


account for the different phenotypes obtained with Nkx2–5Cre

versus TNT-Cre.
Although the extent of EZH2 inactivation was similar be-

tween Ezh2NK and Ezh2TNT by E9.5, Ezh2NK mutants devel-
oped lethal heart defects, whereas Ezh2TNT mutants did not. We
compared the effect of Ezh2 inactivation by Nkx2–5Cre versus
TNT-Cre on gene expression in E12.5 ventricle (Figure 6D).
The cell cycle inhibitors Ink4a and Ink4b were weakly upregu-
lated in Ezh2TNT, but the degree of upregulation was substan-
tially and significantly greater in Ezh2NK. The cardiac progenitor
gene Isl1 and the noncardiac transcriptional regulator Pax6 were
also more strongly upregulated in Ezh2NK than in Ezh2TNT. The
gene Mlc2a, normally expressed in atrial myocardium, was
upregulated in Ezh2NK but not Ezh2TNT ventricular RNA.
However, the cardiac progenitor gene Six1 was upregulated to
the same degree in Ezh2NK and Ezh2TNT, which suggests that
Six1 upregulation by itself did not cause lethal heart malforma-
tion in combination with Ezh2 inactivation. Collectively, these
data indicate that slightly earlier inactivation of Ezh2 by Nkx2–
5Cre compared with TNT-Cre causes sustained effects on gene
expression and heart development.

Ezh2 and the related Ezh1 show partial functional redun-
dancy in some cell types.7,28 Functional redundancy between
Ezh2 and Ezh1 in the fetal heart may account for the lack of
phenotype in Ezh2TNT mutants. To test this hypothesis, we
inactivated the essential, nonredundant PRC2 component Eed
with TNT-Cre in fetal cardiomyocytes. In crosses between
Eedfl/�:: Tg(TNT-Cre) and Eedfl/fl parents, only 11% of
progeny had the Eedfl/fl::Tg(TNT-Cre) mutant genotype (ab-
breviated EedTNT) at birth, and most mutants died by post-
natal day 3, so that only 2% survived to weaning (Figure 7A).
These data indicated that EedTNT mutants had perinatal lethal
heart defects. Histological sections of late-gestation embryo
hearts showed that the mutant compact myocardium was
dramatically thinned (Figure 7B). By morphometric analysis,
the mutant compact myocardium thickness was reduced to
32% that of control myocardium (P�0.005, n�4; Figure 7C).
Unlike Ezh2NK mutants, EedTNT mutants had intact atrial and
ventricular septae. Consistent with myocardial thinning, car-
diomyocyte proliferation, as assessed by pH3 staining, was
strongly reduced (Figures 7D and 7E). As in Ezh2NK, EedTNT

Figure 7. Eed inactivation by TNT-Cre caused lethal heart defects. A, Survival of progeny from Eed�/� ::Tg(TNT-Cre)�Eed�/� mat-
ings. B, Hematoxylin-and-eosin–stained paraf�n sections of E16.5 Eed TNT and control embryos. Eed inactivation dramatically reduced
compact myocardium thickness (arrowheads). C, Morphometric analysis of compact myocardial thickness. n�4. D and E, pH3 stain-
ing of EedTNT and control myocardium. D, Low-power overview showing reduced pH3 staining in mutants. Scale bar, 100 �m. E, High-
power magni�cation with costaining for cardiomyocyte marker TNNI3. pH3 � cardiomyocyte (arrows) frequency was reduced in
mutants. Arrowheads indicate pH3� nonmyocytes. Scale bar, 50 �m. F, Gene expression abnormalities in E12.5 EedTNT mutant ven-
tricle compared with control. **P�0.01; †expression undetectable in control. Ctrl indicates control; LV, left ventricular.
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mutants exhibited strong upregulation of Ink4a, Ink4b, Isl1,
Pax6, and Six1 (Figure 7F). Cardiac genes Mlc2a and Hcn4
were also upregulated in EedTNT, as in Ezh2NK; however,
Bmp10 was downregulated in EedTNT, whereas it was upregu-
lated in Ezh2NK. These data indicate an ongoing requirement
for PRC2 in fetal cardiomyocytes for normal heart growth.
This requirement was not reflected in Ezh2TNT mutants,
likely because of functional redundancy with Ezh1.

