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Subjecting cardiomyocytes to mechanical stress or neurohumoral stimulation causes cardiac hypertrophy
characterized in part by reactivation of the fetal cardiac gene program. Here we demonstrate a new common
mechanism by which these stimuli are transduced to a signal activating the hypertrophic gene program.
Mechanically stretching cardiomyocytes induced nuclear accumulation of myocardin-related transcription
factor A (MRTF-A), a coactivator of serum response factor (SRF), in a Rho- and actin dynamics-dependent
manner. Expression of brain natriuretic peptide (BNP) and other SRF-dependent fetal cardiac genes in
response to acute mechanical stress was blunted in mice lacking MRTF-A. Hypertrophic responses to chronic
pressure overload were also significantly attenuated in mice lacking MRTF-A. Mutation of a newly identified,
conserved and functional SRF-binding site within the BNP promoter, or knockdown of MRTF-A, reduced the
responsiveness of the BNP promoter to mechanical stretch. Nuclear translocation of MRTF-A was also
involved in endothelin-1- and angiotensin-II-induced activation of the BNP promoter. Moreover, mice lacking
MRTF-A showed significantly weaker hypertrophic responses to chronic angiotensin II infusion than wild-type
mice. Collectively, these findings point to nuclear translocation of MRTF-A as a novel signaling mechanism
mediating both mechanical stretch- and neurohumoral stimulation-induced BNP gene expression and hyper-
trophic responses in cardiac myocytes.

Hemodynamic overload, a combination of mechanical stress
and neurohumoral stimulation, induces a hypertrophic re-
sponse characterized in part by reactivation of the fetal gene
program in cardiac myocytes (4, 15, 25, 45, 58). Though cardiac
hypertrophy initially serves as an adaptive response to in-
creased cardiac output, when sustained it leads to cardiac de-
compensation and heart failure, which is now a leading cause
of morbidity and mortality around the world. Thus, elucidation
of the molecular mechanisms underlying the development and
progression of cardiac hypertrophy is an important issue when
considering therapeutic intervention. To delineate the molec-
ular pathways involved in the hypertrophic response to me-
chanical stress, in vitro stretching devices have been developed
that enable stretch stress to be applied to cultured cardiac
myocytes (51, 62). Using these devices, it was revealed that
mechanical stress activates several signal transduction path-
ways involving mitogen-activated protein kinases (MAPKs),
protein kinase C (PKC), Jak-STAT, and small G proteins (e.g.,
Rho, Rac, and Ras) in cultured cardiac myocytes (1, 16, 27, 47,
48, 51, 62). How these signaling molecules transduce mechan-
ical stretch to a signal activating a set of transcription factors

and ultimately the hypertrophic gene program, however, re-
mains unclear.

In addition to mechanical stress, neurohumoral stimulation
is also known to be a pivotal contributor to the chronic remod-
eling process in hearts (45). Angiotensin II (AngII), phenyl-
ephrine, and endothelin 1 (ET-1), which all act through G-
protein-coupled receptors, have all been shown to induce
cardiac hypertrophy. Clinical evidence showing the favorable
effects of blocking AngII signaling on the course of heart
failure and the ability of AngII blockade to repress cardiac
hypertrophy supports the notion that neurohumoral factors
play an important role in pathological cardiac remodeling (8).
Among the variety of intracellular signaling molecules that
have been shown to be activated following mechanical stretch
or neurohumoral stimulation, Rho family small GTPases, es-
pecially Rho A and Rac1, have been highlighted as important
regulators for cardiac hypertrophy (5, 24). The precise down-
stream mechanisms by which Rho GTPases activate the hyper-
trophic gene program remain obscure, however.

Serum response factor (SRF) is a MADS box transcription
factor that regulates the expression of immediate-early genes
and muscle-specific genes by binding to a conserved sequence
[CC(A/T)6GG] known as the CArG box or serum response
element. Moreover, several findings have confirmed the in-
volvement of SRF in the induction of a subset of cardiac genes
during adverse cardiac remodeling (23, 32, 34, 36, 57). Tar-
geted deletion of SRF in the developing heart results in lethal
cardiac defects, with reduced expression of many cardiac-spe-
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cific genes (33, 49). In addition, overexpression of SRF in the
postnatal heart leads to cardiomyopathy with increased fetal
cardiac gene expression (63), while conditional deletion of
SRF in isolated neonatal cardiac myocytes results in reduced
expression of hypertrophic genes (43). Several fetal cardiac
genes, including atrial natriuretic peptide (ANP), skeletal
�-actin, smooth muscle �-actin, and smooth muscle 22�
(SM22�), have been shown to contain a functionally important
CArG box in their upstream transcription control region (53,
57). At least two signaling pathways are known to modulate
SRF activity, one involving the phosphorylation of ternary
complex factors in Ets domain family proteins and another
controlled by Rho family small GTPases and actin dynamics
(10, 12, 14, 56). It was recently shown in NIH 3T3 cells that
stimulation of Rho- and actin dynamics-dependent signaling
results in translocation of a novel SRF cofactor, myocardin-
related transcription factor A (MRTF-A) (also called MAL or
MKL1), from G-actin in the cytoplasm to the nucleus and in
activation of SRF target genes (35).

In the present study, we investigated the role of MRTF-A in
mediating prohypertrophic signaling evoked by mechanical
stress and neurohumoral stimulation in cardiac myocytes. Our
study defines Rho- and actin dynamics-dependent nuclear
translocation of MRTF-A as a novel common mechanism
transducing mechanical stretch and neurohumoral stimulation
to activation of the hypertrophy gene program, including in-
creased expression of the brain natriuretic peptide (BNP)
gene, in cardiac myocytes.

MATERIALS AND METHODS

Plasmid construction. A DNA fragment from the 5� flanking region of the
human BNP gene (bp �423 to �98 relative to the transcription start site) was
isolated by PCR using human genomic DNA as a template with the primers 5-ACT
CGG AAG ATC TGT CTT GGC CGG GGC TGT TTT CGC-3 (sense) and
5-GAT TCC CAA GCT TCA TGT CTC TGG AGG GAC TGC GG-3 (antisense),
after which the fragment was inserted upstream of a luciferase gene in the pGL3
vector using the BglII/HindIII sites (�423hBNP-luc). In addition, the following
primers were used to generate deletion mutants in which the BNP 5�-flanking region
from bp �146 to �98 (�146hBNP-luc), �77 to �93 (�77hBNP-luc), or �25 to �93
(�25hBNP-luc) were deleted: �146hBNP, 5-GGC GGA AGA TCT CGG AGG
GGC TCA TTC CCG �3; �77hBNP, 5-GGC GGA AGA TCT TGC ATG GCA
GGG CAG GCC-3; and �25hBNP, 5-GGC GGA AGA TCT CCC GAG GAG
CCA GGA GGA-3. �1823hBNP-luc, human ANP promoter-reporter gene
(�452hANP-luc), SM22�-luc, and 4� CArG-luc were described previously (21, 44).
To generate a mutation in the CArG-like sequences of the BNP 5�-flanking region,
PCR-based mutagenesis was performed using the primers 5-GGC CCA TTT CTG
TAC CCG GTC GGC TCT G-3 (mut CArG sense) and 5-CAG AGC CGA CCG
GGT ACA GAA ATG GGC C-3 (mut CArG antisense).

