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Ms1/STARS is a novel muscle-specific actin-binding protein that specifically modulates the myocardin-related transcription fac-
tor (MRTF)-serum response factor (SRF) regulatory axis within striated muscle. This ms1/STARS-dependent regulatory axis is of
central importance within the cardiac gene regulatory network and has been implicated in cardiac development and postnatal
cardiac function/homeostasis. The dysregulation of ms1/STARS is associated with and causative of pathological cardiac pheno-
types, including cardiac hypertrophy and cardiomyopathy. In order to gain an understanding of the mechanisms governing ms1/
STARS expression in the heart, we have coupled a comparative genomic in silico analysis with reporter, gain-of-function, and
loss-of-function approaches. Through this integrated analysis, we have identified three evolutionarily conserved regions (ECRs),
�, SINA, and DINA, that act as cis-regulatory modules and confer differential cardiac cell-specific activity. Two of these ECRs, �
and DINA, displayed distinct regulatory sensitivity to the core cardiac transcription factor GATA4. Overall, our results demon-
strate that within embryonic, neonatal, and adult hearts, GATA4 represses ms1/STARS expression with the pathologically associ-
ated depletion of GATA4 (type 1/type 2 diabetic models), resulting in ms1/STARS upregulation. This GATA4-dependent repres-
sion of ms1/STARS expression has major implications for MRTF-SRF signaling in the context of cardiac development and
disease.

The heart is the first organ to develop during mammalian em-
bryogenesis, with proper embryonic formation and postnatal

function being essential for the physiological well-being of the
organism. Inherited and acquired defects in the structure and
function of the embryonic and adult heart are the major causes of
mortality in the developed world. At the molecular level, normal
cardiac development and postnatal function are dependent on the
correct temporal-spatial execution of cardiac gene regulatory net-
works (GRNs) underpinned by a core set of evolutionarily con-
served cardiac enriched transcription factors (TFs) and cofactors
(9, 40).

A pivotal family of TFs in the cardiac GRN is the GATA family
of proteins. One particular family member, GATA-binding
protein 4 (GATA4), has been extensively characterized as an es-
sential modulator of cardiac gene expression (32). Numerous in
vitro and in vivo gain- and loss-of-function studies have impli-
cated GATA4 in modulating developmental and differentiated
gene expression in the heart (45). Within the adult heart, GATA4
also mediates the hypertrophic response to stimuli including pres-
sure overload, isoproterenol, phenylephrine, and endothelin-1 (5,
33, 39). Coupled to the hypertrophic response, GATA4 is also a
regulator of cell survival that is able to specifically modulate car-
diac apoptosis and autophagy in response to diverse cardiotoxic
stimuli (3, 21).

Another important TF in the cardiac GRN is the MADS box
domain-containing protein, serum response factor (SRF). In the
cardiovascular system, SRF plays a critical role in modulating vas-
cular smooth muscle cell (SMC) and cardiac myocyte differentia-
tion in addition to the morphogenetic program regulating the

development of the heart (6, 30, 35, 36). Studies utilizing condi-
tional-gene-targeted mice demonstrated the obligatory role for
SRF during cardiac development, with mutant mice succumbing
to cardiac insufficiency and contractile dysfunction (37). Postna-
tal SRF is critical for maintaining the basal “trophic” state of the
heart and is necessary for inducing myocardial growth in response
to stress stimuli (31, 43, 56, 57).

SRF alone is a poor transcriptional activator, with its activity
being dependent on its interaction with a range of cell-type-spe-
cific and signal-responsive cofactors (49). Myocardin and the
myocardin-related transcription factors (MRTFs) MRTF-A
(MAL or MKL-1) and MRTF-B (MKL-2) constitute a family of
extraordinarily powerful SRF coactivators (7, 46, 50, 51). Myocar-
din, which is constitutively localized to the nucleus, is expressed
specifically within cardiac and smooth muscle cells and is both
necessary and sufficient for the normal expression of SRF-depen-
dent smooth muscle genes (25, 50). In contrast, the MRTFs are
expressed broadly in many different cell types (51) and act to
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couple actin dynamics and Rho signaling to SRF by shuttling from
the cytoplasm to the nucleus in a tightly modulated manner.

Molecular pathways that promote muscle-specific MRTF nu-
clear translocation represent important regulatory modulators of
the MRTF-SRF signaling axis. We, and others, have previously
identified a novel striated muscle-specific actin-binding protein
designated myocyte stress 1 (MS1) (also known as striated muscle-
specific activator of Rho signaling [STARS] and actin-binding
Rho activator [ABRA]) (2, 29). MS1 synergistically activates SRF-
dependent transcription by inducing the nuclear accumulation of
MRTF-A and -B through a RhoA-dependent mechanism, estab-
lishing a mechanism for MS1-dependent SRF activation. ms1
knockdown via RNA interference (RNAi) resulted in a significant
attenuation of muscle-specific SRF activity, confirming that MS1
is an obligatory component of the muscle-specific MRTF-SRF
regulatory circuit (2, 23).

Consequently, ms1 has been implicated in cardiac develop-
ment, postnatal homeostasis, and cardiac dysfunction. During the
initial characterization of ms1, we demonstrated that expression is
transiently induced in a rat model of left ventricular hypertrophy
(29). We subsequently showed that forced MS1 expression in vitro
was sufficient to promote hypertrophy, which was associated with
increased levels of prohypertrophic MRTF-SRF target genes, in-
cluding interleukin-6 (IL-6) and brain natriuretic peptide (BNP)
(22). MS1 has also been explicitly implicated in cardiac dysfunc-
tion in vivo. ms1 expression was upregulated in two independent
mouse models of cardiac hypertrophy and in myopathic human
hearts (23). By use of conditional transgenesis, the forced overex-
pression of MS1 sensitized the heart to pressure overload and
calcineurin signaling, resulting in an exaggerated deterioration of
cardiac function and the increased expression of SRF-dependent
fetal cardiac genes (23). These findings demonstrate that ms1 is an
important modulator of the cardiac stress response in the adult
myocardium. Recent work in our laboratory has also implicated
the MS1-MRTF-SRF axis in cardiac development. The knock-
down of zebra fish ms1/STARS during development resulted in an
SRF-dependent decrease in cardiac contractility (measured as a
decrease in the ejection fraction), which was associated with the
severe dilation of the myocardial chambers (N. W. Chong et al.,
submitted for publication).

Despite its importance, little is known of the molecular path-
ways governing ms1 expression. The characterization of such
pathways will give exquisite insight into how the MS1-MRTF-SRF
signaling axis is regulated in the heart and identify potential mech-
anisms for the pathological dysregulation of this important car-
diac regulatory subcircuit. In the present study, we report a com-
prehensive comparative genomic analysis of a large genomic
region flanking the rat ms1 gene. In addition to ECRs � and � (41),
we have further identified two novel evolutionarily conserved re-
gions (ECRs) (SINA [stress intergenic activator] and DINA [distal
intergenic activator]) that contribute to the cardiac cell-specific
modulation of ms1 expression. Additionally, we identify GATA4
as a novel cardiac cell-specific regulator of ms1 expression, acting
positively and negatively on ECRs DINA and �, respectively.
Overall, GATA4 negatively regulates ms1 expression in vivo, with
the dysregulation of this negatively acting pathway having impli-
cations for the MS1-SRF regulatory axis. Perturbing GATA4 ex-
pression either in vitro (knockdown) or pathophysiologically (di-
abetic cardiomyopathy) has a direct effect on ms1 expression and
the activity of the MRTF-SRF signaling pathway. This will have

wide-ranging implications for this GRN subcircuit in both car-
diac development and disease.

