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ARTICLE INFO ABSTRACT
_Ilfl‘?l')‘gor}f’g | Non-selective cation conductances formed by transient receptor potential canonical (TRPC) proteins govern the
channels

function and fate of a wide range of human cell types. In the past decade, evidence has accumulated for a pivotal
role of these channels in human diseases, raising substantial interest in their therapeutic targeting. As yet, an ap-
preciable number of small molecules for block and modulation of recombinant TRPC conductances have been
identified. However, groundbreaking progress in TRPC pharmacology towards therapeutic applications is lagging

Photopharmacology
Photochromic ligands
Chemogenetic manipulation

TRPC pathophysiology
behind due to incomplete understanding of their molecular pharmacology and their exact role in disease. A major
breakthrough that is expected to overcome these hurdles is the recent success in obtaining high-resolution struc-
ture information on TRPC channel complexes and the advent of TRP photopharmacology and optogenetics. Here,
we summarize current concepts of enhancing the precision of therapeutic interference with TRPC signaling and
TRPC-mediated pathological processes.
© 2019 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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role of these proteins in mammalian and human physiopathology.
Members of the canonical subfamily (TRPC), which are closely related
to the drosophila trp gene product, had consistently been characterized

1. Introduction - developments in TRPC pharmacology

Identification of mammalian homologues of the drosophila trp gene

product (Nilius & Flockerzi, 2014; Zhu et al., 1996), which were origi-
nally recognized as key players in the insects’ visual transduction cas-
cade (Minke & Cook, 2002), initiated intensive research to uncover the
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derivatives; BCTC, 4-(3-Chloro-2-pyridinyl)-N-[4-(1,1-dimethylethyl)phenyl]-1-
piperazinecarboxamide; Ca2, Calcium; CCh, Carbachol; cryo-EM, Cryo-electron micros-
copy; DAG, Diacylglycerol; 1,2-DOG, 1,2-di-O-octanoylglycerol; FFAzos, Photoswitchable
fatty acid analogues; OptoDArG, Photoswitchable DAG with two arachidonic acid mimetic
azobenzene moieties; PD, Parkinson's disease; PhoDAG, Photoswitchable DAG with one
azobenzene moiety; PKC, Protein kinase C; PTL, Photochromic tethered ligand; TRP,
Transient receptor potential; TRPC, Transient receptor potential canonical.
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by different laboratories as cation channels featuring significant but
low calcium ion (Ca®*) permeability (Pc./Pna ranging from 1.1.
to 5) (Estacion, Sinkins, Jones, Applegate, & Schilling, 2006; Kamouchi
et al.,, 1999; Ko, Myeong, Yang, & So, 2017) already in the beginning of
TRP research. Only TRPC1 emerged as an exception, as it was found to
barely function as a cation channel when studied as a homomeric chan-
nel complex in overexpression systems. Despite the ample knowledge
gained on regulatory and biophysical properties of recombinant TRPC
channels, including delineation of complex lipid-mediated activation
gating processes (Hofmann et al.,, 1999; Lichtenegger et al., 2018), the
function of native TRPC channels remained largely elusive. Neither clas-
sical genetic approaches (gene knock-out and overexpression) nor
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studies utilizing common experimental tools, which block cation chan-
nels in a rather non-specific manner, yielded a conceivable and consis-
tent concept on the (patho)physiological role of mammalian TRPC
proteins. Of note, TRPC channel proteins are prominently expressed in
a wide range of cell types throughout the body, while a significant im-
pact of TRPC conductances on tissue and organ functions was reported
primarily in certain pathological/dysfunctional states in specific cell
types such as cardiomyocytes, vascular smooth muscle cells, endothelial
cells, podocytes and cerebellar Purkinje cells (Becker et al., 2009; Bush
et al,, 2006; Dietrich et al., 2005; Poteser et al., 2008; Winn et al.,
2005). In line with this picture, the global knock-out of all seven TRPC
isoforms (TRPC1-7 knock-out) in mice resulted in viable animals that
lack severe malfunctions according to initial characterizations
(Birnbaumer, 2015; Lutas, Birnbaumer, & Yellen, 2014). Importantly, in-
vestigations in model systems of pathological remodeling and in tissues
with specific TRPC overexpression or channel dysfunction yielded com-
pelling evidence for a linkage between TRPC conductances and diseased
states including neurological, cardiovascular and kidney diseases (Tai,
Yang, Liu, & Shao, 2017; Tiapko & Groschner, 2018). The inherent uncer-
tainties in delineating the cellular functions of these signaling proteins
by genetic approaches and/or use of barely specific inhibitors, generated
a quest for better, TRPC isoform-specific, pharmacological tools. A par-
ticular challenge in TRPC and TRP research in general is the multimodal
activation characteristics of these ion channels, embracing a wide range
of physical as well as chemical stimuli (Lichtenegger & Groschner, 2014;
Tiapko & Groschner, 2018). Physiological activation of TRPC channels
typically involves input from G protein-coupled receptor pathways as-
sociated with the generation of lipid mediators such as diacylglycerols
(DAGs), which trigger a number of non-TRPC-dependent, off-target,
downstream events (Zhu, Jiang, & Birnbaumer, 1998). Therefore, con-
clusive evaluation of the cellular role of a TRPC conductance is difficult
in a strictly physiological setting. Moreover, the features of channel
complexes formed by a given TRPC isoform in distinct cell types or phe-
notypes are likely variable, giving rise to highly tissue and cell-type spe-
cific signaling patterns, which are considered as the basis of TRPC
pathologies. Efforts have been undertaken to identify lead structures
suitable for specific manipulation of TRPC channels (Beech, 2013;
Hofmann, Schaefer, Schultz, & Gudermann, 2002). However, most of
the earlier studies focused on recombinant homotetramers activated
by divergent chemical stimuli or mixtures of activating agonists. Activa-
tion protocols were typically chosen to produce robust and persistent
current activation. Thereby an array of chemical structures exhibiting
inhibitory or activating potency at TRPC channels along with a certain
degree of selectivity among the TRP family and the related superfamily
of cation channels has been identified. Increasing awareness about cell-
type specific oligomerization of TRPCs has dramatically improved the
success in identifying compounds that target native, hetero-oligomeric
TRPC channels, of a defined tissue-specific complex stoichiometry as ex-
emplified for TRPC1/4/5 heteromers in the brain (Hofmann et al., 2002;
Rubaiy et al., 2017; Storch, Forst, Philipp, Gudermann, & Mederos,
2012). Nonetheless, specificity and efficiency of pharmacological inter-
ference with disease-relevant TRPC signaling signatures is still poor
and requires refined strategies and technology. Effective targeting and
therapeutic manipulation of TRPC channels within a dysfunctional tis-
sue might be achieved by drugs displaying high molecular selectivity
as well as efficacy to interfere with TRPC function in the pathological
setting, allowing for specific disruption of TRPC-mediated disease pro-
gression. However, tools that directly and specifically activate such na-
tive TRPC channels and, hence, enable to clarify their roles in
pathophysiology, linkage to downstream signaling pathways and spa-
tiotemporal aspects of pathological signaling are urgently needed to ad-
vance the field towards clinical applications.

