
Introduction

Repression of gene transcription is obligatory for establishment 
of cell-specific gene expression and cellular differentiation.
Eukaryotic gene transcription is regulated in part by the enzymatic
activity of histone acetylases (HATs) and deacetylases (HDACs)
(see ref. [1 and 2] for review). Analysis of genetically manipulated
mice has documented the functions of these chromatin-modifying
enzymes as central to control of gene expression in an animal con-
text. HDACs promote chromatin compaction and repress tran-
scription by limiting the access of transcription factors to DNA.

Hypoacetylated histones, therefore, are generally found in tran-
scriptonally silent genes. Several recent studies have implicated
HDACs in control of muscle development and differentiation
through their association with myogenic transcription factors
MEF-2 and MyoD to their cognate binding sites [3–5]. The class
II HDACs (HDACs 4,5,7) associate with MEF-2 and inhibit the
MEF-2-dependent activation of target genes. The class I HDACs
1,2,3, on the other hand, do not interact with MEF-2, but asso-
ciate with MyoD and inhibit the MyoD-mediated gene transcrip-
tion that involves recruitment of co-repressors [6]. During
skeletal myogenesis, MyoD-dependent expression of muscle
gene requires the association of MyoD with members of the
MEF-2 family. Thus, the events that target the chromatin remod-
elling enzymes for interactions with myogenic transcription fac-
tors are important and orchestrate the positive and negative
regulation of muscle genes during myogenic cell development
and differentiation.
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Abstract

The transcriptional activation mechanisms that regulate tissue-specific expression of cardiac muscle genes have been extensively inves-
tigated, but little is known of the regulatory events involved in repression of cardiac-specific genes in non-cardiac cells. We have previ-
ously reported that Nished, a ubiquitous transcription factor, interacts with a positive sequence element, the Intron Regulatory Element
(IRE) as well as a negatively acting element, the Cardiac-Specific Sequence (CSS), in myosin light chain-2 (MLC2v) gene to promote
activation and repression of the gene in cardiac and skeletal muscle cells respectively. Here, we show that the negative regulation of car-
diac MLC2v gene in skeletal muscle cells is mediated via the interaction of Nished with histone deacetylase (HDAC) co-repressor.
Treatment of cells with the HDAC inhibitor, Trichostatin A (TSA), alleviates the repressor activity of Nished in a dose-dependent manner.
Co-transfection studies in primary muscle cells in culture and in Nished expressing stable skeletal muscle cell line demonstrate that
Nished down-regulates the cardiac MLC2 gene expression when its association is restricted to CSS alone. Chromatin immunoprecipita-
tion data suggest that the CSS-mediated repression of cardiac MLC2v gene in skeletal muscle cells excludes the participation of the pos-
itive element IRE despite the presence of an identical Nished binding site. Taken together, it appears that the negative control of MLC2v
transcription is based on a dual mode of regulations, one that affords inaccessibility of IRE to Nished and second that promotes the for-
mation of the transcription repression complex at the inhibitory CSS site to silence the cardiac gene in skeletal muscle cell.
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The cardiac muscle cell-restricted expression of myosin light-
chain 2 (MLC2v) gene offers an attractive experimental paradigm
for uncovering the role of specific transcription factors and their
co-regulators in modulation of gene activity in response to differ-
ent muscle cell type signalling [7–9]. The expression of chicken
cardiac MLC2v is regulated positively in cardiac muscle and neg-
atively in skeletal muscle cells, even though the basal promoter
architecture of both cardiac and skeletal muscle MLC2 genes is
almost identical. In order to understand the underlying mecha-
nism(s), we have identified and characterized several cis-elements
in MLC2v gene and their cognate DNA binding proteins [10–15].
The activation of chicken MLC2v gene transcription is orches-
trated by the combinational interaction of MEF-2 [7], SRF [11] and
Nished [15] with the proximal promoter elements in concert with
the co-activators NFAT-c4 and p300 [15], whereas its inhibition in
skeletal muscle cell requires an intact upstream element (CSS)
[10] and a downstream modulator element [14]. We have recently
reported that a ubiquitous transcription factor, Nished, recognizes
the palindrome sequence present in both the negative CSS and the
positive IRE elements to facilitate the negative and positive tran-
scription activity of MLC2v gene, respectively [15].

