1016/S0896-6273(01)00240-9
http://www.ncbi.nlm.nih.gov/pubmed/26069213
https://doi.org/10.1093/eurheartj/ehv250
http://www.ncbi.nlm.nih.gov/pubmed/19101749
https://doi.org/10.1007/s00395-008-0760-x
http://www.ncbi.nlm.nih.gov/pubmed/31162976
https://doi.org/10.1096/fj.201802811R
http://www.ncbi.nlm.nih.gov/pubmed/22237730
https://doi.org/10.1002/bies.201100136
http://www.ncbi.nlm.nih.gov/pubmed/16310342
https://doi.org/10.1016/j.cellsig.2005.10.013
http://www.ncbi.nlm.nih.gov/pubmed/20705603
https://doi.org/10.1074/jbc.M110.142034
http://www.ncbi.nlm.nih.gov/pubmed/22493444
https://doi.org/10.1074/jbc.M112.341354
http://www.ncbi.nlm.nih.gov/pubmed/26293964
https://doi.org/10.1126/science.aaa5619
http://www.ncbi.nlm.nih.gov/pubmed/17082763
https://doi.org/10.1038/sj.emboj.7601417
http://www.ncbi.nlm.nih.gov/pubmed/28768915
https://doi.org/10.1172/jci.insight.93358
http://www.ncbi.nlm.nih.gov/pubmed/16873889
https://doi.org/10.1096/fj.05-5560com
http://www.ncbi.nlm.nih.gov/pubmed/17099778
https://doi.org/10.1172/JCI27702
http://www.ncbi.nlm.nih.gov/pubmed/18600314
https://doi.org/10.1007/s00210-008-0321-8

TRPC Channels in VSMC Plasticity

Journal of
Lipid and
Atherosclerosis

https://e-jla.org

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Kitajima N, Numaga-Tomita T, Watanabe M, Kuroda T, Nishimura A, Miyano K, et al. TRPC3 positively
regulates reactive oxygen species driving maladaptive cardiac remodeling. Sci Rep 2016;6:37001.
PUBMED | CROSSREF

Numaga-Tomita T, Kitajima N, Kuroda T, Nishimura A, Miyano K, Yasuda S, et al. TRPC3-GEF-H1 axis
mediates pressure overload-induced cardiac fibrosis. Sci Rep 2016;6:39383.

PUBMED | CROSSREF

Oda S, Numaga-Tomita T, Kitajima N, Toyama T, Harada E, Shimauchi T, et al. TRPC6 counteracts
TRPC3-Nox2 protein complex leading to attenuation of hyperglycemia-induced heart failure in mice. Sci
Rep 2017;7:7511.

PUBMED | CROSSREF

Nishiyama K, Numaga-Tomita T, Fujimoto Y, Tanaka T, Toyama C, Nishimura A, et al. Ibudilast attenuates
doxorubicin-induced cytotoxicity by suppressing formation of TRPC3 channel and NADPH oxidase 2
protein complexes. Br ] Pharmacol 2019;176:3723-3738.

PUBMED | CROSSREF

Sudi SB, Tanaka T, Oda S, Nishiyama K, Nishimura A, Sunggip C, et al. TRPC3-Nox2 axis mediates
nutritional deficiency-induced cardiomyocyte atrophy. Sci Rep 2019;9:9785.

PUBMED | CROSSREF

Urban N, Hill K, Wang L, Kuebler WM, Schaefer M. Novel pharmacological TRPC inhibitors block
hypoxia-induced vasoconstriction. Cell Calcium 2012;51:194-206.

PUBMED | CROSSREF

Xu X, Lozinskaya I, Costell M, Lin Z, Ball JA, Bernard R, et al. Characterization of small molecule TRPC3
and TRPCOG agonists and antagonists. Biophys J 2013;104 Supp 1:454a.

CROSSREF

XiaY, Yang XR, Fu Z, Paudel O, Abramowitz J, Birnbaumer L, et al. Classical transient receptor potential
1and 6 contribute to hypoxic pulmonary hypertension through differential regulation of pulmonary
vascular functions. Hypertension 2014;63:173-180.

