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Abstract
Increased cyclic GMP from enhanced synthesis or suppressed catabolism (e.g. PDE5 inhibition by
sildenafil, SIL) activates protein kinase G (PKG) and blunts cardiac pathological hypertrophy.
Suppressed calcineurin (Cn)-NFAT (nuclear factor of activated T-cells) signaling appears to be
involved, though it remains unclear how this is achieved. One potential mechanism involves
activation of Cn/NFAT by calcium entering via transient receptor potential canonical (TRPC)
channels (notably TRPC6). Here, we tested the hypothesis that PKG blocks Cn/NFAT activation by
modifying and thus inhibiting TRPC6 current to break the positive feedback loop involving NFAT
and NFAT-dependent TRPC6 upregulation. TRPC6 expression rose with pressure-overload in vivo,
and angiotensin (ATII) or endothelin (ET1) stimulation in neonatal and adult cardiomyocytes in vitro.
8Br-cGMP and SIL reduced ET1-stimulated TRPC6 expression and NFAT dephosphorylation
(activity). TRPC6 upregulation was absent if its promoter was mutated with non-functional NFAT
binding sites, whereas constitutively active NFAT triggered TRPC6 expression that was not inhibited
by SIL. PKG phosphorylated TRPC6, and both T70 and S322 were targeted. Both sites were
functionally relevant, as 8Br-cGMP strongly suppressed current in wild-type TRPC6 channels, but
not in those with phospho-silencing mutations (T70A, S322A or S322Q). NFAT activation and
increased protein synthesis stimulated by ATII or ET1 was blocked by 8Br-cGMP or SIL. However,
transfection with T70A or S322Q TRPC6 mutants blocked this inhibitory effect, whereas phospho-
mimetic mutants (T70E, S322E, and both combined) suppressed NFAT activation. Thus PDE5-
inhibition blocks TRPC6 channel activation and associated Cn/NFAT activation signaling by PKG-
dependent channel phosphorylation.
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Introduction
In response to sustained loading stress, the heart undergoes a complex array of cellular and
molecular changes that often lead to maladaptive remodeling and heart failure [1]. The calcium/
calmodulin activated phosphatase calcineurin (Cn) prominently contributes to this
pathophysiology [2–4] in large part by activating the pro-hypertrophic transcription factor
NFAT (nuclear factor of activated T-cells) [5]. Cn-mediated dephosphorylation of NFAT
results in its nuclear translocation promoting hypertrophic growth of the heart [5]. Cn/NFAT
can be negatively modulated [6–8], and among these regulators, cyclic guanylate
monophosphate-protein kinase G (cGMP/PKG) signaling is intriguing given the availability
of clinically effective pharmaceuticals that stimulate this pathway. Both enhancing cGMP
synthesis or blocking hydrolysis by phosphodiesterase type-5 (PDE5) suppresses pathologic
hypertrophy in cell culture and intact hearts [9–13]. Fiedler et al. first reported that Cn-NFAT
is suppressed by cGMP/PKG stimulation in neonatal cardiomyocytes [14] and subsequent
studies have found similar effects with the PDE5 inhibitor sildenafil in vitro and in vivo [10,
11]. The precise mechanism remains unknown, though the finding that cGMP/PKG stimulation
cannot inhibit NFAT in myocytes overexpressing Cn suggests a proximal target [11,14].

One potential mechanism involves transient receptor potential canonical (TRPC) channels.
Calcium conductance via these non-voltage gated channels may contribute to various
cardiovascular diseases including hypertension and hypertrophy, and recent studies have
directly linked their activity to Cn/NFAT stimulation [15–18]. TRPC3 and TRPC6 are the two
receptor operated channels expressed in heart, both being activated by diacylglycerol (DAG)
coupled to G q-receptor signaling [19]. TRPC6 has garnered attention as it is ubiquitously
expressed in vascular smooth muscle and cardiac myocytes [20,21] and expression increases
in human heart failure [18,22]. TRPC6 up-regulation stimulates cardiac hypertrophy via Cn/
NFAT signaling [18], and the TRPC6 promoter itself contains an NFAT-responsive sequence
resulting in a positive feedback loop that further augments channel expression and activity.

