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SUMMARY

Heart muscle maintains blood circulation, while
skeletal muscle powers skeletal movement. Despite
having similar myofibrilar sarcomeric structures,
these striated muscles differentially express spe-
cific sarcomere components to meet their distinct
contractile requirements. The mechanism respon-
sible is still unclear. We show here that preserva-
tion of the identity of the two striated muscle types
depends on epigenetic repression of the alternate
lineage gene program by the chromatin remodeling
complex Chd4/NuRD. Loss of Chd4 in the heart
triggers aberrant expression of the skeletal muscle
program, causing severe cardiomyopathy and
sudden death. Conversely, genetic depletion of
Chd4 in skeletal muscle causes inappropriate
expression of cardiac genes and myopathy. In
both striated tissues, mitochondrial function was
also dependent on the Chd4/NuRD complex. We
conclude that an epigenetic mechanism controls
cardiac and skeletal muscle structural and meta-
bolic identities and that loss of this regulation
leads to hybrid striated muscle tissues incompat-
ible with life.
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INTRODUCTION

The myofibrilar sarcomere is a highly organized structure
responsible for contraction of heart and skeletal striated mus-
cles, requiring continuous energy supply from the mitochondria
(Estrella and Naya, 2014; Fan and Evans, 2015; Wenz et al,,
2008). Despite distinct embryonic origins, cardiac and skeletal
striated muscles share similar contractile structures, differing
in the composition of specific sarcomeric protein isoforms,
which are encoded by different genes in each tissue. How differ-
ential expression of tissue-specific sarcomeric components is
controlled remains largely unknown (Braun and Gautel, 2011;
Buckingham and Rigby, 2014; Estrella and Naya, 2014). Poten-
tial interactions between transcription factors and epigenetic
regulators may determine the distinct identities of the two stri-
ated muscle types by supporting differential gene expression
(Bruneau, 2010; Chang and Bruneau, 2012; Segalés et al., 2015).

The chromatin remodeling complex NuRD (Nucleosome Re-
modeling and Deacetylation) plays a key role in various cellular
processes, including cell-cycle progression, stem cell biology,
DNA damage responses, and the maintenance of genome integ-
rity (Hu and Wade, 2012; Kashiwagi et al., 2007; Lai and Wade,
2011; Laugesen and Helin, 2014; O’Shaughnessy-Kirwan et al.,
2015; Reynolds et al., 2012; Williams et al., 2004; Zhang et al.,
2012), but its function in organogenesis and postnatal organ/tis-
sue differentiation and maintenance has only been established
for the immune system (Gregory et al., 2010; Naito et al., 2007;
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Williams et al., 2004; Yoshida et al., 2008; Zhang et al., 2012).
The NuRD complex contains several protein components
that assemble in a combinatorial manner, leading to different
outcomes and cell-type-specific functions: the core NuRD
subunits, chromodomain-helicase-DNA-binding proteins 3
(Chd3 or Mi-20) and 4 (Chd4 or Mi-2p), both endowed with
helicase/ATPase activity, MTA (metastasis-associated protein),
and the members of the methyl-CpG-binding domain family of
proteins, Mbd2 or Mbd3, which assemble into mutually exclusive
Chd4/NuRD-like complexes (Le Guezennec et al., 2006). Two
other NuRD components, class | histone deacetylases 1 and 2
(Hdac1 and Hdac?2), also form part of other chromatin repressive
complexes (Mathiyalagan et al., 2014); these components regu-
late striated muscle homeostasis, but it is not known if this role
is dependent on the NuURD complex (Montgomery et al., 2007;
Moresi et al., 2012).

In the present study, we demonstrate an essential role of
Chd4/NuRD in the control of striated muscle structural and
metabolic identity. We show that this chromatin remodeling
complex regulates cardiomyocyte identity by silencing the
skeletal muscle lineage gene program in both developing and
differentiated cardiomyocytes. Conversely, cardiac genes are
silenced by Chd4/NuRD in skeletal muscle. Derepression of
these alternate programs by deletion of Chd4 in mice causes le-
thal cardiovascular malformations in the embryo and sudden
death in the adult, linked to cardiomyopathy, arrhythmias, and
associated fibrosis in the heart, and severe disruption of tissue
homeostasis in the skeletal muscle. Deletion of Chd4 also leads
to deregulation of mitochondrial genes in both striated muscle
tissues, resulting in altered mitochondrial energetics. These find-
ings provide insights into the transcriptional regulation of striated
muscle and the establishment of cardiac and skeletal muscle
identities by the chromatin remodeling complex Chd4/NuRD.

