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The heart responds to injury and chronic pressure overload by pathologic growth and remodeling, which frequently result
in heart failure and sudden death. Calcium-dependent signaling pathways promote cardiac growth and associated
changes in gene expression in response to stress. The calcium/calmodulin-dependent phosphatase calcineurin, which
signals to nuclear factor of activated T cells (NFAT) transcription factors, serves as a transducer of calcium signals and is
sufficient and necessary for pathologic cardiac hypertrophy and remodeling. Transient receptor potential (TRP) proteins
regulate cation entry into cells in response to a variety of signals, and in skeletal muscle, expression of TRP cation
channel, subfamily C, member 3 (TRPC3) is increased in response to neurostimulation and calcineurin signaling. Here we
show that TRPC6 was upregulated in mouse hearts in response to activated calcineurin and pressure overload, as well as
in failing human hearts. Two conserved NFAT consensus sites in the promoter of the TRPC6 gene conferred
responsiveness to cardiac stress. Cardiac-specific overexpression of TRPC6 in transgenic mice resulted in heightened
sensitivity to stress, a propensity for lethal cardiac growth and heart failure, and an increase in NFAT-dependent
expression of β–myosin heavy chain, a sensitive marker for pathologic hypertrophy. These findings implicate TRPC6 as a
positive regulator of calcineurin-NFAT signaling and a key component of a calcium-dependent regulatory loop that drives
pathologic cardiac remodeling.
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The	heart	responds	to	injury	and	chronic	pressure	overload	by	pathologic	growth	and	remodeling,	which	
frequently	result	in	heart	failure	and	sudden	death.	Calcium-dependent	signaling	pathways	promote	cardiac	
growth	and	associated	changes	in	gene	expression	in	response	to	stress.	The	calcium/calmodulin-dependent	
phosphatase	calcineurin,	which	signals	to	nuclear	factor	of	activated	T	cells	(NFAT)	transcription	factors,	
serves	as	a	transducer	of	calcium	signals	and	is	sufficient	and	necessary	for	pathologic	cardiac	hypertrophy	
and	remodeling.	Transient	receptor	potential	(TRP)	proteins	regulate	cation	entry	into	cells	in	response	to	a	
variety	of	signals,	and	in	skeletal	muscle,	expression	of	TRP	cation	channel,	subfamily	C,	member	3	(TRPC3)	
is	increased	in	response	to	neurostimulation	and	calcineurin	signaling.	Here	we	show	that	TRPC6	was	
upregulated	in	mouse	hearts	in	response	to	activated	calcineurin	and	pressure	overload,	as	well	as	in	failing	
human	hearts.	Two	conserved	NFAT	consensus	sites	in	the	promoter	of	the	TRPC6	gene	conferred	responsive-
ness	to	cardiac	stress.	Cardiac-specific	overexpression	of	TRPC6	in	transgenic	mice	resulted	in	heightened	sen-
sitivity	to	stress,	a	propensity	for	lethal	cardiac	growth	and	heart	failure,	and	an	increase	in	NFAT-dependent	
expression	of	β–myosin	heavy	chain,	a	sensitive	marker	for	pathologic	hypertrophy.	These	findings	implicate	
TRPC6	as	a	positive	regulator	of	calcineurin-NFAT	signaling	and	a	key	component	of	a	calcium-dependent	
regulatory	loop	that	drives	pathologic	cardiac	remodeling.

Introduction
The adult heart responds to diverse stress signals — such as 
hypertension, myocardial infarction, pressure overload, and 
abnormalities in contractility and structure due to inherited gene 
mutations — by hypertrophic growth and remodeling, which 
often progress to heart failure and sudden death (reviewed in 
refs. 1–3). These pathologic changes are accompanied by a rever-
sion of the adult cardiac gene program to a more “fetal” state. A 
hallmark of such transcriptional remodeling is the downregula-
tion of α–myosin heavy chain (α-MHC), which possesses high 
ATPase activity, and the concomitant upregulation of β-MHC, 
which possesses relatively low ATPase activity, and consequent 
diminution of cardiac contractility (4). There has been great 
interest in deciphering the intracellular signaling pathways that 
control pathologic cardiac growth and, more specifically, that 
govern the α-MHC to β-MHC switch because of the potential 
therapeutic benefit of manipulating these mechanisms.

Abnormalities in intracellular Ca2+ signaling initiate and sustain 
pathologic cardiac hypertrophy and fetal gene activation (5–7), but 
many details of the mechanisms involved in these processes remain 
to be elucidated. Extracellular stimuli modulate intracellular Ca2+ 
levels by promoting Ca2+ release from intracellular organelles or 

entry of Ca2+ across the plasma membrane via agonist- or recep-
tor-activated Ca2+ entry channels, voltage-gated Ca2+ channels, 
or ligand-gated cation channels. Receptor-activated Ca2+ entry, 
including store-operated Ca2+ entry (SOCE), is initiated upon bind-
ing of ligands to G protein–coupled receptors or receptor tyrosine 
kinases, leading to activation of phospholipase C (PLC) and phos-
phatidylinositol turnover (8, 9). SOCE participates in the signaling 
pathways leading to cardiac hypertrophy (10, 11).

The serine-threonine phosphatase calcineurin functions as a 
Ca2+-dependent regulator of cardiac hypertrophy and the fetal 
gene program (12). Calcineurin dephosphorylates and induces 
nuclear translocation of the nuclear factor of activated T cells 
(NFAT) family of transcription factors, which bind the regulatory 
regions of cardiac genes in conjunction with other transcription 
factors and promote hypertrophic growth (13). Cardiac expression 
of constitutively active forms of calcineurin A or NFATc4 in Tg 
mice is sufficient to elicit a pathologic cardiac growth response 
(12). Conversely, pharmacologic or genetic blockade of calcineu-
rin-NFAT signaling suppresses cardiac growth in response to 
diverse pathologic stimuli (12, 14–19).

In T cells, Ca2+ release–activated Ca2+ (CRAC) channels, the 
archetypal version of SOCE, play a crucial role in the sustained 
activation of NFAT (20, 21). Transient receptor potential (TRP) 
proteins are candidate channel subunits responsible for receptor-
activated Ca2+ entry and SOCE (8, 22). Among the 7 subfamilies of 
mammalian TRP channels (8, 9), the TRP cation channel, subfam-
ily C (TRPC) members are further divided into 4 subgroups based 
on their primary amino acid sequences: TRPC1; TRPC2; TRPC4 
and -5; and TRPC3, -6, and -7 (8). TRPC1, -4, and -5 or TRPC3, -6, 
and -7 physically interact and form heteromultimeric complexes 
(9, 23, 24). TRPC3, -6, and -7, which are 75% identical, couple 
receptor-PLC signaling pathways to Ca2+ entry (8, 25). Recently, 
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TRPC3 channels were reported to be involved in NFAT activation 
in skeletal muscle cells (26).

In this study, we examined the potential involvement of TRPC 
channels in cardiac calcineurin-NFAT signaling. We found that 
Trpc6 expression was upregulated in the hearts of mice expressing 
constitutively active calcineurin and subjected to pressure overload 
by thoracic aortic banding (TAB). Consistent with these findings, 
the promoter of the Trpc6 gene contains 2 conserved NFAT-bind-
ing sites that confer responsiveness to calcineurin-NFAT signaling. 
Cardiac-specific overexpression of TRPC6 in Tg mice sensitized the 
heart to stress when expressed at low levels and resulted in fatal 
cardiomyopathy when expressed at high levels. TRPC6 expression 
was coupled to a pronounced increase in expression of β-MHC, a 
sensitive marker for pathologic hypertrophy. Similarly, overexpres-
sion of TRPC6 in cardiomyocytes activated the NFAT-dependent 
promoter of the regulator of calcineurin 1 (RCAN1) gene (previously 
called modulatory calcineurin-interacting protein 1 [MCIP1]), and siRNA 
knockdown of TRPC6 reduced hypertrophic signaling by phenyl-
ephrine (PE) and endothelin-1 (ET-1), suggesting that TRPC6 is 
involved in activation of the calcineurin-NFAT pathway in response 

to G protein–coupled receptor signaling. 
These findings demonstrate that TRPC6 
provides a positive regulatory circuit 
for calcineurin-NFAT signaling during 
pathologic cardiac remodeling and acti-
vation of β-MHC gene expression.