TRPC channels pose an intriguing mechanism to explain PKG suppression of Cn/NFAT
signaling by PKG as recent studies in non-cardiac cells have found both TRPC3 and TRPC6
can be negatively modulated by PKG phosphorylation at one or more residues [23,24]. The
role of such signaling in the heart is unknown. Accordingly, we tested the hypothesis that
cGMP/PKG stimulation inactivates TRPC6 channel activity and expression via channel
phosphorylation, thereby inhibiting NFAT activity and NFAT-dependent TRPC6 gene
upregulation. Our results show phosphorylation at either T70 or S322 and particularly their
combination suppresses TRPC6 channel current, G q agonist-induced NFAT activation, and
myocyte hypertrophic responses.

Material and Methods
Plasmids

pcDNA3-human TRPC6-YFP and pMALc2E-N-terminus TRPC6 (1-407aa) were provided
by Dr. Craig Montell [25]. pcDNA3-mouse angiotensin II type 1 receptor (AT1R) was provided
by Dr. Akiyoshi Fukamizu [26]. Constitutive active NFATc4 plasmid (NFATc4Δ317), and a
TPRC6 promoter plasmid (−913mutNFAT1+2-luc) lacking functional NFAT binding sites in
the 5′-TRPC6 promoter region, were provided by Dr. Eric N. Olson and Dr. Koichiko
Kuwahara [18]. pGL4.30-NFAT-RE firefly luciferase vector (NFAT-luc), pGL4.75-CMV
Renilla luciferase vector (CMV-Rluc) and pGL4.74-TK (tymidine kinase) Renilla luciferase
(TK-Rluc) vector were purchased from Promega. To replace amino acids at PKG-
phosphorylation candidate sites, we used a PCR-based site mutagenesis kit (QuikChange,
Stratagene) following manufacturer’s protocol using pcDNA3-human TRPC6 YFP or
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pMALc2E-N-terminus TRPC6 as a template. The primers used to make mutations are provided
in supplemental methods.

Pharmaceuticals
Sidenafil (SIL) was administered in vivo at 200 mg/kg/min. This SIL dose has been previously
shown to yield free plasma levels in the 30–50nM range in mice, well within the range selective
for PDE5 and far below that for PDE1, PDE2 or PDE3 [27]. For the in vitro studies, we
employed 1 mM SIL, a dose previously shown to selectively inhibit PDE5 in isolated myocytes
based on co-administration in cells with genetically silenced PDE5. Other inhibitors and their
respective doses are described where applicable or in supplemental methods.

Isolated cardiac myocytes
Primary cultures of neonatal rat cardiac ventricular (NRVM) myocytes were prepared as
previously described [11,26]. Adult mouse ventricular myocytes (AMVM) were isolated from
C57Bl/6 mice and prepared using the method of O’Connell with minor modifications [13,
28], (See supplemental methods)

Transfection and Luciferase assay in NRVM
Transfection of plasmid DNA was performed with Lipofectamine 2000 (Invitrogen) per
manufacturer’s protocol (with Plus Reagent and OptiMEM (Invitrogen) to enhance
transfection efficiency to 30–50%). After 4–24-h stimulation, cells were harvested with cell
lysis buffer (Promega), and luciferase activity measured by GloMax 96 Microplate
Luminometer (Promega) using Dual-Luciferase assay kit (Promega). Adenovirus (AdV)
infection was performed in cells placed in serum-free medium using vectors and protocols
previously reported [13]. Virus encoded gene silencing PDE5A RNA coupled to a CMV
promotor and GFP tag. Control virus contained the GFP tag.

Real-time RT-PCR
RNA was extracted with TRIzol (Invitrogen) per manufacturer’s protocol. Complementary
DNAs (cDNAs) were synthesized using the TaqMan Reverse Transcription Reagent (Applied
Biosystems). Real-time quantitative PCR was performed using a 7900HT Sequence Detection
System (Applied Biosystems). Sample duplicates were subjected to real-time PCR. TaqMan
primer and probes for rat/mouse Gapdh, Trpc1, Trpc3 and Trpc6 were from Applied
Biosystems. Expression data are calculated from the cycle threshold (Ct) value using the
ΔΔCt method for quantification. Gene expression was normalized to that for Gapdh.

Protein Immunoblot
Protein was extracted from cultured myocytes and whole heart extract using lysis buffer (Cell
Signaling) (see supplemental methods) Bands were detected by chemiluminescence, and band
intensity expressed in relative units. GAPDH was used as a loading control, and data
normalized to GAPDH density.