RESULTS

Chd4 Deficiency Disrupts Heart Development and
Induces Cardiomyopathy in Adult Heart

To study the role of the chromatin remodeling complex
Chd4/NuRD, we conditionally ablated the Chd47°*? allele (Wil-
liams et al., 2004) in cardiomyocytes using two different Cre
deletion systems active in differentiating cardiomyocytes: the
Nkx2-5°7* (Stanley et al., 2002) line and the cardiac troponin
T Cre line (Thnt2°™®*; Jiao et al., 2003). Chd4"*¢%;Nkx2-5°"+
(Chd4™*);ROSA26/YFP embryos showed Cre activity in the
heart and branchial arches by embryonic day 9.5 (E9.5), with
no morphological differences from wild-type (WT) hearts at this
stage (Figure S1A). Chd4 protein was expressed normally in
epicardial or endocardial cells but not detected in mutant cardi-
omyocytes (Figure S1A). At E10.5, mutant embryos appeared
grossly normal but had thinner ventricular compact myocardium,
less intricate trabeculae, and defects in ventricular septum for-
mation (Figure 1A). These abnormalities were more evident at
E11.5, and histological analysis showed that the mutant hearts
were developmentally delayed compared to WT (Figure 1B).
No ventricular septum was formed in the mutants, the compact
myocardium was 60% thinner, and the trabecular network was
poorly developed (Figure 1B). Chd4¥** embryos were alive at
the expected Mendelian ratio until E12.5, but their number dimin-
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ished by E13.5, and nearly all embryos were dead by E14.5 (Fig-
ure S1B). Consistent with proliferation defects described in other
developing tissues (O’Shaughnessy and Hendrich, 2013), the
thin compact myocardium wall in Chd4™* mutant hearts sug-
gested impaired cardiomyocyte proliferation. Staining for Ki67
in E11.5 hearts confirmed that Chd4 deletion reduced cardio-
myocyte proliferation in the myocardium of the ventricular
compact wall by 43% (Figure 1C), suggesting that this was the
primary cause of the thin compact myocardium. Poor develop-
ment of the compact myocardium was revealed by the reduced
expression of the compact myocardium marker Hey2 in E10.5
Chd4™* mutant hearts (Figures 1D and S1C), whereas trabec-
ular markers Bmp10 and Anf appeared to be unaffected (Fig-
ure S1D). Mycn, another well-established cardiomyocyte prolif-
eration marker, appeared to be less expressed in the compact
myocardium of mutant embryos (Figure S1D), although its
mRNA expression in the whole heart did not show changes,
possibly due to an overall compensation of expression in other
heart structures (Figure S1C). Corroborating the Chd4™ pheno-
type, the Chd4™¢%; Tnnt2C"®"+ (Chd4™™™2) embryos did not sur-
vive past E14.5 (Figure S2A), and their hearts had an underdevel-
oped appearance on histological analysis, with a thin compact
myocardium, an underdeveloped trabeculae, and an immature
ventricular septum (Figure S2B). Taken together, these data
point to Chd4 as a crucial regulator of cardiomyocyte prolifera-
tion in the compact myocardium.

To study whether Chd4/NuRD also plays a role in adult heart
homeostasis, we deleted Chd4 in terminally differentiated cardi-
omyocytes by crossing Chd4™°**9 mice with the Corin-Cre post-
natal driver line (Enshell-Seiiffers et al., 2010). Chd4™>¢?;
Corin®r/Cr® (Chd4°°™) mice developed normally but died sud-
denly during the first 3 months of life (Figure 2A). Mutant hearts
were grossly normal at 4 weeks of age (Figure 2B), but from 6
to 8 weeks onward all of the mutants analyzed showed atrial dila-
tation and fibrotic collagen accumulation mostly in the interven-
tricular septum and left ventricle (Figures 2B and 2C). Cardiomy-
opathy is often characterized by hypertrophy, but Chd4°°™
hearts showed no sign of cardiac hypertrophy when tested by
heart-to-body-weight ratio nor by cardiomyocyte cross-sec-
tional area measurements with wheat germ agglutinin (WGA)
staining (Figure 2D and data not shown). Echocardiography
and electrocardiography analyses revealed defective contrac-
tion and impaired cardiac function of Chd4°°™ mice compared
with controls. Chd4°°™ mice showed a significantly lower ejec-
tion fraction (Figure 2E) and cardiac arrhythmias at later disease
stages (Figure 2F). In light of these results, the observed cardiac
fibrosis might indicate progression of diseased Chd4°°™ hearts
to heart failure. Supporting this possibility, earlier deletion of
Chd4 with the a-MHCC®™®’* line (Chd4™"®) (Agah et al., 1997) led
to postnatal death soon after weaning (Figure S2C). Chd4™"¢
mutant mice also showed earlier atrial dilatation and extensive
cardiac fibrosis (Figure S2D). Together, these results indicate
that the chromatin helicase Chd4 is required for the maintenance
of cardiomyocyte integrity and normal cardiac function.

Chd4 Represses the Skeletal Muscle Gene Program in
the Adult and Embryonic Heart

To gain insight into the molecular mechanism underlying the
phenotypes observed in embryonic and adult Chd4-deficient



Figure 1. Chd4 Regulates Cardiomyocyte
Differentiation

(A and B) Gross morphological appearance of WT
and Chd4™* mutant E10.5 (A) and E11.5 (B) em-
bryos (left panels). H&E staining of WT and mutant
hearts (upper right panels, with insets showing
magnifications of left ventricles), and corre-
sponding ventricular compact wall thickness
measurements (B) in E11.5 embryos from two in-
dependent litters (lower left panel). **p < 0.001
(bars express mean + SD).

