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YY1 is a transcription factor that can repress or activate the transcription of a variety of genes. Here, we show that the
function of YY1 as a repressor in cardiac myocytes is tightly dependent on its ability to interact with histone deacetylase
5 (HDACS5). YY1 interacts with HDACS5, and overexpression of YY1 prevents HDAC5 nuclear export in response to
hypertrophic stimuli and the increase in cell size and re-expression of fetal genes that accompany pathological cardiac
hypertrophy. Knockdown of YY1 results in up-regulation of all genes present during fetal development and increases the
cell size of neonatal cardiac myocytes. Moreover, overexpression of a YY1 deletion construct that does not interact with
HDACS5 results in transcription activation, suggesting that HDACS5 is necessary for YY1 function as a transcription
repressor. In support of this relationship, we show that knockdown of HDACS results in transcription activation by YY1.
Finally, we show that YY1 interaction with HDACS5 is dependent on the HDACS5 phosphorylation domain and that
overexpression of YY1 reduces HDAC5 phosphorylation in response to hypertrophic stimuli. Our results strongly suggest
that YY1 functions as an antihypertrophic factor by preventing HDACS5 nuclear export and that up-regulation of YY1 in

human heart failure may be a protective mechanism against pathological hypertrophy.

INTRODUCTION

YY1 is a ubiquitously expressed transcription factor that is
highly conserved across species and is involved in a variety
of cellular processes, including the regulation of cardiac
disease (Sucharov ef al., 2003). YY1 differentially regulates a
multitude of gene promoters by acting as either a repressor,
an activator, and/or an initiator of transcription (reviewed
in Thomas and Seto, 1999). Previous work suggests that YY1
functions primarily as a repressor, often by displacing tran-
scriptional activators (Lee ef al., 1992; Thomas and Seto,
1999) and that its function as an activator is a result of its
interaction with other proteins that block its repression do-
main (Lee et al., 1995a; Lee et al., 1995b; Bushmeyer and
Atchison, 1998). However, these examples do not fully dem-
onstrate the multiple functions of YY1, which result from the
ability of YY1 to interact with a variety of other regulatory
factors. Recently, the repressor activity of YY1 was shown to
be regulated by a complex mechanism that requires acety-
lation of its central region followed by deacetylation by
HDACs and increased HDAC activity in its C-terminal re-
gion (Yao et al., 2001). YY1 was shown to repress transcrip-
tion of several genes through interaction with and targeting
of HDAC1 and HDAC2 to the promoter region of these
genes (Luke et al., 2006; Liu et al., 2007). In muscle cells, class
IT HDAC s play an important role in regulating gene expres-
sion, and they are phosphorylated in response to various
hypertrophic stimuli, resulting in their translocation to the
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cytoplasm and in transcription derepression (Han et al.,
2006).

At the cellular level, myocardial failure and myocyte hy-
pertrophy are characterized by an increase in cell size and by
changes in the gene expression of many components of the
heart, including the contractile apparatus. These molecular
changes have been described as a recapitulation of a “fetal”
gene program (FGP) because many embryonically expressed
genes that are down-regulated postnatally are reactivated,
whereas several “adult” genes are repressed (Lompre et al.,
1979; Abraham et al., 2002). Of the changes that are observed
in failing hearts, increases in B myosin heavy chain (8-
MyHC), skeletal a-actin, and atrial natriuretic peptide (ANP),
with coordinate decreases in o myosin heavy chain («MyHC)
and sarcoplasmatic reticulum ATPase 2a (SERCA), are perhaps
the most widely recognized.

In the work presented here, we show the class II HDAC
HDACS5 interacts with YY1 in muscle cells and that this
interaction is necessary for YY1 to function as a transcription
repressor of cardiac-specific promoters. Moreover, we show
that overexpression of YY1 in cardiac myocytes prevents
HDACS5 nuclear export in response to hypertrophic stimuli
and prevents induction of the fetal gene program. In addi-
tion, YY1 overexpression blocks increases in cell size that
result from a-adrenergic receptor (a-AR)-mediated hyper-
trophy through a mechanism that involves interaction with
and retention of HDACS in the nucleus. Together, these data
suggest that YY1 functions in concert with HDACS5 to main-
tain gene-specific transcriptional repression in cardiac cells.