Cell culture and transfection. Primary neonatal rat ventricular myocytes were
isolated and grown as described previously (37). Twenty-four hours after plating,
the myocytes were transfected for 12 h with 200 ng of reporter plasmid and 200
ng of expression vector using the Gene Jammer reagent (Invitrogen) unless
indicated otherwise. A Rous sarcoma virus (RSV)-driven lacZ expression vector
was included in all transfections as an internal control. The transfectant cells
were then incubated in serum-free medium for 6 h, after which ET-1 (100 nM),
AngII (100 nM), or vehicle was added, and the cells were maintained for an
additional 48 h.

Myocytes subjected to stretching were first transfected for 6 h with 300 ng of
reporter plasmid using the Gene Jammer reagent (Invitrogen) unless indicated
otherwise. The transfected cells were then incubated in serum-free medium for
12 h, after which they were subjected to 20% mechanical stretch for 4 h.

Recombinant adenovirus infection. For adenovirus production, cDNAs en-
coding FLAG-tagged, full-length mouse MRTF-A were cloned into the pAC-
CMV vector, and the resultant constructs were cotransfected into HEK 293 cells
along with pJM17 using Fugene 6 (Roche Applied Science). Clonal populations

of adenoviruses were amplified by reinfecting HEK 293 cells, after which titers of
the viral preparations were determined using the agar overlay method.

Thirty-six hours after plating, cardiac myocytes grown on coverslips in 6-well
dishes were infected for 6 h with recombinant adenovirus at a multiplicity of
infection (MOI) of 5 and then maintained in serum-containing medium for 24 h.
Thereafter, the growth medium was replaced with serum-free medium, and cells
were incubated for an additional 12 h before being treated with 100 nM ET-1 or
AngII for 1 h and fixed in 4% formaldehyde in phosphate-buffered saline (PBS).

Thirty-six hours after plating on silicone membranes, cardiac myocytes were
infected for 6 h with recombinant adenovirus at a MOI of 5 and then maintained
in serum-containing medium for 36 h. After changing to serum-free medium, the
cells were incubated for an additional 12 h and then subjected to 20% mechanical
stretch for 1 h. The cells were then fixed in 4% formaldehyde in PBS.

The subcellular distribution of MRTF-A was determined by immunostaining
for the FLAG epitope (green). Cardiac myocytes were also positively stained
with anti-ANP antibody to distinguish them from cardiac fibroblasts (red).

Luciferase assay. Cells were harvested, and luciferase and control �-galacto-
sidase activities were measured using a luciferase assay system (Promega) and a
FluoReporter lacZ galactosidase quantitation kit (Invitrogen) according to the
manufacturer’s instructions. All assays were performed at least twice in triplicate.

EMSAs. Electrophoretic mobility shift assays (EMSAs) were performed using
double-stranded oligonucleotides corresponding to the SM22 CArG or BNP
CArG-like sequence. The probe sequences were as follows: SM22 CArG, 5�-
CCT GCC CAT AAA AGG TTT TTC CTG CCC ATA AAA GGT TTT T-3�;
BNP CArG, 5�-CAT TTC TAT ACA AGG TCG GCC ATT TCT ATA CAA
GGT CGG C-3�; and BNP mutCArG, 5�-CAT TTC TGT ACC CGG TCG GCC
ATT TCT GTA CCC GGT CGG C-3�. For gel mobility shift assays utilizing
SRF, 2 �l of a coupled in vitro translation reaction product (TNT kit; Promega)
was incubated with the indicated 32P-labeled oligonucleotide probes in the pres-
ence of 1 �l of poly(dIdC) (1.5 �g/�l) for 20 min at room temperature, followed
by nondenaturing electrophoresis. Unlabeled competitor oligonucleotides were
added at a 10-, 100-, or 1,000-fold molar excess, and 2 �l of anti-SRF antibody
(Santa-Cruz) was added for supershift experiments. The assay buffers and elec-
trophoresis conditions were described previously (37).

ChIP assays. Chromatin immunoprecipitation (ChIP) assays were carried out
according to the protocol supplied by the manufacturer (Upstate Biotechnology).
Briefly, cultured ventricular myocytes fixed with 1% formaldehyde for 10 min at
37°C were collected, resuspended in SDS lysis buffer (1% SDS, 10 mM EDTA,
and 50 mM Tris-HCl [pH 8.1]) containing 1 mM phenylmethylsulfonyl fluoride,
1 �g/ml aprotinin, and 1 �g/ml pepstatin A, and sonicated seven times for 10 s
each time. After clearing the lysate by centrifugation, one aliquot of the lysate
(20 �l) was removed to serve as an input control. The remainder was incubated
overnight at 4°C in ChIP dilution buffer (16.7 mM Tris [pH 8.1], 167 mM NaCl,
1.2 mM EDTA, 1.1% Triton X-100, 0.01% SDS, 1 mM phenylmethylsulfonyl
fluoride, 1 �g/ml aprotinin, and 1 �g/ml pepstatin A) also containing 20 �l of
anti-SRF antibody (Santa Cruz). Thereafter, 60 �l of salmon sperm DNA and a
protein G-agarose bead suspension were added and incubated for an additional
1 h at 4°C. The beads were then sequentially washed for 5 min each in low-salt
immune complex wash buffer (20 mM Tris-HCl [pH 8.1], 150 mM NACl, 2 mM
EDTA, 0.1% SDS, and 1% Triton X-100), high-salt buffer (20 mM Tris-HCl [pH
8.1], 500 mM NACl, 2 mM EDTA, 0.1% SDS, and 1% Triton X-100), LiCl
immune complex wash buffer (250 mM LiCl, 1% Igepal-CA630, 1% deoxycholic
acid [sodium salt], 1 mM EDTA, 10 mM Tris [pH 8.1]), and TE buffer (10 mM
Tris [pH 8.0] and 1 mM EDTA). The immune complexes were then eluted by
incubating the beads with elution buffer (1% SDS, 0.1 M NaHCO3) for 15 min
at room temperature. After the addition of 5 M NaCl, the eluates were heated
to 65°C for 12 h to reverse the protein-DNA cross-links. The DNA was then
recovered through proteinase K treatment, phenol-chloroform extraction, and
ethanol precipitation. The resultant pellets were resuspended in 20 �l of TE
buffer. PCR was performed with 2-�l samples of DNA using the following
primers: rBNP CArG FW, 5-CAA TAC GGG TGG GGC ACG GTA-3; rBNP
CArG RV, 5-ACC CCT CTG TGC CTC TGT-3; rBNP distal FW, 5-TGG CAC
CAA GCC ACA CTC TGA AGA-3; rBNP distal RV, 5-GAA TGC TGC ATT
TAA CGG CCT GGA T-3; rSM22 CArG FW, 5-GGT CCT GCC CAT AAA
AGG TTT-3; rSM22 CArGRV, 5-TGC CCA TGG AAG TCT GCT TGG-3;
GAP FW, 5-GCT CTC TGC TCC TCC CTG TT-3; GAP RV, 5-CAT CCT CTG
CAA TGC GGA GC-3.