NFATc4 phosphorylation
In vivo and in vitro NFATc4 phosphorylation was determined as reported [29] with minor
modifications. Briefly, 200ug protein lysate was immunoprecipitated overnight with rabbit
anti-NFATc4 antibody (Santa Cruz) and protein A/G-agarose (Santa Cruz).
Immunoprecipitates were then probed with mouse monoclonal anti-phosphoserine antibody
(Sigma). After stripping, the same membrane was re-probed with anti-NFATc4 antibody, and
results shown as the ratio of phosphorylated to total protein.
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Transverse aortic occlusion (TAC) and chronic PDE5a inhibitor treatment
Male C57BL/6 mice (8–11 weeks, Jackson Laboratories) were subjected to trans-aortic
constriction using a 27G needle or to sham procedure as previously described (11) (see also
supplemental methods). SIL treatment was provided orally (SIL, 200 mg/kg/day) in solid food
(soft diet, Bioserv) as described. The Johns Hopkins Medical Institutions Animal Care and Use
Committee approved the protocol.

Patch-clamp studies in HEK Cells
Patch-clamp studies were performed in HEK293T cells transfected with or without AT1R
cDNA(26) and pcDNA3-human TRPC6 YFP (1 μg for both), using Lipofectamine2000
(Invitrogen) [30]. Cells were treated with or without 200nM ATII, and ± 8Br-cGMP (0.1–1mM
(both Sigma). Borosilicate glass capillary pipettes (World Precision Instr.) were prepared with
≈ 3 MΩ resistance (when filled with internal solution) and typical series resistance
compensation of > 90%. Transfected cells were first identified by YFP fluorescence. Currents
were recorded in a whole-cell configuration using an Axopatch 200A amplifier (Axon
Instruments), digitized and stored to a computer using custom software [31]. Currents were
elicited by voltage step-pulse or ramp protocol from −100mV to +100mV (500ms duration)
applied every 2s from holding potential of −60mV. Data were filtered at 1 kHz and sampled
at 5 kHz. The bath solution contained (in mM) 140 NaCl, 5 CsCl2, 2 CaCl2, 1 MgCl2, 10
HEPES and 10 glucose (pH 7.4 with NaOH). The pipette solution contained (in mM) 5 NaCl,
40 CsCl2, 80 Cs-glutamate, 5 Mg-ATP, 5 EGTA, 1.5 CaCl2 (free [Ca2+]i=100 nM) and 10
HEPES (pH 7.2 with CsOH) [25]. Data were obtained at room temperature.

In vitro TRPC6 Phosphorylation Assay
MBP-TRPC6 fusion protein was purified by amylase resin (New England Biolab Inc.)
according to manufacturer’s instructions. In addition to wild type TRPC6 (NT-TRPC6WT),
NT-TRPC6T70A and NT-TRPC6S322Q were generated. Purified synthetic proteins were
assayed in a reaction mixture containing 30mM Tris-HCL (pH7.4), 10 μM cGMP (Sigma),
2mM magnesium acetate, 1mM [γ-32P]ATP (500 to 800 cpm/pmol) (Perkin-Elmer), 0.3mg/
mL of bovine serum albumin, 3mM 2-mercaptoethanol and 0.1–1 μg/mL active bovine
PKG-1α (Calbiochem) [32]. After 10 min incubation at 30°C, reaction mixtures were subjected
to SDS-PAGE (NuPAGE, Invitrogen), transferred to nitrocellulose, and phosphorylation
visualized by autoradiography.

Statistics
All values are expressed as mean ± SEM. Comparisons between groups were performed using
1- or 2-way analysis of variance, with a Tukey test for multiple comparisons when appropriate.

Results
Sildenafil blocks cardiac TRPC6 expression induced by pressure-overload

Myocardial gene expression of Trpc1, 3, and 6 was assessed by real-time RT-PCR at baseline
and after pressure-overload induced by trans-aortic constriction (TAC, 7 days). Trpc6
expression rose >4 fold and Trpc3 increased 50% (both p<0.05), whereas Trpc1 was unaltered
(Fig. 1A). SIL suppressed the rise in both Trpc6 and Trpc3 expression (open bars),
accompanied by an anti-hypertrophic effect (Fig. 1B) consistent with prior reports [11]. Given
the most prominent response was in Trpc6, we focused on this species next testing if it
corresponded to increased protein expression. Protein levels in membrane fractions doubled
with TAC, and this was also suppressed by SIL to near control levels (Fig. 1C). TAC resulted
in NFATc4 de-phosphorylation consistent with Cn activation, and this was suppressed by SIL
(Fig. 1D) supporting upstream targeting of the transcription factor by SIL. Similar suppression
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of FNATc4 de-phosphorylation by SIL was documented in neonatal rat ventricular myocytes
(NRVM) exposed to ET1 (Supplemental figure).