Discussion
Organ formation requires the establishment and maintenance
of tissue-specific gene expression programs in response to
developmental cues. This involves both activation of tissue-
specific genes and repression of inappropriate genes. By
repressing inappropriate gene expression, polycomb group
genes play pivotal roles in cellular differentiation and organ
formation. The present results establish the essential role of
PRC2 and its subunits EZH2 and EED in orchestrating heart
development and cardiac gene expression. Loss of EZH2 in
cardiac progenitors and in cardiomyocytes mediated by
Nkx2–5Cre resulted in lethal heart abnormalities and disrupted
cardiomyocyte gene expression. The ongoing requirement for
PRC2 activity in cardiomyocytes was reinforced by TNT-
Cre–mediated EED loss of function. Thus, our studies of
PRC2 function in the developing heart highlight the key role
of histone modifications and the chromatin landscape in
regulating cardiac gene expression and heart development.

We identified 52 genes that were directly repressed by
EZH2-mediated deposition of H3K27me3. These were highly
enriched for transcriptional regulators of noncardiomyocyte
gene expression programs, particularly those of neuronal and
mesenchymal cells. Expression of these ectopic programs likely
contributed to abnormal heart development and function in
Ezh2NK.

Interestingly, only a small fraction of genes occupied by
EZH2 and H3K27me3 were upregulated by Ezh2 inactivation
(52 of 697 genes). This observation may be explained in part by
functional redundancy with Ezh1, which showed compensatory
upregulation. However, overall H3K27me3 levels were strongly
reduced in the Ezh2NK mutant. This suggests that additional
mechanisms besides PRC2-mediated deposition of H3K27me3
maintain repression of the majority of Ezh2/H3K27me3 re-
pressed genes. These additional mechanisms may include estab-
lishment of other epigenetic repressive marks, such as DNA
methylation.29 EZH2 and H3K27me3 may participate in initia-
tion of these additional repressive marks but may be dispensable
for their maintenance.

One of the major effects of PRC2 loss of function (Ezh2NK

and EedTNT) was dramatic thinning of the compact myocar-
dium and decreased cardiomyocyte proliferation. PRC2 inac-
tivation derepressed the potent cell cycle inhibitors Ink4a/b.
The strength of Ink4a/b upregulation correlated with myocar-
dial hypoplasia, with Ezh2NK and EedTNT mutants exhibiting
strong upregulation and Ezh2TNT mutants showing less sub-
stantial upregulation. PRC2 has been shown to repress
Ink4a/b and promote cellular proliferation in skin maturation,
fibroblasts, and hematopoietic cells,19,20 which suggests that
this is a common mechanism by which PRC2 regulates
proliferation in development and disease.

The normal spatiotemporal regulation of cardiac gene expres-
sion was also disrupted in Ezh2NK mutants. Mlc2a and Hcn4,
genes normally confined to the atria and conduction system,
respectively,26,27 were inappropriately expressed in the mutant
ventricle. We also detected upregulation of a third cardiac gene,
Bmp10, a secreted regulator of myocardial growth and trabecu-
lation, in Ezh2NK mutant heart. Mlc2a upregulation was also
observed in EedTNT mutant heart, which suggests that PRC2 acts
genetically upstream of this gene to repress its ventricular
expression. On the other hand, Bmp10 was downregulated in
EedTNT, which suggests that its regulation by PRC2 is complex.
In addition, expression of Bmp10 did not track with myocardial
growth phenotypes, because it was also upregulated in Ezh2TNT

(phenotypically normal) and downregulated in EedTNT (pheno-
typically similar to Ezh2NK). Thus, the pathogenic role of
Bmp10 upregulation in Ezh2NK is uncertain.

