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Abstract

:

Twenty-five years ago, the first mammalian Transient Receptor Potential Canonical (TRPC) channel was cloned, opening the vast horizon of the TRPC field. Today, we know that there are seven TRPC channels (TRPC1–7). TRPCs exhibit the highest protein sequence similarity to the Drosophila melanogaster TRP channels. Similar to Drosophila TRPs, TRPCs are localized to the plasma membrane and are activated in a G-protein-coupled receptor-phospholipase C-dependent manner. TRPCs may also be stimulated in a store-operated manner, via receptor tyrosine kinases, or by lysophospholipids, hypoosmotic solutions, and mechanical stimuli. Activated TRPCs allow the influx of Ca2+ and monovalent alkali cations into the cytosol of cells, leading to cell depolarization and rising intracellular Ca2+ concentration. TRPCs are involved in the continually growing number of cell functions. Furthermore, mutations in the TRPC6 gene are associated with hereditary diseases, such as focal segmental glomerulosclerosis. The most important recent breakthrough in TRPC research was the solving of cryo-EM structures of TRPC3, TRPC4, TRPC5, and TRPC6. These structural data shed light on the molecular mechanisms underlying TRPCs’ functional properties and propelled the development of new modulators of the channels. This review provides a historical overview of the major advances in the TRPC field focusing on the role of gene knockouts and pharmacological tools.
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1. Introduction and Historical Overview


The term “TRP” (Transient Receptor Potential) was coined by Minke, Wu, and Pak in 1975 [1] and referred to a spontaneous Drosophila melanogaster (fruit fly) mutant isolated by Cosens and Manning in 1969 [2]. This mutant of Drosophila melanogaster exhibited apparently normal vision under low ambient illumination but behaved as blind following exposure to a bright light for a time longer than 5–10 s. Cosens and Manning attributed this defect to the abnormal electroretinogram of the mutant’s compound eye. The wild type compound eye electroretinogram was characterized by a sustained depolarization or receptor potential during a prolonged bright light illumination, whereas the mutant fly compound eye electroretinogram revealed only a transient receptor potential under the same prolonged bright light stimulation [2]. Using the break point analysis, the trp mutation was mapped to a locus on the third chromosome of the Drosophila fly genome by Wong et al. in 1985 [3]. Subsequently, the Drosophila trp gene was cloned in 1989 by two independent groups of Montell and Rubin [4] and Wong et al. [5].



Based on the TRP protein sequence, Montell and Rubin (1989) [4] predicted that the trp gene may encode a 1275 amino acid protein with eight transmembrane segments, typical for some cation channels, but the hypothesis that the TRP protein may be a transporter could not be ruled out. Only in the seminal 1992 work by Roger Hardie in collaboration with Baruch Minke [6] was the first experimental evidence provided indicating that the TRP protein forms a light-sensitive channel required for inositide-mediated Ca2+ entry in Drosophila photoreceptor cells. In the same year, Phillips et al. [7] identified a Drosophila homolog of TRP, the TRP-like (TRPL) gene encoding a calmodulin-binding protein. It was later demonstrated by Niemeyer et al. (1996) and Reuss et al. (1997) that the presence of TRPL allowed the Drosophila trp mutant fly to see in dim light [8,9]. Further evidence supporting the fact that TRPL forms a channel was provided in 1996 when the Günter Schultz laboratory published the recordings of single-channel activity of the TRPL channel induced by the purified Gq protein stimulating phospholipase C (PLC) in isolated inside-out patches [10]. This was the first recording of single-channel activity of a TRP channel. Later, the same group used single-channel recordings to demonstrate that the TRPL channel is inhibited by intracellular Ca2+ [11]. The fact that the TRP protein forms a channel was further supported by evidence obtained in an in vivo study of the Roger Hardie laboratory in collaboration with Obukhov and Montell [12]. This work demonstrated that the Drosophila TRP channel’s selectivity filter residue Asp621 in the putative pore loop is the major molecular determinant of Drosophila TRP channel selectivity to Ca2+ [12]. There are many reviews recapping the history of trp discovery, but the most accurate account of those events was provided by Roger Hardie [13].



Importantly, the TRP channel was identified as inositide-dependent because the phototransduction process in Drosophila flies absolutely required the activation of the G-protein-PLC evoked phosphatidylinositol signaling [6,14,15]. While the trp’s history was unfolding, Jim Putney came forward with the capacitative Ca2+ influx model in 1986 [16]. He explained the biphasic nature of hormone-activated Ca2+-mobilization in cells by suggesting that inositol-1,4,5-triphosphate (IP3) controls both the initial rapid Ca2+ release from the endoplasmic reticulum, intracellular Ca2+ stores, and the following Ca2+ entry occurring due to IP3-dependent depletion of those intracellular Ca2+ stores [16]. The Putney model provided a critical blueprint, unlocking the major testing ground and fueling the progress in the receptor-operated Ca2+ signaling field and eventually culminating in the discovery of the Orai family of store-operated channels and STIM proteins serving as the endoplasmic reticulum’s Ca2+ sensors (for review see [17]). In 1991, Minke and Selinger applied the Putney capacitative model to the TRP field, proposing that store-depletion might be involved in regulating TRP protein activity [18]. Since then, this hypothesis has been attracting much interest in the Drosophila TRP field, with some studies supporting it [19,20], and others contesting it [21].



Cloning of TRP and TRPL genes allowed the researchers to employ various expression models while investigating the proteins’ functions. This further stimulated the progress in the field. The pioneering works were performed in the laboratory of Bill Schilling in 1994. His research team demonstrated, using the SF9 insect expression model, that the TRPL channel was constitutively active [22], whereas the TRP channel could be activated by store-depletion [23]. In 1995, the laboratories of Günter Schultz and Schilling independently reported that TRPL can be activated downstream of the Gq-protein coupled receptor signaling [24,25]. This was a major step towards understanding the mechanisms of the TRPL channel activation. However, the store-operated mechanism was still dominating the field. The Minke group reported that the coexpression of both Drosophila TRP and TRP-like proteins was required for reconstituting capacitative Ca2+ influx in Xenopus oocytes [26]. Consistently, the Montell group provided evidence that the endogenous dTRP can heteromerize with dTRPL to form store-operated channels [27], concluding that the light-activated current in Drosophila photoreceptor cells results from a combination of TRP homo- and TRP–TRPL heteromultimers.




2. Discovery of TRPC Channels


The importance of store-operated/capacitative Ca2+ influx in human immune cells fueled the race for cloning the mammalian homologs of Drosophila TRP. The first mammalian TRP channel homolog, TRPC1, was cloned in 1995, exactly 25 years ago, by two independent groups of Montell [28] and Birnbaumer [29]. The other six members of the TRPC subfamily were cloned soon after (TRPC3 [30]; TRPC2 [31]; TRPC4 [32]; TRPC5 [33,34]; TRPC6 [35]; TRPC7 [36,37]). Because of TRPCs’ high similarity to Drosophila TRPs (Figure 1), the TRPC properties and function were often viewed through the lenses with a “Drosophila TRP tint”. Indeed, many of those newly cloned channels were first characterized as store-operated channels (TRPC1 [30,38]; TRPC3 [30]; TRPC4 and TRPC5 [32,33]; TRPC7 [37]). Only the TRPC6 channel was initially reported to be activated in a receptor-operated manner [35]. However, it was later demonstrated that both TRPC3 and TRPC6 can be activated by the agonists of G-protein coupled receptors in a PLC-dependent, but store-depletion independent manner [39,40]. Additionally, TRPC4 and TRPC5 channels were also later reported to function independently of store-depletion [34,41], but being activated via G-protein coupled receptors or receptor tyrosine kinases downstream of PLC. Thus, as for the Drosophila TRP channels, no consensus was reached regarding the mechanism of TRPC channels’ activation. However, everyone agreed that activation of all TRPC channels results in a rise of intracellular Ca2+ concentration and/or the membrane potential depolarization.



The TRPC subfamily contains seven members, TRPC1–7 (Figure 1). Based on sequence homology, TRPC channels were further subdivided into four subgroups: TRPC1, TRPC2, TRPC4/5, and TRPC3/6/7 subfamilies. TRPC2 channel is not expressed in humans [42], therefore this channel is not discussed in this review. While the race to clone all of the TRPC channels was going on, many research groups rushed to establish the mechanisms leading to TRPC channel activation. Using the treasure trove of data accumulated for homologous Drosophila TRP channels, TRPCs were expected to be activated either in a store-operated manner or following stimulation of the G-protein coupled receptor-PLC signaling. Because PLC hydrolysis of phosphatidylinositol 4,5-biphosphate (PIP2) results in the production of IP3 and diacylglycerol (DAG), the role of these two second messengers in activation of newly cloned TRPC channels was scrutinized first.



Initial reports from the Günter Schultz group provided evidence that TRPC1 functions as a store-operated channel (1996 [38]), whereas the TRPC3 channel is a receptor-operated channel that can be activated in a store-depletion independent manner (1997 [39]). The proposed TRPC3 activation mechanism was soon challenged by the Muallem group who reported in 1998 that human TRPC3 can be activated by store-depletion or direct interaction with the IP3-bound IP3-receptor [43]. Three years later, the Mike Zhu group demonstrated that TRPC3 and all other TRPCs contain a calmodulin/IP3-receptor-binding (“CIRB”) domain at the channels’ C-terminus, and Ca2+-calmodulin bound to this CIRB domain inhibits TRPC3 channel activity, whereas the displacement of the inhibitory calmodulin from the CIRB site by the IP3R may activate the TRPC3 channel [44,45].



However, at the same time, TRPC3, TRPC6, and TRPC7 channels were also demonstrated to be directly activated by DAG or 1-oleoyl-2-acetyl-sn-glycerol (OAG) in a PKC-independent manner [36,40,46]. Conversely, TRPC4 and TRPC5 were initially identified as insensitive to either DAG or Ca2+ store-depletion [41]. Importantly, it was shown that TRPC3 and TRPC5 channels can be activated in a PLC-dependent but IP3-receptor- or Ca2+ store-depletion independent manner when expressed in DT40 B cells lacking all of the intracellular IP3-receptors [47], indicating that the IP3R is not necessary for these specific TRPC channel activation. A complex relationship between PIP2 degradation and TRPC3, TRPC6, and TRPC7 channel activation by DAG was reported [48,49]. Trebak et al. [49] established that, although PIP2 degradation is important for TRPC3, TRPC6, and TRPC7 channel activation by DAG, it was also necessary for the closing of TRPC3, TRPC6 and TRPC7 channels. Remarkably, the DAG binding site on TRPC3 has been recently mapped using a structure-guided mutagenesis strategy which revealed the existence of a critical glycine residue behind the selectivity filter (G652) regulating DAG-sensitivity of the channel and accessible through a subunit-joining fenestration [50].



Based on the sensitivity to DAG, the TRPC channels were initially subdivided into two subgroups, the DAG-insensitive TRPCs, such as TRPC1, TRPC4 and TRPC5, and the DAG-sensitive TRPCs, including TRPC3, TRPC6 and TRPC7. It was later reported that TRPC4 and TRPC5 channels can interact and be functionally modulated with/by Na+/H+ exchanger regulatory factor 1/2 (NHERF1/2) [51,52], and NHERF1/2 interaction with TRPC4 and TRPC5 requires the channels C terminal VTTRL motif [51]. The Gudermann group established in 2017 that interaction of NHERF1/2 with the C terminus of TRPC4 and TRPC5 is responsible for the lack of DAG sensitivity of TRPC4 and TRPC5 channels [53], while PIP2 depletion and PKC inhibition may promote dissociation of NHERF1/2 from the TRPC4′S and TRPC5′s C-termini conferring DAG sensitivity to the channels [53]. A C-terminal residue T972 was identified to be phosphorylated by PKC in TRPC5, making the channel insensitive for DAG stimulation if phosphorylated. Thus, the authors of [53] argued that all TRPC channels should be considered as PLC-dependent and DAG sensitive channels.



Whether TRPC1/TRPC4/TRPC5 are activated via the PLC-dependent mechanism without store-deletion has been long debated. Some groups provided supporting evidence for the store-independent activation [41,47,54,55,56], whereas others argued that the store-operated mechanism is the major route for the channels’ activation [38,57,58]. Neither DAG nor IP3, nor the combination of the two signaling molecules, could stimulate TRPC1/TRPC4/TRPC5 currents [41,47]. As in Drosophila photoreceptors, IP3 is responsible for Ca2+ release from its intracellular store in mammalian cells that may result in store depletion. Notably, the TRPC1 channel was shown to be activated by store-depletion [38,58] and evidence was later provided that Orai/STIM1 proteins’ interaction with TRPC3 and TRPC6 [59] or TRPC1 [60] may confer a greater sensitivity to store depletion to the channels.



