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TRPC6-mediated biology and pathology.
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(Background: Signaling events affected by disease-associated mutations in TRPC6 are poorly defined.
Results: Expression of mutant TRPC6 induces ERK1/2 activation via both cell-autonomous and non-cell-autonomous

Conclusion: Mutant TRPC6 activates complex signaling pathways that lead to the release of paracrine factors activating ERK.
Significance: Understanding the signaling pathways downstream of gain-of-function TRPC6 is crucial for understanding
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Gain-of-function mutations in the canonical transient recep-
tor potential 6 (TRPC6) gene are a cause of autosomal dominant
focal segmental glomerulosclerosis (FSGS). The mechanisms
whereby abnormal TRPC6 activity results in proteinuria remain
unknown. The ERK1/2 MAPKs are activated in glomeruli and
podocytes in several proteinuric disease models. We therefore
examined whether FSGS-associated mutations in TRPC6 result
in activation of these kinases. In 293T cells and cultured podo-
cytes, overexpression of gain-of-function TRPC6 mutants
resulted in increased ERK1/2 phosphorylation, an effect
dependent upon channel function. Pharmacologic inhibitor
studies implicated several signaling mediators, including cal-
modulin and calcineurin, supporting the importance of TRPC6-
mediated calcium influx in this process. Through medium
transfer experiments, we uncovered two distinct mechanisms
for ERK activation by mutant TRPCS6, a cell-autonomous, EGF
receptor-independent mechanism and a non-cell-autonomous
mechanism involving metalloprotease-mediated release of a
presumed EGF receptor ligand. The inhibitors KN-92 and H89
were able to block both pathways in mutant TRPC6 expressing
cells as well as the prolonged elevation of intracellular calcium
levels upon carbachol stimulation seen in these cells. However,
these effects appear to be independent of their effects on calci-
um/calmodulin-dependent protein kinase II and PKA, respec-
tively. Phosphorylation of Thr-70, Ser-282, and Tyr-31/285
were not necessary for ERK activation by mutant TRPC6,
although a phosphomimetic TRPC6 S282E mutant was capable
of ERK activation. Taken together, these results identify two
pathways downstream of mutant TRPC6 leading to ERK activa-
tion that may play a role in the development of FSGS.
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The canonical transient receptor potential 6 (TRPC6) chan-
nel is a member of the transient receptor potential (TRP)
superfamily of six transmembrane cation channels (1, 2). TRPC
subunits assemble to form functional homo- and/or heterote-
tramers, with TRPC6 capable of oligomerizing with TRPC1, -3,
-7,and itself (3). Several stimuli have been shown to activate the
channel, including Ga, -coupled receptors (4, 5) and receptor
tyrosine kinases (6) as well as direct binding of diacylglycerol
(7). In the case of receptor-mediated activation, regulated exo-
cytosis of the channel is at least partially responsible for increas-
ing channel activity (5, 6, 8). Membrane deformation has also
been reported to activate the channel directly (9), although this
mechanism remains controversial (10).

Mutations in the TRPC6 gene are a cause of autosomal dom-
inant focal segmental glomerulosclerosis (FSGS),” a progressive
kidney disease frequently leading to end-stage kidney disease
(11, 12). The majority of mutations identified to date have been
shown to be gain-of-function, increasing whole cell current
amplitudes and/or decreasing channel inactivation (11-14).
The mutations map to various segments of the protein, pre-
dominantly the ankyrin repeats in the amino-terminal cyto-
plasmic domain and a putative coiled-coil sequence in the
carboxyl-terminal cytoplasmic domain. The mechanism(s)
whereby these mutations enhance channel activity remains
unclear, although there are suggestions that some mutations
may alter cell surface localization (12) and binding to nephrin
(8). Additional evidence suggests that TRPC6 plays an impor-
tant role in podocyte function. TRPC6 is up-regulated in several
acquired proteinuric kidney diseases (15), transgenic overex-
pression of wild-type or mutant TRPC6 in podocytes induces a
mild glomerular phenotype (16), and TRPC6-deficient mice
show some resistance to angiotensin II-induced proteinuria

2 The abbreviations used are: FSGS, focal segmental glomerulosclerosis; CaM-
Kll, calmodulin-dependent protein kinase II; EGFR, epidermal growth fac-
tor receptor; PKA Ca, cAMP-dependent protein kinase catalytic subunit «;
PKG, cGMP-dependent protein kinase; ROCK, Rho-dependent protein
kinase; ANOVA, analysis of variance.
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(17). TRPC6 has also been implicated in regulating blood pres-
sure (18), pulmonary vascular tone and permeability (19 -24),
cardiac hypertrophy (25-27), myofibroblast differentiation and
associated wound healing (28, 29), neuronal growth cone guid-
ance (30), and platelet function (31). Why mutations in TRPC6
lead specifically to kidney disease is unknown.

Several signaling pathways have been shown to be regulated
downstream of TRPC6. For example, in cardiac myoblasts and
fibroblasts, TRPC6 activates the calcineurin-NFAT (nuclear
factor of activated T-cells) pathway (25-27), whereas in podo-
cytes, FSGS-associated mutations in TRPC6 increase basal acti-
vation of this pathway (32). Calcineurin activation in podocytes
has, in turn, been implicated in mediating proteinuria in several
murine models (33), whereas forced expression of constitu-
tively active NFATcl in podocytes rapidly leads to podocyte
effacement and proteinuria (34). In addition to activating cal-
cineurin, TRPC6 activates the small GTPase Rho, while antag-
onizing the activation of Rac, in podocytes and other cell types
(35-37). Excess Rho activity in podocytes induces proteinuria
and glomerular dysfunction (38, 39). The importance of cal-
cineurin and Rho activation in mediating TRPC6-induced glo-
merular pathology has not been established in vivo and awaits
investigation in an animal model. Finally, TRPC6 has been
shown to be involved in activation of ERK downstream of PDGF
signaling in dopaminergic neurons (40).

The Raf-MEK-ERK pathway is one of three canonical mito-
gen-activated protein kinase signaling pathways and plays a
central role in multiple essential cellular functions, including
proliferation, survival, and differentiation (41-44). The path-
way represents one of the first kinase cascades identified, with
Raf phosphorylating MEK, which in turn phosphorylates, and
thereby activates, ERK1 and -2. Numerous proteins and signal-
ing pathways can influence this cascade through input at its
various levels, with activation of Raf by the small GTPase Ras
representing the classical pathway. Similarly, the output can be
wildly disparate, with over 160 substrates for ERK1 and -2 iden-
tified (45—47) as capable of affecting diverse responses (46).
The mechanisms whereby the pathway is able to execute spe-
cific responses to different stimuli remain incompletely under-
stood, although the use of scaffolding proteins and distinct
pools of kinases in different subcellular locales appears critical
(48).

Several lines of evidence suggest that ERK activation occurs
in glomeruli, and in podocytes and mesangial cells specifically,
in response to pathological stresses. ERK phosphorylation, and
thereby activation, is increased in glomeruli and podocytes in
response to angiotensin II infusion (49-52), salt-sensitive
hypertension (53), puromycin aminoglycoside nephropathy
(54-58), passive Heymann nephritis (59, 60), rapidly progres-
sive glomerulonephritis (61-64), and diabetic nephropathy
(65— 67). Phospho-ERK levels in mesangial cells have been cor-
related with glomerular damage in IgA nephropathy (68). In
podocytes, ERK has been implicated in mediating actin reorga-
nization, cell migration, and proliferation (61) and in acting as a
both proapoptotic (56, 69—-71) and antiapoptotic/prosurvival
(58, 60, 72—-74) signal.