Results
Increased expression of TRPC6 in hyper-
trophic and failing hearts. To investigate 
whether changes in TRPC expression 
participate in calcineurin-dependent 
cardiac growth (12), we examined the 
expression of Trpc transcripts by real-
time RT-PCR in hearts from Tg mice 
harboring an α-MHC–calcineurin trans-
gene, which results in profound cardiac 
hypertrophy. We detected cardiac expres-
sion of Trpc1, -3, -4, and -6, and among 
these, Trpc6 mRNA was significantly 
upregulated in ventricles of calcineurin 
Tg mice (Figure 1A). As TRPC2 is a pseu-
dogene in humans (8), we did not test its 
expression. Among other TRPC family 
members, Trpc5 and -7 transcripts were 
not detected in the heart, consistent 
with previous studies (27, 28).

Expression of Trpc6 mRNA correlated 
closely with that of atrial natriuretic 
peptide (ANP), a sensitive marker of car-
diac stress and hypertrophy (Figure 1B). 
Cardiac expression of Trpc6 was also 
upregulated in mice subjected to TAB 
(Figure 1C). In addition, Trpc6 mRNA 
was increased in cultured rat ventricular 
myocytes in response to ET-1, a potent 
prohypertrophic agonist (Figure 1D). 
TRPC6 mRNA expression was also aug-
mented in hearts of human patients 
with dilated cardiomyopathy compared 

with nonfailing hearts (Figure 1E). We conclude that TRPC6 is 
upregulated in response to diverse pathologic stimuli that pro-
mote cardiac hypertrophy and remodeling.

TRPC6 is directly regulated by calcineurin-NFAT signaling. To begin 
to define the mechanism that regulates TRPC6 expression during 
pathologic cardiac growth, we analyzed the 5′ flanking region of 
the mouse Trpc6 gene, which is highly conserved among different 
mammalian species. Within this region, we identified 2 sequences 
between –791 and –763 that resembled the NFAT consensus-bind-
ing site ([A/T]GGAAA[A/N][A/T/C]N), which were relatively con-
served among humans and rodents (Figure 2A).

NFATc4 translated in vitro bound the labeled NFAT-like 
sequences from the TRPC6 promoter, and binding was com-
pletely eliminated by the presence of unlabeled NFAT consen-
sus sequences (Figure 2B). Similarly, unlabeled oligonucleotides 
representing either of the Trpc6 NFAT-like sequences effectively 
competed for binding of NFATc4 to a canonical NFAT con-
sensus sequence (Figure 2B). The NFATc4-DNA complex was 
supershifted by an NFATc4 antibody, confirming the presence 
of NFATc4 in the complex.

Figure 1
Increased mRNA expression of TRPC6 in models of cardiac hypertrophy and human failing heart. 
(A) RNA was isolated from hearts of WT and calcineurin Tg mice (Cn-Tg) at 10 weeks of age, 
and mRNA levels of Trpc1, -3, -4, and -6 determined by real-time RT-PCR as described in Meth-
ods. Shown are mRNA levels relative to WT normalized by 18S RNA levels. *P < 0.05 versus 
WT. (B) The correlation between Trpc6 and ANP mRNA expression in ventricles was examined 
by linear regression analysis. r = 0.953. P < 0.0001. (C) Trpc6 mRNA levels were determined 
by real-time RT-PCR in RNA isolated from hearts of mice subjected to TAB or sham operation 
for 3 weeks. Shown are mRNA levels relative to sham-operated ventricles normalized by 18S 
RNA levels. *P < 0.05 versus sham. (D) Trpc6 mRNA levels were determined by real-time RT-
PCR in RNA from primary neonatal rat ventricular myocytes treated with or without ET-1 for 24 
hours. Shown are mRNA levels relative to vehicle-treated controls normalized by 18S RNA levels.  
*P < 0.05 versus vehicle. (E) TRPC6 mRNA levels were determined by real-time RT-PCR in total 
RNA isolated from human hearts with dilated cardiomyopathy (DCM) or normal human hearts. 
Shown are mRNA levels relative to normal hearts (assigned as 1.0) normalized by 18S levels.  
*P < 0.05 versus normal hearts.
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To determine whether NFAT can activate the TRPC6 promoter, a 
DNA fragment extending to –913 bp relative to the translation initia-
tion site of the mouse Trpc6 gene was fused to a luciferase reporter  
(–913TRPC6-luc) and cotransfected with an expression vector encod-
ing constitutively active NFATc4 (NFATc4Δ317) in cardiomyocytes. 
Transcriptional activity of the TRPC6 promoter was significantly 
increased in the presence of NFATc4, and deletion of the region con-
taining the NFAT binding sites (deletion of –913 to –617 in the TRPC6 
promoter; –617TRPC6-luc) reduced NFAT responsiveness. Site-direct-
ed mutations in either of the NFAT-like sites of the TRPC6 promoter 
partially reduced, and mutations of both sites nearly abolished, the 
response to NFATc4Δ317 (Figure 2C). Moreover, overexpression of 
constitutively active calcineurin (CnAΔC) activated the TRPC6 pro-
moter, and deletion of the region comprising the NFAT sites or site-
directed mutations of both NFAT sites abolished the responsiveness 
of the promoter to calcineurin (Figure 2D). The TRPC6 promoter was 
also activated by ET-1, which activates calcineurin signaling, and the 
NFAT sites were required for this response (Figure 2E).

Increased expression of TRPC6 enhances NFAT activity. Because the 
TRPC family participates in receptor-mediated Ca2+ entry, which 
activates the calcineurin-NFAT pathway, we examined whether 
increased expression of TRPC6 in cardiomyocytes was capable of 
activating NFAT-dependent transcription. Indeed, overexpression 
of TRPC6 resulted in redistribution of NFATc4-GFP from the cyto-
plasm to the nucleus in transfected COS-1 cells, as typically occurs 
in response to calcineurin activation (Figure 3, A and B). TRPC6 
expression also activated a luciferase reporter controlled by the 
promoter region of exon 4 of the RCAN1 gene, which contains 15 
NFAT sites (29), in transfected COS-1 cells (Figure 3C). RCAN1, a 
calcineurin inhibitor (16), inhibited activation of the RCAN1-lucif-
erase reporter by TRPC6 (Figure 3C). TRPC6 overexpression also 
significantly increased RCAN1-luciferase activity in cardiomyo-
cytes; ET-1 acted synergistically with TRPC6 to activate the reporter 
(Figure 3D), and RCAN1 blocked this activation (Figure 3E).