(C) Ki67 immunohistochemistry (IHC) of repre-
sentative E11.5 WT and Chd4™ embryonic hearts
(top) and corresponding quantification (bottom);
**p < 0.005 (mean + SD).

(D) Hey2 in situ hybridization (ISH) in E10.5 em-
bryonic hearts.

2003) identified, among other categories,
significant enrichment in genes encoding
sarcomeric proteins of the skeletal mus-
cle lineage (Figure S3A). Comparison of
this set of common genes with heart and
skeletal muscle lineage-specific gene
sets revealed that 29 skeletal muscle
transcripts were upregulated in Chd4-de-
ficient hearts (Figure S3B). Indeed, skel-
etal muscle-specific genes were the
most over-represented in the upregulated
transcripts in Chd4-deficient hearts using
Tissue Specific Enrichment Analysis
(TSEA) (Figures 3B and S3C). Moreover,
Gene Set Enrichment Analysis (GSEA)
(Asp et al., 2011) of the skeletal muscle
and heart-specific gene sets revealed

significant enrichment of skeletal muscle
genes (Figure S3D). A similar correlation
was observed when Chd4™" mutant
hearts were analyzed (data not shown).
Notably, of the downregulated genes, 84
transcripts were common to Chd4°™
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mice, we performed global gene expression analysis of the
whole heart by RNA-seq in Chd4-deficient adult mice (Chd4°°™
and Chd4™"%) and mutant E10.5 embryos (Chd4™). We first
analyzed gene expression changes in mutant hearts from
4-week-old Chd4°°™ and 2-week-old Chd4™"® mice. We found
570 and 422 transcripts with a >2-fold upregulation in Chd4°°™
and Chd4™"® mice, respectively, with 240 transcripts common
to both (Figure 3A and Table S1). Gene ontology (GO) functional
annotation of the common upregulated transcripts (Dennis et al.,

and Chd4™"® adult mutant hearts and
were mainly related to mitochondrial and
metabolic muscle processes, suggest-
ing a role of Chd4 in the control of mito-
chondrial homeostasis during normal
cardiomyocyte physiology (Figures S3E
and S3F).

In the embryonic Chd4™* mutant
hearts, 21 genes were downregulated
and 241 upregulated (>2-fold). Of the upregulated genes, 50
were also found in the upregulated gene sets in both adult
mutant models (Figure S4A and Table S1). Comparison of this
set of common genes with heart and skeletal muscle lineage-
specific gene sets revealed that 11 skeletal muscle transcripts
were commonly upregulated in all Chd4-deficient cardiomyo-
cytes (Figure S4B and Table S1) and enriched in the skeletal
muscle myofibril category (Figure S4C). In Chd4°°™ adult
hearts and Chd4™ E10.5 embryos, we validated the ectopic
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Figure 2. Chd4 Regulates Adult Heart Ho-
meostasis

(A) Kaplan-Meier survival curve for WT and Chd4°™
mutant mice.

(B) Morphological appearance of representative
(n = 15) hearts from 1-month-old (top) and 2-month-
old (bottom) WT and Chd4°°™ mice.

(C) Chd4 immunohistochemistry (IHC) and picrosir-
jus (picros.) staining in 8-week-old WT and Chd4°°"™"
myocardium showing fibrosis of the interventricular
septum (IVS) and left ventricle (LV) in mutant hearts.
Arrowheads show nuclei of mutant cardiomyocytes
free from Chd4 staining.

(D) Top: heart-weight-to-body-weight ratios (mg/g)
in WT and Chd4°°™ mice (n.s., not statistically sig-
nificant; mean + SD). Bottom: histological staining
with wheat germ agglutinin (WGA), showing no car-
diomyocyte hypertrophy in mutant hearts.

(E) Cardiac ejection fraction measured in 8- to
12-week-old WT and Chd4°°™" mice. **p < 0.001
(mean + SD).

(F) Representative electrocardiography traces of
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representative (n = 7) 8- to 12-week-old WT and
Chd4°°™ mice.

were observed in Chd4-deficient E9.5
embryonic hearts (Figure S4E). To discard
a differentiation of mutant cardiomyo-
cytes along an inappropriate cell fate, we
analyzed by IF the interstitial fibroblast
marker Tcf4 in Chd4°°™ mutant hearts. As
expected in a diseased heart, Chd4 mutant
hearts present more fibrotic cells than WT,
but these Tcf4-expressing cells do not ex-
press the cardiomyocyte marker «-actinin
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expression of a randomly selected set of skeletal muscle genes
upregulated in Chd4 mutant hearts (Figure 3C), confirming that
adult mutant cardiomyocytes expressed a larger number of skel-
etal muscle genes and to a larger extent than mutant embryonic
cardiomyocytes. In situ hybridization (ISH) confirmed that Gja5,
which encodes the gap junction channel connexin 40, was the
most notably downregulated cardiovascular-related gene in
Chd4N* mutant hearts (Figure 3D). Similar to the results in adult
mutant hearts, GSEA analysis showed that the skeletal muscle
gene expression set was highly enriched in Chd4V* hearts (Fig-
ure S4D). Immunohistochemical staining confirmed ectopic
expression of Tnnt3 and Sercal proteins in adult mutant hearts
(Figures 3E and 3F). The transcriptional program during skeletal
muscle differentiation is regulated by well-known myogenic fac-
tors such as Myod1, Myog, Myf5, and Myf6 (Braun and Gautel,
2011), but no changes in gene expression of myogenic factors
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of Chd4-deficient cardiomyocytes along