MATERIALS AND METHODS
Cell cultures. The H9c2 rat myoblast, NIH 3T3 mouse fibroblast, and
COS-7 monkey kidney cell lines were grown in a humidified atmosphere
containing 5% CO2 at 37°C in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal calf serum (FCS), 2 mM glu-
tamine, and streptomycin and penicillin (each at 10 g/liter). Neonatal rat
ventricular myocytes (NRVMs) were isolated from 0- to 2-day-old Harlan
Sprague-Dawley rat neonates by using a kit from Worthington Biochem-
ical Corporation (Lakewood, NJ). After the digestion of tissue overnight,
cells were preplated for 1 h to remove nonmyocytes and then plated onto
gelatinized cell culture dishes and cultured overnight in DMEM with 15%
bovine serum and penicillin-streptomycin (100 units/ml). On the follow-
ing day, the cells were washed in phosphate-buffered saline and cultured
in serum-free DMEM containing 100 units/ml penicillin-streptomycin
and 100 �M 5-bromo-2=-deoxyuridine (BrdU; Sigma, St. Louis, MO).
BrdU was used to inhibit the growth of the contaminating nonmyocytes,
including fibroblasts. Adult feline cardiomyocytes were isolated using en-
zymatic digestion and were cultured according to protocols described
previously (18a).

Animals. Transgenic (TG) mice expressing GATA4 in their hearts
were described previously (26). Mice were housed in a fully accredited
animal facility at the Cardiovascular Research Institute and were handled
according to established guidelines. Both GATA4 TG and FVB wild-type
(WT) mice were killed by cervical dislocation, and the heart tissues were
snap-frozen until they were used for protein and total RNA isolation.
GATA4flox/flox mice were generated by gene targeting followed by the Flp-
mediated removal of the Kan-Neo resistance cassette, as described previ-
ously (44). In these mice, exon 2, containing the start codon and 46% of
the coding sequence, is deleted upon the expression of Cre recombinase.
The Nkx2.5Cre line was described previously (34). To obtain G4NK em-
bryos, timed matings were set up between GATA4wt/flox Cre-positive and
GATA4flox/flox Cre-null mice. To obtain G4S/S::troponin T (TNT)-Cre
embryos, timed matings were set up between G4S/S mice (GATA4flox/flox,
originally generated by Steve Duncan [54]) and TNT-Cre mice (originally
generated by Scott Baldwin [17]). Embryonic day 0.5 (E0.5) was defined
as noon of the day when the vaginal plug was detected. All procedures
were carried out with the approval of the Institutional Animal Care and
Use Committees of Beth Israel Deaconess Medical Centre and Boston
Children’s Hospital. Hearts from E9.5 (G4NK) and E12.5 (G4S/S::TNT-
Cre) embryos were collected by dissection and snap-frozen. Cats were
housed and maintained as previously described (18a).

Western blot analysis. Protein extracts from cultured cardiomyocytes
or heart tissue were prepared as described previously (26), except that 1%
protease inhibitor cocktail (Sigma) was added to the extraction buffer.
Protein samples were subjected to SDS-PAGE, transferred onto a polyvi-
nylidene difluoride membrane (Amersham Pharmacia), and blocked in
5% nonfat dry milk in a 0.1% Tween 20 –Tris-buffered saline (TBST)
solution for 1 h. Primary antibodies against GATA4 (Santa Cruz Biotech-
nology, Santa Cruz, CA) and glyeraldehyde-3-phosphate dehydrogenase
(GAPDH; Research Diagnostics, Flanders, NJ) were incubated overnight
at room temperature in 3% milk in TBST. A horseradish peroxidase-
conjugated secondary antibody was incubated for 1 h at room tempera-
ture in 3% milk in TBST and processed for chemiluminescent detection
by using an ECL Plus Western blotting kit (Amersham Biosciences, Buck-
inghamshire, United Kingdom).

RNA isolation and reverse transcription-PCR. Total RNA was ex-
tracted from H9c2 cells at 48 h posttransfection (WT/�-GATA4 overex-
pression plasmid) by using the RNeasy minikit (Qiagen) according to the
manufacturer’s instructions. For whole embryonic hearts (G4NK), hearts
from each genotype were pooled (n � 6), and RNA was prepared by using
the RNeasy kit with on-column DNase digestion (Qiagen). Three pooled
samples were used per genotype. RNA integrity was verified and concen-
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trations were determined by using an Agilent Bioanalyser (model 2100;
Agilent Technologies). The RNA (1 �g) was then reverse transcribed to
cDNA using oligo(dT) and SuperScript II reverse transcriptase (Invitro-
gen). ms1 mRNA expression was analyzed by using quantitative PCR with
fluorescent-labeled TaqMan probes (ms1 primers and probe, catalog no.
Rn00598518_m1; Applied Biosystems). TATA-binding protein (TBP)
was used as the internal control (catalog no. Mm00446973_m1; Applied
Biosystems). PCR amplifications were performed in duplicate with 25-�l
mixtures containing 2 �l cDNA template in 2� PCR Mastermix (Applied
Biosystems). Amplification conditions were as follows: 50°C for 2 min,
95°C for 10 min, and 40 cycles of 95°C for 15 s followed by 60°C for 1 min.
Reactions were performed and products were detected by use of an ABI-
Prism HT7900 sequence detector (Applied Biosystems). The level of ex-
pression of ms1 mRNA was normalized to the level of TBP expression. For
semiquantitative reverse transcription (RT)-PCR, the reverse transcrip-
tase PCR was carried out by using the SuperScript III first-strand synthesis
system (Invitrogen, Carlsbad, CA). Briefly, 1 �g of total RNA isolated with
TRIzol reagent (Invitrogen) from NRVMs or mouse hearts was used for
first-strand cDNA synthesis in a 20-�l reaction mixture volume contain-
ing 500 ng of oligo(dT)12–18 as the primer. Two microliters of the reverse
transcription reaction mixture was then used for PCR amplification with
a volume of 50 �l containing primers specific for the ms1, Bcl2, or GAPDH
gene. Aliquots of PCR mixtures were taken during different cycles for
agarose gel analysis to determine the linear range of amplification. All
reactions were run on a 1.5% agarose gel. The primers used were
derived from mouse mRNA sequences, but they are 100% homologous
to rat sequences. Primers designed specifically for mouse (Mus muscu-
lus) or rat (Rattus norvegicus) are designated. The sequences of the
primers were as follows: forward primer 5=-GTGCCAACTGCCAGAC
TACC-3= and reverse primer 5=-AGCCTTGTGGGGACAGCTTC-3=for
GATA4 (GenBank accession no. NM008092), forward primer 5=-AGTTC
GGTGGGGTCATGTGTG-3= and reverse primer 5=-CCAGGTATGCAC
CCAGAGTG-3= for Bcl2 (accession no. NM009741), forward primer 5=-
GTGACAGCATAGACACAGAGGAC-3= and reverse primer 5=-CACTG
CTGCCCACCTGCCTT-3= for ms1 (accession no. NM175844.2),
forward primer 5=-AAGGTCATCCCAGAGCTGAAC-3= and reverse
primer 5=-TCATTGAGAGCAATGCCAGCC-3= for GAPDH (accession
no. NM001001978), forward primer 5=-TCACGACGACTCTTACGCA
G-3= and reverse primer 5=-CCTTGAGACCCCGATAGGGA-3= for Mus
musculus JunB, forward primer 5=-AGCCCTGGCAGTCTTTCTCT-3=
and reverse primer 5=-ACCCTTGAGACCCCGATAAG-3= for Rattus nor-
vegicus JunB, forward primer 5=-AGTCCTTCGGTCTCAAGGCA-3= and
reverse primer 5=-CCGATCCGGTCTATCTTGTGC-3= for Mus musculus
NPPB, and forward primer 5=-CAGCTCTCAAAGGACCAAGG-3= and
reverse primer 5=-CGGTCTATCTTCTGCCCAAA-3= for Rattus norvegi-
cus NPPB.

