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Missense Mutation in Human CHD4 Causes
Ventricular Noncompaction by Repressing

ADAMTST

Wei Shi®, Angel P. Scialdone, James I. Emerson, Liu Mei, Lauren K. Wasson®, Haley A. Davies(®, Christine E. Seidman(,
Jonathan G. Seidman®, Jeanette G. Cook®, Frank L. Conlon

BACKGROUND: Left ventricular noncompaction (LVNC) is a prevalent cardiomyopathy associated with excessive trabeculation
and thin compact myocardium. Patients with LVNC are vulnerable to cardiac dysfunction and at high risk of sudden death.
Although sporadic and inherited mutations in cardiac genes are implicated in LVNC, understanding of the mechanisms
responsible for human LVNC is limited.

METHODS: We screened the complete exome sequence database of the Pediatrics Cardiac Genomics Consortium and
identified a cohort with a de novo CHD4 (chromodomain helicase DNA-binding protein 4) proband, CHD4"2%? with
congenital heart defects. We engineered a humanized mouse model of CHD4¥2%?' (mouse CHD4M'®%), Histological analysis,
immunohistochemistry, flow cytometry, transmission electron microscopy, and echocardiography were used to analyze cardiac
anatomy and function. Ex vivo culture, immunopurification coupled with mass spectrometry, transcriptional profiling, and
chromatin immunoprecipitation were performed to deduce the mechanism of CHD4M'®%-mediated ventricular wall defects.

RESULTS: CHD4M195/M1%5! mice developed biventricular hypertrabeculation and noncompaction and died at birth. Proliferation of
cardiomyocytes was significantly increased in CHD4"'** hearts, and the excessive trabeculation was associated with accumulation
of ECM (extracellular matrix) proteins and a reduction of ADAMTS1 (ADAM metallopeptidase with thrombospondin type 1 motif
1),an ECM protease. We rescued the hyperproliferation and hypertrabeculation defects in CHD4"'® hearts by administration of
ADAMTS 1. Mechanistically, the CHD4M'®® protein showed augmented affinity to endocardial BRG1 (SWI/SNF-related, matrix-
associated, actin-dependent regulator of chromatin, subfamily A, member 4). This enhanced affinity resulted in the failure of
derepression of Adamts1 transcription such that ADAMTS1-mediated trabeculation termination was impaired.

CONCLUSIONS: Our study reveals how a single mutation in the chromatin remodeler CHD4, in mice or humans, modulates
ventricular chamber maturation and that cardiac defects associated with the missense mutation CHD4M'®® can be attenuated
by the administration of ADAMTST.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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most prevalent cardiomyopathy, is characterized by =~ mainly affects the LV, but isolated right ventricular or
excessive ventricular trabeculae (noncompaction),  biventricular noncompaction has also been reported.'=
a thin myocardium, and deep intertrabecular recesses Left ventricular noncompaction can be asymptomatic,

Left ventricular noncompaction (LVNC), the third among the trabeculae. Left ventricular noncompaction
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CHD4 Mutation Causes Noncompaction Cardiomyopathy

Novelty and Significance

What Is Known?

» Left ventricular noncompaction cardiomyopathy
(LVNC) is one of the most prevalent congenital heart
diseases, characterized by prominent left ventricular
trabeculations, deep intertrabecular recesses, and a
thin and compacted myocardium.

* Mutations of CHD4 (chromodomain helicase DNA-
binding protein 4) have been identified to be causative
to congenital heart diseases that include LVNC.

« ADAMTS1 (ADAM metallopeptidase with thrombos-
pondin type 1 motif 1) is critical to terminate trabecula-
tion during heart development.

What New Information Does This Article
Contribute?

* A patient-specific mouse model of CHD4"2? mouse
model CHD4M'%9 develops ventricular trabecular non-
compaction during embryogenesis and dies at birth.

+ Cardiomyocytes in CHD4M'%% remain immature and
continue to proliferate until birth.

* The phenotype of CHD4"'%" is associated with a dys-
regulation of the extracellular matrix composition.

o CHD4M19! gssociates with BRG1 (SWI/SNF-related,
matrix-associated, actin-dependent regulator of chromatin,
subfamily A, member 4) to repress Adamts1, and restora-
tion of ADAMTS1 rescues hypertrabeculation and cardio-
myocyte over-proliferation in the CHD4M%/M1%! mice,

LVNC is a complex and heterogeneous cardiomyopa-
thy associated with diverse clinical presentations and
genetic causes. Despite extensive research, the under-
lying mechanisms that cause LVNC remain poorly
understood. This study identified a de novo CHD4
mutation (CHD4"20?) in a cohort with congenital heart
defects. We generated a mouse model (CHD4M%) of
the human CHD4 mutation and found that CHD4M%”
M191 mice developed biventricular hypertrabeculation
and noncompaction and died at birth. Excessive tra-
beculation was associated with increased cardiomyo-
cyte proliferation, extracellular matrix (ECM) protein
accumulation, and reduced expression of ADAMTST,
an ECM metalloprotease that terminates trabeculation
during heart development. Restoration of ADAMTST
pharmacologically rescued the hypertrabeculation
and cardiomyocyte over-proliferation defects. This
study provides a unique mouse model of ventricular
noncompaction cardiomyopathy that faithfully reca-
pitulates the human genetic condition, highlighting the
potential role of ADAMTST as a therapeutic target for
treating LVNC.

Nonstandard Abbreviations and Acronyms

ADAMTS1 ADAM metallopeptidase with

thrombospondin type 1 motif 1

BRG1 SWI/SNF-related, matrix-associated,
actin-dependent regulator of chromatin,
subfamily A, member 4

CHD4 chromodomain helicase DNA-binding
protein 4

ECM extracellular matrix

Lv left ventricle

LVNC left ventricular noncompaction

NuRD nucleosome remodeling and
deacetylase

RV right ventricle

but patients with LVNC are at high risk of developing
heart failure and sudden death.® Genetic screening of
individual patients with LVNC has identified mutations in
genes encoding transcription factors, sarcomere, nuclear
membrane, RNA-binding proteins, and ion channel pro-
teins™'% however, a significant portion of LVNC cases
are of unknown etiology."" Moreover, the identification
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of the molecular and cellular mechanisms that orches-
trate the pathogenesis of LVNC is compromised by the
absence of a genetic model that faithfully recapitulates
patients’ conditions.

As a structural cardiac defect, LVNC involves ven-
tricular chamber maturation, during which ventricu-
lar trabeculation and compaction are the most critical
morphogenetic events."? Trabeculation is initiated by
myocardial sprouting that extends from the compact
monolayer and protrudes into the extracellular matrix
(ECM), also referred to as the cardiac jelly at approxi-
mately embryonic day (E) 8.5 in mice and approximately
day 28 in humans.”™ Trabecular myocardium grows by
the proliferation of cardiomyocytes at early developmen-
tal stages. By E13.5 in mice and approximately day 40 in
humans, the trabeculae undergo significant compaction
and form a thickened, tightly packed ventricular wall with
a relatively smooth inner surface.”? Persistent trabecu-
lation and a reduced level of compaction5'*'® typically
characterize LVNC.

