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Abstract: Diseases that induce a loss of renal function affect a substantial portion of the world’s
population and can range from a slight decline in the glomerular filtration rate or microalbuminuria
to complete kidney failure. Kidney disorders can be acute or chronic, but any significant reduction
in renal function is associated with increased all-cause morbidity and mortality, especially when
the conditions become chronic. There is an urgent need for new therapeutic approaches to slow or
halt the progression of kidney disease. One potential target of considerable interest is the canonical
transient receptor potential-6 (TRPC6) channel. TRCP6 is a cationic channel with a significant
permeability to Ca?t. Ttis expressed in several tissues, including in multiple cell types of the kidney
in glomeruli, microvasculature, and tubules. Here, we will describe TRPC6 channels and their
roles in signal transduction, with an emphasis on renal cells, and the studies implicating TRPC6
channels in the progression of inherited and acquired kidney diseases. We then describe studies
using TRPC6 knockout mice and rats subjected to treatments that model human diseases, including
nephrotic syndromes, diabetic nephropathy, autoimmune glomerulonephritis, and acute kidney
injuries induced by renal ischemia and by obstruction of the urinary tract. TRPC6 knockout has
been shown to reduce glomerular manifestations of disease in several of these models and reduces
renal fibrosis caused by urinary tract obstruction. TRPC6 knockout has proven to be less effective
at reducing diabetic nephropathy in mouse and rat models. We also summarize the implications of
these studies for drug development.
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1. Introduction

It has been estimated that up to 14% of the adult population in the United States
suffers from a significant loss of renal function based on reduced estimated glomerular
filtration rate or albuminuria [1]. Many cases of chronic kidney disease (CKD) are due
to pathological processes that at least initially impact renal glomeruli, and glomerular
diseases remain the most common cause of end-stage kidney failure (ESKF). Examples of
potentially devastating glomerular diseases include diabetic nephropathy, various forms of
autoimmune glomerulonephritis, and various primary nephrotic syndromes [1]. However,
in recent years there have been increases in the incidence of acute kidney injuries (AKI)
that are typically associated with insults to renal tubules, and especially to the proximal
tubule [2]. AKT usually occurs secondary to other conditions, for example, following urinary
tract obstruction or due to renal ischemia following shock, cardiac arrest, or following
certain surgical procedures [2]. It is also a common complication in patients undergoing
intensive care for COVID-19 [3]. There is a current unmet need for pharmacotherapies that
can slow or halt the progression of various forms of CKD, as well as the deleterious renal
responses to AKI.

Ion channels have historically proved to be useful drug targets and it has been esti-
mated that ~15% of all currently used drugs target ion channels [4]. Some, such as calcium
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channel blockers, are in very widespread clinical use. Ion channels are attractive drug
targets because many of them are accessibly located on the cell surface, because they are
particularly susceptible to inhibition or modulation by small molecules with drug-like
properties and because they are amenable to high-throughput drug discovery strategies.
Nevertheless, prior to undertaking a costly drug discovery effort, it is useful to have in-
formation from knockout or transgenic animals designed to assess whether inhibition
or modulation of a particular channel would be useful in a particular disease state and
to assess whether obvious toxicities can be expected in the usual case when a particular
channel is expressed in multiple tissues. Human genetic evidence that implicates an ion
channel in a particular disease process can also be useful in identifying drug targets.

One ion channel that has received particular attention in the context of kidney disease
is the canonical transient receptor potential-6 channel (TRPC6) [5,6]. The interest in TRPC6
as a therapeutic target is based on evidence from both humans and animals. The purpose
of this review is to summarize the evidence to date on the potential of TRPC6 as a drug
target, with a particular emphasis on the effects of TRPC6 knockouts in animal models of
kidney disease.

2. Properties of TRPC6 Channels

TRPC6 is a widely expressed cation channel that plays multiple roles in signal transduc-
tion in different organs [5,6]. Functional TRPC6 channels are tetrameric proteins. Individual
TRPC6 subunits have six transmembrane alpha-helical domains, and the cytosolic portions
of the amino and carboxyl terminals are quite large and contain several regulatory motifs
and protein-interaction domains [5,6]. TRPC6 channels are permeable to Na*, K*, and
Ca2* [7,8] as well as to certain larger metal ions [9], and therefore the activation of these
channels on the cell surface will always result in cell depolarization. In excitable cells, acti-
vation of TRPC6 channels through G protein-coupled receptors (GPCRs) leads to activation
of voltage-activated Ca?* channels (Cay), leading to Ca?* influx and changes in cell motility
or secretion. In those cellular contexts, TRPC6 typically functions as a receptor-operated
cation channel [10], and its permeability to monovalent cations is sufficient to initiate
downstream physiological events. However, in non-excitable cells that do not typically
express functional Ca, channels, the TRPC6 channels are themselves a physiologically
significant source of Ca?*. Because the permeability of TRPC6 to Ca?* is relatively limited
and is markedly reduced as a result of membrane depolarization [7], TRPC6 channels in
non-excitable cells must co-localize closely with their downstream effector proteins. As
such, they are often components of larger molecular signaling complexes that can include
other channels and transporters [5,6].

TRPC6 is a member of the family of canonical transient receptor potential (TRPC)
channels and is most closely related to TRPC3 and TRPC?. It can form functional hetero-
multimers with TRPC3 and TRPC? but is not able to form heteromultimers with either
TRPC4 or TRPC5 [10]. There are reports that TRPC6-TRPC3 heteromers have slightly
different properties than either of the channels expressed by themselves [11]. It is quite
common for TRPC6 and TRPC3 to be co-expressed in many cell types, including in the
kidney [12], and therefore one must consider that at least some of the TRPC6 channels in
situ may be heterotetrameric.

As with other TRP channels, TRPC6 channels can become active in response to bio-
physically distinct stimuli; in other words, their gating at least at the cellular level appears
to be multimodal. The most extensively studied mode is via activation of GPCRs that
are coupled via the G protein Gq to activation of phospholipase C. This pathway leads to
generation of diacylglycerol (DAG), which directly activate the channels [10,13], probably
by binding to domains that stabilize the open state [14,15]. In podocytes, DAG can also
drive signaling cascades that lead to generation of reactive oxygen species (ROS) in the
immediate vicinity of TRPC6 channels, leading to their rapid exocytotic insertion into the
plasma membrane and to their activation [16]. In this regard, TRPC6 channels can move
into the plasma membrane within seconds after the activation of GPCRs [17]. In podocytes
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this occurs in response to angiotensin II acting on AT1 receptors [18,19] or ATP acting on
P2Y receptors [20], and TRPC6 activation by those pathways is completely blocked when
ROS are quenched [18-20].

TRPC6 channels in cells can also become active in response to mechanical stimuli and
this was initially shown to be necessary for autoregulation of cerebral arteries [21]. While
it has been argued that this reflects an intrinsic mechanosensitivity of certain GPCRs [22],
in podocytes the process whereby TRPC6 channels are activated by membrane stretch is
biophysically and pharmacologically distinct from activation mediated by GPCRs (Figure 1).
Thus, mechanical activation of TRPC6 in podocytes persists when G protein signaling is
completely blocked by including GDP-{S in the recording pipette, it is inhibited by toxins
thought to selectively target mechanosensitive channels, it persists in the presence of ROS
quenchers that completely block TRPC6 activation by GPCRs, and it can be enhanced
by knocking down interacting proteins such as podocin that are required for TRPC6
activation by GPCRs [23]. Moreover, mechanical activation of TRPC6 in heterologous
expression systems is eliminated by a mutation in TRPC6 (TRPC6-N143S) that leads to
slightly enhanced activation by GPCR signaling [24]. We should note, however, that both
mechanical and GPCR activation of podocyte TRPC6 channels are completely blocked
by agents such as SAR-7334 and La3* that act directly on the channels [5]. Mechanical
activation of TRPC6 in podocytes is enhanced following disruption of actin filaments with
cytochalasin D, raising the possibility that this mode of activation is regulated by some
sort of interaction with the cytoskeleton [23]. Mechanical activation of TRPC6 channels
has also been observed in glomerular cells in response to increases in intraglomerular
pressure in vivo [25], which could reflect both direct mechanical activation of TRPC6 and
activation via paracrine purinergic signaling. It has been argued that enhanced mechanical
activation of TRPC6 in certain kidney disease states may be a factor that contributes to
renal pathology [5,6,23], as will be discussed further below.
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Figure 1. Activation of TRPC6 channels in podocytes by hypoosmotic stretch of the plasma membrane.
Membrane stretch was evoked by superfusion of an extracellular saline that is 70% as concentrated as
that used when whole-cell contact is initiated (Baseline). (a) Whole-cell recording configuration and
ramp voltage command to characterize cationic currents. Details of recording conditions, including
the voltage-clamp protocol, and the composition of pipette and extracellular solutions are described
in [23]. (b) Cationic currents evoked by membrane stretch are progressively blocked by increasing
concentrations of the selective TRPC6 inhibitor SAR-7334. This recording was made from podocytes
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in an isolated rat glomerulus preparation [5]. (c) Dose-response curve for SAR-7334 in the types of
experiments shown in (b). (d) Stretch-evoked TRPC6 current in a cultured podocyte evoked with
a recording pipette containing 50 pM GDP-(3S, which will block all G protein-mediated signaling
in the cell. Stretch-evoked currents are reversible in podocytes and subsequent exposure to 10 nM
angiotensin II fails to evoke a response. Modified from [23].

3. TRPC6 Expression in the Mammalian Kidney

Attempts to map the distribution of TRPC6 channels in the kidney have been limited by
the underlying cell biology of these proteins and by the methodologies used. An important
caveat to all those studies is that an ion channel can be physiologically important in a cell
in which it is expressed at very low levels. Activation of a very small number of cation
channels can lead to a substantial depolarization depending on whether other channels
are active at the same time, and the influx of a relatively small number of Ca?* ions can
lead to robust activation of downstream signaling proteins if they are co-localized within a
few tens of nanometers of the channel pore [26]. It should also be noted that many of the
commercial TRPC6 antibodies have questionable selectivity (which can vary considerably
from one lot to the next), and therefore immunohistochemical and immunofluorescence
studies of TRPC6 distribution need to be interpreted with caution.

With those caveats, we note that immunofluorescence analysis of mouse kidney car-
ried out with extensively purified and characterized antibodies revealed TRPC6 and TRPC3
expression in glomerular cells, notably mesangial cells and podocytes, and in principal
cells of the collecting duct, where they co-localize with aquaporin-2 [6,12]. Consistent with
that, studies on polarized epithelial cell lines derived from the collecting duct detected
TRPC3 on the apical surface whereas TRPC6 was present on both the apical and basolateral
surface [12]. TRPC6 channels are also present in macrophages, fibroblasts and dendritic
cells that are committed to immune activation and that are present in the renal intersti-
tium [27], and there is evidence that they are also present in afferent or efferent arterioles of
glomeruli [28]. However, among the various renal cells, the most detailed functional studies
of TRPC6 using single-channel and whole-cell recording and Ca?* imaging techniques
have been carried out in mesangial cells and in podocytes [6].