MATERIALS AND METHODS

Antibodies

YY1 (SC-7341X), Myc (SC-40), HDAC5 (SC-5250), Gal4 (SC-510), PKD (sc-639)
and Sp1 (SC-59) were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA). FLAG (F3165), calnexin (C4731) and a-actinin (A 7811) antibody were
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Table 1. Sequence of the primers used for the RT-PCR reaction

Primer Sequence

aMyHC F CCTGTCCAGCAGAAAGAGC
aMyHC R CAGGCAAAGTCAAGCATTCATATTTATTGTG
18S F GCCGCTAGAGGTGAAATTCTTG
185 R CTTTCGCTCTGGTCCGTCTT

BNP F GGTGCTGCCCCAGATGATT

BNP R CTGGAGACTGGCTAGGACTTC
SERCA F GGCCAGATCGCGCTACA

SERCA R GGGCCAATTAGAGAGCAGGTIT

Sk a-actin F CCACCTACAACAGCATCATGAAGT
Sk a-actin R GACATGACGTTGTTGGCGTACA
BMyHC F CGCTCAGTCATGGCGGAT

BMyHC R GCCCCAAATGCAGCCAT

ANF F GCGAAGGTCAAGCTGCTT

ANF R CTGGGCTCCAATCCTGTCAAT

All primers are presented in a 5'-3" orientation.

purchased from Sigma-Aldrich (St. Louis, MO). The horseradish peroxidase
(115-035-146) anti-mouse and anti-rabbit were purchased from Jackson Im-
munoResearch Laboratories (West Grove, PA). Alexa Fluor 594 (A11032)
anti-mouse was purchased from Invitrogen (Carlsbad, CA).

DNA and Adenovirus Constructs

The YY1-green fluorescent protein (GFP) adenovirus construct was a gift from
Dr. Aristidis Moustakas (Ludwig Institute of Cancer Research, Uppsala, Swe-
den) and the YY1-FLAG 174-200 deletion construct was a gift of Dr. Edward
Seto (University of South Florida, Tampa, FL). YY1-GAL4 wild-type control
and deletion constructs were a gift of Dr. Michael Atchison (University of
Pennsylvania, Philadelphia, PA) and are described in detail in Bushmeyer et
al. (1995) and Bushmeyer and Atchison (1998).

Cell Culture and Adenoviral Infection

Neonatal rat cardiac myocytes (NRVMs) were prepared according to the
method described in Waspe et al. (1990). Cells were infected with an adeno-
virus expressing YY1-GFP and/or HDAC5-FLAG or with a control adenovi-
rus at a multiplicity of infection of 7 plaque-forming units/cell.

Real-Time Polymerase Chain Reaction (PCR)

Total RNA was extracted by TRIzol (Invitrogen). 0.5 ug of RNA was reverse
transcribed into cDNA using the SuperScript III first-strand cDNA synthesis
kit (Invitrogen). Typically, 0.1 ng of cDNA, 12.5 nM of each primer, and
Power SYBER Green PCR Master Mix (Applied Biosystems, Foster City, CA)
were used in the reverse transcription (RT)-PCR reactions. Reactions were
performed using the ABI7300 system. The primers used are presented on
Table 1.

Incorporation of [**C]Leucine and Cell Size Measurements

Protein synthesis was measured by the incorporation of [*C]leucine as de-
scribed previously (Maass et al., 1995). Cell size was measured using Image]J
software (National Institutes of Health) as described previously (Emter ef al.,
2005).

Nuclear and Cytoplasmic Fractionation

Nuclear and cytoplasmic fractionation were performed using the NE-PER kit
(Pierce Chemical, Rockford, IL) according to manufacturer’s recommenda-
tions.

Western Blots

Western blots were performed essentially as described previously (Sucharov
et al., 2003). Antibodies were diluted 1:1000 in 1X Tris-buffered saline (20 mM
Tris and 500 mM NaCl, pH 7.5) containing 3% bovine serum albumin (BSA)
and 0.1% Tween and incubated with the blot overnight at 4°C.

Immunoprecipitation/Immunoblotting

Immunoprecipitation experiments were done using antibodies described in
the text. Experiments were done according to Santa Cruz Biotechnology
recommendations, with minor modifications. After four washes with 1X
radioimmunoprecipitation assay buffer (Calalb ef al., 1995), the sample was
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incubated with 2-3X packed volume with 2X sample buffer (Bio-Rad, Her-
cules, CA) at room temperature for 30 min.