Abnormal development of the ventricular cham-
bers of the heart is the basis of a significant number
of congenital heart defects. Therefore, a mechanis-
tic understanding of cardiac compaction is crucial for
improving the treatment of structural heart disease.
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Large, multicomponent complexes that modify chroma-
tin control cardiac gene expression. Prominent among
these complexes is the NuRD (nucleosome remodel-
ing and deacetylase) complex.'®'® The NuRD complex
is essential for many developmental events, including
ensuring proper timing of the switch from stem cell
lineages to differentiated cell types, maintaining cell
differentiation, and activating DNA damage response
pathways.'®2* Mutations in CHD4 (chromodomain
helicase DNA-binding protein 4), the core catalytic
component of the NuRD, lead to congenital cardiac
malformation, including atrial and ventricular septal
defects.?® CHD4 is essential for cardiac development,
and it represses inappropriate expression of the skel-
etal and smooth muscle programs in the developing
heart?67%® Nonetheless, neither CHD4 nor the NuRD
complex can directly bind DNA. Instead, we have shown
that CHD4 is recruited to target cardiac genes by
interaction with the essential cardiac transcription fac-
tors GATA4 (GATA binding protein 4), NKX2-5 (NK2
homeobox 5) and TBX5 (T-box transcription factor 5).2°
Although CHD4 is crucial for heart development, and
its disease relevance is well established, many questions
remain regarding the mechanism of CHD4'’s function.
Critically, we do not understand how a single missense
mutation in CHD4, a broadly expressed catalytic unit of
the NuRD complex, leads to cardiac-specific disease in
humans. To determine the basis of CHD4 mutations in
human congenital heart disease, we screened the com-
plete exome sequence database of the Pediatrics Cardiac
Genomics Consortium®3" and identified a cohort with a
de novo CHD4 proband, CHD4¥202 with congenital heart
defects. Using CRISPR/CAS9, we generated a human-
ized mouse model of CHD4M202' (mouse CHD4M19%), We
demonstrate that CHD4"'%"M1%! mice displayed critical
aspects of human LVNC. CHD4M%9/M1%5! hearts failed to
undergo compaction, and cardiomyocytes were retained
in an immature proliferating state through birth. The
LVNC phenotype was associated with increased extra-
cellular matrix proteins and a marked reduction in the
ECM protease ADAMTS1 (ADAM metallopeptidase
with thrombospondin type 1 motif 1). We demonstrate
that Adamts1 is a direct target of CHD4 and that exog-
enous administration of ADAMTST1 or the introduction of
a pharmacological compound that increases ADAMTS1
expression rescues key facets of LVNC ex vivo and in
utero in CHD4M99/M1%! mice, Together, we have revealed
a mechanism of how CHD4 may cause congenital heart
diseases, and we present prospects for treatment.

METHODS
Data Availability

An expanded Materials and Methods section is available in the
Supplemental Material, and the sources of critical reagents
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are provided in the Major Resources Table. The raw RNA-
sequencing data are available through the Gene Expression
Omnibus (GEO) public functional genomics data repository
with the accession number GSE229050. On reasonable
request, the data, analytic methods, and study materials will be
made available to other researchers to reproduce the results or
replicate the procedures.

Ethics Statement

The Institutional Animal Care and Use Committee at the
University of North Carolina at Chapel Hill approved all animal
experiments, which conformed to the Guide for the Care and
Use of Laboratory Animals.

RESULTS

Generation of a Patient-Specific Mouse Model
of CHD4"202!

To define the mechanisms by which mutations in CHD4
lead to cardiac disease, we screened the complete exome
sequence database of the Pediatrics Cardiac Genom-
ics Consortium®" and identified a cohort with a de novo
CHD4 proband CHD4"2%%, This proband was associated
with ventricular septal defects and conotruncal abnor-
malities (Figure 1A). Surprisingly, CHD4"2°? mapped to
a highly evolutionarily conserved region (Figure S1A) of
CHD4 of unknown biological function.®2-%* To determine
the mechanism by which CHD4M2%?' causes cardiac dis-
ease, we used a CRISPR/CASS gene-editing system
to engineer a humanized mouse model of CHD4M202
(mouse CHD4M9%: Figure S1B). Founding males were
bred to wild-type (WT) CB57BL/6J females, and the
genotypes of the founding males and all F2 offspring
were confirmed by polymerase chain reaction genotyp-
ing and sequencing (Figure S1C and S1D). Immunoblot
analysis and immunohistochemistry at E18.5 showed
that intact CHD4M'®®' protein was present in homozygous
CHD4M195/M1%5! hearts at endogenous levels and localized
to the nucleus (Figure STE and S1F).

Neonatal Homozygous CHD4"'%5/M1%% Develop
Noncompaction Cardiomyopathy

Heterozygous CHD4M%+ mice were viable, fertile,
recovered at expected Mendelian ratios, and exhibited
no overt phenotypic abnormalities (Figure 1B; Figure
S2). Conversely, homozygous CHD4M9M1%! mice died
at or shortly after birth, with none of the CHD4M195/M19%1
mice surviving >2 days (Figure 1B). Anatomic analysis at
postnatal day O (PO) revealed that CHD4M'%/M1%! mouse
hearts had a dramatically reduced ventricular cavity with
a concomitant increase in the thickness of the ventricular
walls and septa compared with WT or CHD4%5"+ (Fig-
ure 1C through 1H). The histological examination further
revealed that *20% of CHD4M%9"Mi%! hearts displayed
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Figure 1. CHD4 (chromodomain helicase DNA-binding protein 4)"°5/M1%5 peonatal mice develop ventricular noncompaction and
die at birth.

A, Top, CHD4¥2°? pedigree (squares, male; circle, female; ventricular septal defect [VSD]) and schematic of CHD4 protein domains. Bottom,
Protein sequence alignment of human and mouse CHD4 orthologs. B, Table of expected and observed Mendelian ratios of offspring at indicated
developmental stages from the intercross of CHD4"'%+ mice. Thirty-eight, 7, and 14 litters were recovered at embryonic day (E) 18.5, postnatal
day (P) 0, and P1, respectively. C, Representative PO neonates, whole mount and hemotoxylin and eosin (H&E)-stained paraffin coronal and
transverse sections of PO wild-type (WT), heterozygote (CHD4"'%"+), and homozygote (CHD4M'99"M19) mouse hearts. Scale bars, 2 mm (overview
of neonates) and 0.5 mm (overview of whole mount and H&E stains). D through H, Quantification of right ventricular (RV; D) and (Continued)
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ventricular septal defects (Figure S3). However, we did
not detect alterations in the development of the aorta
and pulmonary artery (Figure S4).

Studies have shown that conditional loss of Chd4
in skeletal muscle leads to myopathy.?® To determine if
CHDA4M'%5 is essential for skeletal muscle homeostasis,
we conducted histological analyses of E18.5 hindlimbs.
We observed that the CHD4M'%/M1%! empryonic limbs
have fewer but larger myofibers that are disorganized
versus controls (Figure SBA through S5C). We have fur-
ther observed that the distal hypertrophic chondrocyte
layer of the tibia in the CHD4M9"M1%! embryonic limbs is
thicker versus WT embryos (Figure S5D). Consistently,
we find a more significant number of PAX7 (paired Box
7)* cells (activated muscle satellite cells) and a con-
comitant increase in Ki67*/PAXT7* in the CHD4M'%
M1%l tissue (Figure S6). However, we found no signifi-
cant alteration in the expression of the skeletal muscle-
specific contractile protein, eMHC (embryonic myosin
heavy chain), between CHD4M1%/M1%! and WT embryos
(Figure S7). In accordance, the length of the tibial bone
and the embryo are not significantly different (Figure
S8A and S8B), and we find no significant difference in
the body weight of CHD4M19%8/M19 empryos versus con-
trols (Figure S8C). In aggregate, these data suggest that
CHDA4"'%5 is essential for cardiac development, myofibril
organization, and viability.

CHD4"195/M1%51 and Vlentricular Noncompaction

As the CHD4 proband had no reported skeletal defects
and, as skeletal defects associated with CHD4 skeletal
conditional null mice?® are not lethal, the skeletal defects
associated with CHD4M9"M19%1 would not be predicted
to be the cause of death in CHD4M1%"M19I mice. There-
fore, we focused on the function of CHD4M'% in cardiac
development. LVNC is a cardiac disease associated with
increased cardiac failure in children and adults3%36 In
addition, LVNC is associated with hypertrabeculation of
the myocardium of the left ventricle (LV), and occasionally
the right ventricle (RV).'-® Therefore, to assess the com-
pact and trabecular layers of CHD4M198/M1%5 empryos, we
conducted immunofluorescence with Endomucin (red)
and TMY (tropomyosin; green) antibodies to delineate

CHD4 Mutation Causes Noncompaction Cardiomyopathy

chamber endocardium and myocardium, respectively
(Figure 11; Figure S9). In WT and CHD4"'%"+ hearts, the
trabeculae were folded and oriented parallel to the free
wall of the RV (white arrows, Figure 11, and 11,). More-
over, the trabeculae assimilated into the compact zones
clearing the ventricular lumen (asterisks, Figure 11,
through 11). In contrast, consistent with LVNC pheno-
type,S'4'® the trabeculae in the CHD4M!%/MI%! hearts
remained straight and protruded perpendicularly to the
compact zones and extended across the lumen (white
arrows, Figure 11, and 11,). By examining the ratio of the
layer thickness of the trabecular-to-compact, we found
severe RV and modest LV noncompaction in CHD4""%"
Mi%l hearts. In contrast, CHD4"'%"+ hearts displayed
RV but not LV noncompaction (Figure 1J through 1L).
Together, these findings demonstrated that CHD4'% is
associated with critical aspects of the LVNC phenotype.

