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Myocyte Enhancer Factor 2 and Class II Histone
Deacetylases Control a Gender-Specific Pathway of
Cardioprotection Mediated by the Estrogen Receptor

Eva van Rooij, Jens Fielitz, Lillian B. Sutherland, Victor L. Thijssen, Harry J. Crijns,
Michael J. Dimaio, John Shelton, Leon J. De Windt, Joseph A. Hill, Eric N. Olson

Rationale: Gender differences in cardiovascular disease have long been recognized and attributed to beneficial
cardiovascular actions of estrogen. Class II histone deacetylases (HDACs) act as key modulators of heart disease
by repressing the activity of the myocyte enhancer factor (MEF)2 transcription factor, which promotes
pathological cardiac remodeling in response to stress. Although it is proposed that HDACs additionally influence
nuclear receptor signaling, the effect of class I HDACs on gender differences in cardiovascular disease remains

unstudied.

Objective: We aimed to examine the effect of class Il HDACs on post-myocardial infarction remodeling in male and

female mice.

Methods and Results: Here we show that the absence of HDACS or -9 in female mice protects against maladaptive
remodeling following myocardial infarction, during which there is an upregulation of estrogen-responsive genes
in the heart. This genetic reprogramming coincides with a pronounced increase in expression of the estrogen
receptor (ER)a gene, which we show to be a direct MEF2 target gene. ERa also directly interacts with class I1
HDACs. Cardioprotection resulting from the absence of HDACS or -9 in female mice can be attributed, at least
in part, to enhanced neoangiogenesis in the infarcted region via upregulation of the ER target gene vascular

endothelial growth factor-a.

Conclusions: Our results reveal a novel gender-specific pathway of cardioprotection mediated by ERa and its
regulation by MEF2 and class II HDACs. (Circ Res. 2010;106:155-165.)
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Heart failure secondary to myocardial infarction (MI) and
ischemic cardiomyopathy is the primary cause of car-
diovascular mortality. Cardiac remodeling following MI in-
duces expansion and alterations in the infarcted and nonin-
farcted regions of the heart and increases internal load, which
promotes further stress, dilation, and hypertrophy of the
noninfarcted area.! Although neoangiogenesis within the
infarcted tissue is also an integral component of the remod-
eling process, the microvascular network that develops fol-
lowing MI is generally unable to support the increased
demands of the hypertrophied myocardium, resulting in
progressive loss of viable tissue, infarct extension and fibrous
replacement.?> For reasons that remain incompletely under-
stood, premenopausal women appear to be partially protected
against remodeling of the infarct area and remote myocardi-
um during the course of ischemic cardiomyopathy because of
the presence of estrogen.?

Estrogen receptors (ERs) are ligand-dependent transcrip-
tion factors that mediate cardioprotective processes such as
vasodilation and angiogenesis, which limit myocardial re-
modeling after infarction and attenuate cardiac hypertrophy.*
After estrogen binding, the ER undergoes a conformational
change, which allows the receptor to dissociate from chaper-
one proteins and translocate to the nucleus where it binds
DNA and activates estrogen-responsive genes.’> Like other
nuclear hormone receptors, the activity of the ER is also
modulated by association with histone acetyltransferases and
histone deacetylases (HDACS).6

There are 2 general classes of HDACs that have been
shown to have profound influences on the response of the
heart to stress.” Class I HDACs (HDACs 1, 2, and 3) are
relatively simple in structure, containing only a catalytic
domain, which efficiently deacetylates histones. HDACs 1
and 2 function redundantly to control myocardial growth.8°
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Non-standard Abbreviations and Acronyms
AF activation function

EMSA electrophoretic mobility-shift assay
ER estrogen receptor

ERE estrogen response element

GST glutathione S-transferase

HDAC histone deacetylase

KO knockout

LV left ventricle

MEF2 myocyte enhancer factor 2

MI myocardial infarction

TSA trichostatin A

VEGF vascular endothelial growth factor
WT wild type

HDAC?2 also functions as a positive regulator of myocyte
hypertrophy in response to stress and appears to be a key
target for HDAC inhibitors, which prevent pathological
cardiac remodeling.'® HDAC3 has been implicated in the
control of cardiac lipid metabolism.'! In contrast, the 4 class
IIa HDACs (HDACs 4, 5, 7, and 9) contain a large N-terminal
regulatory domain and a catalytic domain with weak activity.”
These HDACs exert their functions through recruitment of
class  HDACs and other corepressors to transcription factors,
such as myocyte enhancer factor (MEF)2.

The response of the heart to biomechanical stress and other
forms of pathological signaling is governed by the class II
HDACs, HDACS and -9, which serve as signal-responsive
repressors of the MEF2 transcription factor.® In the unstimu-
lated state, these HDACs interact with MEF2 and repress the
transcription of MEF2 target genes, whereas on activation of
intracellular signaling pathways involving calcium, calmod-
ulin-dependent protein kinase or protein kinase D, these
HDACs become phosphorylated, triggering their nuclear
export and the consequent activation of MEF2 target genes.
Consistent with the roles of HDACS and -9 as repressors of
pathological MEF2 activity, male mice lacking these HDACs
display enhanced MEF2 activity and heightened sensitivity to
cardiac stress.!>13

In the present study, we investigated the potential involve-
ment of the MEF2/class II HDAC pathway in post-MI
remodeling in male and female mice. Whereas male mice
lacking HDACS or -9 were hypersensitive to the pathological
effects of MI, we found, unexpectedly, that female mice
lacking HDACS and -9 were protected against pathological
remodeling of the heart following MI. In the absence of
HDACS or -9, there is a pronounced increase in expression of
the ER«a gene, which contains essential MEF2 binding sites in
its promoter. In addition, HDACS and -9 directly interact
with ERa to repress transcriptional activation of the receptor
by estrogen. Upregulation of ERa signaling in female mice
mutant for either HDACS or -9 dramatically diminishes
cardiac dysfunction and deleterious left ventricular remodel-
ing following MI. This protection appears to be due, at least
in part, to neoangiogenesis in the infarcted region via upregu-

lation of the ER target gene vascular endothelial growth
factor (VEGF)a. These findings reveal a key role for MEF2
and class I HDACs in the regulation of cardiac ER signaling
and the mechanisms underlying the cardioprotective effects
of estrogen.

Methods

An expanded Methods section is available in the Online Data
Supplement at http://circres.ahajournals.org.

Surgical Procedures and Echocardiography

All animal protocols were approved by the Institutional Animal Care
and Use Committee of the University of Texas Southwestern
Medical Center. Adult age matched HDAC9 knockout (KO),
HDACS KO mice, and wild-type (WT) mice of either sex received
a MI as described before.!* Sham-operated animals underwent the
same procedure without occlusion of the left coronary artery. At 4
weeks of age, mice were either sham-operated or ovariectomized and
either left untreated or treated with 173-estradiol (0.16 ug per day)
for 4 weeks as described.!> Three weeks following MI, echocardi-
ography was performed in conscious mice using the fully digital
Vingmed System (GE Vingmed Ultrasound, Horten, Norway) and a
11.5-MHz linear array transducer as previously described.'® All
surgeries and subsequent analyses were performed in a blinded
fashion for genotype.

Infarct Size

To measure the infarct size 3 weeks post-MI, the heart was excised,
and the left ventricles (LVs) were cut from apex to base into 3
transverse sections. Five-micron sections were cut and stained with
Masson’s trichrome. Infarct length was measured along the endocar-
dial and epicardial surfaces from each of the cardiac sections, and the
values from all specimens were summed. Infarct size (in percentage)
was calculated as percentage of infarcted LV versus total LV
circumference. Values represent the average of 3 slides per animal.!”

