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Abstract
Mutations in TRPC6, a member of the transient repeptor potential (TRP) superfamily of non-selective
cation channels, have been identified as causing a familial form of focal segmental
glomerulosclerosis, a disease characterized by proteinuria and progressive renal failure. Here we
review the effect of disease-associated mutations on TRPC6 function and place TRPC6 within the
context of other proteins central to glomerular and podocyte function. Finally, the known roles of
TRPC6 in the kidney and other organ systems are used as a framework to discuss possible signaling
pathways that TRPC6 may modulate during normal glomerular function and in disease states.
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Review of the glomerulus
The glomerulus is the individual blood filtration unit within the kidney and is the first
component involved in regulating the composition of urine. An intricate structure, it consists
of multiple capillary loops suspended within a fluid filled capsule, the urinary space (see Figure
1A). The capillary wall’s three major components - a fenestrated endothelium, a specialized
basement membrane, and an outer layer of glomerular epithelial cells, also known as
podocytes- together constitute a highly selective filtration barrier (Figure 1B), representing a
low resistance for the passage of water and small molecules into the urinary space, while being
highly resistant to the passage of serum proteins, such as albumin.

Disruption of the glomerular filtration barrier is a common outcome of many kidney diseases,
including diabetic nephropathy, IgA nephritis, lupus nephritis and focal segmental
glomerulosclerosis (FSGS). Proteinuria (the presence of protein in the urine) is a hallmark of
loss of the glomerulus’ permselectivity. In many cases, persistent dysfunction of the glomerular
filtration barrier leads to progressive renal failure[1]. Together, glomerular diseases represent
a major cause of renal failure and need for dialysis or kidney transplantation.

Both because of its clinical importance and because of its rather unique biological properties,
understanding the glomerular filtration barrier has been a longstanding interest of the
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nephrology community. However, the complex architecture of the structure, requiring the
interplay of several cell types and their specialized matrix, has limited in vitro approaches to
understanding the filtration barrier.

Over the last decade, studies of rare familial forms of glomerular diseases have helped identify
key genes involved in establishing and maintaining the glomerular filtration barrier[2].
Interestingly, several of the proteins affected in these diseases are expressed by podocytes.
Podocytes are characterized by several elongated cytoplasmic elements termed major
processes, from which multiple actin-based projections, termed minor processes or foot
processes, sprout. Together, these foot processes create an intricate branched structure that
completely encircles the capillary loops. In addition to binding to the basement membrane,
they form a network of lateral connections with other foot processes through specialized cell-
cell contacts termed the slit diaphragm (Figure 1B). The slit diaphragm appears to be a
specialized cell-cell contact with a critical role in the filtration barrier’s size and charge
selectivity[3]. Coupled with the long-standing observation that foot process effacement (the
loss of the podocytes’ intricate architecture and slit diaphragm) occurrs in many glomerular
diseases characterized by proteinuria, the genetic studies have thrust the podocyte into the
spotlight of glomerular research[4–6].

TRPC6 mutations as an etiology of familial focal segmental
glomerulosclerosis

Winn et al [7] reported the identification of a mutation in TRPC6 in a large family with an
autosomal dominant pattern of adult onset FSGS, a clinicopathologic pattern of kidney injury
characterized by proteinuria and a signature glomerular lesion under microscopic examination
[8]. A total of six different families have now been identified with distinct mutations in the
TRPC6 gene [7,9], with several potential additional mutations being evaluated (our
unpublished data). All show a dominant mode of inheritance with adult onset of disease and
variable penetrance.

TRPC6 is a member of the large transient receptor potential superfamily of non-selective cation
channels (reviewed in [10,11]). This superfamily consists of a group of six transmembrane
domain-containing ion channels and has been subdivided into six subfamilies, including the
classical TRP or TRPC proteins. TRPC proteins contain several amino-terminal ankrin repeats
prior to the first transmembrane domain, a short sequence termed the TRP box, of unknown
function, in the carboxy-terminal cytoplasmic domain, and potential coiled-coil structures in
both the amino- and carboxy-sequences (see Figure 2). Within the TRPC subfamily, TRPC3,
6 and 7 have been grouped together based on sequence similarity, the ability to heteromerize
with each other, and their responsiveness to diacylglycerol (DAG)[12]. TRPC6 appears to be
a receptor-operated channel, leading to the influx of calcium (possibly directly or indirectly
[13,14]) in response to phospholipase C (PLC)-mediated signals. Although all TRPC members
appear to be PLC-dependent, TRPC 3, 6 and 7 can also be directly activated by DAG[15,16].