In the present study, we demonstrate that disease-associated,
gain-of-function mutations in TRPC6 induce ERK activation in
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several cell types, including cultured podocytes, with at least
two distinct pathways involved, one cell-autonomous and one
non-cell-autonomous. Both pathways and calcium influx
downstream of mutant TRPC6 activation are inhibited by the
small molecules KN-92 and H89, although the targets of their
actions remain unclear. Finally, several reported phosphoryla-
tion sites on TRPC6 are not required for the action of mutant
TRPC6, although a phosphomimetic S282E mutation is suffi-
cient to induce ERK activation. These results identify ERK as a
potential mediator of focal segmental glomerulosclerosis
induced by TRPC6 mutations.

EXPERIMENTAL PROCEDURES

Reagents and Plasmids—Pharmacologic reagents were pur-
chased from the following vendors: carbachol, cyclosporine A,
forskolin, H89, KN-92, KN-93, tetracycline, and Y-27632 from
Sigma-Aldrich; U0126 and tyrphostin AG 1478 from Cell Sig-
naling Biotechnology; bisindolylmaleimide 1/G66850, Com-
pound C, G66976, G66983, GW 5074, STO-609, and W-7 from
EMD Biosciences; batimastat, marimastat, and GW6001 from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA); conjugated,
cell-permeable C3 transferase (Rho inhibitor I) from Cytoskel-
eton, Inc.

Antibodies used in this study were from the following com-
mercial sources: Cell Signaling Technology (rabbit phospho-
ERK1/2, catalog no. 4370; rabbit ERK1/2, catalog no. 4695;
mouse ERK1/2, catalog no. 9107; rabbit and mouse anti-HA
antibodies, catalog nos. 3724 and 2367; phospho-Ser/Thr PKA
substrate antibody, catalog no. 9621; HRP-conjugated anti-rab-
bit and anti-mouse IgG secondary antibodies, catalog nos. 7074
and 7076), Santa Cruz Biotechnology, Inc. (rabbit PKA Ca,
sc-903), Sigma-Aldrich (FLAG M2, unconjugated (F3165),
FITC-labeled (F4049), and conjugated to agarose (A2220); HA
mouse monoclonal conjugated to agarose (A2095)). Fluores-
cence-conjugated secondary antibodies and phalloidin were
from Jackson ImmunoResearch and Invitrogen, respectively.

The plasmids pcDNA3.1 and pcDNA4/TO/myc-His B
(Invitrogen), containing the full-length human TRPC6 ORF
with an amino-terminal FLAG tag sequence and various FSGS-
associated mutations as well as the dominant-negative pore
mutation changing amino acids LFW to AAA, have been
described previously (32). HA tagged wild-type and R895C
mutant TRPC6 were generated by standard PCR-based strate-
gies and cloned into pcDNA3/myc-His A (Invitrogen). Phos-
phorylation site mutations were introduced using the Invitro-
gen QuikChange XL kit, following the manufacturer’s
protocols, and confirmed by sequencing. Plasmids for express-
ing GFP fused to the calcium/calmodulin-dependent protein
kinase II (CaMKII)-inhibitory peptide (GFP-AC3-I) or scram-
bled control peptide (GFP-AC3-C) were provided by Dr. M.
Anderson (75). FLAG-tagged wild-type and kinase mutant
(K73M) PKA Ca expression constructs were kindly provided by
Drs. Murshid and Calderwood (76).

Cell Culture—MIR cells, generated by expressing the M1
acetylcholine receptor in T-REx-293 cells (Invitrogen), as well
as stable clones of M1R cells expressing tetracycline-inducible
wild-type FLAG-TRPC6 or mutant FLAG-TRPC6 R895C were
maintained as previously described (32). TRPC6 expression
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was induced by growing cells in medium supplemented with 2
pg/ml tetracycline or 0.1 ug/ml doxycycline for 18 —48 h prior
to use. HEK 293T cells were obtained from GeneHunter and
maintained in DMEM with 4.5 g/liter glucose and supple-
mented with 10% fetal bovine serum (Atlanta Biologicals) and
antibiotics. A conditionally immortalized murine podocyte cell
line was generated from a temperature-sensitive SV40 large T
antigen transgenic mouse (Charles River, St. Louis) as reported
previously (77) and was maintained on collagen I-coated tissue
culture plates in RPMI medium with 10% FBS and interferon y
(20 units/ml; Sigma-Aldrich) at 33 °C; cells were shifted to
medium without interferon and cultured at 37 °C to induce
differentiation. Human conditionally immortalized podocytes
were provided by Dr. M. Saleem and cultured as recommended
(78).

Transient transfections of MIR cell derivatives and 293T
cells were performed using FUGENE6 or XtremeGENE 9
(Roche Applied Science) following the manufacturer’s proto-
col. Cells were processed 18 —48 h after transfection. Murine
podocytes were transfected 48 —72 h after differentiation using
an Amaxa Nucleofector apparatus with program T-13 and the
Basic Nucleofector Kit for Primary Mammalian Epithelial Cells
(Lonza) and replated onto collagen I-coated plates for 24 h prior
to analysis.

The siRNA experiments were performed by reverse transfec-
tion using Lipofectamine RNAiMax and pools of either control
siRNA or siRNA targeting PKA Ca (Santa Cruz Biotechnology,
Inc.). 36—-48 h after transfection, cells were treated with or
without doxycycline overnight to induce TRPC6 expression.

For inhibitor studies, cells were first treated with or without
tetracycline (2 ug/ml) for 16-24 h. The medium was then
replaced with complete medium containing the indicated
inhibitors at the following concentrations: 25 um W-7, 5 um
KN-92 and -93, 5 um STO-609, 10 uM cyclosporine A, 40 um
Compound C, 1 pm G66976, 1 um G66983, 5 um U0126, 10
uM GW5074, 10 um H89, 100 nm tyrphostin AG 1478, 20 um
batimastat, 20 uM marimastat, 20 um GW6001, 1 pg/ml C3 trans-
ferase, 10 uMm Y-27632. Equal final concentrations of DMSO car-
rier were present under all conditions. After 3 h of treatment
with inhibitors, cells were lysed and processed for analysis.

Immunoprecipitation and Immunoblotting—Cells were
rinsed once in phosphate-buffered saline with calcium and
phosphate and lysed in TBS with 1% Triton X-100 (50 mm Tris,
pH 7.4, 150 mMm NacCl, 1% (v/v) Triton X-100), modified radio-
immune precipitation assay lysis buffer (50 mm Tris, pH 8.0,
150 mm NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate), or
low salt lysis buffer (50 mm Tris, pH 8.0, 100 mMm NaCl, 5 mm
EDTA, 1% (v/v) Nonidet P-40, 0.5% (w/v) sodium deoxy-
cholate), all supplemented with Complete protease inhibitor
mixture and PhosStop (Roche Applied Science). Lysates were
cleared by centrifugation at 17,000 X g for 15 min at 4 °C. An
aliquot was mixed with 4X SDS-sample loading buffer with
B-mercaptoethanol, incubated at 95 °C for 5 min, and used to
assay protein expression by Western blot.