RNA interference. For analysis of MRTF-A using RNA interference (RNAi),
a siGENOME Smart pool reagent against rat MRTF-A (M-081405-00-0010)
with guaranteed minimum 75% mRNA knockdown was purchased from Dhar-
macon. A Block-It fluorescent oligomer (Invitrogen) was used as a nonspecific
control. For luciferase assays, neonatal rat ventricular myocytes in Dulbecco’s
modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum
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were transfected with 100 pmol of small interfering RNA (siRNA) and 500 ng of
luciferase reporter plasmid for 12 h using Fugene. An RSV-lacZ expression
plasmid was included in all transfections as an internal control. The transfectant
cells were then incubated in serum-free medium for 6 h, after which ET-1 (100
nM) or vehicle was added, and the cells were maintained for an additional 48 h.

For luciferase assays with myocytes subjected to mechanical stretch, neonatal
rat ventricular myocytes in DMEM supplemented with 10% fetal bovine serum
were transfected with 200 pmol of siRNA and 600 ng of luciferase reporter
plasmid for 12 h using Fugene. The transfected cells were then incubated for 12 h
in serum-free medium, after which they were subjected to mechanical stretch
for 4 h.

To verify the efficiency of siRNA-mediated knockdown of MRTF-A expres-
sion, rat smooth muscle cells in 6-well dishes were transfected with 200 pmol of
siRNA and 48 h later were harvested for real-time reverse transcriptase PCR
(RT-PCR) analysis. In cells transfected with rat MRTF-A siRNA, we observed
an 88% reduction in the endogenous expression of MRTF-A mRNA compared
to results for cells transfected with control siRNA.

To assess the effect of knocking down MRTF-A expression on myocyte hy-
pertrophy, cells were transfected for 24 h using Lipofectamine with On-Target
plus siRNA reagent for rat MRTF-A (Dharmacon) or control scrambled siRNA
2000, as previously described (46).

Animal experiments. MRTF-A�/� mice were kindly provided by E. N. Olson
(University of Texas Southwestern Medical Center at Dallas) (26). The animal
care and all experimental protocols were reviewed and approved by the Animal
Research Committee at Kyoto University Graduate School of Medicine.

Thoracic aortic banding. Six- to 8-week-old male mice either underwent a
sham operation or were subjected to pressure overload induced by thoracic
aortic banding (TAB), as described previously (13). A constriction created using
a 27-gauge needle was placed in the transverse aorta between the innominate
and left carotid arteries. We previously showed that constriction to a 27-gauge
stenosis induces moderate hypertrophy without clinical signs of heart failure or
malignant ventricular arrhythmia. The mice were sacrificed 1 h (for acute pres-
sure overload) or 3 weeks (for chronic pressure overload) after TAB. At that
time, we confirmed the integrity of the banding by inspecting the surgical con-
striction and noting the marked difference in the caliber of the right and left
carotid arteries.

Chronic AngII administration. AngII (dissolved in 10 mM acetic acid) was
subcutaneously administered at the rate of 0.6 mg/kg of body weight/day for 2
weeks using an osmotic minipump (Alzet model 2002; Alza Corp.) implanted in
each mouse at 10 weeks of age. After 1 week of AngII infusion, systolic blood
pressure (SBP) was measured in conscious mice using a noninvasive computer-
ized tail-cuff method (Muromachi).

Echocardiographic analysis. Cardiac function was evaluated echocardio-
graphically in conscious 10-week-old mice using a Hewlett Packard Sonos 5500
ultrasound system with a 12-MHz transducer, as described previously (9). Briefly,
views were taken in planes that approximated the parasternal short-axis view
(chordal level) and the apical long-axis view. Left ventricular internal diameters
and wall thicknesses were measured (at least 3 cardiac cycles) at the end of
systole and the end of diastole.

Real-time RT-PCR. Total RNA was isolated from cultured neonatal ventric-
ular myocytes or mouse hearts using Trizol and following the manufacturer’s
protocol. Real-time one-step RT-PCR was performed with 20 to 100 ng of total
RNA using One-step RT-PCR master mix reagent (ABI). TaqMan primers and
probes for mouse BNP, ANP, c-Fos, Egr-1, striated muscle activator of Rho
signaling (STARS), skeletal �-actin, SM22�, and smooth muscle �-actin were
purchased from ABI.

Statistical analysis. Data are presented as means � standard errors of the
means (SEM). Unpaired t tests were used for comparison between two groups,
and analysis of variance (ANOVA) with post hoc Fisher’s test was used for
comparison among groups. P values of 	0.05 were considered significant.

RESULTS

Nuclear translocation of MRTF-A in response to mechani-
cal stretch in cardiac myocytes. Using a fibroblast cell line,
MRTF-A was previously shown to be translocated into the
nucleus following sequential serum stimulation and Rho acti-
vation and to then activate SRF (35). In cardiac myocytes, SRF
is known to be involved in hypertrophic gene reprogramming
(23, 32, 57), while Rho is known to be activated by various
hypertrophic stimuli, including mechanical stretch and neuro-
humoral stimulation (with ET-1 or AngII) (1, 2, 5, 20, 24, 48,
52, 59). We therefore hypothesized that nuclear translocation
of MRTF-A mediates the hypertrophic signaling evoked by
mechanical stretch, resulting in activation of the hypertrophic
gene program. To test that idea, we first examined whether
MRTF-A is translocated into the nucleus in response to me-
chanical stretch in cultured neonatal ventricular myocytes in-
fected with an adenovirus encoding MRTF-A. We initially
confirmed that stretching cardiac myocytes in our system rap-
idly leads to Rho activation, as previously reported by others
(1) (Fig. 1A). When we stretched cardiac myocytes expressing
FLAG-tagged MRTF-A, we observed accumulation of
MRTF-A in the nucleus within 1 h after the initiation of stretch
(Fig. 1B, D, and E). This translocation of MRTF-A was
blocked in the presence of latrunculin B, an inhibitor of actin
treadmilling, or C3 exoenzyme, an inhibitor of Rho, which
suggests Rho-actin dynamics plays a critical role in the stretch-
induced nuclear translocation of MRTF-A (Fig. 1C and D).