Ventricular Noncompaction in CHD4"195//M1951
Hearts

To define the onset of noncompaction in CHD4M%V
M19 embryos, we conducted histological analysis on
CHD4M195/M1981 gnd WT embryonic hearts from E9.5
through E185. At E9.5, LV and RV in WT embryos
displayed trabeculae as single sprouts with few inter-
connections (Figure 2A, through 2A)). In contrast,
trabeculae in the CHD4M%/Mi%I hearts were longer
(82.514+5.31 and 103.12+855 pm in the CHD4M%
M19l hearts, compared with 60.24+753 and 72.560+4.62
pum in the WT hearts, in the RV and LV, respectively; Fig-
ure 2B), they protruded into the ventricular cavities and
formed a ventricular mesh network (Figure 2A, through
2A,). At this stage, alternations in the morphology of
CHD4M195/M1%81 hearts appeared to be confined to the
trabecular layer. We did not observe a significant differ-
ence in thickness of the compact layer in either the RV
or LV (5.88+1.46 and 6.07£1.08 pym in the CHD4M%"
M1%l hearts, compared with 6.08+1.34 and 5.67+1.57
pum in the WT hearts, in the RV and LV, respectively; Fig-
ure 2C). However, by E12.5, in CHD4M195/M1%! hearts, we
found a thinning of the compact layer (11.568£1.72 and
7371251 um in the CHD4M1%/M1%! hearts, compared
with 16.84£2.45 and 12.54£3.73 pm in the WT hearts,

Figure 1 Continued. left ventricular (LV; E) ventricular cavity area, interventricular septum (IVS; F), RV wall (G), and LV wall (H) thickness on
PO WT, CHD4M95/M195, gnd CHD4M199"M195 mouse heart sections. I, Representative images of immunofluorescent (endomucin, TMY [tropomyosinl,
and 4’,6-diamidino-2-phenylindole [DAPI]) stained sections from PO mouse hearts. The approximate boundaries between compact myocardium
(Comp.; indicated by yellow double-headed arrows) and trabecular myocardium (Trab.; indicated by blue double-headed arrows) are indicated by
orange dashed lines. Trabeculae are delineated with the white dashed curve, and white asterisks indicate fused trabeculae. White arrows indicate
the direction of trabecular projections. Scale bars, 0.5 mm (overview of the whole heart) and 0.2 mm (magnified views on RV and LV). J and K,
RV (3) and LV (K) sublayer thickness measurements on PO mouse hearts. L, Ratio of trabecular layer thickness to compact layer thickness in

(@) and (K). Data in D—H and J-L are represented as mean+SEM. For all experiments in C-L, n=6 individual hearts per genotype, each point
representing the mean value of 5 technical measurements from an individual biological replicate, so 30 measures were acquired per genotype.
The Shapiro-Wilk test was applied to test the normality of variables. One-way ANOVA (D-H) or 2-way ANOVA (J-L) followed by Turkey post hoc
test were used for comparisons. M195//M195/ or MI/MI represents CHD4M195/M1% same with all main and Supplemental Figures S1,512, S14
through S16, S18 through S20, and S22. CHR, chromodomain; LA, left atrium; PHD, plant homeodomain; and RA, right atrium.
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Figure 2. Ventricular noncompaction in CHD4"95/M195! hearts dynamically proceeds over developmental stages.

A and D, Representative images of hemotoxylin and eosin (H&E)—stained paraffin sections of wild-type (WT) and CHD4M95/M1%! hearts

at embryonic day (E) 9.5 (A) and E14.5 (D), trabeculae assimilated into the compact myocardium are indicated by yellow arrowhead (D5)

and nonassimilated trabeculae are indicated by blue arrowheads (D10). G, Representative images of H&E-stained (G1 and G5) and
immunofluorescent (endomucin, TMY [tropomyosin], and 4/,6-diamidino-2-phenylindole [DAPI]; G2—-G4 and G6—G8)-stained paraffin sections
of WT and CHD4M1%/M1%1 hearts at E18.5; the approximal boundaries between compact myocardium (Comp,; indicated by yellow double-headed
arrows) and trabecular myocardium (Trab.; indicated by blue double-headed arrows) are indicated by orange dashed lines. (Continued)
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in the RV and LV, respectively; Figure STOA and S10C)
in addition to excess trabeculae (219.22+2721 and
222.70+£20.50 pm in the CHD4M%/MI%! hearts, com-
pared with 126.42+30.86 and 175.18%£18.79 pm in the
WT hearts, in the RV and LV, respectively; Figure S10B).

By E14.5, in WT hearts, portions of the trabecu-
lae were assimilated into an organized compact zone
(Figure 2D, through 2D,), whereas in CHD4M!eo/M1%!
hearts, the trabeculae were thicker (269.131£22.95 and
307.09+40.52 pm in the CHD4M!9%/MI%! hearts, com-
pared with 186.31£20.45 and 237.05%+38.81 pm in the
WT hearts, in the RV and LV, respectively; Figure 2E),
while the compact layer was thinner (72.32+17.14 and
70.14+13.66 um in the CHD4M'%"M1%! hearts, compared
with 113.31£12.82 and 1256.23+£21.35 pm in the WT
hearts, in the RV and LV, respectively; Figure 2F). We
observed a failure of the trabeculae to fold (Figure 2D,
through 2D, ). These dysregulated trabecular pheno-
types persisted in E16.5 (Figure S10D through S10F)
and E18.5 (Figure 2G through 2I). However, the thick-
ness of the compact zones in LV was not significantly
different compared with WT hearts at these stages
(E16.5: 172.084£23.86 and 165.57£22.83 um for the
CHD4Moemi%l and WT LV compact layer, respectively,
Figure S10F; E18.5: 21709£18.71 and 2056.24+10.82
pm for the CHD4M'%"M1%! and WT LV compact layer,
respectively, Figure 2I) and at PO (386.31£105.25 and
389.41£122.04 pm for the CHD4M1%"M1%I gnd WT LV
compact layer, respectively, Figure 1K). These findings
demonstrated that CHD4M'%/"M1%! hearts underwent
dynamic remodeling leading to an LVNC phenotype and
death at or shortly after birth.

Impaired Cardiac Function in CHD4"1%5//M1951
Mice

To delineate the physiological consequences of
CHD4M™5! we performed ultrasound pulsed wave Dop-
pler on E18.5 embryos in utero without surgical manipu-
lation of the dam or embryos.26%%% This approach enabled
us to measure the effect of biventricular noncompaction
on cardiac function in the developing heart. Short-axis
M-mode echocardiograms showed little ventricular wall
movement in the CHD4M1%5/M1%1 (Figure 3A; Video St
through S3), which confirmed severe cardiac contractile
dysfunction and consequently reduced heart rate (Fig-
ure 3B), left ventricular ejection fraction (Figure 3C),
left ventricular fractional shortening (Figure 3D), right
ventricular end-systolic and diastolic volume (Figure 3E
and 3F). No significant changes were identified in the

CHD4 Mutation Causes Noncompaction Cardiomyopathy

CHD4M%+ embryos or adults (Figure 3A; Figure S11;
Videos S4 and Sb). These studies demonstrated that
CHD4M196/M1981 physiologically models LVNC.

Hypertrabeculation Is Accompanied by the
Over-Proliferation of Cardiomyocytes

We next queried whether hypertrabeculation in
CHD4MooM1%8l hearts resulted from the inappropriate
proliferation of cardiomyocytes. Results revealed a sig-
nificant increase in the coexpression of Ki67, a marker
of proliferation, and the cardiomyocyte marker TMY in
CHD4MoemM1%8l PO mice (Figure 4A through 4D). Con-
sistently, quantifying dissociated cardiomyocytes from
PO hearts confirmed an increase in the number of car-
diomyocytes in CHD4M19%/M1%! hearts compared with WT
(Figure S12A). Correspondingly, we found an increase
in cardiomyocyte proliferation in vivo as measured by an
increase in 5-Ethynyl-2’-deoxyuridine (EdU) incorpora-
tion (Figure 4E and 4F) and Ki67/TMY costaining at
E18.5 (Figure S12B and S12C).