For immunoprecipitation, cleared lysates were incubated
with 15 ul of FLAG M2 or anti-HA-agarose slurry (Sigma-Al-
drich) and incubated with constant agitation at 4 °C for 2-3 h.
Immunoprecipitated complexes were washed three times with
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lysis buffer and eluted off of the beads by boiling in SDS-sample
loading buffer.

Cell lysates and immunoprecipitated materials were sepa-
rated by SDS-PAGE using TGX gels (Bio-Rad) and transferred
to PVDF membrane (Bio-Rad). The membrane was blocked
with 5% bovine serum albumin (BSA) in TBST (TBS with 0.05%
Tween-20) for 1 h at room temperature, followed by incubation
with primary antibody in 5% BSA TBST using dilutions recom-
mended by the supplier. After three washes in TBST, blots were
incubated with the appropriate secondary antibody conjugated
to HRP (Cell Signaling Technology) in TBST at room temper-
ature, followed by detection with SuperSignal West Dura
chemiluminescent substrate (Pierce). Images were obtained
using autoradiography film or with a FluorChem Q imager (Cell
Biosciences).

In Vitro Kinase Assay—HA-TRPC6 was immunoprecipitated
from cell lysates with anti-HA antibody-conjugated agarose
and washed extensively with lysis buffer followed by 1X PKA
phosphorylation buffer (50 mm Tris-HCl, 10 mm MgCl,, pH
7.5). The sample was divided into two sets and incubated in
PKA buffer with 200 um ATP with or without 2,500 units of
PKA catalytic subunit (New England Biolabs) at 30 °C for 1 h.
The samples were then washed twice with lysis buffer, incu-
bated in 2X sample loading buffer at 95 °C, and processed for
Western blot analysis.

Immunofluorescence—Cells were cultured on 12-mm poly-
D-lysine-covered coverslips (BD 354086) in 24-well plates until
60-70% confluent, followed by the addition of tetracycline
were indicated. Twenty-four hours later, coverslips were
passed to clean 24-well plates, and cells were washed twice with
cold PBS, fixed in 2% formaldehyde, and permeabilized with
0.3% Triton X-100. Cells were blocked for 1 h in PBS with 1%
BSA and 0.5% Tween 20 and then incubated sequentially with
primary and secondary antibodies in the same blocking solu-
tion for 1 h each. Nuclei were counterstained with 2 ug/ml
Hoechst solution, and coverslips were mounted on glass slides
with Prolong Gold antifade reagent (Invitrogen). Digital images
were captured using an RT Slider Diagnostic Instruments dig-
ital camera connected to an Olympus BX60 microscope.

Calcium Imaging—Intracellular calcium concentration anal-
ysis of cell populations was performed using Fura-2/AM (Invit-
rogen) following the manufacturer’s general recommenda-
tions. Briefly, cells were cultured in 96-well black, clear bottom
plates (Costar) until 70% densities and then treated with or
without tetracycline (2 pg/ml) for 24 h to induce FLAG-TRPC6
WT or R895C expression. Cells were dye-loaded with 2 um
Fura-2 in 50 ul of calcium uptake buffer (1X Hanks’ balanced
salt solution, 20 mm HEPES, 2.5 mMm probenecid) for 30 min at
37 °Cina cell incubator. Medium was then exchanged for 75 ul
of calcium uptake buffer alone for another 30 min. For inhibitor
studies, inhibitors or DMSO carrier was present during this
incubation.

Fura-2 fluorescence signal capture was performed in a Flex-
Station 3 multimode microplate reader (Molecular Devices)
calibrated to 37 °C using SoftMax Pro version 5.4 software.
Fluorescence signals were sequentially measured with excita-
tion at 340 and 380 nm and emission at 510 nm to obtain a
340/380 ratio as a surrogate for intracellular calcium concen-
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FIGURE 1. Mutant TRPC6 induces ERK activation. A, parental M1R cells or subclones expressing the indicated FLAG-TRPC6 construct under a tetracycline-
inducible promoter were treated with or without tetracycline for 16-24 h, as indicated, before lysis. Whole lysate blots were probed for FLAG, phosphorylated
ERK1/2 (P-Erk), and total ERK1/2 as indicated. B, average normalized ratio of phosphorylated ERK1/2 to total ERK signal in different stable cell lines without or
with tetracycline induction. One-way ANOVA with Tukey’s multiple comparison test was used; *, p < 0.001 versus all other groups; n = 5. C, phosphorylated ERK,
total ERK, and FLAG-TRPC6 levels in M1R cells transiently transfected with the indicated FLAG-TRPC6 constructs. D, whole cell lysates from differentiated
murine podocytes transfected with the indicated HA-TRPC6 expression constructs or control vector were blotted for the expression of HA-TRPC6, phosphor-
ylated ERK1/2, total ERK, and B-actin, as indicated. E, average normalized ratio of phosphorylated ERK1/2 to total ERK signal in podocytes expressing the
indicated HA-TRPC6 protein. One-way ANOVA with Tukey’s multiple comparison test; n.s., not statistically significant; n = 7. F, immunofluorescence of
inducible M1R subclones expressing wild-type or R895C mutant FLAG-TRPC6 treated without (—) or with (+) tetracycline as indicated. Images were taken
under identical exposure conditions. Error bars, S.E.

P-Erk

trations. Data were collected every 5 s. The base-line ratio was
obtained for 1 min, followed by the addition of 25 ul of calcium
uptake buffer with or without carbachol, and signal was cap-
tured every 5 s for another 5 min.

Transactivation Assay—Tetracycline-inducible FLAG-
TRPC6 cells were grown with or without tetracycline or doxy-
cycline for 18-24 h. Conditioned medium from the cells was
harvested and cleared of cell debris by centrifugation. Various
inhibitors were either present during the entire medium condi-
tioning step or added after medium harvest, as indicated. HEK
293T cells were exposed to either unconditioned or condi-
tioned medium as indicated, followed by lysis and Western blot
analysis.
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Statistical Analysis—Western blot band intensities were
quantified using AlphaView Q SA version 3.2.2 (Cell Biosci-
ences) and normalized to control conditions. Statistical analysis
was performed using GraphPad Prism 5.

RESULTS

Gain-of-function TRPC6 Mutations Activate ERK—We
examined the levels of phosphorylated, activated ERK1/2 in sta-
ble cell lines expressing either no TRPC6 (M1R), FLAG-tagged
wild-type TRPC6 (WT), or FLAG-tagged TRPC6 harboring the
FSGS-associated R895C mutation (R895C) under a tetracy-
cline-inducible promoter (Fig. 1, A and B). Inducing expression
of wild-type TRPC6 led to a small increase in basal ERK activa-
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tion, although this did not reach statistical significance. Simi-
larly, transient transfection of wild-type TRPC6 had only a min-
imal effect on phospho-ERK levels (Figs. 1C and 9). In contrast,
expression of the R895C mutant TRPC6 induced a pronounced
increase in phospho-ERK levels (Fig. 1, A—C). The reason for
the higher basal level of phospho-ERK seen in the R895C-in-
ducible cell line even in the absence of tetracycline is unclear,
but it may be due to low level expression of the channel under
uninduced conditions (as ascertained by RT-PCR and immu-
noprecipitation/Western blotting; data not shown).