Plasmid constructs. The rat ms1 gene sequence was obtained from
GenBank (accession no. NC005106) and was used to design primers that
would amplify truncations of the ms1 5=-flanking regions and the ECRs
SINA and DINA. Oligonucleotides (see Table S2A in the supplemental
material) were designed to amplify a portion of the DNA sequence start-
ing 1,585 bp upstream of the transcription start site (position �1) and the
ECRs SINA and DINA with primers tailed with restriction sites for SacI
and HindIII restriction enzymes, respectively. In addition to the template
(rat genomic DNA, WKY strain) and primers, the reaction mixture con-
tained 0.2 mM deoxynucleoside triphosphates (dNTPs), Expand poly-
merase buffer, and 5 units of Taq Expand high-fidelity polymerase
(Roche). Reaction mixtures were subjected to 35 cycles of amplification
(45 s at 94°C, 45 s at 59°C, and 90 s at 72°C). The PCR products were
cloned into the vector pGEMT-Easy (Promega) and sequenced to ensure
the fidelity of amplification. The verified plasmid was then cut with SacI/
HindIII, and the released promoter/ECR fragments were purified and
cloned into the pGL3-Basic/Promoter reporter vector, itself SacI/HindIII
digested. The WT GATA4 and � GATA4 expression plasmids were a gift
from Mona Nemer (IRCM, Canada). The �638-atrial natriuretic factor

(ANF) luciferase reporter was a gift from Junichi Sadoshima (New Jersey
Medical School).

Chromatin immunoprecipitation assay. Isolated adult feline cardio-
myocytes and neonatal rat ventricular myocytes were treated with 1%
(vol/vol) formaldehyde for 20 min at room temperature with slow rock-
ing. A chromatin immunoprecipitation (ChIP) assay was performed as
described in the manufacturer’s manual (Upstate), with some modifica-
tions. Cells were washed two times with ice-cold phosphate-buffered sa-
line and collected by centrifugation at 10,000 � g for 2 min. The cell pellet
was suspended in lysis buffer and incubated on ice for 20 min. The cell
lysate was sonicated 10 times for 10 s each, and the cell debris was spun
down. The sample was precleared, and the immunoprecipitation anti-
body was added to the supernatant and incubated overnight at 4°C. After
immunoprecipitation, the eluted protein-DNA complexes were de-cross-
linked by heating at 65°C for 4 h. The DNA was ethanol precipitated, and
the DNA was suspended in 50 �l of 10 mM Tris buffer. The feline Ncx1
proximal promoter, the murine Smarcd3 cardiac enhancer, and specific
ms1 ECR/nonspecific sequences were PCR amplified from immunopre-
cipitated and nonimmunoprecipitated chromatin samples (primer se-
quences are shown in Table S2B in supplemental material). Antibody
ChIP was performed on isolated E12.5 murine hearts as described previ-
ously (15).

Transient transfection and luciferase assay. H9c2, NIH 3T3, and
COS-7 cells were transfected by using the JetPei cationic transfection re-
agent (QBiogene) according to the manufacturer’s protocols. Cells were
seeded into six-well plates. At 24 h postplating, the cells were cotransfected
with 0.5 �g of the promoter-luciferase construct and equimolar amounts
for the other plasmids used (total of 0.6 �g). The total amount of DNA
was kept constant by use of an empty vector (pcDNA3.1). To normalize
for the transfection efficiency, the pRL-TK (Promega) expression plasmid
containing Renilla luciferase (20 ng per well) was cotransfected. Firefly
and Renilla luciferase activities were measured at 48 h posttransfection by
using the Dual Luciferase assay system (Promega) and a Lumat LB9507
luminometer (Berthold Technologies). All plasmids were purified by us-
ing Qiagen columns, and at least two preparations per plasmid were
tested. For NRVMs, 24 h after plating, myocytes were transfected with 500
ng of the appropriate reporter plasmid for 12 h by use of Lipofectamine
2000 (Invitrogen). After transfection, serum was removed from the
growth medium. Cells were maintained for an additional 48 h before
being lysed and processed for the luciferase reporter assay. The transfec-
tion efficiency was normalized by using Renilla luciferase activity levels,
and each transfection was performed in triplicate and repeated in a min-
imum of three independent experiments.

Replication-deficient adenoviruses. Adenoviruses expressing �-ga-
lactosidase (�-Gal) (Ad�gal), GATA4 (AdGATA4), control RNAi (Ad-
Coni), and GATA4-targeting RNAi (AdG4i) were described previously
(19, 21, 55). NRVMs were infected with Ad�gal, AdGATA4, AdConi, or
AdG4i at the multiplicities of infection (MOIs) indicated in Results for 2 h
and then cultured in serum-free DMEM for an additional 48 h before
processing.

Diabetic mouse models. Type 1 diabetes was induced in mice by in-
jecting 2-month-old FVB mice with a single dose of streptozotocin (STZ)
(intraperitoneally) (150 mg/kg body weight in 10 mmol/liter sodium ci-
trate [pH 4.5]), a well-established agent that destroys pancreatic beta cells
(20, 47). A fasting blood glucose content of 15 mmol/liter or higher was
considered diabetic, whereas vehicle-treated mice were used as controls.
The heart tissues from type 2 diabetic db/db mice and their control db/�
mice were kindly provided by Paul Epstein, University of Louisville. All
protocols involving animal use were reviewed and approved by the Inter-
nal Animal Care and Use Committee at the University of South Dakota.

Comparative genomic DNA analysis. Comparative sequence analysis
was performed by using Web-based software available at the National
Center for Biotechnology Information DCODE Server (ECR browser;
http://www.dcode.org/) and the Lawrence Berkley Laboratory Server
(VISTA [http://genome.lil.gov/vista/index.shtml]). Orthologous se-
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quences from Homo sapiens, Mus musculus, Rattus norvegicus, Canis fa-
miliaris, Monodelphis domestica, Gallus gallus, Xenopus laevis, and Fugu
rubripes were obtained from the ENSEMBL (http://www.ensemble.org/)
genome database and aligned by using CLUSTAL W, available from the
European Bioinformatics Institute (http://www.ebi.ac.uk). For pattern-
matching transcription factor-binding site (TFBS) analysis, MatInspector
(http://www.genomatix.de/products/MatInspector/) and rVISTA (http:
//genome.lil.gov/vista/index.shtml) were used, utilizing default settings.
The futility theorem states that the majority of TFBSs predicted by using
pattern-matching algorithms will represent false-positive predictions,
and therefore, the majority of our MatInspector-derived binding sites
would be biologically inert. In order to enrich for potentially biologically
active TFBSs and filter out false-positive matches, we formulated and
executed the following manual filtering protocol. The primary enrich-
ment filter/parameter involves the exclusion of all MatInspector hits with
a matrix similarity score (MSS) lower than 0.8. All test sequences with
MSSs of 	0.8 (85% of total hits) were considered to be biologically more
significant and were then manually interrogated for phylogenetic conser-
vation. CLUSTAL W was used for cross-species sequence comparisons.
Single-nucleotide conservation mismatches were tolerated at this step if
they did not reduce the MSS to 
0.8 (at this point, 45% of the initial hits
were filtered out). The final filtering parameter was based on the integra-
tion and utilization of biologically relevant information regarding the
context-specific expression profile of ms1. Based on ms1 expression both
in vitro and in vivo, we suspect that context-specific regulatory factors
modulating ms1 are likely to include factors implicitly involved in striated
muscle-specific gene regulation. In order to construct a library of such
factors, we performed a meta-analysis of all the published literature to
extract information on TFBSs and cognate factors with characterized roles
in striated muscle gene expression. The terms “cardiac transcription fac-
tor” and “skeletal muscle and/or myogenic transcription factor” were in-
putted into the Medline search engine, with the search strings generating
5,507 and 5,655 citations, respectively (June 2008). We then manually
sorted the papers and extracted motif information on any TFBS and cog-
nate factor with a role in striated muscle determination, differentiation,
growth, proliferation, stress signaling, and postnatal homeostatic func-
tion. The remaining candidate TFBSs (approximately 100 hits) were ex-
amined for motifs corresponding to those present in our striated muscle
library. After this final filtration step, our original 200 MatInspector hits
were reduced to a total of 31 hits (86% of the original hits were filtered
out), which we consider to be strong regulatory candidates as context-
specific TFBSs (data not shown).