To date, the FSGS-associated TRPC6 mutations are located within either the amino- or
carboxy-terminal cytoplasmic domains of the protein (see Figure 2). With the exception of one
mutation leading to truncation of the last 58 amino acids, all are point mutations. Two of the
amino-terminal mutations lie within the ankrin repeats. The carboxy terminal 58 amino acids,
which are affected by the known carboxy-terminal mutations, may include a coiled-coil region.

The effects of FSGS-associated mutations on TRPC6 activity are still poorly understood. None
of the mutations appear to disrupt channel activity[7,9]. Interestingly, the P112Q mutation
leads to both increased amplitude and duration of calcium influx when stimulated in a
heterologous overexpression system[7], while two of the carboxy-terminal mutations, R895C
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and E897K, also demonstrated increased current amplitude upon activation[9]. The remaining
three mutations show current amplitudes comparable to that of the wild-type channel. Basal,
unstimulated channel activity does not appear to be substantially altered by any of the
mutations. It would appear that the FSGS-associated mutations represent gain-of-function
alleles. Although this will require further study, two additional findings are consistent with this
conclusion: (i) TRPC6-deficient mice have not been reported to have any obvious glomerular
phenotype[17], and (ii) transient overexpression of wild-type TRPC6 in murine glomeruli leads
to proteinuria (J. Reiser, C. Moeller, personal communication).

How might FSGS-associated mutations lead to increased TRPC6 channel activity? The gating
of TRPC channels is still poorly understood. Several members of the TRPC family, including
TRPC6, appear to be translocated from a subcellular compartment to the cell surface upon
stimulation of Gq protein coupled receptors or receptor tyrosine kinases, and this likely plays
some role in regulating their activity[12,18–22]. In addition to being translocated to the cell
surface, TRPC6 is also rapidly internalized upon inhibition of the muscarinic receptor by
atropine[19]. Winn et al demonstrated that expression of the P112Q TRPC6 mutant at the cell
surface was increased compared to wild-type TRPC6[7]. Although surface expression after
cell stimulation was not assessed, it is intriguing to speculate that altered subcellular trafficking
might explain the mutant’s enhanced channel activity. The mechanism whereby the mutation
could alter surface expression also remains unclear, and one could postulate either a loss of
effective intracellular sequestration or an inability to effectively recycle protein from the cell
surface.

TRPC6 expression in the kidney
TRPC6 is expressed widely in the kidney, having been reported in the microcirculation, all
three cell types within the glomerulus (capillary endothelial cells, mesangial cells, and
podocytes), and the tubulointerstitial compartment[7,9,23–25]. In most of these cells, it is
expressed in conjunction with several other TRPC members, including one of its potential
binding partners, TRPC3.

To begin to assess the potential role of TRPC6 in non-hereditary glomerular disease, Reiser
and colleagues have investigated the expression of TRPC6 in various glomerular diseases (J.
Reiser, C. Moeller; personal communication). TRPC6 expression within the glomerulus, and
podocytes specifically, is increased in several diseases, including minimal change disease,
FSGS and membranous nephropathy. Increases in expression also occur in animal models of
membranous nephropathy and in vitro in podocytes exposed to activated complement. In the
cell culture system, the increased TRPC6 expression was associated with increased calcium
influx in response to a DAG-analog, a known activator of TRPC6. Finally, as noted above,
transient overexpression of TRPC6 in glomeruli leads to an increase in proteinuria in mice,
arguing for more than just a correlation between proteinuric disease and TRPC6 expression (J.
Reiser, C. Moeller; personal communication).