To ascertain whether the effect on ERK phosphorylation was
specific to the R895C mutant or a common effect of disease-
associated, gain-of-function mutations, we transiently trans-
fected the parental cell line (M1R cells) with either wild type or
one of several mutant forms of TRPC6 (Fig. 1C). Expression of
three well established gain-of-function disease mutants located
on opposite ends of the protein (P112Q, R895C, and E897K) led
to an increase in ERK phosphorylation. Introduction of a dom-
inant negative pore mutation (LFW to AAA (3)) into the R895C
mutant protein (R895C DN) abolished ERK1/2 activation, sug-
gesting that the channel activity of TRPC6 is necessary for ERK
activation.

To ascertain whether mutant TRPC6 had a similar effect in a
more disease-relevant cell line, we ascertained phospho-ERK
levels in murine podocytes transiently transfected with either
control vector or HA-tagged wild-type or R895C mutant
TRPC6 (Fig. 1, D and E). Again, expression of mutant TRPC6
led to a significant increase in phospho-ERK levels compared
with both control and wild-type TRPC6-expressing cells. The
more modest relative increase in phospho-ERK levels in podo-
cytes relative to 293T cells may in part be due to the higher basal
levels of phospho-ERK in these cells (Fig. 5/) (data not shown).

We further examined ERK activation in TRPC6 R895C-ex-
pressing M1R cells by immunocytochemistry (Fig. 1F). In the
absence of tetracycline, minimal phospho-ERK signal was seen
in cells. Expressing wild-type TRPC6 did not appreciably
increase phospho-ERK levels. In contrast, when mutant TRPC6
expression was induced, the majority of cells showed an
increase in phospho-ERK signal, although there was significant
heterogeneity in phospho-ERK levels.

Pharmacologic Inhibition of Mutant TRPC6-mediated ERK
Activation—To begin to address what pathways might be
involved in ERK1/2 activation downstream of mutant TRPC6,
we examined the effect of various pharmacologic inhibitors
(Table 1) on this process (Fig. 2, A and B). As expected, U0126,
an inhibitor of MEK, the kinase directly responsible for ERK
phosphorylation, effectively abrogated the increase in phos-
pho-ERK due to TRPC6 R895C. The calmodulin inhibitor W-7,
the CaMKII inhibitor KN-93, and the calcineurin inhibitor
cyclosporine A, but not the calcium/calmodulin-dependent
protein kinase kinase inhibitor STO-609, all abolished the
effect of R895C TRPC6 on ERK activation. Compound C, an
inhibitor of AMP-activated protein kinase (although with addi-
tional off-target effects (79)), also blocked ERK activation.
Interestingly, the broad PKC inhibitor G66983 (and bisindolyl-
maleimide I/G66850; data not shown), but not G66976, which
targets the calcium-dependent, conventional PKCs, also inhib-
ited ERK activation, suggesting that one of the atypical PKCs
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TABLE 1

Pharmacological inhibitors used in this study and their major reported
targets

Inhibitor Target
Batimastat Zinc-dependent metalloproteases
C3 transferase Rho
Compound C AMP-activated protein kinase, mitochondrial ROS
production
Cyclosporine A Calcineurin

G066976 Calcium-dependent PKC (PKCa, PKCB1)

G66983 PKC (broad spectrum)
GW5074 c-Raf
H89 PKA, ROCK-II
KN-93 CaMKII, L-type calcium channel
KN-92 “Negative control” for KN-93 effect on CaMKII,
L-type calcium channel
STO-609 Calcium/calmodulin-dependent protein kinase
kinase
Tyrphostin AG 1478  EGEFR, ErbB4
uU0126 MEK
Ww-7 Calmodulin
Y-27632 ROCK
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FIGURE 2. Pharmacological inhibition of ERK activation. M1R cells stably
expressing tetracycline-inducible FLAG-TRPC6 R895C were treated without
(—Tet) or with tetracycline (all other samples) overnight before being treated
with the indicated inhibitors for 3 h prior to cell lysis. A, Western blot analysis
of phosphorylated ERK (P-Erk), total ERK1/2, and FLAG-TRPC6. B, average nor-
malized phospho-ERK levels in cells exposed to various inhibitors. One-way
ANOVA with Dunnett’s multiple comparison test was used; *, p < 0.05 versus
DMSO-treated; n = 3. Table 1 summarizes the major targets of inhibitors
used. Error bars, S.E.

may be required for this effect of TRPC6. Finally, GW5074,
which inhibits c-Raf in vitro (80), was not an effective inhibitor
of mutant TRPC6-mediated ERK activation.

The effect of KN-93 on phospho-ERK levels suggested that
CaMKII might be involved in this signaling cascade. To further
address this possibility, we first tested the effect of KN-92, a
derivative of KN-93 without inhibitory activity against CaMKII
(81), on phospho-ERK levels (Fig. 3, A and B). Surprisingly, we
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FIGURE 3. Effect of KN-92 and KN-93 on ERK activation by TRPC6 R895C.
M1R cells expressing FLAG-TRCP6 R895C, or uninduced cells (—Tet) were
treated with the indicated inhibitors or DMSO as a carrier control for 3 h prior
to cell lysis. A, Western blot analysis of phospho-ERK (P-Erk), ERK, and FLAG-
TRPC6 levels. B, average normalized phospho-ERK levels in cells exposed to
the indicated inhibitors. One-way ANOVA with Tukey’s multiple comparison
test was used; **, p < 0.001 versus all other conditions; all other comparisons,
p > 0.05; n = 4. C, Western blot analysis of 293T cells transfected with HA-
TRPC6 R895C and either GFP (—), GFP-AC3 inhibitor (/), or control (C) con-
structs, as indicated. Error bars, S.E.

found that KN-92 was almost as effective at decreasing phos-
pho-ERK levels in cells expressing TRPC6 R895C as KN-93. To
further examine the potential role of CaMKII, we made use of a
CaMKII-inhibitory peptide fused to GFP (GFP-AC3-I) (75).
Expressing either this inhibitory peptide or a scrambled control
peptide (GFP-AC3-C), together with TRPC6 R895C, did not
appreciably alter phospho-ERK levels (Fig. 3C), further arguing
against a role for CaMKII in mediating ERK activation by
mutant TRPC6 and suggesting that the effect of KN-93 on this
process is mediated, at least in part, independently of its effect
on CaMKII activity.