To confirm and extend these findings, we conducted
cell cycle profiling of cardiomyocytes derived from
CHD4M198M1%5 gnd WT mice that had been labeled with
EdU (Figure S13). We found a significant decrease in
CHD4Moom1951 (76,2%) compared with WT (84.3%)
cardiomyocytes in the G1 phase and a concomitant
increase of cardiomyocytes in the S phase (19.8% in
CHD4M195/M1951 yersus 12.3% in WT) and an increase
in G2/M phases (3.8% in CHD4M95/M1%! yersus 2.2%
in WT; Figure 4G and 4H). In sum, CHD4M!95/M198! cgr-
diomyocytes displayed an increased and prolonged
state of proliferation.

We further found that cardiomyocyte proliferation and
hypertrabeculation were not associated with cardiomyo-
cyte hypertrophy. Wheat germ agglutinin and TMY double
immunostaining (Figure S14A) on sections of PO hearts
did not show a significant difference in cardiomyocyte
size between the WT and CHD4M'9/M1%! hearts (Figure
S14B). These results indicated that the hypertrabecula-
tion was caused by the over-proliferation of cardiomyo-
cytes and the overgrowth of the trabecular layer at the
expense of the compact layer.

CHD4"%! | eads to Upregulation of Cell Cycle
Pathways
Because the phenotype and timing of CHD4M%/Mioel

are significantly different from cardiac Chd4 null muta-
tions,?® we hypothesized that CHD4'®% regulates

Figure 2 Continued. Scale bars, 50 (A), 250 (D), and 200 um (G). B, C, E, F, H, and I, quantifications of sublayer thicknesses of WT and
CHD4M199/M19%%1 heart sections from E9.5 (B and €), E14.5 (E and F), and E18.5 (H and I). For all experiments in A=, n=>5 individual hearts per
genotype per stage, each point representing the mean value of b technical measurements from an individual biological replicate, so 256 measures
were required per genotype per stage. Data in B, C, E, F, H, and I are represented as mean+SEM. Mann-Whitney U test was performed for

comparisons. LV indicates left ventricle; and RV, right ventricle.
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Figure 3. Impaired cardiac function in CHD4"95/M1%5 mjce,

A, In utero echocardiography analysis of representative embryonic day (E) 18.5 wild-type (WT), CHD4M%+ and CHD4M%5/M1%% embryonic
hearts. Representative images showing 2-dimensional (2D)-Mode (left) and M-Mode (right) of the echocardiography. B—F, Quantification

of heart rate (B), left ventricular (LV) ejection fraction (LV EF, C), LV fractional shortening (LV FS, D), end-systolic right ventricular (RV)

volume (RV Vols, E), and end-diastolic right ventricular volume (RV Vol;d, F). n=6 individual embryos per genotype from 4 pregnant female
CHD4M1%5"+ mice, each point representing the mean value of 2 technical measurements from an individual biological replicate. Data in B-F
are represented as meantSEM. The Shapiro-Wilk test was applied to test the normality of variables. One-way ANOVA followed by Turkey post
hoc test was used for comparisons. BPM indicates beat per minute; IVS, interventricular septum; LVID;d, end-diastolic LV internal diameter;
LVID;s, end-systolic LV internal diameter; LVPW, LV posterior wall; RVID;d, end-diastolic RV internal diameter; RVID;s, end-systolic RV internal

diameter; and RVPW, RV posterior wall.

a distinct transcriptional network essential for cardiac
development and function. To test this hypothesis, we
performed RNA-sequencing analyses on E18.56 WT and
CHD4M195/M19% hearts and identified 323 genes that were
differentially expressed (adjusted FR<0.05, |log2[fold
change][>0.5), with 113 genes upregulated and 210
genes downregulated in CHD4M98/M19%1 (Figure 41; Figure
S15A). Consistent with our in vivo analyses at PO, gene
set enrichment analysis revealed the overrepresented

Circulation Research. 2023;133:48-67. DOI: 10.1161/CIRCRESAHA.122.322223

classifications in the CHD4M'%/M1%! hearts to be those
of cell cycle-related biological processes, including
DNA replication initiation, cell cycle checkpoint control,
nucleosome assembly, and cytokinesis (Figure 4J; Figure
S16B). Representative differential genes included the
core subunits of the DNA helicases Mcm(4-7), essential
for DNA replication® (Figure 4K). Thus, CHD4"'%! was
associated with an increase in cell cycle components and
a related increase in cardiomyocyte proliferation.
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Figure 4. Cardiomyocyte proliferation is increased in CHD4"95/M195! hearts.

A, Representative images of immunofluorescent (Ki67, TMY [tropomyosin], and 4/,6-diamidino-2-phenylindole [DAPI]) stained paraffin sections from

PO wild-type (WT) and CHD4"'%"™M195 mouse hearts. The approximate boundaries between compact myocardium (Comp.) and trabecular myocardium
(Trab.) are indicated by orange dashed lines. Proliferating cardiomyocytes (Ki67+/TMY*) are indicated by white arrowheads. Scale bars: 50 pm. B

through D, Quantification of proliferating cardiomyocyte ratios (Ki67+/total cardiomyocytes) in the interventricular septum (IVS, B), Comp. (C), and Trab.
(D). In A-D, n=4 individual PO hearts per genotype, each point representing the mean value of 3 technical replicates (30 cardiomyocytes were counted
per technical replicate) from an individual biological replicate, so 360 cardiomyocytes were counted in total per genotype. E, Representative images

of immunofluorescent (TMY, 5-Ethynyl-2’-deoxyuridine [EdU], endomucin, and DAPI) stained paraffin sections from embryonic day (E) 185 WT and
CHD4M95"M1% mouse hearts. Yellow arrowheads indicate proliferating cardiomyocytes. Scale bars, 20 um. F, Quantification of proliferating cardiomyocytes
ratio (EdU*/total cardiomyocytes) in E185 WT and CHD4M'9"M1% hearts (n=3 individual E18.5 hearts per genotype, each point (Continued)

56  June 23,2023 Circulation Research. 2023;133:48-67. DOI: 10.1161/CIRCRESAHA.122.322223



Shi et al

Cardiomyocytes in CHD4"195/M1%5I \ice Are in an
Immature State

In mice at E18.5, cardiomyocytes initiate multiple adapta-
tions for the heart to transit from fetal to adult states.*0~#2
In line with the higher cardiomyocyte proliferation activ-
ity of CHD4M99/M19%8! hearts (Figure 4), our gene set
enrichment analysis classification also revealed that the
downregulated genes in CHD4M1%5/M1%! hearts were sig-
nificantly enriched in differentiation functions, such as
muscle cell development, sarcomere organization, and
myofibril assembly (Figure bA; Figure S15B). Myosin
heavy chain 6 (Myh6), a dominant adult sarcomeric iso-
form in rodents,***4 was among the representative down-
regulated genes in CHD4M9"M1%8! hearts (Figure 5B).

In heart development, cardiomyocyte division is asso-
ciated with disassembling organized contractile fibrils.*54¢
The observation that CHD4M'%"MI%!  cardiomyocytes
showed downregulation of gene sets related to mature
cardiomyocytes led us to hypothesize that proliferating
cardiomyocytes in CHD4M99/M1%! remained in an imma-
ture state and were unable to form functioning sarco-
meres. To test this hypothesis, we used transmission
electron microscopy to examine the morphology of myofi-
brils. By E18.5, control hearts were composed of actin fila-
ments assembled into individual contractile units anchored
by Z discs (Figure 5C1 and 5C2). In contrast, CHD4M95/
M1%! hearts displayed a severe reduction in myosin filament
density and a concomitant loss or deformation of Z discs
(Figure 5C3 and 5C4). Congruently, in CHD4M1%/Mi%!
hearts, we found a failure of TMY to localize into discrete
sarcomeres (Figure S15C). These findings suggested
that proliferating cardiomyocytes failed to incorporate into
organized sarcomeres, which may explain the observa-
tion of deficient contractile function in the mutant mice as
assessed from echocardiograms (Figure 3).