TRPCs can also be activated in a PLC-independent manner. Lysophospholipids were reported to activate TRPC6 [61] and TRPC5 [62] channels. Sphingosine-1-phosphate can activate TRPC5 and TRPC5–TRPC1 heteromeric channels while regulating smooth muscle cell motility [63]. TRPC5 channel activity can be stimulated by perfusion of extracellular hypoosmotic solution or pressure-induced membrane stretch [64], whereas TRPC6 channel activity may be induced by H2O2 via a cysteine oxidation-dependent pathway that not only activates the channel, but also sensitizes it to DAG-activation and promotes its trafficking to the plasma membrane [65]. Spassova et al. [66] provided evidence that TRPC6 may function as a mechanosensitive, stretch-activated channel and proposed a model of TRPC6 activation involving changes in plasma membrane geometry. According to this model, TRPC6 opens either by stretch-induced plasma membrane thinning or due to a PLC-dependent PIP2 breakdown to DAG resulting in the drastic change in local membrane curvature. PIP2 enrichment in the plasma membrane is indeed associated with positive membrane curvature, whereas increased plasma membrane DAG concentration promotes negative membrane curvature [67]; however, a study by Hirma et al. [68] showed that anionic phospholipid membrane curvature can be significant only after complete depletion of cholesterol in the plasma membrane that is unlikely to occur under physiological conditions. It was also reported that TRPC1 can be activated by membrane stretch [69]. However, this finding was later contested in a TRPC1 KO mouse model, in which pressure-induced and store-operated cation influx in vascular smooth muscle cells was unaltered [70]. Although it was confirmed that neither TRPC1 nor TRPC6 contributes to mechanosensitive currents in the COS cell overexpression model [71], more recent data in native primary cultures provided evidence that TRPC1 and/or TRPC6 may be important for mechanosensitivity of neurons [72], specifically for the detection of innocuous mechanical force [73] or primary afferent nociceptor sensitization while cooperating with osmosensitive channels such as TRPV4 [74].



The TRPC3/6/7 and TRPC1/4/5 subgroups exhibit several dissimilar properties. TRPC4 and TRPC5 currents are potentiated by acidic pH. Conversely, TRPC6 is inhibited by protons [75]. Additionally, TRPC4 and TRPC5 are potentiated by La3+ and Gd3+ [41,54,56,76], whereas TRPC6 is inhibited by lanthanides [54].



It was already noted above that Drosophila TRP and TRPL are capable of forming heteromers [27]. Consistently, TRPCs can also form heteromeric channels. The Clapham group was the first to demonstrate that TRPC1 and TRPC5 channels may form heteromeric channels exhibiting altered biophysical properties [77]. Specifically, Strubing et al. reported that the heteromeric channels had significantly smaller inward currents compared to TRPC5 homomeric channels due to markedly decreased unitary single-channel conductance at physiological membrane potentials [77]. This result was confirmed later by several independent groups [78,79]. The Clapham group also provided evidence that heteromeric proteins may be formed between TRPC subunits from different subgroups, including TRPC1–(TRPC4/TRPC5)–(TRPC3/TRPC6) heteromeric channels, at least in the mammalian brain [80].



Thus, the TRPC proteins form non-selective cationic channels, that are localized to the plasma membrane and enable entry of Ca2+ and Na+ into various types of cells. When activated, the channels cause membrane depolarization due to cation influx. It appears that one of the major functions of TRPCs is to convert the circulating hormonal signals into intracellular Ca2+ changes and cell depolarization. The TRPC proteins are widely expressed throughout the mammalian tissues, with some of TRPCs exhibiting a restricted expression pattern while others being ubiquitously expressed [81,82,83,84,85,86,87]. For example, TRPC1 is broadly expressed [28,88]. Conversely, TRPC6 is found in the tissues containing smooth muscle cells such as blood vessels, stomach, colon, lungs, and myometrium [81,89,90]. TRPC5 is highly expressed in the brain [34] and adrenal medulla [91,92].



Several TRPC mutations are reported to be linked to human disease (for review, see [93]). Familial focal segmental glomerulosclerosis is the most well-investigated human disease associated with multiple mutations in the TRPC6 gene [94,95]. A single nucleotide polymorphism in the TRPC6 gene may also cause idiopathic pulmonary hypertension [96]. Because of their wide expression and ability to regulate the intracellular Ca2+, it is not surprising that the TRPC channels have substantial importance in mammalian physiology.




3. Structure of TRPC Channels


3.1. General Structural Organization of TRPCs


The revolutionized cryo-electron microscopy has recently allowed the determination of high-resolution structures of TRPC channels. Thus far, the structures have been solved for the hTRPC3 protein [97,98,99], the hTRPC6 protein [99,100], the mTRPC4 protein [101,102], and the mTRPC5 protein [103]. The reported TRPC structures have variable resolutions ranging from 2.8–5.8 Å, with the mouse TRPC5 structure [103] being solved at the highest resolution of 2.8 Å. The full length human TRPC3 structure has been determined at the resolutions of up to 5.8 Å [97,98,99]. The structure of the cytoplasmic domain of TRPC3 was solved at a resolution of 4.0 Å [98]. The full length and cytoplasmic domain of TRPC6 structures have been reported at a resolution of 3.8 Å [99,100]. The structures of zebrafish and mouse TRPC4 were determined by two independent groups and reported at overall resolutions of 3.6 and 3.3 Å, respectively [101,102]. These TRPC structures shed light on the channels’ inter- and intra-subunit interactions and offered insight into the general architecture and domain organization of the TRPC channels, indicating that both the specific transmembrane and cytosolic domain residues contribute to stabilizing the tetrameric organization of the channels. However, thus far, most of the reported TRPC structures are determined in a closed channel state. Only the TRPC5 structure was solved in a partially open state [103], consistent with the earlier observation that TRPC5 can exhibit spontaneous activity without receptor activation [41].



All of the solved cryo-EM structures confirm that each TRPC channel consists of four subunits (Figure 2) with a four-fold symmetry. Each transmembrane domain contains six ⍺-helices. The four pore loops (Figure 2) make the selectivity filter of the channel. The cytosolic C- and N-termini form a square base dome-like structure topped with a cupola lacking its roof and facing the cytosol (Figure 2). The N-terminus of TRPC channels consists of four ankyrin repeats followed by several α-helical segments (seven in TRPC4/5 and nine in TRPC3/6), whereas the C-terminus contains the short TRP domain (“EWKFAR”; Figure 2, colored in blue) followed by a relatively long connecting helix attached to a coiled-coil domain. Four coiled-coil domains form a square tube directly connecting the channel’s cytosolic dome inner vestibule and the cytosol (Figure 2). These four coiled-coil domains along with the four connecting helixes are critical for stabilizing the TRPC channels’ tetrameric structure.




3.2. The Pore Region


All of the reported TRPCs structures were solved in the closed conformation, except for TRPC5, which was in a partially open conformation. In the middle of the conduction pathway, there is a wide central vestibule. The narrowest point of TRPC’s cation conduction pathway forms the lower gate of the channel (e.g., L654 and I658 in TRPC3 [97]; “INQ”, Ile621, Asn625, and Gln629 in mTRPC5; and Ile617, Asn621, and Gln625 in TRPC4 [103]). All of the TRPC channels share the conserved LFW motif located within the pore helix which interact with s5-s6 helices. A π–π interaction between Phe576 and Trp577 in TRPC5 stabilizes the key pore loop region in the channel structures. The LFW-AAA triple TRPC mutant serves as a dominant negative subunit that is very effective in decreasing functional activity of heteromeric TRPC channels as verified in several studies (e.g., [80]).



The TRPC5 channel is inhibited by intracellular Mg2+ at membrane potentials between 0 and +40 mV, a signature property of the TRPC5 channel (Figure 3, inset). The responsible residue, D633, was determined using site-directed mutagenesis [79]. Asparagine substitution for aspartate in the 633 position of TRPC5 markedly decreased the channel block by intracellular Mg2+, eliminating the S-shaped segment on the current–voltage relationship of the mutated TRPC5 channel. Based on the D633N phenotype, Obukhov et al. (2005) proposed that the cation conduction pathway of TRPC5 extends farther than it was predicted by the Kyte and Doolittle hydrophobicity analysis [79]. The solved structure of TRPC5 confirmed that the D633 residue is located within the cation conduction pathway, whereas a neighboring D636 residue, mutation of which to asparagine is reported not to affect the S-shape of TRPC5 current–voltage relationship [79], faces away [103].



The selectivity filters are well-resolved in all TRPC structures. The position of the selectivity filter is historically determined by identifying the narrowest part of the channel conduction pathway. The TRPC’s selectivity filters usually contain a glycine followed by phenylalanine in TRPC3 and TRPC6 channels [97,99] or only glycine in TRPC4 and TRPC5 channels [101,102,103]. However, since the available channel structures are solved in the closed conformation, it is unclear whether the identified narrowest pore segment is indeed the selectivity filter. During channel openings, there may be significant alteration in the position of pore loop residue side chains and the protein loop backbone. Remarkably, the residues regulating TRPC’s Ca2+ selectivity were determined by mutagenesis. The importance of the E630 residue, preceding the putative TRPC3 selectivity filter, in controlling the Ca2+ permeability of human TRPC3 channel was first demonstrated by the Klaus Groschner group [104,105]. A TRPC5 residue at a similar position, N584, was also implicated in regulating the TRPC5′s Ca2+ permeability by Chen et al. in 2017 [56], indicating for the first time that the uncharged, but polar residues like asparagine may also play a role in modulating the channel’s ability to carry Ca2+ cations through the pore of non-selective cation channels, weakly permeable to Ca2+. Indeed, mutating TRPC5-N584 to either aspartate or glycine significantly affected the relative Ca2+ permeability PCa/PNa. TRPC5N584D was about 5.7-fold more permeable to Ca2+ than that of TRPC5N584G and 2-fold more permeable than that of the wild type human TRPC5 [56]. Notably, in all TRPC structures, the side chains of the residues homologous to E630 of hTRPC3 [104] and N584 of mTRPC5 [56] are facing the channel cation conduction pathway [97,99,101,102,103] (Figure 3).




3.3. Disulfide Bond


A distinct property of TRPC4 and TRPC5 channels is the existence of a disulfide bridge within the E3 extracellular loop. The disulfide bridge is formed either between the extracellular cysteines C549 and C554 in mTRPC4 or C553 and C558 in mTRPC5 and is implicated in regulating the TRPC4 and TRPC5 function and gating [101,102,103,106] (Figure 4). The homologous cysteine residues are present in TRPC1 but not in TRPC3 or TRPC6. Xu et al. provided evidence that TRPC5 can be activated by reduction of the C553–C558 disulfide bridge with extracellular reduced thioredoxin or dithiothreitol and that C553A and C558A TRPC5 mutants consistently exhibit constitutive activity [106]. However, later studies demonstrated that the C553A, C553S, C558A, C558S, and C553A–C558A mutants of TRPC5 were not functional [103,107]. Hong et al. suggested that the C553–C558 disulfide bridge is critical for the stabilization of TRPC5 tetramers and the channel trafficking [107]. Indeed, the solved TRPC5 structure also suggests that the extracellular disulfide bridge stabilizes the channels’ extracellular domain and pore loop, and it may be important to gating in TRPC4 and TRPC5 [103]. Interestingly, Duan et al. demonstrated that the short sequence “TRAIDEPNN”, preceding the C553–C558 disulfide bridge of TRPC5, may be important for tuning the rate of inactivation of the channel [103]. However, further studies are still needed to clarify the physiological role of the C553–C558 disulfide bond in TRPC4 and TRPC5.




3.4. Cation Binding Sites


All of the identified TRPC structures revealed an intramembranous hydrophilic pocket on the cytoplasmic side in the vicinity of the S2 and S3 helices that serves as a cation binding site for Na+ and possibly Ca2+ [103]. This site is distinct from the cation conduction pathway. Sequence alignment revealed that the associated negatively charged Glu and Asp residues (E418, E421, and D439 in TRPC5) are highly conserved within the TRPC family [103]. It appears that the polar N436 residue also contributes to coordinating Na+ in the cation binding site [103]. Despite the fact that the cation binding site is identified in several TRPCs, its physiological role remains unknown at this time.



TRPC4 and TRPC5 uniquely contain an extracellular trivalent lanthanide binding site [41]. This extracellular cation binding site is located in the vicinity of the channels’ cation conduction pathway mouth [54]. The trivalent cations, such as La3+ and Gd3+, markedly potentiate the activity of TRPC4 and TRPC5 channels by acting at the extracellular cation binding site. However, both La3+ and Gd3+ potently blocked the TRPC3 and TRPC6 channel activity, probably via a pore block mechanism. The molecular determinants of the extracellular lanthanide binding site were delineated by Jung et al. [54] who demonstrated that the extracellular TRPC5′s Glu543, and Glu595 residues were critical for coordinating La3+.



The reported Cryo-EM structure of TRPC5 [103] does not reveal any clear extracellular binding site that can coordinate La3+ or Gd3+ in TRPC5, although Glu543 and Glu595 residues are clearly seen at the end of the S5 helix and at the beginning of S6, respectively. This is consistent with the observation that lanthanides can potentiate only activated or spontaneously active TRPC5 [41,103], but not the resting TRPC5. Indeed, the TRPC5 structure depicts an inactive channel. Additionally, the lack of a clear extracellular binding site in the TRPC5 structure may be related to the fact that the structure was solved using the proteins purified in a divalent-free buffer [103]; the absence of Ca2+ may affect the channel conformation.



Using computer modeling and molecular dynamics simulations, Chen et al. built a putative structure model of the TRPC5 pore region and the extracellular trivalent cation binding site [56]. The authors used the cryo-EM atomic coordinates of the open rat TRPV1 channel structure (PDB ID: 3J5Q) as a template, the only open TRP channel structure available at that time. TRPV1 is a lanthanide sensitive channel, justifying it as an optimal template. However, there are differences between the atomic structures of TRPC5 and TRPV1, therefore it may not be the best template for homology modeling of TRPC5. Despite this fact, the Chen TRPC5 model was useful to predict the role of two aromatic residues, Tyr541 and Tyr542, located just below the Glu543 residue at the base of the E3 in regulating trivalent cation-mediated effects in TRPC5. When these residues were mutated to alanine, the mutated channel lost its sensitivity to Gd3+ [56]. It is possible that the backbone-carbonyl oxygen atom of Tyr542 may contribute to coordinating a trivalent cation within the extracellular cation binding site. Only cryo-EM structures solved for TRPC5 proteins purified in the presence of Ca2+ and Gd3+ would be helpful for identifying the precise atomic arrangements within the extracellular cation binding site of TRPC5.