Immunofluorescence

Immunofluorescence was performed according to Harrison et al. (2004). Cells
were washed with Tris-buffered saline/Tween 20 (TBST) and fixed with 10%
formaldehyde for 20 min. Cells were again washed with TBST and incubated
with 0.1% Triton X for 30 min. Cells were then blocked with 1% BSA in TBST
for 1 h followed by 1-h incubation with 1:500 dilution of the FLAG antibody.
Cells incubated with 1:1000 dilution of Alexa 594 anti-mouse antibody and 2
g /ml Hoechst staining for 1 h. Images were captured at a 40X magnification
with a fluorescence microscope (Nikon E800) equipped with a digital camera
(AxioCam) and Axiovision, version 3.0.6.36 imaging software (Carl Zeiss,
Thornwood, NY).

COS Cell Transfection

COS cells were transfected with Lipofectamine 2000 (Invitrogen). Briefly, 8.4
pg of total DNA was combined with 25 ul of Lipofectamine according to
manufacturer’s recommendations.

Cardiac Myocyte Transfection

Cardiac myocyte transfections were done using the nucleofaction protocol
(Amaxa Biosystems, Gaithersburg, MD). This methodology results in ~50%
transfection efficiency. Briefly, 2 X 10° cells were transfected with 4 ug of
plasmid DNA according to the manufacturer’s recommendations.

YY1 and HDAC5 Small Interfering RNA (siRNA)
Transfection

YY1 siRNA was purchased from Ambion (Austin, TX; catalog no. 16704), and
HDACS5 siRNA was purchased from Thermo Fisher Scientific (Waltham,
MA). siRNAs were transfected using the nucleofaction protocol (HDAC5 and
YY1) or oligofectamine methodology (YY1) (Invitrogen). In both cases, 20 uM
siRNA oligonucleotide was used. All results were compared with transfec-
tions containing a negative control siRNA (Ambion; catalog no. 4611).

Chromatin Immunoprecipitation (ChIP)

ChiPs were performed using the ChIP assay kit (Millipore, Billerica, MA).
Cells (1 X 10°) were used for each condition. Cells were sonicated four times
with 10-min pulses at 40% of the power. The resulting DNA—protein complex
was immunoprecipitated with YY1 agarose-conjugated antibody (Santa Cruz
Biotechnology; sc-281), immunoglobulin G (IgG), or RNA polymerase anti-
body kit (Millipore). Cross-link was reversed and protein was digested with
proteinase K. DNA was analyzed by PCR. Primers used in the PCR reaction
are described in Table 2.

Statistical Analysis

All analyses were performed using analysis of variance with Fisher post hoc
test, with a p < 0.05 in a two-tailed distribution considered to be statistically
significant.

Table 2. Sequence of the primers used for the PCR reaction

Gene Sequence Position

aMyHC F GGTAAGGGCCATGTGGGTA —322/-304

aMyHC R CCCACGCTAAACTCCTTCTTAC +36/+8
TTGGGAT

BNP F GGCAGGAAACAAGGACCTGIT —254/-234

BNP R CCAGGCAGCTGCGATGGTGT +67/+48

GAPDH F GCGCACACACACACGCACATAT  —763/—742

GAPDH R GGGCTGTTTGCTCCCAGCAT —568/—587

Amylase F GCATTGAACAACTCATGTCATAG —236/-210
CACA

Amylase R CCGGTAATCTCTGTAATGCATCA  —99/—-124
TGT

All primers are presented in a 5'-3' orientation, and they are all
within the promoter regions of the respective genes.
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Figure 1. YY1 represses fetal gene expression and activates adult
gene expression in cardiac cells. Cells were infected with YY1-GFP
and harvested 48 h after infection. Total RNA was analyzed by
RT-PCR. Results were compared with cells infected with a control
CMV-GFP adenovirus, defined as 100% (line at 100%). n = 8.

RESULTS

YY1 Prevents Phenylephrine (PE)-mediated Induction of
the Fetal Gene Program and Cellular Hypertrophy

YY1 has been shown to function mainly as a repressor of
muscle-specific promoters (MacLellan et al., 1993; Patten et
al., 2000; Sucharov et al., 2003; Mariner et al., 2005), suggest-
ing that its function in muscle cells is primarily that of a
repressor. To determine the role of YY1 in regulating the
expression of the components of the fetal gene program,
NRVMs were infected with an YY1-expressing adenovirus,
which resulted in 20- to 30-fold overexpression of the pro-
tein (data not shown). As determined by RT-PCR, overex-
pression of YY1 in NRVMs repressed the expression of all
the fetal components of the fetal gene program (BMyHC,
ANF, brain natriuretic peptide [BNP], and skeletal a-actin),
but it up-regulated the expression of the adult isoforms
aMyHC and SERCA2A (Figure 1).