Previous studies have suggested that PKA and cGMP-depen-
dent protein kinase (PKG) might play a role in limiting the
activity of the TRPC6 channel (82— 87). We therefore examined
whether inhibition of PKA through H89 might further enhance
ERK phosphorylation in cells expressing TRPC6 R895C. Con-
trary to our expectations, treating cells with H89 abolished the
increase in phospho-ERK in cells expressing mutant TRPC6
(Fig. 4A). To investigate the potential role of PKA in mediating
ERK activation by mutant TRPC6, we co-transfected TRPC6
R895C together with either wild-type or dominant negative,
kinase-dead PKA Cu (Fig. 4B). Unlike the effect of H89, domi-
nant negative PKA Ca did not diminish phospho-ERK levels,
although overexpression of wild-type PKA Ca did increase
phospho-ERK levels both in the presence and absence of
TRPC6. To further address the discrepancy between the effect
of H89 and dominant negative PKA, we knocked down the
expression of endogenous PKA Ca. PKA levels, normalized to
actin, were significantly decreased after transfecting PKA
siRNA compared with scrambled control siRNA (PKA/actin
ratio, 46.8 * 2.3% versus 100 £ 6.1%, respectively; p < 0.0001 by
paired ¢ test, n = 10). Upon PKA knockdown, phospho-ERK
levels were modestly increased in R895C TRPC6-expressing
cells compared with control siRNA-treated cells (Fig. 4, C and
D). The increase in phospho-ERK levels seen upon PKA knock-
down in the absence of TRPC6 induction did not reach statis-
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FIGURE 4. PKA inhibitor H89, but not dominant negative PKA Ca, PKA
knockdown, or RhoA pathway inhibitors, blocks ERK activation by
R895C TRPC6. A, M1R cells expressing R895C TRPC6 in a tetracycline-induc-
ible manner were treated without (—Tet) or with tetracycline, followed by
incubation with H89 at increasing concentrations or control carrier (DMSO).
Phospho-ERK (P-Erk), ERK, and FLAG-TRPC6 expression were examined by
Western blot of whole cell lysates. B, Western blot for phosphorylated ERK,
ERK, HA, and FLAG of 293T cells transfected with HA-TRPC6 R895C and FLAG-
PKA Ca wild type (WT) or dominant negative (DN) constructs, as indicated. C,
R895C TRPC6-expressing cells were transfected with control (C) siRNA or
siRNA targeting PKA Ca (P), followed by treatment with or without doxycy-
cline to induce TRPC6 expression. Levels of phosphorylated and total ERK,
FLAG-TRPC6, and endogenous PKA Ca were analyzed by Western blot. D,
average normalized phospho-ERK/ERK levels in M1R cells expressing R895C
TRPC6 under doxycycline treatment and transfected with the indicated
siRNA. One-way ANOVA with Tukey’s multiple comparison test was used; all
pairwise comparisons with p < 0.001 except where indicated by ns (not sig-
nificant); n = 3-7. E, tetracycline-inducible FLAG-TRPC6 R895C-expressing
cells were treated without (—Tet) or with tetracycline, followed by incubation
with carrier only (DMSO), Rho inhibitor (C3 transferase), ROCK inhibitor
(Y-27632), or MEK inhibitor (U0126). Phospho-ERK and total ERK levels were
analyzed by Western blot. F, average normalized phospho-ERK/ERK levels in
cells treated as in E. One-way ANOVA with Dunnett’s multiple comparison
test was used versus DMSO; ***, p < 0.0001; ns, p > 0.05; n = 3-5. Error bars,
S.E.

tical significance. Taken together, these results suggest that
H89 is able to inhibit mutant TRPC6-mediated increases in
phospho-ERK levels independently of its effect on PKA. We
cannot exclude the possibility that PKA may, in fact, have a
small inhibitory effect on mutant TRPC6.

H89 has been reported to inhibit kinases in addition to PKA,
including Rho-dependent protein kinase II (ROCK-II) (88).
TRPC6 is known to activate RhoA (35, 37). We therefore exam-
ined whether the Rho-ROCK pathway was necessary for
mutant TRPC6-mediated ERK activation. Neither membrane-
permeable C3 transferase (a Rho inhibitor) nor the ROCK
inhibitor Y-27632 significantly altered phospho-ERK levels
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(Fig. 4, E and F). These results suggest that mutant TRPC6-
mediated ERK activation occurs independently of PKA or the
Rho-ROCK pathway.

Mutant TRPC6 Induces Paracrine ERK Activation via Re-
lease of EGER Ligand—Calcium-activated signals play a role in
G-protein-coupled receptor autocrine and paracrine signaling
pathways, including those activating ERK through tyrosine
kinase receptor transactivation (reviewed in Refs. 89 and 90).
Furthermore, TRPC1 has been shown to be involved in the
amplification of the EGFR signaling cascade, including the acti-
vation of ERK (91). We therefore investigated whether a para-
crine signaling pathway might be involved in ERK activation
due to TRPC6 R895C expression (Fig. 5). HEK293T cells were
exposed to unconditioned medium or medium conditioned by
uninduced or induced TRPC6 wild-type or R895C cells. Expo-
sure to conditioned medium from cells expressing TRPC6
R895C induced ERK activation within 5 min, whereas medium
from uninduced cells, medium from cells expressing wild-type
TRPC6, or control medium had no effect (Fig. 54). A time
course analysis revealed peak activation of ERK after 5 min of
exposure to conditioned medium from TRPC6 R895C cells,
with a lower level of ERK activation persisting through 60 min
(Fig. 5B). We next examined whether TRPC6-mediated ERK
activation was dependent upon EGER kinase activity. Treating
TRPC6 R895C-expressing cells with tyrphostin AG 1478, an
EGFR (92) and ErbB4 (93) kinase inhibitor, failed to decrease
phospho-ERK levels (Fig. 5C). In contrast, adding tyrphostin
AG 1478 to TRPC6 R895C conditioned medium inhibited ERK
activation in 293T cells exposed to the medium (Fig. 5D), sug-
gesting that distinct signaling pathways are involved in cell-
autonomous and non-cell-autonomous ERK activation by
mutant TRPCe6.

Because metalloprotease mediated shedding of EGF family
growth factors is a frequent mechanism involved in transacti-
vation (89, 94), we next examined the ability of metalloprotease
inhibitors to affect ERK activation. Incubating FLAG-TRPC6
R895C-expressing cells with the metalloprotease inhibitor bati-
mastat did not alter ERK activation in these cells (Fig. 5E), but
the conditioned medium generated from these cells failed to
activate ERK in 293T cells (Fig. 5F). Adding batimastat after
conditioning did not alter ERK activation in the 293T cells (Fig.
5@). Similar results were obtained with two additional metallo-
protease inhibitors, marimastat and GM6001 (data not shown).
Together these results strongly suggest that a metalloprotease-
dependent signaling step is required in TRPC6 R895C-express-
ing cells to allow efficient medium conditioning.

We also examined the ability of KN-92, KN-93, and H89 to
affect paracrine ERK activation. Consistent with a model in
which these inhibitors block early signaling downstream of the
mutant channel, medium conditioned in the presence of these
inhibitors did not activate ERK in 293T cells (Fig. 5H), whereas
adding inhibitors to preconditioned medium did not prevent
ERK activation (Fig. 5I).

Cultured human podocytes were also exposed to cultured
media from various TRPC6-expressing 293T cell lines (Fig. 5/).
Similar to results with 293T cells, phospho-ERK levels were
increased only by medium conditioned by TRPC6 R895C-ex-
pressing cells. The time course of activation was slightly differ-
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FIGURE 5. Soluble factor induces TRPC6 R895C-mediated ERK activation.
A, 293T cells were treated for 5 min with unconditioned medium (M) or con-
ditioned medium from cells uninduced (—) or induced (+) to express the
indicated FLAG-TRPC6. Phospho-ERK (P-Erk) and total ERK levels were
assessed by Western blot. B, 293T cells were incubated for the indicated times
with medium conditioned by FLAG-TRPC6 R895C cells cultured in the pres-
ence or absence of tetracycline, as indicated. C, FLAG-TRPC6 R895C-inducible
M1R cells were treated with 100 nm tyrphostin or DMSO, as indicated, for 3 h
prior to lysis and Western blotting. D, medium conditioned by FLAG-TRPC6
R895C-expressing cells was supplemented with the indicated inhibitors
immediately prior to the addition to 293T cells. Phosphorylated and total ERK
levels in 293T cells were assessed after a 5-min incubation. E, Western blot
analysis of FLAG-TRPC6 R895C cells grown overnight in the absence (—Dox)
or presence of doxycycline and either carrier (DMSO) or 20 um batimastat.
Medium from the cells was collected and used to treat 293T cells in F for 5 min.
G, conditioned medium from TRPC6 R895C expressing cells was supple-
mented with carrier (DMSO) or 20 um batimastat immediately prior to treat-
ing 293T cells for 5 min. H and /, 293T cells were treated for 5 min with FLAG-
TRPC6 R895C conditioned medium, which was supplemented with 5 um
KN-92, 5 um KN-93, or 10 um H89 either during the overnight medium condi-
tioning period (H) or immediately prior to transfer onto 293T cells (/). J, podo-
cytes or 293T cells (as indicated at the bottom) were exposed to uncondi-
tioned medium (M), medium conditioned by cells inducibly expressing FLAG-
TRPC6 wild type (WT) or R895C, or left in standard podocyte medium (Basal)
for the times indicated prior to lysis and immunoblotting.