PDE5A inhibition and cGMP/PKG block TRPC6 expression in cardiomyocytes
To dissect mechanisms for SIL effects on TRPC6 expression, we conducted studies in cultured
neonatal and adult cardiomyocytes. ET1 or ATII stimulation enhanced Trpc6 gene expression
in NRVM, and this was blocked by SIL (Fig. 2A) or 8-Br-cGMP (Fig. 2B). Neither SIL nor
8Br-cGMP altered basal Trpc6 expression by themselves. SIL was ineffective in cells with
PKG co-inhibited using DT-3 (0.2 μM) [33], supporting the role of PKG activation to the
response (Fig. 2C). Importantly, SIL also suppressed ET1-induced Trpc6 expression in adult
cardiomyocytes (Fig. 2D). We also examined Trpc3 expression and found it unchanged by
ET1 with or without SIL in these cells (Fig. 2E). To further confirm test the specific role of
PDE5 inhibition, cells were transfected with a silencing RNA (AdV-PDE5shRNA-GFP; with
AdV-GFP as the control) that markedly reduces PDE5 expression [13]. AdV-PDE5shRNA

inhibited ET1-induced Trpc6 (Fig. 2F) in AMVM similar to the response with SIL.

SIL blocks TRPC6 expression by NFAT dependent mechanisms
We next tested the influence of SIL on coupling between TRPC6 activation and Cn/NFAT.
SIL fully inhibited ET1 stimulated NFAT (NFAT-luciferase reporter) a response identical to
that with a non-selective TRPC channel blocker 3,5-bistrifluoromethyl pyrazole inhibitor 2
(BTP2) [22]. There was no additive effect by their combination. BTP2 as well as the Cn
inhibitor cyclosporine A both fully blocked the ability of ET1 to stimulate Trpc6 gene
expression, and SIL had no further impact in their presence (Fig 3B). In contrast, blocking the
L-type Ca2+ channel (LTCC) with nifedipine neither diminished ET1-stimulated TRPC6
expression nor altered the capacity of SIL to suppress expression, indicating independence
from L-type channels.

To test whether SIL-mediated suppression of Trpc6 gene expression was NFAT-dependent,
NRVM were transfected with a Trpc6-luciferase promoter construct that had or lacked
functional NFAT binding domains (−913 TRPC6-luc, −913mutNFAT1+2-luc) [18]. ET1
stimulated TRPC6 transcription and SIL-suppression of the response was absent if the promoter
lacked functional NFAT binding sites (Fig. 3C). In contrast, cells transfected with a
constitutively active NFATc4 (NFATc4Δ317) displayed increased TRPC6 promoter activity
that was not inhibited by SIL.

TRPC6 S322 and T70 are phosphorylated by PKG
TRPC3 has been reported to be phosphorylated by PKG at T11 and S263 [23], sites analogous
to T70 and S322 in human TRPC6 (T69 and S321 in rat or mouse). Recent data using an
immortalized vascular cell line confirmed changes at T70 in TRPC6 [24]. Given the different
cell types, we examined both sites by performing in vitro radiolabeled phosphorylation assays.
When recombinant N-terminus TRPC6 synthetic peptide (NT-TRPC6) was used as the target,
PKG-mediated phosphorylation was readily observed (Fig 4). However, expression of either
T70A or S322Q phospho-silenced mutant forms of recombinant TRPC6 resulted in reduced
phosphorylation, supporting targeting by PKG at both sites.

S322 and T70 Sites Modulate cGMP/PKG-suppression of TRPC6 channel current
To test cGMP-PKG regulation of TRPC6 channel conductance and functionality of both
phosphorylation sites, patch clamp studies were performed in HEK293T cells. These cells
express basal PKG-1α but not TRPC6, and so werefirst transfected with human TRPC6 (wild
type:WT). Under rest conditions, a typical TRPC6 current-voltage dependence was observed,
and this could be markedly suppressed by exposure to 1mM 8Br-cGMP (Fig. 5A). Rest current
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was enhanced in cells co-transfected with the angiotensin receptor (AT1R) and subsequently
exposed to ATII, consistent with receptor activated TRPC6 stimulation. 8Br-cGMP also
markedly attenuated this current. 8Br-cGMP had no impact if PKG was co-inhibited with DT3,
supporting the importance of PKG activation (Fig. 5B).

We next tested whether transfection with human TRPC6 containing phospho-silencing
mutations (S322A, S322Q, or T70A) also prevented cGMP-suppression of TRPC6 current.
These proteins had a slightly increased resting current relative to WT though these differences
were not statistically significant. Notably however, each of these mutated forms displayed no
modulation by 8Br-cGMP, indicating both sites could regulate PKG modulation of TRPC6
(Fig 5C–E).