Histology and Histochemistry

After collection, heart tissue was either cryoembedded or incubated
for 30 minutes in Krebs buffer (118 mmol/L NaCl, 4.7 mmol/L KCL,
1.2 mmol/L KH,PO,, 1.2 MgSO,, 25 mmol/L NaHCOj;, 11 mmol/L
glucose) to arrest the heart in diastole, fixed in 3.7% paraformalde-
hyde, and embedded in paraffin. Sections were stained with hema-
toxylin/eosin to visualize infarcted area (n=3 to 6 in each group). To
examine the capillary density, all sections were incubated with
biotinylated Griffiona simplicifolia lectin (Vector Laboratories,
United Kingdom) for 2 hours at room temperature, as described
previously.'$ The number of capillaries was counted under micros-
copy for 5 random fields in the remote, border zone, or infarcted
region of each longitudinal slices in both WT and HDAC9 KO
female animals post-MI.

RNA Extraction and RT-PCR Analysis

Total RNA from the infarcted area, including the border zone region,
was isolated using TRIzol (Invitrogen). A 10-ug aliquot representa-
tive of 3 animals per sample group was then analyzed on Affymetrix
U74Av2 microarrays. A subset of differentially expressed RNAs was
further characterized by either semiquantitative PCR or quantitative
real-time PCR (see Online Table I for primer sequences).

In Situ Hybridization

Section in situ hybridization was performed on fresh-frozen tissue 4
days after either sham surgery or MI as described, ! with some minor
modifications because of the use of cryosections. The coding regions
of VEGFa and VEGFr2 were subcloned into pCDNA, linearized, and
transcribed as follows: antisense VEGFa, BamHI, and T3; antisense
VEGF12, Notl, and T7 (generously provided by Dr T. Sato, Univer-
sity of Texas Southwestern Medical Center).
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Electrophoretic Mobility-Shift Assays

Oligonucleotides corresponding to the conserved MEF2-binding site
in the ERa regulatory region and the mutated MEF2-binding sites
were used to detect MEF2 binding (see Online Table II for primer
sequences). Annealed oligonucleotides were radiolabeled with
[**P]dCTP using the Klenow fragment of DNA polymerase and
purified using G50 spin columns (Roche). Nuclear cell extracts were
isolated from COS-1 cells that were transfected with pcDNAMYC-
MEF2C. Reaction conditions of the gel mobility-shift assays were
previously described.?®

Generation of ERa Reporter Constructs

A mouse genomic DNA fragment covering either the region from
—3990 to +1 relative to the ERa transcription initiation site was
isolated from genomic DNA C57Bl6. These ERo promoter frag-
ments were cloned into pGL2 luciferase vector as a KpN/Nhe
fragment. Mutations of the MEF2 sites were introduced into the
sequence by PCR-based site-directed mutagenesis. All constructs
were verified by DNA sequence analysis.

Cell Culture, Transfection, and Luciferase Assays

MYC- and FLAG-tagged derivatives of MEF2C, asHDACY, and
asHDACS and the signal-resistant counterparts (S259/498A, adH-
DACS5 S>A) have been described.®2! Primary rat cardiomyocytes
were prepared as described.?? Eighteen hours after plating, cells were
infected with adenovirus for 2 hours and subsequently cultured in
serum-free medium for 48 hours before collection. Both COS-1 and
HeLa cells were maintained in DMEM with FBS (10%), L-glutamine
(2 mmol/L), and penicillin-streptomycin, and transfections were
performed as described previously.® COS-1 cells were transfected
with pcDNAMYC-MEF2C to obtain nuclear cell extracts for elec-
trophoretic mobility-shift assays (EMSAs). HeLa cells were trans-
fected with a reporter construct containing 3 estrogen response
elements (3ERE-Luc), full-length ER«, and increasing concentra-
tions of either HDACS and -9 and 3-galactosidase (internal control)
reporter plasmids using Fugene 6 (Stratagene) according to the
instructions of the manufacturer. Luciferase activity is reported as
the fold induction compared with that of empty 3ERE-Luc alone.
Relative promoter activities are expressed as luminescence relative
units normalized for 3-galactosidase expression in the cell extracts.

Glutathione S-Transferase Pull Down

Glutathione S-transferase (GST)-ERa was generated by subcloning
PCR amplified fragment into EcoRI and Xhol sites of the pGEX-KG
vector, whereas GST-dHDAC9 (aal31-586) was subcloned in the
pGEX-KG vector as a Xbal-Xhol fragment. The GST pull down was
performed as described previously.®

Statistical Analysis

Data are shown as means*SD. Comparison between 2 groups were
analyzed by the 2-tailed Student’s ¢ test. Values of P<<0.05 were
considered statistically significant.

Results

The Absence of HDACS5 and -9 Protects Female
Mice Against Post-MI Cardiac Remodeling

To explore the potential influence of class II HDACs on
gender-specific responses of the heart to injury, we compared
the cardiac remodeling responses of male and female WT and
HDACS and -9 KO mice following MI. Survival up to 3
weeks after MI was comparable in WT males and females
(63% versus 65%, respectively). Whereas a dramatic de-
crease in survival was evident in HDACS and -9 mutant
males (36% and 40%, respectively), female mice deficient for
HDACS and -9 displayed remarkably improved postinfarc-
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Figure 1. Female class Il HDAC KO mice are protected against
post-MI cardiac remodeling. A, Post-MI mortality was compara-
ble between male and female WT mice. Whereas male HDAC5
and -9 mutant animals had an elevated mortality compared to
WT, females lacking HDACS or -9 showed an increase in sur-
vival after Ml (WT males, n=13; WT females, n=17; HDAC5 KO
males, n=15; HDAC5 KO females, n=16; HDAC9 KO males,
n=16; HDAC9 KO females, n=16). B, Cardiac function was
measured by echocardiography 3 weeks after permanent left
coronary artery ligation. The data demonstrate progressive dila-
tion and loss of contractile function in WT mice as indicated by
left ventricular systolic dimension (LVIDs) and fractional shorten-
ing, whereas the loss of cardiac function was substantially
attenuated in female HDACS5 and -9 KO mice (n=5 in sham
groups; n=9 to 10 in MI groups). *P<0.05 vs corresponding WT
group. C, The infarct size 3 weeks post-MI expressed as a frac-
tion of the total cross-sectional circumference of the LV indi-
cates that the infarct size in HDAC5 and -9 KO females is signif-
icantly smaller than the infarct size in WT females (34% and
37% vs 55% in WT, n=4). *P<0.05 vs corresponding WT
group. D, Hematoxylin/eosin staining on transverse section 3
weeks post-MI shows the infarct of HDAC9 KO females to be
nontransmural because of the presence of an additional layer of
surviving cells at the epicardial surface of the infarcted area.
The region in the box is enlarged in the lower panel. Scale bars:
top, 2 mm; bottom, 20 um.

tion survival (85% and 83%, respectively) especially in the
first week after the insult (Figure 1A).