In this report, we provide evidence that Nished promotes
repression of the cardiac MLC2v in skeletal muscle cells via its
association with histone deacetylases co-repressor complex at the
CSS site. The HDAC inhibitor, TSA, releases the Nished-mediated
repression of MLC2v gene transcription in a dose-dependent man-
ner. Chromatin immunoprecipitation data suggest that IRE is inac-
cessible to Nished in skeletal muscle cells affording thereby the
preferential binding of Nished to CSS and the concurrent repres-
sion of MLC2v gene transcription. Taken together, our data define
the mechanism in which Nished plays a key role via its interaction
with HDAC. In addition, the inaccessibility of the activator IRE site
influences the formation of a functional complex promoting the
repression of the cardiac MLC2v gene in skeletal muscle cell.

Materials and methods

Construction of mutant CSS and IRE reporter 
plasmids

A 2.1 kb Sma I/Stu I blunt-ended fragment of MLC-2v gene derived from
plLC5.2 [16] was cloned into the Sma I site of the promoterless vector,
pGL2Basic, that carries the coding region for firefly (Photinus pyralis)
luciferase (Promega, Madison, WI, USA) to generate the pMLC2.1Luc
reporter plasmid. GeneEditor in vitro Site-Directed Mutagenesis System
(Promega) was used to introduce mutations within CSS and IRE
sequences of pMLC2.1Luc as per the manufacturer’s instructions.
Mutagenic oligonucleotides for CSS and IRE were synthesized (see below).
The underlined sequence denotes the mutation within the core motif.
CSSMutB: 5�-CGAGGAGGTAGTACTACCCTGAAGCAAAAG-3� MutIRE: 
5�-GCAGAGAGCAAGGGTACCCCGGGGGTCTGATGGC-3�. CSS oligonu-
cleotides corresponding to �355 to –323 bp as shown below were used

as probes for GMSA. CSS 5: 5�-GACGAGGAGGTACTTCTACCCTGAAG-
CAAAAGG-�3 and CSS 3: 5�-CCTTTTGCTTCAGGGTAGAAGTACCTC-
CTCGTC-3�.

Cloning of Nished cDNA sequence in mammalian
expression vector pcDNA6 V5/HisB

The coding region of Nished was amplified by PCR using the primer pair
Nished-V5 5�Hind III: 5�-CCCAAGCTTGCCACCATGTGCAGGAATTCC-
CGCCA-3� and Nished-V5 3�Not 1: 5�-ATAAGAATGCGGCCGCCCCCGGGAG-
GTGACAGAAGTGA-3.’ The amplified PCR DNA fragment was cloned into
pcDNA6-V5-HisB vector DNA and transformed into DH5a competent cells.
Plasmid DNA isolated from the clones was sequenced to ascertain that no
errors were introduced into Nished cDNA during PCR and that it was in
frame with the C-terminal V5 epitope.

Generation of N-terminal and C-terminal mutants
of Nished

The primer pair used to generate the N-terminal mutants, (pN�1) are
N�1 5� Hind III: 5�-ACCAAGCTTGCCGCCACCATGAACAAGGGAGGA-3�

where the underlined sequence corresponds to 177–188 bp of Nished
cDNA and N�1 3� Not I: 5-� ATAAGAATGCGGCCGCCCCCGGGAGGT-
GACAGAAGTGA-3� where the underlined sequence corresponds to
468–488 bp of Nished cDNA. The primer pair for pN�2 corresponding to
345–356 bp and 468–488bp of Nished cDNA are N�2 5� Hind III:
5�ACCAAGCTTGCCGCCACCATGATGCAGCAGCCA-3� and N�2 3� Not I:
5�-ATAAGAATGCGGCCGCCCCCGGGAGGTGACAGAAGTGA-3�. To gener-
ate the C-terminal mutants, pC�1 primer pairs corresponding to 78–97
bp and 252–269 bp are shown below: C�1 5� Hind III: 5�-
CCCAAGCTTGCCACCATGTGCAGGAATTCCCGCCA-3� and C�1 3� Not I:
5�-ATAAGAATGCGGCCGCCTGCCCAGACAAAGCCGAA-3�. The primer for
pC�2 corresponds to 78–97 bp and 405–422 bp are C�2 5� Hind III: 5�-
CCCAAGCTTGCCACCATGTGCAGGAATTCCCGCCA-3� and Cdel2 3� Not I:
5�-ATAAGAATGCGGCCGCCGCACGCAAACCAGAACCC-3�. N-and C-termi-
nal mutants were cloned into the mammalian expression vector,
pcDNA6-V5/HisB. 35S-methionine was used to synthesize radiolabelled
proteins and the gel was subjected to fluorography using EN3HANCE
(NEN). After electrophoresis, the gel was fixed in 10% glacial acetic acid,
30% methanol for 1 hr after which it was impregnated with ENHANCE,
washed, dried and exposed to X-ray film.