Statistical analysis. Data were expressed as means � standard errors
(SE). Differences between experimental groups were evaluated for statis-
tical significance by using Student’s t test for unpaired data or a one-way
analysis of variance (ANOVA) followed by Bonferroni’s post hoc test. P
values of 
0.05 were considered to be statistically significant.

RESULTS
Identification of evolutionarily conserved regions and tran-
scription factor-binding sites in the ms1 5=-flanking sequence.
Comparative genomics provides a powerful means for the identi-
fication of putative cis-regulatory sequences and modules for ex-
perimental verification (28). We have previously utilized this
strategy to analyze 5 kbp of the 5=-flanking sequence upstream of
the rat ms1 transcriptional start site (TSS) and isolated two evolu-
tionarily conserved regions (ECRs) (designated � and �) with
functional myogenic regulatory activity (41). Here we have ex-
panded this analysis to interrogate �20 kbp of the ms1 5=-flanking
sequence. Using the MULAN alignment engine (available through
the ECR browser [http://ecrbrowser.dcode.org/]) (42) with the rat
ms1 locus as the reference sequence on the x axis (Fig. 1A), we
plotted on the y axis the percent sequence conservation at the

nucleotide level between orthologous sequences of mouse, hu-
man, dog, and opossum (Fig. 1B).

In addition to ECRs � and �, we identified two additional
noncoding regions that were evolutionarily well conserved: re-
gions at least 100 bp long that show 	70% nucleotide sequence
conservation between orthologous sequences (Fig. 1B, red-filled
peaks). The largest and most highly conserved ECR (	515 bp with
75% sequence identity versus human and 	168 bp with 70% se-
quence identity versus opossum) was designated DINA (distal in-
tergenic activator) and is located �16 kbp upstream of the rat ms1
TSS. The other major ECR was located �9 kbp upstream of the
TSS (	340 bp with 75% sequence identify versus human) and was
classified as SINA (stress intergenic activator). Consistent with
our previous study (41), ECR � demonstrates species-specific
conservation (conserved in rat, mouse, and human only), while
ECR � is the most highly conserved ECR, present in opossum,
chicken, and frog (data not shown). This evolutionary constraint
is of no surprise considering the presence of the core promoter
and TATA box required for basal promoter activity and transcrip-
tional initiation (32, 41).

We then utilized rVISTA (http://rvista.dcode.org/) and Mat-
Inspector (http://www.genomatix.de/) pattern-matching-based
algorithms to interrogate our four ECRs for highly conserved
transcription factor-binding sites (TFBSs) using our manual fil-
tering parameters as described in Materials and Methods. We
identified 31 “striated muscle”-specific TFBSs (data not shown),
including the previously characterized MEF2 (23) and E-box (41)
elements. The most abundant motif within this set was the GATA
elements, with 13 sites enriched within all four ECRs (Fig. 1C)
(position weight matrix plots used to identify GATA motifs can be
viewed in Fig. S1 in the supplemental material; Table S1 in the
supplemental material also provides experimental evidence for
the identified GATA motifs). Four of these GATA elements (sites
1 to 4) located in ECR � were conserved in frog and chicken and
were therefore classified as ultraconserved TFBSs (Fig. 1C).

Functional characterization of GATA-enriched evolution-
arily conserved regions. The enrichment of highly conserved
GATA elements in all four ECRs suggests that GATA-binding pro-
teins may impart an important regulatory control on ms1 gene
expression. To test whether our GATA-enriched ECRs have car-
diac cell-specific regulatory activity, we performed ECR-lucifer-
ase-reporter based assays. Specific combinations of forward and
reverse primers were used to amplify 5=-flanking intervals of the
proximal 1.6-kbp (relative to the ms1 TSS) sequence for cloning
into the pGL3-Basic luciferase reporter plasmid. These combina-
tions generated specific promoter truncations for the functional
analysis of ECRs � and � in addition to GATA motifs (GATA
elements 1 to 7) within these domains. Constructs containing se-
rial 5= deletions of the region from positions �1585 to �300 dis-
played a high and similar level of transcriptional activity in the
cardiac tissue-derived H9c2 cells and isolated neonatal rat ventric-
ular myocytes (NRVMs) (16) (Fig. 2A and C). This high level of
activity was specific to cardiac cells, as the respective 5=-deleted
reporters were approximately 75% less active in non-cardiac tis-
sue-derived COS-7 and NIH 3T3 cells (P 
 0.05 for all compari-
sons). Further truncation within the ultraconserved ECR � (posi-
tions �127 to �60) resulted in a significant 50% reduction (P 

0.05) in cardiac cell-specific promoter activity, with no effect be-
ing observed for COS-7 or NIH 3T3 cells.

The distal ECRs SINA (positions �9498 to �8609) and DINA
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(positions �16702 to �16432) were also isolated and cloned di-
rectly upstream of the simian virus 40 (SV40) basal promoter in
the luciferase-based enhancer/repressor reporter vector pGL3-
Promoter. These reporters were transiently transfected into H9c2,
COS-7, and NIH 3T3 cells and NRVMs, with the relative activity
of the SV40 basal promoter alone normalized to a value of 1 (Fig.
2B and D). The DINA and SINA domains conferred distinct car-
diac cell-specific regulatory activity on the SV40 basal promoter.
SINA repressed the activity of this basal promoter by 40% (H9c2
cells) and 50% (NRVMS) (P 
 0.05), whereas DINA enhanced the
basal SV40 promoter activity by 75% (H9c2 cells) and 110%
(NRVMs) (P 
 0.05). These distinct effects were confined to car-

diac tissue-derived H9c2 cells and NRVMs, with no significant
effects being observed for COS-7 or NIH 3T3 cells. These data
demonstrate that the region at positions �300 to �60 is sufficient
for basal cardiac cell-specific promoter activity, with elements lo-
cated within the sequence at positions �300 to �127 being criti-
cal, suggesting that ECR � and its component TFBS (GATA ele-
ments 1 to 6) are of cardiac cell-specific regulatory importance.
The distally located ECRs DINA and SINA also confer distinct
regulatory activity specific to cardiac tissue-derived H9c2 cells and
NRVMs. In addition, through analyses of publicly available ChIP
sequencing data sets, we find that ECRs �, SINA, and DINA dis-
play cardiac cell-specific regulatory marks (epigenetic modifica-

FIG 1 Comparative genomic9 analysis of the rat ms1/STARS gene. (A) Schematic of the rat ms1/STARS gene (denoted by the small horizontal bar at the far right)
within the �20-kbp 5=-flanking region of the rat ms1/STARS genomic locus. The bent arrow denotes the start site of transcription, while dashed lines denote
identified evolutionarily conserved regions (ECRs). (B) Four-way nucleotide sequence homology (MULAN alignment engine) plot of the �20-kbp 5=-flanking
region. The x axis represents the genomic distance (kbp) relative to the ms1/STARS annotated transcription start site (TSS). Green indicates repetitive DNA
sequences, and red indicates the intergenic noncoding DNA sequence with significant evolutionary conservation (regions at least 100 bp long that show 	70%
nucleotide sequence conservation between orthologous sequences). (C) ECRs containing multiple evolutionarily conserved GATA-binding sites (dashed-line-
boxed sequences, with locations relative to the TSS in rat) conserved in rat (Rattus norvegicus [Rno]), mouse (Mus musculus [Mmu]), chicken (Gallus gallus
[Gga]), human (Homo sapiens [Has]), opossum (Monodelphis domestica [Mdo]), dog (Canis familiaris [Cfa]), and frog (Xenopus tropicalis [Xtr]).
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tions including H3K4me1/me3 and p300 enrichment) in both the
adult mouse heart (see Fig. S2A in the supplemental material) and
fetal and adult human hearts (see Fig. S2B in the supplemental
material). Thus, GATA-enriched ECRs �, SINA, and DINA rep-
resent potentially important cis-regulatory domains for the car-
diac cell-specific cis hardwiring governing ms1 expression.