TRPC6 channels in podocytes are expressed in the slit diaphragm domains of foot
processes as well as in the cell body [29,30]. They appear to regulate different biochemical
processes in those compartments, e.g., changes in cytoskeletal dynamics in foot processes,
and regulation of transcription in the cell body [5,6,31-33]. There is often an increase
in TRPC6 abundance in human kidney diseases and in kidney disease models in mice
and rats, and in podocytes there are disease conditions that induce a marked increase in
TRPC6 currents and altered gating properties [5]. It has also been shown that activation
of TRPC6 can lead to an increase in its own transcription in podocytes [32], and TRPC6
can therefore function as part of a positive feedback pathway that drives the progression
of kidney disease. TRPC6 channels in mesangial cells may contribute to contraction [33]
and proliferation [34] of these cells, especially in response to factors such as angiotensin
I1[34]. In subsequent sections, we will describe changes in TRPC6 that have been observed
in human diseases and in animal disease models, and we will then review studies that
test the hypothesis that knockout or inactivation of TRPC6 will slow the progression of
kidney disease.

4. TRPC6 Channels in Glomerular Disease

In 2005 a pair of landmark papers showed that mutations in TRPC6, the gene encoding
TRPC6 channels, can cause severe familial forms of focal and segmental glomerulosclerosis,
with the initial presentation of disease usually occurring in the second or third decade of
life, and often progressing to ESKF [29,35]. Most of these mutations cause a marked gain-of-
function when the channels are expressed in heterologous expression systems and activated
by co-expressed GPCRs. The mechanisms whereby these mutations cause a gain-of-function
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probably depend on which mutation is considered. For example, TRPC6-P112Q), the first
one discovered, is likely to be a trafficking mutant that leads to abnormally increased
steady-state abundance of TRPC6 subunits on cell surface [35]. Several others, such as
TRPC6-M132T, may enhance gating by de-stabilizing the closed state of the channel [14,15].
Since those initial reports, many other TRPC6 mutations have been identified in patients
with nephrotic syndromes [36—43]. The disease-associated TRPC6 mutations described to
date are found in residues that are conserved in other TRPC family proteins, specifically in
the ankyrin-repeat domains near the amino terminus or in other cytosolic domains near
the carboxyl terminal. A recent structural study has shown the existence of inhibitory
and activating Ca?*-binding sites in TRPC3 that are conserved in TRPC6 [15]. These
sites couple intracellular Ca?* concentrations to basal channel activity. Moreover, gain-of-
function mutations of TRPC6 such as M132T appear to activate the channel by allosterically
abolishing the inhibitory effects of intracellular Ca?* [15]. To date, no disease-associated
TRPC6 mutations have been detected in transmembrane alpha helices or in the putative
pore domains. A small number of disease-associated mutations, such as TRPC6-G757D,
have been found to result in a loss of function, and indeed seem to function in a dominant-
negative manner, at least when channels are activated by GPCRs [44]. One would therefore
expect those mutations to cause a loss of function if they were to heteromerize with TRPC3
and one might observe reduced channel activity in heterozygous individuals.

Collectively, these data suggest that some amount of TRPC6 (and/or TRPC3) activity
contributes to the formation of normal glomeruli or their subsequent function but that
sustained hyperactivation of TRPC6 also leads to glomerular disease. Consistent with
this, podocyte-specific expression of disease-causing TRPC6 mutations, especially TRPC6-
M131T, results in albuminuria and glomerulosclerosis [45] albeit less than occurs in humans
with a homologous mutation. Thus, TRPC6-M131T is the mouse homolog of human TRPCé-
M132T, which was discovered in an individual with severe FSGS with a childhood onset
and which produces a very large gain-of-function in heterologous expression systems [36].
The available studies at least suggest that gain-of-function TRPC6 mutations that produce
later onset nephrosis in humans tend to produce less severe kidney disease in mice [45-47].
Familial nephrotic syndromes are quite rare, and only a small proportion of the familial
forms are due to mutations in TRPC6. Indeed, familial nephrotic syndromes are far more
likely to be caused by mutations in NPHS2, the gene that encodes podocin [48], a protein
that among other things regulates TRPC6 gating in podocytes [23].

Acquired glomerular diseases, including various glomerulonephritides and nephrotic
syndromes, are far more common. Therefore, it is notable that wild-type TRPC6 channels
may be dysregulated in acquired forms of glomerular disease. An early study documented
an increase in the expression of TRPC6 transcripts and proteins in glomeruli of patients
with minimal change disease, membranous glomerulonephritis, and to a lesser extent in
patients with primary FSGS [49]. This has also been observed in rat models of glomerular
disease, for example in acute and chronic puromycin aminonucleoside (PAN) nephrosis [50],
autoimmune glomerulonephritis [49,51] and in aging [52]. Changes in overall abundance
do not necessarily imply a change in function because channels are often regulated by
trafficking or by covalent modification, e.g., phosphorylation. However, functional changes
in glomerular TRPC6 channels have been observed in rats during chronic PAN nephrosis [5].
Thus, whole-cell recordings from podocytes in glomeruli acutely isolated during chronic
PAN nephrosis exhibited an almost order of magnitude increase in TRPC6 current evoked
by membrane stretch compared to currents recorded from vehicle-treated healthy controls.
These stretch-evoked currents were blocked by the selective TRPC6 inhibitor SAR-7334 [5].
In addition, currents evoked through GPCRs were reduced in the chronic PAN model,
which probably reflects a marked decrease in the abundance of podocin [5]. A very similar
pattern is observed in cultured podocytes exposed to serum or plasma samples of patients
with recurrent forms of primary FSGS compared to samples from healthy people [53,54].
This effect is mimicked by exposing cultured podocytes to recombinant preparations of
the soluble urokinase receptor (suPAR) [53,54], one of several factors implicated in the
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pathogenesis of primary FSGS [55]. Given that podocytes are always in a mechanically
dynamic environment [56] and that gating of podocyte TRPC6 channels occurs in response
to changes in intraglomerular pressure [25], these gating changes would be expected to
result in increases in Ca?* influx over a sustained period.

5. Effects of TRPC6 Knockout in Animal Models of Kidney Disease

Studies such as those described above suggest that sustained excessive activation of
TRPC6 channels can drive the progression of glomerular disease, at least in part through
Ca?* overload [31,32,57], although other mechanisms may contribute [58]. At least part of
the deleterious effects of TRPC6 activation are probably due to activation of calcineurin-
NFATc cascades [30,31,57], which would be expected to cause substantial changes in
gene expression in podocytes and elsewhere [30,31]. Notably, this includes increases in
the transcription of TRPC6, and thus TRPC6 activation over time will lead to increases
in its own biosynthesis [31]. Sustained Ca?* overload in principle can activate a host
of downstream transduction mechanisms that in cultured cells leads to apoptotic cell
death [57]. TRPC6 activation also leads to activation of calpain, which by analogy to
neurodegenerative states can produce a variety of downstream changes in cytoskeletal
arrangements and the ability of cells to adhere to a substrate [58]. It is interesting that
the activation of calpain may be Ca?*-independent, and may depend on some type of
conformational coupling that requires a direct between TRPC6 and calpain [58]. In any
case, manipulations that reduce the number of active TRPC6 channels would be expected
to attenuate glomerular pathologies. Several studies to test this idea have made use of
TRPC6 knockout models in mice and rats and have examined models of acquired forms of
glomerular disease. These studies are briefly outlined in Table 1. In the rest of this section,
we will summarize results obtained in these studies in more detail.

Table 1. Summary of effects of TRPC6 knockout in animal models of kidney diseases.

Model Species Result Ref.
Acute PAN nephrosis Rat (Sprague Dawley) Ie\j((;r};?c’:ictwe effect on urine albumin [50]
Reduced glomerulosclerosis, albuminuria,
Chronic PAN nephrosis Rat (Sprague Dawley) reduced tubulointerstitial disease, improved [50]
overall renal function
Acute PAN nephrosis in mice over-expressing . Reduced albuminuria and glomerulosclerosis
constitutively active Gq in podocytes Mice (FVB/NJ) and improved overall renal function 5]
. . -, Reduced glomerulosclerosis but no effect on
Autoimmune anti-GBM glomerulonephritis Rat (Sprague Dawley) interstitial fibrosis [51]
. Reduced glomerulosclerosis but no effect on
Aging Rat (Sprague Dawley) decline in overall renal function [52]
Transient protection in young animals but later
Diabetic nephropathy (Akita mouse model) Mice (Akita FVB/N]) insulin resistance occurs by 20 weeks of age [60]
along with loss of renal protective effect
. . No effect on histology or urine albumin
Diabetic nephropathy (STZ model) Rat (Dahl S5) excretion but reduced urine nephrin excretion [61]
. . No effect on histology, urine albumin excretion
Diabetic nephropathy (STZ model) Rat (Sprague Dawley) or urine nephrin excretion [62]
. Reduced urine albumin excretion but no effect
Albumin overload Rat (Sprague Dawley) on interstitial fibrosis [63]
Uuo Mice (129/Sv]) Reduced interstitial fibrosis [64]
Uuo Mice (C57BL/6)) Reduced interstitial fibrosis [65]
Uuo Mice (129/SvEv) Reduced interstitial fibrosis and inhibition of [66]

Ischemia-reperfusion

Ischemia-reperfusion

epithelial-mesenchymal transition

Mice (mixed 129/Sv: C57BL/6]) No protective effect [67]
. Reduced tubular damage based on histology

Mice (129/SvEv) and biochemical markers [68]

5.1. Puromycin Aminonucleoside (PAN) Nephrosis

One widely used model of an acquired glomerular disease is the chronic PAN nephro-
sis model mentioned earlier. In this model, PAN is administered to rats typically by one
or more intraperitoneal injections [69,70]. PAN appears to be selectively taken up by
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podocytes and its subsequent metabolism leads to a massive generation of ROS. Over a
period of days this causes the rapid death of a certain fraction of podocytes due to oxidative
effects throughout the cells. Shortly following the initial PAN injection there is a large
increase in urine albumin excretion, which in rats typically peaks at 9-14 days [70]. These
time points are referred to as the acute phase of the PAN nephrosis model. It is caused by
the acute toxic effects of the drug on podocytes, and while it is sometimes discussed as
a model for minimal change nephrotic syndrome, it is not a direct analog to any human
disease. During this acute phase in rats the glomeruli appear mostly normal by light-level
microscopy, but effacement of foot processes can be seen with electron microscopy. After
that acute phase, the animals appear to recover based on measurements of urine albumin
excretion. However, if the percentage of podocytes killed by the initial PAN insult exceeds
a threshold of approximately 25% the albuminuria will once again begin to rise, and by
30 days after the initial injection it is again possible to detect nephrotic range albuminuria,
which is now accompanied by glomerulosclerosis readily observed at the light microscopic
level [70]. The glomerulosclerosis and fibrosis become much more extensive if a second
PAN injection is given. Chronic PAN nephrosis is considered a model for adaptive forms
of FSGS [70], a common pathological observation in patients with severe uncontrolled hy-
pertension, reductions in renal mass and/or a substantially reduced number of functional
nephrons. Finally, we note that this model is almost always implemented in rats. PAN
does not typically produce glomerular disease in wild-type mice but can do so if additional
manipulations that compromise podocytes are simultaneously employed.