PRC2 represses gene expression by establishing H3K27me3
epigenetic marks. EZH2 and H3K27me3 were highly enriched
at wild-type Ink4a and Ink4b, consistent with an important role
for PRC2 in repressing these cell cycle genes. Hcn4 was
moderately enriched for H3K27me3 and EZH2 in wild-type
ventricle, which suggests that its regulation by EZH2 is also
direct. Mlc2a and Bmp10, however, were not substantially
enriched for either H3K27me3 or EZH2, which suggests that
their regulation by EZH2 was through a mechanism other than
direct EZH2 occupancy and H3K27me3 deposition. In fact, the
large majority of genes (432 of 511) differentially expressed in
EZH2 mutants were not occupied by either EZH2 or
H3K27me3, which suggests that either secondary effects lead to
their differential expression or that PRC2 regulates them through
additional noncanonical mechanisms.

H3K27me3 epigenetic marks serve as docking sites for
repressive complexes including the polycomb repressive com-
plex 1 (PRC1). The PRC1 complex component Polyhomeotic-
like 1 (also known as Rae28) was shown to be essential for heart
development, in part by sustaining expression of the Nkx2-5.30

More recently, sumoylation of another PRC1 component, Pc2,
was shown to enhance PRC1 recruitment to H3K27me3, and
excessive Pc2 sumoylation caused by inactivation of Senp2,
which encodes a desumoylating enzyme, was linked to abnormal
cardiac development and reduced cardiomyocyte proliferation.31

Indeed, heterozygous loss of SUMO-1 caused perinatal lethality
and cardiac septal defects, and SUMO-1 was required for normal
expression of cell cycle genes in the fetal heart.32 The interplay
between sumoylation and polycomb-mediated gene silencing
may be complex, because both EZH2 and SUZ12 have been
shown to be sumoylated.33 The regulation and biological signif-
icance of these modifications remain unknown.

Although Ezh2 inactivation by Nkx2–5Cre caused lethal con-
genital heart malformations, unexpectedly, its inactivation by
TNT-Cre did not. These 2 Cre alleles differ in several ways: (1)
timing, with Nkx2–5Cre being active in cardiac progenitors and
TNT-Cre restricted to differentiated cardiomyocytes; (2)
Nkx2–5 gene dosage, because of haploinsufficiency in Nkx2–
5Cre; and (3) recombination domain, with TNT-Cre constrained
to differentiated cardiomyocytes and Nkx2–5Cre potentially ad-
ditionally including pharyngeal endoderm, endocardium, and
epicardium.12,34 Nkx2–5 haploinsufficiency did not unmask a
phenotype in Ezh2TNT::Nkx2–5Lz/� heart, which excludes this

8 Circulation Research February 3, 2012

 by guest on July 17, 2018
http://circres.ahajournals.org/

D
ow

nloaded from
 

http://circres.ahajournals.org/


possibility. Nkx2–5Cre activity in pharyngeal endoderm was not
central to causing the Ezh2NK phenotype, because Ezh2NK hearts
had normal outflow tracts, and their abnormalities primarily
resided in the ventricles. By immunohistochemistry, EZH2
persisted in the majority of nonmyocytes in the Ezh2NK ventri-
cle, although it may have been inactivated in a minor subset of
nonmyocytes. This observation suggests that Ezh2 inactivation
by Nkx2–5Cre and TNT-Cre occurred in similar spatial domains,
and thus, differences in spatial recombination domains are
unlikely to account for the dramatic difference in phenotype
between Ezh2NK and Ezh2TNT. Conditional inactivation of the
nonredundant PRC2 component Eed by TNT-Cre indicates that
PRC2 is required in the TNT-Cre recombination domain, which
provides further strong support for this conclusion (see below).
Ezh1 has been shown to functionally substitute for Ezh2 in
postnatal skin homeostasis28 and in execution of embryonic stem
cell pluripotency.7 Collectively, these data suggest that Ezh1 and
Ezh2 are functionally redundant in cardiomyocytes but not in
cardiac progenitor cells (see summary model, Online Figure II).
As a result, there is a small window during which Ezh2 is
indispensable in cardiac progenitor cells, and this window is
probed by Nkx2–5Cre but not TNT-Cre.