3.5. Arg593 Serves as “Molecular Fulcrum” and Is Critical for GPCR-Gq-PLC-Dependent Gating of TRPC5


The homology model of TRPC5 described by Chen et al. [56] was also useful for identifying Arg593 as a critical residue determining the functional activity of TRPC5 and excluding a neighboring Lys591, which is also a positively charged residue. Chen et al. were first to report that Arg593 (Figure 4, right) is essential for GPCR-Gq-PLC-dependent gating of TRPC5 [56]. A TRPC5 mutant containing an alanine instead of arginine at the 593 position exhibited a reduced sensitivity to Gq-PLC activation [56]. On this basis, Chen et al. were first to propose that Arg593 may serve as a “molecular fulcrum” in the TRPC5 channel, possibly transmitting the gating effort force to the pore helix-loop unit [56].



The cryo-EM structure of TRPC5 confirmed that the Arg593 residue serves as a molecular fulcrum. This residue appears to form polar bonds with the Val590 carbonyl group and the carboxyl group of Glu598, possibly uncovering the molecular mechanism allowing the efficient transmission of gating force to TRPC5′s pore helix-loop. However, Arg593 is not conserved among other TRPC channels. There is a glycine in TRPC1, aspartate in TRPC3 and TRPC7, glutamine in TRPC4, or asparagine in TRPC6 at the position homologous to the 593 position of TRPC5. Therefore, neither the Chen et al. study nor the studies reporting the atomic structures of TRPC3, TRPC3, TRPC4, TRPC5, and TRPC6 revealed the common molecular mechanism underlying the GPCR-Gq-PLC-dependent gating of TRPC channels.



Nevertheless, the solved TRPC channel structures provide an important structural basis for future investigations of the channel regulation and gating mechanisms. These efforts already now help facilitate the development of new drugs targeting TRPC channels. However, the fact that almost all of the reported high-resolution structures of TRPC channels were obtained in the channels’ closed conformations represents an obstacle because physiologically activated TRPC channels may exhibit different atomic arrangements in the critical regions of the proteins. Therefore, there is a need to direct the effort at solving the high-resolution atomic structures of the TRPC channels in open conformations.




3.6. The Calmodulin Binding Site on TRPC4


The initial finding of the Mike Zhu group that Ca2+-calmodulin binds to and inhibits all TRPC channels has been recently confirmed by the yet unpublished data from the Raunser group (the preprint of their upcoming article is available for preview at the bioRxive Preprint Server for Biology [109]). The Raunser group structural data refined the position of the calmodulin binding site on Danio rerio TRPC4 to residues 688–703 (Figure 5). Initially, a slightly longer stretch of the CIRB domain (695–724 residues) on the mouse TRPC4’s C-terminus was identified using molecular biological and biochemical approaches by the Zhu laboratory [44]. The new TRPC4 structure data suggest that residues 704–725 are engaged in the Danio rerio TRPC4 protein core and should be inaccessible for calmodulin binding [109]. Vinayagam et al. reported that Ca2+-calmodulin binds to the tip of the rib helix (Figure 5) and that this results in the stabilization of the residues in and around the voltage-sensor-like domain which connects to the TRPC4 low gate, thus locking the gate [109].





4. Physiological and Pathological Functions of TRPCs Revealed Using Gene Knockout, Knockin and Pharmacological Approaches


4.1. Physiological Activators of TRPC Channels


The activation of TRPC channels predominantly occurs downstream of the GPCR-Gq/11-PLCβ and receptor tyrosine kinases coupled to PLCγ. It is well known that PLC stimulates the hydrolysis of PIP2 resulting in IP3 and DAG production as well as IP3-dependent Ca2+ release from the endoplasmic reticulum and consequent intracellular Ca2+ store depletion. Ca2+ itself is an important regulator of TRPC channels, potentiating TRPC5, but inhibiting TRPC3 and TRPC6 channels. This modulation is often mediated by calmodulin and other Ca2+-binding proteins. More detailed information about this kind of modulation can be found in the review article by Mike Zhu [110]. In addition to regulation by PLC and Ca2+, there are multiple other factors involved in the regulation of TRPC channel activity (Figure 6). It has been reported that Gq-PLCβ-DAG is not the only way to activate TRPC3. GPCR stimulation could recruit PLCγ and β-arrestin-1, assembled into a complex, to directly open TRPC3 channels in chromaffin cells and to promote the calcium-dependent acute catecholamine secretion [111] (Figure 6). Another group provided evidence that IP3 may activate the TRPC3 channel in an intracellular Ca2+ release independent manner [112]. On the other hand, PIP2 was reported by several groups to be essential for maintaining the activity of TRPCs channels [113,114,115]. However, the precise effect of PIP2 reduction on TRPC channel activity remains unclear. FRET was used to measure PIP2 or DAG dynamics concurrently with TRPC6/C7 current activation or inactivation after the stimulation of the PLC pathway. It was demonstrated that the activation of the channels correlated with the kinetics of PIP2 reduction and the inactivation was mediated by the dissociation of PIP2 [116].



Although TRPC channels are generally assumed to be activated by the Gq-coupled receptors-PLC pathway (Figure 6), it was reported that open TRPC4 may interact with Gαi2 but not with Gαq. Thus, it appears that the modulation of TRPC4 activity by Gαi2 can be mediated through the direct protein–protein interaction [117]. Activity of TRPC4 channels can be uniquely modulated through the small GTPase RhoA. Thakur et al. demonstrated that the TRPC4 activation required the combined contribution of Gαi/o protein and PLCδ1. The PLCδ1-dependent activation of TRPC4 mediated by Gαi/o was abolished by constitutively active RhoA, and this mechanism was not observed in TRPC5 [118]. Trans-activation response RNA-binding protein 2 (Tarbp2) was reported as a modulator for TRPC4 channels. Tarbp2 binding to the C terminus of TRPC4 induced the upregulation of the channel activity and increased the cytosolic Ca2+ concentration [119]. This resulted in a dynamic regulation of Dicer, a protein requiring Ca2+-dependent proteolytic activation.



When activated by a GPCR agonist, TRPC6 exhibits robust activity that decays over time. It was shown that the current decay was associated with the phosphorylation of TRPC6 at the residues Ser448 and Ser768/714 [120] or with the phosphorylation of GPCR itself [121], which was induced by a DAG-dependent activation of PKC (Figure 6). The phosphorylation of TRPC6 also affects the channel protein expression at the cell membrane. The phosphorylation site at Ser14 of TRPC6 is the target of MAPKs and proline-directed kinases like cyclin-dependent kinase 5 (Cdk5). Phosphorylation of TRPC6 at Ser14 enhances membrane expression of TRPC6 [122]. Conversely, Chen et al. demonstrated that TRPC6 activity decay may also be related in part to inactivation of the GPCRs by PKC-dependent phosphorylation [121].
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Figure 6. The mechanisms involved in regulating TRPC activity. Gαq/11-coupled-receptor activation leads to PLC-mediated hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2) and production of inositol 1,4,5-trisphosphate (IP3) and diacylglycerols (DAG). IP3 activates IP3 receptors (IP3R) on the endoplasmic reticulum resulting in stored Ca2+ release and Ca2+ store depletion. DAG can directly activate TRPC3, TRPC6, and TRPC7 channels [40,123]. Additionally, DAG in conjunction with Ca2+ can activate PKC, which may in turn phosphorylate TRPC channels. Phosphorylation by PKC inhibits TRPC3/TRPC6 activity [120]. Ca2+ may decrease TRPC channel activity directly or via calmodulin (CaM). TRPC4 channel activity can be elicited not only downstream of Gαq/11, but also via Gαi/o protein interaction. Besides DAG, TRPC3 and TRPC6 channels have been reported to be activated in PLCγ, IP3 or β-arrestin-1 dependent manner. 
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4.2. TRPC-Mediated Cellular Ca2+ Signaling


The main function of TRPC channels is to translate extracellular signals carried by agonists of GPCRs into Ca2+ and Na+ influx that may consequently cause cell depolarization. Generally, the free cytosolic Ca2+ is low in the resting cells (~100 nm), and most of it is either buffered by Ca2+-binding proteins or stored in the endoplasmic reticulum. GPCR-PLC activation induces a transient release of stored Ca2+ from the endoplasmic reticulum in an IP3-dependent manner (Figure 6) even in the absence of TRPC activation. However, the TRPC-mediated Ca2+ influx may significantly prolong GPCR-associated cytosolic Ca2+ increases [124]. Remarkably, intracellular Ca2+ is a universal second messenger that regulates important functions in almost every cell type [125], including neuronal synaptic transmission, insulin secretion, cell growth, gene transcription, and muscle contraction.



Under normal physiological conditions, the concentration of natural agonists for a GPCR is low, and they are quickly degraded, resulting in a transient activation of TRPC channels. However, dysregulated TRPC channels may mediate a more sustained Ca2+ and Na+ influx and cell depolarization. In neurons and muscles, TRPC-associated cell depolarization may trigger the activity of voltage-gated Ca2+ channels (CaV) amplifying the initial Ca2+ influx. Indeed, TRPC channels have been considered as potential players in the modulation of action potentials in excitable cell types. They could play a role in regulating neuronal firing patterns and cardiac excitation-contraction coupling [126,127]. However, the specific role of Ca2+ entry mediated by TRPC channels and the mechanisms of TRPC channel interplay with voltage-gated Ca2+ channels are still not fully elucidated.




4.3. Physiological and Pathophysiological Functions of TRPC Channels


TRPCs are expressed in numerous mammalian cell types and are involved in many physiological and pathological processes. The gene-knockout (KO)/knock-in (KI) and pharmacological tools are main strategies to study TRPCs physiological and pathophysiological functions. These approaches continue to reveal multiple roles of TRPC channels in the cardiovascular system, skeletal muscle, pancreatic β-cells, neurons, bone, salivary gland cells, the immune system, and many other organ systems in mammals (Figure 7). Mice with genetically ablated TRPC channels are critical in initial evaluation of the roles of the channels. Small molecular modulators for TRPCs are another useful tool for the investigation of the physiological and pathophysiological roles of TRPCs. During the last two years, the development of new potent small molecule modulators of TRPC channels has been fueled by the recently solved TRPC structures, making evident progress. However, both approaches utilizing either gene-knockouts or small molecule modulators for studying TRPC function in vivo have limitations due to off-target effects of the drugs or the possibility of change in the expression of other genes in genetically modified mouse models. The wide distribution of TRPCs also creates an obstacle for investigating the channels’ specific functions in the in vivo setting using either genetic models or small molecule modulators because there may be a complex interplay between the changes in different organs on the systemic level which is difficult to decipher. Moreover, another problem is that TRPC channels may form heteromers not only within the TRPC subfamily, but also with the members of other TRP subfamilies. For example, TRPC1 was reported to form a functional heteromer with TRPV4 and TRPP2 channels in the vascular endothelium [128]. Thus, genetic ablation of TRPC1 basically creates a new heteromeric channel in the endothelium composed of TRPV4 and TRPP2 channels potentially exhibiting unique pharmacological and physiological properties. This may complicate the interpretation of TRPC1′s genetic deletion effects. Furthermore, small molecule modulators of TRPCs are often tested only in a limited set of heteromeric channels, such as TRPC1–TRPC5 heteromers, or heteromeric channels are not tested at all. Thus, there may be potentially a “TRPC channel escape” from small molecule modulator action in some tissues owing to the protection conferred by heteromerization.



In this review, we discuss diseases and specific cell dysfunction associated with TRPC channel dysregulation uncovered using genetically modified mice and small molecule modulators.



4.3.1. The Cardiovascular System


Cardiovascular disease remains the major cause of death in the world. TRPC KO mice and TRPC inhibitors were widely used to investigate the role of TRPC channels in the cardiovascular system, uncovering their contribution to cardiac hypertrophy, vascular tone regulation, pulmonary arterial hypertension (PAH), arteriosclerosis, and other pathophysiological conditions.



In the heart, the phenomenon of hypertrophy results from increased cardiomyocyte size, which is secondary to pressure or mechanical overload. Several studies provided evidence that TRPC channels may contribute to the development of cardiac hypertrophy [129,130,131,132,133]. Hearts from hypertrophic patients had higher TRPC1 expression [134], and the cardiomyocytes from hypertrophic mouse models showed upregulated TRPC1/TRPC4 function [135]. Cardiac contractility was also associated with the TRPC3-mediated Ca2+ influx [136,137,138]. It was reported that TRPC channels do not always act alone. Eder et al. demonstrated that there are micro/nanodomains composed of TRPC3 and Na+/Ca2+ exchanger (NCX) in cardiomyocytes which are responsible for the increased cardiac contractility and susceptibility to the arrhythmogenic stimuli [139].