Two recent achievements, the gain of structural information on TRPC
complexes at the atomic resolution level and the advent of TRPC/lipid
photopharmacology are considered to provide the awaited boost for
this development. Our understanding of the molecular basis of TRPC

pharmacology has benefitted remarkably from the very recent insight
into the 3D structure of these channels gained by single-particle cryo-
electron microscopy (cryo-EM) studies (Azumaya, Sierra-Valdez,
Cordero-Morales, & Nakagawa, 2018; Duan et al., 2018; Fan, Choi, Sun,
Du, & Lu, 2018; Sierra-Valdez, Azumaya, Romero, Nakagawa, &
Cordero-Morales, 2018; Tang et al., 2018; Vinayagam et al,, 2018). A re-
cent series of reports provided high (3.3-4.4 A)-resolution models of
homomultimeric TRPC complexes. These investigations covered so far
three individual TRPC isoforms (TRPC3, 4 and 6) and included also the
structures of certain lipid- and ion-occupied channel states. All these
structures displayed a restricted permeation pathway, thus
representing non-conducting, closed (resting) or inactivated states
(Fanetal., 2018; Tang et al., 2018). This scenario was particularly unex-
pected for channels reconstituted in nanodiscs containing a diacylglyc-
erol, known to act as a potent lipid activator of the channel. Of note,
some of the TRPC structures resolved as yet were clearly demonstrated
to harbor multiple, regulatory lipid mediators. One conclusion from this
finding is that TRPC channels are likely to undergo multiple, time-
dependent gating processes, including current- and/or ligand-
dependent channel inactivation. Hence, pharmacological inhibition of
TRPC signaling may be conferred not only by blocking the permeation
pathway but also by locking the channel into an inactivated state,
which is typically obtained by channel agonists. Moreover, this concept
highlights the importance of temporal signaling aspects with respect to
both channel pathophysiology as well as pharmacology. Drug sensitiv-
ity of TRPC channels in a target tissue appears to depend on structural
and spatial aspects such as subunit stoichiometry or the channels” cellu-
lar targeting within the cell. Structural features, like dynamic interaction
with certain cytoskeleton components were recently recognized as de-
terminants of functional states that confer sensory features and enable
channel activation by lipid mediators via a temporal pattern of activat-
ing stimuli (Storch et al., 2017). Lipid-mediated activation gating of
TRPC channels has emerged as the pivotal mechanism in physiological
and pathophysiological TRPC signaling. Methods for direct and precise
control of these processes are required to decipher their exact role in
pathophysiology of certain tissues and organs, and to enable effective
screening for suitable inhibitors. A respective breakthrough was
achieved by recent developments in lipid photopharmacology, which
enabled the photo-reversible manipulation of TRPC channels directly,
bypassing upstream signaling pathways, with the spatial and temporal
precision with which light can be applied. Application of photochromic
lipid mediators provided unprecedented insight into the molecular
sensing machinery of TRPC channels. A study combined “optical lipid
clamp” technology with a structure-guided mutagenesis approach and
identified a TRPC3 domain involved in lipid-gating and lipid recognition
(Lichtenegger et al.,, 2018). These results were consistent with the local-
ization of lipid densities within the TRPC3 channel by single-particle
cryo-EM (Fan et al., 2018).

Novel concepts for high-precision manipulation of TRPC channels
together with the increasing structural knowledge on the molecular ac-
tion of modulators and blockers of TRPC channels are expected to un-
ravel and define pathological TRPC signaling patterns, and pave the
way towards their therapeutic manipulation. Light-mediated manipula-
tion of TRPC signaling will not only help to better understand these
channels as therapeutic targets and to develop efficient drug screening
platforms, but also to advance photopharmacological concepts towards
clinical applications. In the following, we aim to provide a step by step
introduction into these novel therapeutic aspects, starting with a basic
introduction to TRP channels as a target of photopharmacology.

2. TRP channels as a target of photopharmacology
2.1. A brief introduction to ion channel photopharmacology

Classical pharmacological strategies for the investigation of signaling
proteins including ion channels are typically limited by vague selectivity
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and poor control over concentrations at the biological target sites. The
concept of photopharmacology appears to provide a solution to these
problems and is developing fast in recent years. This technique employs
light as an external trigger to unleash biological activity of the ligands or
even for ultimately precise reversible control of the activity of agonists,
channel openers or blockers. A variety of photoconvertible molecules
comprise the toolbox for development of light-controlled ligands that
bind to and modulate signaling mediators. There are three general, fun-
damentally different photopharmacological strategies used, which are
based on caged ligands, photochromic ligands and photochromic teth-
ered ligands (PTL) (Fehrentz, Schonberger, & Trauner, 2011). Caged bi-
ological agents consist of an activity-preventive, light-sensitive group,
typically designated as cage, which is attached to the ligand via covalent
bonding. Light irradiation, absorbed by the cage, eliminates the protec-
tive bond and releases the ligand. The most frequently used caging
groups are nitrobenzyl and coumarin moieties. Caged ligands like neu-
rotransmitters, adenosine triphosphate as well as regulatory ions, in
particular Ca?™, have been successfully used in neurophysiological in-
vestigations (Housley, Raybould, & Thorne, 1998; Kétter, Schubert,
Dyhrfjeld-Johnsen, Luhmann, & Staiger, 2005; Rial Verde, Zayat,
Etchenique, & Yuste, 2008; Wang et al., 2013). With this strategy a cer-
tain level of the caged precursor is applied within a tissue, cell or an in-
tracellular compartment without activating the biological system or
initiating feedback loops or metabolic degradation. This sets the stage
to activate the target with high spatiotemporal precision by uncaging
the biologically active entity. Caged ligands are, however non-
reversibly light-controlled tools and therefore do not allow for cyclic
signal activation, and uncaging processes were shown to be associated
with biological side effects (Il'ichev, Schworer, & Wirz, 2004; Tiapko
et al.,, 2016). Deactivation cannot be controlled, and is ill-defined de-
pending on degradation and metabolism as well as removal of the active
ligand from its target site by various transport processes. These disad-
vantages are conceptually overcome by the use of reversibly
photoswitchable ligands (photochromic ligands).

The photochromic ligand strategy enables introduction of fully re-
versible, light-controlled biological activity. This is achieved by incorpo-
ration of a flexible photoisomerisable moiety into the structure of the
ligand. Light-mediated transition between cis- and trans-conformation
in the photochromic moiety is induced by irradiation at distinct wave-
length according to the absorption spectra. Relaxation from cis- to the
thermodynamically more stable trans-state occurs also in the absence
of light. As yet azobenzene has been established as one of the most suit-
able and reliable light-sensing moieties. Two main advantages of this
photoswitch are: azobenzene absorbs even at relatively low intensities
of light and isomerization is essentially fast. Apart from the essentially
fast single-molecule photoswitching kinetics (picoseconds range),
azobenzenes are characterized by fast and efficient kinetics also at the
molecule population level, which is prerequisite for biological applica-
tion. Azobenzene absorption spectra of cis and trans form are well sep-
arated, with sufficiently high extinction coefficients and quantum
yields to enable fast and highly efficient cycling between photochemical
states featuring more than 90% of the azobenzene molecules in alternat-
ing conformations. (Kobayashi & Saito, 2002; Samanta, Qin, Lough, &
Woolley, 2012; Siewertsen et al., 2009). Of note, the fact that bulk ki-
netic features of photoswitches may vary with biological environments
needs consideration. Nonetheless, azobenzene-based photochromic
ligands can be used for accurate monitoring of association-
disassociation kinetics between the photoswitchable ligand and its tar-
get protein (Fehrentz et al., 2011). Spatiotemporally precise control
over ion channels by azobenzene-containing ligands was successfully
employed to investigate voltage- and ligand-sensitive proteins includ-
ing voltage-gated potassium ion channels, voltage-gated sodium ion
channels, as well as TRPs channels (Hiill, Morstein, & Trauner, 2018).
Of note, spatial precision of the pharmacological intervention with pho-
tochromic ligands is limited not only by the diffraction limit but also by
diffusion of the active species outside the irradiated volume element,

and specificity for the target is frequently insufficient as in conventional
pharmacology.

