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Abstract

Jarid2 (Jumonji A/T-rich interaction domain 2) is an essential factor for normal
heart development. Deletion of Jarid2 in mice results in cardiac malformations
recapitulating human congenital cardiac disease, and dysregulation of gene expression
during development. However, the cardiac-specific developmental function and the
precise epigenetic regulation of gene expression by Jarid2 remain to be elucidated. Here
| demonstrate that cardiac-specific deletion of Jarid2 in the developmental or postnatal
myocardium causes cardiac malformations and functional defects. | employed three
different cardiac-expressing Cre transgenic mice. Deletion of Jarid2 by Nkx2.5-Cre
(Jarid2N®) caused cardiac malformations including ventricular septal defects, thin
myocardium, hypertrabeculation, increased cardiac jelly and neonatal lethality. In contrast,
later deletion of Jarid2 in mice with ¢Tnt-Cre or aMHC-Cre transgenic lines did not cause
gross abnormalities in development. By employing combinatorial genome-wide
approaches and molecular analyses, | show that Jarid2 is required for PRC2 occupancy
and H3K27me3 on the Is/1 locus, leading to proper repression of the target gene
expression during cardiac development. Jarid2 represses neural gene expression,
cardiac jelly, and several important factors such as Isl1 and Bmp10, all of which are crucial
for normal ventricular development. Thus, early deletion of Jarid2 in the myocardium
results in dysregulation of gene expression and developmental defects later in
development.

Interestingly, deletion of Jarid2 by aMHC-Cre (Jarid2°™HC) resulted in complete

lethality by 9 months of age with dilated cardiomyopathy. Jarid2®M"C mice showed an



i
increase in fetal gene expression, such as Tnni1 and Acta2 at neonatal stages. By
performing RNA-seq and pathway analyses on Jarid2®MHC postnatal hearts, we
discovered that Jarid2®MHC hearts showed marked changes in heart failure associated
with genes and metabolism. Further, a set of genes such as heart failure related genes
were already dysregulated in neonatal Jarid2®MHC hearts, which may be causal for heart
failure later. Therefore, Jarid2 is also required for myocardial maturation and maintaining
cardiac function in adult stages.

These studies reveal critical roles of Jarid2 in the myocardial development. Jarid2
is necessary to establish correct epigenetics on the target genomic loci during a narrow
developmental window, which is prior to differentiation of cardiac progenitors into

cardiomyocytes and maturation of cardiomyocytes.
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Chapter 1

Introduction



Heart development

The heart is the first developed organ during embryo genesis [1]. During
gastrulation at embryonic day (E) 6.5-E7.0 in mice, cardiac precursor cells, which are
originated from the mesodermal layer, migrate laterally and anteriorly to locate in the
anteroposterior region of the primitive streak and develop cardiogenic crescent (Fig. 1-1).
The myocardial progenitor cells are divided into the first and second heart fields. The
second heart field (SHF) lies medially to the first heart field (FHF). These cardiac
precursor cells migrate into the ventral midline and fuse to a develop linear tube. At this
stage, the cells are destined to form the conus and ventricles. Two cell types are
constituted, the outer myocardium and the inner endocardium facing the lumen with
extracellular matrix, cardiac jelly in between [2]. The linear tube undergoes rightward
looping by expansion of portions of the tube, whereas the outflow tract and the
atrioventricular canal grow less and remain tubular at E9.0-E10.0. This is the first overt
sign of braking left-right symmetry. The proepicardial cells from the extracardiac
mesoderm, termed the third heart field, migrate and envelop the surface of the
myocardium at this stage to create the epicardial layer [2]. A subset of epicardial cells
undergo epithelial-mesenchymal transition (EMT, transition to a mesenchymal phenotype)
and penetrate the matrix-rich subepicardium to differentiate into fibroblasts and coronary
vascular smooth muscle cells and endothelial cells. Cardiac neural crest cells migrate to
the looping heart and contribute to smooth muscle cells of the aorta and branchial arch
arteries, valves and conduction tissue, and the parasympathetic innervation of the heart.

The four-chambered heart is formed by septation, myocardial trabeculation and



thickening, and endocardial cushion formation in mammalian [3]. As the tube forms, the
SHF comes to lie behind the cardiac tube, as well as extending more anteriorly and
posteriorly. SHF cells contribute to right ventricle and outflow tract, while FHF cells give
rise to the left ventricle, the atrioventricular canal and parts of the atria.