Although TRPC6 has a broad expression pattern, an initial bias within the field has been to
focus on TRPC6 within the podocyte. Previous studies of both familial forms of FSGS and
murine models of this glomerular disease have largely implicated podocyte dysfunction as a
common event in the disease pathology[4–6]. Podocyte dysfunction appears to be central to
the disease pathogenesis both when mutations affect proteins whose expression is largely
restricted to podocytes (e.g. nephrin, podocin) and when they affect proteins with a broad
expression pattern (e.g. α-actinin-4). Within podocytes, TRPC6 appears to localize within both
major processes and foot processes by immunogold labeling, and at least some TRPC6 localizes
to the slit diaphragm[9]. Two additional pieces of data suggest TRPC6 may function at the slit
diaphragm: (i) when overexpressed in cultured podocytes, TRPC6 colocalizes with nephrin,
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podocin, and CD2AP, all proteins previous reported to localize to the slit diaphragm; and (ii)
nephrin and podocin can be co-immunoprecipitated with TRPC6 from podocytes grown in
culture[9].

Taken together, there is some circumstantial evidence to suggest that it is the abnormal function
of TRPC6 within the podocyte that ultimately leads to disease in families with FSGS-associated
TRPC6 mutations. Furthermore, abnormal TRPC6 function may also play a role in non-
hereditary forms of glomerular disease. Ultimately, cell-type specific TRPC6 mutant “knock-
in” or transgenic animals will need to be generated to answer these questions definitively.

TRPC6: functions beyond the kidney
TRPC6 has been of interest to investigators studying smooth muscle (reviewed in [26]) as well
as axonal guidance[27] before its implication in glomerular function. TRPC6 is expressed in
multiple organs, with the highest levels of transcript detected in lungs[28]. It is expressed in
both pulmonary and vascular smooth muscle cells. Evidence suggests that TRPC6 is activated
downstream of the α1-adrenergic receptor[29] and the vasopressin receptor[30], and it is
believed to be important in mediating vascular and airway tone[26]. TRPC6 has been found
to be upregulated in pulmonary artery smooth muscle cells in primary pulmonary hypertension
and in response to hypoxia[31,32], a response that appears to be mediated by HIF-1[33].

Available analysis of TRPC6-deficient mice has focused on its role in regulating smooth
muscle tone. Interestingly, the animals were found to have hypertension and airway
hyperreactivity, contrary to what had been hypothesized [17]. This appears to be due to a
compensatory upregulation of TRPC3 expression, leading to higher basal smooth muscle tone.
At least partially due to differences in their glycosylation patterns, TRPC3 has greater
constitutive channel activity than TRPC6[34], thus explaining how loss of TRPC6 might
paradoxically lead to enhanced baseline vascular tone.

Several of the TRPC channels have been shown to play a role in nerve growth cone guidance
and neurite extension, including XTRPC1[22,35], TRPC3[27], and TRPC5[36]. By
comparison, the importance of TRPC6 is less clear: overexpression of a TRPC6 dominant
negative construct inhibits brain-derived neurotrophic factor mediated growth cone turning,
but may do so by interfering with TRPC3 function[27]. Growth cone guidance in neurons from
TRPC6-deficient mice has not yet been addressed.

Potential regulators of TRPC6 in the glomerulus
The genetic evidence implicating TRPC6 in certain familial forms of FSGS is robust, and
circumstantial evidence suggests that TRPC6 plays an important role in the podocyte. On a
molecular level, though, the signaling pathways and cellular functions altered by the FSGS-
associated TRPC6 mutations remain unknown. Possibilities abound, and insights into this
aspect of TRPC6 function will likely be forthcoming in the near future. For the time being, we
are left to speculate.