To examine the potential involvement of endogenous TRPC6 in 
hypertrophic signaling, cardiomyocytes were cotransfected with 

Figure 2
The calcineurin-NFAT pathway regulates Trpc6 
gene transcription. (A) Schematic representa-
tion of the 5′ upstream region of the mouse 
Trpc6 gene. Sequences between –796 and 
–750 bp of the mouse Trpc6 gene are aligned 
with the corresponding sequences of rat Trpc6 
and human TRPC6 genes. NFAT-like sites are 
shown in red and blue. (B) Gel mobility shift 
assay was performed using in vitro translated 
NFATc4Δ317 and 32P-labeled probes of NFAT 
consensus sequences or NFAT-like sites 1 or 
2 from the Trpc6 promoter. (C) Rat neonatal 
ventricular myocytes were cotransfected with 
an expression plasmid of NFATc4Δ317 and  
–913TRPC6-luc, –617TRPC6-luc, or the 
Trpc6 promoter with NFAT site mutations 
(–913mutNFAT1-luc, –913mutNFAT2-luc, 
or –913mutNFAT1+2-luc). Percent increase 
in expression with NFATc4Δ317 compared 
with empty pGL3 luciferase reporter vector is 
shown. (D) Rat neonatal ventricular myocytes 
were cotransfected with a plasmid expressing 
CnAΔC and –913TRPC6-luc, –617TRPC6-
luc, or the Trpc6 promoter with 2 NFAT site 
mutations. Percent increase in expression with 
CnAΔC compared with empty pGL3 luciferase 
reporter vector is shown. (E) Rat neonatal 
ventricular myocytes were cotransfected with 
either –913TRPC6 promoter region or lucifer-
ase reporter gene fused to the Trpc6 promoter 
with 2 NFAT site mutations in the presence or 
absence of 10 nM ET-1. Percent increase in 
luciferase expression by ET-1 with each con-
struct is shown.
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RCAN1-luciferase and siRNAs 
for rat TRPC6 in the presence or 
absence of ET-1 or PE, an α-adren-
ergic hypertrophic agonist. Addi-
tion of TRPC6 siRNA specifically 
suppressed expression of TRPC6, 
but not the other TRPC tran-
scripts (Figure 3F). Knockdown of 
endogenous TRPC6 significantly 
reduced the inducible expression 
of RCAN1-luciferase by ET-1 or 
PE (Figure 3G), suggesting that G 
protein–coupled receptor agonists 
activate the calcineurin-NFAT 
pathway through TRPC6.

Increased expression of TRPC6 
induces pathologic hypertrophy in 
vivo. To investigate the potential 
consequences of increased cardiac 
expression of TRPC6 in vivo, we 
generated Tg mice expressing rat 
TRPC6 in a heart-specific man-
ner using the α-MHC promoter. 
Three independent Tg mouse 
lines with high, intermediate, and 
low levels of transgene expression 
were obtained (Tg L23, Tg L16, 
and Tg L8, respectively; Figure 
4, A–C). Immunocytochemistry 
using TRPC6 antibody showed 
that overexpressed TRPC6 pro-
tein was preferentially localized 
to the membrane of ventricular 
myocytes isolated from Tg hearts 
(Figure 4D). To confirm that func-
tional TRPC6 channels were prop-
erly processed and targeted to the 
cardiomyocyte cell membrane, we 
measured cationic current across 
the membrane using electro-
physiologic techniques (Figure 4, 
E and F). We found that current 
density was significantly larger in 
ventricular myocytes isolated from 
Tg L16 hearts compared with WT 
littermates. The peak inward cur-
rent was 3.8 pA/pF in Tg versus 2.5 
pA/pF in WT cardiomyocytes, and 
the peak outward current was 23.3 
pA/pF in Tg versus 11.7 pA/pF in 
WT cardiomyocytes.

To further evaluate the increased 
expression of functional TRPC6 
channels in Tg myocytes, we acti-
vated the TRPC receptors by treat-
ing cells with ET-1 and performed 
electrophysiologic recordings 
(Figure 4G). In these experiments, 
ET-1–induced increases in both 
inward and outward currents in 

Figure 3
TRPC6 activates NFAT-dependent transcription in ventricular myocytes. (A) COS-1 cells were cotransfected 
with the expression vectors for NFATc4-GFP (green) and TRPC6 or empty vector, fixed, permeablized, and 
immunostained with anti-TRPC6 (red). Nuclei are stained blue (DAPI). Magnification, ×400. (B) Effects of 
TRPC6 on NFATc4 subcellular distribution were quantified with microscopic examination of greater than 
100 cells per condition. N, NFATc4-GFP localized exclusively in nucleus; N>C, nuclear NFATc4-GFP local-
ization exceeds cytoplasmic; N≤C, cytoplasmic NFATc4-GFP localization equals or exceeds nuclear; C, 
NFATc4-GFP localized exclusively in cytoplasm. (C) COS-1 cells were cotransfected with RCAN1-lucifer-
ase and TRPC6 and RCAN1 expression vectors. Fold activation over RCAN1-luciferase without expression 
plasmids is shown. (D) Myocytes were cotransfected with RCAN1-luciferase reporter plasmid and a plasmid 
expressing rat TRPC6 at various doses in the presence or absence of ET-1. Fold activation over RCAN1-
luciferase alone is shown. *P < 0.05 versus control; †P < 0.05 versus control, ET-1, and TRPC6 (200 ng). (E) 
Myocytes were cotransfected with RCAN1-luciferase and plasmids expressing rat TRPC6 and RCAN1. Fold 
activation over RCAN1-luciferase without expression plasmids is shown. *P < 0.05 versus TRPC6 alone. (F) 
Rat smooth muscle cells transfected with rat TRPC6 siRNA. Quantitative RT-PCR for TRPC1–TRPC7 was 
performed on RNA. Trpc5 and -7 mRNA were not detectable. Percent change of Trpc gene expression in 
cells transfected with TRPC6 versus control siRNA is shown. (G) Myocytes were cotransfected with RCAN1-
luciferase and TRPC6 siRNA alone or with ET-1 or PE. Fold activation over RCAN1-luciferase with vehicle 
alone is shown. Control values were assigned as 1.0.
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Tg cardiomyocytes were significantly greater than in WT cardio-
myocytes. These data are consistent with increased expression of 
functional TRPC6 channels in Tg cardiomyocytes.

Further evidence that functional TRPC6 channels are expressed 
in Tg mice was provided by the observation that NFATc3 accumu-
lated in the nucleus (Figure 4H) and was hypophosphorylated (data 
not shown) in TRPC6 Tg L16 ventricles compared with ventricles 
of WT littermates. Consistent with these findings, the expression 
of RCAN1 (exon 4) mRNA, a sensitive marker of calcineurin sig-
naling, was significantly increased (Figure 4I), even in Tg L8, the 
mouse line with the lowest expression of TRPC6. The majority of 
mice derived from the high-expressing line Tg L23 died 5–12 days 
after birth (Figure 5A) and exhibited increased heart weight/body 
weight (HW/BW) ratios at 7 days after birth (Figure 5, B–D). Histo-
logic examination of α-MHC–TRPC6 Tg hearts revealed enlarged 
atria and ventricles with heterogeneity of myocyte size (Figure 5E), 

suggesting severe cardiomyopathy as the cause of death. In con-
trast, Tg L16 mice, with intermediate TRPC6 expression, showed 
no increase in HW/BW ratios at 8 weeks of age, but they devel-
oped cardiomegaly and congestive heart failure around 30 weeks 
of age (Figure 5, F–H). Histologic analyses of these mice revealed 
cardiac dilatation with heterogeneity of myocyte size and intersti-
tial fibrosis as well as congestion of the lungs, indicative of heart 
failure (Figure 5, I and J). We conclude that increased expression 
of TRPC6 in the heart can evoke pathologic cardiac remodeling 
leading to cardiomyopathy in vivo.