During chamber development in the ventricle, the myocardium differentiates into
two different layers, a trabecular layer facing the endocardium and a compact layer, for
contractility and conductivity and establishment of the coronary circulation system (Fig.
1-2) [4]. The endocardial cells invaginate, and the inner myocardial cells in specific
regions form sheet-like protrusions into the lumen to give rise to trabeculae. The outer
myocardial cells proliferate and become the compact layer. Trabeculation is important for
oxygen and nutrient exchange and ventricular contractility in developing embryos [5, 6].
Signaling networks between the endocardium and myocardium are essential for the
formation of the trabeculae and thickening of the ventricular wall. Notch1 pathway and its
direct target, EphrinB2 activate Neuregulin1 (Nrg1) in the endocardium, and secreted
Nrg1 activates the ErbB2 and ErbB4 receptors in the myocardium to regulate the
maturation of trabeculae. Bone morphogenic protein 10 (Bmp10), expressed transiently
in the trabecular myocardium, regulates cell proliferation by inhibiting p57¢P?, a cyclin-
dependent kinase inhibitor. Thickening of the ventricular wall is accompanied by
decreased cell proliferation in the trabecular layer at late midgestational stage, after E14.5
in mice. The trabeculae collapse toward the myocardium and contribute to form a thick
compact ventricular wall [7]. Ventricular septation occurs by aggregation and protrusion
of trabeculae into the ventricular cavity at the specific site in the myocardium. The

interventricular septum is formed by outgrowth of two adjacent trabeculae in the left and



right ventricles. Cardiac jelly is the extracellular matrix components which is abundant
between the endocardium and myocardium during early cardiac tube [8]. Cardiac jelly is
important for cell migration, proliferation and signal transmission between the
endocardium and myocardium. The critical cardiac factors during ventricular development

are listed in Table 1-1.

The embryonic heart undergoes dramatic molecular and physiological changes
after birth because of the environmental changes. In mice, these dramatic changes occur
within one to two weeks after birth [9, 10]. The sarcomere genes' isoforms switch from
fetal to adult forms, which are involved in contractility, calcium handling and energy
utilization [11]. The cardiac cells in embryonic stages actively proliferate to generate a
thick ventricular wall. However, the cardiomyocytes lose the proliferative capacity, and
undergo hypertrophic growth and binucleation within postnatal day (P) 5 to P10 [10].
Expression of metabolic genes responsible for glycolytic process is decreased whereas
oxidative and fatty acid metabolisms are induced in the postnatal heart. The metabolic
shift is to support a high-energy demand due to increased cardiac output. Mitochondrial

density increases as the metabolic rate increases [10].
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Figure 1-1. Diagram of mammalian heart development.
A, Preimplantation blastocyst stage showing pluripotent inner cell mass. B, Gastrulating
embryo showing mesoderm migration (arrows). C, Cardiac crescent. (FHF, purple; SHF,

green). D, Early cardiac tube (atria, orange). E, Looping heart. F, Four-chambered heart.

[2]
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Figure 1-2. Ventricular wall development.

A, Growth of clonal cluster of myocardia cells. B, Invagination of endocardial cells and
formation of trabecular myocardium. C, Elongation and myofibrillogenesis of trabecular
cardiomyocytes. D, Compaction and maturation. The interactive regulation of growth
factors and signaling networks are critical to the ventricular wall growth and maturation.
Endocardial cells, vyellow; Cardiomyocytes in the trabecular zone, orange;

Cardiomyocytes in the compact zone, red; Epicardial cells, blue. [4]



Table 1-1. Cardiac factors in the developing ventricles.

Embryonic stage Cardiac factors

Mesp1/2, GATA4, Nkx2.5, Mef2C, Hand1/2, ANF
Tbx5 (FHF)

Isl1, Tbx2, Pitx2 (SHF)

E7.5- E10.5
Tbx3, Pax3 (Neural crest cells)

NfatC1, Notch1 (Endocardium)

Wit1 and Tbx18 (Epicardium)

GATA4, Nxk2.5, Tbx5, Mef2C, Hand1/2, Pax3,
E14.5 Bmp10 (Trabecular layer)

Hey2 and Tbx20 (Compact layer)

E17 GATA4, Nxk2.5, Tbx5, Mef2C, Hand1/2, Pax3, Mic2v

Mesp1/2, Mesoderm posterior 1/2; GATA4, GATA-binding protein 4; Nkx2.5, Nk2
homeobox 5; Mef2C, Myocyte enhancer factor 2C; Hand1/2, Heart and neural crest
derivatives expressed transcript 1/2; ANF, Atrial natriuretic factor; Isl1, Islet 1; Tbx, T-box;
Pitx2, Pituitary homeobox 2; Pax3, Paired box 3; NfatC1, Nuclear factor of activated T
cell cytoplasmic 1; Wt1, Wilms' tumor 1; Bmp10, Bone morphogenic protein 10; Hey2,