Cell culture

Hearts of the 11-day-old White Leghorn chicken embryos (Charles River
Laboratories, CT, USA) were collected for primary cardiac skeletal muscle
cell cultures as described previously [10, 15]. C2C12 mouse myoblast cells
were grown in DMEM containing 20% heat-inactivated foetal bovine serum.
Primary cells were transfected using FuGENE 6 transfection reagent accord-
ing to the manufacturer’s conditions (Roche Applied Science) with 1 �g of
luciferase vectors mixed with 100 ng of pcDNA6 vector, Nished-V5 or its 
N-and C-terminal mutants. C2C12 cells were transfected as above with 1 �g
Nished-V5 or pcDNA6 vector. After Blasticidin S selection (10 �g/ml), indi-
vidual clones were selected based on the existence of Nished and/or
Blasticidin S resistant gene (BGH) transcripts.
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Gel mobility shift assay (GMSA)

Tissues from either fresh or frozen embryonic hearts and skeletal soleus
muscles were minced finely and the dissociated cells were lysed in lysis
buffer as described previously [10, 15]. Nuclei were lysed in the nuclei lysis
buffer (20 mM HEPES, pH 7.6, 20% glycerol, 500 mM NaCl, 1.5 mM MgCl2,
0.2 mM EDTA, 0.1% Triton X-100) with 1 mM DTT, 1 mM PMSF, 2.5 mM
Na-vanadate, 10 mM NaF and protease inhibitor cocktail (Sigma, P8340;
Sigma, St Louis, MO, USA) and extracts were used for binding reactions 
[7, 10, 15]. Protein -DNA complexes were separated by electrophoresis on
6–8% non-denaturing polyacrylamide gels as previously described [7, 13].
When Nished antibodies were used, 5 ml of 1:2.5 diluted antibodies in PBS
were pre-incubated on ice with nuclear extracts for 20–30 min. followed by
incubation with radiolabelled probe. Similar conditions were used for pre-
immune serum incubations. NIH Image (version 1.57) software was used to
determine the relative density of the DNA-protein complexes.

Immunoprecipitation and Western blot analysis

For co-immunoprecipitations, 10 �g of antibody against HDAC 3 (ab47237)
and 5 (ab1439) (Abcam) was incubated overnight with 2.5 mg of pre-
cleared cell or tissue lysate. Western blotting was carried out as described
earlier with anti-Nished antibody [15].

Microaffinity purification
Microaffinity purification of CSS or IRE-binding proteins was performed
using chemically synthesized CSS or IRE oligonucleotides containing 5�

biotin (Bt) on a flexible linker (Invitrogen). Forty pmol of duplex Bt-IRE was
incubated with 500 �g of cardiac and skeletal muscle nuclear extracts from
embryos or with 35S methione labelled in vitro translated proteins in the
presence of 5 �g of poly (dI/dC) in a 1000-�l volume of a buffer contain-
ing 4.5% (v/v) glycerol, 5 mM MgCl2, 10 mM KCl, 0.42 mM EDTA, 0.8 mM
DTT, 4 mM HEPES (pH 7.5) for 1 hr at 4�C. Proteins bound to Bt-CSS or -IRE
were captured by addition of 50 �l of a 50% (v/v) slurry of streptavidin-
agarose beads (Thermo Scientific, Pierce, Rockford, IL, USA) and washed
twice in binding buffer. Bt-CSS or IRE-binding proteins were then eluted by
SDS-PAGE loading buffer for Western immunoblot analysis.