During maturation, cardiomyocytes undergo a
metabolic transition from glycolysis to oxidative phos-
phorylation to produce sufficient ATP to sustain heart
function.***® Consistent with our finding that CHD4M%"
M19! cardiomyocytes retain properties of immature cells,
we found that genes associated with oxidative phos-
phorylation were underrepresented in the transcriptional
profile of CHD4M199/M1%! hearts (Figure 5D). Prominent
examples were the downregulation of hexokinase 2
(Hk2) and cytochrome C oxidase 8b (Cox8b; Figure 5E),
2 enzymes essential for metabolism in mature cardiomyo-
cytes.49%% In addition, metabolic transcriptional regulators

CHD4 Mutation Causes Noncompaction Cardiomyopathy

of mature cardiomyocytes (Ppargc1a, Ppara, Esrrb) were
also significantly downregulated in the CHD4M%eM1oe!
hearts (Figure 5E). The changes in gene expression in
CHD4M195/M198! cardiomyocytes correlated with alteration
in the maturation of the mitochondria. Mitochondria in WT
hearts contained densely organized cristae (Figure 5F1
and BF2), the structure housing the electron transport
chain and ATP synthase. In contrast, the mitochondrial
cristae in the CHD4M19%/M1%! were immature and poorly
aligned (Figure 5F3 and bF4). Collectively, our molecular
and cellular data strongly implied that cardiomyocytes in
CHD4M195/M1%81 hearts continued to proliferate until birth
and were maintained in an immature state.

CHD4""% Leads to a Downregulation of
ADAMTS1 and a Concomitant Ectopic
Accumulation of the Extracellular Matrix

Afine-tuned balance between the synthesis and degrada-
tion of ECM (extracellular matrix) components is required
for proper trabeculation and compaction in developing
hearts.'®5"%% The ECM environment provides essen-
tial extracellular signals for cell proliferation, migration,
and differentiation, all processes altered in CHD4M'%”
M1%l cardiac tissue. These observations, coupled with
results from our transcriptional profiling and histologi-
cal analyses, led to the hypothesis that ECM dynamics
were dysregulated in CHD4M1%5/M1%8! hearts. To test this
hypothesis, we analyzed the cardiac ECM at E9.5, E10.5,
E12.5, and E13.5 with Alcian Blue to detect acidic muco-
polysaccharides, including hyaluronan and proteoglycans.
CHD4M195/M195 hearts showed a robust increase in Alcian
Blue in the ventricular cardiac jelly compared with WT at
each stage (Figure BA, Figure S16A, and S16B). We fur-
ther found an accompanying increase in Vcan (Versican),
a large proteoglycan that functions in the ventricular
septal formation® (Figure 6B through 6D; Figure S16A
and S16B). Consistently, we found a significant posi-
tive correlation between the relative Alcian Blue-positive
area and proliferating cardiomyocytes (Ki67*/TMY*) in
CHD4M195M1951 hearts (Figure 6E). Thus, cardiomyocyte
over-proliferation is associated with ECM accumulation.

Interestingly, although we saw a marked increase in
Vecan protein in CHDAM'%"MI%! versus WT hearts, we
did not observe an increase in Vcan mRNA (Figure 6F;
Figure S16C), which suggested that accumulation of
Vcan was posttranslationally controlled. In parallel, we
observed that cardiac expression of ADAMTS1, a critical

Figure 4 Continued. representing the mean value of 3 technical replicates (30 cardiomyocytes were counted per technical replicate) from an
individual biological replicate, so 270 cardiomyocytes were counted per genotype). G, Flow cytometry analysis for the proliferating cardiomyocytes
derived from E18.5 hearts. H, Quantification for the percent of cardiomyocytes at each cell cycle phase (n=5 individual CHD4"'%"1%! hearts, n=3
WT individual hearts). Data in B-D, F, and H are represented as mean£SEM. Mann-Whitney U test was performed for comparisons. I, Principal
component analysis (PCA) plot of gene expression data from RNA-sequencing (RNA-seq) of n=4 replicates for each genotype. J, Gene set
enrichment analysis showing the upregulated gene set of cell cycle DNA replication in CHD4"'%/M1% K Heatmap of representative misregulated
genes involved in J. Color bar: Z score. ES indicates enrichment score; FDR, false discovery rate; NES, normalized enrichment score; and PC,

principal component.

Circulation Research. 2023;133:48-67. DOI: 10.1161/CIRCRESAHA.122.322223

June 23,2023 57

(—]
=
o
—
=
=
=
m
oW
m
=
=
()
=



https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.122.322223
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.122.322223
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.122.322223
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.122.322223
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.122.322223
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.122.322223

-
S
(-
=T
L
(7cl
(7]
o=
—
=T
—
(-]
(==
(—]

Shietal CHD4 Mutation Causes Noncompaction Cardiomyopathy

A Enrichment plot: GO_MYOFIBRIL_ASSEMBLY C
00
g 0.1
£ 02 '
E 03 ading edge subset: 48%
E 04 H
£os NES=228
6] ES=-0.63
§ MUt (positively correlated) ;
5. = 0
§o tun ot 712 : &
5 Rank at max: 2497 | o
T2 WT (negatively cor
2 2000 4000 6000 8000 10000 12000 14,000
2 Rank in Ordered Dataset
[ Enrichment profie — its Ranking metric scores | o
Sk
B
S
S
Myh6 Iz 2
Myoz1 19
Mylk4 g
0
Tmod3 N
Lmod3 I'1
Myoz2 -2
Mi/MI WT F
D
Enrichment plot: GO_OXIDATIVE_PHOSPHORYLATION
go MUMI:WT
§ 0.2 :
M Leading edge subset: 65%
1
g 241 FDR=0.000 '
£ 05| NES=-2.39 !
0.
% 2 "Mut’ (positively correlated) 1 :
£ :
=0 Zero cross at 7132. 1
E.‘ Rank at max: 3294 -
;" -2 wrtnagaan!d) )
2 2000 4000 6000 8000 100000 12000 14,000 =
& Rank in Ordered Dataset w
[ Enrichment profile — Hits Ranking metric scores|
5
o
s
% "
[
-~
=
Mi/MI WT

Figure 5. Cardiomyocytes in CHD4"95/M1%5! gre immature.

A and D, Gene set enrichment analysis showing the downregulated gene sets of myofibril assembly (A) and oxidative phosphorylation (D) in
CHD4Meemi% B and E, Heatmaps of representative misregulated genes involved in A and D. Color bar: Z score. €, Representative transmission
electron microscopy images of myofibrils in embryonic day (E) 18.5 hearts. Yellow arrows indicate well-formed Z-disc (C1) and sarcomeres (€C2) in
wild-type (WT) hearts and yellow arrowheads indicate weak, deficient Z-disc formation (€3) and poorly organized sarcomeres (C4) in CHD4"1%
M19 hearts. Scale bars, 500 nm (overview) and 100 nm (magnified). F, Representative transmission electron microscopy images of mitochondria
(mt) in E18.5 hearts. Red arrows indicate well-formed mitochondrial cristae (F2), and red arrowheads indicate poorly organized mitochondrial
cristae (F4). Scale bars, 250 nm (overview) and 100 nm (magnified). n=3 individual hearts per genotype in € and F. ES indicates enrichment
score; FDR, FDR, false discovery rate; and NES, normalized enrichment score.
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Figure 6. Cardiac extracellular matrix (ECM) dynamics in CHD4"95/M1%5 gre dysregulated.

A, Representative images of Alcian Blue staining for ECM on embryonic day (E) 9.5 and E12.5 wild-type (WT) and CHD4"1%5/M1%5 heart paraffin
sections. ECM is indicated by black arrowheads. Scale bars, 50 um (E9.6) and 100 pm (E12.5). B, Representative images of immunofluorescent
(Vcan [versican], cTnT [cardiac Troponin T], and 4/,6-diamidino-2-phenylindole [DAPI]) stained paraffin sections from E9.5 and E12.5 mouse
hearts. Scale bars, 50 um. C, Representative images of immunofluorescent-(Ki67, TMY [tropomyosin], and DAPI) stained paraffin sections from
E9.5 and E12.5 mouse hearts. Proliferating cardiomyocytes (Ki67+/TMY*) are indicated by white arrowheads. Scale bars, 25 ym (E9.5) and 50
pm (E12.5). D, Quantification of proliferating cardiomyocyte (Ki67*) ratio and relative Alcian Blue-positive area in indicated stages. E, Scatter
plot showing Ki67* cardiomyocyte (%) relative to Alcian Blue-positive area (%) in WT (brown symbols) or CHD4M1%/M1%! (purple symbols) hearts.
The Shapiro-Wilk test was applied to test the normality of variables. Pearson correlation coefficients were calculated to determine the correlation
between Ki67+ cardiomyocytes (%) and Alcian Blue-positive area (%). R__: Pearson correlation coefficient; P_ : significance level (P value) for

corr’ corr’

determining correlation. Linear regression equations and confidence bands (95% confidence level) were indicated for each genotype. (Continued)
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metalloproteinase for degrading ECM and terminating
trabeculation,'®%* was significantly lower in the CHD4M1%
M1%l gt both gene and protein levels (Figure 6G and 6H;
Figure S16A and S16B). These changes were accompa-
nied by decreased expression of Neoversican (Figure 6l;
Figure S16A and S16B), a readout of metalloprote-
ase activity®* Taken together, our data suggested that
CHDA4M'! represses Adamts1 transcription, at or after
E12.5, leading to an accumulation of components of the
cardiac jelly (ie, Vcan), elevated and sustained prolifera-
tion of immature cardiomyocytes, and a failure to termi-
nate cardiac trabeculation (Figure 6J).