ent, with higher phospho-ERK levels seen at 15 min compared
with 5 min. In addition, the relative increase in ERK phosphor-
ylation was lower than in 293T cells, due to higher basal phos-
pho-ERK levels in podocytes compared with 293T cells (Fig. 5/,
compare second and fourth lanes from the right).

In aggregate, these results suggest that mutant TRPC6 can
lead to ERK activation through at least two distinct mecha-
nisms: 1) a cell-autonomous mechanism independent of met-
alloproteases and EGFR and 2) a non-cell-autonomous process
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FIGURE 6. Enhanced calcium influx by TRPC6 R895C is inhibited by H89
and KN-92. Shown is the ratio of Fura-2 fluorescence upon excitation at 340
and 380 nm in the indicated M1R stable cell lines. Carbachol was added to a
final concentration of 100 um after 60 s. A, comparison of tetracycline-induc-
ible TRPC6 wild-type and R895C cell lines in the presence or absence of extra-
cellular calcium. Basal Fura-2 ratios (measured at 30 s) were not different
between cell types in the absence of extracellular calcium but were signifi-
cantly higher in the presence of extracellular calcium. In addition, with extra-
cellular calcium, TRPC6 R895C-expressing cells had slightly higher basal cal-
cium levels than other cells. After carbachol stimulation, the peak ratio (70 s)
was significantly higher in the presence rather than the absence of extracel-
lular calcium but was not significantly different among cells within these
groups. At 210 s, R895C (+Tet) cells demonstrated higher Fura-2 ratios than
the other three cell populations in the presence of calcium but not in the
absence of exogenous calcium. See “Results” for details of statistical analysis.
B, average basal Fura-2 fluorescence ratios (measured at 30 s) in the indicated
M1R celllines in the presence of extracellular calcium. Paired one-way ANOVA
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that involves the metalloprotease-dependent release of a solu-
ble factor that signals through a tyrphostin AG 1478-sensitive
receptor kinase.

TRPC6 R895C-mediated Calcium Elevations Are Inhibited
by H89 and KN-92—The ability of KN-92 and H89 to inhibit
both cell-autonomous ERK activation in TRPC6 R895C-ex-
pressing cells and release of paracrine signaling factors suggests
that they are acting relatively proximal to channel activation
and the resulting calcium influx. We therefore addressed
whether these inhibitors might interfere with TRPC6-mediated
calcium influx.

As measured by the ratiometric fluorescent dye Fura-2 (Fig.
6A), we found that in the presence of extracellular calcium,
uninduced cells had similar basal fluorescence ratios measured
at 30 s (Fig. 6, A and B). Cells expressing TRPC6 R895C had, on
average, a higher basal calcium level, although this difference
was variable and not seen consistently in all experiments (e.g.
compare basal levels in Fig. 6, A and C) or in our previously
published findings (32). In the absence of extracellular calcium
(Fig. 6A, —Ca), all cells had a similar basal fluorescence ratio
that was significantly lower than in the presence of calcium (p <
0.0001, one-way ANOVA with Tukey’s multiple comparison
test, n = 8).

Stimulating cells with carbachol (at time 60 s, Fig. 6A) led to
arapid rise in intracellular calcium in all cells in the presence or
absence of extracellular calcium. Peak 340/380 ratios (mea-
sured at 70 s) in the presence of extracellular calcium were
significantly higher than in the absence of extracellular calcium
(p < 0.0001, one-way ANOVA with Bonferroni’s multiple-
comparison test; # = 8). Inducing wild-type or mutant TRPC6
expression did not significantly alter peak ratios among the
groups of cells treated with extracellular calcium or among the
groups treated without extracellular calcium. In the absence of
extracellular calcium, intracellular calcium levels rapidly
returned back to base line. In contrast, in the presence of extra-
cellular calcium, the TRPC6 R895C-expressing cells showed a
slower and smaller drop in the fluorescence ratio over the next
several min (p < 0.0001, one-way ANOVA with Tukey’s mul-
tiple comparison test, compared with all other groups at 210 's;
n = 8). These results are consistent with previously published
electrophysiological data suggesting that this mutation leads to
increased current amplitudes (11) and suggest a possible effect
on time-dependent channel inactivation similar to that seen
with other FSGS-associated mutations (13).

We next addressed whether KN-92 and H89 have any effect
on TRPC6 R895C-mediated calcium influx (Fig. 6C). Both
inhibitors prevented the prolonged elevation in the Fura-2
fluorescence ratio seen with expression of TRPC6 R895C (p <
0.01 by one-way ANOVA comparing (+ Tet) (DMSO) versus all
other groups at 210 s). The apparent blunting of the initial peak

with Tukey’s multiple comparison test was used; ***, p < 0.0001; *, p < 0.05;
all other pairwise comparisons with p > 0.05; n = 21. C, Fura-2 fluorescence
ratios of TRPC6 R895C-expressing cells pretreated with H89 or KN-92 as indi-
cated. Cells were stimulated with carbachol at 60 s. At 210 s, R895C (+ Tet)
cells had higher Fura-2 ratios relative to the other three cell populations;
one-way ANOVA with Dunnett’s multiple comparison test; p < 0.01; n =
9-12. Peak ratio differences between the groups did not reach statistical sig-
nificance. Error bars, S.E.
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rise in the fluorescence ratio upon carbachol stimulation in
cells treated with H89 or KN-92 did not reach statistical signif-
icance. Taken together, these data suggest that the ability of
both inhibitors to block ERK activation by mutant TRPC6 may
be due to their ability to blunt calcium influx mediated by
mutant TRPC6 activation. Our data do not allow us to differ-
entiate between a direct effect of these compounds on channel
activation/activity and an indirect effect on calcium influx
(such as through reversal of the sodium-calcium exchanger (95,
96)).

PKA Ca Binds and Phosphorylates TRPC6—To further in-
vestigate the disparate effects of H89 and dominant negative
PKA Ca or PKA siRNA on phospho-ERK levels, we examined
whether TRPC6 and PKA can interact. TRPC6 was readily co-
immunoprecipitated with PKA Ca when co-expressed in 293T
cells (Fig. 7A). The ability of PKA Ca to co-precipitate TRPC6
was not affected by introducing the R895C mutation into
TRPC6 or by abolishing the kinase activity of PKA Ca (Fig. 7B).
In contrast to mutating the kinase domain of PKA Ce, treating
cells with H89 did abolish the TRPC6-PKA interaction (Fig.
7C). This result was surprising in light of reports that H89 acts
by competing for ATP but not substrate, binding to PKA (97).
Forskolin-treating cells to activate adenylate cyclase did not
appreciably enhance the interaction between the two overex-
pressed proteins (Fig. 7C).