Modulation and targeting of ECRs � and DINA by GATA4.
As our GATA-enriched ECRs �, SINA, and DINA confer cardiac
cell-specific regulatory activity, we proceeded to determine
whether GATA4, as the predominant GATA family member in the
heart (32), modulated this effect and targeted these domains.
Truncated reporters �1585/�60 (Fig. 3A), �365/�60 (Fig. 3B),
and �125/�60 (Fig. 3C) were transiently cotransfected into H9c2
and NIH 3T3 cells in combination with wild-type and dominant
negative (DN) GATA4 (�GATA4). �GATA4 contains the DNA-
binding domain and was previously shown to inhibit basal and
stress-inducible GATA4-dependent transcription (4, 8). �GATA4
repressed the activities of all three reporters in a dose-dependent
manner in both H9c2 and NIH 3T3 cells (Fig. 3A to C). In H9c2
cells, the �127/�60 promoter was repressed by 50% (0.5 �g
�GATA4; P 
 0.05) and 70% (1.0 �g �GATA4; P 
 0.05) (Fig.
3C), with a comparable level of repression being observed for NIH
3T3 cells. This finding is surprising considering the noncardiac
nature of NIH 3T3 cells, suggesting that �GATA4-dependent re-
pression may be mediated through the intrinsic DNA-binding
ability of the protein rather than the canonical inhibition of en-
dogenous GATA4 (or GATA6) binding. In support of this hy-
pothesis, we found that wild-type GATA4 also repressed all three
promoters in a dose-dependent fashion (Fig. 3A to C). In H9c2

cells, this repression was less potent than that with �GATA4, with
the �127/�60 promoter being repressed by 30% (0.5 �g
GATA4;P 
 0.05) and 50% (1.0 �g GATA4; P 
 0.05) (Fig. 3C)
compared to the control (1.0 �g pcDNA3.1), with a correlated
repression being observed for NIH 3T3 cells. Our GATA4 expres-
sion constructs were cotransfected with the GATA4-sensitive
ANF-luciferase promoter reporter (�693-pGL3) in order to ver-
ify specificity. Consistent with previously reported findings (12),
wild-type GATA4 activates the reporter, with concomitant repres-
sion by �GATA4 (Fig. 3F). These results demonstrate that GATA4
represses the ECR � promoter via GATA motifs within the prox-
imal interval of positions �127 to �60. We repeated our GATA4
(WT GATA4 and �GATA4) cotransfection assays utilizing DINA
and SINA SV40-luciferase reporters. DINA-SV40 was activated
(in H9c2 cells) in a dose-dependent fashion by 60% (0.5 �g
GATA4; P 
 0.05) and 100% (1.0 �g GATA4; P 
 0.05) (Fig. 3E).
Activation was also observed for NIH 3T3 cells, although the level
of activation was lower, with only a higher concentration of
GATA4 being able to significantly activate the reporter by 40%
(1.0 �g GATA4; P 
 0.05). This finding suggests that cofactors
specific to cardiac tissue-derived H9c2 cells likely collaborate with
GATA4 to modulate the activity of DINA in H9c2 versus NIH 3T3
cells. �GATA4 repressed DINA by 20% and 50% (P 
 0.05) in
H9c2 cells, thereby supporting the importance of endogenous
GATA4 targeting for the cardiac cell-specific activity of this mod-
ule. Surprisingly, neither the wild type nor �GATA4 had any effect
on the SINA-SV40-luciferase reporter in either H9c2 or NIH 3T3
cells (Fig. 3D). Therefore, the data presented here demonstrate

FIG 2 Characterization of the transcriptional activity of ECRs �, �, SINA, and DINA in a cardiogenic regulatory context. Shown are localizations of cardiac
cell-specific regulatory regions of the rat ms1/STARS promoter identified by 5= deletion analyses. Schematic representations of the ms1/STARS promoter 5=
deletion constructs used for transient transfection are shown on the left. Conserved GATA motifs (motifs 1 to 14) are denoted by filled red squares. (A and C) 5=
deletion constructs were cotransfected with pRL-TK into subconfluent H9c2, COS-7, NIH 3T3, and neonatal rat ventricular myocyte (NRVM) cells. Luciferase
activity was normalized to Renilla luciferase activity and is shown relative to that of H9c2 (A) or NRMVs (C) transfected with the �1585/�60 reporter, the value
of which was set to 1. (B and D) SINA and DINA SV40 enhancer reporters were cotransfected with pRL-TK into subconfluent H9c2, COS-7, and NIH 3T3 cells
and NRVMs. Luciferase activity was normalized to Renilla luciferase activity and is presented relative to that of the appropriate cell line transfected with the
pGL3-Promoter reporter, which was set to a value of 1. The results are expressed as means � SE from at least three independent experiments, in triplicate for each
reporter. Statistically significant differences are highlighted by a tailed line (P 
 0.05).
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that GATA4 is able to target both ECRs � and DINA, having
distinct regulatory effects on both ECRs in vitro.

GATA4 binds ECRs � and DINA in embryonic, neonatal, and
adult hearts. To determine whether GATA4 can target ECRs �
and DINA in vivo, we performed chromatin immunoprecipita-
tion (ChIP) assays on feline adult cardiomyocytes, neonatal rat
ventricular myocytes, and murine hearts isolated on E12.5. ECRs
�, SINA, and DINA are all fully conserved in the cat genome, with
their syntenic organization also being preserved (see Fig. S3 in the
supplemental material). Using primers specifically designed to
generate amplicons spanning ECRs � and DINA in mouse, rat,
and cat, semiquantitative PCR was performed on formaldehyde-
cross-linked, sheared chromatin isolated from embryonic, neona-
tal, and adult cardiomyocytes, which was immunoprecipitated
with anti-GATA4 antibody (Fig. 4). GATA4 antibody specifically
pulled down DNA fragments containing ECRs � and DINA (Fig.
4B to D) in all developmental contexts. As a positive control, 5%
of the input chromatin was used for PCR. The ChIP specificity was
controlled by executing negative controls lacking antibody (Fig.
4B) and nonspecific IgG (Fig. 4C and D). To confirm the validity
of the pulldown, we also demonstrated GATA4 enrichment at the
NCX1 GATA motif, a bona fide GATA4-binding site in adult car-
diomyocytes (Fig. 4B) (54), and the Smarcd3 enhancer in E12.5
murine heart (Fig. 4C) (15), while no GATA4 was enriched at the
nonspecific intergenic sequences. These results demonstrate that

GATA4 binds ECRs � and DINA in vivo, consistent with our tran-
sient reporter transfection assays in vitro. Therefore, a direct in-
teraction of GATA4 with ECRs � and DINA is likely responsible
for the cardiac cell-specific activation and repression of these do-
mains.