Tg L8, the mouse line with the lowest expression of TRPC6, 
showed no difference in HW/BW ratios compared with WT lit-
termates until at least 20 weeks of age (Figure 6A). Echocardiog-
raphy also demonstrated no significant difference in ventricular 
wall thickness or systolic function between these Tg mice and WT 
littermates (Table 1). To determine whether expression of TRPC6 

Figure 4
Expression of TRPC6 in hearts of Tg mice. (A) Rat Trpc6 mRNA levels, shown relative to Tg L8 mice and normalized by 18S RNA levels, were 
determined using RT-PCR. (B) Western blot analysis for TRPC6 and β-actin expression in hearts. (C) Relative TRPC6 protein expression in 
WT (assigned as 1.0) and TRPC6 Tg mice, determined by densitometry. (D) Immunocytochemistry of adult myocytes isolated from TRPC6 Tg 
L16 (12 wk) and WT littermates using TRPC6 antibody. Green, anti-TRPC6; red, anti–α-actinin. Magnification, ×400. (E) TRPC current was 
measured by electrophysiologic voltage-clamp in ventricular myocytes isolated from Tg L16 and WT hearts. Current-voltage relations revealed 
increased current density in Tg L16 myocytes, consistent with increased functional TRPC channel expression at the cell surface. Voltage ramp 
protocol imposed on cells is inset. (F) Mean values of peak TRPC current density recorded in Tg L16 versus WT myocytes. *P < 0.05. (G) 
Mean values of percent TRPC6 current increase on exposure to 10 nM ET-1. (H) Cytoplasmic (C) and nuclear (N) proteins immunoblotted with 
anti-NFATc3, anti-PCAF (nuclear marker), or anti-HSP90α/β (cytoplasmic marker). (I) RCAN1 (exon 4) mRNA levels were determined by real-
time RT-PCR using RNA from hearts of 7- to 8-week-old WT, Tg L8, Tg L16, and Tg L23 mice. mRNA levels relative to RCAN1 mRNA in WT 
(assigned as 1.0) normalized by 18S RNA are shown.
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sensitizes the heart to stress, we subjected these animals to pres-
sure overload by TAB and found that they exhibited an exaggerated 
response to pressure overload, with a dramatic increase in HW/BW 
ratios and decreased systolic function compared with WT litter-
mates (Figure 6, B and C, and Table 1). These results indicate that 
increased expression of TRPC6 sensitizes the heart to pathologic 
hypertrophic signaling, leading to cardiac dysfunction.

Regulation of β-MHC expression by the TRPC6-calcineurin-NFAT path-
way. Although mouse line Tg L8 showed no obvious hypertrophic 
phenotype until 20 weeks of age in the absence of stress, β-MHC 
mRNA expression was significantly increased and brain natriuretic 
peptide (BNP) mRNA expression was moderately increased, while 
expression of ANP, skeletal α-actin, α-MHC, and sarco/endoplas-
mic reticulum Ca2+-ATPase isoform2 (SERCA2) was not signifi-

Figure 5
Cardiomyopathy in TRPC6 Tg mice. (A) Kaplan-Meier survival analysis of TRPC6 Tg L23 (n = 10 per group). (B and C) HW/BW ratios (B) and 
BW (C) in WT and TRPC6 Tg L23 mice (n = 6 per group). (D) Gross hearts of WT and TRPC6 Tg L23 mice at 7 days of age. (E) Histologic 
analysis of hearts from TRPC6 Tg L23 and WT mice at 7 days of age. Hearts were sectioned longitudinally and stained with H&E. (F) HW/BW 
ratios in WT and TRPC6 Tg L16 mice (n = 3 per group). (G) HW/tibia length (HW/TL) ratios in WT and TRPC6 Tg L16 mice at 30 weeks of age 
(n = 3 per group). (H) TRPC6 Tg L16 and WT mice at 30 weeks of age. (I) Histologic analysis of hearts from TRPC6 Tg L16 and WT mice at 30 
weeks of age. Hearts were sectioned longitudinally and stained with H&E or Masson’s trichrome (bottom panels). Scale bar: 5 mm. (J) Histologic 
analysis of lungs from TRPC6 Tg L16 and WT mice at 30 weeks of age. Lungs were sectioned longitudinally and stained with H&E. *P < 0.05 
versus WT. Magnification, ×40 (E, bottom panels; I, right panels; and J).
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cantly altered in the hearts of these mice (Figure 7A). These results 
suggest that signaling pathways downstream of TRPC6 specifically 
control β-MHC gene expression. Indeed, β-MHC mRNA expression 
correlated with the level of TRPC6 transgene expression in the dif-
ferent lines of α-MHC–TRPC6 Tg mice (Figure 7B). These results 
were corroborated by real-time RT-PCR, which showed β-MHC 
mRNA expression to be upregulated compared with ANP and BNP 
in hearts of α-MHC–calcineurin Tg mice at different ages (Figure 
7, C and D). These results suggest that TRPC6-calcineurin-NFAT 
signaling preferentially regulates β-MHC gene expression.

To explore the mechanistic basis of the sensitivity of the β-MHC 
gene to calcineurin-NFAT signaling, we fused a –396 bp promoter 
region of the mouse β-MHC gene to a luciferase reporter (–396β-
MHC–luc) (30). This promoter region contains multiple MCAT-
binding sites, 1 GATA site, and 1 NFAT site (31, 32) (Figure 8A). 
The GATA and NFAT sites are conserved in β-MHC promoters of 
different mammalian species, and GATA and NFAT factors have 
been reported to bind to these sites (31, 32). TRPC6, as well as 
constitutively active NFAT3 (NFATc4Δ317) and CnAΔC, activated 
the –396β-MHC–luc reporter in cardiomyocytes (Figure 8B). The 
stimulatory activity of TRPC6 or NFATc4Δ317 was reduced when 
either the GATA or NFAT sites in the promoter were mutated. In 
addition, double mutation of both GATA and NFAT sites abol-
ished responsiveness to TRPC6 or NFATc4, demonstrating that 
the TRPC6-calcineurin-NFAT pathway directly activates β-MHC 
gene transcription through these sites (Figure 8C). TRPC6 expres-
sion also enhanced ET-1–inducible activation of –396β-MHC–luc 
(Figure 8D). The TRPC6-, ET-1–, and PE-induced activation of 
–396β-MHC–luc was significantly inhibited in the presence of cal-
cineurin inhibitors cyclosporin A (Figure 8, E and G) and RCAN1 
(Figure 8, F and H), indicating that the calcineurin-NFAT pathway 
is involved in –396β-MHC–luc activation by multiple hypertrophic 
stimuli (Figure 8, E–H). Furthermore, the increase in β-MHC gene 
expression in TRPC6 Tg L16 mice was significantly attenuated in 
double Tg mice expressing both TRPC6 and the calcineurin inhibi-
tor RCAN1 in the heart (Figure 8I) (33).

To examine the role of endogenous TRPC6 in hypertrophic 
stimuli–inducible β-MHC gene transcription, cardiomyocytes were 
cotransfected with –396β-MHC–luc and siRNAs for rat TRPC6 in 
the presence or absence of PE or ET-1. As shown in Figure 8J, TRPC6 
knockdown reduced the induction of –396β-MHC–luc activity by 
PE or ET-1. Collectively, these findings indicate that TRPC6 sig-

nificantly contributes to the inducible 
expression of the β-MHC gene in the 
cardiac hypertrophic response.

Discussion
The calcium/calmodulin-dependent 
serine/threonine protein phosphatase 
calcineurin acts as a key regulator of 
hypertrophic signaling through its 
downstream transcriptional effector 
NFAT, which is directly dephosphory-
lated by calcineurin and causes nuclear 
translocation and activation of NFAT-
dependent gene transcription (12, 34). 
However, the upstream source of cal-
cium responsible for activation of the 
calcineurin-NFAT pathway has not 
been fully defined. The results of the 

present study reveal a key contribution of TRPC family channels to 
activation of the calcineurin-NFAT pathway during pathologic car-
diac remodeling. The following observations support this conclu-
sion: (a) Expression of TRPC6, a mediator of receptor-activated Ca2+ 
entry in smooth muscle cells (35–37), was increased in the hearts of 
mice expressing activated calcineurin and in response to TAB as well 
as in failing human hearts and primary cardiomyocytes stimulated 
with ET-1; (b) The promoter of the TRPC6 gene contains 2 conserved 
NFAT sites, which were required for activation of the promoter in 
response to calcineurin-NFAT signaling; (c) TRPC6 overexpression in 
cardiomyocytes activated the calcineurin-NFAT–dependent RCAN1 
promoter in vitro and induced expression of the endogenous RCAN1 
gene in vivo. (d) Cardiac overexpression of TRPC6 in Tg mice caused 
exaggerated pathologic cardiac remodeling under basal and stressed 
conditions that depended on the Trpc6 transgene dosage. Together, 
these results indicate that TRPC6 forms a positive regulatory circuit 
in the calcineurin-NFAT pathway, facilitating the transition to cardio-
myopathy. A model to account for these results is shown in Figure 9.