S322 and T70 Sites Modulate cGMP/PKG-suppression of ATII-stimulated NFAT
We next tested the impact of genetically targeting TRPC6 with phospho-mimetic or silencing
mutations on the activation of NFAT. NRVMs were transfected with a NFAT activity reporter
and either wild-type or mutant TRPC6. Fig 6A shows example immunoblots confirming robust
and similar protein expression with WT and mutated TRPC6 plasmids versus negligible protein
with transfection of the control (pcDNA3.1). In cells transfected with TRPC6-WT, SIL
suppressed ET1-induced NFAT activity, whereas SIL was ineffective in S322A, S322Q, or
T70A transfected cells (Fig. 6B). The opposite was observed in myocytes transfected with
phospho-mimetic mutants (S322E, T70E) in which NFAT activation by ET1 was suppressed.
NFAT activation was fully blocked with the double mutant. The impact of mutant TRPC6 on
myocyte growth was further tested by radiolabeled leucine incorporation. SIL suppressed ET1
stimulated protein synthesis in TRPC6-WT transfected cells, but did so less effectively in cells
expressing the S322Q mutant (p<0.02 for interaction effect, 2-way ANOVA, Fig. 6D).

Additional studies were performed in HEK293T cells co-transfected with TRPC6 (WT and
mutants) and AT1R. cGMP itself did not inhibit basal NFAT activity in HEK cells (data not
shown). Interestingly, without WT-TRPC6 transfection, HEK cells do not exhibit an 8Br-
cGMP-dependent decline in ATII-mediated NFAT activation, but this is observed once cells
were co-transfected (Fig. 7A), highlighting the specificity of TRPC6-PKG targeting for the
response. Expression of phospho-silenced mutants prevented cGMP-inhibition (Fig. 7A), as
in NRVM. Functional effects in the double phospho-mimetic mutant were examined by patch-
clamp, and in contrast to WT, the T70E/S322E mutant exhibited no receptor-stimulated (ATII)
response (Fig. 7B). Furthermore, NFAT activated by ATII was significantly attenuated in cells
expressing the S322E or T70E mutation, and the double mutant reduced activation to the level
observed in cells transfected with control (empty) vector. This indicates that pseudo-
phosphorylation of both sites yields a functional null channel.

Discussion
Both pharmacological and genetic suppression of PDE5 can suppress pathological cardiac
hypertrophic growth and Cn-NFAT activation in cardiac myocytes and the intact heart. The
present study reveals a novel mechanism underlying this modulation that involves the
inhibition of TRPC6 channel activation by PKG-dependent channel inactivation. The proposed
scheme is depicted in Figure 8. Upon activation by either a Gq-coupled agonist or mechanical
stretch, TRPC6 channels are stimulated resulting in entry of a strategic Ca2+ pool. This activates
Ca2+-calmodulin dependent calcineurin which in turn de-phosphorylates NFAT sending it to
the nucleus where it activates a hypertrophic gene program. The TRPC6 promotor contains
NFAT response elements and so is itself upregulated, providing a positive feedback loop to
further stimulate TRPC6 current and related signaling (Fig 8, upper panel). In the presence of
activated PKG (Fig 8, lower panel), which we achieved by inhibiting PDE5 or with exogenous
cGMP, TRPC6 current is inactivated. We demonstrated that this depends upon targeted
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phosphorylation of either of two residues, T70 or S322, that can have additive effects. As
depicted in the lower panel, phosphorylation suppresses channel current, reducing consequent
NFAT activation that in turn diminishes TRPC6 upregulation (positive feedback). Our data
shows that the suppressive influence of PKG activation via PDE5 inhibition is targeted
upstream of NFAT dephosphoryation, and that a dual phospho-mimetic mutant channel
functions is an effective null, displaying negligible current response or consequent NFAT
activation from Gq agonists.

Our results are consistent with recent studies highlighting a central role of TRPC channel
currents, in particular TRPC6 and TRPC3, in modulating Cn/NFAT activation. We
concentrated on TRPC6 given its greater up-regulation with pressure-overload, but admittedly
other channels such as TRPC3 or TRPC1 which have both been linked to hypertrophic
responses could contribute as well. BTP2 is a non-specific inhibitor of TRPC channels [22],
so its suppression of TRPC6 activation does not necessarily rule out regulation by other
members of the TRPC family. Intriguingly, PKG was first shown to phosphorylate and suppress
TRPC3 activity in a heterologous cell system, though whether this occurs and its impact in
myocytes remains to be determined. Furthermore, recent data suggests TRPC1 and TRPC3
can form hetermers that are NO (cGMP) inhibited, so PKG might impact TRPC1 as well. Thus,
these other targets may have been co-suppressed by SIL. Further work is needed to define the
role of TRPC3 (or TRPC1/3) PKG-modulation in the heart.