To obtain ultimate target specificity and also spatial resolution, the
photoswitchable ligand can be covalently linked to its target molecule
in a strategy termed PTL. This strategy typically requires high-
resolution structure information on the target as well as genetic inter-
ventions and cross-linking chemistry suitable for live cell investigations.
Typically, by genetic engineering cysteine residues are incorporated in
close proximity to the ligand binding site, and a maleimide group is re-
quired within the photoswitchable ligand to couple to the cysteine res-
idue and enable functionally suitable attachment of the bioagent. This
technology enables not only reversible light-controlled ligand binding
but also excludes off-targets. The tethered ligand approach has been
proven highly reliable and efficient in studies on voltage- and ligand-
gated channels (Banghart, Borges, Isacoff, Trauner, & Kramer, 2004;
Fortin et al,, 2011).

Chemogenetics provides an alternative avenue to enhance specific-
ity for a desired target. Herein a genetic intervention creates artificial
sensitivity of the target protein to specific bioagents (activators or
blockers). Chemogenetics can be combined with photopharmacology
not only in terms of the PTL approach (Fehrentz et al., 2011), but also
as a strategy to further enhance specificity and efficacy of photochromic
ligands. The introduction or modulation of ligand sensitivity in ion
channels is an attractive technology to overcome the problems
with off-target effects and low potency or efficacy of available
photoswitchable ligands (Sternson & Roth, 2014). Genetic manipulation
of TRPC channels to generate supersensitivity towards a designer drug
has recently been reported for TRPC3 (Svobodova et al., 2019).

2.2. Current molecular tools for optical control of TRP channels

TRP channels serve as signal integrators in diverse tissues and are
able to sense multiple input modalities, which govern channel gating
(Clapham, 2003). Lipid composition and the distribution of lipid species
within the plasma membrane change in response to the activation of
plasma membrane receptors and during metabolic and morphological
adaptation of the cell (Sunshine & Iruela-Arispe, 2017). Certain mem-
brane lipids, which function to report changes in the cell environment
and its metabolic or functional state, are recognized by TRP channel
complexes. The information generated by lipid mediators and specific
components of the lipid bilayer is efficiently transduced by TRP chan-
nels into plasma membrane ion fluxes (Ciardo & Ferrer-Montiel,
2017). Consequently, the first attempts to control the activity of TRP
channels by photopharmacology were based on lipids and lipophilic
channel activators including DAGs, which represent endogenous regu-
lators of various TRPC channel subtypes, such as TRPC3 and TRPC6
(Hofmann et al.,, 1999). Early studies adopted the caged ligand strategy
width DAG derivatives featuring a coumarin- or nitrobenzyl-derived
caging moiety to mask agonist function of the lipid and prevent its bio-
logical activity (Fig. 1A). [llumination with light of appropriate wave-
length cleaves the caged ligand and quickly releases the active lipid
along with the caging structure that is considered as biologically fairly
inert. The first caged DAG was introduced back in 1996 through
nitrobenzyl caging of the DAG hydroxyl group, which is a moiety re-
sponsible for the most of DAG interactions with cellular proteins
(Hoglinger, Nadler, & Schultz, 2014; Huang, Sreekumar, Patel, &
Walker, 1996). Importantly, coumarin- and nitrobenzyl-caged lipids
differ in their mechanisms and photophysical properties of uncaging.
In this respect, coumarin-derived cages have several advantages over
nitrobenzyl derivatives. Both nitrobenzyl and coumarin groups are
photoactivated with wavelengths in the UV range, which is not suitable
for biological application due to cytotoxicity. Nitrobenzyl-derivatives
have absorption maxima around 300-350 nm, while some of the
coumarin-derivatives can be photoactivated with slightly higher wave-
lengths, such as within visible range (around 400 nm), which could
make the uncaging process less cytotoxic. However, the more important
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Fig. 1. Chemical structures of photochromic TRP actuators.
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advantage of coumarin-derived caging groups is that the photoreaction
is characterized by higher extinction coefficients and higher quantum
yields, which results in requirement of lower light intensities for
uncaging. Due to the efficient, relatively simple uncaging reaction, re-
lease of coumarin-derived cages is rapid in comparison to nitrobenzyl
groups and occurs within nanoseconds, whereas the cleavage of
nitrobenzyl cages occurs through several nitro-intermediates
(Hoglinger et al., 2014). Therefore, coumarin-derived caged lipids
were considered more appropriate to investigate the relatively rapid
signaling processes triggered by DAGs that typically occur within sec-
onds or minutes. Another aspect important for interpretation of results
obtained with these photopharmacological tools is the chemical struc-
ture of the active lipid species. The first caged DAGs included short
chain DAG analogs such as 1,2-di-O-octanoylglycerol (1,2-DOG),
which is not a naturally occurring lipid mediator. Nonetheless, applica-
tion of caged 1,2-DOG was found suitable to investigate a series of cellu-
lar signaling pathways, including DAG-mediated reorientation of
microtubule-organizing center in primary T-helper cells (Quann,
Merino, Furuta, & Huse, 2009), myocyte contractility and PKC activity
(Huang et al., 1996) as well as TRPC3-mediated Ca®" signaling
(Tiapko et al,, 2016). However, there is substantial diversity of endoge-
nous DAG species, which are considered to have different biological
properties (Eichmann & Lass, 2015). Indeed, recent investigations
with caged DAGs, which resemble more closely the endogenous media-
tors, showed that the structure of acyl chains has substantial impact on
activity. Caged stearoyl-arachidonyl glycerol was the most potent acti-
vator of TRPC3- and TRPC6-mediated Ca®>* entry and PKCo transloca-
tion to the plasma membrane in HeLa cells (Nadler et al., 2013).
Although the development of caged DAGs was an important step to-
wards control of TRP channels by light, this method suffers from a few
shortcomings. Besides the above mentioned lack of reversibility of the
activation process, caging structures released during activation were
found to exert significant biological effects and interfere with down-
stream signaling (Il'ichev et al., 2004; Tiapko et al., 2016).