A regulatory circuit of TRPC6-calcineurin-NFAT in the hypertrophic 
heart. The association of SOCE with NFAT signaling has been well 
documented in nonexcitable cell types (20, 21, 38). However, rela-
tively little is known of the potential roles of SOCE in excitable cells. 
Recently, TRPC3 expression was reported to be upregulated in skel-
etal muscle by neuromuscular activity in a calcineurin-dependent 
manner, thereby providing a mechanism for modulation of muscle 
fiber type (26). Hypertrophic hearts isolated from α-MHC–calcineu-
rin Tg mice showed increased expression of Trpc6 mRNA. SOCE has 
been detected in embryonic and neonatal cardiomyocytes (11) and 

Table 1
Echocardiographic analysis of TRPC6 Tg L8 and WT mice  
subjected to TAB

	 HR	(bpm)	 LVDd	(mm)	 LVDs	(mm)	 EF	(%)
WT sham 690 ± 30 3.67 ± 0.32 1.59 ± 0.06 91.0 ± 1.4
WT TAB 740 ± 20 4.17 ± 0.23 2.26 ± 0.58 80.1 ± 9.1
Tg L8 sham 720 ± 20 3.85 ± 0.25 1.74 ± 0.72 87.5 ± 10.0
Tg L8 TAB 660 ± 30 4.64 ± 0.24 3.64 ± 0.29 46.2 ± 7.8A

AP < 0.05 versus WT TAB. Values are mean ± SEM. HR, heart rate; 
LVDd, left ventricular end diastolic dimension; LVDs, left ventricular end 
systolic dimension; EF, ejection fraction.

Figure 6
Accelerated pathologic remodeling in response to TAB in TRP6 Tg L8 mice. (A) HW/BW ratios in WT 
and TRPC6 Tg L8 mice at 8 and 20 weeks of age (n = 6 per group) and (B) subjected to TAB (n = 3 
per group). *P < 0.05 versus WT. (C) Gross hearts of WT and TRPC6 Tg L8 mice after 3 weeks of 
TAB. Hearts were sectioned longitudinally and stained with H&E. Scale bars: 5 mm.
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contributes to NFAT activation in neonatal cardiomyocytes (10). In 
contrast, SOCE was reported to be reduced in adult cardiomyocytes, 
suggesting that it contributes only marginally to cardiac function 
under normal physiologic conditions (11). These previous findings 
are consistent with the relatively low level of NFAT activity in the 
normal adult heart compared with the neonatal heart (39). Patho-
logic stimuli cause a delayed and sustained increase in NFAT activity 
(39). Our findings show that TRPC6 was upregulated in an NFAT-
dependent manner during pathologic remodeling of the heart, 
revealing a positive amplification circuit for NFAT signaling.

TRPC6 is an essential component of receptor-activated cation 
channels. In smooth muscle, TRPC6-mediated cation influx trig-
gers membrane depolarization and consequent activation of L-type 
Ca2+ channels, leading to Ca2+ influx and smooth muscle contrac-
tion (35–37). In addition, TRPC6 has been demonstrated to be 
involved in the proliferation of smooth muscle cells by increasing 
cytoplasmic Ca2+ concentration and activating subsequent signal-
ing pathways. TRPC6 is abundantly expressed in the pulmonary 
system, and TRPC6 gene expression is increased in pulmonary 
artery smooth muscle cells (PASMCs) in response to idiopathic pul-
monary arterial hypertension (IPAH). Intriguingly, bosentan, a dual 
endothelin receptor blocker that has been used clinically to treat 
IPAH, reduces the increase of TRPC6 expression in PASMCs (40). 
These findings suggest that an ET-1–TRPC6–calcineurin–NFAT 
circuit exists in PASMCs as well as in cardiomyocytes.

NFAT-independent pathways have also been shown to activate the 
Trpc6 gene. PDGF has been shown to stimulate Trpc6 gene expression 
via c-Jun– and STAT3-dependent pathways, which are also known to 

be involved in cardiac hypertrophy (41). 
Thus, both NFAT-dependent and -inde-
pendent pathways may cooperatively 
activate TRPC6 gene transcription dur-
ing cardiac remodeling.

Unexpectedly, mice deficient in 
TRPC6 showed increased agonist-
induced contractility of aortic rings 
and elevated blood pressure accompa-
nied by increased expression of TRPC3 
(42), a constitutively active TRPC. This 
resulted in enhanced basal and ago-
nist-induced cation entry into smooth 
muscle cells and led to greater depolar-
ized membrane potentials and increased 
smooth muscle contractility. Knock-
down of TRPC3 using siRNA abolished 
the higher basal cation entry observed in 
TRPC6–/– smooth muscle cells. Further 
evaluation of these mutant mice is neces-
sary to define the precise role of TRPC6 
in the cardiovascular system.

Recently, novel proteins Orai1 
(CRACM1) and STIM1 have been shown 
to functionally interact and regulate 
SOCE (43–48). STIM1 interacts with 
TRPCs to enhance SOCE (49). These 
results imply that a multiprotein com-
plex containing Orai1, STIM1, and 
TRPCs regulates SOCE function. Analy-
sis of the expression and function of 
Orai1 and STIM1 in cardiac hypertrophy 

may provide insights into the mechanisms involved in activation of 
the calcineurin-NFAT pathway during cardiac remodeling.

Control of β-MHC by the TRPC6-calcineurin-NFAT signaling pathway. 
Our results revealed that a TRPC6-calcineurin-NFAT pathway 
regulates β-MHC gene expression, a marker for pathologic hyper-
trophy and heart failure in human and rodents (50–53). In slow 
skeletal muscle, the calcineurin-NFAT signaling pathway is known 
to induce β-MHC expression (54–56), and mutations in NFAT 
sites in the β-MHC promoter decrease transcriptional activity in 
slow skeletal muscle (57). In this study, we showed that TRPC6 and 
NFAT activated the β-MHC promoter through the GATA and NFAT 
sites in cardiomyocytes. We have previously shown that GATA and 
NFAT factors synergistically activate cardiac gene transcription (12). 
Mutation of an NFAT site in the β-MHC promoter causes only a 
small reduction of the response to PE, suggesting that GATA acti-
vation is required for NFAT to fully induce β-MHC promoter activ-
ity during cardiac hypertrophy and that signaling pathways other 
than the calcineurin-NFAT pathway are also involved in regulation 
of the β-MHC gene (31). In this regard, local Ca2+ release from the 
type 2 inositol-1,4,5-triphosphate (IP3) receptor, which is mainly 
located in the nuclear envelope, activates Ca2+/calmodulin-depen-
dent protein kinase II (CaMKII) and hypertrophic gene transcrip-
tion in adult ventricular myocytes (58). In most noncardiac cells, 
Ca2+ release from the IP3 receptor is associated with SOCE (22). 
Other Ca2+-dependent signaling, such as that of CaMKII, may also 
be involved in the TRPC6-mediated signaling pathways. Our pres-
ent data showing that the TRPC6-, ET-1–, or PE-induced activation 
of the β-MHC promoter was inhibited in the presence of calcineu-