Augmented Interaction Between CHD4 and
BRG1 in CHD4M195/M1%5 Hearts

The findings that Adamts? was downregulated in
CHD4M195/mM19581 - cardiomyocytes and  the associated
increase in the ADAMTS1 substrate Vcan led us to
investigate whether Adamts1 is a direct target of CHD4.
BRG1 (SWI/SNF-related, matrix-associated, actin-
dependent regulator of chromatin, subfamily A, member
4), a component of the multiprotein chromatin-remod-
eling SWI/SNF  (Switch/Sucrose Non-Fermentable)
complex,”™®® represses Adamts1 in endocardial cells to
produce an ECM-rich environment that supports tra-
beculation. By E12.5, BRG1-mediated repression of
Adamts1 is relieved, dissipating the cardiac jelly and pre-
venting excessive trabeculation.®*

Endogenous BRG1 interacts with CHD4%9%% by
directly associating with the N-terminal fragment of
CHDA4.5%¢T Coincidently, the CHD4M'® mutation occurs
within the CHD4 N-terminus. Thus, we hypothesized
that the CHD4M'%%" protein has a higher affinity than
WT CHD4 for BRG1, thereby repressing Adamts1 in
CHD4M795//M195/l

To test this model, in the presence of universal nucle-
ase, we isolated the CHD4 cardiac endogenous inter-
actome under physiological conditions from WT and
CHD4M19/M1%! hearts and performed mass spectrom-
etry analyses. The complexes were derived from E13.5
hearts, the time point when CHD4M%/M1%! cardiomyo-
cytes show an increase in the ADAMTS1 substrate

CHD4 Mutation Causes Noncompaction Cardiomyopathy

Vcan and have an increase in cardiomyocyte prolif-
eration (Figure 6). We recovered CHD4 from E13.5
cardiac tissue at 57% coverage of the theoretical maxi-
mum of 86.6% with trypsin digest of all amino acids
(Figure S17). We used an unbiased gene ontology-
based bioinformatics classification to screen the func-
tions of proteins associated with CHD4. This analysis
showed CHD4 in association with ten components of
the SWI/SNF complex, BRG1, SMARCAS (SWI/SNF-
related, matrix-associated, actin-dependent regulator of
chromatin, subfamily A member 5), ACTLBA (actin-like
B6A), ARID1A (AT-rich interaction domain 1A), BAF60C
(SWI/SNF-related, matrix-associated, actin-dependent
regulator of chromatin, subfamily D member 3), BAF 155
(SWI/SNF-related, matrix-associated, actin-dependent
regulator of chromatin, subfamily C member 1), BRD7
(bromodomain containing 7), BAF57 (SWI/SNF-
related, matrix-associated, actin-dependent regulator
of chromatin, subfamily E member 1), BAF170 (SWI/
SNF-related, matrix-associated, actin-dependent regu-
lator of chromatin, subfamily C member 2), and ARID2
(AT-rich interaction domain 2). Thus, in E13.5 hearts,
CHD4 associated with all the components required for
a functional SWI/SNF complex. Moreover, after stan-
dardization, CHD4M9%5/M195 \yas found to be associated
with a greater number of spectra and a greater area
under the curve for components of the SWI/SNF com-
plex, including BRG1, compared with WT CHD4 (Fig-
ure 7A; Figure S18). In aggregate, these data indicated
that, compared with the WT, CHD4"'®® protein might
interact with a higher affinity with the SWI/SNF com-
plex in the developing heart.

To confirm the CHD4-BRG1 interaction, we per-
formed an in situ proximity ligation assay with E14.5
heart sections. We observed interaction between BRG1
and CHD4 in the nuclei at the edge of the trabecular
myocardium (Figure 7B) in both WT and mutant hearts
(yeIIow arrows; Figure 7B). Consistent with the immuno-
purification—mass spectrometry results, the interaction
between BRG1 and mutant CHD4 in the heart was more
prominent than in WT hearts (Figure 7C). These results
demonstrated that CHD4 and BRG1 interact in vivo in
embryonic heart tissue.

Figure 6 Continued. The linear regression analysis conducted an interaction test with a Pvalue (H)=0.0Q1 between the Alcian Blue (%) and
genotype (WT or CHD4M199/M19%h) In experiments in A—E, n=6 individual hearts per genotype per stage, and 2 technical replicates were performed
for each biological replicate. Twenty cardiomyocytes were counted in each technical replicate, so 240 cardiomyocytes were counted per genotype
per stage in C, D, and E. F, Heatmap of representative genes identified in E18.5 RNA-sequencing (RNA-seq) involved ECM dynamics. Color bar:
Z score. G, Real-time quantitative polymerase chain reaction of Adamts1 expression in WT and CHD4"%"M1%! hearts at indicated stages. In both
genotypes, 3 hearts were pooled as 1 biological replicate for E9.5 and E10.5, 2 hearts were pooled as 1 biological replicate for E12.5 and E13.5.
Three biological replicates for each stage per genotype. The Pgk1 gene was used as the internal control, and Adamts1 expression in E9.5 WT
hearts was normalized as 1.0; expression of all other stages and CHD4"'%5/M1%! hearts was normalized to E9.5 WT hearts. Data are represented
as mean+SEM. Mann-Whitney U test was performed for comparisons. H and I, Representative images of immunofluorescent (ADAMTS1 [ADAM
metallopeptidase with thrombospondin type 1 motif 1], cTnT, and DAPI, H; or Neo-Vcan, TMY, and DAPI, I) stained sections of E9.5 and E12.5
mouse hearts. ADAMTS1 and Neo-Vcan were indicated by yellow arrows or red arrowheads, respectively. Scale bars, 50 pm. n=6 per genotype
per stage in H and L. J, A proposed schematic for dynamics of cardiomyocyte (CM) proliferation, ECM component, ADAMTS1 expression patterns,
and sublayers development in WT and CHD4M%/M1%! hearts,
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Figure 7. CHD4 (chromodomain helicase DNA-binding protein 4)"'*! highly associates with BRG1 (SWI/SNF-related, matrix-
associated, actin-dependent regulator of chromatin, subfamily A, member 4) to repress Adamts1.