GATA4 modulates endogenous ms1 expression in neonatal
rat ventricular myocytes. GATA4 targets ECRs � and DINA, and
this is associated with both positive (DINA) and negative (ECR �)
regulatory outputs. In order to reconcile the regulatory differences
associated with GATA4 binding at ECRs � and DINA, the sensi-
tivity of the endogenous ms1 cis-regulatory hardwiring to GATA4
expression was examined in H9c2 cells and neonatal rat ventricu-
lar myocytes (NRVMs). Wild-type GATA4 overexpression in
H9c2 cells significantly decreased ms1 mRNA levels in a dose-
dependent manner: 20% (0.5 �g GATA4; P 
 0.05) and 70% (0.5
�g GATA4; P 
 0.05) (Fig. 5A). The overexpression of �GATA4
also decreased ms1 mRNA levels in a dose-varying fashion: 20%
(0.5 �g GATA4; P 
 0.05) and 70% (0.5 �g GATA4; P 
 0.05)
(Fig. 5A). In order to confirm these findings with primary
NRVMs, an adenoviral overexpression strategy was utilized.
NRVMs were infected with adenovirus encoding �-Gal or GATA4
(AdGATA4). Similarly to the effect observed for H9c2 cells (Fig.
5A), GATA4 repressed endogenous ms1 expression in a dose-de-
pendent manner (Fig. 5B). This repression was correlated with
increased levels of Gata4 mRNA and Bcl2 expression, a proven

FIG 3 Modulation of ECRs � and DINA by GATA4. (A to E) Wild-type (WT) GATA4 and dominant negative (DN) �GATA4 expression plasmids were
cotransfected in combination with various 5= deletion and ECR reporters into H9c2 (filled bars) and NIH 3T3 (open bars) cells. Luciferase activity was
normalized to Renilla luciferase activity and is shown relative to that of H9c2 cells transfected with the appropriate reporter. (F) As a positive control, the
GATA4-sensitive ANF promoter was cotransfected with WT GATA4 or DN �GATA4 into H9c2 cells only. pcDNA3.1 was used as a packing vector to maintain
the concentration used for each individual transfection. Results are expressed as means � SE from at least three independent experiments, in triplicate for each
reporter. Statistically significant differences are highlighted by tailed lines (P 
 0.05).
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GATA4 target in NRVMs (19). The greatest attenuation of ms1
expression was achieved at an AdGATA4 multiplicity of infection
(MOI) of 30 PFU at 48 h after viral infection, resulting in a signif-
icant 50% downregulation of ms1 (n � 4; P 
 0.05) (Fig. 5C).
Immunoblots confirmed a significant increase in GATA4 protein
levels in AdGATA4-infected NRVMs (Fig. 5C). In addition, the
bona fide MRTF-SRF target genes JunB and NPPB were also sig-
nificantly downregulated (Fig. 5C). To confirm the necessity of
GATA4 for basal ms1 expression, an adenovirus encoding a short
hairpin RNA targeted to GATA4 (AdGATA4i) was used to specif-
ically knock down Gata4 mRNA and protein levels (Fig. 5D). The
infection of NRVMs with AdGATA4i at an MOI of 60 PFU for 48
h resulted in a significant 1.3-fold increase in ms1 expression levels
(n � 4; P 
 0.05), compared to infection with adenovirus encod-
ing a random-scrambled short hairpin RNA (AdConi) (Fig. 5E).
As would be expected if MRTF-SRF signaling was increased, JunB
and NPPB were also significantly upregulated (Fig. 5E). These data
corroborate our ECR-luciferase reporter assay data and suggest
that the net effect of GATA4 is to repress ms1 expression, presum-
ably through the GATA4-sensitive ECR �. This raises interesting

questions as to the role of the positively acting GATA4-sensitive
ECR DINA.

GATA4 regulates ms1 expression in embryonic and adult
murine hearts in vivo. To examine the effect of GATA4 on ms1
expression in vivo, semiquantitative RT-PCR was used to deter-
mine mRNA levels of Gata4 and ms1 in hearts of FVB/N wild-type
and GATA4 transgenic (TG) mice. These mice demonstrated a
robust increase in Gata4 mRNA levels (Fig. 6A) that corresponded
to a 2- to 4-fold increase in GATA4 protein levels relative to those
of wild-type controls (Fig. 6A) (26, 27). ms1 expression was sig-
nificantly downregulated in the TG hearts compared to the wild-
type controls (Fig. 6A), therefore corroborating our in vitro find-
ings and demonstrating the GATA4-dependent modulation of
ms1 in vivo. Furthermore, we sought to determine whether basal
GATA4 levels in the whole embryonic heart contribute to basal
ms1 expression. To investigate this, we examined GATA4 gene-
targeted knockout mice utilizing Cre/Lox technology to condi-
tionally ablate GATA4 at embryonic day 9.5 (E9.5) and E12.5
specifically within cardiomyocytes of the developing myocar-
dium. This early cardiac cell-specific GATA4 knockdown was

FIG 4 Binding of GATA4 to the endogenous ms1 locus in cardiomyocytes. Chromatin immunoprecipitation assays were performed on formaldehyde-cross-
linked chromatin isolated from feline adult cardiomyocytes (B), neonatal rat ventricular myocytes (C), and isolated E12.5 murine hearts (D). The PCR results
using primers spanning ms1 ECRs and nonspecific intergenic regions (A) are shown. As a positive control, GATA4 enrichment at the bona fide GATA4-targeted
Ncx1 promoter and Smarcd3 enhancer was demonstrated (lanes D and E). Immunoprecipitations were performed with nonspecific IgG and without primary
antibody (No Ab) as a negative control and with anti-GATA4 antibody. Input DNA is also shown as a positive control for PCR amplification. Similar results were
observed for a total of four independent experiments. -VE, PCR negative control (water).
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FIG 5 GATA4 modulates ms1 gene expression in H9c2 cells and neonatal rat ventricular myocytes (NRVMs). (A) Subconfluent H9c2 myoblasts were transiently
transfected with increasing concentrations of the vector (0.5 �g and 1.0 �g, represented by the increasing gradient) expressing WT GATA4 or DN �GATA4. (B)
At 48 h posttransfection, total RNA was isolated and reverse transcribed, and the expression levels of TATA-binding protein (TBP) and ms1 were determined by
quantitative real-time PCR analysis. MS1 expression in each sample was normalized to that of TBP, with ms1 expression in empty-vector-transfected cells
arbitrarily set at a value of 1. At 48 h after viral infection, AdGATA4 dose dependently overexpresses the GATA4 transcript, which correlates with decreased
expression levels of MS1 mRNA and an increased abundance of the GATA4 target gene Bcl2. (C) NRVMs were infected with Adgal or AdGATA4 for 48 h at MOIs
of 0.3, 1.5, 3.0, 15, and 30 PFU. GATA4 overexpression was associated with an attenuation of ms1 mRNA levels and the MRTF-SRF target genes JunB and NPPB
(determined by RT-PCR and shown in an ethidium bromide-stained agarose gel). NRVMs were infected with Adgal or AdGATA4 for 48 h at an MOI of 30 PFU.
Western blot analysis of GATA4 protein levels was performed by using 50 �g of whole-cell protein extract. ms1 expression in Adgal-infected cells is arbitrarily set
at a value of 1. (D) GATA4 knockdown promotes ms1 expression and MRTF-SRF signaling in NRVMs. AdG4i knocks down GATA4 protein levels in a dose- and
time-dependent manner. NRVMs were infected with AdConi or AdG4i at different MOIs for the indicated times, and Western blot analysis was performed by
using goat anti-GATA4 antibody. (E) Transcript levels of ms1, Gapdh, JunB, and NPPB in NRVMs infected with AdConi or AdG4i at an MOI of 60 PFU and at
48 h after viral infection, as detected by semiquantitative RT-PCR (shown in an agarose gel image stained with ethidium bromide). Statistically significant
differences are highlighted by tailed lines (P 
 0.05). Results are expressed as means � SE from at least three independent experiments.
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achieved through the use of Nkx2-5-Cre and TNT-Cre (17), re-
sulting in robust Cre-mediated recombination by E9.5 (34) and
E12.5 (17). A combination of heterozygous and homozygous
floxed GATA4 alleles in combination with Nkx2-5-Cre and TNT-
Cre was used to dose-dependently ablate GATA4 (55). We exe-
cuted quantitative RT-PCR on total RNA isolated from heterozy-