Figure 7
Induction of β-MHC gene expression in TRPC6 Tg hearts. (A) Expression of cardiac genes  
β-MHC, BNP, α-MHC, ANP, α-skeletal actin (SKA), and SERCA2 in hearts isolated from in TRPC6 
Tg L8, the lowest-expressing line. Percent change in relative mRNA levels normalized by 18S RNA 
levels of Tg mouse hearts compared with WT littermates is shown. n = 4 per group. *P < 0.001,  
#P < 0.05 versus WT. (B) Expression of β-MHC gene in hearts of different Tg TRPC6 mouse lines. 
Shown are β-MHC mRNA levels relative to WT (assigned as 1.0) normalized by 18S RNA levels. 
n = 4 per group, except for 8-wk Tg L23 (n = 1). (C) HW/BW ratios of WT and calcineurin Tg mice 
at 2 and 10 weeks of age. n = 4 per group. (D) Expression of β-MHC, ANP, and BNP in calcineurin 
Tg mice at 2 and 10 weeks of age. Fold increase in mRNA levels over WT (assigned as 1.0) nor-
malized by 18S RNA levels is shown. n = 4 in each group.
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rin inhibitors cyclosporin A or RCAN1 and that the knockdown of 
TRPC6 reduced the response of the β-MHC promoter to ET-1 and 
PE in cardiomyocytes strongly supports the conclusion that TRPC6 
forms a positive regulatory circuit with the calcineurin-NFAT path-
way during cardiac hypertrophy that is accompanied by the induc-
tion of β-MHC gene expression.

α-MHC–calcineurin Tg mice show a dramatic increase in β-MHC 
mRNA expression in the postnatal heart (12). In most mouse mod-

els of cardiac hypertrophy, ANP appears to be the earliest and most 
sensitive marker (59, 60), although some severe cardiomyopathic 
mice show a higher increase in β-MHC than Anp gene expression 
(61). Inhibition of the calcineurin-NFAT pathway by overexpres-
sion of RCAN1 or the NFAT inhibitor GSK3β results in selective 
repression of β-MHC gene expression in mouse models of myo-
cardial infarction or calcineurin Tg mice, respectively, supporting 
the notion of a preferential contribution of the calcineurin-NFAT 

Figure 8
The TRPC6-calcinerurin-NFAT pathway directly regulates β-MHC gene transcription. (A) Sequence of the mouse β−MHC promoter. MCAT, 
NFAT, and GATA binding sites are shown. (B and C) Rat neonatal ventricular myocytes were cotransfected with (B) –396β-MHC–luc and an 
expression plasmid of TRPC6, CnAΔC, or NFATc4Δ317 or (C) –396β-MHC–luc with NFAT or GATA mutants and an expression plasmid encod-
ing NFATc4Δ317 or TRPC6 (bar graphs show percent increase or change in luciferase activity by NFATc4Δ317 or rat TRPC6 compared with 
control vector); (D–F) –396β-MHC–luc and an expression vector encoding TRPC6 in the presence or absence of (D) ET-1, (E) cyclosporin A, 
or (F) an expression plasmid of RCAN1; (G, H, and J) –396β-MHC–luc in the presence or absence of ET-1, PE, or (G) cyclosporin A, (H) an 
expression vector encoding RCAN1, or (J) control or TRPC6 siRNAs. (I) Relative expression of β-MHC mRNA was measured using real-time  
RT-PCR in hearts of WT, β-MHC–TRPC6 (Tg), and β-MHC–TRPC6;β-MHC–RCAN1 (double Tg) mice. Fold change over control –396β-MHC–
luc activity (assigned as 1.0) is shown.
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pathway in regulation of β-MHC gene expression in the heart (62, 
63). The finding that forced overexpression of the β-MHC gene in 
the mouse heart led to a significant decrease in systolic function 
(64, 65) suggests that increased expression of β-MHC in cardiac 
hypertrophy may be a maladaptive response leading to cardiomy-
opathy. In this regard, mutations in the β-MHC gene cause human 
hypertrophic cardiomyopathy and dilated cardiomyopathy, imply-
ing that proper expression of β-MHC is required for maintenance 
of normal cardiac structure and function (66, 67). Thus, induction 
in β-MHC gene expression may be one of the downstream mecha-
nisms by which the TRPC6-calcineurin-NFAT pathway induces 
pathologic cardiac remodeling.

TRPC6 as a potential therapeutic target. In addition to the evidence 
implying that a shift of MHC isoforms from α-MHC to β-MHC 
observed in cardiomyopathy may be more than just a marker for 
the severity of the disease state and might actually contribute to its 
development (50–53, 64, 65), it has previously been shown that the 
improvement of left ventricular function is associated with a coor-
dinate increase in β-MHC and a decrease in α-MHC mRNA expres-
sion in patients with idiopathic dilated cardiomyopathy (50, 52). 
Indeed, cardiac overexpression of α-MHC in rabbits confers cardio-
protection to ventricular pacing (68). Thus, the results of this study 
showing the involvement of TRPC6-calcineurin-NFAT signaling 
in the regulation of β-MHC gene transcription during pathologic 
cardiac remodeling point to the control of β-MHC expression as a 
possible therapeutic target for the treatment of heart failure and 
suggest that TRPC6 receptor antagonists might serve to normalize 
cardiac gene expression and contractility in the setting of patho-
logic cardiac remodeling.

Methods
Plasmids. A DNA fragment from the 5′ flanking region of the mouse β-MHC 
gene spanning bp –396 to bp +96 relative to the transcription start site was 

isolated by PCR using mouse genomic DNA as a template. The fragment was 
inserted upstream of a luciferase gene in the pGL3 vector (Promega) using 
XhoI/HindIII sites. The following primers were used: sense, 5′-TGAACC-
GCTCGAGAAGGCTTCTAAGGGG-3′; antisense, 5′-ATGCCCAAGCT-
TACTTCCTGAACCTGGAG-3′. To generate mutations in the GATA and 
NFAT sites of the β-MHC 5′ flanking region, we used a PCR-based muta-
genesis kit (QuikChange; Stratagene) with the following primers: mutGATA 
sense, 5′-GAATGTTAGAGGCGTTTTTGCTTC-3′; mutGATA antisense,  
5′-GAAGCAAAAACGCCTCTAACATTC-3′; mutNFAT sense, 5′-TTC-
CAATTGTGGGCTAGCTGGGG-3′, mutNFAT antisense, 5′-CCCCAGC-
TAGCCCACAATTGGAA-3′. All vectors were verified by sequencing.

A 913-bp fragment containing the upstream region and the 5′ untrans-
lated region of the mouse Trpc6 gene was isolated by PCR using mouse 
genomic DNA as a template, and the fragment was inserted upstream of 
a luciferase gene in the pGL3 vector using XhoI/HindIII sites (–913TRPC6-
luc). The following primers were used: sense, 5′-TCCGCTCGAGCGGGTT-
GAGAAGGTTTTGATTTTGACAGAT-3′; antisense, 5′-ACCCAAGCTT-
GGGCACAGTGCCTGGCCGGCCTGCACC-3′. To generate the deletion 
mutant of the Trpc6 5′ flanking region from –617 to the ATG (–617TRPC6-
luc), the –913TRPC6-luc construct was digested with XhoI and BglII to 
excise nucleotide bps from –913 to –617 and then blunted and ligated 
using a Blunting kit (Takara). To generate mutations in either the dis-
tal or proximal NFAT sites (mutNFAT1 or mutNFAT2, respectively) of  
–913TRPC6-luc, PCR-based mutagenesis was performed using the following 
primers; mutNFAT1 sense, 5′-AGGGAGGATTGCGATTAAAGCAAGCA-3′;  
mutNFAT1 antisense, 5′-TGCTTGCTTTAATCGCAATCCTCCCT-3′;  
mutNFAT2 sense, 5′-GCAGACACCATCTCGCAATGCCCTTTTT-3′; mut-
NFAT2 antisense, 5′-AAAAAGGGCATTGCGAGATGGTGTCTGC-3′.