ChIP assays

The ChIP assay was perfromed following manufacturer’s protocol (ChIP
Assay Kit Upstate 17-295). The frozen tissue (�100–500 mg) was cut into
small pieces with a razor blade and cross-link with 1% formaldehyde in 1�

PBS plus protease inhibitor Sigma (P8340) for 15 min. at room tempera-
ture. Then, the formaldehyde was quenched with glycine at room temper-
ature for 5 min. Tissue was homogenized on ice in 1� PBS plus protease
inhibitors. The cell pellet was washed twice with cold 1� PBS with pro-
tease inhibitors and lysed in SDS-lysis buffer (50 mM Tris-HCl, ph � 8.1,
1% SDS, 10 mM EDTA) with protease inhibitors. Then, the extracts were
sonicated with 30 sec. pulses (30 times) and resuspended in Chip Dilution
Buffer (16.7 mM Tris-HCl, pH 8.1, 167 mM NaCl, 0.01% SDS, 1% Triton 
X-100, 2 mM EDTA). The immunoprecipitation was performed by pre-
clearing with Salmon Sperm DNA/Protein A Agarose-50% slurry for 30 min.
Then, 5 ug of antibodies H3K4M3, and H3K9M1 (Abcam) were incubated
with 10–15 mg DNA/sonicated extract overnight with rotation at 4�C fol-
lowed by addition of 60 ml protein A, per IP and incubated 1 hr at 4�C. The

immunoprecipitates were washed as recommended by the manufacturer
(Upstate ChIP assay kit) for 5 min., 1 wash low salt immune complex wash
buffer, 1 wash high salt immune complex wash buffer, 1 wash LiCl immune
complex wash buffer, 2 washes 1� TE buffer. The elution was obtained
with 1% SDS, 0.1 M NaHCO3. Rotate 15 min. 250 ml 2 times. Add 20 ml
of 5 M NaCl and reverse cross-linked at 65�C overnight. Add 10 ml of 
0.5 M EDTA, 20 ml 1 M Tris-HCL, pH 6.5, 1 ml 20 mg/ml proteinase K, 45�C
1 hr. The DNA was recovered using the Qiagen QIAquick kit followed by
PCR. The primer pairs used for the PCR reactions are; IRE-F: 5�-CCTGTG-
GCACATGCGTTCTCATT-3�, IRE-R: 5�-TGCCCCCAAATGACCTGTGG-3�,
GAPDH-F: 5�-AGAGAGCTCGATGGGGATG-3�, GAPDH-R:5�-CCGTTGACTC-
CGACTTTCAC-3�, and ApoB-F: 5-�AAAACCAACCCAACAACTGG-3�, ApoB-
R: 5�-CCACCTCAGAGGGAGAATGA-3�.

Statistical analysis

Data are expressed as mean 	 S.E. Differences between experimental
groups were evaluated for statistical significance using either one sample
t-test with Bonferroni correction or one-way ANOVA test. Tamhane’s test
were performed post hoc to test for significant differences; P-values 
0.05
were considered statistically significant.

Results

Role of CSS and IRE in tissue-specific 
expression of MLC2v gene

We have previously identified a negative regulatory cis-element
(CSS) in the MLC2v promoter that contains a palindrome sequence
5�GAAGCTTC3� [10]. We observed subsequently that an identical
sequence motif resides in the downstream activator element IRE
located in the first intron of the MLC2v gene [15]. To examine the
possibility of functional interaction between CSS and IRE in tran-
scription regulation of the cardiac MLC2v gene, transient transfec-
tion was done with gene constructs that contain mutations in either
IRE or in both IRE and CSS sequences. Specifically, the GAAGCTTC
palindrome in IRE was mutated in the 2.1 kb SmaI-StuI genomic
fragment that extends from �1293 to �815 bp and encompasses
the promoter and the first intron of the gene. The DNA fragment was
linked to the luciferase reporter (pMutIRLuc) (see Materials and
Methods). The same domain was also mutated in CSS as above to
generate a double mutant pMutCSS�pMutIRELuc (Fig. 1A). The
activity of these constructs was examined in transient transfection
assay. In the wild-type construct, the IRE positive activity apparently
overrides the inhibitory activity of CSS. Mutation in IRE in
pMutIRELuc resulted in a significant loss (70%) of the promoter
function. However, when the same mutation was introduced in CSS
as well as in IRE in the double mutant pMutIRE�MutCSSLuc, there
was a loss of inhibition (Fig. 1B), suggesting that CSS and IRE 
interact with common DNA binding protein(s) that recognizes the
conserved GAAG/CTTC motif present in both regulatory elements.
Indeed, we have previously identified a transcription factor, Nished,
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that binds with sequence specificity to the palindrome in CSS [14]
as well as in IRE where the IRE/Nished complex mediates the acti-
vation function of MLC2v gene promoter in cardiac cells [15].