Reversible and cyclic optical control of a TRP channel was first exem-
plified by the use of optovin, a small molecule TRPA1 photochromic li-
gand (Fig. 1B) (Kokel et al., 2013). Optovin was found suitable for
repetitive activation of human TRPA1 upon violet light illumination in
HEK293 cells overexpressing TRPA1 as well as native murine TRPA1
channels in dorsal root ganglion sensory neurons. Moreover, optovin
was also effective in vivo in zebrafish where it enabled optical control
of zebrafish dorsal fin movements. The mechanism proposed for
optovin-mediated control of TRPA1 is the reversible formation of a co-
valent thioether bond between a light-induced optovin intermediate
and redox-sensitive cysteine residues in the TRPA1 channel at positions
621, 633 and 856 (Fig. 2A). Interestingly, this activation was rapidly re-
versed in the dark, although the exact deactivation mechanism is not
known (Kokel et al., 2013). The same group later showed that
optovin-mediated TRPA1b activation can also be used to in vivo control
zebrafish heart rate and pacing of human stem cell-derived
cardiomyocytes (Lam et al.,, 2017).

An important next step was the introduction of azobenzene-based
photoswitchable TRPV1 agonists/antagonists by Dirk Trauner's
group. By inclusion of azobenzene moieties into the structures of
the TRPV1 antagonists capsazepine and 4-(3-Chloro-2-pyridinyl)-
N-[4-(1,1-dimethylethyl)phenyl]-1-piperazinecarboxamide (BCTC),
photoswitchable TRPV1 antagonists Azo-Capsazepine 4 (AC-4) and
Azo-BCTC (ABCTC) were generated (Fig. 1C and D) (Stein, Breit,
Fehrentz, Gudermann, & Trauner, 2013). Trans AC-4 was found to func-
tion as antagonist of TRPV1, when activated by voltage, whereas in this
setting ABCTC acted as antagonist in its cis conformation. Interestingly,
for capsaicin-activated TRPV1, AC-4 was characterized as a cis antago-
nist, while ABCTC was unable to inhibit capsaicin-induced TRPV1 cur-
rents. This demonstrates the high complexity of interaction between
photochromic ligands and their targets, which may even expose diver-
gent receptor domains depending on the presence of other modulatory

stimuli. Cryo-EM of TRPV1 complexes incorporating the vanilloid ago-
nists resiniferatoxin or capsaicin identified the vanilloid binding pocket
within TRPV1 (Cao, Liao, Cheng, & Julius, 2013). Residues lining the
vanilloid pocket of TRPV1 essential for capsaicin binding are Y511 in
S3, T550 and M547 in S4, E570 in S4-S5 linker and L669 in S6 of the
neighboring subunit. Capsazepine and AC-4 binding sites are most
probably located within this pocket (see Fig. 2B). It is tempting to spec-
ulate that ABCTC binds to this capsaicin binding domain, as pharmaco-
logical experiments indicated that capsazepine and BCTC compete for
the same binding site (Gavva et al., 2005).

Based on the structure of capsaicin, photo-switchable TRPV1 ago-
nists (AzCAs) were developed, among which AzCA4 was most effective
(Fig. 1E). The AzCA4 structure is comprised of the capsaicin head group
and an azobenzene-containing photoswitchable fatty acid tail (Frank
et al., 2015). Again structural similarities between AzCA4 and vanilloid
TRPV1 agonists, along with the fact that capsazepine completely
abolished AzCA4 activity, led to the conclusion that AzCA4 binds at the
vanilloid binding site within TRPV1 channel (Fig. 2B).

A paradigm of lipid gating in TRP channels is the activation of TRPC
channels by DAG. Experiments using DAGs to investigate the function
of native TRPC channels and their gating principles have so far failed to
produce significant advances. These hurdles were overcome when
photochromic ligands based on azobenzene moieties have subse-
quently been generated for TRPC channels. Initially introduced by
Dirk Trauner as PhoDAGs, they featured photoswitchable fatty acid an-
alogues (FFAzos) within the DAG structure (Frank et al., 2016)
(Fig. 1F). PhoDAG-1 is chemically related to 1,2-stearoyl-arachidonyl
glycerol, whereas PhoDAG-2 and PhoDAG-3 most likely mimic 1,2-
DOG. PhoDAGs enabled rapid and spatially precise investigation of
various DAG signaling pathways, including not only TRPC conduc-
tances, but also recruitment and translocation of C1 domain-
containing proteins and PKCS to the plasma membrane (Frank et al.,
2016). PhoDAGs were demonstrated suitable not only for the control
of recombinant TRPC channels, but also endogenously expressed, na-
tive TRPC channels in Hela cells, mouse vomeronasal sensory neurons
and sensory neurons of olfactory epithelium as well as vomeronasal
organ tissue slices (Frank et al., 2016; Leinders-Zufall et al., 2018).
More recently, a modified photoswitchable DAG structure (OptoDArG;
Fig. 1G) (Lichtenegger et al., 2018), which contains two arachidonic
acid mimetic azobenzene side chains, was identified as a highly effi-
cient photochromic activator of TRPC3 channels. Of note, this
photoswitchable lipid outperforms PhoDAGs in terms of TRPC channel
activation specifically for TRPC3 and, interestingly, gains efficacy by a
point mutation in TRPC3 (G652A), which eliminates sensitivity to en-
dogenous activation pathways (Lichtenegger et al., 2018). This phe-
nomenon opens the view on chemogenetic manipulations that may
increase specificity as well as efficiency of TRPC photopharmacology
as further discussed below.

Furthermore, recently we introduced azobenzene into the structure
of TRPC3/6 benzimidazole agonist GSK1702934A to developed the first
small molecule photoswitch for the control TRPC3/6 activity. This com-
pound, known as OptoBI-1 (Fig. 1H) enables lipid-independent activa-
tion of TRPC3 channel in both HEK293 heterologous expression
system and in native tissues such as endothelial cells and hippocampal
neurons (Tiapko et al,, 2019).

In a nutshell, azobenzene photoswitches enable in-depth mechanis-
tic studies of TRP channel function, including activation, inactivation
and deactivation mechanisms as well as downstream signaling pro-
cesses. Exploiting the temporal precision of TRPC3 gating by OptoDATG,
we were able to identify a conserved residue in the TRPC pore domain
(G652 in TRPC3 and G709 in TRPC6), which is crucial for primary struc-
tural recognition/discrimination of DAG species by the channel complex
(Fig. 2Cand D) (Lichtenegger et al., 2018). Photochromic DAGs enabled
the first reasonable analysis of the channel/DAG interaction kinetics and
the characterization of TRPC channels within distinct subcellular locali-
zations (Leinders-Zufall et al, 2018), based on the virtually
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Fig. 2. 3-D models of TRPs with photochromic ligand-binding sites. (A) Structure of TRPA1 channel. Cysteine residues which are proposed for optovin-binding are shown in red (C621,
(633 and C856; (Kokel et al., 2013)). (B) Structure of TRPV1 channel with its capsaicin-binding pocket. Residues essential for capsaicin binding are Y511 in S3, T550 and M547 in S4,
E570 in S4-S5 linker and L669 in S6 of the neighboring subunit (Cao et al,, 2013). (C) Structure of human TRPC3 channel with two lipid densities as identified by cryo-EM (lipid 1
shown in yellow, lipid 2 shown in red; (Fan et al., 2018)). Residues important for the interaction with lipid 1 within the pre-S1 elbow, S1, and the S4-S5 linker are K241, Y323, 1544,
V341, K337, 1544, N548, F551. The second lipid density resides between S6 and P loop of adjacent subunits. (D) Structure of the TRPC6 channel (Tang et al., 2018) with marked (blue)
residue G709 (Lichtenegger et al., 2018), which is an equivalent residue to G652 in TRPC3. PDB codes: TRPA1 (3]J9P), TRPV1 (3]5P), TRPC3 (6CUD), TRPC6 (5YX9).
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instantaneous transition between active and inactive lipid conforma-
tions and the spatial resolution of light-induced activation.