A, Protein network-based prediction with search tool for recurring instances of neighbouring genes (STING) showing CHD4 interactome in
embryonic day (E) 13.5 hearts. The color bar and circles outside of each protein represent the ratio of M1951 CHD4 spectra counts to wild-type
(WT) CHD4. Two biological replicates per genotype for the mass spectrometry. Fifteen hearts were pooled for 1 replicate. B, Representative
images of in situ Proximity Ligation Assay (PLA), counterstained with 4/,6-diamidino-2-phenylindole [DAPI], performed with anti-CHD4 and
anti-BRG1 antibodies on E14.56 WT and CHD4M'99"M1%! heart sections. Scale bars, 20 pm. Yellow arrows indicate positive PLA signals; n=3
individual hearts per genotype. €, Quantification of the PLA puncta. Data are represented as mean=SEM. Mann-Whitney U test was performed
for comparisons. D, Visualization by integrative genomics viewer (IVG) browser of BRG1 or CHD4 chromatin immunoprecipitation sequencing
(ChlIP-seq) signals across the Adamts1 locus. Regions of interest are magnified in dashed frames. Data of BRG1 ChIP-seq and CHD4 ChIP-
seq were retrieved from published studies: BRG1 ChIP-seq on iCMs (GSE116281),%¢ on MEFs (GSM2671190), on ECs (GSE152892),%?
CHD4 ChIP-seq on E10.56.2° E through G, ChlP—quantitative polymerase chain reaction (qPCR) for CHD4-ChIP samples from E12.5 WT and
CHD4M195/mM1%81 hearts with primers against the 3 indicated regions in D. Two biological replicates for the ChIF, 15 pooled hearts for each replicate.
Data in E-G are represented as meantSEM, and each biological replicate was analyzed 3 times in the gPCR assay. Mann-Whitney U test was
performed for comparisons. H, Schematic for regulation of Adamts1 transcription by CHD4 and BRG1 association. ACTLEA indicates actin-like
6A; ARID1A, AT-rich interaction domain 1A; ARID2, AT-rich interaction domain 2; BAF57, SWI/SNF-related, matrix-associated, actin-dependent
regulator of chromatin, subfamily E member 1; BAF60C, SWI/SNF-related, matrix-associated, actin-dependent regulator of chromatin, subfamily
D member 3; BAF155, SWI/SNF-related, matrix-associated, actin-dependent regulator of chromatin, subfamily C member 1; BAF170, SWI/SNF-
related, matrix-associated, actin-dependent regulator of chromatin, subfamily C member 2; BRD7, bromodomain containing 7; Comp., compact
myocardium; ECs: endothelial cells; iCMs, iPSC-derived cardiomyocytes; MEFs: mouse embryonic fibroblasts; MUT, mutant; SMARCAB, SWI/
SNF-related, matrix-associated, actin-dependent regulator of chromatin, subfamily A member 5; and Trab., trabecular myocardium.
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Figure 8. Restoration of ADAMTS1 (ADAM metallopeptidase with thrombospondin type 1 motif 1) rescues hypertrabeculation
in CHD4"95/M1%5! hearts.

A, Workflow for treating the cardiac explants with recombinant ADAMTS1 protein. Hearts were dissected at embryonic day (E) 11.56 and cut through
the middle line of the ventricles; the right ventricles (RVs) were cultured on low-melting point agarose gel. Recombinant ADAMTS1 protein (bovine
serum albumin [BSA] was used as control) was incubated with the Affi-Gel bead at ambient temperature (RT) for 2 hours. Then the ADAMTS 1
bead grafts were embedded beneath the inner side of the cultured ventricles for 24 hours. Explant ventricles were cultured in 4’,6-diamidino-2-
phenylindole [DAPI]-containing media for the first 12 hours, and then cultured with EdU-free media for another 12 hours. B, Representative images
of immunofluorescent (EdU, TMY [tropomyosin], and 4/,6-diamidino-2-phenylindole [DAPI])-stained sections of ventricle explants. Scale bars, 50 pm.
C and D, Quantification of EdU* cardiomyocytes (C) and epicardial cells (D) in the explants of 4 conditions in B (n=3 per condition). (Continued)
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CHD4"'%5l-BRG1 Represses Adamts1

Chromatin  immunoprecipitation—sequencing reveals
that BRG1 and CHD4 cooccupy target genes genome-
wide,f%% and BRG1 and CHD4 dynamically occupy 3 cis-
regulatory regions in the Adamts1 locus®* that is, regions
1 to 3 (Figure 7D). To determine whether CHD4M'%®
affects the binding of CHD4 at Adamts1, we performed
chromatin immunoprecipitation—quantitative polymerase
chain reaction on WT and CHD4M%/M1% hearts at E12.5.
We found that CHD4M%"M1%! had a higher occupancy at
Region 3 (the first intron of Adamts1) than WT CHD4,
whereas there was no significant difference at region 1
or region 2 (Figure 7E through 7G). These results sug-
gested that CHD4M%M1%! gssociates more frequently
or with a greater affinity with BRG1 at the first intron
of the Adamts1 locus, thereby maintaining repression of
Adamts1 (Figure 7H).

Restoration of ADAMTS1 Rescues Overgrowth
of Trabeculae

Our data suggested that ADAMTS1 is essential in
dissipating the cardiac jelly and preventing excessive
trabeculation.®* To test this hypothesis in vivo, we exam-
ined the ability of rADAMTS1 (recombinant ADAMTS1)
to restore the termination of trabeculation in hearts
derived from CHD4M19%5/M1951 E11.65 embryos. For these
studies, we first used heart explant cultures* 8 in
which the RVs were isolated and cultured in the pres-
ence of bead grafts that contained rADAMTS1 or BSA
(Figure 8A). We observed that rADAMTS1 significantly
inhibited the expression of Vcan and reduced the num-
ber of cycling cardiomyocytes (Figure 8B and 8C;
Figure S19). Importantly, the changes in Vcan expres-
sion were not associated with changes in the prolifera-
tion of epicardial cells (Figure 8D), which suggested
that rADAMTS1 acts in a cardiac cell type-specific
manner. Thus, these data demonstrated that restora-
tion of ADAMTS1 to the endocardial environment of
CHD4M195/M191 hearts inhibited ECM accumulation and
cardiomyocyte proliferation.

CHD4 Mutation Causes Noncompaction Cardiomyopathy

Studies with breast cancer cell lines demonstrated
that the pharmacological compound GW501516 acts
by transcriptionally upregulating ADAMTS1.%° We tested
the ability of the GW501516 to upregulate ADAMTS1
in heart tissue. Real-time polymerase chain reaction of
Adamts1 derived from control and GW501516 treated
heart explants confirmed that GW501516 significantly
upregulated Adamts? mRNA in cardiac tissue (Fig-
ure 8E). Next, we tested the ability of GW501516 to
restore cessation of trabeculation in utero. To this end, we
intercrossed CHD4"'%"* mice and injected GW501516
intraperitoneally into pregnant CHD4"'%"+ females car-
rying litters between stages E9.5 to E11.5 (once a day;
Figure 8F). At E12.5, we found that Adamts 7 mRNA and
protein were significantly induced in cardiomyocytes by
GWb01516 in the WT and CHD4M'9%/M1%! hearts (Fig-
ure 8G, through 8G, and 8H). Strikingly, cardiomyocyte
proliferation decreased, and there was a concomitant
decrease in the thickness of the trabeculae layer upon
GWbB01516 treatment of CHD4M!%/M1%! hearts (Fig-
ure 8G, through 8G,,, 8l through 8L). However, the
GWbB01516 treatment did not affect the thickness of
the compact myocardium (Figure 8M). Further treat-
ment of pregnant females derived from the intercross
of CHD4M% heterozygous mice with GW501516 at
EQ.5, E11.5, E13.5, E15.5, and E175, and the cardiac
phenotype was analyzed at PO pups. We observed that
GWbB01516 rescued the ventricular wall thickness in
CHD4M195/M1%1 hearts but did not rescue the compact
myocardium, and hence, the pups were not brought
to term (Figure S20). These studies indicated that
CHD4M9% acting through ADAMTS1 regulates vital
aspects of LVNC at mid-gestation by controlling the
cessation of trabeculae growth.

DISCUSSION

Mutations in CHD4, the catalytic component of NuRD
complex, lead to congenital heart disease, including
atrial and ventricular septal defects.262832707" However,
CHD4 is expressed in most cell types; thus, it was not