PAN nephrosis during both the acute and chronic phases has been examined in
Sprague Dawley rats in which TRPC6 channels were globally inactivated using CRISP /Cas9
gene editing methods [50] (Figure 2). In those animals, a 239-bp region within exon 2 of
Trpc6 was deleted (thereby creating the Trpc69¢! allele). Homozygous Trpc69¢/4¢l animals
express very small amounts of a truncated TRPC6 protein in which all of exon 2 is removed
by a process of posttranscriptional skipping (Figure 2b). However, the resulting TRPC69¢!
subunits cannot assemble to form functional channels and therefore Trpc69¢/9¢! animals
function as global and constitutive knockouts [50]. For simplicity we will refer to them as
knockouts hereafter. Wild-type littermates (Trpc6"!/ ! rats) were used as controls. Both
types of animals exhibited high levels of albuminuria during the acute phase of the PAN
model, measured 10 days after the initial PAN injection, and there was no difference in urine
albumin excretion between Trpc6W'/ "t and Trpc69¢!/9¢l rats at that time point. A second PAN
injection was given at 30 days, and animals were euthanized 30 days after that (i.e., 60 days
after the first PAN injection). Both groups of animals exhibited albuminuria immediately
prior to euthanasia. However, the 24-h urine albumin excretion in Trpc69¢//9¢! animals
was less than half that detected in the Trpc6""/ "t animals, whereas saline treated animals
had normal urine albumin excretion regardless of genotype [50] (Figure 3). In addition,
Trpc649el/ el animals exhibited substantially less glomerulosclerosis, foot process effacement,
or tubulointerstitial disease (Figure 3). They also exhibited marked improvements in
serum creatinine concentration, blood urea nitrogen, glomerular expression of x-smooth
muscle actin, or glomerular infiltration of CD68-expressing immune cells. TRPC6 knockout
did not affect mean arterial pressure in Sprague Dawley rats [50]. Thus, constitutive
and global TRPC6 knockout markedly reduces disease severity in an animal model of
adaptive FSGS and by most indices disease severity was reduced by approximately 50%.
By contrast, TRPC6 knockout did not produce detectable protective effects during the
acute phase, a time when markedly increased ROS production is adversely affecting a host
of molecular targets in podocytes [50]. TRPC6 knockout in the chronic PAN model also
substantially reduced the severity of tubulointerstitial disease based on histological analysis
and measurements of biochemical markers of inflammation and fibrosis [50]. It should be
noted that the tubulointerstitial disease in the chronic PAN model occurs secondary to the
glomerulosclerosis, in some cases because severely sclerotic glomeruli become detached
from their tubules, and because of an accumulation of fibroblasts surrounding the sclerotic
glomeruli that adversely affect adjacent tubular elements [71]. PAN also evokes marked
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albuminuria and glomerulosclerosis in FVB/N] mice selectively expressing a mutant
constitutively active form of the heterotrimeric G protein Gq in podocytes [59]. Moreover,
when those animals were crossed with TRPC6 knockout mice the resulting albuminuria
and glomerulosclerosis significantly was reduced, consistent with the conclusions of the
studies carried out in rats. We will see further below that protective effects of TRPC6
knockout on tubulointerstitial compartments are not seen in every disease model but can
be quite significant in some.

CIRB domain

Ankyrin Coiled-coil domain
repeat
domain COOH
Crisprl Crispr2
P 239bp j i

W

Exon 1-3 Exon 3-4 Exon 4-8 Exon 8-13 Exon 1-2 Actin

r 1 r r 1 1
M wipwt  delfdel wt/wt  del/del

M wt/wt del/del wt/wt del/del wi/wt del/del wt/wt del/del

900 bp
200bp

500 bp

200 bp

Figure 2. TRPC6 channel subunits and Crispr/Cas9 editing to create Trpc69¢!/9¢l /rats. (a) Organi-
zation of TRPC6 subunits including ankyrin repeats on the amino-terminal cytosolic domain, the
six transmembrane alpha-helices, and regulatory domains on the carboxyl-terminal cytosolic domain.
(b) Crispr/Cas9 editing of the Trpc6 gene was used to delete a 239 bp region located in exon 2, which
normally encodes ankyrin repeats 1 and 2. As a result of the deletion, the animals splice out all of
Exon 2 in a post-translational process. RT-PCR analysis using primers designed to span the exons
indicated shows that exon 2 is missing from the Trpc6 transcripts isolated from kidneys of Trpc6del/del
rats but is present in their Trpc6Wt/ Wt Jittermates. More details are found in [50]. The proteins encoded

by Trpc69€! do not form functional channels [50].

5.2. Anti-GBM Autoimmune Glomerulonephritis

These same Trpc69¢/ 4! rats and their Trpc6™"/ W littermates have been examined in a

model of autoimmune anti-glomerular basement membrane (GBM) glomerulonephritis [51].
The disease in these experiments was induced by intravenous injection of a sheep anti-
rat GBM serum. The sheep antibodies recognize antigens in the GBM, which results in
albuminuria that can be detected 4 days after the injection, i.e., during the heterologous
phase of the immune response [69]. The proteinuria remains severe at 28 days after the
injection by which time the rats have mounted an immune response to the sheep antibodies
that have adhered to the GBM (the autologous phase of the response). At that time, it is
possible to detect extensive depositions of rat IgG and complement within glomeruli, and
serum creatinine and blood urea nitrogen are elevated, indicating a reduction in overall
renal function. Urine markers of proximal tubule damage are also elevated, and there is
extensive fibrosis and necrosis in tubules and in the interstitium that can be detected using
a variety of different histochemical and biochemical markers. In addition, there are marked
increases in TRPC6 and TRPC3 abundance in the glomeruli of Trpc6W"/ "t rats treated with
anti-GBM serum compared to those treated with a control serum. TRPC6 knockout reduced
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glomerulosclerosis in this disease model as ascertained by semi-quantitative analysis of
light microscopic images (Figure 4). By contrast, TRPC6 knockout did not reduce overall
proteinuria, and did not produce any detectable protective effects in tubules or in the
cortical or medullary interstitium [51]. This pattern is distinctly different from that seen in
the chronic PAN model. It is possible that during anti-GBM glomerulonephritis, especially
during the autologous phase, various fibrotic and inflammatory processes will occur in
tubules and interstitium independent of the processes that initially lead to glomerular
scarring. This may occur because immune cells activated within glomeruli subsequently
move through the efferent arteriole and into other renal compartments [72,73] where they
are able to drive inflammation and fibrosis.
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Figure 3. Effects of TRPC6 inactivation in the chronic PAN nephrosis model of adaptive FSGS.
(a) Trpc69¢1/9¢l rats have reduced albuminuria during the chronic phase of PAN nephrosis compared
to their Trpc6™!/™! littermates. Urine was analyzed 60 days after the initial PAN injection. (b) Rep-
resentative sections of renal cortex stained with periodic acid-Schiff’s show that glomerulosclerosis
was less severe a Trpc69¢/9¢! ras than in a Trpc6™/™! littermate. (c) Semiquantitative analysis of
glomerulosclerosis based on experiments similar to that shown in (b), carried out on groups of animals.
(d) Electron microscopy showing reduction in podocyte foot process effacement during chronic PAN
nephrosis in a Trpc69€l/4€! rat compared to a Trpc6™Y Wt littermate. Foot processes are marked by red
arrow heads. Note also markedly increased thickening of glomerular basement membrane (GBM) in
micrograph from a Trpc69€!/4¢! rat, marked by blue asterisk. Compare to normal glomerular basement
membrane indicated by blue triangle. Additional details and analyses are in [50].

An observation made by chance during these experiments is that cells robustly express-
ing the podocyte marker WT-1 can be found far outside of glomeruli in TRPC6 knockout
rats subjected to anti-GBM glomerulonephritis. The mechanisms of this unusual effect are
not known, but it is possible that these misplaced WT-1+ cells are derived from parietal
cells that begin to acquire a podocyte phenotype following glomerular damage [74] but
that the lack of functional TRPC6 channels causes them to migrate aberrantly. Additional
studies are needed to understand this phenomenon.
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Figure 4. Glomerular damage and interstitial disease in anti-GBM glomerulonephritis in rats. (a) Note
severe glomerulosclerosis in a Trpc6"!/ ™! rat during autologous phase of anti-GBM nephritis. There is
also marked hypercellularity in tubulointerstitial areas (arrows) and many of the tubules are dilated,
and hyalinization is present. Glomerulosclerosis is present but is less severe in a Trpc69¢!/d€! rat but
tubulointerstitial disease is still present. (b) Semi-quantitative analysis shows that glomerulosclerosis
is less severe during anti-GBM nephritis in Trpc69¢/4¢! rats compared to Trpc6™!/™t littermates.
Additional details and analyses are in [51].

5.3. Aging

Progressive declines in glomerular filtration rate (GFR) and renal blood flow (RBF) are
a common feature of aging and at least some degree of glomerulosclerosis has been detected
in approximately 70% of people over 40 years of age, with an average decline of nearly
10% of GFR and RBF occurring with each decade of life after the age of 40 [75]. Aging is
associated with glomerular enlargement, widening of the GBM, mesangial expansion, and
podocytopenia [76]. These changes are usually accompanied by increases in urine protein
and albumin excretion [76,77]. In rats, these changes are accompanied by tubulointerstitial
fibrosis [78]. It should be noted that the severity of age-related changes in renal structure
and function depend on multiple factors including genetic background and diet [79].

TRPC6 knockout ameliorates some but not all the changes that occur during renal
senescence in rats. Thus, Trpc69¢!/9¢!l Sprague Dawley rats exhibited significantly less
glomerulosclerosis than their Trpc6"t/ ! littermates at 12 months of age or beyond [52].
Despite that, Trpc69¢!/d¢! rats and their wildtype Trpc6W!/ ™t littermates showed similar
declines in renal function as assessed by blood urea nitrogen, the urine excretion of albumin
and PB2-microglobulin (the latter a marker of proximal tubule integrity), or the severity
of tubulointerstitial fibrosis [52]. Thus, in rats the effect of TRPC6 knockout in aging
is partially glomeruloprotective but this is not sufficient to preserve several of the most
important aspects of renal function that decline during aging.