At this point, it is important to note that so far photochromic teth-
ered ligands(PTL) or optical gating strategies with bivalent, crosslinking
photoswitches have not been established for TRPC channels.

2.3. From photochromic lipids towards opto-chemical genetics of TRPC
channels

Lipid photopharmacology has proven valuable for mechanistic
studies, especially for the analysis of structure-function relations and
for evaluation of the role of specific cells and cellular structures in
lipid signaling (Frank et al., 2015; Leinders-Zufall et al., 2018;
Lichtenegger et al., 2018). However, photochromic DAGs are essen-
tially nonspecific channel actuators as they affect a diverse array of
signaling pathways. The lack of specificity argues against suitability
of these optical TRPC actuators for development of new therapeutic
concepts, even considering the spatiotemporal precision of
photopharmacology. Nonetheless, our recent gain in understanding
of ligand recognition in TRPC channels (Lichtenegger et al., 2018)
and the steadily growing repertoire of synthetic channel activators
and blockers (Tiapko & Groschner, 2018) open the view on suffi-
ciently specific and precise interventions that might be developed
into therapeutic strategies. Both lipid components of the cell plasma
membrane including DAGs as well as synthetic ligands have been lo-
calized within the channel complex structure, indicating the molecu-
lar position of ligand binding domains in TRPC channels (Fan et al.,
2018; Tang et al., 2018). One interesting aspect arises from the finding
that chemical sensitivity in TRPC channels can be efficiently
engineered. Genetic introduction of high sensitivity towards an unnat-
ural lipid mediator (OptoDArG) has recently been shown as the con-
sequence of a single point mutation in TRPC3 and TRPC6 (Figs. 2C-
D, 3A-D) (Lichtenegger et al., 2018). Importantly, the same point mu-
tation blunts the channel's responsiveness to its endogenous activa-
tors and preserves or even enhances the efficacy of benzimidazole
agonists such as GSK. Hence, TRPC proteins with genetically modified
chemosensitivity might enable high-specificity activation of TRPC-
linked downstream signaling pathways. This is in particular intriguing
in view of the possibility of dominant transfer of genetically intro-
duced features to native channel complexes upon heteromerization,
as already exemplified for other pore-domain mutations (Poteser
et al., 2006, 2011) (Fig. 3E-F; unpublished observation). Such genetic
engineering of the ligand sensitivity of endogenous TRPC channels
may well be combined with the high spatiotemporal precision
of optical actuation by certain photochromic lipids or novel
photoswitchable synthetic activators such as benzimidazoles. The
therapeutic value of high-precision targeting of TRPC signaling pro-
cesses by light needs careful evaluation. In general, the most obvious
challenge to advance such strategies is the development of actuators
that cycle in their conformational states by absorption of red-shifted
light or new technologies for utilization of red light actuation of con-
ventional photoswitches, to enable the required penetration depth
into a target tissue as already reported for immunotherapeutic
targeting of skin cancer (He et al., 2015a). There are indeed several
potential applications that might be developed from TRPC
photopharmacology and opto-chemical genetics. An account of the
current therapeutic relevance of TRPC pharmacology is given below.

3.The therapeutic potential and limitations of high precision optical
manipulation of TRPC function

3.1. Opportunities and hurdles
TRP channels govern a wide range of physiological/pathophysiolog-

ical processes and their role in human diseases is being increasingly rec-
ognized. Consequently, these ion channels gain steadily interest as

therapeutic targets. However, most agents that activate/inhibit TRP
channels are expected to substantially interfere with essential and ubiq-
uitous signaling pathways. The advent of TRP photopharmacology
opened the view on a novel, noninvasive and spatiotemporally
precise approach to manipulate TRPC function (Frank et al., 2016;
Lichtenegger et al., 2018). It is expected that more and more tools for
the optical interference with TRPC signaling will become available
soon. Such molecules and strategies might be of therapeutic value
when the target cells are accessible to light irradiation. Temporal preci-
sion itself, but even more importantly, the unique option of temporal
control over the cycling of channels between distinct functional states
(resting, activated, inactivated, desensitized) offers the view on an ex-
ceptionally efficient and specific intervention. As an example, cycling
of TRPC3 channels between activated and deactivated states by a photo-
chromic ligand largely bypasses the desensitization phenomenon that is
typically observed with conventional channel activators (Lichtenegger
et al,, 2018). Moreover, a novel photochromic modulator of TRPC chan-
nels (OptoBI-1) appears suitable for controlled introduction of distinct
TRPC activity levels, which include a constitutively active state and a
fully closed state (Tiapko et al., 2019). Therefore, photopharmacology
offers not only a spatial restriction of the intervention but also a phar-
macological interference that qualitatively and quantitatively reaches
beyond that of conventional pharmacology with blockers or activators.
The therapeutic value of these manipulations, as well as the suitability
to obtain a high tissue and cell-type specificity, needs now careful eval-
uation. The spatial precision of photopharmacology may enable the safe
and efficient use of systemically toxic drugs, while application of a par-
ticular temporal pattern of channel activity may allow for tissue-specific
interference including also the control over excitable cells and linked
organ functions.