To test whether YY1 can prevent up-regulation of the fetal
gene program under conditions that induce pathological
cardiac hypertrophy, NRVMs were infected with YY1 ade-
novirus construct and treated with the a-adrenergic receptor
agonist PE 24 h after infection. Activation of the a-adrener-
gic receptor has been shown to increase myocyte cell size
and to activate the fetal gene program, with repression of
aMyHC and SERCA2A, and up-regulation of ANP, BNP,
BMyHC, and skeletal a-actin (Patten et al., 1996). mRNA was
extracted 48 h after treatment and analyzed by RT-PCR. As
shown in Figure 2A, PE induced gene expression changes
that accompany pathological hypertrophy, and YY1 overex-
pression either prevented or blunted PE-mediated up-regu-
lation of the fetal components. Furthermore, YY1 overex-
pression blocked the increase in protein synthesis that
accompanies cellular hypertrophy. As shown in Figure 2B,
protein content, measured by incorporation of radiolabeled
leucine, was increased in PE-treated cells infected with con-
trol adenovirus. However, cells overexpressing YY1 did not
show significant changes in protein content in response to
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PE, suggesting that hypertrophy was blocked in these cells.
This effect on cell size can also be observed visually. As
shown in Figure 2C, cell size was increased in response to PE
treatment, but this increase was blunted in cells overexpress-
ing YY1. Figure 2D is representative of cardiac myocytes
immunostained with a-actinin antibody. As shown in Figure
2 sarcomeric organization was present in PE-treated cells
and in cells infected with YY1 adenovirus, suggesting that
YY1 induces sarcomeric organization in the absence of hy-
pertrophic stimuli.

Down-Regulation of YY1 Induces the Fetal Gene Program
and Increases in Cell Size

If YY1 acts to repress pathological gene expression in cardiac
cells, decreasing YY1 levels in these cells should derepress
the fetal gene program and induce a hypertrophic response.
To test this hypothesis, NRVMs were transfected with a
siRNA oligonucleotide against YY1 to reduce YY1 levels. As
shown in Figure 3, siRNA transfection resulted in a dramatic
down-regulation of YY1 protein levels (Figure 3A), and it
was accompanied by an induction of the fetal gene program
(Figure 3B). Compared with cells transfected with a control
siRNA oligonucleotide, the cells transfected with the YY1
siRNA showed marked increases in several fetal gene mark-
ers, no changes in SERCA expression, and a down-regula-
tion of aMyHC mRNA. In addition, cells transfected with
the YY1 siRNA showed an increase in protein content (Fig-
ure 3C) and in cell size (Figure 3, D and E), consistent with
a hypertrophic response. Together, these data suggest that
YY1 is required to maintain a normal myocyte phenotype by
repressing the fetal gene program and preventing myocyte
hypertrophy.

YY1 Binds to the Endogenous aMyHC and BNP
Promoters

Because YY1 has been shown to interact with aMyHC and
BNP promoter constructs in electrophoretic mobility shift
assays (Bhalla et al., 2001, Sucharov et al., 2003; Mariner et al.,
2005), we wanted to know whether YY1 interacts with the
promoter region of the endogenous genes. To test this, ChIP
experiments were performed using an YY1-agarose—conju-
gated antibody and primers designed to amplify the pro-
moter regions of the aMyHC and BNP genes. As shown in
Figure 4, these promoters are bound by YY1 in these cells.
ChIP experiments were performed six different times. No
consistent difference was observed in the level of amplified
product. This suggests that YY1 function in regulating gene
expression likely results from a mechanism that is indepen-
dent of YY1 occupancy of the promoter.

ChIP experiments were performed in cells transfected
with YY1 siRNA. As shown in Figure 4, in ChIP experiments
performed in the absence of YY1, a PCR product was not
detected for aMyHC and BNP primers, showing that PCR
amplification is in fact due to YY1 interaction with these
promoters. Protein A (data not shown) or IgG was used as
control for the immunoprecipitation experiments. RNA
polymerase antibody was used as a positive control for the
experiments, whereas a-amylase primer was used as a neg-
ative control due to lack of interaction of YY1 with the
amylase promoter (Caretti ef al., 2004).