The gene-knockout evidence indeed revealed that the TRPC1 KO mice exhibit a reduced cardiac hypertrophy as compared to wild type (WT) mice when subjected to hemodynamic stress [134,140]. The TRPC3 KO mice also showed potential protection from pathologic cardiac hypertrophy [131]. Additionally, the data of knockdown (KD) of TRPC1 in cells suggested that the TRPC1-dependent mechanisms were associated with the calcineurin/nuclear factor of activated T cell (NFAT) or NF-κB signaling [140]. However, in a ATP-induced cardiomyocyte hypertrophy model, the activation of Ca2+-dependent NFAT signaling pathways were reported due to the upregulated TRPC3/6 channels [132]. Consistently, Seo et al. reported that the combined genetic deletion of TRPC3 and TRPC6 was protective against pressure overload, whereas neither TRPC3 nor TRPC6 individual gene genetic deletion did [130]. These results were validated with selective TRPC3/6 antagonists, GSK2332255B and GSK2833503A [141]. These inhibitors blocked pathological hypertrophic signaling in adult cardiac myocytes [130]. SK&F-96365, an unspecific inhibitor of receptor-operated, Cav, and TRPC channels, also attenuated cardiomyocyte hypertrophy induced by Ang II [133]. Interestingly, it was demonstrated that the protection conferred by TRPC3 deletion is not only due to the reduction of Ca2+ influx mediated by TRPC3, but also through the modulation of CaV1.2 expression, which is downregulated in TRPC3 KO mice and leads to reduced response in phenylephrine-induced cardiac hypertrophy [131]. This indicates that while using KO approaches one should not overlook the contribution of expression changes of other genes.



Several TRPC channels have been implicated in modulating the physiological function of vascular smooth muscle and endothelial cells. In one of the pioneering works, the TRPC6 channel was demonstrated to play a key role in regulating myogenic tone [142], the vascular smooth muscle depolarizing response to intraluminal pressure increases. Later, it was shown that cerebral artery myogenic constriction may also involve the following signaling cascade: PLCγ1 → IP3Rs → TRPC6 → [Ca2+]i ↑ → TRPM4 [143]. Alvarez-Miguei et al. [144] reported that, although both TRPC3 and TRPC6 were expressed in mesenteric arteries and possibly formed heteromeric TRPC3/TRPC6 channels, only TRPC3 activity was associated with greater basal and agonist-induced contractions of mesenteric arteries from hypertensive animals compared to those isolated from normotensive control mice, implicating TRPC3 channels in the pathogenesis of essential hypertension. In this study, the authors used Pyr3/Pyr10 inhibitors to assess the contribution of TRPC3 and TRPC6 channels and found that increased TRPC3 expression favored depolarization of VSMCs [144]. Notably, the TRPC6 KO mice presented with hypertension and increased receptor-operated contractility due to upregulated expression of constitutively active TRPC3-type channels in the TRPC6 KO mouse vasculature [145]. Conversely, contractility of the aortic rings isolated from TRPC1 KO mice was similar to that observed in WT mice [146,147].



Contribution of TRPC channels to regulating the vascular tone may depend on other types of proteins involved in Ca2+ homeostasis. For example, in vascular smooth muscle cells (VSMCs), TRPC1 was shown to induce Ca2+ influx through interaction with Orai1 and CaV1.2 channels [148]. In addition, Lemos et al. reported that Na+ influx through TRPC6 can drive Ca2+ influx through NCX working in the reverse mode in rat aorta smooth muscle cells [149]. Consistently, a cross talk between TRPC6 and NCX1 channels was reported in mesenteric artery smooth muscle cells from Milan hypertensive rats, indicating that those two dissimilar proteins are implicated in the hypertensive phenotype [150]. These data are in good agreement with the original reports indicating that TRPC3 channels can locally couple with NCX, with NCX working in the reverse mode to amplify Ca2+ influx [151]. Some of these studies utilized KB-R7943, an inhibitor of the NCX reverse mode, to further validate NCX contribution. However, one should be cautious while employing this NCX inhibitor when assessing TRPC function because KB-R7943 was reported to inhibit the activity of TRPC3, TRPC5 and TRPC6 channels [152].



Upregulated TRPC6 expression was detected in the smooth muscle layer of the coronary arteries isolated from metabolic syndrome pigs. Notably, the TRPC6 expression level positively correlated with the increased coronary artery contractility [153]. However, an in vitro study demonstrated that TRPC6 activity promoted phenotypic switching in vascular smooth muscle cells from the contractile phenotype to the highly proliferative “synthetic” phenotype through plasma membrane potential-dependent coupling with PTEN [154]. Conversely, inhibition of TRPC6 facilitated contractile differentiation of vascular smooth muscle cells [154]. The TRPC3 channel, a member of the same TRPC3/6/7 subgroup, was also found to facilitate phenotypical switch and proliferation of human smooth muscle cells from the coronary artery and aorta in vitro, and TRPC3 inhibition with Pyr3 decreased smooth vascular muscle proliferation [155]. Additionally, in vitro experiments provided evidence that TRPC1 inhibition decreases proliferation of cultured vascular smooth muscle cells [156]. Thus, it appears that the in vitro model cell systems may involve different mechanisms than those observed in in vivo models.



As indicated above, TRPC3 was implicated in blood pressure regulation. Indeed, Liu et al. [157] found that aortas from spontaneously hypertensive rats (SHR) expressed higher levels of TRPC3 compared to control aortas from normotensive Wistar Kyoto rats. SHR aortas also exhibited a reduced angiotensin II-induced Ca2+ entry into vascular smooth muscle cells after TRPC3-knockdown using an siRNA approach; and increased Ca2+ entry was associated with higher blood pressure [157]. Additionally, TRPC3 was shown to play a role in maintaining mitochondrial Ca2+ homeostasis. Therefore, inhibition of TRPC3 led to decreased ROS and H2O2 production that is normally associated with increased activity of TRPC3 and TRPC6 channels [158]. Indeed, TRPC3 KO mice showed less severe hypertension through reduction of angiotensin II-induced mitochondrial ROS production [159], a finding that was validated using Pyr3 inhibitor. However, since Pyr3 blocks not only TRPC3 but also Orai1 channels [160], it is not yet clear whether TRPC3 channels are responsible alone for this effect.



Hypoxic pulmonary vasoconstriction is a homeostatic mechanism in the pulmonary vasculature which occurs in response to alveolar hypoxia. It is meant to divert blood from hypoxic lung regions to those with normal oxygen content. Weissmann et al. found that deletion of TRPC6 eliminated acute hypoxic pulmonary vasoconstriction [161]. This suggests that TRPC6 may possibly serve as a therapeutic target for the maintenance of pulmonary hemodynamics and gas exchange under high altitude condition, and it also validates claims of TRPC6 contribution to the pathogenesis of hypoxic pulmonary vasoconstriction [161,162].



Pulmonary hypertension is a deadly disease, which is often associated with vascular remodeling. Initially, Malczyk et al. established that TRPC1 alone may underlie pulmonary vascular remodeling in response to hypoxia-induced pulmonary hypertension [163]. Later, Xia et al. reported that TRPC1–TRPC6 Double KO mice exhibited pulmonary hypotension and were better protected from chronic-hypoxia-induced pulmonary hypertension as compared to TRPC1 KO and TRPC6 KO mice [164], suggesting that the combined actions of TRPC1 and TRPC6 channels could exhibit larger influence on pulmonary artery remodeling under chronic hypoxia. Xia et al. also showed that, while TRPC1 KO mice were resistant to long-term hypoxia, TRPC6 KO mice were protected only from short-term (one-week) hypoxia, indicating that TRPC1 and TRPC6 differentially contribute to the pathogenesis of pulmonary hypertension. Xia et al. suggested that the simultaneous targeting of both TRPC1 and TRPC6 channels may be a possible therapeutic approach for treating pulmonary hypertension. However, they noted that other TRPC1/TRPC6-independent mechanisms may also contribute to increased pulmonary pressure under chronic hypoxia [164].



The endothelium is the innermost layer of vessels and is responsible for regulating the vascular tone. Dysfunctional endothelium contributes to initiating many vascular diseases including hypertension and atherosclerosis. Agonist-induced aortic vasorelaxation was markedly attenuated in TRPC4 KO mice [165]. Consistently, another study identified a missense SNP, TRPC4-I957V, associated with a reduced risk of myocardial infarction in diabetic patients, as a gain-of-function mutation resulting in a facilitated channel insertion into the plasma membrane, apparently promoting endothelium-dependent relaxation [166]. Additionally, TRPC1 was found to control endothelial permeability through an interaction with TRPV4 or TRPC4 in two studies utilizing endothelial cells from TRPC1 KO mice [167] or TRPC1/TRPC4 double knockout mice [168].



TRPC1 and TRPC4 were also found to have a large impact on endothelial repair function via regulating endothelial progenitor cell (EPC) growth cycle. Knockdown of TRPC1 or TRPC4 caused decreased store-operated Ca2+ entry and arrested the EPC cycle in G1. This supports the hypothesis that TRPC1 may regulate endothelial repair potential and could be a target for promoting vascular repair [169]. Yeon et al. investigated the contractility and relaxation of mouse mesenteric arteries from TRPC3-knockout mice and their results demonstrated that TRPC3 not only contributes to mediating vascular smooth muscle contractions, but also controls the release of NO from endothelial cells [170].



The involvement of TRPC6 in regulating the endothelial barrier function was investigated in the lungs of TRPC6 KO mice. TRPC6 KO mice were resistant to the lung injury induced by ischemia–reperfusion injury or endotoxins like LPS or histamine [171,172]. Silva et al. evaluated the effect of inhibitors for TRPC3/6 (Pyr3 and Pyr10) channels and TRPC4/5 (ML204) on endothelium-dependent relaxations in pre-constricted rat thoracic aortic rings [173]. Pyr3 caused a rapid reversal of acetylcholine relaxations, whereas the more selective TRPC3 blocker Pyr10 and TRPC4/5 blocker ML204 [174] had no effect. These data suggest that Ca2+ influx mediated by TRPC6 contributes to production and release of nitric oxide in endothelial cells and that upregulation of TRPC6 compromised the barrier function of the vascular endothelium.



Traumatic brain injury is known to induce profound endothelial dysfunction in the systemic microcirculation [175]. Initially, the pathology was linked to arginase-1-dependent uncoupling of endothelial nitric oxide synthase. Chen et al. later reported that TRPC6 KO mice were also protected from traumatic brain injury-associated aortic endothelial dysfunction [176], implicating TRPC6 in the traumatic brain injury-induced pathology of systemic conduit circulation. In this study, the involvement of TRPC6 channel activation in mediating traumatic brain injury-induced aortic endothelial dysfunction was validated using a specific inhibitor of TRPC6 [176], larixyl acetate [177].



Arteriosclerosis is one of characteristics of metabolic syndrome and one of the major causes of coronary artery disease. Atherosclerosis is linked to vascular wall inflammation, and recruitment of T-cells and monocytes is implicated in the pathogenesis of the disease. Monocytes infiltrating the vascular wall transform into the macrophages that represent a major component of most atherosclerotic plaques, specifically in the coronary artery. Using an Ossabaw pig model of metabolic syndrome-induced atherosclerosis, Li et al. found that increased abundance of TRPC1 protein expression in atheroma macrophages correlated with the degree of atherosclerosis [153]. These data suggest that the migration of monocytes/macrophages into the arterial wall may be associated with the upregulated TRPC1 channel expression [153]. The Vazquez group used a mouse model of atherosclerosis and found that the deficiency of TRPC3 in bone marrow reduced the necrotic core of atherosclerotic plaques [178]. Consistently, the same group later reported that the macrophage-specific TRPC3 KO mice presented with reduced necrotic core and macrophage content in atherosclerotic plaques in ApoE−/− mice [179]. On the contrary, ApoE−/− mice with transgenic overexpression of TRPC3 in vascular endothelial cells exhibited more advanced atherosclerotic lesions with increased macrophage content as compared to WT mice [180]. This work identified that genetically elevated TRPC3-mediated Ca2+ influx promoted atherosclerosis via increasing vascular cell adhesion molecule-1 and phospho-IkBα in the transgenic endothelium. However, later studies provided evidence that increased expression of TRPC6 due to a reduction in miR-26a in ApoE−/− mice fed an atherogenic diet was associated with more advanced atherosclerosis [181]. Consistently, lysophosphatidylcholine, which is abundant in atherosclerotic plaques, was shown to activate TRPC6, to induce TRPC6 membrane translocation, and to inhibit endothelial cell healing in vivo via a Src → Calmodulin → PI3 kinase → PIP3 → TRPC6 pathway [182]. Lysophosphatidylcholine activation of endothelial TRPC5 also contributed to impaired endothelial healing [183]. In agreement, inhibition of TRPC5 by isoliquiritigenin was associated with decreased atherosclerosis in ApoE−/− mice [184]. Thus, more research is needed to clarify which specific TRPC channels are most important during progression of atherosclerosis.



Summarizing the above described effects of TRPC genetic deletion or inhibition in the relation to the cardiovascular system, it appears that the TRPC3/6 subgroup has a larger contribution in promoting cardiovascular disease. This is consistent with the channel’s distribution in the cardiovascular tissues. However, there is evidence suggesting that TRPC4 and TRPC5 channels expressed in the endothelial cells may also contribute to regulating the vascular tone. Specifically, TRPC4 was implicated in mediating endothelium-dependent vasorelaxation [165], whereas TRPC5 was shown to mediate endothelium-dependent constriction by promoting the activation of COX-2 and subsequent prostaglandin production, at least in the mouse carotid artery [185].