PUBMED | CROSSREF

Lin XH, Hong HS, Zou GR, Chen LL. Upregulation of TRPC1/6 may be involved in arterial remodeling in
rat. J Surg Res 2015;195:334-343.

PUBMED | CROSSREF

Chen W, Oberwinkler H, Werner F, Gafdner B, Nakagawa H, Feil R, et al. Atrial natriuretic peptide-
mediated inhibition of microcirculatory endothelial Ca** and permeability response to histamine involves
c¢GMP-dependent protein kinase I and TRPC6 channels. Arterioscler Thromb Vasc Biol 2013;33:2121-2129.
PUBMED | CROSSREF

Gibon J, Tu P, Bohic S, Richaud P, Arnaud J, Zhu M, et al. The over-expression of TRPC6 channels in HEK-
293 cells favours the intracellular accumulation of zinc. Biochim Biophys Acta 2011;1808:2807-2818.
PUBMED | CROSSREF

Mwanjewe ], Grover AK. Role of transient receptor potential canonical 6 (TRPC6) in non-transferrin-
bound iron uptake in neuronal phenotype PC12 cells. Biochem J 2004;378:975-982.

PUBMED | CROSSREF

HasnaJ, Abi Nahed R, Sergent F, Alfaidy N, Bouron A. The deletion of TRPCG channels perturbs iron and
zinc homeostasis and pregnancy outcome in mice. Cell Physiol Biochem 2019;52:455-467.

PUBMED | CROSSREF

https://doi.org/10.12997/jla.2020.9.1.124 139


http://www.ncbi.nlm.nih.gov/pubmed/27833156
https://doi.org/10.1038/srep37001
http://www.ncbi.nlm.nih.gov/pubmed/27991560
https://doi.org/10.1038/srep39383
http://www.ncbi.nlm.nih.gov/pubmed/28790356
https://doi.org/10.1038/s41598-017-07903-4
http://www.ncbi.nlm.nih.gov/pubmed/31241172
https://doi.org/10.1111/bph.14777
http://www.ncbi.nlm.nih.gov/pubmed/31278358
https://doi.org/10.1038/s41598-019-46252-2
http://www.ncbi.nlm.nih.gov/pubmed/22280812
https://doi.org/10.1016/j.ceca.2012.01.001
https://doi.org/10.1016/j.bpj.2012.11.2513
http://www.ncbi.nlm.nih.gov/pubmed/24144647
https://doi.org/10.1161/HYPERTENSIONAHA.113.01902
http://www.ncbi.nlm.nih.gov/pubmed/25649357
https://doi.org/10.1016/j.jss.2014.12.047
http://www.ncbi.nlm.nih.gov/pubmed/23814119
https://doi.org/10.1161/ATVBAHA.113.001974
http://www.ncbi.nlm.nih.gov/pubmed/21864503
https://doi.org/10.1016/j.bbamem.2011.08.013
http://www.ncbi.nlm.nih.gov/pubmed/14640978
https://doi.org/10.1042/bj20031187
http://www.ncbi.nlm.nih.gov/pubmed/30873821
https://doi.org/10.33594/000000033

	Canonical Transient Receptor Potential Channels and Vascular Smooth Muscle Cell Plasticity
	INTRODUCTION OF VASCULAR SMOOTH MUSCLE CELL (VSMC)
	2. Differences in Ca2+ handling in synthetic VSMCs and contractile VSMCs

	TRANSIENT RECEPTOR POTENTIAL (TRP) CHANNELS IN THE CARDIOVASCULAR SYSTEM
	2. Regulation of TRPC channel activity in VSMCs
	3. Vascular tone regulation by TRPC6
	4. Role of TRPC channels in VSMC plasticity

	THERAPEUTIC POTENTIAL OF TRPC CHANNELS IN CARDIOVASCULAR DISEASES
	FUTURE PERSPECTIVES
	REFERENCES