YY1 Interacts with HDAC5 in NRVMs and in Rat Hearts

Because the activity of YY1 is known to depend on its
interaction with other transcriptional regulators, we were
interested to determine what cofactors are involved in the
YY1-mediated regulation of the fetal gene program in car-
diac cells. Previous work with HeLa cells demonstrated that
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Figure 2. YY1 prevents up-regulation of the fetal isoforms and PE-induced cellular hypertrophy in response to PE. (A) NRVMs were treated with 10
1M PE for 48 h; white bars, no treatment; black bars, PE treatment. Total RNA was analyzed by RT-PCR. Results were compared with vehicle-treated cells
infected with CMV-GFP, defined as 100%. n = 8. (B) Increase in protein synthesis was measured by leucine incorporation in untreated and PE-treated cells
infected with a CMV control or YY1 adenovirus construct. (C) Cell size was measured using the Image] software. Fifty cells from four different experiments
were measured. (D) Immunofluorescence with anti-actinin antibody of cells infected with a control or YY1-GFP virus in untreated and PE-treated cells.
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Figure 3. Down-regulation of YY1 expression results in up-regulation of the fetal isoforms and in increase in cell size and protein synthesis.
(A) YY1 expression is repressed by transfection with an YY1 siRNA oligonucleotide (lane 3) but not by a control or an unrelated siRNA
oligonucleotide (lanes 2 and 4). Lane 1, no transfection. Total extract was used, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was used as a loading control. (B) Cells were transfected with YY1 siRNA nucleotide and treated with vehicle (white bars) or PE (black bars)
for 48 h. RNA expression was analyzed by RT-PCR and normalized to 18S. Results were compared with vehicle-treated cells transfected with
a control siRNA, defined as 100%. n = 4. (C) Radiolabeled protein experiments show an increase in radiolabeled leucine incorporation in cells
transfected with YY1 siRNA oligonucleotide. (D) Cell size measurements show an increase in cell size in cells that do not express YY1.
Fifty-five cells from three different experiments were measured. (E) Immunofluorescence with anti-actinin antibody of cells transfected with

a control or YY1 siRNA oligonucleotide.

YY1 can interact directly with class I HDACs (Yao et al.,
2001). Furthermore, the class II HDAC HDAC5 has been
shown to be regulated during hypertrophy (Zhang et al.,
2002), and phosphorylation of HDACS5 in response to PE
stimulation results in its nuclear export and transcription
derepression (Zhang et al., 2002). To test whether YY1 inter-
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acts with HDAC5, NRVMs were infected with YY1-GFP
adenovirus construct. Cells were harvested and immuno-
precipitation experiments were performed with an anti-YY1
antibody. As shown in Figure 5A, YY1 and HDACS5 coim-
munoprecipitated in untreated but not in PE-treated cells,
suggesting that PE treatment prevents their interaction. To
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demonstrate that this interaction is also observed in vivo,
protein extracts were prepared from rat heart tissue, and
immunoprecipitation experiments were performed with an-
ti-YY1 and anti-HDAC5 antibodies. As seen in NRVMs,
endogenous YY1 and HDACS5 also coimmunoprecipitated,
suggesting that they interact in vivo (Figure 5B). This inter-
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Figure 4. YY1 binds to aMyHC and BNP promoters. ChIPs were
done in noninfected cells, in cells overexpressing YY1 or in cells
transfected with YY1 siRNA as described in the methods section.
ChIPs from cells infected with YY1 or transfected with YY1 siRNA
are a result of six independent experiments. YY1 or RNA polymer-
ase antibodies, or IgG were used in the immunoprecipitation assay.
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action of YY1 with HDACs seems to be specific to HDAC5 in
these cells because no interaction of YY1 with HDAC 4 or
HDAC9 was observed in these experiments (Figure 5B).