5.4. Diabetic Nephropathy

Declines in renal function occur in as many as 40% of patients with diabetes mellitus
and is associated with a wide spectrum of changes in renal structure and function. Indeed,
diabetes is the most common cause of ESKF in the world. Hyperglycemia is the hallmark
feature of diabetes regardless of whether one considers type 1 or type 2 diabetes. While
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diabetes produces effects throughout the kidney, the earliest histological manifestations
of diabetic nephropathy are seen in glomeruli, especially with respect to secretion of
mesangial matrix and in the ultrastructure of podocyte foot processes. Hyperfiltration is
usually seen very early during diabetes [80] even before the onset of microalbuminuria, and
the accompanying increase in glomerular capillary pressure would be expected to cause
an increase in TRPC6 activation in podocytes [25]. There is also a substantial literature
indicating that elevated extracellular glucose increases the activity of podocyte TRPC6
channels secondary to increased generation of ROS [81] and as a result of increased signaling
by Ang II [82]. Indeed, increased glomerular TRPC6 abundance is observed in diabetic mice
and rats. Based on these observations it was predicted that TRPC6 knockout or inhibition
would ameliorate diabetic nephropathy (DN). Therefore, it has been somewhat surprising
that TRPC6 knockout by itself does not produce sustained renoprotection in rodent models
of diabetes. The first detailed study was carried out in Akita mice, a genetic model of type
1 diabetes [60]. These animals were crossed with a line of Trpc6 knockout mice that had
been created many years earlier. In the Akita model, TRPC6 knockout was associated with
reduced albuminuria in young animals (12-16 weeks of age). However, this protective
effect was no longer observed once the animals reached 20 weeks of age. TRPC6 knockout
also promoted resistance to insulin signaling in glomeruli and in isolated podocytes due
to reduced expression of insulin receptor substrate 2 and an increase in the expression
of cyclooxygenase 2 [60]. We previously noted that TRPC6 is not the only TRPC channel
expressed in glomeruli, and it has been reported that a combined global knockout of TRPC3,
TRPC6, and TRPC7 in mice reduced albuminuria and histological kidney damage in the
streptozotocin (STZ) model of type 1 diabetes in mice up to at least 12 weeks of age [83],
but it is not known if the protection by these multiple knockouts would have been more
sustained, and it is not known if this strain of mice becomes insulin-resistant.

One limitation of studies of diabetic nephropathy in mice is that the renal disease in
this species tends to be relatively mild, certainly compared to what occurs in humans. It is
also highly dependent on genetic background. However, the effects of TRPC6 knock-
out have also been studied in diabetic rats, which typically show more severe renal
disease. Thus, type 1 diabetes induced by STZ is associated with increased glomeru-
lar TRPC6 expression in Dahl SS rats. TRPC6 inactivation using CRISPR/Cas9 in that
strain did not ameliorate elevated blood glucose or urine albumin excretion. There was
however a small reduction in urine nephrin excretion, suggesting that the knockout de-
creased podocyte detachment and there was also some reduction in basal Ca?* levels [61].
A similar result was obtained in Sprague Dawley rats, in which TRPC6 knockout produced
no discernible protective effect on hyperglycemia, albuminuria, histological kidney injury,
blood urea nitrogen, or plasma creatinine [62]. In that strain there was no decrease in urine
nephrin excretion [62]. Moreover, in contrast to what was observed in mice, there were no
indications of a protective effect even in young rats [62]. The differences in these various
studies may reflect both species and genetic background, which can have significant effects
on the severity of renal complications in diabetes [84]. The results of these studies have
however suggested related therapeutic approaches. Thus, ROS generated by NADPH
oxidase-4 leads to mobilization of TRPC6 in podocytes [85] and NOX4 knockout is pro-
tective in STZ-induced diabetes and is associated with markedly reduced Ca?* influx in
podocytes from diabetic Dahl SS rats [86]. GLP-1 agonists, such as liraglutide, reduce the
expression of glomerular TRPC6 in STZ-induced diabetes in Sprague Dawley rats and may
act to reduce interactions between TRPC6 and NADPH oxidases [87]. Thus, it is possible
inhibition of TRPC6 may not be sufficient to ameliorate diabetic nephropathy but might
potentiate effects of other therapeutic strategies.

5.5. Tubulointerstitial Fibrosis and Acute Kidney Injuries

All the models described above exhibit substantial glomerular involvement at the ear-
liest stages of the disease. However, TRPC6 channels have also been implicated in disease
processes in which the initial pathology is observed in distal tubules and in the interstitium
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and in which there is minimal glomerular involvement. This has been most extensively
studied in the unilateral ureteral obstruction (UUO) model in mice [64—66]. UUO induces a
kidney injury that occurs initially within distal tubular epithelia, but which has sequelae
that affect other parts of the kidney. UUO induces tubular dilation, interstitial expansion,
loss of proximal tubular mass, hydronephrosis, infiltration of leukocytes and activated fi-
broblasts, and tubuloepithelial cell death. The fibrosis that occurs after UUO in mice occurs
with a rapid onset compared to that which occurs in humans following obstruction of the
urinary tract [88]. Several studies have now reported reductions in tubulointerstitial fibrosis
in TRPC6 knockout mice subjected to UUO, based on extensive histological analysis and
measurement of numerous biochemical and circulating markers [64-66]. A representative
example from the first of those studies is shown in Figure 5. These investigators also found
that administration of soluble klotho evoked a decrease in TRPC6 expression throughout
the kidney and reduced UUO-induced tubulointerstitial fibrosis in wild-type but not in
TRPC6 knockout mice [64]. These conclusions are supported by pharmacological data.
Thus, the selective TRPC6 inhibitor BI 749327 [89], and the pan-TRPC inhibitor 4-methyl-
4-[3,5-bis(trifluoromethyl)-1H-pyrazol-1-yl]-1,2,3-thiadiazole-5-carbox anilide (BTP2) [64]
have been observed to reduce renal fibrosis induced by UUO [64,89] well as cardiac fibrosis
and hypertrophy in mice subjected to chronic pressure overload [89]. In addition, a struc-
turally distinct TRPC6 inhibitor known as SH045 reduces renal fibrosis in an obesity model
of metabolic syndrome [90]. Thus, TRPC6 knockout or inhibition in mice appears to have a
non-trivial anti-fibrotic effect in at least two different tissues.

Fibrotic area

40 P=0.029
. WT
30 . Trpc6
% 20 .
0
Sham uuo
(A) (B)

Figure 5. Reduction in renal fibrosis in Trpc6~/~ mice following unilateral ureteral obstruction.
(A) Histological analysis based on Masson’s trichrome stain. (B) Quantitative analysis of this type of
experiment from many animals. Asterisks indicate p < 0.05 compared to sham. Modified from [64]
and used with permission.

UUO is a model of a post-renal obstructive injury, but many cases of AKI are a
consequence of pre-renal mechanisms in which there is extensive ischemia. The results
published to date on the role of TRPC6 in ischemia-reperfusion models of AKI have reached
different conclusions. Thus, in mice on a mixed 129 Sv:C57BL/6] background, TRPC6
knockout had no effect on the expression of epithelial damage markers, or on the tubular
injury or the inflammatory response assessed by histological analyses [67]. Moreover,
TRPC6 abundance was not increased by this manipulation, and administration of the
TRPC6 inhibitors SH045 or BI-749327 to C57NL /6] mice had no effect on ischemic AKI in
this model [67]. By contrast, 129CvEv mice subjected to ischemia-reperfusion exhibited a
marked increase in renal TRPC6 abundance and TRPC6 knockout resulted in a significant
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reduction in renal injury as assessed by both histology and measurement of biochemical
markers of inflammation, autophagy, apoptosis, and mitochondrial function [68]. A similar
result was obtained in cultured tubular epithelial cells [68]. The reasons why these studies
reached different conclusions are not known, but it bears noting that the duration of the
renal ischemia was different in the two studies (20 min in [67] vs. 40 min in [68]) and the
experiments were carried out on mice from different genetic backgrounds.

TRPC6 knockout has also been examined in the albumin overload (AO) model of
renal fibrosis in rats [63]. In this model, rats are administered a heterologous form of
exogenous albumin, usually bovine serum albumin, by daily intraperitoneal injections over
a period of 2-6 weeks. This protocol produces hyperalbuminemia and albuminuria that is
accompanied by damage to proximal tubules, tubulointerstitial nephritis and fibrosis [91].
There is also mild pathology in glomeruli, for example, there is an increase in phagocytic
granules within podocytes. This is not an autoimmune model, rather it is generally thought
that proximal tubule cells are damaged following endocytosis and lysosomal processing of
excessive quantities of albumin [91]. Proximal tubule cells secrete a variety of factors in
response to protein overload that can contribute to the overall tubulointerstitial injury [92],
although it is possible that glomerular cells contribute to this process [93]. We recently
observed that AO in Sprague Dawley rats resulted in an increase in the abundance of
TRPC6 and TRPC3, which, surprisingly, was accompanied by a nearly complete loss of
TRPCS5 in the renal cortex [63]. Moreover, TRPC6 knockout rats (Trpc6d81/ dely exhibited
a 40-50% reduction in albuminuria following 2 or 4 weeks of AO compared to wildtype
littermate (Trpc6"/ ") controls [63]. Similarly, knockout of syndecan-4, which results in
marked reduction of glomerular TRPC6 expression in mice, also reduced urine albumin
excretion following AO [94]. Despite the reduction in proteinuria, there was no reduction
in tubulointerstitial disease in rats seen with TRPC6 knockout [63]. It is possible that the
reduction in urine albumin in the TRPC6 knockout animals was insufficient to prevent
proximal tubule cells from triggering pro-fibrotic and pro-inflammatory signals. It is also
possible that some of the pro-inflammatory signals that trigger tubulointerstitial disease
during AO originate in glomeruli and are unaffected or enhanced by TRPC6 knockout.

6. Implications and Limitations of Studies on TRPC6 Knockout Animals for
Drug Development

Studies using TRPC6 knockout animals support continuing drug discovery efforts that
target TRPC6 channels directly or indirectly for therapy of kidney diseases. From a purely
biological perspective, the strongest case for this class of drugs would be for people with
familial nephrotic syndromes that are caused by one of the gain-of-function mutations of
TRPC6, and it bears noting that SH045, which is a congener of the natural product (+)-larixol,
is able to block those mutant TRPC6 variants [90]. Agents that block or suppress TRPC6
may also be effective in other genetic forms of FSGS, such as those that are associated with
mutations in NPHS2 [23]. Based on the actions of putative serum “permeability factors” on
TRPC6 channels in podocytes, including samples taken from patients, it is possible that
TRPC6 inhibitors could be efficacious in people with primary FSGS [53,54], and knockout
studies in rats support the concept of TRPC6 inhibition in adaptive forms of FSGS [50],
commonly seen in patients with severe uncontrolled hypertension, reduced renal mass,
or a markedly reduced number of functional nephrons. Based on studies in knockout
mice, there is evidence that TRPC6 inhibition may be useful to reduce tubulointerstitial
fibrosis, especially if it is caused by urinary tract obstruction [64-66], and, importantly,
these conclusions are supported by pharmacological data [64,89,90]. Finally, and somewhat
unexpectedly, the effects of TRPC6 knockout in diabetic kidney disease models in rodents
have been disappointing [60-62].