RCAN1-luciferase in which RCAN1 intron 3 containing 15 NFAT sites 
was inserted upstream of the luciferase reporter gene was kindly provided 
by B. Rothermel (University of Texas Southwestern Medical Center; ref. 
29). A pcDNA3-based expression vector for rat TRPC6 was kindly provided 
by E. Satoh (Aomori University, Aomori, Japan).

Cell culture and transfection. Primary neonatal rat ventricular myocytes 
were isolated and grown as described previously (12). Twenty-four hours 
after plating, the myocytes were transfected with 200 ng of reporter plas-
mid and 200 ng of expression vectors for 12 hours using GeneJammer 
(Stratagene), unless indicated otherwise. A RSV-driven lacZ expression 
vector was included in all transfections as an internal control. After trans-
fection, serum was removed from the growth medium. Six hours after 
serum deprivation, ET-1 (10 nM), PE (100 mM), or vehicle was added, and 
the cells were maintained for an additional 48 hours.

Luciferase assay. Cells were harvested, and luciferase and control β-galac-
tosidase activities were measured according to the manufacturer’s instruc-
tions (Promega). All assays were performed at least twice with triplicates 
for each assay.

Gel mobility shift assay. Gel mobility shift assay was performed with double-
stranded oligonucleotides corresponding to consensus NFAT or TRPC6 

Figure 9
Proposed model of the role of TRPC6 in the calcineurin-NFAT pathway 
in vivo. TRPC6 gene transcription is activated by the calcineurin-NFAT 
pathway, and an increase in the expression of TRPC6 further activates 
the calcineurin-NFAT pathway. The β-MHC gene is one of the down-
stream targets of this pathway, and its expression may alter cardiac 
contractility. Activation of BNP expression also provides a negative 
feedback loop to curtail hypertrophic signaling. TRPC6 forms a posi-
tive regulatory circuit in calcineurin-NFAT pathways leading to patho-
logic remodeling. DAG, diacylglycerol; GATA, GATA-binding protein; 
IP3, inositol-1,4,5-triphosphate; PLC, phospholipase C.
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NFAT-like sequences. Sequences of the probes were as follows: NFAT con-
sensus, 5′-CTAGGAAAATTCACTAGGAAAATTCA-3′; TRPC6 NFAT1, 
5′-AGGATTTTCCTTAAGCAGGATTTTCCTTAAAGC-3′; TRPC6 NFAT2, 
5′-ACCATCGGAAAATGCCCACCATCGGAAAATGCCC-3′. For gel mobil-
ity shift assay utilizing the NFATc4Δ317-containing Rel homology domain, 
2 μl of a coupled in vitro translation reaction (TNT kit; Promega) was incu-
bated with 32P-labeled oligonucleotide probe (Figure 2B) in the presence of 
1 μl of poly dIdC (1.5 mg/ml) for 20 minutes at room temperature, followed 
by nondenaturing electrophoresis. Unlabeled competitor oligonucleotides 
were added at a 100-fold molar excess and 2 μl of NFATc4-specific antibody 
(Calbiochem) was added for supershift experiments. The gel mobility shift 
assay buffers and electrophoresis conditions were described previously (12).

RNA interference. For RNA interference analysis of TRPC6, a siGENOME 
SMART pool reagent against rat TRPC6 (M-095094-00) with guaranteed 
minimum 75% mRNA knockdown was purchased from Dharmacon. 
BLOCK-iT Fluorescent Oligo (Invitrogen) was used as a nonspecific control. 
For luciferase assays, transfections using 100 pmol siRNAs and 500 ng lucif-
erase reporter plasmids were performed in neonatal rat ventricular myocytes 
in DMEM with 10% fetal bovine serum using FuGENE (Roche Applied Sci-
ence). A RSV-lacZ expression plasmid was included in all transfections as an 
internal control. Luciferase assay was performed 48 hours after transfection. 
To verify the efficiency of siRNA-mediated knockdown of TRPC6 expres-
sion, rat smooth muscle cells maintained in 6-well dishes were transfected 
with 200 pmol siRNAs. Cells were harvested 48 hours after transfection 
for real-time RT-PCR analysis. Using rat TRPC6 siRNA, we observed 77% 
reduced expression of endogenous TRPC6 mRNA in rat smooth muscle cells 
compared with control siRNA. The expression of other TRPC family genes 
was not significantly changed with the rat TRPC6 siRNA.

Generation of Tg mice. Tg mice expressing a rat TRPC6 cDNA driven by the 
cardiac-specific α-MHC promoter were generated by standard procedures. 
Tg mice carrying the exon 4 splice variant of the human RCAN1 gene driven 
by the α-MHC promoter were kindly provided by B.A. Rothermel (Univer-
sity of Texas Southwestern Medical Center; ref. 33). All animal protocols 
used in this study were approved by the University of Texas Southwestern 
Institutional Animal Care and Use Committee.

Western blot analysis. Hearts were homogenized in lysis buffer (Cell Signal-
ing Technology), and 100 μg proteins was resolved on a sodium dodecyl 
sulfate-polyacrylamide gel, transferred to PVDF membrane (Bio-Rad), and 
immunoblotted with rabbit polyclonal anti-TRPC6 that recognizes both 
rat and mouse TRPC6 (Alomone Labs). Bands were visualized using anti-
rabbit IgG conjugated to horseradish peroxidase and Western Blotting 
Luminol Reagent (Santa Cruz Biotechnology Inc.). Densitometry was per-
formed on X-ray film using Scion Image software version 1.62c.

To analyze the phosphorylation state of NFAT, 3 mg LV extract was 
immunoprecipitated with anti-NFATc3 antibody (sc-8321; Santa Cruz 
Biotechnology Inc.) and subjected to Western blot analysis with an anti-
phosphoserine antibody (61-8100; Zymed) as described previously (54).

In cellular fractionation experiments, nuclear and cytoplasmic extracts 
were collected as described previously (26). Briefly, to analyze the cellular 
localization of NFAT, hearts were homogenized with lysis buffer (20 mM 
HEPES, pH 7.4; 10 mM NaCl; 1.5 mM MgCl2; 20% glycerol; 0.1% Triton-X; 
1 mM DTT; and protease inhibitors). Cell suspensions were centrifuged 
at 600 g at 4°C. Supernatants contained the cytosolic fraction, while pel-
lets, the nuclear fraction, were resuspended in lysis buffer supplemented 
with 500 mM NaCl and rotated for 1 hour. The nuclear fraction was then 
centrifuged at 16,000 g for 10 minutes at 4°C. Cytoplasmic and nuclear 
proteins (50 μg) were then analyzed by SDS-PAGE and immunoblotted 
with anti-NFATc3 antibody, anti-PCAF antibody (nuclear marker, sc-8999; 
Santa Cruz Biotechnology Inc.) or anti-HSP90α/β antibody (cytoplasmic 
marker, sc-13119; Santa Cruz Biotechnology Inc.).

Thoracic aortic banding. Male mice (6–8 weeks old) either underwent a 
sham operation or were subjected to pressure overload induced by TAB as 
described previously (18), using protocols approved by the University of 
Texas Southwestern Institutional Animal Care and Use Committee. A con-
striction with a 27-gauge needle was placed in the transverse aorta between 
the innominate and left carotid arteries. We have shown previously that 
constriction to a 27-gauge stenosis induces moderate hypertrophy without 
clinical signs of heart failure or malignant ventricular arrhythmia (18). The 
mice were killed 3 weeks after TAB. We confirmed the integrity of TAB by 
inspection of the surgical constriction and by visualization of marked dif-
ferences in caliber of the right and left carotid arteries.