other cell fates (Figure S5B). These data

demonstrate that Chd4 inactivation in the
heart derepresses the skeletal muscle terminal differentiation
program and impairs the expression of genes required for ven-
tricular chamber maturation.

Chd4 Represses the Cardiac Muscle Gene Program in
Skeletal Muscle

We next tested the converse hypothesis that Chd4 might also
regulate the maintenance of terminally differentiated skeletal
muscle. We crossed Chd4™*®? mice with the Mck®™®'* transgenic
line to generate Chd4™* mice, in which Chd4 is ablated in
mature skeletal muscle fibers (Briining et al., 1998). Morpholog-
ical comparison showed that the tibialis anterior (TA) muscle was
significantly smaller and lighter in Chd4™ mice than in WT litter-
mates (Figure 4A). Histological analysis of Chd4™°* TA revealed
fibers with central nuclei, expression of embryonic myosin heavy
chain (eMHC or Myh3), and inflammatory infiltrate, features
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We then checked by chromatin immuno-
precipitation (ChlIP) the binding of Chd4
to promoters of a selection of the most

IHC: Atp2a1 (Serca1)

indicative of altered muscle homeostasis and myopathy charac-
terized by recurrent tissue degeneration and attempts at regen-
eration (Figure 4A). Additionally, Chd4™* TA muscle showed
aberrant staining for SDH and NADH, indicating disrupted mito-
chondrial activity and a further sign of muscle wasting (Fig-
ure 4B). Because the Mck®™®™ transgene is expressed in termi-
nally differentiated myofibers (and not in muscle stem cells or
satellite cells), our results support a central role for Chd4 in main-
taining homeostasis of mature skeletal muscle tissue.

To investigate how Chd4 exerts this skeletal muscle homeo-
static function, we conducted RNA-seq analysis on TA muscles
of 4-week-old WT and Chd4™* mice. Global gene expression
analysis identified 988 upregulated and 665 downregulated
genes in Chd4 mutant muscle (Table S2). Conversely to
Chd4-deficient cardiac muscle, mutant skeletal muscle ectopi-
cally expressed transcripts of the cardiomyocyte lineage (Fig-
ures 4C and 4D). We corroborated the biological significance

deregulated genes in both Chd4 mutant

hearts and Chd4 mutant TA muscles.

These experiments revealed binding of

Chd4 to the selected promoters (Fig-

ure 5A). The Chd4/NuRD complex binds
to a wide range of active and inactive promoters and to highly
methylated loci (Menafra et al., 2014; Shimbo et al., 2013). We
next examined potential differences in CpG methylation between
cardiac and skeletal muscles by focusing on a group of genes
regulated by Chd4 in each tissue. We first analyzed the CpG
methylation status of these genes using cardiac and skeletal
muscle genomic DNA and found significant differences in their
DNA methylation status (Table S4). In general, we observed
that cardiac genes display higher methylation levels in skeletal
than in heart muscle and that skeletal muscle genes are more
methylated in cardiac than in skeletal muscle (Table S4). We
next conducted ChIP experiments to determine whether other
NuRD complex subunits bind to the promoters and/or to the
differentially methylated CpGs of the selected genes. These
experiments revealed that Chd4, Mbd2, and/or Mbd3 and,
to a lesser extent, Hdac1 occupy gene promoters and/or the
CpG-containing regions of selected genes in cardiac tissue,
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Figure 4. Chd4 Regulates Homeostasis and
Cardiac Gene Repression during the Termi-
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mutant (Chd4™°¥) tibialis anterior muscle (TA; up-
per left) of 6-week-old mice. Lower left: TA-weight-
to-body-weight ratios (mg/g) in WT and Chd4™°*
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mice. Upper right: IHC of Myh3 (embryonic myosin
heavy chain, eMHC) and H&E staining (lower right)
in WT and Chd4™* TA muscle, showing eMHC
expression and regenerating fibers with central
nuclei in Chd4™* muscle (arrowheads). ***p <
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(B) Succinate dehydrogenase (SDH) and NADH
activity staining of mitochondria in TA sections
from WT and Chd4™* mutant mice.