While our data strongly support a primary role of TRPC6-mediated signaling to Cn/NFAT
activation, they do not rule out other potential sources of calcium entry. For example, Fiedler
et al found that Cn-NFAT activation was suppressed by PKG and also by inhibiting the LTCC
with verapamil [14]. As PKG can blunt LTCC current in part by phosphorylation of specific
sites on the α1c and β2 subunit [34], this would seem a logical and potential contributor to
PKG modulation. Moreover, there is potentially interaction between this modification and
calcineurin activity, as Cn increased LTCC current by de-phosphorylating Ser1928 (α1-
subunit) [35] one of the PKG targets. In contrast, we found nifedipine at a dose sufficient to
block LTCC in NRVM [36] had no impact on ET1-mediated TRPC6 gene or the capacity of
SIL to suppress it. This suggests that the TRPC6 positive-feedback loop is largely independent
of LTCC activity. We have also shown that SIL blunts β-adrenergic stimulation (which
activates the LTCC), yet does so without altering the whole cell Ca2+. This suggests that SIL-
mediated PKG activation may not target the channel. The relative impact of LTCC versus other
Ca2+ sources could also vary with the specific stimuli, e.g. ET1 versus phenylephrine, that
activate different receptors and may differently modulate the LTCC [37,38]. Furthermore,
LTCC transcription is tightly autoregulated [39] unlike TRPC6 that has a positive feedback
loop enhancing its role under pathophysiologic conditions.

In their study of A7r5 vascular cells, Takahashi et al. [24] found that PKG modified TRPC6
only at T69 (analogous to T70 in the human gene), though functional consequences of S321
(S322 in human) change was not performed. Yet, prior work with TRPC3, which is highly
homologous to TRPC6, found PKG phosphoryation at both analogous sites to those in the
current study [23]. Importantly, we we show a functional role for both sites, with similar
influences on channel conductance and coupling to NFAT activation, and use several relevant
cell systems with both gain and loss of function mutagenesis. Importantly, the pseudo-
phosphorylation mutant combining both residues (T70E/S322E) had greater impact than both
alone, and fully blocked TRPC6 activation effects. Differences in cell type, functional assays,
and/or substrate for the phosphorylation assay (e.g. synthetic peptide versus immuno-
precipitation product), may underlie the discrepancy. We do not yet know if PKG is the sole
modulator at these sites, or if this phosphorylation impacts other known PTMs of the channel
[40].
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Our study has several limitations. One is that we present lack definitive evidence that the post-
translational changes identified in TRPC6 from PKG activation are occurring in vivo. Phospho-
protein antibodies are under development, thought this may prove somewhat difficult as even
antibodies to total protein remain less than ideal. We are presently developing mass
spectroscopy methods to identify phosphorylation at these specific residues and survey for
other potential sites, and these would potentially be applicable to cardiac tissue with further
optimization. We did not perform loss-of expression studies to confirm a role of endogenous
TRPC6 in cardiomyocyte NFAT activation as this has already been reported [18,41]. Rather,
we viewed the fact that TRPC6 substantially increases with cardiac stress as justifying studies
using enhanced expression that also facilitates analysis of phosphorylation deficient and
mimetic forms. Mice with knock-in mutations of TRPC6 are planned to assess their impact in
vivo.