4.3.2. Cancer


Cancer is the second major cause of mortality in the world. The cancer cells’ Ca2+ homeostasis dysregulation is well documented. The abnormal Ca2+ signaling is observed during tumor initiation, progression, metastasis, and angiogenesis. TRPC1/4/5 channels were proposed as targets for cancer treatment [186] because of the following: (1) TRPC4 and TRPC5 contribute to the cancer angiogenesis, which is the hallmark of cancer. The channels’ downregulation studies on a cell level suggested that these TRPC channels and other Ca2+ permeable channels may modulate the angiogenesis within tumors through the VEGF pathway [187]. (2) TRPC5 plays a role in the cancer chemotherapy resistance. Ma et al. first revealed that the upregulated TRPC5 channel promoted the expression of p-glycoprotein, resulting in the drug resistance in the MCF-7 breast cancer cell line [188]. This resistance might be transferred to other cancer cells through the vesicles containing tumor specific TRPC5 and the introduction of the channel into other cells [189]. In addition, TRPC5 knockdown upregulated chemotherapy sensitivity to temozolomide (TMZ), the first-choice chemotherapy agent against glioblastoma [190]. (3) TRPC1 channels also interact with other calcium channels and form complexes with TRPC4, TRPC5, or Orai1 while also playing a role in cancer cell remodeling [191,192,193]. For example, in human colon cancer, a complex interplay between TRPC1/Orai1 and STIM2 was identified, with TRPC1/Orai1 expression upregulation being associated with increased SOCE and Ca2+ store content, whereas STIM2 downregulation underlying Ca2+ store depletion and promoting apoptosis resistance [191].



TRPC3 and TRPC6 are also attractive candidate-targets for tumor therapy. TRPC3 is activated downstream of follicle stimulating hormone (FSH), which stimulated the proliferation and invasion of ovarian cancer cells. FSH upregulated the expression of TRPC3, facilitating the influx of Ca2+. Conversely, TRPC3 knockdown using an siRNA-mediated silencing approach led to decreased expression of survivin, HIF1-α, and VEGF [194]. A Ca2+-enriched diet was reported to increase the prostate cancer risk. The dietary vitamin D and downregulated TRPC6 prevented the Ca2+-enriched diet induced acceleration of the progression of prostate intraepithelial neoplasia [195]. Furthermore, in MCF-7 and MDA-MB-231 cells, TRPC6 could interact with Orai1 and Orai3. This promoted the cell proliferation, migration, and invasion [196]. The antagonist for TRPC6, pyrazolo[1,5-a]pyrimidine, showed some potential against human gastric cancer [197]. The pancreatic cancer is often associated with fibrosis that is caused by activated pancreatic stellate cells. The fibrosis creates a hypoxic region that causes an accelerated pancreatic stellate cell growth. Pancreatic stellate cells with genetically deleted TRPC6 exhibited a reduced migration than WT pancreatic stellate cells under hypoxic conditions. Thus, TRPC6 may be a major protein in the pathway of pancreatic stellate cell activation by hypoxia [198].




4.3.3. Diabetes Mellitus


TRPC channels are implicated in regulating glucose-stimulated insulin secretion and skeletal muscle glucose uptake, however, it is not fully understood whether the channels contribute to the pathogenesis of diabetes. Xu et al. [199] demonstrated that TRPC1 phosphorylation by PKCα is involved in promoting insulin secretion in the INS-1E cell model. Conversely, TRPC1 knockout mice fed with a high fat diet exhibited lower fasting plasma glucose levels compared to wild type mice [200]. Interestingly, single nucleotide polymorphism, rs7638459, in the TRPC1 gene was identified as a risk factor for developing type 2 diabetes in a Chinese population [201].



Knockout of TRPC6 in type I diabetic mice promoted insulin resistance [202], and TRPC3 knockdown resulted in a decreased insulin-mediated glucose uptake in adult skeletal muscle cells [203]. Additionally, TRPC3 inhibition prevented the potentiation of glucose-stimulated insulin secretion induced by the stimulation of GPCR40-PLC/PKC in pancreatic β-cells [204]. However, the mechanisms underlying the channels’ protecting role from diabetes risk are still unknown.



TRPC6 may contribute to the pathogenesis of diabetic nephropathy, a common complication in subjects with diabetes. Wang et al. reported that global genetic ablation of TRPC6 increased glomerular injury in an Akita mouse model of type I diabetes [202], with Akita-TRPC6 KO mice exhibiting reduced tubular injury compared to Akita mice but increased mesangial expansion. However, in a model of streptozotocin (STZ)-treated Dahl Salt-sensitive (Dahl SS) rats, deletion of TRPC6 had a protective effect in diabetic kidney disease, protecting the podocytes but not the glomerulus as a whole [205]. The STZ rats exhibited increased albuminuria and glomerular injury, but no difference was observed between Dahl SS and SS-TRPC6 KO mice. The same group also reported that TRPC6 deletion also protected podocytes from H2O2 damage caused by NADPH oxidase 4 (NOX4). Because of this, TRPC6 or NOX4 could be a target to slow the development of diabetic kidney disease [206].



Diabetic retinopathy (DR) is another severe complication of diabetes, which is one of the causes of blindness worldwide. Sachdeva et al. used a mouse model lacking four TRPC channels, the TRPC1/4/5/6 KO mice and induced hyperglycemia with STZ treatment to determine how TRPC channels affect diabetic retinopathy. Methylglyoxal (MG), a major mediator of diabetic retinopathy was measured as well as Glyoxalase 1 (GLO1), a main MG detoxifying enzyme. MG was significantly lowered in tetra-TRPC KO mice compared to wild type mice, and the GLO1 activity and enzyme levels were also higher in retinal extracts from the KO mice compared to wild type mice. These findings suggest a higher resistance of TRPC1/4/5/6 KO mice to diabetic retinopathy [207].



Notably, by analyzing the RNA sequencing data, Marabita and Islam reported that TRPC1 is the only TRPC channel which is expressed in human pancreatic β-cells [208,209]. Therefore, the information related to the roles of TRPC3, TRPC4, TRPC5, and TRPC6 channels in animal pancreatic β-cell models may not be applicable to human β-cells.




4.3.4. Neuronal Function


Many TRPC channels are highly expressed in both the central and peripheral nervous system. Depletion of TRPC1 was associated with neurodegeneration, spatial working memory and learning/adaptation deficits [210,211], striatal neuron apoptosis [212], and different types of pain [213]. TRPC1 is the most highly expressed TRPC channel in the ventral midbrain neural stem cells [214]. The downregulation of TRPC1 prevented midbrain dopaminergic (DA) neuron differentiation induced by thyroid hormones [214]. Recently, it was demonstrated that TRPC1 deletion led to significantly increased apoptosis in striatum with a concurrent decrease in both 14-3-3Z and dynamin-1 (D2-DA receptor binding), two apoptosis-related proteins. Using double/triple-labeling and confocal microscopy, Martinez-Galan et al. [211] analyzed the neuroanatomical distribution of TRPC1 in the rat neocortex. They detected that TRPC1 is present in cortical pyramidal cells and enriched in SST/reelin cells, mainly at supragranular layers. However, TRPC1’s functional role in these cells remains unknown.



It was demonstrated that TRPC3 is crucial for neural development and formation of neuronal networks. When TRPC3 is deleted from undifferentiated mouse embryonic stem cells (mESCs), the cells either underwent apoptosis or lost the potential across the mitochondrial membrane. The TRPC3 knockout also had effects on the pluripotency and repressed the neural differentiation by the inhibition of expression of markers for neuronal cell types. This points to TRPC3 being important in the survival, pluripotency, and neural differentiation of mESCs [215].



TRPC4 and TRPC5 proteins are expressed in various cells of the nervous system and the analysis of the KO animal models already uncovered several functions of channels in neurons. One function is the regulation of synaptic transmission at several neural networks. For example, GABA release from granule cells is reduced upon downregulation of TRPC1 and TRPC4, indicating that TRPC1 and TRPC4 essentially contribute to glutamate induced Ca2+ elevation in granule cells [216]. TRPC5 negatively regulated neurite extension in young rat hippocampal neurons [217], whereas TRPC5 KO mice exhibited less conditioned fear [218]. Remarkably, TRPC5 KO mice also exhibited the attenuated policarpine-induced seizures, and less seizure-induced hippocampus cell death [219]. The underlying mechanism probably involves glutamate acting at PLC-coupled Group I mGluR1 and mGluR5 receptors activating a non-selective cation current which was likely mediated by TRPC5 channels. HC-070 is a potent TRPC4 and TRPC5 antagonist. Treatment with this compound significantly attenuates the anxiogenic effect in mice [220].



TRPC6 knockdown resulted in mitochondrial elongation and facilitated dentate granule cell degeneration after status epilepticus. This could make TRPC6 an important target for neurological diseases that are in tandem with malfunctioning mitochondrial dynamics [221]. Conversely, TRPC1 has been identified as a promising target for treating Huntington’s Disease (HD). TRPC1 knockdown studies show that inhibition of TRPC1 leads to improved motor performance and rescued medium spiny neurons spines in vitro and in vivo [222]. TRPC channels are also involved in learning and memory. TRPC1 KO mice showed alterations in spatial working memory and fear conditioning when compared to wild type. This indicates that TRPC1 plays a role in synaptic plasticity and spatial working memory processes [223]. TRPC1 was also implicated in altering the extinction of spatial reference memory [224]. Loss of TRPC1, TRPC4, and TRPC5 impacts plasticity by decreasing basal-evoked secretion, reducing the pool size of available vesicles, and accelerating synaptic depression during high-frequency stimulation. This supports the hypothesis that TRPC channels are important in regulating synaptic plasticity [225]. TRPC4 is one of the most expressed TRPC subtypes in the mammalian corticolimbic brain, but despite this, TRPC4 KO rats exhibited normal learning patterns. However, the TRPC4 KO rats self-administered cocaine less than the wild type rats. It has been hypothesized that TRPC4 regulates basal dopamine excitability. Because of the lack of effect on learning but the decrease in apparent desire for cocaine administration, TRPC4 could be a successful target for treatment of dopamine disorders [226].



Notably, there are neural activities that do not depend on TRPCs. Egorov et al. used triple-KO mouse line lacking TRPC1, TRPC4, and TRPC5 and hepta-KO mouse line lacking all seven TRPC channels (TRPC1-7) and found that graded persistent activity did not depend on TRPC channels in entorhinal cortex neurons [227].



Brain ischemia is a cause of severe neurological disease and may results in significant mortality. Ca2+ overload is a big factor in cerebral ischemia–reperfusion (I/R) injury. There is growing evidence that astrocytes play a part in the pathophysiology of ischemia. Chen et al. used a TRPC3/6/7-KO mice model and showed that these three TRPC channels represent potential targets to alleviate brain damage after I/R injury. TRPC3/6/7 KO mice showed reduction in NF-kB (pro-apoptotic) and an increase in AKT (anti-apoptotic). Overall, this led to decreased brain damage following I/R injury via inhibition of astrocyte apoptosis [228]. Other studies revealed a decrease in I/R damage when the TRPC5 channel was inhibited or genetically deleted [229]. TRPC5 is also involved in the brain’s response to acute injury such as epilepsy, trauma, and stroke. The exposure of cultured cortical neurons to H2O2 leads to Zn2+-triggered Ca2+ influx, which may result in neuronal death [230]. Park et al. reported that H2O2–induced neuronal death in wild type cortical neuron cultures was significantly decreased in the presence of ML204, a TRPC4/TRPC5 inhibitor, implicating TRPC4 and TRPC5 channels. Consistently, mixed cortical neurons isolated from TRPC5 KO mice showed strong resistance to H2O2-induced death. Additionally, neuronal death was decreased by NU6027 (6-cyclohexylmethoxy-5-nitroso-2,4-diaminopyrimidine), a cyclin-dependent kinase (CDK) inhibitor that also potently inhibited TRPC5 activity in a CDK-independent manner [230]. TRPC1 has the opposite role in I/R cerebral injuries. Contrary to TRPC5 KO mice, TRPC1 KO mice exhibited a worsened brain infarction, edema, neurological severity score, memory impairment, neurological deficits, and oxidative stress. Oppositely, TRPC1 upregulation inhibited the increase in reactive oxygen species [231].



The expression of TRPC6 is lower than TRPC3 or TRPC7 in the central nervous system [232]. In cerebellar Purkinje cells, the TRPC3 channel is involved in motor coordination by modulation of mGluR-dependent synaptic transmission [233]. TRPC3 mediated slow excitatory postsynaptic currents (sEPSCs) in cerebellar Purkinje neurons that are triggered by mGluR1. The sEPSCs are then augmented by type B γ-aminobutyric acid receptors (GABABRs). However, in TRPC3 KO mice this augmentation is completely absent while in other TRPC KOs it remains intact. Thus, the coupling of mGluR1 and TRPC3 may have implications in essential cerebellar functions [234]. TRPC3 gene and protein expression in hippocampal neurons was increased in contextual fear memory deficits, demonstrating that TRPC3 regulates hippocampal neuron excitability associated with memory function [127]. Recently, a study showed that when TRPC3 was blocked by the channel inhibitor, the amplitude of inspiratory motoneuronal activity was significantly reduced. This indicates that TRPC3 plays fundamental roles in respiratory pattern regulation [235]. It is reported that TRPC7 contributes to the initiation of seizures. TRPC7 KO mice show interrupted acute severe seizures when stimulated by pilocarpine. Downregulated TRPC7 inhibited long-term potentiation at CA3 recurrent collateral synapses [236]. TRPC3 also has effects on pilocarpine-induced seizures. TRPC3 KO both reduces behavioral manifestations and the RMS power of the seizures. This suggests that TRPC3 could be an effective target for novel anticonvulsive drugs [237]. In TRPC1/4 double KO mice, the large depolarizing plateau potential that underlies the epileptiform burst firing was completely absent and was 74% eliminated in TRPC1 KO. This indicates that TRPC1/4 channels are important for mediating this plateau potential. Moreover, excitotoxic cell death was also mediated by these channels [238]. TRPC1 has been implicated in mechanosensitivity of dorsal root ganglion (DRG) neurons. Knockdown of TRPC1 showed a 65% reduction of neurons with stretch activated responses according to one study [72]. Thus, TRPC1 channels may contribute to mechanosensitivity of DRG neurons along with Piezo channels [239,240].