Expression of BNP and other SRF-dependent fetal genes in
response to acute pressure overload is impaired in MRTF-
A�/� mice. We next tested whether loss of MRTF-A dimin-
ishes activation of the hypertrophic gene program induced by
mechanical load in vivo. To evaluate the contribution of
MRTF-A to mechanical stress-induced genetic alterations sep-
arately from the effects of subsequent neurohumoral activa-
tion, we subjected MRTF-A�/� mice to acute pressure over-
load. Under basal conditions, male MRTF-A�/� mice have no
obvious structural or physiological deficiencies (26). Consistent
with that finding, echocardiographic analysis revealed param-
eters of cardiac function to be similar in MRTF-A�/� (wild-
type), MRTF-A�/�, and MRTF-A�/� mice (unpublished ob-

FIG. 1. Mechanical stretch induces nuclear accumulation of MRTF-A in a Rho- and actin treadmilling-dependent manner. (A) Cardiomyocytes
were subjected to 20% stretch for 5 min, after which GTP-RhoA was pulled down and visualized by Western blotting with anti-Rho antibody.
(B) Cultured neonatal rat ventricular myocytes infected with adenovirus encoding FLAG-tagged MRTF-A (Ad-MRTF-A) were stretched by 20%
for 1 h. The subcellular distribution of MRTF-A was determined by immunostaining for the FLAG epitope (green). Cardiac myocytes were
positively stained with anti-ANP antibody (Ab) to distinguish them from cardiac fibroblasts (red). (C) Cultured neonatal rat ventricular myocytes
infected with Ad-MRTF-A were stretched by 20% for 1 h in the presence or absence of an inhibitor of actin treadmilling (latrunculin B [LB]) or
a Rho inhibitor (C3). The cells were then stained with anti-FLAG antibody (green) or anti-ANP antibody (red). (D) Graphs showing the percent
MRTF-A localization in adenovirus-infected ventricular myocytes, with or without mechanical stretch, in the presence or absence of LB or C3. N,
exclusive staining of MRTF-A in the nucleus; N�C, nuclear staining of MRTF-A is greater than or equal to cytoplasmic staining; N	C, greater
staining of MRTF-A in the cytoplasm than the nucleus; C, exclusive staining of MRTF-A in the cytoplasm. At least 100 infected cells were counted
under each condition in three independent experiments. Values are means � SEM. (E) Representative images of the four categories for MRTF-A
localization are shown. In all images, bars represent 50 �m.
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servation; the data for wild-type and MRTF-A�/� mice are
shown in Table 1). We evaluated the expression of three myo-
cardin family genes and confirmed that ablation of MRTF-A
expression produces no significant change in myocardin or
MRTF-B mRNA levels (Fig. 2A). When we compared the
heart weight-to-body weight (HW/BW) ratios and BWs of con-
trol MRTF-A�/� and MRTF-A�/� mice subjected to a sham
operation or acute mechanical overload caused by TAB for 1 h

(13), we found no differences among the four groups of mice
(Fig. 2B and C). We then measured the levels of brain natri-
uretic peptide (BNP) and c-fos mRNA as representative mark-
ers of fetal cardiac genes and early response genes, respec-
tively, 1 h after TAB in MRTF-A�/� mice and MRTF-A�/�

mice (11, 28, 31). The c-fos gene contains a CArG box and an
Ets-binding site and is regulated by the formation of a phos-
phorylated Elk-1/SRF complex independently of myocardin

TABLE 1. Echocardiographic analysis of 11-week-old MRTF-A�/� and MRTF-A�/� mice treated with AngII or left untreated

Characteristica

Value for mouse groupb

No treatment AngII treatment

WT MRTF-A�/� WT MRTF-A�/�

HR (beats/min) 687.0 � 40.0 694.8 � 20.1 687.0 � 20.9 677.4 � 18.4
LVDd (mm) 2.92 � 0.14 2.82 � 0.33 2.7 � 0.22 2.94 � 0.09
LVDs (mm) 1.12 � 0.15 1.04 � 0.19 1.23 � 0.09* 1.09 � 0.12
IVST (mm) 0.95 � 0.07 0.93 � 0.01 1.03 � 0.14 0.96 � 0.06#
PWT (mm) 0.90 � 0.06 0.90 � 0.04 1.30 � 0.17* 0.97 � 0.05#
FS (%) 62.4 � 4.3 63.6 � 3.7 63.1 � 2.3 66.0 � 2.3
EF (%) 93.6 � 1.9 94.6 � 1.6 94.8 � 1.1 95.6 � 0.8
LVM (mg) 74.7 � 4.8 80.5 � 10.3 122.1 � 11.5* 94.5 � 4.7#

a HR, heart rate; LVDd, left ventricular end diastolic dimension; LVDs, left ventricular end systolic dimension; IVST, interventricular septal thickness; PWT,
posterior wall thickness; FS, fractional shortening; EF, ejection fraction; LVM, left ventricular mass.

b Values are means � SEM. For the untreated groups, n 
 5; for the AngII-treated groups, n 
 8 (wild type �WT�) or 9 (MRTF-A�/�). �, P 	 0.05 versus results
for untreated (WT) mice. #, P 	 0.05 versus results for WT mice treated with AngII.

FIG. 2. The increased expression of BNP and SRF-dependent fetal cardiac genes induced by acute pressure overload is blunted in MRTF-A�/�

mice. (A) Myocardin, MRTF-A, and MRTF-B mRNA levels evaluated by real-time RT-PCR in the ventricular myocardium of wild-type (wt),
MRTF-A�/� (het), and MRTF-A�/� (null) mice. (B and C) HW/BW ratios (mg/g) (B) or BWs (g) (C) in 8- to 10-week-old MRTF-A�/� (het)
and MRTF-A�/� (null) mice 1 h after TAB or sham operation (n 
 8 each). (D to K) BNP (D), c-Fos (E), Egr-1 (F), STARS (G), ANP (H),
skeletal �-actin (SKA) (I), SM22� (J), or smooth muscle �-actin (SMA) (K) gene expression was assessed by real-time RT-PCR using total RNA
extracted from 8- to 10-week-old MRTF-A�/� (het) and MRTF-A�/� (null) mice 1 h after TAB or sham operation (n 
 8 each). �, P 	 0.05 versus
results with sham. In all graphs, values are shown as means � SEM.
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family coactivators (54, 61). As shown in Fig. 2D, the increase
in BNP mRNA expression following TAB was markedly
smaller in MRTF-A�/� mice than in their MRTF-A�/� litter-
mates, though there was no significant difference in the induc-
tion of c-fos mRNA expression, which is indicative of the
similarity of the mechanical stresses applied (Fig. 2E). Consis-
tent with that finding, Egr-1, another early response gene
known to be regulated by SRF independently of MRTF-A, was
also similarly induced in the two genotypes (Fig. 2F) (54). In
addition, the gene encoding the cytoskeletal protein striated
muscle activator of Rho signaling (STARS), a downstream
target of MEF2 also rapidly induced by TAB, was similarly
activated in both genotypes (Fig. 2G) (21).