gous and homozygous floxed GATA4/Nkx2-5-Cre and GATA4/
TNT-Cre murine hearts in addition to wild-type hearts. In
agreement with our data for adenovirus-based knockdown in vitro
(Fig. 5E), we demonstrate a dose-dependent increase in ms1 ex-
pression levels in the heterozygous (1.75-fold; P 
 0.05) and ho-
mozygous (2.25-fold; P 
 0.05) floxed GATA4/Nkx2-5-Cre mu-
rine hearts compared to non-Cre Nkx2-5 wild-type hearts (Fig.
6B). We also demonstrate a significant increase in ms1 expression
levels in homozygous (1.35-fold; P 
 0.05) floxed GATA4/TNT-
Cre murine hearts compared to non-Cre TNT wild-type hearts
(Fig. 6C), which correlated with decreased GATA4 expression lev-
els. We suspect that GATA4 levels are not as low as one might
expect, due to the presence of noncardiomyocytes (e.g., epicardial
and endocardial cells) and, therefore, non-TnT-expressing cells.
Nonetheless, the observed increase in ms1 expression levels corre-
lates with a significant upregulation of MRTF-SRF target genes
(Fig. 6D). This finding supports our in vitro data and demon-
strates that GATA4 is an important modulator of ms1 expression
in both the developing embryonic myocardium and adult myo-
cardium in vivo, which subsequently elicits a differential activity of
the MRTF-SRF signaling axis.

ms1 expression levels are increased in type 1 and type 2 dia-
betic hearts. Our data demonstrate that ms1 transcription is ex-
quisitely sensitive to GATA4 protein levels in vitro and in vivo. ms1
dysregulation has been implicated in both cardiac dysfunction
and cardiomyopathy. We therefore wanted to determine whether
ms1 expression is altered in a GATA4-dependent pathophysiolog-
ical context. Diminished levels of GATA4 were shown previously
to contribute to hyperglycemia-induced cardiomyocyte injury in
both type 1 and type 2 diabetes, leading to the development of
diabetic cardiomyopathy (20). To determine whether ms1 is dys-
regulated in this context, we measured expression levels in hearts
from type 1 and type 2 diabetic mouse models. Type 1 diabetes was
induced in 2-month-old FVB mice with streptozotocin (STZ), a
well-established agent that destroys pancreatic � cells (47, 48). In
this model, GATA4 protein levels were significantly reduced after
4 weeks of STZ dosing (Fig. 7A). Semiquantitative PCR showed
that ms1 levels in the STZ heart were increased 1.3-fold versus
those in untreated vehicle controls (P 
 0.05) (Fig. 7A). Increased
ms1 expression levels also correlated with a significant upregula-
tion of the MRTF-SRF target genes JunB and NPPB. We also
measured ms1 expression levels in 4-month-old db/db mice, a
well-characterized type 2 insulin-resistant diabetic model with
early-onset cardiomyopathy (1). The ms1 mRNA level was in-
creased in db/db diabetic hearts compared with db/� nondiabetic
controls (1.3-fold increase; P 
 0.05) (Fig. 7B), which correlated
with a significant decrease in GATA4 protein levels (Fig. 7B).
These data demonstrate that hyperglycemia-associated type 1 and
type 2 diabetes diminishes cardiac GATA4 protein levels, which is
associated with a significant increase in ms1 expression levels. This
finding supports our in vitro and in vivo findings corroborating
the hypothesis that endogenous GATA4 represses ms1 expression
in the myocardium. These data have implications for the role of
ms1 dysregulation and MRTF-SRF signaling in GATA4-depen-
dent pathological phenotypes such as the development of diabetic
cardiomyopathy.

DISCUSSION

MS1 has been implicated as an important regulator of cardiac
development, postnatal myocardial homeostasis, and adaptation

FIG 6 GATA4 modulates ms1 expression in vivo. (A) Protein extracts and
RNA were prepared from the hearts of GATA4 TG and WT control mice.
Western blot analysis demonstrated the overexpression of GATA4 in TG mice
versus WT controls. ms1 mRNA was significantly downregulated in GATA4
TG mouse hearts (as determined by semiquantitative RT-PCR) (a representa-
tive PCR is shown with an ethidium bromide-stained agarose gel). Data are
means � SE (n � 4). P 
 0.05 versus WT mice. (B) RNA isolated from the
embryonic hearts (E9.5) of wt/flox Nkx wt/wt, wt/flox Nkx wt/Cre, and flox/
flox Nkx wt/Cre mice was subjected to reverse transcription followed by quan-
titative PCR with mouse ms1 and TBP TaqMan probes. Data are means � SE
(n � 4). P 
 0.05 versus wt/flox Nkx wt/wt mice. (C and D) RNA isolated from
the embryonic ventricular apex (E12.5) of G4S/S::TNT-Cre and G4S/S mice
was subjected to reverse transcription followed by quantitative PCR for ms1,
Gapdh, Gata4, NPPB, ANK1, and JunB. Data are means � SE (n � 3). Statis-
tically significant differences are highlighted by tailed lines (P 
 0.05).
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to stress. Despite its important role, little is known about the reg-
ulatory mechanisms governing its context-specific expression
(developmentally and pathologically) within the myocardium.

Through the coupling of a comparative genomic sequence
analysis with reporter assays, we have identified two novel distal
ECRs with cardiac cell-restricted regulatory activity, designated
DINA and SINA. Furthermore, we have dissected the previously
identified ECRs (� and �) (41), demonstrating the necessity of the
proximal 400 bp upstream of the MS1 transcriptional start site
(TSS) for cardiac cell-specific activity. This proximal sequence is
ultraconserved and highly enriched with cardiomyogenic tran-
scription factor-binding sites, including six GATA motifs, in ad-
dition to the core promoter elements, including the TATA box.
Kuwahara et al. (23) previously characterized the 5=-flanking
proximal 1.5 kbp of the mouse ms1 promoter in cardiomyocytes
using luciferase reporter assays and �-Gal transgenic reporter
mice. Those authors demonstrated that the proximal 400 bp up-
stream of the TSS, encompassed within our designated ECR �, was
critical for the cardiac cell-specific and stress-inducible capacity of
the ms1 promoter.

In concordance with the data reported previously by Kuwahara
et al. (23), ECR � does not appear to modulate cardiac cell-specific

activity. Based on previous data (41), we suggest that ECR � acts
exclusively as a myogenic enhancer dependent on myogenic reg-
ulatory factors for cis-dependent activity. The ECRs SINA and
DINA directed distinct cardiac cell-specific regulatory activity,
with DINA stimulating activity and SINA, at least in our regula-
tory model, repressing activity. In silico analyses identified GATA-
binding proteins as putative regulators based on the enrichment
of evolutionarily conserved GATA motifs within our cardiogenic
ECRs (13 conserved GATA motifs). Utilizing cotransfection gene
reporter and ChIP assays, we demonstrate that GATA4, the major
cardiac GATA-binding protein and core regulator within the car-
diac GRN (40), is able to target ECRs � and DINA. Somewhat
unexpectedly, GATA4 potently repressed ECR � activity while
enhancing the activity of DINA. We utilized gain-of-function and
loss-of-function approaches to confirm an obligatory role for
GATA4 in modulating cardiac ms1 expression in vitro and in vivo
while also serving to reconcile the dichotomous response of ECRs
� and DINA to GATA4. These approaches demonstrated that ms1
expression is negatively regulated by GATA4 in embryonic, neo-
natal, and adult cardiomyocytes, with the overexpression/trans-
genesis and knockdown/knockout of GATA4 resulting in the sig-
nificant downregulation and upregulation of ms1, respectively.