In order to test whether the CSS/Nished complex is formed in
skeletal muscle cells, we performed the gel shift assay with CSS
DNA as probe using the skeletal muscle nuclear extract (Fig. 2).
We observed that one major (CSSBPA) and two minor (CSSBP1 &
2) complexes are formed and that preincubation of the extracts
with anti-Nished antibody disrupts the major complex, CSSBPA,
and one of the minor complexes, CSSBP1. Thus, Nished appears
to be the common CSS and IRE DNA binding protein that is likely
to be involved in both activation and repression mechanism of
transcription of cardiac MLC2v gene in the distinct cellular envi-
ronments, i.e. cardiac and skeletal muscle.

Nished represses cardiac MLC2v gene 
in skeletal muscle cells

In previous studies, Arnold and co-workers [16] have noted the
existence of a DNase-I hypersensitive region (HR1) in the first

intron of the cardiac MLC2v gene. Since IRE appeared to be the
only functional sequence element in that region [15], we specu-
lated that IRE is in an open conformation in cardiac cells, and per-
haps not in skeletal muscle cells where the gene is repressed. To
test this possibility, we performed the ChIP assay (see Materials
and Methods) to read the histone code in the vicinity of IRE in car-
diac and skeletal muscle cells. Euchromatin is characterized by the
presence of histone modifications such as acetylated H3K9 and
dimethylated H3K4. The heterochromatin is enriched by the pres-
ence of mono-, di- and trimethylated H3K9. We used anti-K4
methyl antibody to immunoprecipate chromatin from both heart
and skeletal muscle tissues. Anti-K4 methyl antibody was raised
against the methylated lysine residue 4 and serves as an indicator
of transcriptionally active DNA. PCR was performed with DNA
primers flanking the IRE sequence. Results in Fig. 3 confirmed
that the IRE containing DNA is in open conformation and hence
accessible in cardiac cells, but under identical conditions it was
not accessible in skeletal muscle cells. The use of monomethy-
lated H3K9 antibody revealed the closed conformation in skeletal
muscle. The expression of GAPDH gene was measured as a con-
trol reaction for evaluating the transcriptionally active selection of

Fig. 1 (A) Schematic representation of the
chicken cardiac MLC2 promoter constructs
with either the wild-type (pMLC2.1Luc), IRE
mutant, (pMutIRELuc) or mutations in both
CSS and IRE, (pMutCSSIRELuc). (B) Transient
transfection and MLC2 promoter activity.
Chicken primary skeletal muscle cells in cul-
ture were transfected with plasmids
pMLC2.1Luc, pMutIRELuc or pMutCSSIRELuc
and activity of luciferase was measured as
described in ‘Material and Methods’. Data are
shown as percentage of wild-type promoter
activity. (n � 4 in triplicate; � one sample 
t-test with Bonferroni correction, P 
 0.0167).
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Anti-K4 methyl antibody. Conversely, inactive chromatin activity
was determined by evaluating the close chromatin status of the
ApoB gene.

We then examined the functional activity of Nished/IRE complex
in transient cotransfection assay using the wild-type promoter,
pMLC2.1Luc, and mutant IRE- containing plasmid, pMutIRELuc, as
reporters along with the Nished expression vector pNished-V5 in
primary cardiac cells (see Materials and Methods). We reasoned
that in pMutIRE plasmid the presence of non-functional IRE will
simulate the transcriptional state of the gene in skeletal muscle
cells where IRE is not accessible to DNA binding protein(s). We
observed (Fig. 4) that the ectopic expression of Nished does not
repress the activity of MLC2v promoter with wild-type IRE, sup-
porting our argument (see Fig. 1) that IRE/Nished interaction over-
rides the repressor activity of the CSS/Nished complex. Repression
of promoter activity occurs when IRE is mutated. Apparently, the
absence of wild-type IRE and loss of IRE/Nished interaction would
drive Nished to CSS to cause inhibition of transcription.

To further investigate the role of Nished as repressor, we used
the mouse skeletal muscle cell line C2C12 to produce Nished
expressing stable transfectants, N1, (see ‘Materials and Methods’).
Immunoprecipitation and Western blotting of cell extracts with
anti-Nished antibody showed an enhanced level of Nished expres-
sion in N1 cells relative to the parent cells C2C12. GHAPDH levels
were detected as loading control (Fig. 5A). Upon transient transfec-
tion of mutant MLC2 promoter (pMutIRELuc) in N1 cells, there was
repression of the reporter plasmid compared to the level of expres-
sion in the parent cell line C2C12 (Fig. 5B). Taken together, these
results suggest that Nished effectively down-regulates the MLC2v
promoter activity when its binding is restricted to CSS alone, an
environment mimicking that of the skeletal muscle cell.