YY1 Prevents Nuclear Export of HDAC5 in PE-stimulated
Cells

Because YY1 and HDACS interact in cardiac cells and
HDACS localization seems to be important to hypertrophic
responses, we hypothesized that YY1 prevents export of
HDACS to the cytoplasm. By retaining HDACS5 in the nu-
cleus, YY1 effectively increases HDACS5 activity in the cell
and prevents the up-regulation of the fetal gene program in
hypertrophy-induced cells. To test this hypothesis, NRVMs
were infected with HDAC5-FLAG and YY1-GFP adenovirus
constructs, or HDAC5-FLAG and cytomegalovirus (CMV)-
GFP adenovirus constructs as a control. After 24 h, the cells
were treated with PE for 2 h followed by harvesting and
fractionation of nuclear and cytoplasmic extracts. As shown
in Figure 6, A and E, HDACS is exported to the cytoplasm in
PE-treated cells in the absence of YY1 (GFP control infec-
tion). However, in cells overexpressing YY1, HDACS5 is
found in the nuclear fraction, suggesting that it is retained in
the nucleus even when the cells are stimulated with PE.
These results are depicted graphically in Figure 6B to show
data pooled from three independent experiments. To test
whether YY1 can regulate endogenous HDACS5 localization
cells were infected with YY1 adenovirus, treated with PE
and cytoplasmic and nuclear fractions were extracted. As
shown in Figure 6C, YY1 prevented translocation of endog-
enous HDACS to the cytoplasm in PE-treated cells.

Down-Regulation of YY1 in NRVMs Does Not Change the
Cellular Localization of HDAC5

Given the observation that YY1 overexpression prevents the
nuclear export of HDACS5 in response to PE, we asked
whether YY1 is required for nuclear localization under un-

Molecular Biology of the Cell
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Figure 5. YY1 interacts with HDACS5 in
NRVMs and in rat heart tissue. (A) Cells were
infected with YY1-GFP adenovirus construct.
Nuclear extracts were immunoprecipitated
with anti-YY1 antibody and HDAC5 was de-
tected by Western blot. (B) Rat heart nuclear
fraction was immunoprecipitated with anti-
YY1 antibody or IgG and interaction with
HDACS5, HDAC4, or HDAC9 was detected by
Western blot.

100 —

50 —

Treatment:

Input

stimulated conditions. If so, the cytoplasmic localization of
HDACS5 would be expected to increase if YY1 levels were
experimentally reduced. This does not seem to be the case,
however. As shown in Figure 6, D and E, cellular localiza-
tion of HDACS5 does not change in cells transfected with the
YY1 siRNA oligonucleotide compared with cells that re-
ceived the control oligonucleotide. These results suggest that
HDACS5 does not require the presence of YY1 to be localized
to the nucleus. Instead, HDACS5 is likely just a binding
partner with YY1, and overexpression of YY1 acts to prevent
HDACS5 from active nuclear export. In this scenario, YY1
knockdown would have no effect on the nuclear versus
cytoplasmic localization of HDACS but likely plays an im-
portant role in the subnuclear localization of HDACS5. That
is, decreasing YY1 levels may not cause HDAC5 to be ex-
ported to the cytoplasm, but it certainly affects which gene
promoters recruit HDACS5 and are regulated by its repressor
activity.

YY1 Reduces PE-mediated HDAC5 Phosphorylation

Because YY1 overexpression prevents the activated nuclear
export of HDACS in cardiac cells, we hypothesized that the
binding interaction of YY1 with HDAC5 prevents HDAC5
phosphorylation at the amino acids that are specifically
phosphorylated in response to hypertrophic stimuli. To test
this hypothesis, we first examined the level of HDAC5 phos-
phorylation in cells overexpressing YY1. As shown in Figure
7, A and B, overexpression of YY1 results in a dramatic
reduction in the phosphorylation levels of HDAC5-FLAG or
endogenous HDACS. We then tested whether YY1 interacts
with a region of HDACS that includes the serine residues
(Ser259 and Ser496) that are phosphorylated in response to
PE. By transfecting an HDAC5 260-615 deletion construct
and the full-length YY1 into COS cells, we show that YY1
does not bind the HDACS5 deletion construct in coimmuno-
precipitation assays (Figure 7, C and D), suggesting that this
region of HDACS is necessary for YY1 interaction. Together,
these data suggest that YY1 prevents HDACS5 nuclear export
by directly binding its activation domain and preventing its
phosphorylation.