A limitation of nearly all preclinical studies is the issue of species differences and
difference due to genetic background. Mice and rats are not people and ion channels may
have somewhat different functions in various tissues depending on species. In addition,
the disease models used in rats and mice are not perfect copies of what occurs in humans.
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For example, diabetic kidney disease in rats and especially in mice is not as severe as it is in
humans, shows somewhat different histological characteristics, and is highly dependent
on genetic background [84]. In addition, there are no widely available animal models for
relatively common kidney diseases in humans, such as primary FSGS. Other models, such
as acute PAN nephrosis and the use of protamine sulfate, are not really models for any
human disease, although they certainly damage glomeruli and may yield useful insights.
On the other hand, autoimmune, ischemia-reperfusion, and urinary tract obstruction
models recapitulate many aspects of common human kidney disorders and injuries [69,88].
Finally, one needs to consider the issue of lifespan and how it affects the development of a
kidney disease. A human with a TRPC6 mutation may experience renal failure in the third
decade of life [35], which would be considered quite young relative to a normal human
lifespan, and yet an adult mouse constitutively over-expressing the same TRPC6 variant
may barely show any effects [46,47]. Perhaps this reflects the fact that laboratory mice only
live for 24-30 months, or perhaps it reflects the fact that mice have a great deal of spare
capacity in their kidneys.

All of the TRPC6 knockout models published to date have been constitutive and
global, which raises the possibility of effects on pre- or post-natal developmental processes.
It also raises the possibility of compensatory changes in the expression of other genes. For
example, at least at the level of protein abundance, TRPC6 knockout rats have an increase
in TRPC3 expression in the kidneys, although at least in podocytes the TRPC3 channels
are not sufficient to sustain signaling by themselves [19,50]. That is almost certainly not
true in every cell type or tissue. Indeed, compensatory increases in TRPC3 can lead to an
increase in contractility of vascular smooth muscle and hypertension in TRPC6 knockout
mice [95], although the extent to which this occurs depends on genetic background [96].
Compensatory changes would be unlikely to occur to the same extent with pharmacological
inhibition of TRPC6, which would normally be less complete, initiated later in life, and
subjected to fluctuations related to the pharmacokinetics of a drug. In this regard, it
might be useful to study agents that inhibit TRPC6 and TRPC3, many of which have been
discovered. For example, BTP2 was efficacious in the UUO model of renal fibrosis [64].
Finally, we note that TRPC6 knockout is a model of a monotherapy. However current
therapy of kidney disease almost always entails the use of multiple agents, and it is possible
that TRPC6 inhibition would be more effective if other targets were simultaneously blocked,
especially in the case of diabetic nephropathy or hypertension.

In summary, a strong argument can be made for continued drug discovery efforts
focused on agents that modulate directly or indirectly the activity of TRPC6 channels and
related members of the TRP family of cationic channels.

Author Contributions: Both authors participated in preparation of the figures. S.E.D. wrote the initial
draft of the paper. All authors have read and agreed to the published version of the manuscript.

Funding: Research in the authors’ laboratory is funded by National Institutes of Health grant
5-R01-DK104708.

Institutional Review Board Statement: All procedures used in the animal experiments carried out in
the authors’ laboratory that were cited here were approved by the University of Houston Institutional
Animal Care and Use Committee following NIH and ARRIVE guidelines for the care and use of animals.

’

Informed Consent Statement: All procedures used in the animal experiments from the authors
laboratory cited in this review were approved by the University of Houston Institutional Animal
Care and Use Committee following NIH and ARRIVE guidelines for the care and use of animals.
Neither of the authors have any financial interests to disclose.

Conflicts of Interest: Dryer has received speaker’s honoraria from Amgen Inc., Walden Biosciences
Inc., and Ardelyx Inc. and currently serves as a scientific advisor to Actio Biosciences Inc. Kim has no
conflict to declare.



Biomolecules 2022, 12,1710 15 of 18

References

1. United States Renal Data System. USRDS Annual Data Report: Epidemiology of Kidney Disease in the United States; National Institutes
of Health, National Institute of Diabetes and Digestive and Kidney Diseases: Bethesda, MD, USA, 2021.

2. Hsu, RS,; Hsu, C.Y. The role of acute kidney injury in chronic kidney disease. Semin. Nephrol. 2016, 36, 283-292. [CrossRef]
[PubMed]

3. Schaubroeck, H.; Vandenberghe, W.; Boer, W.; Boonen, E.; Dewulf, B.; Bourgeois, C.; Dubois, ].; Dumoulin, A.; Fivez, T.; Gunst, J.;
et al. Acute kidney injury in critical COVID-19: A multicenter cohort analysis in seven large hospitals in Belgium. Crit. Care 2022,
26, 225. [CrossRef] [PubMed]

4. McManus, O.B. HTS assays for developing the molecular pharmacology of ion channels. Curr. Opin. Pharmacol. 2014, 15, 91-96.
[CrossRef] [PubMed]

5. Dryer, S.E.; Roshanravan, H.; Kim, E.Y. TRPC channels: Regulation, dysregulation and contributions to chronic kidney disease.
Biochim. Biophys. Acta Mol. Basis Dis. 2019, 1865, 1041-1066. [CrossRef] [PubMed]

6. Staruschenko, A.; Ma, R.; Palygin, O.; Dryer, S.E. Ion channels and channelopathies in glomeruli. Physiol Rev. 2022, in press.
[CrossRef]

7.  Estacion, M.; Sinkins, W.G.; Jones, S.W.; Applegate, M.A.; Schilling, W.P. Human TRPC6 expressed in HEK 293 cells forms
non-selective cation channels with limited Ca®* permeability. J. Physiol. 2006, 572 Pt 2, 359-377. [CrossRef]

8.  Dryer, S.E; Kim, E.Y. Permeation and rectification in canonical transient receptor potential-6 (TRPC6) channels. Front. Physiol.
2018, 9, 1055. [CrossRef]

9.  Chevallet, M.; Louis Jarvis, L.; Harel, A.; Luche, S.; Degot, S.; Chapuis, V.; Boulay, G.; Rabilloud, T.; Bouron, A. Functional
consequences of the over-expression of TRPC6 channels in HEK cells: Impact on the homeostasis of zinc. Metallomics 2014, 6,
1269-1276. [CrossRef]

10. Dietrich, A.; Chubanov, V.; Kalwa, H.; Rost, B.R.; Gudermann, T. Cation channels of the transient receptor potential superfamily:
Their role in physiological and pathophysiological processes of smooth muscle cells. Pharmacol. Ther. 2006, 112, 744-760.
[CrossRef]

11.  Quick, K;; Zhao, J.; Eijkelkamp, N.; Linley, J.E.; Rugiero, E; Cox, ].].; Raouf, R.; Gringhuis, M.; Sexton, J.E.; Abramowitz, J.; et al.
TRPC3 and TRPC6 are essential for normal mechanotransduction in subsets of sensory neurons and cochlear hair cells. Open Biol.
2012, 2, 120068. [CrossRef]

12.  Goel, M,; Sinkins, W.G.; Zou, C.D.; Estacion, M.; Schilling, W.P. Identification and localization of TRPC channels in the rat kidney.
Am. J. Physiol. Renal. Physiol. 2006, 290, F1241-F1252. [CrossRef]

13. Hofmann, T.; Obukhov, A.G.; Schaefer, M.; Harteneck, C.; Gudermann, T.; Schultz, G. Direct activation of human TRPC6 and
TRPC3 channels by diacylglycerol. Nature 1999, 397, 259-263. [CrossRef]

14. Bai, Y,; Yu, X.; Chen, H.; Horne, D.; White, R.; Wu, X,; Lee, P; Gu, Y.; Ghimire-Rijal, S.; Lin, D.C.; et al. Structural basis for
pharmacological modulation of the TRPC6 channel. eLife 2020, 9, e5331. [CrossRef]

15.  Guo, W,; Tang, Q.; Wei, M.; Kang, Y.; Wu, ].X.; Chen, L. Structural mechanism of human TRPC3 and TRPC6 channel regulation by
their intracellular calcium-binding sites. Neuron 2022, 110, 1023-1035.e5. [CrossRef]

16. Kim, E.Y.; Anderson, M.; Wilson, C.; Hagmann, H.; Benzing, T.; Dryer, S.E. NOX2 interacts with podocyte TRPC6 channels and
contributes to their activation by diacylglycerol: Essential role of podocin in formation of this complex. Am. J. Physiol. Cell Physiol.
2013, 305, C960-C971. [CrossRef]

17. Cayouette, S.; Lussier, M.P,; Mathieu, E.L.; Bousquet, S.M.; Boulay, G. Exocytotic insertion of TRPC6 channel into the plasma
membrane upon Gq protein-coupled receptor activation. J. Biol. Chem. 2004, 279, 7241-7246. [CrossRef]

18.  Anderson, M.; Roshanravan, H.; Khine, J.; Dryer, S.E. Angiotensin II activation of TRPC6 channels in rat podocytes requires
generation of reactive oxygen species. J. Cell. Physiol. 2014, 229, 434-442. [CrossRef]

19. Ilatovskaya, D.V,; Palygin, O.; Chubinskiy-Nadezhdin, V.; Negulyaev, Y.A; Ma, R.; Birnbaumer, L.; Staruschenko, A. Angiotensin
IT has acute effects on TRPC6 channels in podocytes of freshly isolated glomeruli. Kidney Int. 2014, 86, 506-514. [CrossRef]

20. Roshanravan, H.; Dryer, S.E. ATP acting through P2Y receptors causes activation of podocyte TRPC6 channels: Role of podocin
and reactive oxygen species. Am. |. Physiol. Renal. Physiol. 2014, 306, F1088-F1097. [CrossRef]

21. Welsh, D.G.; Morielli, A.D.; Nelson, M.T.; Brayden, J.E. Transient receptor potential channels regulate myogenic tone of resistance
arteries. Circ. Res. 2002, 90, 248-250. [CrossRef]