The finding that PKG can directly suppress TRPC6 channel activity may have implications for
cardiac disease therapy, but also in other conditions where TRPC6 hyperfunction has been
observed. For example, mutations that increase TRPC6 function or its expression have been
recently described in human focal glomerulosclerosis [42] and pulmonary hypertension [43],
and TRPC channel upregulation may also play a role in muscular dystrophy [44]. Sildenafil is
currently used to treat pulmonary hypertension, and recent studies have suggested potential
benefits in dystrophic disorders [45]. It is intriguing to speculate that TRPC targeting by PKG
may play a role. Type-specific TRPC channel antagonists are being developed and along with
organ targeted inducible gene deletion models, they should provide novel insights regarding
the pathophysiologic role of these channel. Our results show that enhancing cGMP/PKG
activity, in particular by PDE5 inhibition, can also suppress TRPC6 activity may prove relevant
to the use of such inhibitors for a variety of human diseases.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Influence of pressure-overload and PDE5 inhibition (sildenafil, SIL) on TRPC6 expression.
A) Tprc6, 3, and 1, mRNA normalized to Gapdh were assessed in mice subjected to 7-days of
transverse aortic constriction (TAC). Results are shown normalized to normal controls (n=4
for each group, * p<0.01 versus control and TAC1w; † p<0.001 vs TAC1w; ‡ p<0.05 vs
TAC1w). B) SIL effect on cardiac hypertrophy (heart weight/tibia length) after TAC; n=4–5/
group; * p<0.01 versus control; †-p<0.01 versus TAC; # p=0.028 versus control). C) Western
blot of TRPC6 in membrane fraction from whole heart tissue isolate. Caveolin3 (Cav3) was
used as a protein loading control; (n=4/group; *-p<0.05 versus control; †-p<0.01 versus 1-wk
TAC hearts) D) SIL blunts NFAT dephosphorylation induced by TAC. NFATc4 was immune-
precipitated and isolated then proved with a phospho-Ser specific antibody. Summary data for
ratio of phosphorylated/total NFATc4 is shown at the right (n=4/group; *-p<0.05 versus
control; †-p<0.01 versus 1-wk TAC hearts).
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Figure 2.
Effect of SIL or 8Br-cGMP on Trpc6 mRNA expression in neonatal rat (A–C) and adult mouse
(D and E) cultured cardiomyocytes. A) Trpc6 mRNA expression normalized to Gapdh rose
with 0.1 μM endothelin-1(ET1) or 1 μM angiotensin II (ATII), and both changes were
suppressed by co-incubation with 1 μM SIL for 24hrs. (n=5–12/group; * p<0.01 vs vehicle
(Veh), †p<0.05 vs ET1; ‡p<0.01 vs ATII). B) ET1 stimulated Trpc6 mRNA expression is
suppressed by co-treatment of 8Br-GMP (1 mM, n=5–6/group, *p<0.002 vs other groups) for
24hrs. C) SIL-mediated suppression of ET1 activated Trpc6 expression is blocked by inhibiting
PKG activity with DT3 (n=4/group; * p<0.05 vs Veh; †p<0.05 vs ET1). D) SIL (0.1, 1 μM)
suppresses ET-1 triggered Trpc6 gene expression in adult mouse cardiac myocytes. (24 hr
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incubation study, n=9/group, * p<0.01 versus vehicle control, † p<0.05 versus ET1 stimulation.
E) In contrast, ET-1 did not stimulate Trpc3 expression in these cells. F) PDE5 gene-silencing
blocks ET1-stimulated Trpc6 gene expression. Cells were transfected with (AdVPDE5shRNA