Echocardiography 3 weeks after MI surgery indicated that
left ventricular diastolic dimension, left ventricular systolic
dimension, and fractional shortening worsened severely in
both male and female WT mice, whereas there were no
differences in the sham-operated animals. The loss of cardiac
function was even more dramatic for male HDAC mutant
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Figure 2. Enhanced angiogenic response
in infarcted region of HDAC9 mutant
females 3 weeks post-MI. A, Real-time
PCR for angiogenic factors indicates an
increased angiogenic response in the
infarcted region of the HDAC9 KO
females vs the WT females. Data are rep-
resented as fold change compared to WT
animals. B, In situ hybridization analysis
revealed an increase in both VEGFa and
its endothelial cell surface receptor
VEGFr2 at the border zone of the
infarcted region 4 days post-MI, which is
more pronounced in the HDAC9 KO
females. Red square indicates the
enlarged area shown on the right. Scale
bars: 40 um. C, Representative sections
stained for lectin show an equal distribu-
tion of capillaries surrounding cardiomyo-
cytes in the noninfarcted, remote areas,
whereas the ischemic region shows irreg-
ular patterning of vasculature with addi-
tional and enlarged vessels in the border
zone and the infarcted region of the
HDAC9 mutant females compared to the
WT females. Scale bars: 20 um. D, Semi-
quantitative analysis of capillary density
in the myocardium indicates there to be
no difference in number of vessels in the

i .‘i"‘__

remote region between WT and HDAC9 KO females. However, HDAC9 KO females show an increase in vessel density in the border
zone compared to WT females. The capillary count of these sections is expressed as number of vessels per microscopic field (=4 to

6; means+3D). *P<0.05 vs WT group.

mice (data not shown). However, both parameters were
significantly preserved in HDACS and HDACY9 mutant fe-
males compared to WT females, indicative of better-
maintained cardiac function (Figure 1B, Online Table III, and
Online Figure I). The fact that genetic deletion of both class
II HDACs leads to the protection in females points to a
threshold of class I HDACs below which there is a protective
effect.

Three weeks after MI, morphometric analysis indicated the
presence of cardiac hypertrophy and concomitant signs of
cardiac failure, such as an increase in lung weight, in WT
females, whereas this pathological remodeling response was
lacking in the HDACS and -9 mutant females (Online IV,
only shown for HDAC9 KO females). Infarct size measure-
ments as percentage of LV circumference indicated 55% of
the LV to be affected by the infarct in WT females, whereas
the infarct accounted for 37% and 34% of the LV in HDACS5
and -9 KO females, respectively (Figure 1C). Histological
examination of the infarcted area clearly indicated the pres-

ence of a distinct layer of surviving cardiomyocytes at the
epicardial surface of the infarcted region in the HDAC9 KO
females (Figure 1D). Because of the presence of this addi-
tional layer of muscle cells, the integrity of the infarcted area
was better maintained after MI and likely prevented the heart
from dilating to the same extent as in the WT mice, which
results in a better maintenance of cardiac function post-MIL.

Upregulation of VEGFa in the Infarcted Region of
HDAC9 KO Females

Gene expression analysis to further explore the mechanistic
basis of gender-specific cardioprotection in HDAC mutant
females indicated that a collection of genes implicated in ER
signaling was expressed at significantly higher levels in the
infarcted areas of the HDAC9 KO females compared to their
gender-matched WT littermates (Online Table V). Because of
the obvious restriction of the cardioprotective effect of class
II HDAC deletion to females, the upregulation of genes
involved in ER signaling, and previous reports on the in-
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of estrogen. A, Histological sections show that
ovariectomy in the HDAC9 females ablates the
protective effect on cardiac remodeling, whereas
supplementation of estrogen restores the protec-
tive effect 3 weeks post-MI. Scale bars: 40 um. B,
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volvement of HDACS in the ER signaling pathway,?-27 we
speculated that class I HDAC removal led to an increase in
expression of ER target genes.

One of the beneficial effects of estrogen on the cardiovas-
cular system is to improve myocardial perfusion by the
formation of new capillaries and by the enlargement of
preexisting collateral vessels, when the myocardium is de-
prived of blood.?83! One key regulator of this proangiogenic
response is the ER target gene VEGFa, which encodes an
extracellular ligand for its corresponding endothelial recep-
tors flt-1 (Fms-related tyrosine kinase 1, or VEGF receptor 1)
and flk-1 (fetal liver kinase 1, or VEGF receptor 2).232-35
Real-time PCR analysis indicated numerous angiogenic fac-
tors to be more highly expressed in the infarcted area of the
HDAC9 KO females compared to WT females. VEGFa and
its receptors (VEGFrl and VEGFr2) were upregulated most
dramatically (68-, 12-, and 20-fold versus WT, respectively)
(Figure 2A). This observation is consistent with the fact that
VEGFa induces expression of its receptors to create a positive
feed-forward loop allowing endothelial cells to become re-
sponsive to and activated by VEGEF.3* The expression levels
of the angiogenic factors tested did not differ in the sham-
operated animals between either sex of WT and HDAC9 KO
animals, nor did they differ between male and female
HDAC9 KO mice (data not shown).

During the first few days following MI there is a neoan-
giogenic response within the infarcted tissue. In situ hybrid-
ization 4 days after MI indicated that VEGFa and VEGFr2
expression was significantly induced in the border zone,
which was even more pronounced in the HDAC9 KO females
(Figure 2B). This indicates that removal of class Il HDACs in
females increases the expression of VEGFa and its down-
stream receptors, which likely promotes cardioprotection
after ischemic damage.

To visualize the vasculature, we used Griffonia Simplici-
folia lectin I (GS-I) as an endothelial surface marker.!'® There

was a regular distribution of capillaries around cardiomyo-
cytes in both sham-operated groups, with no detectable
differences is vessel density. Three weeks after M1, the border
zone of the infarcted area contained regions of low vascular-
ity in the WT animals, which was even more decreased in the
infarct. However, both the border zone and the infarcted
region of the HDAC9 KO females appeared to be highly
vascular, with enlarged, thin-walled vessels (Figure 2C). The
number of capillaries that was counted in the remote, border
zone, or infarcted region of longitudinal slices in both WT
and HDAC9 KO female animals post-MI indicated there to
be no difference in vessel density in the remote region,
whereas this number was significantly increased in the border
zone of the HDAC9 KO females (Figure 2D). These findings
suggest that the cardioprotection observed in HDACS and -9
mutant females is attributable, at least in part, to an increase
in vessel formation post-MI, which might involve VEGFa,
because prolonged VEGFa expression in the myocardium
results in a high density of vessels with enlarged lumens.3?

Cardioprotective Effect Dependent on Estrogen

Based on the fact that the cardioprotective effect after MI in
the absence of class I HDACSs appeared to be restricted to
females, and the known interaction between HDACs and
ERa, we speculated this gender-dependent response in the
class II HDAC-null background to be attributable to an
enhancement of cardiac ER signaling. To explore this hy-
pothesis, we subjected HDAC9 mutant females at 4 weeks of
age to ovariectomy, followed by supplementation of a phys-
iological dose of estrogen or a placebo pellet before we
induced MI. Ovariectomy in these females before MI resulted
in a thin dilated infarcted region, whereas additional estrogen
supplementation again inhibited the infarct to become trans-
mural (Figure 3A). In line with the functional data, we
observed an increase in post-MI mortality in the mutant
ovariectomized group, although this increase was abolished
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WT, HDAC5 and HDAC9 KO animals shows an in vivo upregulation of ERa expression in the absence of HDAC5 and -9 compared to
WT. *P<0.05 compared to corresponding WT male or female.
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in the presence of estrogen supplementation (Figure 3B).
Although ovariectomy at baseline had no overt effect on
cardiac function in the mutant females, MI phenocopied the
decrease in cardiac function present in WT females after MI,
whereas supplementation of a physiological dose of estrogen
in these animals resulted in a comparable resistance to cardiac
dysfunction post-MI, as seen in the HDAC9 KO females
(Figure 3C and Online Table VI). However, short-term
estrogen supplementation in male HDAC9 KO animals was
unable to reverse the remodeling and induce the protective
effect seen in females (data not shown). It is likely that this is
because of the ongoing adverse cardiac remodeling that took
place because of the extended absence of HDACY in these
males.'>!3 The levels of circulating estrogen did not differ at
baseline between WT and HDAC9 mutant females (data not
shown).