TNT-Cre inactivation of EED recapitulated many aspects
of the phenotype observed with Nkx2–5Cre inactivation of
EZH2, including thin compact myocardium and hypertrabec-
ulation; however, EedTNT mutants had intact cardiac septae,
whereas EZH2NK had both atrial and ventricular septal
defects. We believe this difference is caused by the timing of
cardiomyocyte inactivation by Nkx2–5Cre compared with
TNT-Cre. First, the majority of nonmyocytes did not undergo
Ezh2 inactivation in Ezh2NK mutants. Second, Eed inactiva-
tion with Nkx2–5Cre did fully recapitulate the EZH2NK

phenotype, including septal defects (A.H. and W.T.P., unpub-
lished data), strongly arguing that both proteins contribute to
cardiac septation through the PRC2 complex. Third, inacti-
vation of Eed in endocardium by Tie2Cre did not cause
defects in the muscular septae or in myocardial growth (B.Z.
and W.T.P., unpublished data). The membranous ventricular
septum also constricts normally in these embryos; however,
fetal death due to hematologic defects before the time that
closure of the membranous septum is normally completed
prevented us from fully excluding a role of endocardial PRC2
in formation of the membranous ventricular septum. To-
gether, the data strongly support the model that earlier PRC2
inactivation in cardiomyocytes by Nkx2–5Cre than by TNT-
Cre causes septal defects during later heart development.

Interestingly, abnormalities in gene expression and chromatin
landscape initiated in cardiac progenitor cells as a result of EZH2
loss of function were sustained in cardiomyocytes despite the
fact that EZH2 was no longer essential in cardiomyocytes. Later
inactivation of EZH2 by TNT-Cre either did not change the
expression of these genes or changed them to a lesser degree.
This observation likely reflects a form of “epigenetic memory,”
in which features of the chromatin landscape established under
the direction of transient developmental cues are maintained in
the absence of those cues. For PRC2-established H3K27me3
marks, this appears to be implemented at a molecular level by
mechanisms that recruit PRC2 to preexisting H3K27me3 marks,
which leads to maintenance of these marks and their propagation

after cell division.35,36 Thus, transient loss of PRC2 activity in
Ezh2NK mutant cells would disrupt maintenance of existing
H3K27me3 marks and establishment of new marks. Partial
restoration of PRC2 activity as a result of Ezh1 expression would
then be incapable of reestablishing the proper H3K27me3
modifications. This may account for the severe global decrease
of H3K27me3 and abnormalities of gene expression in E12.5
Ezh2NK cardiomyocytes, at a stage when the Ezh2TNT mutants
indicate there is sufficient PRC2 activity to sustain normal heart
development (Online Figure II). Thus, the present results show
that transient insults to the chromatin landscape early in embryo
development can have delayed and sustained effects on cardiac
morphogenesis and gene regulation. This result has strong
implications for understanding the pathogenesis of congenital
heart disease and may provide new insights into how transient
environmental exposures can disrupt organogenesis.
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Novelty and Significance

What Is Known?

● Development of the heart requires tightly choreographed changes in
gene transcription.

● Epigenetic histone modifications are essential regulators of gene
transcription.

● Polycomb repressive complex 2 (PRC2) catalyzes trimethylation of
histone H3 lysine 27 (H3K27me3), a major epigenetic repressive
mark.

What New Information Does This Article Contribute?

● PRC2 is essential for normal heart development.
● PRC2 represses noncardiac transcriptional programs and contributes

to normal spatiotemporal regulation of cardiac gene expression.
● Perturbation of the epigenetic landscape early in cardiac morphogenesis

has sustained disruptive effects at later developmental stages.