(C) Venn diagram showing overlapping of the 988
genes upregulated in the Chd4-deficient adult
skeletal muscle model with tissue-specific gene
sets from heart and skeletal muscle (obtained from
EBI Expression Atlas RNA-seq data for poly-A-
enriched total RNA from each tissue, with selec-
tion of genes with expression at least 10-fold
higher over the other tissue: E-GEOD-41338). The
box lists the most representative of the 90 cardiac
muscle genes upregulated in Chd4-deficient
skeletal muscle.

(D) Quantitative PCR of a selection of cardiac gene
targets in TA muscle of Chd4™* mice, showing
relative expression of mMRNA with respect to WT
(set at 1, mean + SD).

(E) GSEA comparing genes deregulated in
Chd4™ TA with gene sets normally expressed
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confirming direct interaction of the Chd4/NuRD complex (Fig-
ures 5B and S5C). This interaction was not detected in Chd4°°™
hearts and was greatly reduced in regions other than promoters
or CpGs-containing regions of the tested genes (Figure 5B). In
agreement with this, Chd4 and the other components of the
NuRD complex were found to bind to promoters and CpGs-con-
taining sequences of cardiac genes in terminally differentiated
skeletal myofibers (Figures 5C and S5D). Together, these data
indicate that Chd4/NuRD controls mature striated muscle iden-
tity by directly repressing the terminal differentiation program
of the skeletal muscle lineage in differentiated cardiomyocytes
and, reciprocally, repressing the terminal differentiation program
of the cardiac muscle lineage in skeletal muscle. Notably, indi-
vidual silencing of components of the NuRD complex in cardio-
myocytes revealed that derepression of skeletal muscle genes
in adult cardiomyocytes was achieved only when Chd4 was
silenced (Figure S6), suggesting that the helicase Chd4 is the
main component of the NURD complex needed to maintain
skeletal muscle genes repressed in the heart.

886 Cell Metabolism 23, 881-892, May 10, 2016

-log p value

The Chd4/NuRD Complex Regulates Mitochondrial
Homeostasis in Striated Muscle

In Chd4-deficient skeletal muscle, most of the downregulated
genes are linked to mitochondrial processes. In particular,
most of the mtDNA-encoded genes, all devoted to the biogen-
esis of the oxidative phosphorylation (OXPHOS) system, are
strongly downregulated, indicating an alteration in energy ho-
meostasis (Figure 6A and Table S2). Consistent with this, the
master regulator of mitochondrial biogenesis Pgc1« is strongly
downregulated. In mutant hearts, however, the number of
downregulated mitochondrial transcripts was significantly
lower, and neither Pgc1a nor any of the OXPHOS structural
genes, whether mtDNA- or nDNA-encoded, are significantly
affected (Figure S3F and Table S1). We confirmed these data
by quantitative PCR in mutant striated muscles (Figures 6B
and S7A). Important proteins downregulated in both tissues
include the mitochondrial protein deacetylase Sirt5, required
for posttranslational modification of mitochondrial proteins,
and the mitochondrial intermediate peptidase Mipep, a



fundamental component of the mitochondrial protein import
machinery.

We next analyzed the methylation status of the promoters of a
selected set of common deregulated mitochondrial genes in
both striated muscles and found slight, but significant, differ-
ences in the same direction as above (Table S4). ChIP experi-
ments revealed that Chd4/NuRD binds to the respective pro-
moter regions of Mipep, Pgcia, Sirt5, and Ucp2 genes in both
striated muscles (Figures 6C and 6D), confirming that the
Chd4/NuRD complex controls the expression of mitochon-
dria-related genes by directly binding to their promoters.

We then investigated the consequences of the mitochondrial
transcriptional deregulation in Chd4 mutant striated muscles.
We first inquired if mitochondrial mass per cell was affected in
Chd4-deficient muscle. Indeed, citrate synthase (CS) and cyto-
chrome oxidase (COX) enzymatic activities, and therefore mito-
chondrial mass, were reduced in Chd4-deficient skeletal muscle
but not in heart (Figure 7A). In addition, ATP production in iso-
lated mitochondria was decreased in Chd4-deficient hearts
but remained unchanged in mutant skeletal muscle (Figure 7B).
The functional observations were in agreement with the
decrease in Pgc1a and mitochondrial transcripts in the skeletal
muscle but not in the heart (Arany et al., 2005). Thus, either by
reducing mitochondrial mass (skeletal muscle) or by reducing
the efficacy of ATP synthesis by mitochondria (heart), the mito-
chondrial ATP synthesis capacity in Chd4-deficient striated
muscle is reduced. Ultrastructurally, mitochondria were more
elongated in both tissues as revealed by higher abundance of
the long isoforms of OPA1 (Figure 7C), possibly providing a
compensatory mechanism to prevent excessive mitophagy
(Gomes et al., 2011; Patten et al., 2014). The decrease in mito-
chondrial ATP synthesis potential can be consequence of the
reduction of the mitochondrial electron transport chain or of
the ATP synthase capacity. We did not observe changes in mito-
chondrial respiratory complex amount or distribution between
complexes and supercomplexes in the mutant tissues (Fig-
ure S7B). In contrast, the bioenergetic index of the cell (or BEC
index), defined as the ATP5b/GAPDH ratio (Cuezva et al.,
2002), was decreased, indicating an overall reduction in oxida-
tive potential in favor of glycolysis for the ATP production by
the cell (Figures 7D and S7C).