These data indicate that the reduction of the maladaptive
alterations of both the remote myocardium and the infarcted
area in the postinfarcted heart of HDAC9 KO females is
likely attributable to an enhancement of estrogen signaling
because ovariectomy in HDAC9 KO females results in a
post-MI response comparable to WT females and subsequent
addition of estrogen can recapitulate the cardioprotective
effect before ovariectomy.

Regulation of ER Expression by MEF2 and Class
II HDACs
Class II HDACs associate with MEF2 and inhibit MEF2-
dependent transcription.’®37 To determine whether loss of
HDACS and -9 might enhance cardiac ER signaling through
upregulation of the receptor isoforms via MEF2, we scanned
the 5’ flanking regions of both the ERa and ER[3 genes and
identified 2 conserved putative MEF2 binding sites located
between —3990 and +1 bp relative to the translation initia-
tion codon of the ER« gene (Figure 4A). EMSA was used to
check for binding of MEF2C to the putative MEF?2 sites of the
ERa promoter using nuclear extracts from COS-1 cells
transfected with a MYC-MEF2C expression plasmid and the
radiolabeled MEF2 site. Both MEF2 consensus sequences
bound MYC-tagged MEF2C avidly, with the highest binding
seen for the sole perfect MEF2 binding sequence (site 2). The
MEF2-DNA complex was supershifted by anti-MYC anti-
body and was abolished in the presence of an excess of the
unlabeled cognate DNA sequence or the prototypical MEF2
site from the muscle creatine kinase enhancer,38 which was used
as a competitor, whereas a mutant sequence that did not bind
MEF2C failed to compete for MEF2C binding (Figure 4B).

Reporter assays transfecting the 4-kb enhancer fragment
fused to luciferase into COS-1 cells indicated this region to be
responsive to MEF2, which was further enhanced by the
MEF2 coactivator myocardin. Mutating MEF2 site 1 was
unable to abrogate MEF?2 transcriptional activation, whereas
a comparable mutation of site 2 completely abolished tran-
scription, indicating that MEF2 responsiveness is dependent
on the MEF2 site located 770 bp upstream of the transcrip-
tional start of the FRa gene (Figure 4C).

To determine whether the expression of ERa in cardio-
myocytes is regulated by MEF2 and its interaction with class
II HDACs, we infected neonatal rat ventricular myocytes
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Figure 5. The MEF2 binding domain of class Il HDACs directly
interact binding with ERa. A, Either GST alone or GST-ERa was
expressed in E coli, conjugated to glutathione-agarose beads,
and incubated with the indicated [>®S]methionine-labeled
HDACs. Although the class Il HDACs 4, 5, and 9 all bind,
HDACH1 failed to interact with ER« in this assay. B, To map the
domain of interaction, GST alone or GST-ER«a was incubated
with the indicated [*®*S]methionine-labeled HDAC5 deletion
mutants. The HDAC mutants lacking the MEF2 binding domain
failed to interact with ERa in this assay.

with increasing amounts of an adenovirus expressing anti-
sense HDACS or -9. Real-time PCR analysis indicated a
dose-dependent increase in ERa expression with loss of these
class I HDACs (Figure 4D). Additionally, adenoviral over-
expression of MEF2C induced the expression of ERc, and
this effect was blunted in the presence of an increasing
amount of a signal-resistant HDACS mutant, referred to as
HDACSS/A, which functions as a MEF2 super-repressor
(Figure 4D).¢ Consistent with the conclusion that HDACS5
and -9 negatively regulate the expression of ER« in vivo,
ER« expression was significantly upregulated in cardiac
samples of both HDACS5 and -9 KO animals, whereas ERf
expression levels were unchanged (Figure 4E and data not
shown). We conclude that MEF2 binds directly to the
regulatory region of the ER« gene and is responsible for the
increased expression of ERa in the absence of either class II
HDACS or -9.
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Class IT HDACs Regulate ER Signaling by Direct
Interaction With ER«

Because HDAC] and 4 have been shown to downregulate the
transcriptional activity of ERa by directly interacting with the
receptor,?’3° we aimed to determine whether HDACS and -9
could also interact with the receptor. For this purpose,
full-length ERo was fused to GST, expressed in Escherichia
coli, and tested for the ability to associate with in vitro-translated
HDACA4, -5, -9, and -1. Whereas the class Il HDACs 4, 5, and 9
interacted with ER«, we were unable to detect an interaction
with HDACI, a class I HDAC (Figure 5A).

To map the region of class II HDACs that mediates the
association with ER«, we assessed the capacities of a series of
HDACS deletion mutants to associate with GST-ERa (Figure
5B). Deletion of residues from amino acid 260 to the carboxyl
terminus of HDACS had no effect on ERa binding. Similarly, an
N-terminal deletion mutant lacking the CtBP binding domain
(mutant 51-C) interacted with ER«, whereas deletion mutants
lacking the MEF2 binding domain failed to bind ERa.

To determine which region on ERa was able to interact
with class II HDACs, we used GST-HDACS (aal31-586)
and generated a series of ER« deletion mutants. ER« contains
the following functional domains: a hormone-independent
transcription function domain (AF-1); a DNA-binding do-
main; a hinge region containing 3 nuclear localization se-
quences that mediate the translocation of the receptor from
cytosol to nucleus; and a conserved ligand-binding domain,
possessing dimerization and hormone-dependent activation
functions (activation function [AF]-2).4° Whereas an
N-terminal deletion mutant lacking the ligand-binding do-
main was able to interact with HDACS, this interaction was

HDACS/9 HDACS/9
J_ E2
-~
.: ._ME_FQ_\) ¥ & '
i VEGF,
ERu angiogenic factors
MRE ERE

Meo-angiogenesis
&
( Cardioprotection

absent using N- and C-terminal deletion mutants lacking the
nuclear localization sequence domain. We therefore conclude
that the MEF2 binding domain in class II HDACs directly
interacts with ERa by binding to the nuclear localization
sequence domain (Figure 6A).

Because class II HDACs are known to interact with the
nuclear receptor corepressors SMRT and N-CoR, we pre-
dicted that the association of these HDACs with the ER
would inhibit ER function by repressing its transcriptional
activity. Indeed, transfection experiments in Hela cells
showed significant suppression of the ER-dependent reporter
3ERE-Luc reporter with both HDACS5 and -9 in a
concentration-dependent manner (Figure 6B). Combined
treatment of cells with ERa and the HDAC inhibitor tricho-
statin A (TSA) resulted in robust synergistic activation of
ER« transcriptional activity (Figure 6C). Together, these
findings suggest that class II HDACs are capable of direct
interaction with ER« and repress the transcriptional activity
of the receptor.