We next examined whether PKA could phosphorylate
TRPC6, making use of a phospho-PKA substrate antibody
developed to specifically recognize phosphoserine and -threo-
nine residues within the context of the consensus PKA site
RRX(S/T) (Cell Signaling Technology). Under basal conditions,
some amount of TRPC6 phosphorylation could be detected
using this antibody (Fig. 84). This signal was greatly increased
by treating cells with forskolin to activate adenylated cyclase.
To confirm that these phosphorylation events were mediated
by PKA, cells were treated with H89. The presence of this com-
pound abolished both the basal and forskolin-induced phos-
pho-Ser/Thr signals (Fig. 84, compare lane 1 with lane 3 and
lane 2 with lane 4). TRPC6 contains several potential consensus
PKA phosphorylation sites, including Ser-13, Thr-70, and Ser-
322 (84). Phosphorylation of threonine 70 in TRPC6 and of the
corresponding threonine in TRPC3 by both PKA and PKG has
been reported (85, 86, 98). The role of threonine 70 as a site for
PKA phosphorylation was therefore investigated (Fig. 88). Both
wild-type and R895C mutant TRPC6 showed increased phos-
pho-S/T signal upon treating cells with forskolin. In contrast,
introducing the T70V mutation into the R895C TRPC6 protein
completely abolished this effect of forskolin, indicating that
threonine 70 is a major TRPC6 phosphorylation site after fors-
kolin treatment. To ascertain whether threonine 70 is in fact a
direct target of PKA phosphorylation, we performed in vitro
kinase assays (Fig. 8C). Incubating wild-type and R895C mutant
TRPC6 with recombinant PKA increased signal using the phos-
pho-PKA substrate antibody. In contrast, no phosphoserine or
phosphothreonine was detected in TRPC6 containing the
T70V mutation. Although threonine 70 appears to be a site of
PKA-mediated phosphorylation in vitro and in vivo, the site was
not required for binding of PKA Ca (Fig. 8D).
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FIGURE 7. TRPC6 binds PKA Ca. A, 293T cells were transfected with expres-
sion plasmids for HA-TRPC6 and FLAG-PKA Cq, as indicated. Expression was
confirmed by Western blotting (WB) of lysates with anti-HA and anti-FLAG
antibodies. HA-TRPC6 was detected in FLAG immunoprecipitated (/P) com-
plexes only in the presence of FLAG-PKA Ca. B, co-immunoprecipitation of
wild-type and R895C mutant HA-TRPC6 with both wild-type and kinase-inac-
tive mutant FLAG-tagged PKA Ca. Lysates were probed to confirm expression
of the various proteins. The asterisk in the second panel indicates IgG heavy
chain. G, effect of PKA inhibitor H89 and adenylate cyclase activator forskolin
on the interaction of overexpressed TRPC6 and PKA Ca.

Evaluation of TRPC6 Phosphorylation Site Mutations on ERK
Activation—Several phosphorylation sites on TRPC6 have
been reported to play potential roles in regulating channel func-
tion. The potential ERK phosphorylation site on Ser-282 has
been reported to be required for activating TRPC6 currents in
response to the cAMP analog, 8-bromo-cyclic AMP (99). Intro-
duction of the S282A mutation into the TRPC6 R895C con-
struct did not significantly alter phospho-ERK levels (Fig. 9, A
and C). In addition, abolishing the PKA/PKG phosphorylation
site on Thr-70 (86, 100) or the dual tyrosine phosphorylation
sites at Tyr-31 and Tyr-285 (8) failed to significantly alter ERK
activation by TRPC6 R895C (Fig. 9, A and C). However, when
we introduced a phosphomimetic S282E mutation into wild-
type TRPC6, phospho-ERK levels were elevated to a level com-
parable with that induced by the R895C mutation (Fig. 9, B and
D). Neither the S282E nor the S282A mutation significantly
altered phospho-ERK levels in the context of the R895C muta-
tion. This suggests that although the S282E mutation induces
ERK activation similarly to R895C and other disease-associated
mutations, phosphorylation of the Ser-282 residue is not
required for ERK activation in the context of the R895C mutant.

DISCUSSION

Here we report several novel observations: 1) gain-of-func-
tion TRPC6 mutants activate ERK in the absence of exogenous
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FIGURE 8. TRPC6 is phosphorylated by PKA at threonine 70. A, TRPC6
phosphorylation at PKA consensus sites (phospho-Ser/Thr; P-S/T). 293T cells
expressing HA-TRPC6 were treated with 20 um forskolin and/or 20 um H89, as
indicated, for 30 min prior to cell lysis and immunoprecipitation (/P). Immu-
noprecipitated HA-TRPC6 was probed with phospho-PKA substrate anti-
body. WB, Western blot. B, threonine 70 is a major site of TRPC6 phosphoryl-
ation in response to forskolin treatment. The indicated HA-TRPC6 constructs
were expressed in 293T cells exposed to forskolin or carrier for 30 min prior to
lysis and HA immunoprecipitation. TRPC6 phosphorylation at PKA consensus
sites was monitored with phospho-PKA substrate antibody. C, in vitro phos-
phorylation of TRPC6 by PKA catalytic subunit. The indicated HA-TRPC6 pro-
teins were purified from cell lysates and incubated with or without recombi-
nant PKA catalytic subunit, followed by immunoblotting with phospho-PKA
substrate antibody. D, threonine 70 is not required for TRPC6 binding to PKA
Ca. The indicated HA-TRPC6 constructs were co-immunoprecipitated with
FLAG-PKA Ca.
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FIGURE 9. Effect of TRPC6 phosphorylation site mutations on activation
of ERK by R895C TRPC6. 293T cells were transfected with the indicated HA-
tagged TRPC6 constructs. YY>FF, Y31F/Y285F double mutation. A and B,
Western blots for phospho-ERK (P-Erk), total ERK, and HA-TRPC6. C and D,
average normalized phospho-ERK/total ERK ratios for cells expressing the
indicated HA-TRPC6 constructs. C, one-way ANOVA with Dunnett’s multiple
comparison test; **, p < 0.01 versus R895C; n = 7. D, Bonferroni’s multiple-
comparison test against wild-type and R895C; *, p < 0.05 versus WT; #, p <
0.05 versus R895C; n = 9-17. Error bars, S.E.

stimuli; 2) ERK activation by mutant TRPC6 can be mediated
by two distinct pathways, a cell-autonomous pathway resistant
to metalloprotease and EGFR inhibitors and a non-cell-auto-
nomous pathway sensitive to these inhibitors; 3) two pharmaco-
logical inhibitors, KN-92 and H89, are able to block the pro-
longed elevations in intracellular calcium concentrations
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mediated by mutant TRPC6 as well as block both pathways
leading to ERK activation; 4) dominant negative PKA Ca or
knockdown of endogenous PKA Ca does not replicate the
effect of H89, whereas H89 disrupts the interaction of TRPC6
and PKA Ca; and 5) introducing a phosphomimetic S282E
mutation into TRPC6 induces ERK activation, but abolishing
potential phosphorylation sites at Thr-70, Ser-282, and Tyr-31/
285 does not prevent ERK activation by TRPC6 R895C.