YY1 Construct That Lacks the HDAC Binding Domain
Up-Regulates the Fetal Gene Program

To delineate which regions of YY1 were responsible for
interaction with HDAC5, we next tested a series of YY1
deletion constructs for their ability to bind HDACS5 in coim-
munoprecipitation assays. As shown in Figure 8A, only the
YY1 174-200 deletion construct was unable to interact with
HDACS in COS cells. Previous work with these YY1 mu-
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tants showed that this deletion construct had the unique
ability to activate promoters in cells where YY1 is known to
be a repressor of transcription (Sucharov et al., 2006). Using
Amaxa’s nucleofection technology, the YY1 174-200 dele-
tion construct was transfected into NRVMs, resulting in the
up-regulation of all fetal mRNAs tested. PE treatment re-
sulted in a higher mRNA expression of the fetal isoforms
when compared with PE-control transfection (Figure 8C).
These results suggest that an interaction with HDACS5 is
required for YY1 to function as a transcription repressor of
the fetal gene program.

Down-Regulation of HDAC5 Results in a Switch of YY1
Function in the Regulation of Gene Expression from
Transcription Repressor to Transcription Activator

To test whether HDACS is required for YY1 to function as a
transcription repressor NRVMs were transfected with a
HDACS5-specific siRNA. As shown in Figure 8D, expression
of HDACS, but not of the closely related HDAC4, is down-
regulated in cells transfected with HDAC5 siRNA. We next
tested YY1 regulation of gene expression in cells where
HDACS5 was down-regulated. As shown in Figure 8E down-
regulation of HDACS5 resulted in YY1 up-regulation of
BMyHC, ANF, and BNP, all genes previously shown to be
repressed by YY1. Skeletal a-actin was still repressed by
YY1, suggesting that the mechanism of YY1 repression of
skeletal a-actin is not mediated by HDACS.

DISCUSSION

In the work presented here, we show that YY1 is a repressor
of fetal gene expression in untreated and a-AR-stimulated
cardiac cells through interaction with HDAC5. HDACs pro-
mote deacetylation of histones, which tightens the chroma-
tin structure around genes and results in transcription re-
pression at those sites (Courey and Jia, 2001). Our results
suggest that overexpression of YY1 in cardiac cells results in
interaction with and retention of HDACS5 in the nucleus and
subsequent repression of fetal genes even when myocytes
are stimulated with PE treatment. The retention of HDAC5
in the nucleus likely results from an interaction between YY1
and HDACS5 that prevents phosphorylation of HDAC5 in
response to PE stimulation; however, it is also possible that
YY1 regulates expression of a kinase or a phosphatase that,
in turn, blocks HDACS5 phosphorylation and nuclear export.
Because HDACS5 has been shown to be phosphorylated by
protein kinase D (PKD) in response to PE stimulation (Vega
et al., 2004), we hypothesized that PKD expression may be
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regulated by YY1, but our results show that PKD levels were
unchanged in cells overexpressing YY1 (Supplemental Fig-
ure 1S). It remains possible that there are other factors that
are important for regulating HDACS localization and that
these factors are regulated by YY1. Our results also show
that YY1 is important for regulating protein synthesis in
response to PE (Figure 2). Interestingly YY1 stimulates sar-
comeric organization in the absence of PE. It is possible that
YY1, through its function as a polycomb group protein (see
below), accelerates signaling events that are involved in the

Vol. 19, October 2008

organization of the sarcomere. Further experiments would
be necessary to determine whether YY1 affects other signal-
ing pathways.

An interaction between YY1 and HDACS5 may lead to the
transcriptional repression of fetal genes by causing the re-
cruitment of HDACS5 to the promoter regions of these genes.
Consistent with this model, the down-regulation of YY1 by
siRNA is sufficient to induce the expression of the fetal gene
isoforms. When levels of YY1 are synthetically reduced,
HDACS5 would have no mechanism to specifically interact to
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these promoters and transcription of fetal genes would in-
crease. This is evidenced by the lack of further increase in
gene expression in response to PE treatment. Furthermore,
the YY1 deletion construct that lacks interaction with
HDACS functions as transcription activator, suggesting that
the ability of YY1 to act as a repressor is dependent on
HDACS interaction.

These data suggest that YY1 is critically important to the
maintenance of normal, adult gene expression patterns. By
acting to repress fetal genes, YY1 effectively prevents a re-
gression to fetal programs and promotes the continued ter-
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minal differentiation of cardiac cells. Consistent with this
idea that YY1 acts as a global regulator of differentiation,
YY1 has been identified as a homologue of polycomb group
(PcG) proteins and has been shown to be involved in devel-
opment (Atchison et al., 2003). During the development/
differentiation process, there is a fundamental mechanistic
need to maintain key transcription patterns throughout the
development and lifetime of an organism. PcG proteins have
been shown to be an essential component of the mainte-
nance of transcription repression in development and dif-
ferentiation. PcG proteins can repress transcription by gen-
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Figure 8. (Cont.)

erating chromatin structures that are refractory to gene
expression (reviewed in Levine et al., 2004).