Discussion
Estrogens protect the female heart against cardiovascular
disease.> Through its nuclear receptor, estrogen can attenuate
left ventricular hypertrophy, enhance angiogenesis, improve
contractility, and prevent pathological cardiac remodeling
after ischemic insult. Our results show that class II HDACs
play a key role in the regulation of cardiac ER signaling and
that removal of either HDACS or -9 elicits a cardioprotective
mechanism in female mice that is dependent on signaling
through ERa (Figure 7). Class II HDACs associate with
MEF2 and inhibit MEF2 dependent transcription.!3-3¢ This

Figure 7. Model for the control of ERa expression
and cardioprotection by MEF2 and class I
HDACSs. Class Il HDACs repress ERa expression
through a MEF2 response element (MRE)
upstream of the ERa gene. Additionally, class Il
HDAGCs directly interact with ERa and repress the
transcriptional activity of the receptor in the pres-
ence of its ligand, estrogen (E2). Class Il HDAC

inhibition increases the cardioprotective effect of estrogen by both increasing the level of ERa and the transcriptional activity of the
receptor. ERa acts through an ERE in the promoter of the VEGF gene and other genes encoding angiogenic factors.
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phenomenon applies not only to post-MI remodeling, because
the age dependent cardiac remodeling seen in male HDACS
and -9 mutant animals is also largely absent in female
littermates (Online Figure IIT). Our data demonstrate the ER«
gene to be under control of MEF2 and to be upregulated in the
absence of either HDACS or -9, providing a mechanism to
account for the cardioprotection observed in HDACS and -9
mutant females.

Modulation of ER Activity by HDACs
In response to pathological signals, class II HDACs are
shuttled from the nucleus to the cytoplasm, allowing for
activation of MEF2-dependent gene expression (reviewed
elsewhere*'). Thus, our results predict that cardiac stress
should induce ER« expression. In line with our predictions,
ERa expression has been shown to be increased in both male
and female human hypertrophic and end-stage failing
hearts.4243

In addition to regulating gene expression through MEF2,
class I HDACS interact with other transcriptional regulators.
SMRT and N-CoR interact with nuclear receptors and repress
the activity of the receptors through the recruitment of either
class I or class I HDACs.#* Transcriptional repression of
N-CoR and SMRT is mediated by multiple repression do-
mains, which engage distinct HDAC complexes. Whereas
class I HDACs interact with SMRT and N-CoR indirectly
through mSin3, class Il HDACs directly interact with SMRT
and N-CoR through a different repressor domain.*> Kraus and
colleagues have shown that ERe, but not ER, is a target for
acetylation by p300 and have identified acetylation as mod-
ulator of the ligand-dependent gene regulatory activity of
ERa.*¢ Besides the fact that the recruitment of HDACs to the
ER would promote chromatin condensation of ER target
genes, the transcriptional activity and estrogen sensitivity of
ERa is enhanced by p300-induced acetylation of the receptor
itself, which can be increased by TSA.4¢ In this study, we
show that, in addition to this distinct manner of interaction
between class I and II HDACs with the SMRT/N-CoR
corepressor complex, and in contrast to class | HDACsS, class
II HDAC: directly interact with ER«. These findings reveal a
substantial difference between nuclear receptor corepressor—
HDAC complexes involving either class I or II HDACs and
provide a rationale for a distinct, tissue-specific recruitment
of HDACs by the SMRT/N-CoR complex to regulate the
transcriptional activity of ERa.

Modulation of Angiogenesis by Estrogens

Irrespective of whether class II HDAC removal enhances
cardiac ER signaling through upregulation of the receptor,
through an increase in transcriptional activity of the receptor,
or a combination of both, our findings have important
implications because of the beneficial effects of ER signaling
on the heart. Estrogens are capable of inducing angiogenesis
both in vitro and in vivo*’ and have been postulated to induce
myocardial revascularization post-MI. Although the mecha-
nisms involved in the proangiogenic effects of estrogen are
probably multifactorial, upregulation of VEGFa, its receptors,
and additional angiogenic proteins is clearly involved.*8-52
Estrogen is able to regulate VEGFa expression by increasing

Class I HDACs and ER-Mediated Cardioprotection 163

the recruitment of ERa and p300 to Spl bound to the
promoter of the VEGFa gene.>® Recruitment of hypoxia-
inducible factor le, another key regulator of the transcrip-
tional response during oxygen deprivation, is also required
for the increase in VEGFa expression in response to estro-
gen.>® The requirement of both hypoxia-inducible factor 1«
and ER« to induce VEGFa expression would be in line with
our data, because we were unable to detect a significant
difference at baseline in expression level of angiogenic
factors in HDAC mutant mice, whereas post-MI, the absence
of class II HDACs caused an exaggerated expression of
angiogenic factors in females, with VEGFa being the most
dominant. We speculate that the exaggerated VEGFa expres-
sion in the border zone of the infarcted area on removal of
class I HDACs enables the endothelial cells of the existing
coronary network to branch and thereby improve the perfu-
sion of the ischemic myocardial tissue, preventing infarcts
from becoming transmural. However, the protective effects of
estrogen include many facets of heart disease. Estrogen
inhibits the development of pathological hypertrophy and
changes the expression of a number of cardioprotective genes
such as nitric oxide synthase and heat shock proteins34-3¢ and
alters a number of genes involved in metabolism such as
those encoding lipoprotein lipase, prostaglandin D2 synthase,
and PGC-la (peroxisome proliferator-activated receptor <y
coactivator 1a).5> The most highly upregulated gene in the
HDACY9 mutant females compared to WT females was
PPARBP (peroxisome proliferator-activated receptor binding
protein) (TRAP220), a transcriptional coactivator that di-
rectly enhances the activity of the ER.5” How this cofactor
might contribute to cardioprotection remains to be deter-
mined. Conceivably, the protective effect seen in the mutant
class I HDACs females reflects the net effect of a combina-
tion of these responses.

HDAC Inhibitors and the Heart

Reduced post-MI remodeling through enhanced angiogenesis
is only one of the many cardioprotective responses induced
by ER signaling. Our data imply that removal of class II
HDAC:s likely constitutes a more general effect of cardiopro-
tection through enhancement of this signaling cascade. Inter-
estingly, HDAC inhibitors have shown efficacy in humans
and animal studies in suppressing tumor cell growth and
hypertrophy.>8-5° Although to date, 1 in vitro study reported
on selective inhibition of class II HDACSs,* the in vivo
efficacy and utility of such inhibitors needs to be tested.
Future studies will provide insight into whether it is possible
to enhance ER signaling through the use of HDAC inhibitors,
and, if so, whether this will not only increase estrogen-
dependent cardioprotection by the ER but also the neuro- and
musculo-protective effects of ER signaling. Finally, increas-
ing the transcriptional activity of the ER by relieving it from
the repressive effects of class I HDACs may prove beneficial
in numerous cardiac pathologies because of the broad spec-
trum of beneficial cardiovascular effects of ER signaling.
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Supplemental Material

Surgical procedures. All animal protocols were approved by the Institutional Animal Care and Use
Committee of the University of Texas Southwestern Medical Center. Adult age matched HDAC9
knockout (KO), HDAC5 KO mice and wild type (WT) mice of either sex received a MI. Adult age
matched HDAC9 knockout (KO), HDACS5 KO mice and wild type (WT) mice of either sex were
anesthetized with 2.4% isoflurane and placed in a supine position on a heating pad (37°C). Animals were
intubated with a 19G stump needle and ventilated with room air using a MiniVent mouse ventilator
(Hugo Sachs Elektronik, Germany; stroke volume 250 pl, respiratory rate 210 breaths per minute). Via
left thoracotomy between the fourth and fifth ribs, the left anterior coronary artery (LCA) was visualized
under a microscope and ligated using a 6-0 prolene suture. Regional ischemia was confirmed by visual
inspection under a dissecting microscope (Leica) by discoloration of the occluded distal myocardium.
Sham operated animals underwent the same procedure without occlusion of the LCA.