We also examined the expression of other known SRF target
genes potentially controlled by myocardin family proteins, in-
cluding the genes for ANP, skeletal �-actin, SM22�, and
smooth muscle �-actin (53, 57). Though the level of ANP
mRNA expression was not significantly altered by 1 h of TAB,
levels of skeletal �-actin, SM22�, and smooth muscle �-actin
gene expression were significantly upregulated in wild-type
mice (Fig. 2H to K), but those increases were significantly
attenuated in MRTF-A�/� mice (Fig. 2I to K). Thus, MRTF-A
is required to mediate the stretch-induced hypertrophic signal-
ing that leads to the upregulation of several SRF-dependent
fetal cardiac genes.

To evaluate the contribution of MRTF-A to mechanical
stress-induced chronic hypertrophic responses, including ge-
netic alterations, we next subjected wild-type and MRTF-A�/�

mice to chronic pressure overload. When we compared the
HW/BW ratios in wild-type and MRTF-A�/� mice subjected
to a sham operation or TAB for 3 weeks (13), we found that
the increase in HW/BW ratios in MRTF-A�/� mice subjected
to TAB was significantly smaller than those seen in wild-type
mice subjected to TAB (Fig. 3A). Consistent with that finding,
TAB-induced increases in the expression of genes encoding
BNP, skeletal �-actin, and smooth muscle �-actin were signif-
icantly smaller in MRTF-A�/� mice than in wild-type mice
(Fig. 3B to D). These results further support the notion that
MRTF-A is required to mediate the mechanical stress-induced
hypertrophic signaling that leads to upregulation of several
SRF-dependent fetal cardiac genes.

BNP gene is a direct target of SRF. Although it has been
suggested that BNP expression is under the control of SRF
(43), a functional CArG box has yet to be identified in the BNP
promoter, and it remains unclear whether BNP is a direct

target of SRF. That said, the observed selective reduction of
TAB-induced BNP expression in MRTF-A�/� mice suggests a
direct involvement of SRF in BNP gene regulation. We previ-
ously showed that STARS induces nuclear translocation of
MRTF-A and -B and activates SRF (19). To test whether BNP
promoter activity is directly activated by SRF, we cotransfected
COS1 cells with a BNP-luciferase gene and expression vectors
encoding myocardin, MRTF-A, MRTF-B, or STARS. As
shown in Fig. 4A, the BNP proximal promoter was activated by
any of these SRF coactivators and was strongly activated by the
combination of STARS and MRTF-A, clearly demonstrating
that BNP is a MRTF-A-sensitive, direct downstream target of
SRF. As in COS1 cells, the BNP promoter in cardiac myocytes
was activated by myocardin, MRTF-A, and/or STARS and
most strongly activated by the combination of STARS and
MRTF-A (Fig. 4B).

We next used several BNP promoter deletion mutants to
identify the response element for MRTF-A. We found that
deletion from bp �423 to �146 significantly reduced the re-
sponse of the BNP promoter to MRTF-A and STARS and that
additional deletions did not reduce the activity further. This
means the MRTF-A responsive element is located in a region
between bp �423 and �146, within the BNP promoter (Fig.
4C). A search for a CArG box within this region revealed a
sequence similar to a CArG box that extended from bp �184
to �193 (CTATACAAGG) and was completely conserved in
humans, rats, and mice (Fig. 4D). We then performed electro-
phoretic mobility shift assays (EMSAs) using this sequence as
a probe and found that SRF binds to the sequence but its
affinity is weaker than that for the CArG box in the SM22�
gene promoter (Fig. 5A). More importantly, we observed that
endogenous SRF in cardiac myocytes binds to the sequence
(Fig. 5A), and ChIP analysis confirmed the recruitment of SRF
to this CArG-like sequence in the BNP gene in cardiac myo-
cytes (Fig. 5B). Conversely, deletion or mutation of this ele-
ment almost completely abolished activation of the BNP pro-
moter by a SRF-VP16 fusion protein (Fig. 6A and B);
moreover, mutations within this CArG element abolished the
response of the BNP promoter to MRTF-A and STARS in
both nonmuscle cells and cardiac myocytes (Fig. 6C to E),
which makes this element the exclusive functional SRF binding
site, at least within the 1,823-bp BNP promoter.

p300 is a transcriptional coactivator that possesses intrinsic
histone acetyltransferase activity and reportedly participates in
myocardin-mediated SRF activation (7). And because myocar-

FIG. 3. Hypertrophic response induced by chronic pressure overload is attenuated in MRTF-A�/� mice. (A) HW/BW ratios (mg/g) in wild type
(wt) and MRTF-A�/� (null) mice 3 weeks after TAB or sham operation (n 
 3 each). �, P 	 0.05. (B to D) BNP (B), skeletal �-actin (SKA) (C),
or smooth muscle �-actin (SMA) (D) gene expression was assessed with real-time RT-PCR using total RNA extracted from wild type and
MRTF-A�/� mice 3 weeks after TAB or sham operation (n 
 3 each).
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din’s transcription-activating domain is well conserved in
MRTF-A, we tested whether p300 also participates in MRTF-
A-induced activation of the BNP promoter. When we cotrans-
fected cultured ventricular myocytes with a BNP-luciferase
gene and expression vectors encoding MRTF-A, STARS,
and/or wild type p300 or a dominant-negative p300 mutant
(42), we found that wild-type p300 enhanced MRTF-A-medi-
ated BNP promoter activation. In contrast, the dominant-neg-
ative p300 mutant significantly attenuated MRTF-A-induced
activation of BNP gene transcription in both NIH 3T3 cells and
cardiac myocytes (Fig. 6F and G). We also confirmed the
physical interaction between MRTF-A and p300 (see Fig. S1A
in the supplemental material). p300 thus appears to participate
in MRTF-A-mediated activation of BNP gene transcription.