22.  Mederos y Schnitzler, M.; Storch, U.; Meibers, S.; Nurwakagari, P,; Breit, A.; Essin, K.; Gollasch, M.; Gudermann, T. Gg-coupled
receptors as mechanosensors mediating myogenic vasoconstriction. EMBO J. 2008, 27, 3092-3103. [CrossRef] [PubMed]

23.  Anderson, M.; Kim, E.Y.; Hagmann, H.; Benzing, T.; Dryer, S.E. Opposing effects of podocin on the gating of podocyte TRPC6
channels evoked by membrane stretch or diacylglycerol. Am. J. Physiol. Cell Physiol. 2013, 305, C276—-C289. [CrossRef] [PubMed]

24. Wilson, C.; Dryer, S.E. A mutation in TRPC6 channels abolishes their activation by hypoosmotic stretch but does not affect
activation by diacylglycerol or G protein signaling cascades. Am. J. Physiol. Renal. Physiol. 2014, 306, F1018-F1025. [CrossRef]
[PubMed]

25. Gyarmati, G.; Toma, L; Izuhara, A.; Burford, ].L.; Shroff, U.N.; Papadouri, S.; Deepak, S.; Peti-Peterdi, ]. The role of TRPC6 calcium

channels and P2 purinergic receptors in podocyte mechanical and metabolic sensing. Physiol. Int. 2021, 109, 31-45. [CrossRef]
[PubMed]


http://doi.org/10.1016/j.semnephrol.2016.05.005
http://www.ncbi.nlm.nih.gov/pubmed/27475659
http://doi.org/10.1186/s13054-022-04086-x
http://www.ncbi.nlm.nih.gov/pubmed/35879765
http://doi.org/10.1016/j.coph.2014.01.004
http://www.ncbi.nlm.nih.gov/pubmed/24556186
http://doi.org/10.1016/j.bbadis.2019.04.001
http://www.ncbi.nlm.nih.gov/pubmed/30953689
http://doi.org/10.1152/physrev.00013.2022
http://doi.org/10.1113/jphysiol.2005.103143
http://doi.org/10.3389/fphys.2018.01055
http://doi.org/10.1039/c4mt00028e
http://doi.org/10.1016/j.pharmthera.2006.05.013
http://doi.org/10.1098/rsob.120068
http://doi.org/10.1152/ajprenal.00376.2005
http://doi.org/10.1038/16711
http://doi.org/10.7554/eLife.53311
http://doi.org/10.1016/j.neuron.2021.12.023
http://doi.org/10.1152/ajpcell.00191.2013
http://doi.org/10.1074/jbc.M312042200
http://doi.org/10.1002/jcp.24461
http://doi.org/10.1038/ki.2014.71
http://doi.org/10.1152/ajprenal.00661.2013
http://doi.org/10.1161/hh0302.105662
http://doi.org/10.1038/emboj.2008.233
http://www.ncbi.nlm.nih.gov/pubmed/18987636
http://doi.org/10.1152/ajpcell.00095.2013
http://www.ncbi.nlm.nih.gov/pubmed/23657570
http://doi.org/10.1152/ajprenal.00662.2013
http://www.ncbi.nlm.nih.gov/pubmed/24598806
http://doi.org/10.1556/2060.2021.00205
http://www.ncbi.nlm.nih.gov/pubmed/34978536

Biomolecules 2022, 12,1710 16 of 18

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Naraghi, M.; Neher, E. Linearized buffered Ca?* diffusion in microdomains and its implications for calculation of [Ca2+] at the
mouth of a calcium channel. J. Neurosci. 1997, 17, 6961-6973. [CrossRef]

Ramirez, G.A.; Coletto, L.A.; Sciorati, C.; Bozzolo, E.P,; Manunta, P.; Rovere-Querini, P.; Manfredi, A.A. Ion channels and
transporters in inflammation: Special focus on TRP channels and TRPC6. Cells 2018, 7, 70. [CrossRef]

Facemire, C.S.; Mohler, PJ.; Arendshorst, W.]. Expression and relative abundance of short transient receptor potential channels in
the rat renal microcirculation. Am. J. Physiol. Renal. Physiol. 2004, 286, F546-F551. [CrossRef]

Reiser, J.; Polu, K.R.; Moller, C.C.; Kenlan, P.; Altintas, M.M.; Wei, C.; Faul, C.; Herbert, S.; Villegas, I.; Vila-Casado, C.; et al.
TRPC6 is a glomerular slit diaphragm-associated channel required for normal renal function. Nat. Genet. 2005, 37, 739-744.
[CrossRef]

Huber, T.B.; Schermer, B.; Miiller, R.U.; Hohne, M.; Bartram, M.; Calixto, A.; Hagmann, H.; Reinhardt, C.; Koos, F.; Kunzelmann,
K.; et al. Podocin and MEC-2 bind cholesterol to regulate the activity of associated ion channels. Proc. Natl. Acad. Sci. USA 2006,
103, 17079-17086. [CrossRef]

Nijenhuis, T.; Sloan, A.].; Hoenderop, ].G.; Flesche, ].; van Goor, H.; Kistler, A.D.; Bakker, M.; Bindels, R.J.; de Boer, R.A.; Moller,
C.C,; et al. Angiotensin II contributes to podocyte injury by increasing TRPC6 expression via an NFAT-mediated positive feedback
signaling pathway. Am. J. Pathol. 2011, 179, 1719-1732. [CrossRef]

Schlondorff, J.; Del Camino, D.; Carrasquillo, R.; Lacey, V.; Pollak, M.R. TRPC6 mutations associated with focal segmental
glomerulosclerosis cause constitutive activation of NFAT-dependent transcription. Am. J. Physiol. Cell Physiol. 2009, 296,
C558-C569. [CrossRef]

Graham, S.; Gorin, Y.; Abboud, H.E.; Ding, M.; Lee, D.Y,; Shi, H.; Ding, Y.; Ma, R. Abundance of TRPC6 protein in glomerular
mesangial cells is decreased by ROS and PKC in diabetes. Am. J. Physiol Cell Physiol. 2011, 301, C304-C315. [CrossRef]

Qiu, G,; Ji, Z. Angll-induced glomerular mesangial cell proliferation inhibited by losartan via changes in intracellular calcium ion
concentration. Clin. Exp. Med. 2014, 14, 169-176. [CrossRef]

Winn, M.P; Conlon, PJ.; Lynn, K.L.; Farrington, M.K.; Creazzo, T.; Hawkins, A.F,; Daskalakis, N.; Kwan, S.Y.; Ebersviller, S.;
Burchette, J.L.; et al. A mutation in the TRPC6 cation channel causes familial focal segmental glomerulosclerosis. Science 2005,
308, 1801-1804. [CrossRef]

Heeringa, S.F,; Moller, C.C.; Du, J.; Yue, L.; Hinkes, B.; Chernin, G.; Vlangos, C.N.; Hoyer, P.F,; Reiser, J.; Hildebrandt, F. A novel
TRPC6 mutation that causes childhood FSGS. PLoS ONE 2009, 4, €7771. [CrossRef]

Obeidova, L.; Reiterova, J.; Lnénicka, P; Stekrova, I Safrankova, H.; Kohoutova, M.; Tesat, V. TRPC6 gene variants in Czech
adult patients with focal segmental glomerulosclerosis and minimal change disease. Folia Biol. 2012, 58, 173-176.

Barua, M.; Brown, E.J.; Charoonratana, V.T.; Genovese, G.; Sun, H.; Pollak, M.R. Mutations in the INF2 gene account for
a significant proportion of familial but not sporadic focal and segmental glomerulosclerosis. Kidney Int. 2013, 83, 316-322.
[CrossRef]

Santin, S.; Ars, E.; Rossetti, S.; Salido, E.; Silva, 1.; Garcia-Maset, R.; Giménez, I.; Ruiz, P.; Mendizabal, S.; Luciano Nieto, J.; et al.
TRPC6 mutational analysis in a large cohort of patients with focal segmental glomerulosclerosis. Nephrol. Dial. Transplant. 2009,
24, 3089-3096. [CrossRef]

Hofstra, ].M.; Lainez, S.; van Kuijk, W.H.; Schoots, ].; Baltissen, M.P.; Hoefsloot, L.H.; Knoers, N.V.; Berden, ].H.; Bindels, R.J.;
van der Vlag, J.; et al. New TRPC6 gain-of-function mutation in a non-consanguineous Dutch family with late-onset focal
segmental glomerulosclerosis. Nephrol. Dial. Transplant. 2013, 28, 1830-1838. [CrossRef]

Biischer, A.K.; Konrad, M.; Nagel, M.; Witzke, O.; Kribben, A.; Hoyer, P.E; Weber, S. Mutations in podocyte genes are a rare cause
of primary FSGS associated with ESRD in adult patients. Clin. Nephrol. 2012, 78, 47-53. [CrossRef]

Mir, S.; Yavascan, O.; Berdeli, A.; Sozeri, B. TRPC6 gene variants in Turkish children with steroid-resistant nephrotic syndrome.
Nephrol. Dial. Transplant. 2012, 27, 205-209. [CrossRef] [PubMed]

Zhu, B,; Chen, N.; Wang, Z.H.; Pan, X.X.; Ren, H.; Zhang, W.; Wang, W.M. Identification and functional analysis of a novel TRPC6
mutation associated with late onset familial focal segmental glomerulosclerosis in Chinese patients. Mutat. Res. 2009, 664, 84-90.
[CrossRef] [PubMed]

Riehle, M.; Buscher, A.K.; Gohlke, B.O.; Kassmann, M.; Kolatsi-Joannou, M.; Brasen, ].H.; Nagel, M.; Becker, ].U.; Winyard, P.;
Hoyer, PF,; et al. TRPC6 G757D loss-of-hunction mutation associates with FSGS. J. Am. Soc. Nephrol. 2016, 27, 2771-2783.
[CrossRef] [PubMed]

Canales, C.P; Krall, P.; Kairath, P.; Perez, I1.C.; Fragoso, M.A.; Carmona-Mora, P.; Ruiz, P; Reiser, J.; Young, J.I.; Walz, K.
Characterization of a Trpc6 Transgenic Mouse Associated with Early Onset FSGS. Br. |. Med. Med. Res. 2015, 5, 1198-2012.
[CrossRef] [PubMed]

Krall, P.; Canales, C.P; Kairath, P.; Carmona-Mora, P.; Molina, ].; Carpio, ]J.D.; Ruiz, P.; Mezzano, S.A.; Li, J.; Wei, C.; et al.
Podocyte-specific overexpression of wild type or mutant trpc6 in mice is sufficient to cause glomerular disease. PLoS ONE 2010,
5, €12859. [CrossRef]