At 4 weeks of age, mice were either sham operated or ovariectomized (ovex), and either left untreated or
treated with 178 estradiol (0.16 pg/d) for 4 weeks. Anesthesia was induced by intraperitoneal injection of
100 mg/kg ketamine and 10 mg/kg xylazine, after which the lumbar dorsum is shaved bilaterally and the
exposed skin prepared for aseptic surgery (a 10% povidone-iodine scrub followed by a 70% alcohol
wipe). For each ovary, a 3/4 cm dorsal flank incision penetrating the abdominal cavity was made. The
exposed ovary and associated oviduct were severed and removed, after which the incision was closed by a
suture. The animals were treated with saline or 178 estradiol (0.16 pg/d) for 4 weeks .

Transthoracic echocardiography. Three weeks following MI, two-dimensional echocardiography was
performed in conscious mice using the fully digital Vingmed System (GE Vingmed Ultrasound, Horten,
Norway) and a 11.5-MHz linear array transducer as previously described. Briefly, cine loops and still
images were digitally stored for subsequent analysis using the EchoPac software (GE Vingmed
Ultrasound). Two-dimensional short-axis views of the LV at the level of the tip of the papillary muscle
were recorded with a typical frame rate of 263/s. Left ventricular (LV) parameters and heart rates were
obtained from M-mode interrogation in a short-axis view. M-mode tracings were used to measure
posterior wall thicknesses at end-diastole and end-systole (PWthd, PWths, respectively), and LV internal
diameter (LVID) was measured as the largest anteroposterior diameter in either diastole (LVIDd) or
systole (LVIDs). The data were analyzed by a single observer blinded to the murine genotype. LV
fractional shortening (FS) was calculated according to the following formula: FS (%)= [(LVIDd -
LVIDs)/LVIDd] x100. All echocardiographical analyses were performed in a blinded fashion for
genotype.

Histology and histochemistry. After collecting, heart tissue was either cryo-embedded, or incubated for
30 minutes in Krebs buffer (118mM NacCl, 4.7mM KCL, 1.2mM KH2PO,, 1.2 MgSO,, 25mM NaHCO;,
11mM glucose) to arrest the heart in diastole, fixed in 3.7% paraformaldehyde, and embedded in paraffin.
Sections were stained with hematoxylin and eosin to visualize infarcted area (n = 3-6 in each group). To
examine the capillary density, all sections were incubated with biotinylated Griffiona simplicifolia lectin
(Vector Laboratories, UK). Briefly, sections were pretreated with 3% hydrogen peroxide to inhibit
endogenous peroxidase activity and incubated with 2% horse serum. Subsequently, they were incubated
with biotinylated Griffonia (Bandeiraea) simplicifolia lectin 1 (Vector) (20 pg/ml with 10 mM HEPES,
pH 7.5, 0.15 M NaCl) for 30 min at room temperature. After rinsing with PBS, the slides were incubated
for 30 min with ABC reagent. Subsequently all sections were stained for immunoperoxidase using a
commercially available kit (HRP DakoCytomation, Denmark). Final color products were developed using
a solution containing 3,3'-diaminobenzidine (DAB) and the sections were counterstained with eosin.
Serial transverse sections were cut at 10 pm using a Frigocut 2800 cryostat (Leica, Milton Keynes, U.K.).
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RNA extraction and RT-PCR analysis. Total RNA from the infarcted area was isolated using Trizol
(Invitrogen). A 10 pg aliquot representative of three animals per sample group was then analyzed on
Affymetrix U74Av2 microarrays. A subset of differentially expressed RNAs was further characterized by
either semi-quantitative PCR or quantitative real time PCR. Briefly, 2 ug RNA from each sample was
used to generate cDNA using Super Script Il reverse transcriptase per manufacturer’s specifications
(Invitrogen Life Technologies Inc., Burlington, Ontario, Canada). Real time PCR was cycled between 95
°C/30 s and 60 °C/30 for 40 cycles, following an initial denaturation step at 95°C for 3 min.
Amplification products were routinely checked using dissociation curve software (Biorad), and transcript
quantities were compared using the relative Ct method, where the amount of target normalised to the
amount of endogenous control (18S) and relative to the control sample is given by 2=, Real time PCR
results were verified by electrophoresis of the reverse transcribed material in 1.2% agarose gels and
visualized under UV illumination after ethidium bromide staining.

In situ hybridization. Section in situ hybridization was performed on fresh-frozen tissue four days after
either sham surgery or myocardial infarction. For pre-hybridization, slides were heated to 58°C for 30
min. Utilizing RN'ase-free glass staining dishes and metal racks (Shandon, Pittsburgh, PA), slides were
deparaffinized in xylene and hydrated through a series of graded ethanol/DEPC-saline rinses (95%, 85%,
60%, 30%) to DEPC-saline. To accomplish microwave RNA retrieval, the slides were transferred to
upright plastic racks and immersed in plastic containers (Miles Tissue-Tek, Elkhart, IN) filled with DEPC-
1X Antigen Retrieval Citra pH 6.0 (Biogenex, San Ramon, CA). Empty slots were filled with blank slides,
and the plastic slide dish was covered loosely. The slides were heated in a 750 watt microwave at 90%
power for 5 min. Any evaporated solution was replaced with DEPC-H,0, and the container was heated at
60% power for an additional 5 min. The slides were cooled for 20 min, then returned to their metal racks
and washed twice in DEPC-PBS, pH 7.4, for 5 min each. Subsequently, the slides were fixed for 20 min
in 4% paraformaldehyde/DEPC-PBS, pH 7.4, and washed twice in DEPC-PBS, pH 7.4, for 5 min each.
To further unmask RNA, the slides were permeabilized for 7.5 min with 20 pg/ml pronase-E in 50 mM
Tris-HCI, pH 8.0/5 mM EDTA, pH 8.0/DEPC-H,0. Excess pronase-E was removed by a 5-min DEPC-
PBS, pH 7.4, wash before re-fixing in 4% paraformaldehyde/ DEPC-PBS, pH 7.4, for 5 min. Slides were
washed in DEPC-PBS, pH 7.4, for 3 min. The slides were then acetylated in 0.25% acetic anhydride/0.1
M triethanolamine;—HCI, pH 7.5, twice for 5-min. Next, the slides were equilibrated in 1 x SSC, pH 7.0,
for 5 min followed by incubation in 50 mM n-ethylmaleimide/1 x SSC, pH 7.0, for 20 min. Five-min
washes in DEPC-PBS, pH 7.4, and DEPC-saline followed and then the slides were dehydrated through
graded ethanol/DEPC-saline rinses (30%, 60%, 85%, 95%) to absolute ethanol, and dried under vacuum
for 2 h.