The slit diaphragm, the specialized cell-cell contact between podocytes, is a critical component
of the glomerular filtration barrier[3]. Over a half dozen proteins have been shown to
specifically localize to the slit diaphragm[2]. In many cases, loss of one of these slit diaphragm
proteins leads to proteinuria and glomerular dysfunction. For instance, disruption of either
nephrin[37] or podocin[38] has been shown to lead to early onset, or congenital, nephrotic
syndrome. Besides providing a specialized cell-cell contact, and presumably contributing to
the permselectivity of the glomerular filration barrier, the slit diaphragm is also believed to act
as a signaling platform[39,40]. Nephrin is felt to be a key component of this platform[41].
Clustering of nephrin leads to the activation of multiple downstream signaling pathways,
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including activation of Src family kinase Fyn[42–45], and the PI3K/Akt pathway[46]. As
mentioned above, nephrin associates with TRPC6 in podocytes[9]. Furthermore, Fyn has been
reported to bind to TRPC6[47], and Src mediated phosphorylation of TRPC3 is critical for
channel activation[48]. Finally, TRPC6 has been shown to bind to phosphatidylinositol 3,4,5-
trisphosphate (PIP(3)), a lipid product of PI3K, and PIP(3)-induced calcium influx can be
modulated by altering the expression level of TRPC6[49]. It is thus tempting to speculate that
TRPC6 is a component and downstream target of the nephrin signaling platform involved in
monitoring the integrity of the slit diaphragm in podocytes.

Alternatively, numerous G protein-coupled receptors, potential activators of TRPC channels,
have been implicated in regulating glomerular perfusion and filtration (reviewed in [6,50]).
The angiotensin receptors, in particular, are felt to play a central role in regulating glomerular
filtration pressures, and in so modulating proteinuria[51]. Rats modestly overexpressing the
angiotensin II type 1 receptor (AT1) on podocytes develop proteinuria and pathologic lesions
characteristic of FSGS[52]. The P112Q mutation has been shown to induce higher and more
sustained calcium influx than wild-type TRPC6 upon stimulation of AT1 when co-expressed
in HEK cells[7]. It is not unreasonable, therefore, to postulate that it is enhanced calcium influx
downstream of AT1 that leads to FSGS in individuals carrying TRPC6 mutations. Along these
lines, it would be interesting to discover if TRPC6-deficient mice are protected from renal
damage caused by an overactive renin-angiotensin system.

VEGF is another potential activator of TRPC channels. VEGF has recently been shown to play
a critical role in maintaining the structure and function of the glomerulus[53]. Loss of even
one of the VEGF-A alleles in podocytes leads to glomerular capillary endothelial cell
dysfunction and proteinuria, while overexpression of the VEGF-164 isoform by podocytes
leads to collapsing glomerulopathy and renal failure[54]. In vitro, VEGF-A and -C appear to
enhance podocyte survival[55,56]. TRPC channels have been implicated in mediating the
calcium influx into endothelial cells, and changes in vascular permeability, seen in response
to VEGF[57–59]. The ion channels stimulated by VEGF in microvascular endothelial cells
share characteristics with TRPC family members[57]. TRPC6 and TRPC3 are capable of
inducing calcium influx downstream of VEGFR2 when coexpressed in tissue culture[57,59],
while other studies have suggested TRPC1 as an important mediator of VEGF-induced calcium
influx[58]. It is therefore reasonable to speculate that if glomerular function is disrupted by
even modest changes in the level of VEGF, alterations in signaling downstream of VEGF
receptors might similarly lead to glomerular disease.

Based on their location within the glomerulus, podocytes are subject to significant hydraulic
forces[60]. There is substantial transmural pressure forcing fluid from the capillary lumen into
the urinary space, with a resulting force tending to stretch and lift the podocyte off of the
basement membrane. It has been postulated that podocytes are able to alter the filtration
characteristics of the glomerulus by adjusting the total surface area between its processes
through which the filtrate must pass[61,62]. In addition, fluid flow within the urinary space of
the glomerulus toward the proximal tubule will subject podocytes to shear stress. Podocytes
have been found to respond to both stretch[63,64] and shear stress[65]. While the
mechanosensor(s) in podocytes remain unknown, multiple TRP family members have been
implicated in this process in other systems (reviewed in [66]). Perhaps TRPC6 plays a similar
role in podocytes? Could flow or stretch be sensed through the slit diaphragm by TRPC6, in
conjunction with podocin, whose homologue, mec-2, is known to function in
mechanosensation in C. elegans[67–69]? Alternatively, might TRPC6 function in sensing flow
through the urinary space in a manner analagous to TRPP2 sensing flow in renal tubules[70]?
The possibility of TRPC6 being involved in sensing, and thereby perhaps regulating,
glomerular filtration is particularly appealing as glomerular hyperfiltration over time is thought
to predispose to glomerular dysfunction and lesions of secondary FSGS[8].
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What lies downstream of TRPC6?
Identifying the physiologic signals which regulate TRPC6 activity in glomeruli is a clear
priority. Discovering the consequences of TRPC6 activation on glomerular function and how
abnormal TRPC6 activity leads to the pathological lesions of FSGS are of equal importance.