DNA binding domain in Nished

In an attempt to localize the DNA binding domain in Nished, we
created two N-terminal, N�1 (34–137) and N�2 (90–137) and two

Fig. 2 Gel mobility shift assay. Nuclear extracts of Chicken skeletal 
muscle cells pre-incubated with anti-Nished antibody (Nished) or pre-
immune serum (PI) were incubated with radiolabelled CSS oligonu-
cleotide and subjected to gel mobility shift assay as described in
‘Materials and Methods’. � denotes the DNA-protein complexes dis-
rupted by anti-Nished antibody.

Fig. 3 Chip assay with extracts from Chicken cardiac and skeletal mus-
cle tissues. (A) Upper panel shows the ChIP assay performed in cardiac
tissue for detection of active chromatin antiH3K4 (trimethylated) and
inactive chromatin anti-H3K9 (monomethylated) antibodies. We used
primer flanking the IRE region in the cMLC2 gene, and as positive con-
trol the GAPDH primer, and as negative control primers that recognize
the ApoB gene. (B) Lower panel shows a representative PCR using the
same antibodies and target primers described in A but using skeletal
muscle tissue.
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C-terminal C�1 (1–64) and C�2 (1–115) mutants (Fig. 6A) (see
Materials & Methods). The wild-type Nished and the mutants in
lanes N�1, C�1, N�2 and C�2 were tested by micro-affinity iso-
lation assay (see Materials & Methods) where the in vitro trans-
lated and S35-labelled products were subjected to binding to the
biotinylated oligonucleotide containing CSS. Results in Fig. 6B
show that mutants C�1 (1–64) and N�2 (90–137) that lack the
segment do not bind CSS suggesting that the DNA binding activ-
ity resides within this region. The weak signals might be due to
the proteolysis activity during transcription/translation assay.
The results were nonetheless reproducible. The input of the
reaction mixtures used in the assay, where the oligonucleotide
was omitted, is shown in Fig. 6C. Specificity of the binding reac-
tion was demonstrated by competition (Fig. 6B) with 10-fold
(10�) excess of non-labelled in vitro translated wild-type protein
pNishedV5 product. Then, each mutant was evaluated for their
repression activity on the pMutIRELuc, and we observed that
N�1 lacking the first 34 aa although binds to the CSS motifs, yet
fails to repress the promoter activity suggesting that the trans-
repression domain might be located within the first 34 aa region
of the protein (Fig. 6D).

Nished associates with HDACs co-repressor 
proteins

To evaluate the mechanism by which Nished inhibits MLC2v gene
transcription in non-cardiac cells, we examined the involvement of
HDAC activity in MLC-2v gene repression. Upon exposure to
Trichostatin A (TSA), a Class I-II HDAC inhibitor, the promoter

activity of the pMutIRELuc reporter in skeletal muscle cells was
activated in a dose-dependent manner (5, 10, 25 nM), to nearly
2.5 fold (Fig. 7A), whereas the pMutIRELuc was not activated in
primary cardiac cells exposed to TSA (Fig. 7B). The differential
response of MLC-2v gene to TSA in cardiac and skeletal muscle
cells indicates the specific requirement of HDAC activity for active
repression in skeletal muscle cells. The selective requirement of
classes I and II HDACs was demonstrated by lack of release of
inhibition by the HDAC class III inhibitors, sirtinol [17] and M15
[18]. To identify the HDAC, which interacts with Nished, tissue
extracts of heart and skeletal muscle were immunoprecipitated
with anti-Nished antibody followed by Western blotting with 

Fig. 4 Primary chicken skeletal cells were co-transfected with the DNA
constructs containing wild-type IRE, (pMLC2.1Luc) or IRE mutant
(pMutIRELuc) along with Nished expression vector, pNished-V5, or the
control mammalian expression vector (pcDNA6V5/HisB). Data are plot-
ted as percentage increase or decrease of promoter activity relative to
that of pMLC2.1LucDNA. Experiments were performed in triplicate 
(n � 7). � signifies differences with one sample t-test with Bonferroni
correction, P 
 0.008.