Congenital heart disease is one of the most frequent birth
defects, and transcription factors are prominent among congen-
ital heart disease genes. Covalent modification of histones is
being increasingly recognized as a critical transcriptional regu-

latory mechanism, but little is known about the role of covalent
histone modifications in heart development. In this article, we
report on cardiac inactivation of 2 essential subunits of PRC2,
the only enzyme known to establish repressive H3K27me3
marks. Our study shows that PRC2 is required for normal heart
development. PRC2 was required to repress noncardiac tran-
scriptional programs, as well as potent cell cycle inhibitors and
spatiotemporally regulated cardiac genes. Early Nkx2–5Cre–
mediated inactivation of EZH2, the PRC2 catalytic subunit,
caused perinatal lethal heart malformations. Interestingly, later
TNT-Cre–mediated inactivation of EZH2 was compatible with
normal survival. This was likely because of functional redun-
dancy with EZH1, because TNT-Cre–mediated inactivation of the
nonredundant PRC2 subunit Eed also caused lethal heart
malformations. Thus, our results demonstrate an essential role
for PRC2 and epigenetic transcriptional regulation in heart
development. Our data suggest that perturbation of the epige-
netic landscape early in cardiogenesis has sustained, disruptive
effects at later stages. These results provide new insights into
the transcriptional regulation of heart development and the
pathogenesis of congenital heart disease.
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Antibody Application Source Cat No
EZH2 WB Cell Signaling #4905
EZH2 IF Active Motif 39103
EZH2 ChIP Millipore 17-662
SUZ12 WB Active Motif 39357
EED WB Reinberg lab Margueron et al., 2009
H3K27me3 ChIP, IF Millipore 17-622
phosphohistone H3 IF Millipore 06-570
TNNI3 IF Abcam ab56357

ISL1 IF
Developmental Studies 
Hybridoma Bank 39.4D5

Tnni3 IF Abcam Ab56357
Myl7 IF Santa Cruz Biotechnology sc-66967

Online Table I. Antibodies used in this study.



Online Table II. Oligonucleotides used in this study.

ChIP-qPCR primers
primer ID Forward Reverse ChIP use
Intergenic Control ATTTTGTGCTGCATAACCTCCT TAGCAACATCCTAAGCTGGACA Negative control
Actb  CGTATTAGGTCCATCTTGAGAGTACACAGTATT  GCCATTGAGGCGTGATCGTAGC Reference
Myh6-1 GAAGTGAGAAATGGGTGGAAAG CGTCTTGGTTTATCTTGGCTCT Gata4, Ezh2, H3K27me3
Myh6-2 ATGGGCAGATAGAGGAGAGACA CAGTTGTTCAACTCACCCTTCA Gata4, Ezh2, H3K27me3
Myh6-3 AGGAACACTCTCCCTGCTACC CCTTGGGGAGACACCATATTAC Gata4, Ezh2, H3K27me3
Myh6-4 ATATGTCACTGCCTGGTTCTCA AAGCTGACCCAATGTTCTCAGT Gata4, Ezh2, H3K27me3
Myh6-5 ATCTTGAGGCTCTACCACCAGT AAGGAGATGTGTGGAGAAGTCC Gata4, Ezh2, H3K27me3
Ink4b CGACGGGAGGCAGGTTTTgc CAATCTAGTGCCGAGGGATGTT Ezh2, H3K27me3
Ink4a GTCCGATCCTTTAGCGCTGTT AGCCCGGACTACAGAAGAGATG Ezh2, H3K27me3
Six1 CTCTCGTTCTTGTGCAGGTG TTTTACGCAAGAGCAAGTGG Ezh2, H3K27me3
Pax6 CTAATCTGCCGAGCTGAACC GCAGGCGCTAACTTTCCTTA Ezh2, H3K27me3
Isl1 ACTCAGCTCCATCGCCATT CCGGGGCTGAAATATGATAA Ezh2, H3K27me3
Hcn4 AGCGGCTCTACAGCCTTCC TCACCATCCTCTTCCTCGTC Ezh2, H3K27me3
Myl7 GGTGTGGCTGGTCTCTTGTT CCTCTGGGTGATAAGGCTGA Ezh2, H3K27me3
Tnnt2 TCAAGAGGGACAGCTGGTTT AACAAGTACCCCACGCCATA Ezh2, H3K27me3
Neurog1 TGGTCTCCTGAGTGATGTCG GCCGTACTTAAGGGGTCCTG Ezh2, H3K27me3