Brown, B.J.; Boekell, K.L.; Stotter, B.R.; Talbot, B.E.; Schlondorff, ].S. Gain-of-function, focal segmental glomerulosclerosis Trpc6
mutation minimally affects susceptibility to renal injury in several mouse models. PLoS ONE 2022, 17, e0272313. [CrossRef]
Boute, N.; Gribouval, O.; Roselli, S.; Benessy, F; Lee, H.; Fuchshuber, A.; Dahan, K.; Gubler, M.C.; Niaudet, P.; Antignac, C.
NPHS2, encoding the glomerular protein podocin, is mutated in autosomal recessive steroid-resistant nephrotic syndrome. Nat.
Genet. 2000, 24, 349-354. [CrossRef]


http://doi.org/10.1523/JNEUROSCI.17-18-06961.1997
http://doi.org/10.3390/cells7070070
http://doi.org/10.1152/ajprenal.00338.2003
http://doi.org/10.1038/ng1592
http://doi.org/10.1073/pnas.0607465103
http://doi.org/10.1016/j.ajpath.2011.06.033
http://doi.org/10.1152/ajpcell.00077.2008
http://doi.org/10.1152/ajpcell.00014.2011
http://doi.org/10.1007/s10238-013-0232-y
http://doi.org/10.1126/science.1106215
http://doi.org/10.1371/journal.pone.0007771
http://doi.org/10.1038/ki.2012.349
http://doi.org/10.1093/ndt/gfp229
http://doi.org/10.1093/ndt/gfs572
http://doi.org/10.5414/CN107320
http://doi.org/10.1093/ndt/gfr202
http://www.ncbi.nlm.nih.gov/pubmed/21511817
http://doi.org/10.1016/j.mrfmmm.2008.11.021
http://www.ncbi.nlm.nih.gov/pubmed/19124028
http://doi.org/10.1681/ASN.2015030318
http://www.ncbi.nlm.nih.gov/pubmed/26892346
http://doi.org/10.9734/BJMMR/2015/12493
http://www.ncbi.nlm.nih.gov/pubmed/34012910
http://doi.org/10.1371/journal.pone.0012859
http://doi.org/10.1371/journal.pone.0272313
http://doi.org/10.1038/74166

Biomolecules 2022, 12,1710 17 of 18

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Moller, C.C.; Wei, C.; Altintas, M.M.; Li, J.; Greka, A.; Ohse, T.; Pippin, ].W.; Rastaldi, M.P.; Wawersik, S.; Schiavi, S.; et al.
Induction of TRPC6 channel in acquired forms of proteinuric kidney disease. ]. Am. Soc. Nephrol. 2007, 18, 29-36. [CrossRef]
Kim, E.Y.; Yazdizadeh Shotorbani, P.; Dryer, S.E. Trpc6 inactivation confers protection in a model of severe nephrosis in rats.
J. Mol. Med. 2018, 96, 631-644. [CrossRef]

Kim, E.Y.; Shotorbani, P.Y.; Dryer, S.E. TRPC6 inactivation does not affect loss of renal function in nephrotoxic serum glomeru-
lonephritis in rats, but reduces severity of glomerular lesions. Biochem. Biophys. Rep. 2019, 17, 139-150. [CrossRef]

Kim, E.Y,; Dryer, S.E. Effects of TRPC6 Inactivation on Glomerulosclerosis and Renal Fibrosis in Aging Rats. Cells 2021, 10, 856.
[CrossRef]

Kim, E.Y.; Roshanravan, H.; Dryer, S.E. Changes in podocyte TRPC channels evoked by plasma and sera from patients with
recurrent FSGS and by putative glomerular permeability factors. Biochim. Biophys. Acta Mol. Basis Dis. 2017, 1863, 2342-2354.
[CrossRef]

Kim, E.Y.; Hassanzadeh Khayyat, N.; Dryer, S.E. Mechanisms underlying modulation of podocyte TRPC6 channels by suPAR:
Role of NADPH oxidases and Src family tyrosine kinases. Biochim. Biophys. Acta Mol. Basis Dis. 2018, 1864, 3527-3536. [CrossRef]
Wei, C.; El Hindi, S.; Li, J.; Fornoni, A.; Goes, N.; Sageshima, J.; Maiguel, D.; Karumanchi, S.A.; Yap, H.K,; Saleem, M.; et al.
Circulating urokinase receptor as a cause of focal segmental glomerulosclerosis. Nat. Med. 2011, 17, 952-960. [CrossRef]
Brenner, B.M.; Troy, J.L.; Daugharty, T.M. The dynamics of glomerular ultrafiltration in the rat. J. Clin. Investig. 1971, 50, 1776-1780.
[CrossRef]

Kim, E.Y.; Anderson, M.; Dryer, S.E. Sustained activation of N-methyl-D-aspartate receptors in podoctyes leads to oxidative stress,
mobilization of transient receptor potential canonical 6 channels, nuclear factor of activated T cells activation, and apoptotic cell
death. Mol. Pharmacol. 2012, 82, 728-737. [CrossRef]

Farmer, L.K.; Rollason, R.; Whitcomb, D.J.; Ni, L.; Goodliff, A.; Lay, A.C.; Birnbaumer, L.; Heesom, K.J.; Xu, S.Z.; Saleem, M. A ;
et al. TRPC6 binds to and activates calpain, independent of its channel activity, and regulates podocyte cytoskeleton, cell adhesion,
and motility. J. Am. Soc. Nephrol. 2019, 30, 1910-1924. [CrossRef]

Wang, L Jirka, G.; Rosenberg, P.B.; Buckley, A.F.; Gomez, J.A.; Fields, T.A.; Winn, M.P,; Spurney, R.F. Gq signaling causes
glomerular injury by activating TRPC6. J. Clin. Investig. 2015, 125, 1913-1926. [CrossRef]

Wang, L.; Chang, ]. H.; Buckley, A.E,; Spurney, R.F. Knockout of TRPC6 promotes insulin resistance and exacerbates glomerular
injury in Akita mice. Kidney Int. 2019, 95, 321-332. [CrossRef]

Spires, D.; Ilatovskaya, D.V.; Levchenko, V.; North, PE.; Geurts, A.M.; Palygin, O.; Staruschenko, A. Protective role of Trpc6
knockout in the progression of diabetic kidney disease. Am. |. Physiol. Renal. Physiol. 2018, 315, F1091-F1097. [CrossRef]
Hassanzadeh Khayyat, N.; Kim, E.Y.; Dryer, S.E. TRPC6 inactivation does not protect against diabetic kidney disease in
streptozotocin (STZ)-treated Sprague-Dawley rats. FASEB Bioadv. 2019, 1, 773-782. [CrossRef] [PubMed]

Kim, E.Y; Dryer, S.E. TRPC6 inactivation reduces albuminuria induced by protein overload in Sprague Dawley rats. Cells 2022,
11, 1985. [CrossRef] [PubMed]

Wu, Y.L,; Xie, J.; An, S.W,; Oliver, N.; Barrezueta, N.X,; Lin, M.H.; Birnbaumer, L.; Huang, C.L. Inhibition of TRPC6 channels
ameliorates renal fibrosis and contributes to renal protection by soluble klotho. Kidney Int. 2017, 91, 830-841. [CrossRef] [PubMed]
Kong, W.; Haschler, T.N.; Niirnberg, B.; Kramer, S.; Gollasch, M.; Marko, L. Renal fibrosis, immune cell infiltration and changes
of TRPC channel expression after unilateral ureteral obstruction in Trpc6~/~ mice. Cell. Physiol. Biochem. 2019, 52, 1484-1502.
[PubMed]

Zhang, Y.; Yin, N.; Sun, A.; Wu, Q.; Hu, W,; Hou, X,; Zeng, X.; Zhu, M,; Liao, Y. Transient receptor potential channel 6 knockout
ameliorates kidney fibrosis by inhibition of epithelial-mesenchymal transition. Front. Cell Dev. Biol. 2021, 8, 602703. [CrossRef]
[PubMed]

Zheng, Z.; Tsvetkov, D.; Bartolomaeus, T.U.P.; Erdogan, C.; Kriigel, U.; Schleifenbaum, ].; Schaefer, M.; Niirnberg, B.; Chai, X,;
Ludwig, F.A.; et al. Role of TRPC6 in kidney damage after acute ischemic kidney injury. Sci. Rep. 2022, 12, 3038. [CrossRef]
Hou, X.; Huang, M.; Zeng, X.; Zhang, Y.; Sun, A.; Wu, Q.; Zhu, L.; Zhao, H.; Liao, Y. The Role of TRPC6 in Renal Is-
chemia/Reperfusion and Cellular Hypoxia/Reoxygenation Injuries. Front. Mol. Biosci. 2021, 8, 698975. [CrossRef]

Pippin, ].W,; Brinkkoetter, P.T.; Cormack-Aboud, F.C.; Durvasula, R.V.; Hauser, P.V.; Kowalewska, J.; Krofft, R.D.; Logar, C.M,;
Marshall, C.B.; Ohse, T.; et al. Inducible rodent models of acquired podocyte diseases. Am. J. Physiol. Renal. Physiol. 2009, 296,
F213-F229. [CrossRef]

Kim, Y.H.; Goyal, M.; Kurnit, D.; Wharram, B.; Wiggins, J.; Holzman, L.; Kershaw, D.; Wiggins, R. Podocyte depletion and
glomerulosclerosis have a direct relationship in the PAN-treated rat. Kidney Int. 2001, 60, 957-968. [CrossRef]

Kriz, W.; Hosser, H.; Hahnel, B.; Gretz, N.; Provoost, A.P. From segmental glomerulosclerosis to total nephron degeneration and
interstitial fibrosis: A histopathological study in rat models and human glomerulopathies. Nephrol. Dial. Transplant. 1998, 13,
2781-2798. [CrossRef]

Devi, S.; Li, A.; Westhorpe, C.L.; Lo, C.Y.; Abeynaike, L.D.; Snelgrove, S.L.; Hall, P.; Ooi, ].D.; Sobey, C.G.; Kitching, A.R.; et al.
Multiphoton imaging reveals a new leukocyte recruitment paradigm in the glomerulus. Nat. Med. 2013, 19, 107-112. [CrossRef]
Finsterbusch, M.; Hall, P; Li, A ; Devi, S.; Westhorpe, C.L.; Kitching, A R.; Hickey, M.]. Patrolling monocytes promote intravascular
neutrophil activation and glomerular injury in the acutely inflamed glomerulus. Proc. Natl. Acad. Sci. USA 2016, 113, E5172-E5181.
[CrossRef]


http://doi.org/10.1681/ASN.2006091010
http://doi.org/10.1007/s00109-018-1648-3
http://doi.org/10.1016/j.bbrep.2018.12.006
http://doi.org/10.3390/cells10040856
http://doi.org/10.1016/j.bbadis.2017.06.010
http://doi.org/10.1016/j.bbadis.2018.08.007
http://doi.org/10.1038/nm.2411
http://doi.org/10.1172/JCI106667
http://doi.org/10.1124/mol.112.079376
http://doi.org/10.1681/ASN.2018070729
http://doi.org/10.1172/JCI76767
http://doi.org/10.1016/j.kint.2018.09.026
http://doi.org/10.1152/ajprenal.00155.2018
http://doi.org/10.1096/fba.2019-00077
http://www.ncbi.nlm.nih.gov/pubmed/32123821
http://doi.org/10.3390/cells11131985
http://www.ncbi.nlm.nih.gov/pubmed/35805070
http://doi.org/10.1016/j.kint.2016.09.039
http://www.ncbi.nlm.nih.gov/pubmed/27979597
http://www.ncbi.nlm.nih.gov/pubmed/31099508
http://doi.org/10.3389/fcell.2020.602703
http://www.ncbi.nlm.nih.gov/pubmed/33520986
http://doi.org/10.1038/s41598-022-06703-9
http://doi.org/10.3389/fmolb.2021.698975
http://doi.org/10.1152/ajprenal.90421.2008
http://doi.org/10.1046/j.1523-1755.2001.060003957.x
http://doi.org/10.1093/ndt/13.11.2781
http://doi.org/10.1038/nm.3024
http://doi.org/10.1073/pnas.1606253113