The coding regions of VEGFa, and VEGFr2 were subcloned into pCDNA, linearized and transcribed as
follows: antisense VEGFa, BamHI and T3; antisense Flk-1, Notl and T7, generously provided by Dr. T.
Sato, at UT Southwestern. Riboprobes and hybridization mixture containing 50% formamide, 0.3 M
NaCl, 20 mM Tris-HCI, pH 8.0, 5 mM EDTA, pH 8.0, 10 mM NaPO,, pH 8.0, 10% dextran sulfate, 1 x
Denhardt's, and 0.5 mg/ml tRNA were thawed from -80°C storage. Probes were diluted in aliquots of
hybridization mixture sufficient to achieve 7.5 x 10° cpm/pl and the mixture heated to 95°C for 5 min.
Diluted probes were then cooled to 37°C and 1 M DTT was added to achieve a final concentration of 10
mM DTT. Riboprobe was applied directly over the section, and slides were placed in a Nalgene utility box
lined with 5 x SSC/50% formamide-saturated gel blot paper. Each slide was coverslipped with parafilm.

The box was sealed and slides were hybridized for 14 h at 55°C.

After hybridization, parafilm coverslips were removed and the slides were placed in upright plastic racks
and immersed ina 5 x SSC/10 mM DTT wash at 55°C for 40 min. Subsequently, the slides were washed
for 30 min at 65°C in HS (2 x SSC/50% formamide/100 mM DTT), followed by three 10-min washes in
NTE (0.5 M NaCl/10 mM Tris-HCI, pH 8.0/5 mM EDTA, pH 8.0) at 37°C. Slides were transferred to a
fourth NTE wash containing RN'ase-A (2 pg/ml) and incubated 30 min at 37°C. Excess RN'ase-A was
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removed in a fifth NTE wash for 15 min at 37°C, before the slides were returned to HS for another 30 min
at 65°C. After this second HS, the slides were washed for 15 min at 37°C each in 2 x SSC and 0.1 x SSC.
Finally, the slides were dehydrated in graded ethanol rinses (30%, 60%, 85%, 95%) to absolute ethanol,
and dried under vacuum.

Electrophoretic mobility shift assays. Oligonucleotides corresponding to the conserved MEF2-binding
site in the ERa regulatory region, and the mutated MEF2-binding sites were synthesized (Integrated DNA
Technology) as follows (+ strand sequences are shown with the MEF2 site in bold and the mutation
underlined):

ERa MEF?2 site 1: 5'GGCTTCTCGATACTTATTTATATATATTAGATATT-3'
ERa MEF2mut site 1: 5' GGCTTCTCGATACTTACCCGTATATATTAGATATT-3'
ERa MEF?2 site 2 oligo: 5' GGCCACTGGTGCTAAATATAGCTGTCGGTGG -3'
ERa MEF2mut site 2 oligo: 5' GGCCACTGGTGCTAGGCGTAGCTGTCGGTGG -3'
ERa MEF?2 site 3 oligo: 5' GGCTCTTTCCAGATGTATTTATAGTAGAAG -3

ERa MEF2mut site 3 oligo: 5' GGCTCTTTCCAGATGTACCCGTAGTAGAAG -3'

Annealed oligonucleotides were radiolabeled with [**P]JdCTP using the Klenow fragment of DNA
polymerase and purified using G50 spin columns (Roche). Nuclear cell extracts were isolated from Cos-1
cells that were transfected with pcDNAMYC-MEF2C. Unlabeled oligonucleotides used as competitors
were annealed as described above and added to the reactions at the indicated concentrations. DNA-protein
complexes were resolved on 5% polyacrylamide native gels and the gels were exposed to BioMax X-ray
film (Kodak).

GST pulldown. GST-ERa was generated by subcloning PCR amplified fragment into EcoRI and Xhol
sites of the pGEX-KG vector, while GST-dHDAC9 (aal31-586) was subcloned in the pGEX-KG vector
as a Xbal-Xhol fragment. Plasmids encoding fusion proteins were transformed into BL21-codon plus
cells (Stratagene). After growing up the cells and inducing protein expression, the culture was incubated
at room temperature for 4 to 6 h, after which the cells were harvested and GST protein was purified with
glutathione beads in accordance with the Amersham procedure.

Proteins translated in vitro were labeled with [35S]methionine in a coupled transcription-translation T7
reticulocyte lysate system (Promega). Glutathione beads conjugated with 1 ug of protein were incubated
with 10 ul of TNT product at 4°C for 2 h in 500 ul of GST-binding buffer (20 mM Tris [pH 7.3], 150 mM
NaCl, 0.5% NP-40, protease inhibitor cocktail from Roche, 1 mM phenylmethylsulfonyl fluoride
[PMSF]). The beads were washed three times with GST-binding buffer. Fifty microliters of sodium
dodecyl sulfate (SDS) loading buffer was then added to the beads. After boiling, 20 ul was loaded onto an
SDS-PAGE gel and analyzed by autoradiography.
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Supplemental Figures

Supplemental Figure I. Representative M-mode images of sham or infarcted WT and HDAC9 KO
females 3 weeks after permanent LCA ligation.

Supplemental Figure II. Representative M-mode images of sham or infarcted HDAC9 KO females that
received ovariectomy or ovariectomy and estrogen in addition to MI, compared to WT females post-MI.

Supplemental Figure III. Class II HDAC mutant male animals develop age dependent hypertrophy,

while this remodeling is absent in female mutant mice.

A. Histological data indicate that male mutant HDACS and HDAC9 mice develop age dependent cardiac
hypertrophy while this remodeling is absent in the female mutant littermates (Scale bars: 40 pm).

B. Heart weight versus tibia length ratio (HW /TL) indicates an age-dependent increase in class II
HDAC mutant males while this increase is absent in females. * p<0.05 compared to male mice of the
same genotype.

C. Realtime PCR analysis indicates that there is a strong induction of stress responsive genes in male
mutant animals, while this increase is severely blunted in female mice mutant for either HDACS or -
9. The data are expressed as fold expression compared to WT males.
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Supplemental Table I. Primer sequences for RT-PCR analysis of angiogenic genes

Targetgene Reverse primer 53’ Fawardprimer 573’

Cyclophilin AGCTAGACTTGAAGGGGAATG ATTTCTTTTGACTTGCGGGC
Angiopoietin 1 GCAAGGCTGATAAGGTTATGA AGCTACCAACAAACAACAGCA
Angiopoietin2 TTCTTCTTTACGGATAGCAAC AGCCACGGTCAACAACTGC
Angiopoietin3 GCAGTTGTTCCCTCTICTCTT AACAGGGCCCTGGAGACC
VEGFa CTCCAGGGCTTCATCGTTA CAGAAGGAGAGCAGAAGTCC
VE GFo TGCCCATGAGTTCCATGC CCCAGTTTGATGGCCCCA
VEGF TTTAAGGAAGCACTTCTGTGTGT GTAAAAACAAACTTTTCCCTAATTC
VE GFd GGTGCTGAATGAGATCTCCC GCAAGACGAGACTCCACTGC
VEGE1 GCTGCTTGGAGATCTCACTG TCAGCAGCTCAAGTGTCACC
VEGH?2 TTCCAGATGCTGGGCAAGTC ATGACATCTTGATTGTGGCAT
VEGE3 TGCATGCTGGGTGGACTATCA GCAGGAGGAGGAAGAGGAGC
Tiel AATGGCAGACCAGGCAATC CCCCACTGGTCTCCTTTAG
Tie2 GTTGACTCTAGCTCGGACTGT GAAGTCGAGAGGCGATCCC
bFGF CACATTTAGAAGCCAGTAATCT CCCGACGGCCGCGTGGAT

Supplemental Table II. Primer sequences for electrophoric mobility shift assay for MEF2 sites upstream
of the ERa gene (+ strand sequences are shown with the MEF2 site in bold and the mutation underlined).