DISCUSSION

Here we demonstrate an essential function of the chromatin re-
modeling Chd4/NuRD complex in the control of striated muscle
tissue identity and metabolic homeostasis. Chd4/NuRD con-
trols heart muscle identity by silencing the skeletal muscle line-
age gene program. Inactivation of Chd4 in cardiomyocytes
causes inappropriate expression of skeletal muscle genes
accompanied by prominent fibrosis, as well as a severe cardio-
myopathy, with reduction in the cardiac ejection fraction,
arrhythmia, and sudden death. Conversely, deletion of Chd4
in skeletal muscle leads to derepression of cardiac muscle
genes and concomitant myopathy. These findings identify
Chd4/NuRD as a reciprocal regulator of heart and skeletal mus-
cle identities. Furthermore, Chd4/NuRD is also required for
metabolic homeostasis in both tissues by direct epigenetic
regulation of mitochondrial genes.

The NuRD complex components Hdac1 and 2 were previously
found to repress the expression of some skeletal muscle genes
in the heart (Montgomery et al., 2007), with no reciprocal effect in
skeletal muscle (Moresi et al., 2012). No other component of the
NuRD complex has been conditionally deleted in cardiac or skel-
etal muscles. Our findings thus reveal the functional specificity of
the NuRD complex element Chd4 for the alternate fates of stri-
ated muscle. Despite the presence of the NURD complex sub-
units Mbd2, Mbd3, and Hdac1 in the regulatory regions of the
derepressed genes, Chd4 appears to be the main contributor
to the repression exerted by the complex, as shown by functional
silencing of individual subunits. Chd4/NuRD also binds to differ-
entially methylated CpG-containing regions, supporting the
implication of the additional NURD components in the initial
recruitment of Chd4, rather than the active repression at the
differentiated state.

Chd4/NuRD is a well-known transcriptional repressor in stem
cell biology and differentiation. Although NuRD has been shown
to be required to maintain lineage fidelity throughout megakaryo-
cyte-erythroid ontogeny, virtually nothing is known about its
role in tissue homeostasis (Gregory et al., 2010). Our results
show that cardiac and skeletal muscles, despite their different
ontogeny, maintain an exquisite transcriptional control of their
respective myofibrilar sarcomeric components in a NuRD-de-
pendent manner. Perturbation of this control has dramatic func-
tional consequences, leading to “hybrid” striated muscle tissues
that resemble human heart and skeletal muscle disease states
and are incompatible with life. These findings challenge the
prevailing idea that the NuRD complex exclusively regulates em-
bryonic stem cell biology and cell differentiation (Signolet and
Hendrich, 2015).

Our results also show that Chd4/NuRD, by positively regu-
lating the expression of mitochondrial genes, is an essential
regulator of mitochondrial homeostasis whose loss leads to
insufficient mitochondrial ATP synthesis in both heart and skel-
etal muscle, contributing to the disease phenotype. These re-
sults are in line with the recently described binding of Chd4
and other helicases to active promoters in association with the
general transcription machinery (de Dieuleveult et al., 2016).
Interestingly, the origin of the bioenergetic deficiency in each tis-
sue is slightly different. In skeletal muscle we observed an overall
decrease in mitochondrial mass per cell, but ATP synthesis ca-
pacity per mitochondria was maintained. In contrast, in heart
mitochondrial mass per cell was maintained and mitochondrial
ATP synthesis capacity reduced. This difference might be due
to the distinct number and nature of Chd4/NuRD-dependent
genes in each tissue. Thus, the Chd4/NuRD complex plays a
critical role in maintaining lineage identity and metabolic homeo-
stasis of striated muscles by both repressing and inducing
epigenetic activities.

EXPERIMENTAL PROCEDURES

Mice, Embryos, and Genotyping

The Chd4 "°**? mouse strain has been previously described (Williams et al.,
2004). The transgenic Cre mouse strains used were Nkx2.5°* c¢TnT °r*/+,
a-MHC °™*, Corin°®°"®, and Mck °*, all of them previously described
(Agah et al., 1997; Briining et al., 1998; Enshell-Seijffers et al., 2010; Jiao
et al., 20083; Stanley et al., 2002). Welfare of animals used for experimental
and other scientific purposes conformed to EU Directive 2010/63EU and
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A B Figure 6. Chd4/NuRD Regulates the Mito-
chondrial Gene Program in Striated Muscle
(A) Functional annotation analysis of GO per-
formed in DAVID to identify biological processes
enriched in the downregulated gene set in
Chd4™* skeletal muscle. The top annotation
clusters are shown according to their enrichment
score; names are based on enriched GO annota-
0 tions.