Mechanical stretch increases BNP promoter activity
through SRF. We hypothesized that the stretch-induced nu-
clear accumulation of MRTF-A we observed contributes to the

stretch-induced increase in BNP gene transcription. To test
that idea, we examined whether CArG in the BNP promoter is
responsible for stretch-induced BNP gene expression. We ini-
tially confirmed that expression of endogenous BNP and
SM22� mRNA is upregulated in an in vitro model of mechan-
ical stretch, as reported previously (Fig. 7A and B) (18). Con-
sistent with stretch-induced expression of the endogenous
gene, the BNP promoter was activated by mechanical stretch in
neonatal ventricular myocytes (Fig. 7C). Mechanical stretch
also increased SM22� promoter activity in an SRF binding
site-dependent manner (Fig. 7D) and activated a luciferase
reporter gene controlled by tandem CArG boxes (4� CArG-
luciferase), confirming that myocardial stretch activates SRF-
dependent transcription (Fig. 7E). Mutation of CArG within
the BNP promoter significantly reduced the response to me-
chanical stretch, suggesting the CArG element transduces the
signal initiated by mechanical stretch (Fig. 7C). Stretch-in-

FIG. 4. Identification of the MRTF-A-responsive element in the BNP promoter. (A) MRTF-A and STARS activate �423BNP-luc in COS1
cells. COS1 cells were cotransfected with �423BNP-luc and expression vectors encoding STARS, myocardin (20 ng), MRTF-A (20 ng), or
MRTF-B (20 ng). (B) Ventricular myocytes were cotransfected with �423BNP-luc and expression vectors encoding STARS, myocardin (20 ng),
or MRTF-A (20 ng). (C) Ventricular myocytes were transfected with a luciferase gene driven by various DNA fragments from the BNP upstream
region. Deletion from bp �423 to �146 abolished the response to MRTF-A and STARS in ventricular myocytes. A LacZ gene driven by the RSV
promoter was also transfected as an internal control. (D) Sequences between bp �207 and �168 are shown. CArG box-like sequences completely
conserved among humans, rats, and mice are shown in the red box.
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duced BNP promoter activity was also diminished in the pres-
ence of latrunculin B or C3, which inhibit the nuclear translo-
cation of MRTF-A (Fig. 7C and 1C), and in the presence of
siRNA targeting MRTF-A, confirming that MRTF-A mediates
stretch-induced BNP promoter activation (Fig. 7F).

MRTF-A mediates ET-1- and AngII-induced activation of
BNP gene transcription. Since Rho activation is involved in
cardiac hypertrophy induced by several humoral factors, in-
cluding AngII, phenylephrine, and ET-1 (2, 20, 52), we also
tested whether nuclear translocation of MRTF-A occurs fol-
lowing stimulation of cardiac myocytes with ET-1 or AngII. We
found that both molecules enhanced nuclear accumulation of

MRTF-A in ventricular myocytes (Fig. 8A and B) and that they
activated the BNP promoter (Fig. 8C and D). Moreover, mu-
tation of CArG significantly reduced the response, confirming
that SRF activation plays an important role in ET-1- and
AngII-induced activation of BNP gene transcription (Fig. 8C
and D). ET-1-induced activation of the BNP promoter was
blocked in the presence of a dominant-negative myocardin
mutant that lacked a transcription-activating domain and in-
hibited the activities of all myocardin family members, includ-
ing myocardin and MRTF-A and -B, which suggests their in-
volvement in ET-1-induced, SRF-mediated activation of the
BNP promoter (Fig. 8E). The dominant-negative myocardin

FIG. 5. SRF binds to the CArG-like region in the BNP gene. (A) EMSAs were performed using in vitro-translated SRF (indicated as SRF) or
nuclear extract from cultured cardiac ventricular myocytes (indicated as MC) and the BNP CArG-box-like region, with (mut) or without mutation,
or the SM22 CArG-box (SM22) as a probe. The unlabeled BNP CArG-box-like region, mutated BNP CArG box-like region, or SM22 CArG box
was used as a cold competitor (�, 10-fold; ��, 100-fold; and ���, 1,000-fold excess). Anti-SRF antibody was used for supershift assays. Arrows
indicate bands representing a specific DNA-SRF complex. The lowest of the EMSA bands was markedly weakened when the wild-type and mutant
BNP CArG probes were applied in the presence of the wild-type and mutant BNP CArG cold probes but not the cold SM22 CArG probe,
indicating that these bands represent a complex between the BNP probe and a nonspecific protein binding to a sequence other than the core
CArG-like sequence in the BNP probe. Note that this band is not affected by anti-SRF antibody. (B) ChIP assays were performed with ventricular
myocytes using anti-SRF antibody. PCR was performed with chromatin from around the CArG box in the BNP promoter region, around the region
2 kbp distal to the CArG box in the BNP promoter, around the two CArG boxes in the SM22 promoter region, and around the first exon of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Aliquots of chromatin obtained before immunoprecipitation were also analyzed as input.
Representative PCRs with identical results in three independent experiments are shown. Schematic representations of the location of the PCR
primers in each gene are shown in the upper panel.
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mutant also inhibited ET-1-induced activation of a reporter
gene controlled by tandem CArG boxes (4� CArG-luciferase)
(Fig. 8F) and the ANP promoter (hANP-luciferase) (Fig. 8G),
again suggesting the involvement of myocardin and MRTF
family proteins. In addition, siRNA targeting MRTF-A but not
myocardin inhibited ET-1-induced activation of the BNP pro-

moter in ventricular myocytes, indicating that, as with mechan-
ical stretch, nuclear translocation of MRTF-A mediates ET-1-
induced hypertrophic signaling to activate BNP gene
transcription (Fig. 8H). Finally, MRTF-A knockdown also in-
hibited ET-1-induced activation of 4� CArG-luciferase and
hANP-luciferase (Fig. 8I and J), suggesting the general in-