Histologic analysis. Histologic analysis was performed as described 
previously (69). Briefly, excised hearts were rinsed in PBS and incu-
bated in Krebs-Henseleit solution lacking Ca2+. Hearts were fixed in 4% 
paraformaldehyde for 12 hours at room temperature. Samples were dehy-
drated with ethanol, mounted in paraffin, and sectioned at 5 mm thick-
ness. Sections were then stained with H&E to visualize tissue architecture 
or with Masson’s Trichrome stain.

Immunocytochemistry. Adult ventricular myocytes were isolated from the 
hearts of TRPC6 Tg L16 mice and WT littermates at 12 weeks of age as 
described previously (70). Cells attached to laminin-coated coverslips were 
rinsed with PBS, fixed with 4% formaldehyde for 10 minutes, and permea-
bilized with 0.1% Triton X-100 in PBS for 5 minutes. Cells were blocked for 
30 minutes at room temperature in 3% BSA in PBS. Cells were then incu-
bated with primary antibody diluted in 3% BSA in PBS for 60 minutes at 
room temperature. Anti-TRPC6 polyclonal antibody (diluted 1:200; Alao-
mone Labs), and anti–α-actinin monoclonal antibody (clone EA-53, diluted 
1:400; Sigma-Aldrich) were used. For control experiments, TRPC6 antibody 
was preincubated with the respective antigenic peptide (diluted 1:1; Alao-
mone Labs). Secondary antibodies were anti-mouse/rabbit IgG fluorescein 
isothiocyanate or Texas Red (Vector Laboratories) used at 1:200 dilution. 
VECTASHIELD with DAPI (Vector Laboratories) was used for mounting.

To analyze the cellular localization of NFAT in the presence or absence of 
TRPC6, COS-1 cells grown on coverslips in 6-well dishes were transfected 
with 1 μg of each expression vector encoding for NFATc4-GFP fusion pro-
tein and TRPC6 or control empty vector. Forty-eight hours after transfec-
tion, the transfected cells were fixed and permeabilized as described above. 
Cells were incubated with anti-TRPC6 polyclonal antibody and followed by 
secondary anti-rabbit IgG antibody conjugated with Texas Red.

Echocardiographic analysis. Cardiac function was evaluated by echocardiog-
raphy on conscious mice using a Hewlett Packard Sonos 5500 Ultrasound 
system with a 12-MHz transducer, as described previously (69). Briefly, 
views were taken in planes that approximated the parasternal short-axis 
view (chordal level) and the apical long-axis view. Left ventricle internal 
diameters and wall thicknesses were measured (at least 3 cardiac cycles) at 
end systole and end diastole.

Human DNA. Tissue samples of left ventricles from hearts of unidentified 
humans diagnosed as having failing or nonfailing hearts were obtained 
from Myogen. This study involves the use of existing pathologic specimens, 
and the information was recorded in such a manner that the subjects can-
not be identified directly or through identifiers linked to the subjects. The 
Institutional Review Board at University of Texas Southwestern Medical 
Center, in accordance with the Department of Health and Human Services, 
considers this work to meet the criteria of exempt review.

Real-time RT-PCR. Total RNA was isolated from cultured neonatal ven-
tricular myocytes or mouse hearts using TRIzol (Invitrogen) according to 
the manufacturer’s protocol. Real-time 1-step RT-PCR was performed with 
20–100 ng total RNA using TaqMan One-Step RT-PCR Master Mix reagent 
(Applied Biosystems). TaqMan primers and probes for mouse TRPC1, -3, 
-4, -5, and -7; BNP; skeletal α-actin; β-MHC; α-MHC; and rat and human 



research article

	 The	Journal	of	Clinical	Investigation   http://www.jci.org   Volume 116   Number 12   December 2006 3125

TRPC6 were purchased from Applied Biosystems. The primers and probes 
for mouse ANP, SERCA2, and TRPC6 were as follows: ANP forward,  
5′-GCCATATTGGAGCAAATCCT-3′; reverse, 5-GCAGGTTCTTGAAATC-
CATCA-3′; probe, 5′-FAM-TGTACAGTGCGGTGTCCAACACAGAT-
TAMRA-3′; SERCA2 forward, 5′-CATCTGCTTGTCCATGTCACTT-3′; 
reverse, 5′-CGGTGTGATCTGGAAAATGAG-3′; probe, 5′-FAM-TCTT-
GATCCTCTACGTGGAACCTTTGC-TAMRA-3′; TRPC6 forward, 5′-CGCT-
GCCACCGTATGG-3′; reverse, 5′-CCGCCGGTGAGTCAGT-3′; probe,  
5′-FAM-ACTACCCCAGCTTCCGGGGTAATGAAAACA-TAMRA-3′.

Electrophysiologic recordings. Mouse left ventricular cardiomyocytes were 
isolated enzymatically using a protocol described previously (71). Isolated 
myocytes were investigated in a continuously superfused (1.5 ml/min, room 
temperature) recording chamber (vol, 1 ml) fixed to an inverted microscope. 
For TRPC6 current recording, we used the whole-cell voltage clamp tech-
nique with pipette resistances of 2–3 MΩ when filled with internal solution. 
The junctional potential was corrected by zeroing the potential before the 
pipette tip touched the cell membrane. After the cell membrane was broken 
by application of additional suction, cell capacitance and series resistance 
were electrically compensated. After access was gained in the whole-cell volt-
age-clamp configuration, myocytes were allowed to equilibrate for 5 min-
utes with the internal solution before data were collected. Cells were depo-
larized by triangular voltage ramps from –120 to +120 mV (pulse duration, 
200 ms) from holding potential of –60 mV at a frequency of 1 Hz (42, 72). As 
TRPC6 is a nonselective cation channel, current amplitude was analyzed as 
peak inward (+10 mV) and peak outward current density (+110 mV). After 
the current reached steady state, 10 nM ET-1 was added in the external solu-
tion. The changes of the current were analyzed when the response of TRPC6 
current to ET-1 reached its maximum (about 10 min).

Solutions. Krebs-Ringer solution for cell isolation contained 35 mmol/l 
NaCl, 4.75 mmol/l KCl, 1.19 mmol/l KH2PO4, 16 mmol/l Na2HPO4, 134 
mmol/l sucrose, 25 mmol/l NaCO3, 10 mmol/l glucose, 10 mmol/l HEPES, 
pH 7.4 with NaOH. The “KB” solution for storage of cells contained 10 
mmol/l taurine, 70 mmol/l glutamic acid, 25 mmol/l KCl, 10 mmol/l 
KH2PO4, 22 mmol/l glucose, 0.5 mmol/l EGTA, pH adjusted to 7.2 with 
KOH. External solution for TRPC6 current recording contained 140 mM 

NaCl; 5 mM CsCl; 2 mM CaCl2; 1 mM MgCl2; 10 mM glucose; and 10 mM 
HEPES, titrated to pH 7.4 with NaOH. Internal solution for TRPC6 cur-
rent recording contained 120 mM CsCl; 9.4 mM NaCl; 1 mM MgCl2; 0.2 
mM Na3GTP, buffered at 100 nM free Ca2+ with 10 mM BAPTA; and 10 
mM HEPES, pH 7.2 with CsOH.

Statistics. Data are presented as means ± SEM. Unpaired Student’s t test 
was used for comparison between 2 groups, and ANOVA with post hoc 
Fisher’s test was used for comparison among groups. Values of P < 0.05 
were considered significant.

Note added in proof. After submission of this manuscript, 2 
publications appeared that provide further support for the 
involvement of TRPC channels in calcineurin-dependent car-
diac hypertrophy (72, 73).
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