Wy ek (B) Quantitative PCR of a selection of mitochon-
20 O cnas drial gene targets in hearts of 4-week-old WT and
Chd4°°™ mice (top) and in TA muscles of 4-week-
old WT and Chd4™* mice (bottom). Tnnc2 (top)
and Tnnt2 (bottom) are shown as upregulated
gene controls in mutant cardiac and skeletal
muscle, respectively. *p < 0.05 and **p < 0.001
(bars show mean + SD).

(C and D) ChIP experiments in WT and Chd4°°"™"
hearts (C) and WT and Chd4 KO-derived my-
ofibers (D) for IgG (control), Chd4, Mbd2/3, and
Hdac1, with gPCR for proximal promoters of
mitochondrial genes Pgcla (Pgcla_p), Ucp2
(Ucp2_p), Mipep (Mipep_p), and Sirt5 (Sirt5_p).
Results are plotted relative to I1gG (set at 1). *p <
0.05, *p < 0.005, and ***p < 0.001 (mean + SD).
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tochemistry (IHC), immunofluorescence (IF), and
mitochondrial activity (SDH and NADH) were per-
formed using standard procedures. RNA in situ hy-
bridization (ISH) was performed with digoxigenin
RNA probes using standard procedures. The his-
tological images were acquired as described in
the Supplemental Experimental Procedures.
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Cell Culture and Adenoviral Transduction

Satellite cells from Chd4**? mice were isolated by
FACS as previously described (Sousa-Victor et al.,
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2014) and maintained in Ham’s F10 supplemented
with 20% FBS and bFGF (0.025 pg/ml) (growth me-
dium, GM). To induce differentiation, GM was re-

placed with differentiation medium (DM; DMEM

supplemented with 2% horse serum) at myoblast
subconfluence. At 24 hr of differentiation, myotubes were transduced with
Ad-GFP or Ad-CRE, and cells were incubated in DM for an additional 48 hr.

Recommendation 2007/526/EC, enforced in Spanish law under Real Decreto
53/2013. Experiments with mice and embryos were approved by the CNIC
Animal Experimentation Ethics Committee.

Cardiomyocyte Proliferation

Cardiomyocyte proliferation was analyzed by IHC staining of Ki67 on E11.5
embryonic sections. Total ventricular compact wall cardiomyocytes and
Ki67-positive cardiomyocytic nuclei were counted in at least five sections
from 4-5 embryos of each genotype, obtained from at least two mothers
(p < 0.01, mean + SD).

Histological Analysis

Embryo and adult hearts were fixed overnight in 4% paraformaldehyde in PBS,
embedded in paraffin, and cut with a microtome. Sections were stained with
hematoxylin and eosin (H&E) using standard procedures. Muscles were frozen
in liquid nitrogen, embedded in OCT, and then cut on a cryotome. Immunohis-

Figure 5. Chd4/NuRD Regulates Skeletal Muscle Genes in Cardiomyocytes and Cardiac Genes in Skeletal Muscle by Direct Binding to Their
Gene Regulatory Regions

(A) Upper graphs: ChIP experiments in WT and Chd4°°™ hearts for IgG (control) and Chd4, with gPCR for proximal promoters of Thnc2 (Thnc2_p), Tnnt3
(Tnnt3_p), Atp2a1 (Atp2a1_p), and Gjab (promoter), and a Gja5 genic negative control. Lower graphs: ChIP experiments in WT and Chd4 KO-derived myotubes
with gPCR for proximal promoters of Myh7 (Myh7_p), Tnni3 (Tnni3_p), Tnnt2 (Tnnt2_p), and Myh6 (promoter), and an additional Myh6 sequence, as a negative
control.

(B) ChIP experiments in WT and Chd4°°™ hearts for IgG (control), Chd4, Mbd2/3, and Hdac1, with gPCR for proximal promoters of Tnnc2, Tnnt3, Atp2a1, and
Gja5. Binding to regions near the gene bodies are shown as negative controls (Table S4). The cardiac genes Thni3 and Tnnc1 are shown as controls (right).
(C) ChIP experiments in WT and Chd4 KO-derived myotubes for IgG (control), Chd4, Mbd2/3, and Hdac1, with gPCR for the indicated proximal promoters, with a
negative region near the promoter of Myh6 (Table S4). The skeletal muscle genes Atp2a1 and Thnc2 are shown as controls.

Representative experiments are shown out of 5 (A), 3 (B), and 3 (C) with similar results. ns, not statistically significant, “p < 0.05, *p < 0.005 and ***p < 0.001,
bars show mean + SD. All results are plotted relative to IgG (set at 1).
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Adult Cardiomyocyte RNA Silencing

For adult cardiomyocyte isolation, aorta from surgically excised heart was can-
nulated onto a perfusion system with calcium-free perfusion buffer, and the
cardiomyocytes were enzymatically disassociated using Liberase DH (Roche).
Digestion was terminated with 10% FCS and 12.5 uM CaCl,. Isolated cardio-
myocytes were cultured in laminin-coated dishes in growth media (GM; Me-
dium 199 with Earle’s salt supplemented with Creatinine [5 mM], L-Carnitine
[2 mM], Taurin [5 mM], Insulin Transferrin Selenium [1X ITS-G], 2% fetal bovine
serum, 1% penicillin/streptomycin, and 25 mM HEPES [pH7.3]). Media was
exchanged 2 hr post seeding to remove dead cells and erythrocytes. RNAI
silencing against the NuRD components was performed using smart pool
siRNAs from Dharmacon as described by the manufacturer’s protocol in GM
without serum and penicillin/streptomycin. The cardiomyocytes were har-
vested 72 hr post transfection for RNA extraction using Trizol reagent (Thermo
Fisher Scientific) according to the manufacturer’s protocol.