What is known about the effects of activating TRPC channels in non-renal systems? As
discussed above, activation of TRPC channels have been shown to be involved in smooth
muscle contraction, neurite extension and growth cone guidance, and changes in vascular
permeability. In the case of vascular smooth muscle contraction, TRPC activation leads to
depolarization, activation of voltage-gated L-type Ca2+ channels, a rise in intracellular calcium
and subsequent activation of the actin-myosin contractile apparatus (reviewed in [71]). In
endothelial cells, increased intracellular calcium leads to the activation of PKCα and the Ca2
+/calmodulin(CaM)-dependent myosin light chain kinase. These in turn enhance endothelial
cell contraction and mediate disassembly of VE-cadherin cell-cell junctions, together allowing
for increased fluid flow between cells[72]. Loss of TRPC4 limits thrombin-induced endothelial
cell retraction and stress fiber formation, and prevents thrombin-mediated increases in
microvascular permeability[73]. The situation in growth cone guidance is more complex
(reviewed in [74]): (i) Channels in addition to TRPCs are likely also involved in modulating
intracellular calcium levels. (ii) Calcium influx can lead to either growth cone repulsion or
attraction, possibly based on the amplitude of calcium influx and the relationship of local and
global intracellular calcium concentrations. (iii) Multiple distinct proteins have been shown to
modulate events downstream of calcium influx, some of which appear to be antagonistic.
Among these are regulators of actin bundling (α-actinin, fodrin), Ca2+/CaM-dependent protein
kinases (CaMK), calcineurin (a Ca2+/CaM-dependent phosphatase), protein kinase C, Rho-
family GTPases, and the calcium-dependent protease, calpain[74]. While it is not known which
of these are modulated specifically in response to TRPC-activation, it should be noted that
TRPC6 has been reported to bind α-actinin-1 and -4, α-fodrin[75], PKC, and calcineurin[76].
Based on results from these disparate systems, a common role for TRPC6 may be regulation
of the actin-based cytoskeleton.

The possibilities that TRPC6 functions as a modulator of the actin cytoskeleton is particularly
intriguing, as a central role for the actin cytoskeleton has emerged in maintaining podocyte
structure and function (reviewed in [64,77]). Foot processes contain a central actin bundle as
well as cortical actin[78]. In addition to providing the structural framework for the foot
processes, the actin cytoskeleton is also critical for effective integrin- and dystroglycan-
mediated contact to the basement membrane and for stabilizing the components of the slit
diaphragm (reviewed in [77]). Mutations is α-actinin-4 which alter the protein’s actin binding
affinity and disrupt normal actin architecture and dynamics[79,80] are a cause of adult-onset
FSGS[81,82], a phenotype that is mimicked in mice bearing a similar mutation[80], lacking
α-actinin-4[83], or overexpressing the mutant protein specifically in podocytes[84]. In
addition, integrin-mediated cell-matrix adhesion is compromised in α-actinin-4 deficient
podocytes (our unpublished data). Nck, which binds to phosphorylated nephrin and is required
for proper podocyte function in vivo, appears to be involved in mediating actin polymerization
and reorganization[44,85]. Synaptopodin, another actin-bundling protein important for
regulating Rho-mediated actin reorganization[86], is critical for both dendritic spine formation
[87] and for proper podocyte function[88,89]. Rho, in turn, is believed to be critical for proper
podocyte function as mice deficient in the Rho-inactivator Rho GDIα develop proteinuria and
renal failure[90]. Finally, integrin linked kinase (ILK), deficiency of which in podocytes leads
to progressive proteinuria and renal failure[91,92], can complex with α-actinin-4[91] and
modulate the podocyte cytoskeleton in vitro[93]. Taken as a whole, there is a wealth of evidence
suggesting that persistent regulation of the podocyte actin cytoskeleton is critical for
maintenance of the glomerular filtration barrier.
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Preliminary evidence suggests that there is a reciprocal relationship between the actin
cytoskeleton and TRPC6 in podocytes (C. Moeller and J. Reiser; personal communication).
When the actin cytoskeleton is depolymerized in podocytes by treatment with cytochalasin D,
TRPC6 was found to relocate to areas of actin aggregates. In contrast, TRPC3 is internalized
in HEK cells treated with calyculin-A, but not in cells treated with cytochalasin[94].
Overexpression of TRPC6 in differentiated podocytes in vitro disrupts the formation of stress
fibers normally present in these cells (C. Moeller, J. Reiser; personal communication). Further
investigation is clearly needed to build upon these intriguing observations, including
assessment of the ability of TRPC6 to alter the actin-myosin based contractile machinery in
podocytes.