Biomolecules 2022, 12,1710 18 of 18

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Kaverina, N.V.; Eng, D.G.; Freedman, B.S.; Kutz, ].N.; Chozinski, T]J.; Vaughan, ].C.; Miner, ].H.; Pippin, ].W.; Shankland, S.J. Dual
lineage tracing shows that glomerular parietal epithelial cells can transdifferentiate toward the adult podocyte fate. Kidney Int.
2019, 96, 597-611. [CrossRef]

Hollenberg, N.K.; Adams, D.E; Solomon, H.S.; Rashid, A.; Abrams, H.L.; Merrill, J.P. Senescence and the renal vasculature in
normal man. Circ. Res. 1974, 34, 309-316. [CrossRef]

Wiggins, J. Podocytes and glomerular function with aging. Semin. Nephrol. 2009, 29, 587-593. [CrossRef]

Jones, C.A.; Francis, M.E.; Eberhardt, M.S.; Chavers, B.; Coresh, ].; Engelgau, M.; Kusek, ].W.; Byrd-Holt, D.; Narayan, K.M.;
Herman, W.H.; et al. Microalbuminuria in the US population: Third National Health and Nutrition Examination Survey. Am. J.
Kidney Dis. 2002, 39, 445-459. [CrossRef]

Anderson, S.; Rennke, H.G.; Zatz, R. Glomerular adaptations with normal aging and with long-term converting enzyme inhibition
in rats. Am. J. Physiol. 1994, 267 Pt 2, F35-F43. [CrossRef]

Bertani, T.; Zoja, C.; Abbate, M.; Rossini, M.; Remuzzi, G. Age-related nephropathy and proteinuria in rats with intact kidneys
exposed to diets with different protein content. Lab. Investig. 1989, 60, 196-204.

Tonneijck, L.; Muskiet, M.H.; Smits, M.M.; van Bommel, E.J.; Heerspink, H.J.; van Raalte, D.H.; Joles, J.A. Glomerular hyperfiltra-
tion in diabetes: Mechanisms, clinical significance, and treatment. J. Am. Soc. Nephrol. 2017, 28, 1023-1039. [CrossRef]

Liu, B.C; Song, X.; Lu, X.Y.; Li, D.T,; Eaton, D.C.; Shen, B.Z.; Li, X.Q.; Ma, H.P. High glucose induces podocyte apoptosis by
stimulating TRPC6 via elevation of reactive oxygen species. Biochim. Biophys. Acta 2013, 1833, 1434-1442. [CrossRef]
Sonneveld, R.; van der Vlag, J.; Baltissen, M.P.; Verkaart, S.A.; Wetzels, ].E,; Berden, ].H.; Hoenderop, J.G.; Nijenhuis, T. Glucose
specifically regulates TRPC6 expression in the podocyte in an Angll-dependent manner. Am. J. Pathol. 2014, 184, 1715-1726.
[CrossRef] [PubMed]

Liu, B;; He, X,; Li, S.; Xu, B.; Birnbaumer, L.; Liao, Y. Deletion of diacylglycerol-responsive TRPC genes attenuates diabetic
nephropathy by inhibiting activation of the TGFbetal signaling pathway. Am. J. Transl. Res. 2017, 9, 5619-5630.

Brosius, F.C., 3rd; Alpers, C.E.; Bottinger, E.P.; Breyer, M.D.; Coffman, T.M.; Gurley, S.B.; Harris, R.C.; Kakoki, M.; Kretzler, M.;
Leiter, E.H.; et al. Mouse models of diabetic nephropathy. J. Am. Soc. Nephrol. 2009, 20, 2503-2512. [CrossRef] [PubMed]

Kim, E.Y.; Anderson, M.; Dryer, S.E. Insulin increases surface expression of TRPC6 channels in podocytes: Role of NADPH
oxidases and reactive oxygen species. Am. J. Physiol. Renal. Physiol. 2011, 302, F298-F307. [CrossRef] [PubMed]

Ilatovskaya, D.V,; Blass, G.; Palygin, O.; Levchenko, V.; Pavlov, T.S.; Grzybowski, M.N.; Winsor, K.; Shuyskiy, L.S.; Geurts, A.M.;
Cowley, AW, Jr,; et al. A NOX4/TRPC6 pathway in podocyte calcium regulation and renal damage in diabetic kidney disease.
J. Am. Soc. Nephrol. 2018, 29, 1917-1927. [CrossRef]

Youssef, N.; Noureldein, M.; Njeim, R.; Ghadieh, H.E.; Harb, F.; Azar, S.T.; Fares, N.; Eid, A.A. Reno-protective effect of GLP-1
receptor agonists in type 1 diabetes: Dual action on TRPC6 and NADPH oxidases. Biomedicines 2021, 9, 1360. [CrossRef]
Martinez-Klimova, E.; Aparicio-Trejo, O.E.; Tapia, E.; Pedraza-Chaverri, J. Unilateral ureteral obstruction as a model to investigate
fibrosis-attenuating treatments. Biomolecules 2019, 9, 141. [CrossRef]

Lin, B.L.; Matera, D.; Doerner, ].F.; Zheng, N.; Del Camino, D.; Mishra, S.; Bian, H.; Zeveleva, S.; Zhen, X.; Blair, N.T.; et al. In vivo
selective inhibition of TRPC6 by antagonist BI 749327 ameliorates fibrosis and dysfunction in cardiac and renal disease. Proc. Natl.
Acad. Sci. USA 2019, 116, 10156-10161. [CrossRef]

Zheng, Z.; Xu, Y.; Krtigel, U.; Schaefer, M.; Grune, T.; Niirnberg, B.; Kohler, M.B.; Gollasch, M.; Tsvetkov, D.; Marko, L. In vivo
inhibition of TRPC6 by SH045 attenuates renal fibrosis in a New Zealand obese (NZO) mouse model of metabolic syndrome. Int.
J. Mol. Sci. 2022, 23, 6870. [CrossRef]

Eddy, A.A. Interstitial nephritis induced by protein-overload proteinuria. Am. J. Pathol. 1989, 135, 719-733.

Zoja, C.; Benigni, A.; Remuzzi, G. Cellular responses to protein overload: Key event in renal disease progression. Curr. Opin.
Nephrol. Hypertens. 2004, 13, 31-37. [CrossRef]

Yoshida, S.; Nagase, M.; Shibata, S.; Fujita, T. Podocyte injury induced by albumin overload in vivo and in vitro: Involvement of
TGF-beta and p38 MAPK. Nephron Exp. Nephrol. 2008, 108, 57-68. [CrossRef]

Liu, Y.; Echtermeyer, F.; Thilo, F; Theilmeier, G.; Schmidt, A.; Schiilein, R.; Jensen, B.L.; Loddenkemper, C.; Jankowski, V.;
Marcussen, N.; et al. The proteoglycan syndecan 4 regulates transient receptor potential canonical 6 channels via RhoA /Rho-
associated protein kinase signaling. Arterioscler. Thromb. Vasc. Biol. 2012, 32, 378-385. [CrossRef]

Dietrich, A.; Mederos YSchnitzler, M.; Gollasch, M.; Gross, V.; Storch, U.; Dubrovska, G.; Obst, M.; Yildirim, E.; Salanova,
B.; Kalwa, H.; et al. Increased vascular smooth muscle contractility in TRPC6~/~ mice. Mol. Cell. Biol. 2005, 25, 6980-6989.
[CrossRef]

Eckel, J.; Lavin, PJ.; Finch, E.A.; Mukerji, N.; Burch, J.; Gbadegesin, R.; Wu, G.; Bowling, B.; Byrd, A.; Hall, G.; et al. TRPC6
enhances angiotensin Il-induced albuminuria. J. Am. Soc. Nephrol. 2011, 22, 526-535. [CrossRef]


http://doi.org/10.1016/j.kint.2019.03.014
http://doi.org/10.1161/01.RES.34.3.309
http://doi.org/10.1016/j.semnephrol.2009.07.012
http://doi.org/10.1053/ajkd.2002.31388
http://doi.org/10.1152/ajprenal.1994.267.1.F35
http://doi.org/10.1681/ASN.2016060666
http://doi.org/10.1016/j.bbamcr.2013.02.031
http://doi.org/10.1016/j.ajpath.2014.02.008
http://www.ncbi.nlm.nih.gov/pubmed/24731445
http://doi.org/10.1681/ASN.2009070721
http://www.ncbi.nlm.nih.gov/pubmed/19729434
http://doi.org/10.1152/ajprenal.00423.2011
http://www.ncbi.nlm.nih.gov/pubmed/22031853
http://doi.org/10.1681/ASN.2018030280
http://doi.org/10.3390/biomedicines9101360
http://doi.org/10.3390/biom9040141
http://doi.org/10.1073/pnas.1815354116
http://doi.org/10.3390/ijms23126870
http://doi.org/10.1097/00041552-200401000-00005
http://doi.org/10.1159/000124236
http://doi.org/10.1161/ATVBAHA.111.241018
http://doi.org/10.1128/MCB.25.16.6980-6989.2005
http://doi.org/10.1681/ASN.2010050522

	Introduction 
	Properties of TRPC6 Channels 
	TRPC6 Expression in the Mammalian Kidney 
	TRPC6 Channels in Glomerular Disease 
	Effects of TRPC6 Knockout in Animal Models of Kidney Disease 
	Puromycin Aminonucleoside (PAN) Nephrosis 
	Anti-GBM Autoimmune Glomerulonephritis 
	Aging 
	Diabetic Nephropathy 
	Tubulointerstitial Fibrosis and Acute Kidney Injuries 

	Implications and Limitations of Studies on TRPC6 Knockout Animals for Drug Development 
	References