A major limitation of the photopharmacological approach is given
by the required accessibility to light. In this respect issues have been
classified into five groups. For interventions at the body surface (skin,
eye), completely noninvasive therapy is enabled (class one organs).
The second and third group comprise organs, which can be easily
reached by endoscopy (gastrointestinal tract, bladder, cervix, respira-
tory system and biliary system) or reside in surface proximity just
under the skin (thyroid, lymph nodes, muscles and some bones)
(Lerch, Hansen, van Dam, Szymanski, & Feringa, 2016). Importantly,
UV light, which is typically used to activate azobenzene photoswitches,
penetrates only a few mm. In addition, it is potentially harmful and
bears the risk of irradiation side effects (Lee, Wu, Hong, Yu, & Wei,
2013). Hence, shifting the excitation maximum of photoswitches to-
wards higher wavelengths, which are less damaging and feature
higher penetration depth, is the main challenge and prerequisite for
the successful development of therapeutic concepts. The near-
infrared range between 650 nm and 900 nm is the most suitable,
since light of lower wavelengths is absorbed by endogenous chromo-
phores, mostly hemoglobin, and higher than 900 nm by water, which
represents the limitation (Weissleder & Ntziachristos, 2003). Impor-
tantly, a new class of tetra-ortho-substituted azobenzenes have been
developed, whose trans-cis isomerization is induced by visible light
(Beharry, Sadovski, & Woolley, 2011; Samanta, McCormick, Schmidt,
Seferos, & Woolley, 2013), which renders them less toxic and enables
deeper penetration. However, when considering manipulation of
inner organs, penetration depth of wavelengths in the near-infrared
range is hardly sufficient without application of new optical technolo-
gies. For example, light of 800 nm can penetrate around 2 cm (Kalka,
Merk, & Mukhtar, 2000; Velema, Szymanski, & Feringa, 2014). Hence,
in the case of the inner organs, which have been classified into
the groups four (such as pancreas, liver, kidneys, intestine) and five
(brain and bone marrow) (Lerch et al., 2016), the application of
photopharmacology would require minor or major incisions and oper-
ations. Here, a big advance represents the replacement of fiber-optic
light sources with wireless implantable LED devices, as small as a few
millimeters, that can be implanted into the body to locally activate
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the drug (Hiill et al., 2018; Montgomery et al., 2015; Park et al., 2015). deep-tissue penetrating near-infrared light which is then within
Moreover, new illumination advance in wireless optogenetics are near- lanthanide-based nanoparticles converted into visible light to activate
infrared-light activatable nanoparticle. They enable application of its target (He et al., 2015b).
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Fig. 3. Photopharmacological and chemogenetic manipulation of TRPC channels. TRPC3 WT (A) and G652A mutant (B), TRPC6 WT (C) and G709A mutant (D) representative time courses
of current development during repetitive photoconversion of OptoDArG and PhoDAG-1. [llumination with UV (365 nm) and blue (430 nm) light was switched every 10 s of the recording.
((A), (B) and (C) are reproduced from (Lichtenegger et al., 2018) with permission of publisher Nature Chemical Biology, Springer Nature Limited, 2018 (https://creativecommons.org/
licenses/by/4.0/)). Unpublished observation: E) Dominant-negative suppression of carbachol (CCh)-induced (100 pM; indicated) response of TRPC3 WT in presence of G652A mutant
channels. Representative time courses of current development recorded in HEK cells with different co-expression ratio (only TRPC3 WT (black; 4:0) or G562A (red; 4:0); co-expressed
TRPC3 WT and G562A (blue; 1:1 and white; 1:3 respectively). F) Current densities (at —90 mV and + 70 mV) elicited by CCh application to HEK cells co-transfected with varied
TRPC3 and G652A mutant channels ratio (as indicated). Data are shown as mean + SEM.
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Apart from the above outlined illumination and tissue localization is-
sues, pharmacodynamic and pharmacokinetic properties of the photo-
chromic molecules need careful consideration. Similar to classical
pharmacology, absorption, distribution, metabolism and excretion are
crucial for therapeutic feasibility. The ideal scenario is that the photo-
chromic molecule, in its inactive form, can be administered orally to
reach its target where it is converted into the active isomer by local illu-
mination. Optovin has successfully been applied in vivo in zebrafish
(systemically) and in mice (locally as swab on an ear) for the control
of TRPA1 channel, without notable toxicity reported (Kokel et al.,
2013). Photoswitchable capsaicin analogue AzCA4 has been used to ac-
tivate TRPV1 channel ex vivo in murine dorsal root ganglion neurons
and C-fiber nociceptors (Frank et al., 2015). Although currently avail-
able photopharmacological activators for the control of TRPC3/6 chan-
nels have been successfully applied on primary cells (Leinders-Zufall
et al,, 2018; Lichtenegger et al., 2018; Tiapko et al., 2019), in vivo data
about their pharmacokinetic features are as yet lacking.

DAG-based agonists, such as PhoDAGs and OptoDArG, are known to
be nonselective and to activate various other targets in the cell (Frank
et al., 2016; Leinders-Zufall et al., 2018; Lichtenegger et al., 2018).
Therefore, small molecule TRPC activators/inhibitors, which use lipid-
independent pathways to modulate TRPC activity, might be more ap-
propriate. The recently published photoswitchable TRPC3/6 agonist
OptoBI-1 is an azobenzene derivative of benzimidazole compound
GSK1702934A (Tiapko et al., 2019). Importantly, the lead compound
GSK1702934A is reportedly selective for TRPC3/6 channels over other
channels including TRPV4, TRPA1, M1, M4, CaV1.2, hERG, NaV1.5, or
CXCRS5 receptor (Wajdner et al,, 2017; Xu et al,, 2013). Currently avail-
able synthetic TRPC3/6 inhibitors are pyrazole and anilino-thiazole de-
rivatives (Tiapko & Groschner, 2018). While the most extensively
characterized pyrazole 3 appears to inhibit not only TRPC3, but also
the STIM/Orai pathway, pyrazole 10 was found more selective
(Kiyonaka et al., 2009; Schleifer et al., 2012). Furthermore, anilino-
thiazoles GSK2332255B and GSK2833503A are potent and selective
TRPC3/6 inhibitors (Washburn et al., 2013). However, they do not ap-
pear as suitable for in vivo application due to limited bioavailability. In
addition, a study in an animal model of cardiac hypertrophy showed
their low efficacy due to fast metabolism and a high level of protein
binding (Seo et al., 2014). Most recently, a bioavailable and specific
TRPC6 inhibitor DS88790512 has been reported (Motoyama et al.,
2018). Photoswitches acting on TRPC1, TRPC4 and TRPC5 channels
have not been reported yet. TRPC1 is typically found in heteromeric
complexes with other TRPC isoforms and specific TRPC1 activators/in-
hibitors are as yet lacking. By contrast, for TRPC4/TRPC5 channels a
range of small molecule inhibitors, which might serve as a useful basis
for the synthesis of TRPC4/TRPC5 photoswitches, are available. Among
them, ML204 (Miller et al.,, 2011) and Pico145 (Rubaiy, Ludlow, Bon, &
Beech, 2017) are highly selective for TRPC4/5 and appear suitable for
oral administration.

Incorporation of azobenzene into the active molecules potentially
modifies pharmacodynamics as well as pharmacokinetics. For example,
azobenzenes differ in their polarity and water solubility in trans and cis
form (Brown et al., 2017). In addition, azobenzenes are sensitive to mi-
crosomal reduction (Zbaida, 1995) and also can easily be reduced by
thiols, such as glutathione, especially in their cis form (Boulégue,
Loweneck, Renner, & Moroder, 2007). This could pose a problem for
in vivo application. However, careful design of the substitution pattern
in the azobenzene moiety may overcome this problem (Samanta et al.,
2013).

Further potentially limiting aspects are the stability of the active
form and how the photoswitch will be inactivated and converted back
into the inactive state. It is essential to consider how the isomers are me-
tabolized/excreted as well as toxicity of metabolites. Interestingly, some
azobenzene-based compounds such as sulfasalazine have already been
successfully used in therapies (McGirt, Vasagar, Gober, Saini, & Beck,
2006).