FIG. 6. MRTF-A directly activates the BNP promoter via the SRF-binding site. (A) COS1 cells were cotransfected with a luciferase gene driven
by various DNA fragments from the BNP upstream region and an expression vector encoding the SRF-VP16 fusion protein. The SRF-binding site
is shown as a diamond. (B) COS1 cells were cotransfected with a luciferase gene driven by 1,823 bp or 423 bp of the BNP upstream region, with
(mut) or without mutation of the identified SRF-binding site, and an expression vector encoding the SRF-VP16 fusion protein. The SRF-binding
site is shown as a diamond. (C and D) NIH 3T3 (C) or COS1 (D) cells were cotransfected with a luciferase gene driven by 423 bp from the BNP
upstream region, with (CArGmut-luc) or without (�423hBNP-luc) mutation of the SRF-binding site, and an expression vector encoding STARS,
myocardin, or MRTF-A. (E) Cardiac myocytes were cotransfected with �423hBNP-luc or CArGmut-luc and an expression vector encoding
STARS or MRTF-A. (F and G) p300 contributes to MRTF-A-mediated activation of SRF. NIH 3T3 cells (F) or cultured cardiac myocytes
(G) were cotransfected with �423hBNP-luc and expression vectors encoding STARS, MRTF-A, and wild-type p300 or a dominant-negative p300
mutant (
C/H3). Values are shown as means � SEM (n 
 4 each). �, P 	 0.05 versus results with �423hBNP-luc with STARS and MRTF-A in
the absence of p300.
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volvement of MRTF-A in G protein-coupled receptor-induced
increases in SRF-mediated gene transcription. MRTF-A
knockdown also significantly attenuated ET-1- and AngII-in-
duced increases in the size of cardiac myocytes (Fig. 8K; see
also Fig. S1B in the supplemental material).

Reduced hypertrophic responses to chronic AngII treatment
in MRTF-A�/� mice. We next examined the role of MRTF-A
in chronic cardiac remodeling, a process in which neurohu-
moral factors are known to play pivotal roles. When we sub-
cutaneously administered AngII for 2 weeks, systolic blood
pressure (SBP) was similarly increased in wild-type and
MRTF-A�/� mice (Fig. 9A). Under these conditions, cardiac
hypertrophy, indicated by significant increases in HW/BW ra-
tios, was observed in wild-type mice but not in MRTF-A�/�

mice (Fig. 9B and C). Moreover, the expression of hypertro-
phy-related genes, including BNP and skeletal �-actin, induced
by chronic AngII treatment was significantly weaker in MRTF-
A�/� mice than in wild-type mice (Fig. 9D and E). This sup-
ports the notion that MRTF-A is necessary for chronic AngII-
induced cardiac hypertrophy. In addition, echocardiographic
analysis showed that AngII-induced increases in the thickness
of the interventricular septum and left ventricular posterior

wall, as well as the calculated left ventricular mass, were all
significantly attenuated in MRTF-A�/� mice compared to
findings for wild-type mice (Table 1). Levels of myocardin and
MRTF-B mRNA were not significantly altered in wild-type or
MRTF-A�/� mice, with or without AngII treatment (Fig. 9F
and G), nor were levels of MRTF-A mRNA in wild-type mice
(Fig. 9H). Taken together, these results demonstrate that
MRTF-A is a crucial participant in cardiac hypertrophy signal-
ing during the cardiac remodeling induced by AngII.

DISCUSSION

Mechanical stress is one of the earliest stimuli promoting the
induction of cardiac hypertrophy, which is characterized in part
by reactivation of the fetal cardiac gene program (e.g., ANP,
BNP, skeletal �-actin, �-myosin heavy chain, SM22�, and
smooth muscle �-actin) (4, 15, 25). Using an in vitro cardiac
myocyte model, it has been shown that mechanical stretch
activates a variety of intracellular signaling molecules, includ-
ing PKC, MAPKs, p90 and p70 S6 kinases, Jak-STAT, and
Rho family small G proteins (1, 16, 27, 47, 48, 51, 62). The
precise molecular mechanism by which mechanical stretch is

FIG. 7. Mechanical stretch activates the BNP promoter via the SRF-binding site. (A and B) Expression of BNP (A) or SM22� (B) mRNA was
assessed using real-time RT-PCR in rat neonatal ventricular myocytes subjected to 20% mechanical stretch for 1 h. (C) Ventricular myocytes
transfected with a luciferase gene driven by 423 bp from the BNP upstream region, with (CArGmut-luc) or without (�423hBNP-luc) mutation of
the SRF-binding site, were subjected to mechanical stretch in the presence or absence of 0.5 �M latrunculin B (LB) or 2.5 �g/ml C3 exoenzyme
(C3). (D) Ventricular myocytes transfected with a luciferase gene driven by the SM22 � upstream region, with (SM22� CArGmut) or without
(SM22�-luc) mutation of SRF-binding sites, were subjected to mechanical stretch. (E) Ventricular myocytes transfected with 4� CArG-luc were
subjected to mechanical stretch. (F) Ventricular myocytes transfected with �423hBNP-luc were subjected to mechanical stretch in the presence
or absence of siRNA targeting MRTF-A. For all transfections, a LacZ gene driven by an RSV promoter was also transfected as an internal control.
In all graphs, values are shown as means � SEM; �, P 	 0.05 versus results for the unstretched control.

VOL. 30, 2010 MRTF-A IN CARDIAC HYPERTROPHY SIGNALING 4143



FIG. 8. ET-1 and AngII induce nuclear accumulation of MRTF-A. (A) Cultured neonatal rat ventricular myocytes infected with adenovirus
encoding FLAG-tagged MRTF-A (Ad-MRTF-A) were treated with 100 nM ET-1 or 100 nM AngII for 1 h. The subcellular distribution of
MRTF-A was determined by immunostaining of the FLAG epitope (green). Myocytes were positively stained with anti-ANP antibody (red). Bars
represent 50 �m. (B) Graphs show the percent MRTF-A localization: N, exclusive staining of MRTF-A in the nucleus; N�C, nuclear staining of
MRTF-A was greater than or equal to the cytoplasmic staining; N	C, greater staining of MRTF-A in the cytoplasm than in the nucleus; C,
exclusive staining of cytoplasmic MRTF-A (100 infected cells were counted). (C and D) Ventricular myocytes transfected with a luciferase gene
driven by the human BNP upstream region, with (CArGmut) or without (�423hBNP-luc) mutation of SRF-binding sites, were treated with 100
nM ET-1 (C) or 100 n� AngII (D) for 48 h. (E to G) Ventricular myocytes cotransfected with a luciferase gene driven by the BNP upstream region

4144 KUWAHARA ET AL. MOL. CELL. BIOL.



transduced to transcriptional activation remained unresolved,
however. In the present study, we have shown that Rho- and
actin treadmill-dependent nuclear accumulation of MRTF-A
contributes to the transduction of mechanical stress to the
transcriptional activation of SRF-dependent fetal cardiac
genes in cardiac myocytes. In mice lacking MRTF-A, induction
of BNP and other fetal cardiac genes in response to both acute

and chronic pressure overload was significantly attenuated. We
identified a functional SRF-responsive element in the 5�-flank-
ing region of the BNP gene as a novel target of MRTF-A. In
addition, we also showed the involvement of MRTF-A in
chronic cardiac remodeling, a process in which neurohumoral
factors play a pivotal role. Following stimulation with AngII or
ET-1, MRTF-A was translocated into the nuclei of cardiac