MEF2 site Primer sequence

ERa MEF?2 site 1 5'GGCTTCTCGATACTTATTTATATATATTAGATATT-3'

ERo MEF2mut site 1 5' GGCTTCTCGATACTTACCCGTATATATTAGATATT-3'

ERa MEF?2 site 2 5' GGCCACTGGTGCTAAATATAGCTGTCGGTGG-3'

ERa MEF2mut site 2 5' GGCCACTGGTGCTAGGCGTAGCTGTCGGTGG -3
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Supplemental Table III. Echocardiographic analysis of either HDAC5 KO females and HDAC9 KO
females versus WT females indicates less dilation and a better maintenance of fractional shortening in
class I HDAC mutant females in response to MI. * p<0.05 compared to corresponding WT females.

wild type HDACS KO HDACS KO

sham 3 weeks post-Ml sham 3 weeks post-MI sham 32 weeks post-MI
n 5 9 5 10 5 10
HR 630 £ 25 581+ 18 504 + 27 585+ 19 644+ 29 607 + 43
PWthd mm 0811004 090+ 0.08 0.86 + 0.07 093+ 0.14 0.83 + 0.04 0.92 + 0.03
PWths, mm 1391009 13310.08 162+ 0.11% 1.5+ 0.07 1.60 + 0.09 * 1.46 + 0.08
iVibd mm 2621007 3311031 231015 3.23+0.25 24+ 025 3.57+0.17
IVIDs,mm 0711004 2411025 0.65 % 0.09 195+ 0.17 * 0.68 + 0.16 201+0.19%
% FS 733115 278+ 18 738+ 39 308+ 14% 7671+ 28 435+ 56%

Data are expressed as means + SEM. AW#d, anterior wall thickness in diastole; AW#s, anterior wallin
systole;

PWihd, pasterior wall thidkness in diastole; P42/, posterior wall thickness in systole;

IVIDd left ventricularintemnal diameter in diastale,” ZVIDs, left ventricularintemnal diameter in systole;
FS, left ventricular fractional shortening calculated as (LVIDAH VIDs)/L VIDd
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Supplemental Table IV. Morphometric analysis of either WT or HDAC9 KO females 3 weeks post-MI
indicates signs of hypertrophy and failure in the WT females, which are severely blunted in the HDAC9

KO females. * p<0.05 compared to corresponding WT female.

BW operation, g
BW, g

HW, mg

LVW, mg

RVW, mg

Atria weight, mg
Lung weight, mg
Liver weight, mg
TL, mm
HW/BW, mg/g
HW/TL, mg/ mm
LVW/ BW, mg/ g

LVW/TL, mg/ mm

wildtype HDAC9 -/-
sham 3 weeks post MI sham 3 weeks post MI
5 9 5 11

26.0 £ 0.9 26.2 £ 0.7 251 +£1.7 26.6 £ 0.7
26.3 £ 1.0 24.0 £ 0,6 253+ 1.6 244 £0,9

134.6+ 3 196.1 +£ 13 141.8+ 6 158.8 + 8 *
90.5 + 2.8 111.5 + 4.7 88.0 + 4.3 9 +1.8"
24.5+ 0.9 35.0+ 3.8 22.5+0.3 23.0 £ 0.8 *
12.0 £ 0.6 26.8 £ 4.5 11.5+ 0.9 13.2 £ 0.7 *
173.8 £ 9.0 256.3 + 36.5 157.4 + 8.6 153 + 16.5*
1286 + 49 1161 £ 41 1123 + 54 1034 £ 50
174 £ 0.1 175+ 0.1 16.9 £ 0.3 175+ 0.1
5102 8.1% 0.4 5.6+ 0.1 65+03"
7.8 £ 0.2 11.2 + 0.7 8.4 £ 0.7 9.0 +£ 0.4 *
3.3+0.1 47 +£0.2 4.0 +0.2 39+ 0.1*
5.2+ 0.2 6.4+ 0.3 5.3 +0.2 5.6 + 0.1*

Data are expressed as means + SEM. HW, heart weight; LV, left ventricular weight;
RVW, right ventricular weight; TL, tibial length; BW, body weight.
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Supplemental Table V. Gene expression analysis by microarray on the infarcted region HDAC9 KO
females versus WT females indicates upregulation of ER signaling related genes.

ER coactivators/ repressors Fold upregulation
-PBP 69 x
-Ah receptor repressor 19.7 x
pCAF 16 x
-Interferon activated gene 14.9 x
-PKC 8.0 x
-Rho GTPase 32x
-ER targets

-GABA-A receptor 10.6 x
-17-p hydroxysteroid 9.8 x
-ATP binding cassette 8.0x
-Progesteron receptor 5.6x
-Muscle creatine kinase 4.0 x

Angiogenic factors

-angiopoetin 19.7 x
-FGF related gene 3.0x
-VEGF-B precursor 3.0x
-VEGF-A 1.7 x
-ERRf 2.3x
-ERRa 2.0x
-ERa 1.6 x
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Supplemental Table VI. Echocardiographic analysis of HDAC9 KO females after ovariectomy and
subsequent supplementation of estrogen indicates a decrease in fractional shortening in ovariectomized
HDAC9 mutant females post-MI while the protective effect is restored by estrogen treatment. * p<0.05
compared to HDAC9 mutant females post-MI.

HDACYS KO

sham MI Ml ovex Ml ovex F2
n 5 10 8 7
HR 644 + 29 607 £ 43 630 + 19 505 +17
PWithd, rmm 0.83+0.04 0.92 + 0.03 0.78 £ 0.05 0.72 + 0.02
PWihs, mm 1.80 £ 0.09 1.46 + 0.08 1.67 £ 0.08 1.54 + 0.08
IVIDd, mm 24+ 025 3.50 + 0.18 3.14+ 0.23 3.34 1+ 0.32
IVIDs, mm 0.71+ 0.04 2.03+0.15 230+ 011% 1.99 + 0.16
% FS 733+ 15 4211+ 18 2681+ 14 409+ 28

Data are expressed as means + SEM. AWiid, anterior wall thidmess in diastole; AW#1s, anterior wall in systole;
Pwihd, posterior wall thickness in diastole; PiWifis, posterior wall thickness in systole;

{ViDd, left ventricularinternal diameter in diastole,” / VIDs, left ventricularintemal diameter in systole;

F5, left ventricular fractional shartening calculated as (LVIDAH VIDs)/LVIDd
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permanent LCA ligation.
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Supplemental Figure 2. RepresBPAGHENTIN SR/ Ha5ERaP RGN BRIV TR eR D A4S KO females that received ovariec-
tomy or ovariectomy and estrogen in addition to MIl, compared to WT females post-MI.
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Supplemental Figure 3. Class Il HDAC mutant male animals develop age dependent hypertrophy, while this

remodeling is absent in female mutant mice.

A. Histological data for 5-6 month old animals indicate that male mutant HDAC5 and HDAC9 mice develop age
dependent cardiac hypertrophy while this remodeling is absent in the female mutant littermates
(Scale bars: 40 pm).

B. Heart weight versus tibia length ratio (HW /TL) indicates an age-dependent increase in class I HDAC mutant
males while this increase is absent in females. * p<0.05 compared to male mice of the same genotype.

C Realtime PCR analysis mdbco@\;ﬁgagwegﬁm%% ;;;Cz;c%a%g mgggl'gpapvqﬁgg %Fyrﬁsa&nswe genes in male mutant
animals, while this increase is severely blunted in female mice mutant for either HDAC5 or -9.The data are
expressed as fold expression compared to WT males.
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