RT-qPCR primers
Gene Forward Reverse Species
Bmi1 TTTATGCAGCTCACCCGTC TTTCCGATCCAATCTGCTCTG mouse
Bmp10 ACAAATTCGCCACAGACCG GAGGGATAGACACATTGAAGAGG mouse
Hcn4 GATTATCCACCCCTACAGTGAC ACCACATTGAAGACGATCCAG mouse
Ink4a GTGTGCATGACGTGCGGG GCAGTTCGAATCTGCACCGTAG mouse
Ink4b CCCTGTGAACTGAAAATGCAGA TGTCGAGCTGGAGGTGACTTC mouse
Isl1 CAGCAACCCAACGACAAAAC GTCACTCAGTACTTTCCAGGG mouse
Mlc2a ATCAACTTCACCGTCTTCCTC ACTCTTCCTTGTTCACCACC mouse
Myh6 ACGGTGACCATAAAGGAGGA TGTCCTCGA TCTTGTCGAAC mouse
Myh7 GCCCTTTGACCTCAAGAAAG CTTCACAGTCACCGTCTTGC mouse
Neurog1 ATCCCCTTTTCTCCTTTCCTG CTTCAGCCAGTTCCCCATC mouse
Pax6 CCCTCACCAACACGTACAG TCATAACTCCGCCCATTCAC mouse
Serca2 CATCTGCTTGTCCATGTCACTT CGGTGTGATCTGGAAAATGAG mouse
Six1 TTAAGAACCGGAGGCAAAGAG CTTCTGAGCTGGACATGAGC mouse
Tbx2 CACAAACTGAAGCTGACCAAC GAAGACATAGGTGCGGAAGG mouse
Tbx3 AGCCAACGATATCCTGAAACTG GTGTCTCGAAAACCCTTTGC mouse
Nppa GGCCATATTGGAGCAAATCCTGTG CATGACCTCATCTTCTACCGGCAT mouse
Tnnt2 GTAGAGGACACCAAACCCAAG GAGTCTGTAGCTCATTCAGGTC mouse
Gapdh 4308313, Applied Biosystems

Ezh1 AATATGGGAGCAAAGGCTCTGTATGTG AATATGGGAGCAAAGGCTCTGTATGTGmouse
Ezh2 TTACTGCTGGCACCGTCTGATGTG TGTCTGCTTCATCCTGAGAAATAATCTCCmouse

ChIP-seq and RNA-seq library construction primers
PE adapter 1 5' phosphate-GATCGGAAGAGCACACGTCT

PE adapter 2 ACACTCTTTCCCTACACGACGCTCTTCCGATCT

Multiplexing PCR Primer 1.0 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT

Pr_index_1 (lowercase=index) CAAGCAGAAGACGGCATACGAGATcgtgatGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT

Pr_index_4  (lowercase=index) CAAGCAGAAGACGGCATACGAGATtggtcaGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT

Pr_index_6  (lowercase=index) CAAGCAGAAGACGGCATACGAGATattggcGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT
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Online Table VI. Transcriptional modules with genes over-represented among genes upregulated in Ezh2NK.

Module
Nominal P-
value

Corrected P-value 
(Holm) Module GO Module Regulators Overlap Upregulated only Module only Neither

ME1 2.67E-022 2.35E-020 neuron development Dlx5,Isl1,Pou3f3 220 746 1783 13980
ME12 1.41E-009 1.22E-007 cell adhesion Irx5,Osr1,Pitx2,Prrx1,Six1,Tbx2,Tbx3 49 917 284 15479
ME25 6.95E-009 5.98E-007 cell adhesion Irx5,Osr1,Prrx1,Six1,Tbx3 33 933 153 15610

The columns Overlap, Upregulated only, Module only, and Neither indicate, respectively, the number of genes in common between the upregulated genes and 
the module, the number of genes that are upregulated but not in the module, the number of genes that are in the module and not upregulated, and the number of 
genes that are not upregulated and not in the module.  Only genes in common to the RNA-seq data and the Affymetrix 430 2.0 platforms were used in the analysis. 