(�423hBNP-luc) (E), by 4� CArG (4xCArG-luc) (F), or by the human ANP promoter (�452hANP-luc) (G), as well as an expression vector
encoding a dominant-negative myocardin mutant (DN-myocardin), were treated with ET-1. (H) Ventricular myocytes cotransfected with
�423hBNP-luc and siRNA targeting MRTF-A or myocardin were treated with ET-1. (I and J) Ventricular myocytes cotransfected with siRNA
targeting MRTF-A and 4� CArG-luc (I) or �452hANP-luc (J) were treated with ET-1. In all luciferase experiments, a LacZ gene driven by the
RSV promoter was also transfected as an internal control. The graphs show the fold activation by ET-1 in each group. In all graphs, values are
shown as means � SEM; �, P 	 0.05. (K) Cultured ventricular myocytes in which MRTF-A expression was knocked down using siRNA were less
susceptible to hypertrophic myocyte growth induced by ET-1 (100 nM) or AngII (100 n�) than control myocytes. Graphs show myocyte size (�m2)
in each group. Values are shown as means � SEM; �, P 	 0.05 versus results for control siRNA in each group.

FIG. 9. MRTF-A participates in AngII-induced hypertrophic signaling in vivo. (A) SBP (mm Hg) in wild-type (wt) and MRTF-A�/� (null)
mice, with or without AngII infusion for 2 weeks (n 
 4 each for wild-type mice and 8 each for MRTF-A�/� mice). (B) HW/BW ratios (mg/g)
in wt and MRTF-A�/� mice, with or without AngII infusion for 2 weeks (10 to 12 weeks of age; n 
 4 each for wild-type mice and 8 each for
MRTF-A�/� mice). (C) Hearts were sectioned coronally and stained with hematoxylin-eosin. Scale bar, 1 mm. (D to H) BNP (D), skeletal �-actin
(SKA) (E), myocardin (myoc) (F), MRTF-B (G), or MRTF-A (H) gene expression was assessed by real-time RT-PCR using total RNA extracted
from wt and MRTF-A�/� mice, with or without AngII for 2 weeks (n 
 3 for wild-type mice without AngII, 4 for wild-type mice with AngII, 5
for MRTF-A�/� mice without AngII, and 6 for MRTF-A�/� mice with AngII). In all graphs, values are shown as means � SEM; �, P 	 0.05.
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myocytes, where it activated SRF. Moreover, MRTF-A�/�

mice showed significantly weaker hypertrophic responses than
their wild-type littermates. Collectively, these findings indicate
that MRTF-A is a common mediator of mechanical stress- and
neurohumoral stimulation-induced prohypertrophic signaling.

There are two distinct pathways leading to SRF activation:
one involves the phosphorylation of ternary complex factors in
Ets domain family proteins, while the other is controlled by
Rho family small GTPases and actin dynamics (10, 14, 40, 56).
MRTF-A is involved in the latter (35, 50). In the regulation of
some immediate-early genes, Ets domain family proteins, such
as Elk-1, which is phosphorylated by extracellular signal-regu-
lated kinase (ERK), associate with and activate SRF indepen-
dently of MRTF-A (14, 22, 40, 54, 61). The fact that mechan-
ical stretch activates ERKs therefore suggests that during
mechanical stress, the ERKs-Elk1 pathway contributes to the
increased expression of several immediate-early genes through
activation of SRF. Thus, the genetic response to mechanical
stretch involves both MRTF-A-dependent and -independent
SRF activation. Moreover, SRF reportedly interacts with two
other cardiac transcriptional factors, GATA and NKX2.5, and
with transcriptional regulators, such as HOP, which do not
bind to DNA. This suggests that full activation of the hyper-
trophic cardiac gene program may require SRF to also work
with transcriptional factors situated downstream of signaling
pathways other than Rho-actin dynamics-dependent and ERK-
dependent pathways (3, 17, 55).

The expression of the BNP gene is rapidly and dramatically
upregulated in both in vivo and in vitro models of cardiac
hypertrophy in response to hypertrophic stimuli, including me-
chanical stress and neurohumoral stimulation (11, 18, 41). In-
deed, plasma BNP levels are a clinical marker used to detect
and manage cardiac hypertrophy and heart failure in humans
(38, 39, 60). Although several signaling pathways and transcrip-
tional factors are known to be involved in the stretch- and
neurohumoral stimulation-induced activation of the BNP pro-
moter (27, 30, 37, 44), the entire molecular process governing
the transcriptional activation of BNP has not yet been charac-
terized. In that regard, expression of BNP mRNA is reportedly
altered in SRF�/� cardiac myocytes (43), though the func-
tional SRF-binding site had not been identified in the BNP
gene. In the present study, we identified a functional but atyp-
ical CArG element within the 1,823-bp BNP promoter region.
Deletion or mutation of this CArG box almost completely
abolished the increase in transcription induced by SRF-VP16,
suggesting this region is functionally the most important SRF-
binding site, at least within the 1,823-bp BNP promoter. In-
deed, this CArG element is completely conserved among hu-
mans, rats, and mice. We further showed that mutation of
CArG reduced the response of the BNP promoter to two
hypertrophic stimuli, mechanical stretch and neurohumoral
stimulation. That the ANP promoter also has two CArG boxes
that have been implicated in hypertrophic induction of ANP
gene transcription (57) suggests ANP and BNP may be coor-
dinately regulated by SRF.

Among the variety of signaling molecules activated within
cardiac myocytes following mechanical stretch or neurohu-
moral stimulation, Rho family small GTPases, especially Rho
A and Rac1, are known to be important regulators of cardiac
hypertrophy (5, 24). For instance, the inhibition of Rho or

ROCK (Rho kinase), a downstream target of Rho, has been
shown to ameliorate pathological cardiac hypertrophy (5, 20,
29). Our study defines MRTF-A as a critical downstream me-
diator of Rho- and actin dynamics-associated prohypertrophic
signaling in cardiac myocytes, while others have shown that in
epithelial cells MRTF-A is also activated downstream of Rac
(6). Two important events that occur downstream of Rho and
Rac activation are alteration of actin cytoskeletal organization
and gene transcription. It appears that MRTF-A is a key me-
diator of the latter. Consequently, diminishing MRTF-A-me-
diated transcriptional activation by inhibiting its nuclear trans-
location and/or its coactivator function, which would
selectively block transcriptional pathways activated down-
stream of Rho family small GTPases, could be a safer and
more specific therapeutic approach to preventing pathological
cardiac remodeling without the potential side effects caused by
disruption of the physiological organization of the actin cy-
toskeleton.
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