Proteinuria is often induced by alterations in the slit diaphragm[2]. The slit diaphragm has been
compared to a modified adherens junction, containing P-cadherin, alpha- and beta-catenins,
ZO-1[95] and the cadherin superfamily members Fat1[96] and cadherin-5[97]. It is tempting
to suggest, then, that activation of TRPC6 may lead to calcium-dependent phosphorylation and
disassembly of the slit diaphragm with resulting development of proteinuria, much as calcium-
dependent disassembly of VE-cadherin based endothelial cell-cell junctions is thought to
increased vascular permeability (reviewed in [72]). Experiments shedding light onto this
possibility are eagerly awaited.

Conclusion
The list of TRPs involved in various renal diseases has expanded over the years, with TRPC6
now joining the company of TRPP2 (polycystin 2), TRPV5, and TRPM6 (reviewed in [98–
101]). Members of this superfamily are now implicated in the maintenance and function of the
glomerular filtration barrier, tubular architecture and proliferation, and tubular transport. As is
so often the case, identifying a genetic lesion involved in a hereditary disease is only the first,
though critical, step in furthering our understanding of pathophysiology. Exciting times are
surely ahead as we delve into the details of TRPC6’s role in maintaining the glomerular
filtration barrier, and when we look back at this review in time, we will surely be struck by
what Thomas Huxley termed “the great tragedy of science - the slaying of a beautiful hypothesis
by an ugly fact.”
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Figure 1.
Structure of the glomerulus. A. Light micrograph of a normal glomerulus. The glomerulus
consists of a tuft of capillary loops (*), which are situated within Bowman’s capsule. The
capillaries are covered on the urinary space (U) by specialized glomerular epithelial cells, also
known as podocytes (arrow). Mesangial cells and their associated matrix (arrowhead) provide
further structural support. B. Electron microscopy of the glomerular filtration barrier of the
kidney. The capillary lumen is lined by fenestrated endothelial cells (Endo), which sit atop a
specialized basement membrane (BM). Podocytes (Podo) project interdigitating foot processes
(FP) which attach to the basement membrane. The intercellular adhesion complex formed
between adjacent foot processes is termed the slit diaphragm (arrowhead).
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Figure 2.
Schematic representation of TRPC6. The amino-terminal cytoplasmic sequence contains
several ankyrin repeats and a potential coiled-coil region. TRP channels have six
transmembrane domains, with a putative pore structure between the fifth and sixth
transmembrane domains. The carboxy-terminal cytoplasmic domain contains a conserved
sequence found in TRPC, TRPV and TRPM proteins, termed the TRP box, and a potential
coiled-coil sequence. The function of the TRP box remains to be elucidated. The location and
identity of mutations associated with familial forms of FSGS are indicated. Mutations which
have been reported to alter channel activity are presented in italics.
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