In the sensory neurons, TRPV1 and TRPA1 channels are already known to be implicated in the peripheral detection or transmission of nociceptive stimuli. In guinea-pig DRG neurons, the combined application of TRPA1 antagonist and TRPV1 antagonist had no effect on the Ca2+ signal induced by nitro-oleic acid (OA-NO2), which is known as a metabolic and anti-inflammatory signaling mediator contributing to the resolution of inflammation. However, BTP2, a broad spectrum TRPC antagonist, completely inhibited the response to OA-NO2. Therefore, the modulation of sensory neuron excitability via actions on multiple TRP channels might contribute to the anti-inflammatory effect of OA-NO2 [241]. However, due to poor selectivity of BTP2, no definite conclusions can be made about which specific TRPC channels plays the most important role in OA-NO2 effects. It is reported that TRPC1 and TRPC3 are the major TRPC subunits in rat DRGs, especially in small and medium diameter neurons. Using genetic and pharmacological tools, it was demonstrated that there is a link between activation of pro-inflammatory receptors and calcium homeostasis through TRPC3-containing channels which operate both in a receptor and store-operated manner [242]. TRPC5 channels may also contribute to nociceptive signaling because TRPC5 KO mice exhibit reduced nociceptive thresholds (thermal and mechanical) in a complete Freund’s adjuvant-induced unilateral arthritis model [243].



Using TRPV1/TRPM3/TRPA1 triple knockout (TKO) mice, Vandewauw et al. demonstrated that the initiation of the acute heat-evoked pain response in sensory nerve endings relies on three functionally redundant TRP channels [244]. Based on the expression pattern and function of TRPCs on DRGs, it is possible that TRPCs also contribute to the fault-tolerant mechanism to avoid injury. Some TRPC channels were implicated in touch and hearing sensations. TRPC3 and TRPC6 double KO animals lost the sensitivity to light touch and exhibited impaired hearing. However, this was not observed in any of the single KOs [245]. When the study was expanded to analyze deficits in global quadruple TRPC1, TRPC3, TRPC5, and TRPC6 null mutant mice and quadruple knockout mice, larger deficits in touch and hearing were observed when compared to the TRPC3/TRPC6 double knockouts.




4.3.5. The Uterus


TRPC1, TRPC3, TRPC4, and TRPC6 proteins are expressed in both uterine myometrial smooth muscle (HMSM) cells and endometrial stromal cells [246,247]. Initially, TRPC1 was implicated in mediating Ca2⁺ entry during decidualization of human endometrial stromal cells [248]. Later, it was demonstrated that the stromal cells also express TRPC4 and TRPC6 besides TRPC1, and TRPC6 agonists induced Ca2+ increases in the uterine stromal cells [249]. Additionally, TRPC pathways play a significant role in mediating oxytocin-induced contractions in the myometrium of pregnant and non-pregnant animals [250]. Pyr3 (10 μm) inhibited oxytocin-induced contractions on uteri of non-pregnant and early pregnancy stage, indicating that there is a contribution of TRPC3 to uteri contraction [250]. Interestingly, TRPC3 function decreased with advancement of pregnancy, probably contributing to the quiescent state of the pregnant uterus. Conversely, in preterm labor patients, TRPC3 expression was significantly increased [251]. Consistently, TRPC3 KO significantly decreased the occurrence of preterm labor in mice [251].



Notably, Hasna et al. showed that TRPC6 may regulate the uptake of essential metal ions in the placenta during pregnancy. TRPC6 KO mice exhibited a reduced litter size, structural changes of the placenta, and altered mRNA levels of CD31 and Gcm1 (two important markers of placental development) compared to WT mice. Uniquely, TRPC6 KO mice had elevated levels of zinc in the placenta, liver, and kidney during development and elevated amounts of iron in the fully developed adult brain and liver [252].




4.3.6. The Gastrointestinal Tract


TRPC channels have also emerged as important contributors to smooth muscle function regulation in the gastrointestinal tract [253]. In human and monkey colonic smooth muscle, basal activation of TRPC1, TRPC3, TRPC4, and TRPC7 were shown to contribute to modulating the resting membrane potential and play an important role in determining basal gut smooth muscle excitability [254]. Although neither solo-TRPC4 KO nor solo-TRPC6 KO was shown to affect the spontaneous contractile activity of intestine longitudinal strips, the genetic ablation of both TRPC4 and TRPC6 (double KO) significantly reduced muscarinic receptor induced depolarization and contractile responses [255]. Tsvilovskyy et al. concluded that TRPC4 and TRPC6 channel activation are critical for stimulating the muscarinic cation current (mICAT) in intestinal smooth muscle [255,256], indicating that the mICAT may consist of TRPC4 and TRPC6 and that their activation may be important for accelerating intestinal motility. It has been reported that the inhibitory effect of anesthetic agents, such as isoflurane, decreasing gastrointestinal tract motility is mediated by inhibiting the G-protein signaling that is important for stimulation of mICAT formed by TRPC4 and TRPC6 channels [257]. However, the reports on the function of TRPCs in the gastrointestinal tract are scarce and new investigations are needed to better understand their contribution to regulating gut function.




4.3.7. The Kidneys


TRPC6 channels are expressed on podocytes in the kidneys. Fifteen years ago, Winn et al. and Reiser et al. almost simultaneously reported the existence of several human TRPC6 mutations (P112Q, R895C, and E897K) associated with focal segmental glomerulosclerosis (FSGS) [94,95,258], a familial autosomal dominant disease. The identified FSGS-linked TRPC6 mutations were gain-of-function mutations. Later, many additional mutations were identified (for example, M132T [259]). These TRPC6 gain-of-function mutants mediated an elevated Ca2+ influx leading to glomerulosclerosis [260,261,262]. However, about 25% of FSGS-linked mutations in the TRPC6 gene were loss-of-function mutations (N125S, L395A, G757D, L780P, and R895L), and some of them were identified in pediatric patients [263]. The involvement of loss-of-function TRPC6 mutations in the pathogenesis of FSGS indicates that, while elevated TRPC6-mediated Ca2+ influx in podocytes is detrimental for the kidney function, some basal level of TRPC6 activity may still be required for normal function of podocytes in the kidney glomeruli, especially in pediatric patients [264]. Notably, TRPC6 channels are not the only TRPC channels expressed in the kidney, and podocytes are not the only kidney cell expressing TRPC6. The measurements of single-channel activity in isolated glomeruli revealed that increased TRPC5 activity is also associated with proteinuric disease progression, whereas TRPC6 activity appears to be homeostatic [265]. That may explain the fact that the inhibition of TRPC5 delayed the progression of kidney disease. In TRPC6 knockdown studies, it was suggested that TRPC6 was linked to FSGS through calpain-1 activation and through Talin-1 loss. This presents calpain or TRPC6 inhibition as a possible treatment for FSGS or other podocytopathies [266,267]. TRPC6-dependent constitutive activation of calcineurin-NFAT pathway was reported to contribute to the progression of FSGS [268].



TRPC6 activity was found to regulate actin stress fiber formation and focal adhesions in podocytes in response to metabotropic glutamate receptor 1 activation via a RhoA/ROCK-dependent pathway [269]. Additionally, TRPC6 knockdown reduced the paracelluar permeability to BSA in podocyte cultures after puromucin aminonucleoside (PAN)-induced podocyte injury. This finding may also be related to the regulation of the podocyte cytoskeleton [270]. In a murine unilateral ureter obstruction (UUO) model, a study showed that knockout of TRPC6 decreased inflammatory cell infiltration and fibrosis in UUO kidneys from New Zealand obese mice. This validates the hypothesis that TRPC6 is involved in fibrosis and supports the view that TRPC6 expression is important in the development of progressive kidney disease. Thus, targeting TRPC6 may be a promising therapeutic strategy for renal fibrosis and immune cell infiltration in polygenic models for the human metabolic syndrome [271]. Studies with TRPC6 KO mice also showed that TRPC6-mediated Ca2+ influx plays a role in suppressing autophagy triggered by oxidative stress in renal proximal tubular cells. This makes TRPC6 a possible target for treatment of renal oxidative stress injury [272].



The roles of TRPC1, TRPC3, and TRPC4 channels, which are also expressed in the kidney, are less clear (for review, see [264]). Therefore, further research is needed to determine these three channels’ effects on kidney function.




4.3.8. Others


The expression of TRPCs is also detected in myoblasts, myotubes, platelets, megakaryocytes, salivary glands, osteoblasts and osteoclasts, and even dental pulp cells. The cellular functions of TRPCs in those cells is based on their ability to mediate Ca2+ influx or cell depolarization, but in some cases, the channel’s role is still controversial or unknown.



Upregulation of TRPC3 and TRPC6 was associated with enhanced T lymphocytes apoptosis through the PLC-IP3 pathway in a model of sepsis [273]. In alveolar macrophages, TRPC6 was reported to contribute to shunting the transmembrane potential generated by proton pumping in low pH phagosomes, ensuring efficient pathogen clearance [274]. Additionally, increased accumulation of peritoneal leukocytes secreting inflammatory mediator was observed in TRPC5 KO versus WT, thioredoxin-treated and LPS-injected mice [275]. However, we are still far from understanding the full function of TRPCs in the immune system.



TRPC1 was reported to reduce exercise-dependent protection against high-fat diet-induced obesity and type II diabetes [200]. Krout et al. demonstrated that TRPC1 is the major Ca2+ channel in adipocytes and provided evidence that TRPC1 may promote increased autophagy and decreased apoptosis. These data reveal that TRPC1 may play a role in regulating adiposity.



In human blood platelets, the cytosolic free Ca2+ rises are essential for initiating both thrombosis and hemostasis. During combined thrombin and collagen stimulation of platelets, activation of the store-operated Orai1 channel [276] and TRPC3/TRPC6 channels followed by the reverse-mode operation of the Na+/Ca2+ exchanger is important for triggering cytosolic Ca2+ transients [277,278]. Recently, TRPC6 located on intracellular membranes was identified as a regulator for both the basal and passive Ca2+ leak rates from agonist-sensitive intracellular Ca2+ stores in resting platelets [279]. Thus far, it is unclear whether the role of TRPCs in platelet aggregation may be independent from Orai1 and STIM1.



Neuronal and pro-opiomelanocortin (Pomc)-specific loss of TRPC5 decreased energy expenditure and increased food intake resulting in elevated body weight, suggesting the link between TRPC5 expression in the brain and energy balance, feeding behavior, and glucose metabolism [280]. Rode et al. found that a conditional transgenic expression of dominant negative TRPC5 resulted in a significant reduction of body weight gain and reduced adipocyte size in ApoE−/− mice that were maintained on a Western diet for 6–12 weeks [281]. However, knockdown of TRPC1 led to weight gain and loss of metabolic control in mice [282]. Compared to wild type mice, TRPC5 KO mice exhibited a reduced cholic acid–induced enlargement of the liver. This was associated with a decrease of hepatic acid bile and lipid content in the TRPC5 KO mice, indicating that TRPC5 may be an important target for liver disease therapies [283].



It was reported that TRPC6 is implicated in specific allergic responses. Sel et al. found that TRPC6 KO mice exhibited reduced allergen-stimulated allergic responses compared to wild type mice which was evidenced by a decrease in levels of T-helper type 2 cytokines, such as IL-5 and IL-13. Conversely, loss of TRPC6 did not affect mucus production in the lungs [284]. In this study, agonist-induced contractility of trachea was increased in TRPC6 KO mice, probably due to upregulation of TRPC3.



TRPC1 and TRPC3 knockdown led to decreased viability in airway smooth muscle cells (ASMCs). The effect of these proteins on ASMCs comes partially through regulating Ca2+ influx [285]. Deletion of TRPC1 in mice prevents airway remodeling induced by house dust mite challenge. TRPC1 likely intensifies house dust mite-induced airway remodeling via epithelial-to-mesenchymal transition and STAT3/NF-κB signaling [286].



Table 1 summarizes the TRPC transgenic animal model data. Since the time when TRPC channels were cloned, a great amount of work has been done towards the understanding of pathophysiological and physiological functions of TRPC channels. However, the knowledge which has been obtained is still like a puzzle that is yet to be pieced together. More detailed information on TRPC’s distribution and TRPC’s-mediate Ca2+ signaling is needed to fully understand the big picture.






5. A Brief Guide to Small Molecular Modulators for TRPC Channels


There are several reviews summarizing the progress in the development of small-molecules agonists and antagonists of TRPC channels [290,291,292,293]. A brief overview of pharmacological tools available to investigate TRPC signaling is provided in Table 2 (agonists) and Table 3 (antagonists).