Fig. 5 Western blot of total cell lysates from C2C12 cells stably trans-
fected with pcDNA6 vector (V6) or with plasmid expressing Nished (N1).
(A) cell lysates were immunoprecipitated and blotted with anti-Nished
antibody or pre-immune serum. As loading control we used equal
amount of proteins from each cell line, and by Western blot determined
the GAPDH levels. (B) Transient transfection of plasmid pMutIRELuc in
C2C12 cells stably transfected with pNished (N1) or vector alone (V5).
Data are expressed as percentage activity of pMutIRELuc transfected 
in wild-type C2C12 cells. (n � 4 in triplicate; �, one sample t-test; 
P 
 0.05).
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antibodies against HDAC3, HDAC5 and Nished. We observed
interaction of Nished with HDAC 3 and HDAC 5 in extracts from
skeletal muscle only (Fig. 8A), indicating that Nished’s association
with HDAC3 and 5 might be important in repression of cardiac
MLC2v gene in skeletal muscle. In an attempt to identify the puta-
tive HDAC3/5 binding domain(s) in Nished, we tested the deletion
mutants of Nished for Nished/HDAC3/5 binding assay as above.
Figure 8B shows that N�2 does not bind with HDAC3 and 5,
whereas N�1 binds with HDAC 3 but not with HDAC5, suggesting
that the optimal binding activity, at least for HDAC3, resides in
C�2, and involves amino acids 37–64 in Nished.

Discussion

Our laboratory has characterized the MLC2v gene extensively and
identified several proximal and distal regulatory elements and their
cognate DNA binding proteins. More recently, we have demon-
strated the activation role of IRE bound Nished in conjunction with
co-activators in hypertrophy agonist-induced up-regulation of the
MLC2v gene [15]. The function of IRE and the role of Nished as an
activator becomes further evident by the finding that the �BE-4 ele-
ment in B-crystallin gene, which shares sequence homology with
IRE, is needed for the maximal expression of the B-crystallin gene
in myocardial cells [19, 20]. Nished or an analogous DNA binding
protein is likely to be involved in this context in activation of this
gene in cardiomyocytes. The question that remains unresolved,
however, is the mechanism by which Nished causes the inhibition
of expression of cardiac-specific MLC2v gene in skeletal muscle.

The regulatory association of muscle-specific proteins with
activators and repressors of cardiac genes have been amply doc-
umented in a large number of studies, yet the precise mechanism

Fig. 6 Schematic representation of Nished and its C-and N-terminal dele-
tion mutants. (A) The deletions were made and cloned in the mammalian
expression vector, pcDNA6V5/HisB, as described in ‘Material and
Methods’. Numbers denote the amino acids in the constructs. (B)
microaffinity isolation of S35 methionine labelled Nished and its N and C-
terminal deletion proteins generated by coupled transcription-translation
reaction with biotinylated CSS oligonucleotide as described in ‘Material
and Methods’. (C) One tenth of reaction mixture volume of S35 methion-
ine labelled Nished and its N-and C-terminal deletions proteins were elec-
trophoresed on an 18% SDS gel. (D) Functional analysis of Nished dele-
tion mutants. Primary skeletal muscle cells were co-transfected with the
IRE mutant (pMutIRELuc and Nished or the N and C terminal deletions
mutants). The luciferase activity was normalized against the internal con-
trol, Renilla luciferase activity. (n � 7 in triplicate, � one sample t-test
with Bonferroni correction, P 
 0.05). Nished full length protein; N�1
(34–137 a.a); N�2 (90137 a.a.); C�1 (1–64 a.a); C�2 (1–115 a.a); V,
Vector alone (negative control); Nished 10X, competition with lysate con-
touring vector alone.
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involved in silencing the cardiac genes in skeletal muscle remains
unsolved. Post-translational modifications of chromatin such as
acetylation, deacetylation and methylation have been shown to be
involved in regulation of gene transcription. Deacetylation of the
histones results in chromatin compaction blocking gene transcrip-
tion. Our data presented in this study suggest that the repression
of MLC2v in skeletal muscle involves two steps; one where the IRE
sequence becomes inaccessible to the putative activator(s) of
transcription, and second where CSS/Nished tissue-specific asso-
ciation with the deacetylases HDAC3/5 mediates suppression of
the MLC2v gene expression in skeletal muscle, perhaps via inhibi-
tion of the MEF-2 protein. Indeed, MEF-2 interaction with element
B is essential for the transcriptional activity of the MLC2v pro-

moter [21], and this Element B-protein interaction is disrupted in
presence of CSS binding protein (data not shown). The repression
of MLC2v transcription in skeletal muscle cells, however, is under-
scored by the selectively of the CSS site and the lack of access of
the IRE site in physiological conditions. These findings are consis-
tent with the reported role of other co-repressors such as SMRT,
SiN3, NuRD and their functional association with class I and II
HDACs [22]. The association of HDACs with these distinct core-
pressors constitutes a family of transcription repression com-
plexes that interfere with the activation role of transcription factors
such as MEF-2 [23, 24].