Figure 8 Continued. E, Real-time quantitative polymerase chain reaction (RT-gPCR) of Adamts1 expression in ADAMTS1 agonist (GW501516)
or vehicle-treated (Control group [Ctrl]) wild-type (WT) heart explants. The Pgk1 gene was used as the internal control; n=5 explants per group.
F, Workflow for treating pregnant CHD4"'%"+ dams with GW501516. CHD4"'%"* mice were intercrossed for timed mating, and GW501516
was administered to the plugged CHD4"%*"* mice by intraperitoneal injection at E9.5, E10.5, and E11.5. Embryonic hearts were dissected and
examined at E12.5 (n=3 GW501516-treated CHD4"'%+ dams). G, Representative images of ADAMTS1, cTnT immunofluorescence (G1-G4),
Alcian Blue staining (G5-G8”), and Ki67, TMY immunofluorescence (G9-G12) performed on embryonic hearts that were dissected from
GW501516-treated CHD4"1%"+ dams. ADAMTS 1+ stains are indicated by orange arrowheads (G1-G4). White double-headed arrows indicate
the thickness of trabeculae, and Alcian Blue-positive stains are indicated by yellow arrowheads (G5-G8’). EdU* cardiomyocytes are indicated
by white arrowheads (G9-G12). Scale bars, 50 ym (G1-G4, G9-G12) and 100 pm (G5-G8"). H, RT-qPCR of Adamts1 expression in the
embryonic hearts of 4 conditions. The Pgk1 gene was used as the internal control. I through M, Quantification of relative Alcian Blue area (I),
relative trabecular area (3), trabeculae thickness (K), Ki67+ cardiomyocyte ratio (L), and compact layer thickness (M). n=3 independent hearts
for each condition in G—M, each point representing the mean value of b technical measurements from an individual biological replicate. Twenty
cardiomyocytes (or 10 epicardial cells in D) were counted in each technical replicate, so 300 cardiomyocytes (or 150 epicardial cells) were
counted in B, C, D, and L. All data in C-E, H-M are represented as mean=SEM. Mann-Whitney U test was performed for comparison in E,

and a 2-way ANOVA followed by Tukey post hoc test was used for comparisons in €, D, and H-M. c.m. indicates compact myocardium; LV, left
ventricular; rADAMTS1, recombinant ADAMTST; tr, trabeculae; Vcan, versican; and Veh, vehicle.
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known how patients with CHD4 missense mutations
display a restricted cardiac phenotype. In this study, we
identified a proband for CHD4 (CHD4"2?) who had
cardiac abnormalities, and we generated a human-
ized mouse model for this mutation (CHD4M'9%"). Using
our model, we established the mechanisms by which
CHDA4M™! leads to impaired cardiac function, and we
identified potential approaches to LVNC therapy. Criti-
cally, we showed that administration of ADAMTST in
culture or in utero rescued aspects of the LVNC-asso-
ciated phenotype. Mice homozygous for CHD4M!%
displayed cardiac abnormalities significantly different
than cardiac Chd4 heterozygous or homozygous null
mutations.?528 Most notably, CHD4"'9%5/M1%.. ynlike car-
diac null CHD4 embryos, display an LVNC phenotype
that includes cardiac noncompaction, hypertrabecu-
lation, and cardiomyocyte over-proliferation. Collec-
tively, these findings strongly imply that CHD4M202
activity regulates a transcriptional network distinct
from the function of CHD4 during the early phases of
cardiogenesis.

Left Ventricular Noncompaction

Whether and how cardiomyocyte proliferation leads
to LVNC hypertrabeculation are a controversial issue.
Recent fate mapping studies revealed that abolish-
ing proliferation in the compact layer can lead to a
hypertrabeculation phenotype in mice.”? Consistently,
cardiac conditional mutations in Jagl, Jag2, Prdm16,
and RBPMS all lead to decreased proliferation and
hypertrabeculated hearts.'®'%"™ Conversely, other stud-
ies suggest that trabeculation occurs at the expense
of the compact layer. For example, Luxan et al. dem-
onstrated that mutations in the E3 ubiquitin ligase
MIB1 (mindbomb homolog 1) led to LVNC in mice and
humans. Enlarged noncompacted trabeculae in MIB1
mice showed increased cardiomyocyte proliferation and
a downregulation of Notch activity.'® Analogously, dele-
tion of Nkx2-5 in trabecular myocardium™ and global
knockout of Fkbp1a™ or Plxnd 1% led to hypertrabecula-
tion and reduced compaction that is associated with an
increase in cardiomyocyte proliferation. One potential
contradiction in these latter findings is that there was
an increase in the proliferation of cardiomyocytes in the
compact layer, yet, the compact layer was thinner than
in controls. We favor the explanation that cardiomyocyte
proliferation leads to noncompaction akin to a zebraf-
ish model in which proliferation-induced cellular crowd-
ing at the tissue scale triggers tension heterogeneity
among cardiomyocytes. The crowding, in turn, drives
cardiomyocytes with higher contractility to delaminate
and seed the trabecular layer.”® Thus, CHD4"'®® |eads
to the over-proliferation and heterogenicity of cardio-
myocytes, which leads to a greater number of cardiomy-
ocytes that enter and proliferate within the trabecular
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layer. Interestingly, we observed p21 (Cdknla), p19
(Cdkn2d), and Cdkn3, potent cell cycle inhibitors, were
significantly downregulated in the CHD4M99/M1%I hearts
in our RNA-sequencing data (Figure S21A). We also
identified that p27, p19, and Cdkn3 were direct targets
of CHD4% (Figure S21B and S21C). These results may
further demonstrate that the noncompaction phenotype
is related to over-proliferation in the CHD4M1%/M1%5!
hearts. In future studies, it will be informative to gen-
erate a cardiomyocyte conditional knockin CHD4M®s!
allele and determine if it phenocopies the global
CHD4M795I/M795/ a”ele.

ADMATS1 and LVNC

Recent genome-wide association studies implicated the
family of ADAMTS (a disintegrin and metalloproteinase
with thrombospondin motifs) proteases in cardiovascu-
lar diseases.””"™ In the heart, the ADAMTS proteins are
mainly secreted by cardiac fibroblasts (ie, ADAMTSBE)%C or
endothelial cells (ie, ADAMTS1,°* ADAMTS138"). Abun-
dant extracellular matrix proteins, including the ADAMTs
proteins, induce the differentiation and proliferation of
cardiomyocytes. Previous studies demonstrated that
Adamts1 is a direct target of BRG1 in the endocardium,
and the suppression of Adamts! by BRG1 is essential
for the termination of trabeculation.®* Here we demon-
strated that CHD4 (and CHD4M'%%) interacts with BRG1
at the endocardium, and CHD4M'9%/M1951 |ed to0 a down-
regulation of ADAMTS1 and an accumulation of ECM
components that might promote cardiomyocyte prolif-
eration. These results strongly suggest that CHD4M'e9
robustly represses endocardial Adamts 1 expression such
that the CHD4M19%/"M1% hearts fail to terminate trabecula-
tion and display LVNC phenotype. Furthermore, adminis-
tration of ADAMTS1 attenuated key LVNC properties of
CHD4M795//M795/ hearts.

Disruption of Notch signaling in myocardium or endo-
cardium leads to cardiac noncompaction.'*15537582-65 |
the present study, transcriptional profiling of CHD4M%"
M1%l hearts revealed only a modest decrease in a lim-
ited number of components of the Notch pathway, for
example, DIl4, Jag2, and Hey2 (Figure S22). Knockout
Dil4 in the endocardium is embryonic lethal™; in our
CHD4M198/M1981 hearts, DIl4 is significantly downregu-
lated (Figure S22A). However, no evidence showed
that GW501516, the PPARS (Peroxisome proliferator
activated receptor delta)-selective agonist, can induce
Dil4 expression in the heart. It has been demonstrated
that there was no significant difference in the expres-
sion of DIl4 or other key components of Notch signaling
between Pparb** and Pparb~~ cells,?® suggesting that
GWbB01516 is unlikely to restore the expression of Dil4
in the CHD4M95VM1%I hearts to ensure appropriate vascu-
larization in the heart, which might explain why treatment
with GW5B01516 cannot completely rescue the lethality.
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The CHD4M% mutation occurs in a highly conserved
N-terminal region of human CHD4 termed CHD4-N
(residues 145-225). In vitro, CHD4-N binds poly (ADP-
ribose) with higher affinity than it binds DNA, suggest-
ing that CHD4-N recognizes the DNA backbone instead
of making specific interactions with the nucleotides.
Whether the M202| mutation affects CHD4's affinity or
recruitment to DNA remains to be determined. Our find-
ings suggest that CHD4"'%' acts either downstream or
in parallel to Notch signaling. Thus, it will be interesting to
determine whether the administration of ADAMTS1 res-
cues LVNC defects that result from alterations in Notch
pathway components.

Conclusions

Our CHD4M195M1% mouse model recapitulated the ven-
tricular noncompaction abnormality in human LVNC.
Thus, CHD4M195/M1%81 nrovided a comprehensive under-
standing of the mechanisms of hypertrabeculation and
ventricular noncompaction, and the model defined a pre-
viously unknown function of CHD4 in heart development
and diseases. Moreover, the observation that the admin-
istration of ADAMTS1 ameliorated aspects of LVNC sug-
gests a possible ADAMTS1-based therapeutic approach
for patients with LVNC.
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