The first known modulator of TRPC activity was 1-oleoyl-2-acetyl-sn-glycerol (OAG), a cell permeable diacylglycerol analog initially identified as a direct agonist of TRPC3 and TRPC6 channels [40]. Later, pyrazole 3 (Pyr3, or Ethyl-1-(4-(2,3,3-trichloroacrylamide)phenyl)-5-(trifluoromethyl)-1H-pyrazole-4-carboxylate [294]) has become the first commercially available TRPC-subtype specific inhibitor. It has been later overshadowed by Pyr10 (N-[4-[3,5-Bis(trifluoromethyl)-1H-pyrazol-1-yl]phenyl]-4-methyl-benzenesulfonamide [160]), which is more selective for TRPC3 over store-operated channels. Pyr3 inhibited both TRPC3 and store-operated Orai1 with an IC50 value of 0.54 μm [160]. This compromised the Pyr3 ability to differentiate between Orai1 and TRPC3. In contrast, Pyr10 inhibits TRPC3 with an IC50 of 0.72 μm, while blocking Orai1 with a significantly higher IC50 of 13.08 μm [160].



ML204 has become the choice inhibitor for TRPC4 and TRPC5 channels (TRPC4: IC50 = 0.99 μm; and TRPC5: IC50 = 9.2 μm), displaying a 19-fold selectivity against receptor-coupled TRPC6 channel activation [295]. The discovery of TRPC4 and TRPC5 channel activator, the sesquiterpene (−)-englerin A has been another important milestone [296]. Importantly, this compound is relatively selective for TRPC4 and TRPC5 over other TRPC channels and acts extracellularly.



The development of inhibitors for any pharmacological target requires testing the off-target effects. The major problem of the TRPC field has been that in some studies, the TRPC modulators have been utilized without considering their target specificity. An example is 2-aminoethoxydiphenyl borate (2-APB), which was initially discovered as an inhibitor of IP3-induced Ca2+ release from intracellular Ca2+ stores with the IC50 of ~42 µm [297]. Later, it was shown that 2-APB potently modulates store-operated Ca2+ entry in a concentration dependent manner, enhancing SOCE at the concentrations of 1–10 μm and inhibiting at the concentrations of >50 μm [298] (for review, see [299]). However, soon after, it was discovered that 2-APB also inhibits 1-oleolyl-2-acetyl-sn-glycerol-dependent TRPC6 and menthol-dependent TRPM8 channel activity and induces TRPV1, TRPV2, and TRPV3 channel activity [300]. Finally, it has been reported that 2-APB potently inhibits TRPC5 channels [301]. Despite such a broad array of effects, 2-APB is still used as a specific inhibitor for each of those independent targets without scrutinizing the involvement of other off-target effects. Another example is SKF-96365 (1-[β-(3-(4-Methoxyphenyl)propoxy)-4-methoxyphenethyl]-1H-imidazole hydrochloride), which was initially reported as an inhibitor of voltage-gated Ca2+ influx and receptor-mediated Ca2+ entry without affecting Ca2+ release from the endoplasmic reticulum [302]. Later, however, it was shown to inhibit store-operated channels [299]. In fact, SKF-96365 is not a selective inhibitor of TRPC channels and can even inhibit voltage-gated T-type Ca2+ channels [303].



Although TRPC channels are the “classical”, and the first cloned TRP channels, thus far, the available small molecular modulators for the channels are not yet highly selective. Additional effort and investment are required to obtain more detailed information regarding their specificity and direct binding site capabilities. Fortunately, the availability of cryo-EM TRPC structures markedly facilitated the progress in drug discovery [304].





[image: Table] 





Table 2. Small molecule modulators for TRPC channels (Agonists).
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	Agonists
	Chemical Structure
	TRPC Channel (EC50/IC50)
	Characteristics
	Reference





	GSK1702934A
	 [image: Cells 09 01983 i001]
	TRPC3 (0.08 μm)

TRPC6 (0.44 μm)
	No effect on TRPV4, TRPA1, TRPM1, TRPM4, CaV1.2, hERG, NaV1.5, or CXCR5 receptors at a concentration of 10 μmol/L
	[305]



	Pyrazolo-pyrimidines
	 [image: Cells 09 01983 i002]
	TRPC6 (0.89–6.28 µm)

TRPC3 (0.02–0.45 μm)
	Potency order: TRPC3 > TRPC7 > TRPC6
	[306]



	OptoDArG
	 [image: Cells 09 01983 i003]
	TRPC6

TRPC3

(30 μm was tested)
	Photoswitchable DAG analogue containing two azobenzene photoswitchable moieties; active in cis-form at 365 nm and inactive at 430 nm
	[50]



	OptoBI-1
	 [image: Cells 09 01983 i004]
	TRPC6

TRPC3

TRPC7

(10 and 30 μm were tested)
	Photoswitchable azobenzene analogue of GSK1702934 A; active in the cis-form
	[307]



	PhoDAGs
	 [image: Cells 09 01983 i005]
	TRPC6

TRPC2

(5 and 50 μm were tested)
	Photoswitchable DAG analogues; contain one photoswitchable moiety; active in cis-form at 370 nM and inactive at 460 nm
	[308]



	Hyp9
	 [image: Cells 09 01983 i006]
	TRPC6 (1.26 μm)
	A derivative of nonselective activator of TRPC3, TRPC6, and TRPC7
	[305]



	Artemisinin
	 [image: Cells 09 01983 i007]
	TRPC3 (33 µm)
	May inhibit TRPC6
	[309]



	(−)-Englerin A
	 [image: Cells 09 01983 i008]
	TRPC4 (11.2 nm) and TRPC5 (7.6 nm)
	Selective activator
	[296]
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Table 3. Small molecule modulators for TRPC channels (Antagonists).
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	Antagonists
	Chemical Structure
	TRPC Channel (EC50/IC50)
	Characteristics
	Reference





	Pyrazolo [1,5-a] pyrimidine (14a)
	 [image: Cells 09 01983 i009]
	TRPC6 (1 μm)
	Inhibits TRPC3/6/7 (TRPC6 > C7 > C3) with a very weak effect on TRPC4 and no effect on other TRP channels.
	[197]



	Pyrazole 3 (Pyr3)
	 [image: Cells 09 01983 i010]
	TRPC3 (0.5 μm)

TRPC6 (> 10 μm)
	Also inhibits STIM/Orai
	[274]



	Pyrazole 10 (Pyr10)
	 [image: Cells 09 01983 i011]
	TRPC (0.72 μm)

TRPC6 (> 10 μm)
	More selective than Pyr3; does not inhibit STIM/Orai
	[160]



	BTDM
	 [image: Cells 09 01983 i012]
	TRPC3 (0.01 μm) TRPC6 (0.01 μm)
	The exact BTDM binding site in TRPC6 was defined by cryo-EM; wedges between the S5-S6 pore domain and voltage sensor-like domain to inhibit channel opening
	[99]



	GSK503A
	 [image: Cells 09 01983 i013]
	TRPC3 (0.003 μm) TRPC6 (0.021 μm)
	Anilino thiazoles; good selectivity over other TRPA1,TRPV1, TRPV4, CaV1.2, hERG, and NaV1.5; in rodent models not orally bioavailable; high clearance, more suitable as in vitro tool
	[141]



	DS88790512
	 [image: Cells 09 01983 i014]
	TRPC6 (0.011 μm)
	Novel blocker of TRPC6; cyclohexanone derivative; excellent selectivity against hERG and hNaV1.5 channels
	[310]



	larixyl acetate
	 [image: Cells 09 01983 i015]
	TRPC6 (0.1–0.6 μm)
	Larch-derived labdane-type diterpenes; 12- and 5-fold selectivity compared with TRPC3 and TRPC7
	[177]



	BI749327
	 [image: Cells 09 01983 i016]
	TRPC6 (13 nm)
	BI 749327 is 85-fold more selective for mouse TRPC6 than TRPC3 (IC50 = 1100 nm) and 42-fold versus TRPC7
	[311]



	Pico145 (HC-608)
	 [image: Cells 09 01983 i017]
	TRPC4 (63 pM) TRPC5 (1.3 nm)
	Pico145 potency ranges from 9 to 1300 pM depending on the TRPC1/4/5 subtype while a range of other TRPC channels were unaffected
	[312]



	HC-070
	 [image: Cells 09 01983 i018]
	TRPC4 (46.0 ± 3.9 nm) TRPC5 (9.3 ± 0.9 nm)
	HC-070 inhibits recombinant TRPC4 and TRPC5 homomultimers in heterologous expression systems with nanomolar potency
	[220]



	AC-1903
	 [image: Cells 09 01983 i019]
	TRPC5 (14.7 μm)
	AC1903 selectively blocks TRPC5 ion channels
	[265]



	ML204
	 [image: Cells 09 01983 i020]
	TRPC4 (0.99 μm) TRPC5 (9.2 μm)
	ML204 exhibited modest inhibitory effects on TRPC6
	[174]



	Galangin
	 [image: Cells 09 01983 i021]
	TRPC5 (0.45 μm)
	Galangin is a natural product from the ginger family and a TRPC5 inhibitor depending on the substitution patterns of both the chromone core and the phenyl ring
	[313]



	SAR7334
	 [image: Cells 09 01983 i022]
	TRPC6 (7.9 nm)
	SAR7334 inhibited TRPC3 and TRPC7-mediated Ca2+ influx into cells with IC50 s of 282 nm and 226 nm
	[314]



	SH045
	 [image: Cells 09 01983 i023]
	TRPC6(~5.8 nm)
	IC50 for TRPC3 and TRPC7 are 0.84 μm and 0.22 μm, respectively
	[315]



	Bromoenol lactone (BEL)
	 [image: Cells 09 01983 i024]
	TRPC5

TRPC6

TRPC1–TRPC5

Cav1.2, SOCE
	TRPC5: 10.6 μm

TRPC6: 7.2 μm

Cav1.2: 7.6 μm
	[55]









6. Conclusions


Over the last 25 years of research in the TRPC field, it has been established that TRPC channels play numerous key physiological and pathophysiological roles. The structures of four TRPC channels were solved. The genetic knockouts of each of seven TRPC channels were constructed, including the hepto-TRPC1-7 KO mice lacking all seven TRPC channels. We know now that TRPCs are widely distributed throughout all of the major tissues and mediate Ca2+ and Na+ influx into the cells. Since Ca2+ is one of the most important intracellular second messengers, involved in the regulating of many critical process in human body starting from fertilization and ending only with the death of the cells, it is not surprising that the TRPC channels play important roles in many physiological and pathological mechanisms via regulating the cytosolic Ca2+ concentration and cell membrane potential. The usage of pharmacological tools and knock-out mice has been instrumental for the progress in the TRPC field. However, the drug specificity and possible TRPC gene deletion-associated alterations in the expression of other genes have to be considered in each individual case. Additionally, the possible contribution of other ion channels that may form heteromers with TRPCs should be evaluated while using the TRPC knockout models. In addition, the potential “TRPC channel escape” phenomenon associated with the TRPC channel subunit protection conferred by heteromerization with other channels should be taken into account during experiments utilizing pharmacological modulators targeting TRPC channels. In the last few years, the revolution in cryo-electron microscopy has enabled solving the high-resolution structures of TRPC channels. These advances enable the researchers to transition to a molecular level while aiming at understanding the channel function and its gating mechanisms. Although the precise molecular activation mechanisms are still unclear for most TRPC channels, the information on TRPC structures will definitely stimulate further advances. Despite a tremendous progress over the past 25 years, our understanding of TRPC channels in human health and diseases remains incomplete. Thus, while we celebrate the silver Anniversary of the discovery of TRPC channels, new research is still needed to answer the myriad unanswered questions.
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Figure 1. The phylogenetic tree of Drosophila melanogaster TRP channels and mouse TRPC channels. The multiple sequence alignment was performed using the MUSCLE algorithm. The length of branches is shown under the lines, indicating the number of substitutions per site. The scale bar is also included under the plot for convenience. Based on the phylogenic tree, mouse TRPCs can be subdivided into four groups: TRPC1, TRPC2, TRPC4/5 and TRPC3/6/7. MegAlign Pro 17 of Lasergene 17 software was used to align and construct the tree. The TRP protein accession numbers are shown on the right from the name of each protein. 
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Figure 2. Cryo-EM structures of TRPC5 and TRPC6 channels. Each subunit in these TRPC structures was color-coded as red, green, yellow, and cyan for better identification. The TRP domain conserved in all TRPC channels is colored in blue in the red subunits of the shown structures. The LFW motif, which is located in the pore helix and colored in bright orange in the figure, is critical for the function of all TRPC channels because this protein segment is important for positioning the pore loop of the channel. Substituting AAA for LFW residues in a TRPC subunit renders it as a dominant negative. Dominant negative subunits are able to quench the activity of the functional subunits in heteromeric TRPC channels, which is a useful strategy to study TRPC channel roles in various organ systems. The mouse TRPC5 and human TRPC6 atomic coordinates were from PDB ID#: 5AEI and PDB ID#: 5YX9, respectively. A Na+ cation in the selectivity filter of TRPC5 channels is shown as a magenta sphere. 
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Figure 3. Structural architecture of the pore region of TRPC5 and TRPC6 channels. Only two subunits are shown for clarity (mouse TRPC5-pdb: 5aei and human TRPC6-pdb: 5yx9). The residues involved in controlling TRPC5 and TRPC6 cation selectivity are indicated within the pore loop of the channels. The role of the E687 residue in controlling TRPC6 Ca2+ permeability was identified by the Klaus Groschner group in 2011 [104,105], whereas the importance of the N584 residue for determining the TRPC5 channel’s Ca2+ selectivity was identified in a screen by Chen et al. in 2017 [56]. TRPC5 is inhibited by intracellular Mg2+ in a voltage-dependent manner, with a S6 transmembrane helix residue, D633, being responsible for that signature property of TRPC5 [79]. The inset shows the current–voltage relationships of wild type and the D633N mutant of TRPC5. The D633N mutant exhibits a reduced Mg2+ sensitivity, whereas the D636N mutant has a current–voltage relationship similar to that of the wild type TRPC5 [79]. The solved structure of TRPC5 confirmed that the D633 residue is located within the cation conduction pathway, whereas neighboring D636 residue faces away [103]. The mouse TRPC5 and human TRPC6 atomic coordinates were from PDB ID#: 5AEI and PDB ID#: 5YX9, respectively. 
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Figure 4. The structures of three out of four TRPC5 subunits are shown in the left panel. The position of the antigen for the E3 antibody which inhibits TRPC5 activity is shown in wheat color. This E3 antibody was developed by the Beech group [108]. The disulfide bridge is shown in yellow within the cyan subunit of TRPC5. Na+ in the cation conduction pathway of TRPC5 is depicted as a magenta sphere. The right panel shows a magnified view of the green subunit. The R593 residue which Chen et al. [56] named as “molecular fulcrum” is labeled, and its interactions with neighboring residues are shown using the red dotted lines. The Y542 residue that is involved in regulating Gd3+ sensitivity of TRPC5 is shown in wheat color. The mouse TRPC5 atomic coordinates were from PDB ID#: 5AEI. 
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Figure 5. The atomic structure of apo Danio rerio TRPC4 (drTRPC4). VSLD stands for the voltage sensor-like domain: (Left) a view at the drTRPC4 protein from the cytosol; and (Right) a side view at drTRPC4. CIRB stands for the Ca2+-calmodulin-IP3 receptor binding domain. The CIRB domains are colored in magenta. The drTRPC4 atomic coordinate were from pdb ID: 6g1k [101]. 
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Figure 7. The physiological and pathophysiological roles of TRPC channels. 
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Table 1. The pathophysiological and physiological effects of TRPC knockouts and knockdowns.
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Type