Our results here suggest that the antithetical role of Nished, i.e.
to potentiate the promoter activity of MLC2v gene in cardiac cells
and to inhibit the same gene in skeletal muscle is afforded by the
ability of Nished to interact with activators [15] or repressors (this
report). Moreover, the association of DNase hypersensitivity and
histone modifications in specific cell types suggests that develop-
mentally established chromatin changes dictate the spatial and
temporal expression of genes. In higher eukaryotes, histone 

Fig. 7 Tricostatin A releases CSS mediates repression of MLC2v pro-
moter in C2C12 cells. (A) C2C12 cells were transfected with MLC2v pro-
moter containing mutated IRE (pMutIRELuc). After 24 hrs, cells were
treated with Tricostation A (TSA), an inhibitor of Class I and II HDACs,
and 25 �M each of Sirtinol and M15, inhibitors of Class III HDACs. The
HDACs inhibitors were dissolved in DMSO. Luciferase assays were per-
formed 18 hrs after treatment. Nished repression of MLC2v promoter
was relieved by TSA in a dose-dependent manner, whereas Sirtionol and
M15 had no effect. (B) Similar transient transfection experiment was per-
formed in chicken primary cardiac cells, however, TSA treatment failed to
modify the MLC2v promoter activity (n � 4 in triplicate, � one sample t-
test, P 
 0.05).

Fig. 8 (A) Total cell lystate of mouse cardiac and skeletal muscle tissue
was co-immunoprecipicated with anti-Nished antibodies and
immunoblotted with anti-HDAC3, anti-HDAC5 and anti-Nished antibody
(loading control). (B) In vitro transcription/translation pull-down assay
was done using pcNishedV5, C�1, C�2, N�1, N�2, pcHDAC3� flag,
pcHDAC5� flag as described in ‘Material and Methods’. Nished proteins
were labelled with S35 methionine and combined with HDAC3 or HDAC5.
Proteins were pulled down using M2 anti-flag agarose, and run on a 18%
polyacrylamide gel. Panel 1 (INPUT) shows translated Nished proteins.
Panel 2 shows HDAC3 binding to Nished mutants, no binding is seen
with N�2; panel 3 shows HDAC5 binding to Nished mutant proteins (no
binding is seen with N�2).
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modification of the type that involves methylation of histone H3 at
lysines 4 and 9 (K4 and K9) leads to complementary functions;
methyl K4 is enriched in transcriptionally active regions and methyl
K9 in silent regions [25, 26]. Our data show that the histone H3 K4
residue is methylated around the IRE sequence in cardiac cells,
suggesting that IRE is accessible to the transcriptional machinery
in the cardiac tissue and inaccessible in non-cardiac tissues. IRE
must, therefore, reside in a developmentally established instructive
chromatin conformational environment that directs the transcrip-
tion of MLC2v gene in cardiac cells. This is consistent with the
methylation profile of H3 K9 and K4 residues across the chicken
globin locus that similarly dictates the erythroid development
stage-specific §-globin gene expression [27]. Likewise, chromatin
modification at the myogenin loci is marked by the interaction of
Pbx/Meis complex with MyoD, which, in association with other fac-
tors, regulates the temporal expression of myogenin during mus-
cle differentiation through a feed-forward mechanism [28].

We have previously reported that IRE–Nished interaction serves
as the target of hypertrophy-induced signalling in expression of

MLC2v gene [15]. Nished interacts with transcription factor, NFATc4,
and recruits p300 at the IRE site. The DNA–protein interaction is
stimulated by the hypertrophic agonists angiotensin II. In this context,
the dual role of Nished is significant given the identical Nished bind-
ing sequence present in the two disparate elements (CSS and IRE) in
the MLC2v promoter. The association of Nished with HDAC and with
p300 thus identifies the antithetical role of Nished in mediating
transcription regulation. Our data identify Nished as a regulator of
both positive and negative transcription in the target muscle cells of
distinct lineages. That Nished is expressed in both adult cardiac and
skeletal muscle cells, as well as in non-muscle cells, makes it likely
that it has a role(s) in processes other than that in myogenesis.
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