GFP) or control (AdV-GFP) [13] were stimulated by 0.1 μM ET1 for 24hrs (n=3/group, *
p<0.001 for ET1 effect, ‡ p<0.05 for effect from PDE5 gene silencing on ET1 response, 2-way
ANOVA).
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Figure 3.
Effect of SIL on cardiomyocyte NFAT activation and TRPC6 expression. A) Activation of
NFAT (luciferase reporter assay, NFAT-Luc) by ET1 (0.1 μM) in NRVM is prevented by SIL
(1 μM) or by the TRP-channel blocker BTP2 (1 μM), with no additive effects from their
combination (4-hr incubation, n=3/group, *P<0.01 versus other groups). B) ET-1 stimulated
Trpc6 expression is prevented by the Cn inhibitor cyclosporin A (1 μM) and TRP channel
antagonist BTP2, but not LTCC blocker nifedipine (1 μM). SIL still suppress expression in the
presence of nifedipine; studies performed in NRVM; DMSO, dimetyl sulfoxide (n=3/group,
*P<0.01 versus vehicle, †p<0.01 versus 24hr ET1 stimulation.) C) TRPC6 promoter activity
in constructs with (−913TRPC6-luc) or without (−913 mutNFAT1+2TRPC6-luc) NFAT
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binding sites, generated as described(18). N=6/group, *P<0.01 versus vehicle, †p<0.01 versus
ET1 stimulation. 4hour stimulation D) SIL suppression of TRPC6 promoter activity with or
without constitutive active form of NFATc4: NFATc4Δ317. *P<0.05. 4hr stimulation.
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Figure 4.
PKG phosphorylation of N-terminus human TRPC6 protein. Left panel shows representative
in vitro PKG phosphorylation of TRPC6 fused with maltose binding protein (Nt-TRPC6-MBP)
with wild type (WT) or phospho-silenced mutants. CBB: Coomassie Brilliant Blue staining of
the synthetic peptides was used for the phosphorylation assay, MW: molecular weight. ; top
panel shows autoradiogram data, and right panel summary of radiogram for each condition.
(n=4/group, *P<0.01 versus WT, † p<0.05 versus WT).
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Figure 5.
cGMP-mediated TRPC6 current inhibition in HEK293T cells expressing wild-type (WT) or
mutant TRPC6. A) Averaged current-voltage (I–V) relationship in cells expressing wild-type
TRPC6 channels in absence (open circle; N=6) or presence (closed circle; N=5) of 8Br-cGMP
(1mM) and in ATII (200nM) stimulated cells with (open triangle; N=5) or without (closed
triangle; N=5) 8Br-cGMP. ATII type I receptor (AT1R) was co-transfected into HEK cells for
ATII experiments. In both conditions, cGMP depressed TRPC6 current. B) Inhibition of PKG
with DT3 (0.2 μM) prevents suppression of TRPC6 current by cGMP. C,D) I-V relationships
in HEK cells expressing T70A or S322Q mutant TRPC6 channels (phospho-silenced) with
and without co-treatment by 8Br-cGMP. (n=5–6/group). In both instances, the inhibition of
channel current by cGMP was absent. E) Summary data for the preceding studies (also for
S322A mutant) displaying averaged density of TRPC6 current measured at −50mV from a
holding potential −60mV. * p<0.05 versus comparison as depicted.
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Figure 6.
Effect of TRPC6 phospho-mutants on the efficacy of SIL to block NFAT activation by ET1.
A) Example Western blot showing robust expression of various TRPC6 forms after transient
transfection of TRPC6 plasmids in NRVM. B) NFAT luciferase assay in NRVM transfected
with WT of phospho-silenced TRPC6 mutants (S322Q, S322A, or T70A). SIL suppression of
NFAT activation by ET1 was absent with each mutant. (n=3/group for both, * p<0.01 versus
vehicle, †-p<0.01 vs ET1). C) In contrast, expression of phospho-mimetic mutants of either
S322E or T70E reduced ET1-induced NFAT activation, and the double mutant (S322E/T70E)
fully prevented activation. (n=6/group for both, * p<0.01 versus vehicle). D) NRVM expressing
WT-TRPC6 undergo enhanced protein synthesis (leucine incorporation) with ET1 that is
blunted by SIL. In contrast, cells expressing the S322Q-TRPC6 have less impact from SIL.
(n=5–6/group, *P<0.01 versus vehicle, † p<0.01 vs vehicle, p<0.01 vs ET1; ‡p<0.005 vs
vehicle, p<0.01 vs ET1; § p<0.02 for interaction of TRPC6 mutation and ET1 effect (2-way
ANOVA). 4hr stimulation.
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Figure 7.
Effect of TRPC mutants on NFAT activation in HEK293T cells. A) NFAT activity in cells
transfected with WT or phospho-silenced TRPC6 mutants. Cells were co-transfected with ATII
type 1a receptor (AT1R) and stimulated with 0.01 μM ATII in the presence or absence of 8Br-
cGMP (0.1–1mM, 4–6 hr incubation). Without TRPC6 co-transfection, 8Br-cGMP did not
suppress NFAT activation induced by ATII. This suppression was also absent in cells
expressing S322A or T70A mutants. B) Averaged current-voltage (I-V) relationship in cells
expressing a phospho-mimetic mutant of TRPC6 channel (S322E/T70E double mutant) and
AT1-R in the absence (open circle; N=4) or presence (closed circle; N=4) of ATII (200nM).
C) Effect of TRPC6 phospho-mimetic mutations on NFAT activation from AII in HEK cells
co-transfected with AT1-R. Co-transfection with WT-TRPC6 resulted in an augmented NFAT
activation and ATII dose response. This was blunted with S322E and T70E mutants, and
completely suppressed (to empty vector control levels) with the double mutant. N=6 of each
group († p<0.01 versus WT-0.05 μM ATII stimulation; # P<0.05 versus S322E or T70E with
0.05 μM ATII; ¶ P<0.05 versus WT-0.01 μM ATII stimulation). 4hr stimulation.
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Figure 8.
Schematic summarizing the signaling involving TRPC6-Cn-NFAT in the absence (top) and
presence (bottom) of activated PKG (due to enhanced cGMP generation or blocked
catabolism). See text for details.
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