FIG 7 ms1 expression is modulated in GATA4-dependent pathophysiological models. Total RNA was isolated from the hearts of control and STZ-treated (A)
as well as db/� and db/db (B) mice and subjected to reverse transcription followed by semiquantitative PCR with mouse ms1-, JunB-, NPPB-, and GAPDH-
specific primers. Amplified products were visualized on an ethidium bromide-stained agarose gel and quantified by densitometry. Values are presented as
means � SE (n � 4). P 
 0.05 versus Con (A) and db/� (B) mice. Statistically significant differences are highlighted by tailed lines.
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The overall “net” regulatory effect imparted on ms1 expression by
GATA4 in our experimental models is negative. Gene expression
profiling of MRTF-SRF tars and integrates the GATA4- and SRF-
dependent regulatory “subcircuits,” having potentially major im-
plications for the cardiac GRN. Perturbed GATA4 expression
and/or function in the myocardium has been implicated in many
developmental and postnatal pathological phenotypes, although
the downstream effectors that modulate these phenotypes are
poorly characterized. Considering the exquisite sensitivity of ms1
expression to GATA4, we suspect that GATA4-associated patho-
physiological phenotypes (deveget genes confirmed the depen-
dence of this signaling axis on MS1 expression levels in the
GATA4-manipulated systems utilized in this study.

Our in vitro promoter characterization, ChIP assays, and gain-
of-function/loss-of-function data suggest that this repression is
mediated by GATA4 binding at ultraconserved GATA motifs 1, 2,
and 3 within ECR � (located within the proximal 100 bp upstream
of the TSS). ms1 is herein a novel bona fide regulatory target of
GATA4. This direct control linklopmental and adult) are likely to
be caused partly by the dysregulation of the MS1-SRF regulatory
axis.

To elucidate the potential consequences of this regulatory con-
nection and determine whether ms1, and, subsequently, the
MRTF-SRF axis, is affected in GATA4-dependent pathophysio-
logical contexts, we utilized type 1 and 2 diabetes-induced cardio-
myopathy models. The hyperglycemia-induced depletion of
GATA4 is an important mechanism that contributes to type
1/type 2 hyperglycemic cardiotoxicity and subsequent myopathy
(20). Here we have shown that ms1 expression is upregulated in
both type 1 and type 2 diabetic models, correlating with GATA4
protein depletion and increased MRTF-SRF signaling. Consider-
ing the established role for MS1 in the development of human
dilated cardiomyopathy, it would be of interest to functionally
determine whether the GATA4-dependent increase in the ms1
expression level observed for the diabetic mouse heart contributes
to the development of diabetic myopathy.

Although not classically regarded as a cardiac cell-specific re-
pressor, we believe that the GATA4-dependent repression of tar-
get genes will emerge as a common regulatory theme. During car-
diac development as well as within the postnatal myocardium,
GATA4 is a critical regulator of opposing cellular processes, in-
cluding myocyte proliferation versus differentiation and cell sur-
vival versus apoptosis. We suspect that in addition to upregulating
target genes involved in promoting such processes, GATA4 simul-
taneously represses positive regulators of the opposing process.
For example, GATA4 was recently shown to be cardioprotective
by repressing the doxorubicin-dependent induction of au-
tophagy-promoting genes (e.g., Beclin-1 and ATG5) while simul-
taneously promoting the expression of antiapoptotic/autophagic
genes (Bcl2) (21). During early cardiac development, GATA4 pro-
motes cardiomyocyte proliferation, while during myocardial mat-
uration, GATA4 in collaboration with SRF promotes cardiomyo-
cyte differentiation. Therefore, in our model proposed here,
GATA4 represses/blocks ms1 expression and, thus, the MRTF-
SRF differentiation-promoting activity. Through this mechanism,
GATA4 is able to simultaneously promote developmental prolif-
eration (via the upregulation of targets, including Cyclin D1) and
suppress differentiation-promoting regulatory subcircuits
(MRTF-SRF) and “gene batteries” (10, 11, 24).

Postnatally, MRTF-SRF signaling needs to be finely balanced

in order to maintain cardiac homeostasis through preserving sar-
comerogenesis-associated gene expression. However, attenuated
or precocious SRF activity is ultimately detrimental, leading to the
development of cardiac hypertrophy, contractile dysfunction,
myopathy, and cardiac failure (30, 35, 36, 56, 57). Therefore, post-
natally, GATA4, via its robust repression of ms1, is able to prevent
inappropriate MS1 expression (and, thus, MRTF-SRF activity),
thereby maintaining the trophic/homeostatic state of the myocar-
dium, a role in which GATA4 has already been implicated (3, 21,
39, 45). In all of our models, we observed a significant dysregula-
tion of the MRTF-SRF signaling axis (demonstrated by the differ-
ential expressions of bona fide target genes) in contexts where
GATA4 and ms1 are differentially expressed, thereby supporting
this hypothesis.

The exact nature of ECR �-dependent GATA4 repression is
unknown; however, there are a number of potential mechanisms
for the transcriptional “blocking” observed. One potential mech-
anism is via ECR �-bound GATA4 sterically inhibiting transcrip-
tion initiation complex formation at the TATA box. Steric hin-
drance has been observed for other GATA4-repressed targets,
including the tryptophan oxygenase and COL1A2 promoters (18,
52). This mechanism has also been suggested for the GATA4-
dependent repression of autophagy-inducing gene expression in
response to doxorubicin (21).

We have demonstrated that via distinct modes of regulation at
the proximal and distal ECRs (� and DINA), GATA4 is able to
modulate ms1 expression. Although Kuwahara and colleagues
(23) previously executed an initial analysis of the proximal �1.5
kbp, we have expanded upon this and identified two distal ECRs
(DINA and SINA) with important cardiac cell-specific activities.
We suspect that the activities of these distal ECRs will modify the
context-dependent regulatory activity of this proximal �1.5 kbp.
Through an understanding of the pathway through which ms1 is
regulated, we gain a functional insight into general muscle-spe-
cific mechanisms directing MRTF-SRF activity. This provides a
deeper understanding of the nature of this core regulatory subcir-
cuit within the context of the global cardiac GRN, subsequently
generating important insights into how, via MS1, the MRTF-SRF
subcircuit becomes dysregulated during development and disease.
We have identified single-nucleotide polymorphisms (SNPs)
within human ECRs �, SINA, and DINA (N. W. Chong et al.,
unpublished observations). These variants may modify ms1 ex-
pression and therefore have profound effects on MRTF-SRF ac-
tivity. Such variation could account for predispositions to SRF-
associated pathophenotypes (cardiomyopathy). Interestingly,
SNPs found in the noncoding sequence proximal to the porcine
ms1 gene have been directly associated with lean muscle mass in
Chinese porcine varieties, supporting the potential regulatory im-
portance of such SNPs in ms1 control sequences (13).

From a regulatory network perspective, we have been able to
functionally integrate the GATA4 and SRF regulatory subcircuits.
Such integration and coordination of subcircuits are an important
property of the cardiac GRN. Cross talk between these two sub-
circuits allows the establishment of positive and negative reinforc-
ing regulatory loops, which underpin the activity of the cardiac
GRN both temporally and spatially (10, 11, 40). Based on our
proposed regulatory interaction between GATA4 and SRF
subcircuits, we predict that many of the pathological processes
associated with GATA4 (congenital heart defects and diabetic car-
diomyopathy) are likely to be mediated partly via the MS1-
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MRTF-SRF axis. Identifying ms1 as a bona fide target of GATA4
and, hence, integrating the SRF and GATA4 subcircuits greatly
increase our mechanistic understanding of GATA4-associated
pathological phenotypes. Such knowledge will also allow us to
better understand how GATA4-modulated processes, such as car-
diac specification, proliferation, and differentiation, are directed
during cardiac development.
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