3.2. Potential future applications

Therapeutic targeting of TRP channels is considered particularly
promising for the control of pain. This therapeutic concept is based on
a well-established role of TRPA and TRPV channels in pain sensation
and has attracted substantial interest with respect to the treatment of
pathological pain syndromes such as neuropathic pain, inflammatory
pain and visceral pain, as has already been extensively reviewed (Dai,
2016; Jardin et al, 2017). The first steps towards the use of
photoswitches in pain therapy are the development of the optical actu-
ators of TRPA1 and TRPV1 channels (Kokel et al., 2013; Stein et al,,
2013). The role of TRPC channels in pain sensation and detection is in-
completely characterized. Nonetheless, TRPCs were reported to act in
concert with other TRP channels in pain sensation. TRPC1, TRPC4,
TRPC5 and TRPC6 are reportedly expressed in skin sensory neurons in-
volved in cutaneous sensory functions as well as in dorsal root ganglion
neurons contributing to chronic pain (Alkhani et al., 2014; Qu et al,,
2012). TRPC3 together with TRPA1 appears involved in histamine-
independent pain and itch (Than, Li, Hasan, & Zhang, 2013), whereas
TRPC1 and TRPC6 interact with TRPV4 to mediate mechanic
hyperalgesia associated with inflammation (Alessandri-Haber, Dina,
Chen, & Levine, 2009). Interestingly, a recent study in a mouse TRPC5
knockout model, as well as inhibition of TRPC5 by ML-204, suggested
that TRPC5 activation might be beneficial in amelioration of arthritis
hyperalgesia and inflammation (Alawi et al.,, 2017). These observations
indicate a potential value of targeting TRPC channels, along with other
TRP channels, in the treatment of chronic pain. So far, clinical trials
with TRPV1 antagonists uncovered severe side effects, such as hyper-
thermia, as well as impaired detection of heat pain (Dai, 2016). Hence,
TRPV1 photopharmacology appears promising to prevent adverse ef-
fects by spatially restricted intervention.

The primarily most accessible and light-exposed organ is the skin.
Expression of TRPC channels has been reported in several cell types im-
portant for skin function such as mucosal and epidermal keratinocytes,
where they are involved in keratinocyte proliferation and differentia-
tion and, hence, barrier formation (Beck et al., 2008; Cai et al., 2006;
Miiller et al., 2008). TRPC channels have been related to skin patholo-
gies, such as psoriasis and skin fibrosis. On the other hand, in psoriasis
and atopic dermatitis, which are characterized by disturbed differentia-
tion and increased proliferation of keratinocytes, TRPC agonists/activa-
tors might be beneficial. In line with this concept, hyperforin, a TRPC6
activator, indeed was shown to induce differentiation of human primary
keratinocytes and to inhibit proliferation (Miiller et al., 2008). Further-
more, reduced expression of TRPC1, TRPC4 and TRPC6 channels in
human psoriatic skin lesions was found associated with impaired Ca®™*
homeostasis and keratinocyte dysfunction (Leuner et al.,, 2011). A ben-
eficial role for TRPC channels was also suggested in wound healing.
TRPC6 was found essential for fibroblast differentiation into
myofibroblasts, initiated by transforming growth factor 3 and angioten-
sin II. This process involves the calcineurin-NFAT signaling cascade
(Davis, Burr, Davis, Birnbaumer, & Molkentin, 2012), which is typically
governed by frequency modulation of the ion channel-mediated Ca?™
signals (Kar & Parekh, 2015). Therefore, the option of introducing a de-
fined TRPC signaling pattern using temporal precision TRPC
photopharmacology might be a valuable approach to control the
wound healing process and tissue repair upon injury.

Another area of active TRPC channel research is the area of cancer bi-
ology. The role of TRPC channels in tumor neovascularization, prolifera-
tion, invasion and metastasis has been investigated for a wide range of
malignancies (Fels, Bulk, Pethé, & Schwab, 2018). Contribution of
TRPC channels to cancer progression has been assigned to almost all
members of the family including TRPC1, TRPC3, TRPC4, TRPC5 and
TRPC6. The pathways underlying the cancerogenic function of TRPC
channels are apparently complex. Nonetheless, Ca>* entry and alter-
ation of Ca>* homeostasis are generally accepted as the pivotal initial
cellular processes, and evidence for a critical role of the calcineurin/
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NFAT pathway has been reported (Chigurupati et al., 2010). As alterna-
tive downstream targets, TRPC-induced Ca®™ influx can modulate the
activity of other channels or transporters such as the Na™/Ca®* ex-
changer or chloride channels, which can subsequently impact prolifera-
tion and migration of tumor cells (Cuddapah, Turner, & Sontheimer,
2013; Jardin, Lopez, Salido, & Rosado, 2018).

In several forms of human cancer, high expression of TRPC proteins
has been correlated with poor disease prognosis or poor therapeutic
outcome, such as for TRPC1 in breast cancer (Azimi et al., 2017),
TRPC3 in glioblastoma (Chang, Cheng, Tsai, Tsao, & Chen, 2018),
TRPC5 in colon cancer (Chen et al., 2017) and TRPC6 in esophageal squa-
mous cell carcinoma (Zhang et al., 2013) and prostate cancer (Yue,
Wang, Xiao, Wang, & Ren, 2009) patients. In addition, some of the
TRPC channels, including TRPC1/TRPC4/TRPC5, have recently been re-
ported as mediators of cancer cell resistance to certain chemotherapeu-
tics (Ma et al, 2012, 2014; Stewart, Azimi, Thompson, Roberts-
Thomson, & Monteith, 2015; Wang et al., 2015; Wang et al.,, 2018) and
to mediate adverse effects of some anticancer compounds, (Cheung
et al.,, 2018; Muraki et al., 2017). Despite frequently reported correla-
tions between TRPC channel expression/activity and cancer prognosis,
it remains unclear and speculative whether altered TRPC expression is
causally linked to disease progression. Moreover, simultaneous alter-
ations in several TRPC channel members in the same cancer type are
highly probable. For example TRPC1, TRPC3 and TRPC6 have been
shown to play role in breast (Aydar, Yeo, Djamgoz, & Palmer, 2009;
Diez-Bello et al., 2019; Faouzi et al., 2016; Schaar, Sukumaran, Sun,
Dhasarathy, & Singh, 2016) and lung (Jiang et al., 2013; Tajeddine &
Gailly, 2012; Wang et al., 2018; Yang et al., 2017) cancer as well as in
glioblastoma (Chang et al., 2018; Chigurupati et al., 2010; Lepannetier
etal., 2016). This indicates that successful therapy might require inhibi-
tion of multiple TRPC channel species rather than a highly selective in-
tervention in tumors. Alternatively, altered function of TRPC channels
in disease generates a specific signaling pattern that is causally linked
to disease progression. Such disease-specific TRPC signaling pattern
may be effectively targeted by precise photopharmacological interven-
tions. These aspects need careful elucidation in order to clarify the
value of photopharmacology.

One of the organs that display abundant TRPC expression, but at the
same time represent a big challenge for the photopharmacology treat-
ment, is the brain. Importantly, various central nervous functions have
been identified to involve TRPC channels (Becker et al., 2009; Li, Xu, &
Montell, 1999; Munsch, Freichel, Flockerzi, & Pape, 2003; Obukhov &
Nowycky, 2002). TRPC3 has been identified as important signaling pro-
tein in cerebellar Purkinje cells and hippocampus. Mice with the gain-
of-function T635A mutation of the Trpc3 gene display Purkinje cell deg-
radation and cerebellar ataxia, known as the moonwalker phenotype
(Becker et al., 2009). A more recent report suggested that the corre-
sponding TRPC3 mutation (R762H) might also cause spinocerebellar
ataxia in humans (Fogel, Hanson, & Becker, 2015). Moreover, TRPC3
channels were found to determine firing and spike frequency adapta-
tion in murine hippocampal neurons (Neuner et al., 2015), suggesting
that TRPC antagonists might be useful as neurocognitive enhancers in
memory disorders. TRPC4 up-regulation as a consequence of neuronal
injury has been implicated in axonal regeneration (Wu, Huang,
Richardson, Priestley, & Liu, 2008). Hence, interference with neuronal
TRPC signaling in a spatiotemporally precise manner is not only of
value to gain understanding of the exact functions of TRPC channels in
the brain, but might be indeed also considered as a therapeutic concept
to specifically interfere with brain functions and to promote recovery of
neuronal functions.