ChIP assays done with an anti-YY1 antibody indicate that
the interaction of YY1 with the endogenous fetal promoters is
unchanged in response to PE treatment, suggesting that the
activity of YY1 is not simply a result of YY1 binding to these
promoters. Instead, the activity of YY1 at these promoters
likely results from an interaction with other factors that bind to
and/or modify YY1. Alternatively, retention of HDACS in the
nucleus of cells overexpressing YY1 is likely to promote tran-
scription repression not only through interaction with YY1 on
the promoter region of the various genes, but also through
interaction with other transcription factors known to be impor-

Vol. 19, October 2008

tant in the regulation of these genes, i.e., MEF2. In heart cells,
the interaction of YY1 with HDAC5 seems to be critical for the
controlled repression of fetal genes. However, the factors that
mediate the affinity of YY1 for HDACS5 would also be critical
for the proper regulation of development in the mammalian
system. In experiments with undifferentiated and differentiated
HOIC2 cells, YY1 acts as a transcription repressor only in differ-
entiated cells (Sucharov et al., 2006).

Last, we show that HDACS is necessary for YY1 function
as a transcription repressor of the fetal isoforms in cardiac
cells. YY1 has been shown to interact with class I HDACs in
HelLa cells and this interaction occurs in two regions of YY1,
the 170-200 and 261-333 (Yao et al., 2001). YY1 interaction
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with HDACS occurs through the 170-200 but not the 261-
333 region (Figure 8A). It is possible that other domains of
YY1 are important for interaction with class II HDACs.
However, our results suggest that deletion of the 170-200
region is the only one required for the interaction to occur.
Although we showed that HDACS is necessary for YY1 to
function as a transcription repressor, it is possible that in
cardiac cells interaction of YY1 and class I HDACs is impor-
tant for regulation of a subset of genes. Interestingly, repres-
sion of skeletal a-actin seems to be independent of HDACS,
suggesting that other mechanisms are involved in YY1 func-
tion as a repressor. Changes in gene expression in response
to HDAC5 down-regulation are part of different study
(Dockstader and Sucharov, unpublished data). The ability of
YY1 to control fetal gene expression does not seem to be
limited to an interaction with HDACS. YY1 regulation of the
adult isoforms of gene expression, aMyHC and SERCA, is
the opposite of what is seen for the fetal isoforms. YY1
up-regulates expression of these genes independently of its
interaction with HDACS5, and repression of these genes in
response to PE is also independent of the YY1-HDAC5
interaction (Figure 8C). However, in response to down-
regulation of HDAC5, aMyHC gene expression does not
change in cells overexpressing YY1, whereas SERCA levels
are up-regulated (Figure 8E). This suggests that regulation
of the adult isoforms by YY1 is mediated by factors other
than HDACS5. Down-regulation of HDAC5 did not have an
effect on YY1 repression of skeletal a-actin, whereas deletion
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of the region that interacts with HDACS5 resulted in up-
regulation of skeletal a-actin gene expression by YY1. This
suggests that YY1 down-regulation of skeletal c-actin is
likely due to interaction with a different HDAC. We had
shown previously that YY1 represses human aMyHC pro-
moter activity and gene expression (Sucharov et al., 2003;
Mariner et al., 2005). In the previous experiments, NRVMs
were infected or transfected for only 48 h, whereas the cells
were infected for 72 h (24 h of infection previous to treat-
ment and 48 h of PE treatment) in the experiments shown
here. Future experiments in transgenic animal will allow us
to further investigate these phenomena.

As a result of the work described here, we postulate that
the increase in YY1 expression is a protective mechanism of
the cell to prevent further increases in gene expression. We
have recently shown that YY1 expression is up-regulated in
human heart cells, and in a transgenic model of hypertro-
phic cardiomyopathy (Sucharov et al., 2003). Future in vivo
studies will allow us to gain a better understanding of YY1
function during hypertrophy and heart failure. Our results
show that YY1 is an important factor in preventing cardiac
hypertrophy through a mechanism that involves inhibition
of HDACS5 nuclear export.
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