	
Effects

	
Authors

	
Reference






	
TRPC1 KO

	
TRPC1 KO mice exhibited increased mGluR agonist-induced non-selective inward currents in the CA1 neurons of the hippocampus

	
Kepura et al., 2020

	
[287]




	
TRPC1 KO mice did not develop pulmonary hypertension under chronic hypoxia and had reduced vascular remodeling; however, right ventricular hypertrophy was similar to that in WT mice

	
Malczyk et al., 2013

	
[163]




	
TRPC1 KO mice showed impairment in spatial working memory and fear memory formation but innate fear behavior was unaffected; activation of mGluR increased inward currents in hippocampal neurons from WT but not from TRPC KO mice

	
Lepannetier et al., 2018

	
[223]




	
TRPC1 KO mice fed a high fat diet exhibited reduced fat mass, fasting glucose concentrations, and autophagy markers, whereas apoptosis markers were increased

	
Krout et al., 2017

	
[200]




	
Tamoxifen-inducible TRPC1 genetic ablation in the hippocampus impaired mGluR-induced ERK1/2 activation, diminished mGluR-LTD, and decreased memory extinction

	
Yerna et al., 2020

	
[224]




	
TRPC1 KO mice exhibited increased cerebral ischemia/reperfusion-induced infarction, neurological severity score, memory impairment, and oxidative stress.

	
Xu et al., 2018

	
[231]




	
TRPC1 KO mice exhibited a reduced airway remodeling following house dust mite challenge with decreases in mucus production, cytokine secretion, and collagen deposition.

	
Pu et al., 2019

	
[286]




	
TRPC1 KO mice exhibited no deficit of learning and memory under physiological conditions, but exacerbated learning and memory deficits induced by amyloid-β (Aβ), associated with Alzheimer’s disease

	
Li et al., 2018

	
[210]




	
TRPC1 KO mice exhibited a reduced endothelial progenitor cell function secondary to calmodulin/endothelial nitric oxide synthase downregulation

	
Du et al., 2018

	
[167]




	
Improved motor performance and an increased density of striatal medium spiny neuron spines in a mouse model of Huntington disease

	
Wu et al., 2018

	
[222]




	
TRPC3 KO

	
TRPC3 KO mice exhibited ameliorated hypertension through reduction of angiotensin II-induced mitochondrial ROS generation

	
Wang et al., 2017

	
[159]




	
TRPC3 KO impaired the pluripotency of undifferentiated mouse embryonic stem cells and repressed their neural differentiation

	
Hao et al., 2018

	
[215]




	
TRPC3 KO mice exhibited reduced pilocarpine-induced seizures and theta activity involved in status epilepticus

	
Phelan et al., 2017

	
[237]




	
Phenylephrine-induced vasoconstriction and endothelium-dependent acetylcholine-induced vasodilation were reduced in TRPC3 KO mouse mesenteric arteries, whereas KCl- or pressure-induced vasoconstriction was unaltered.

	
Yeon et al., 2014

	
[170]




	
Increase of mGluR1-induced slow EPSC by GABABR activation was absent in TRPC3 KO mouse cerebellar Purkinje neurons but unaltered in TRPC1, TRPC4 and TRPC1/4/5/6 KO Purkinje neurons

	
Tian & Zhu, 2018

	
[234]




	
TRPC3 KO mice exhibited a delayed occurrence of inflammation-induced preterm labor

	
Jing et al., 2018

	
[251]




	
TRPC3 KD

	
TRPC3 KD resulted in a decreased insulin-mediated glucose uptake in adult skeletal muscle cells

	
Lanner et al., 2009

	
[203]




	
TRPC3 KD resulted in a reduced angiotensin II-induced Ca2+ influx in VSMC from spontaneously hypertensive rats

	
Liu et al., 2009

	
[157]




	
TRPC4 KO

	
TRPC4 KO mice exhibited a reduced self-administration of cocaine, but normal learning for natural reward

	
Klipec et al., 2016

	
[226]




	
TRPC4 KO mice lack store-operated Ca2+ currents and agonist-dependent vasorelaxation

	
Freichel et al., 2001

	
[165]




	
TRPC5 KO

	
Compared with WT mice, TRPC5 KO mice had a reduced phosphatidylserine externalization and less apoptosis of cerebral neurons following ischemia-reperfusion

	
Guo et al., 2020

	
[229]




	
Cortical neurons from TRPC5 KO mice were resistant to H2O2 toxicity as compared to WT neurons

	
Park et al., 2019

	
[230]




	
Acetylchoine-induced endothelium-dependent contractions were smaller in TRPC5 KO carotid arteries compared to WT mice; TRPC5 contributed by stimulating COX-2-mediatedprostanoid production from carotid artery endothelial cells

	
Liang et al., 2019

	
[185]




	
TRPC5 KO mice fed supplemental cholic acid had less liver enlargement than WT; hepatic bile acid was lower in TRPC5 KO mice

	
Alawi et al., 2017

	
[283]




	
TRPC5 KO mice demonstrated reduced nociceptive thresholds (thermal and mechanical) in a complete Freund’s adjuvant-induced unilateral arthritis model

	
Alawi et al., 2017

	
[243]




	
TRPC5 KO did not alter body temperature but was associated with increased accumulation of peritoneal leukocytes secreting inflammatory mediator in thioredoxin-treated LPS- injected mice.

	
Pereira et al., 2018

	
[275]




	
Isoliquiritigenin from Glycyrrhiza glabra (Licorice) inhibits atherosclerosis by blocking TRPC5 channel expression and lipid serum levels in an apolipoprotein E (ApoE) knockout mouse model and angiotensin II-stimulated vascular smooth muscle cells (VSMCs)

	
Qi et al., 2020

	
[184]




	
TRPC5 KO mice exhibited diminished innate fear levels in response to aversive stimuli and reduced response to metabotropic glutamate receptor activation in amygdala

	
Riccio et al., 2009

	
[218]




	
TRPC5 KD

	
Knockdown of TRPC5 increased chemosensitivity to temozolomide in glioblastoma

	
Zou et al., 2019

	
[190]




	
TRPC6 KO

	
Compared to Akita mice, TRPC6 KO Akita mice exhibited increased insulin resistance, mesangial expansion, and glomerular injury but reduced albuminuria and tubular injury

	
Wang et al., 2019

	
[202]




	
In the unilateral ureter obstruction model, TRPC6 knockout was linked to decreased expression of pro-fibrotic, with pro-inflammatory genes being unaffected

	
Kong et al., 2019

	
[271]




	
Reduces allergic airway response

	
Sel et al., 2008

	
[284]




	
Induction of hypoventilation resulted in severe arterial hypoxemia not found in wild type

	
Weissmann et al., 2006

	
[161]




	
Displayed reduced litter sizes and structural changes of the placenta

	
Hasna et al., 2019

	
[252]




	
Protects mice from mTBI-induced aortic endothelial dysfunction;

	
Chen et al., 2019

	
[176]




	
TRPC6 knockout has reno-protective effects in diabetic kidney disease, protecting the podocytes but not the glomerulus as a whole

	
Spires et al., 2018

	
[205]




	
In TRPC6 KO mice, pancreatic stellate cells (PSCs) exhibited decrease migration as compared to WT PSCs under hypoxic conditions

	
Nielsen et al., 2017

	
[198]




	
TRPC6 KO mice exhibited an elevated blood pressure and enhanced agonist-induced aortic contractility due to upregulation of constitutively active TRPC3-type channels

	
Dietrich et al., 2005

	
[145]




	
TRPC6 KD

	
Attenuated Ca2+ influx and the stress fiber formation induced by DHPG

	
Wang et al., 2019

	
[269]




	
Prevented podocyte permeability increase induced by puromucin aminonucleaside

	
Sun et al., 2012

	
[270]




	
Increased autophagic flux and mitigated oxidative stress-induced apoptosis of proximal tubular cells

	
Hou et al., 2018

	
[272]




	
Decreased hypoxic increases of Ca2+ influx in PASMCs

	
Malczyk et al., 2017

	
[162]




	
Increased TGF-β1-induced Akt phosphorylation at Ser473 in VSMCs

	
Numaga-Tomita et al., 2019

	
[154]




	
Mitochondrial elongation, reduced phosphorylation of dynamin-related protein 1, and extracellular-signal-regulated kinase 1/2

	
Ko et al., 2017

	
[221]




	
Unaltered ROS production, but increased inflammatory cytokines production compared to WT mice

	
Oda et al., 2017

	
[288]




	
TRPC6 KD

	
Increased density of striatal medium spiny neuron spines in a mouse model of Huntington disease

	
Wu et al., 2018

	
[222]




	
TRPC1 or TRPC3 KD

	
Asthmatic mouse airway smooth muscle cells exhibited upregulated TRPC1 and TRPC3 and increased proliferation. Knockdown either of the channels reduced proliferation.

	
Zhang et al., 2018

	
[285]




	
TRPC6 KO and TRPC5/6 DKO

	
TRPC6 KO mice and TRPC5/6 double KO mice were protected from H2O2-induced damage in a model of diabetic kidney disease

	
Ilatovskaya et al., 2018

	
[206]




	
TRPC1/4 KO TRPC5 KO TRPC1 KO

	
LTP and pilocarpine-induced seizures are reduced in TRPC5 KO mice, but are unaltered in TRPC1/4 KO mice; mGluR-mediated epileptiform bursting in the hippocampal CA1 area is not affected in TRPC5 KO mice, but is abolished in TRPC1 KO and TRPC1/4 DKO mice; seizure-induced neural cell death in the hippocampus was reduced in both TRPC5 KO and TRPC1/4 DKO mice

	
Phelan et al., 2013

	
[219]




	
TRPC1/4/5 KO

	
TRPC1/4/5 KO mice exhibited deficits in spatial working memory and relearning task, while spatial reference memory was not affected

	
Bröker-Lai et al., 2017

	
[126]




	
TRPC1/4/5 KO mice exhibited decreased basal-evoked secretion, reduces readily releasable vesicles pool size, and accelerated synaptic depression during high-frequency stimulation, whereas TRPC5 KI showed short-term enhancement of synaptic strength during high frequency stimulation

	
Schwarz et al., 2019

	
[225]




	
TRPC3/6/7 KO

	
Compared to WT mice, triple TRPC3/6/7 KO mice had smaller infarct size when subjected to cerebral ischemia-reperfusion

	
Chen et al., 2017

	
[228]




	
TRPC1/4/5/6 KO

	
Tetra-TRPC KO mice are protected from hyperglycemia-evoked vasoregression. In addition, the KO mice are resistant to the STZ-induced reduction in retinal layer thickness

	
Sachdeva et al., 2018

	
[207]




	
TRPC1/4/5 or hepta-TRPC-KO

	
No change in persistent activity in entorhinal cortex neurons of layer V

	
Egorov et al., 2019

	
[227]




	
Hepta- TRPC KO

	
Thapsigargin-induced store-operated Ca2+ entry was absent in Orai1 KO anterior pituitary cells, but was unaffected in hepta TRPC KO; conversely, spontaneous intracellular Ca2+ oscillations related to electrical activity was reduced in hepta TRPC1-7 KO mouse cells and unaffected in Orai1 KO mouse cells

	
Núñez et al., 2019

	
[289]
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