Chromatin Immunoprecipitation

Chromatin immunoprecipitation (ChlP) was performed as previously
described (Shen et al., 2012). Briefly, hearts from 4-week-old WT or Chd4°°™"
mice were dissected and minced with a sterile blade, and the tissue was dis-
rupted in a Dounce homogenizer. Cells were filtered through a 100 uM strainer
and formaldehyde cross-linked. The cross-linked cardiomyocytes were then
lysed, and chromatin was sheared by sonication using a Bioruptor ultrasonica-
tor (Diagenode). Sheared chromatin was immunoprecipitated with a 1:1 equi-
molar mix of antibodies to Chd4 (ab70469 and ab72418, Abcam), a 1:1:1 mix of
antibodies to Mbd2/3 (ab45027, Abcam; A301-632A, Bethyl; M7318, Sigma), a
1:1 mix of antibodies to Hdac1 (ab46985, Abcam; sc-6298X, Santa Cruz), or
control IgG (Cell Signaling 2729). DNA was isolated and analyzed by qPCR.
Primer sequences and genomic locations are provided in Table S4.

For myofiber ChlIP, differentiated myotubes were formaldehyde cross-linked
and lysed, and chromatin was sheared by sonication. Sonicated chromatin
was then subjected to immunoprecipitation as above. DNA was isolated and
analyzed by qPCR using specific primer sets (Table S4).

Bisulfite Modification and Pyrosequencing

Genomic DNA isolated from mouse cardiac and skeletal muscle tissue was
bisulfite converted using the EZ DNA Methylation Kit (Zymo Research).
20-30 ng of modified DNA was used as a template in each subsequent
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Assay Design 2.0 (QIAGEN). PCR was performed
with the HotStart Taq DNA polymerase PCR Kit
(QIAGEN), and the amplification was confirmed by
agarose gel electrophoresis. PCR products were pyrosequenced with the
Pyromark Q24 system (QIAGEN). Results from bisulfite pyrosequencing are
presented as a percentage of methylation.

Echocardiography and Electrocardiography
Echocardiography and ECG recordings were obtained as previously
described (Luxan et al., 2013).

RNA Sequencing and Statistical Analysis

For transcription profiling of adult organs, hearts were surgically isolated from
3-week-old WT and Chd4°°™ mice and TA muscles from 4-week-old WT and
Chd4™ mice. Organs were individually introduced into 1 ml TRIsure buffer
(Bioline), immediately snap-frozen in liquid N, and stored at —80°C. Tissue
was homogenized with the MagNA lyser system (Roche) and total RNA iso-
lated. RNA was pooled from 3-4 hearts per genotype and purified on
QIAGEN-RNA-clean columns (QIAGEN). Experiments were performed in trip-
licate (3 WT and 3 mutant pools). For profiling of embryonic hearts, individual
E10.5 hearts were suspended in 100 ul TRIsure buffer (Bioline). Ten WT or
Chd4™ hearts from 3-5 different mothers were then pooled, and total RNA
was extracted and cleaned. The experiment was performed in triplicate. The
samples were treated in the same way as the adult hearts. RNA sequencing
is described in the Supplemental Experimental Procedures.

Statistical analyses results are expressed as mean + SD. The significance of
differences between WT and corresponding mutant groups was assessed by
two-tail Student’s t test or %2 as noted. Statistical significance was set at a
p value < 0.05.

Isolation of Mitochondria, OXPHOS Function, Enzyme Activities,
SDS, and Blue Native Electrophoresis Analysis

Mitochondria were isolated from cell lines or mouse hearts as described (Fer-
nandez-Vizarra et al., 2002).

ATP synthesis in isolated mitochondria (15-25 ng mitochondrial protein) was
measured using a kinetic luminescence assay (Vives-Bauza et al., 2007). Mito-
chondrial fractions were prepared and the activities of individual complexes
measured spectrophotometrically (Birch-Machin and Turnbull, 2001).

Bioenergetic index in cell homogenates and mitochondrial dynamics in
isolated mitochondria were analyzed by Western blot after SDS-PAGE
(Cuezva et al., 2002). Supercomplex levels and composition were analyzed



in isolated heart mitochondria by blue native electrophoresis (Acin-Pérez
et al., 2008). Protein levels were assessed using antibodies to the following
proteins: FpSDH (Novex); OPA1, GAPDH, and corel (Abcam); and ATP5B
(MitoSciences).

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
seven figures, and four tables and can be found with this article online at
http://dx.doi.org/10.1016/j.cmet.2016.04.008.
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