Although our results clearly demonstrate ERK activation
downstream of gain-of-function TRPC6 mutants, it remains
unclear whether activation of wild-type TRPC6 is also able to
activate the two signaling pathways leading to ERK phosphor-
ylation. Addressing this point has been hampered by the lack of
specific TRPC6 agonists; treatment with stimuli known to acti-
vate TRPC6, including Hyp9 (101), leads to ERK activation even
in cells not expressing TRPC6.> However, several prior studies
have reported links between TRPC channels and ERK. A role
for TRPC channels, including TRPCS6, in activating ERK was
first suggested in the context of PDGF-mediated neuroprotec-
tion (40). More recently, TRPC1 has been shown to augment
EGFR-mediated signaling, including ERK activation (91),
whereas TRPC3 appears to play a role in ERK activation in
cardiac fibroblasts (102). Our data suggest that multiple distinct
pathways may connect TRPC6 activity to ERK activation,
including a paracrine signaling pathway probably involving an
EGER ligand. It is interesting to speculate whether a similar
paracrine signaling mechanism is involved in the reported aug-
mentation of EGFR-mediated ERK activation by TRPC1 (91).

Several lines of evidence implicate calcium influx in mutant
TRPC6-mediated ERK activation. Specifically, pore mutations
abolishing channel activity prevent ERK activation, inhibitors
of the calcium-dependent proteins calmodulin and calcineurin
block ERK activation, and KN-92 and H89 block both ERK acti-
vation and calcium influx downstream of mutant TRPC6. How-
ever, although average basal calcium levels are slightly higher in
cells expressing TRPC6 R895C, the differences are small and
not consistently seen either in this or previous (32) studies.
How might these discrepant results be reconciled? We postu-
late that in contrast to the global and simultaneous activation of
TRPC6 channels upon stimulation with carbachol, under basal
conditions, there may be stochastic activation of TRPC6 within
a subset of cells and/or localized to a small area of a cell. These
localized increases in calcium concentration may be sufficient
toinduce ERK activation but not to always significantly alter the
average calcium concentration as measured across the entire
cell population. Consistent with this possibility, in our prior
study (32), a small minority of TRPC6 R895C-expressing cells
demonstrate elevated basal calcium levels without significantly
altering the average calcium level across the population. Tran-
sient calcium spikes could induce prolonged periods of ERK
activation and therefore lead to an increase in global phospho-
ERK levels. Confirming this hypothesis will require the devel-
opment of assays to simultaneously monitor intracellular cal-
cium concentrations and ERK activity within individual cells
across time.

3 D. Chiluiza, unpublished observation.
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Besides its potential role downstream of TRPC signaling,
ERK has been reported to be required for TRPC6 activation by
cAMP analogues (99). In addition, disrupting a putative ERK
phosphorylation site at Ser-281 in mouse TRPC6 (correspond-
ing to Ser-282 in humans) prevented TRPC6 activation by
cAMP, although phosphorylation of this site was not demon-
strated (99). Although we found that Ser-282 is not necessary
for ERK activation by TRPC6 R895C, a phosphomimetic S282E
mutation in wild-type TRPC6 did induce ERK activation. These
results suggest that phosphorylation at Ser-282, although not
necessary for TRPC6 R895C actions, might activate signaling
pathways downstream of TRPC6. The effect of the S282E muta-
tion on TRPC6 channel activity and evidence that the Ser-282
residue is in fact phosphorylated in vivo await further
investigation.

In aggregate, the studies focusing on the interplay between
TRPC6 and ERK suggest the possibility of a potential feed-for-
ward loop involving these two proteins. Such a loop could
potentially parallel or augment the well established positive
feedback loop involving the TRPC6-calcineurin-NFAT path-
way (25, 26, 103), especially because ERK activation in our sys-
tem was inhibited by cyclosporine A.

Our data add to the conflicting reports regarding the poten-
tial effect of PKA, its inhibitors, and phosphorylation of Thr-70
on TRPC6 activity. TRPC6 was first reported to be phosphory-
lated by PKA in human platelets, but this does not appear to
alter 1-oleoyl-2-acetyl-glycerol-stimulated calcium influx
(104). Similarly, PKA has been reported to inhibit TRPC5 but
not TRPC6 currents when the proteins are expressed in 293T
cells (105), and activation of TRPC6 by cAMP analogues is
insensitive to H89 (99). In contrast, in pituitary cells, nonspe-
cific cation channels, probably including TRPCS6, are involved
in PKA-stimulated calcium influx (106). PKA has been reported
to phosphorylate mouse TRPC6 at two sites, Ser-28 and Thr-69
(corresponding to Thr-70 in humans), leading to channel inhi-
bition (86, 100). However, in one study, Ser-28 was felt to be the
critical inhibitory site (100), whereas the other study noted that
phosphorylation of Thr-69 was key (98). In support of the role
of Thr-69, the same site has been reported to be the target of
inhibitory phosphorylation by PKG (86, 87). We confirmed that
PKA is capable of phosphorylating TRPC6 at Thr-70 in vivo and
in vitro and that in vivo phosphorylation at this site is inhibited
by H89. In our system, H89 blocked mutant TRPC6-mediated
ERK activation, medium conditioning, and prolonged intracel-
lular calcium elevations after carbachol stimulation and also
interfered with the interaction of TRPC6 and the catalytic sub-
unit of PKA. Overexpression of dominant negative, kinase-
dead PKA Ca, in contrast, did not block ERK activation,
whereas knockdown of endogenous PKA modestly enhanced
ERK activation by mutant TRPC6. These results strongly sug-
gest that the ability of H89 to inhibit mutant TRPC6-mediated
ERK activation is independent of its inhibition of PKA. Our
results are consistent with an inhibitory role for PKA as well,
although if there is such a role, it does not depend upon phos-
phorylation of Thr-70 on TRPC6. Although our data do not
fully elucidate the role of PKA or H89 in regulating TRPC6, they
strongly caution against the use of H89 in studying the interplay
of TRPC6 and PKA.

JUNE 21,2013 +VOLUME 288-NUMBER 25

Mutant TRPC6 Activates ERK1/2

The ability of KN-92, initially used as a negative control for
KN-93, to inhibit mutant TRPC6-mediated ERK activation and
calcium influx was unexpected. The effect on calcium influx, in
particular, suggests that it may be acting either on TRPC6 chan-
nel activation/activity directly or indirectly on calcium influx
subsequent to TRPC6 activation. Consistent with the latter
possibility, KN-92 and KN-93 have both been shown to inhibit
L-type calcium channels (107), and nimodipine-sensitive
L-type calcium channels have been proposed to be activated in
response to TRPC6-mediated depolarization in smooth muscle
cells (108). Dedicated electrophysiological studies will be
needed to address these possibilities.

Ultimately, these studies beget the question of whether ERK
activation plays a role in the pathogenesis of TRPC6-mediated
FSGS. As noted earlier, ERK activation is clearly a common
manifestation in multiple human glomerular diseases and
mouse models, although whether its role is as a mediator or
mitigator of disease is uncertain. No studies addressing the
effect of ERK1/2 deletion in the kidney or podocytes on glomer-
ular function have been published to date. Addressing the
importance of ERK activation in TRPC6-mediated FSGS will
need to be addressed in mouse models.

In summary, we have identified activation of the ERK path-
way via at least two distinct pathways as a consequence of
FSGS-associated mutations in TRPC6. These results open up
novel lines of investigation, including those focusing on a role
for TRPC6 in EGFR transactivation and paracrine signaling and
onarole for ERK activation in TRPC6-mediated kidney disease.
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