Evidence has also been reported for a crucial role of TRPC signaling in
neurodegenerative diseases. In vitro studies with a neuroblastoma cells
line (Bollimuntha, Singh, Shavali, Sharma, & Ebadi, 2005) and investiga-
tions in a Parkinson's disease (PD) mouse model (Selvaraj et al., 2012)
demonstrated that TRPC1 might exert a protective effect in
neurotoxin-induced PD, as TRPC1 knockout mice had an increased

unfolded protein response and a decreased number of dopaminergic
neurons. Interestingly, postmortem characterization of substantia
nigra pars compacta of PD patients revealed lowered TRPC1 levels
(Selvaraj et al,, 2012).

Another example of neurological disorders, which are potentially re-
lated to malfunction of TRPC is epilepsy. In murine hippocampal slices,
generation of group I metabotropic glutamate receptor-induced epilep-
tiform discharges was mediated by TRPC channels (Wang, Bianchi,
Chuang, Zhao, & Wong, 2007) with specific TRPC isoforms apparently
exerting divergent, but synergistic roles. Whereas TRPC5 channel is re-
sponsible for the synaptic plasticity and abnormal neuron synchroniza-
tion, TRPC1/TRPC4 complexes are likely involved in epileptiform burst
firing by regulating firing plateau potential (Phelan et al,, 2012, 2013).

In aggregate, neuronal TRPC channels have emerged as pivotal de-
terminants of brain function and disturbances in TRPC expression and/
or signaling features are likely involved in the fate and survival of neu-
ronal cells as well as pathological dysfunction. The option of a precise
and spatiotemporally well controlled manipulation of these ion chan-
nels by photopharmacology deserves consideration as a novel avenue
of therapeutic intervention.

Another area where TRPC channels, especially TRPC6, have been
extensively investigated are renal diseases caused by podocyte
dysfunction. Importantly, TRPC6-mediated podocyte dysfunction is
known to be involved in the pathophysiology of focal segmental
glomerulosclerosis, as these patients have a gain-of-function mutation
in the TRPC6 gene (Winn et al., 2005). Moreover, increased glucose
levels have been reported to induce TRPC6 upregulation in podocytes,
which suggests a role of TRPC6 in the development of diabetic nephrop-
athy (Jardin et al.,, 2017; Liu et al., 2013).

An intracellular localization has been reported for almost all TRP
channels (Dong, Wang, & Xu, 2010). One essential regulatory mecha-
nism for TRP channel activity is their trafficking from intracellular com-
partments to the cell membrane to control transplasmalemmal Ca?™"
transport (Toro, Arias, & Brauchi, 2011). Nonetheless, there is evidence
for a role of intracellularly localized TRP channels contributing to the
regulation of ion homeostasis in different organelles (Dong et al.,
2010). An intracellular, perinuclear localization of TRPC has been re-
ported by several laboratories (Borshtenbinder & Smirnov, 1975;
Lavender, Chong, Ralphs, Wolstenholme, & Reaves, 2008; Trevifio,
Serrano, Beltran, Felix, & Darszon, 2001). Translocation of TRPC proteins
to the plasma membrane is reportedly promoted upon cell activation
(Singh et al., 2004), as demonstrated for epidermal growth factor-
induced translocation of TRPC3, TRPC4, TRPC5 (Bezzerides, Ramsey,
Kotecha, Greka, & Clapham, 2004; Odell, Scott, & Van Helden, 2005;
Smyth, Lemonnier, Vazquez, Bird, & Putney, 2006) and TRPC6 upon
GPCR receptor stimulation and Ca®* store depletion (Cayouette,
Lussier, Mathieu, Bousquet, & Boulay, 2004). Of note, intracellular
TRPC channels may represent not only a pool for the vesicular delivery
of channels towards the plasma membrane. For TRPC3 and TRPC7 local-
ization in Golgi and a role in enhanced constitutive secretion (Lavender
et al., 2008) should be have been suggested. Studies in murine
macrophage-like J774 cells and in alveolar macrophages form TRPC6
knockout mice suggested that TRPC6 is incorporated into the
phagosomal membranes during phagocytosis to enhance phagosomal
acidification (Riazanski et al., 2015). Moreover, a small fraction of
TRPC3 is reportedly localized in mitochondrial membranes and inter-
acts with mitochondrial proteins (Lockwich et al., 2008) to impact mito-
chondrial membrane potential and Ca®>* homeostasis (Feng et al.,
2013). Importantly, a more recent study in a rat model of hypertension
confirmed the importance of TRPC3 channel in mitochondrial function.
TRPC3 expression in mitochondria purified from the vasculature of hy-
pertensive rats was elevated, and this phenomenon was associated with
increased Ca®™ uptake and ROS production (Wang et al., 2017).

In view of the recently accumulating evidence for critical functions
of intracellular TRPC proteins, a modulation of these intracellular
channel proteins by photoswitchable TRPC agonists/inhibitors needs
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consideration. Control over intracellular TRPC channels requires
photoswitches that are sufficiently membrane permeable in order to
reach these targets. Furthermore, stability of the photoswitch in the in-
tracellular environment is essential for effective targeting. Some
azobenzene-based photoswitches have been reported as susceptible
to reduction by thiols such as glutathione (Boulégue et al., 2007),
which makes them barely suitable as intracellular actuators. In this
case, photoswitches with incorporated S-alkyl groups in all four ortho
positions of azobenzene, which are resistant to glutathione (Samanta
et al., 2013), could be compounds of choice. There is as yet paucity of in-
formation regarding the cellular uptake of photopharmacological TRP
actuators. This aspect has so far been addressed only for PhoDAGs by
the Trauner laboratory. By measuring quenching of coumarin fluores-
cence by the azobenzene, they were able to show that different PhoDAG
structures significantly differ in their ability to penetrate into the cell.
The more hydrophobic PhoDAG-1 was mostly trapped in the plasma
membrane, whereas PhoDAG-3 with short lipid chains was able to dif-
fuse and accumulate within the intracellular membranes (Frank et al.,
2016).

4. Conclusions

The recent advances in structural biology of TRPC channels together
with rapid progress in the development of tools and methods for the
control over TRPC channels by light have opened avenues to overcome
the inherent hurdles in therapeutic targeting of these signaling proteins.
As TRPCs serve a wide range of functions in various organ systems, cell-
or tissue-specific therapeutic intervention will require either locally re-
stricted manipulation or the development of new pharmacological tools
that target a cell/phenotype-specific signaling mode of these ion chan-
nels. Technologies for light-mediated control of TRPC function based
on photochromic ligands and chemogenetics are already available and
expected to boost the development of innovative therapeutic concepts
at the basic scientific level and by enabling efficient, all-optical screen-
ing strategies. Provided that clinically suitable methods for introduction
of appropriate light or light sources into target tissues become available,
it appears reasonable to anticipate successful development of TRPC
photopharmacology into future clinical therapies.
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