Hairy and enhancer of Split-related with YRPW motif 2; Mic2, Myosin light chain 2



Function of Jarid2 in the heart

The JmjC domain-containing proteins are a family of redox enzyme that can
catalyze a wide variety of oxidative reaction with two cofactors Fe(ll) and a-ketoglutarate
[12]. Jumoniji AT-rich interactive domain2 (Jarid2, Jumonji) was first discovered by
Takeuchi et al. (1995) using Gene trapped technology [13], which randomly inserts an
alternative gene to disrupt targeted gene's function. At first, Jarid2 is emphasized in neural
tube and cerebellum development. In 1997, Jarid2 is identified in ES cell-derived
cardiomyocytes by Baker et al. using the same gene trap method [14]. In cancer, Jarid2
expression is reported in rhabdomyosarcomas and leukemia, and Jarid2 contributes to
metastatic mechanisms by EMT in lung and colon cancer [15-17].

Jarid2 is an essential factor in the heart. Jarid2 expresses in the ventricular
myocardium from E8.0, specifically in the trabeculae (E10.5) during heart development
[18, 19]. Jarid2 knockout (Jarid2 KO) mice die perinatally and exhibit cardiac defects
mimicking human congenital cardiac defects, including ventricular septal defect (VSD),
double-outlet right ventricle (DORV), thin myocardium and hypertrabeculation (Fig. 1-3).
Jarid2 inhibits cell proliferation mediated by inhibition of cyclin D1 expression at E10.5 in
C3H/He background mice [20]. Indeed, Jarid2 interacts with the retinoblastoma protein
(Rb) and modulates the repressive function of Rb on E2F activation in Svj/B6 background
mice [21]. Therefore, Jarid2 functions to repress cell proliferation in the myocardium for
normal ventricular development. Jarid2 also expresses in the endocardial cells to regulate
Notch1 expression in the mid-gestation [22]. Notch1 and Nrg1 signaling pathways

activate trabeculation in the myocardium, leading to hypertrabecular phenotype in the



absence of Jarid2 in the endocardium.

Jarid2 has a transcriptional repressor domain and a nuclear localization signal
domain, and thus can function as a transcriptional repressor (Fig. 1-4). Jarid2 interacts
with and represses the cardiac transcription factors, Nkx2.5 and GATA4, which activate
Anf gene expression [23]. a-Cardiac myosin heavy chain (aMHC) is a contractile protein
whose expression is synergistically activated by myocyte enhancer factor 2 (Mef2). Jarid2
represses the transcriptional activity of Mef2, resulting in the inhibition of aMHC
expression [24].

Jarid2 expresses in the postnatal heart although the expression level is reduced
compared to that of the embryonic heart (See chapter 3). Jarid2 expression is reduced in
human heart failure [25]. Jarid2 is necessary to inhibit fetal genes' transcriptional
expression, such as Anf and Mic2a. JARID2 mutations in human have been linked to
congenital heart abnormalities, and haploinsufficiency of JARID2 leads to intellectual

disability and brain dysfunction such as schizophrenia [26].
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Figure 1-3. Cardiac defects in the Jarid2 KO heart.
A, E13, mutant hearts (c and d) have DORV and VSD (arrows) compared with wild type

(a and b). An asterisk (c) indicates an abnormally deep interventricular groove. B, At E16,
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compared with wild type (a and b), mutants (c and d) exhibit a thin trabeculated wall and
VSD (arrowhead). Arrows (d) indicate outer compact zone. DORV is observed in mutants
(e and f) at E19. Bar, 5400 mm. RV right ventricle; LV, left ventricle; RA, right atria; A,

aorta; P, pulmonary trunk. [18]
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Figure 1-4. Diagram of Jarid2 and its interacting proteins.
NLS, Nuclear localization signal; TRD, Transcriptional repression domain; RBR, RNA

binding region; ARID, AT-rich interaction domain; ZnF-C5HC2, Zinc finger domain.
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Epigenetic regulation by Jarid2

Regulation of the developing heart and its transcription factors greatly rely on
epigenetic regulation by chromatin remodeling and histone modifications. Chromatin is
the stage in which DNA is packaged within the nucleus of eukaryotic organisms.
Nucleosome is the fundamental unit of chromatin, containing nucleic acids and histones
[27]. Two copies of the four core histones, H2A, H2B, H3 and H4 are wrapped by 147
base pairs of DNAs. Transcription is activated or repressed by chromatin structure via
modification of the N-termini (trail) of the histone, including acetylation, phosphorylation,
sumoylation, ubiquitination and methylation. Dysregulation of histone modifications has
been implicated in cancer and developmental defects [28, 29]. Histone modification is
specific, depending on amino acid substrates, and many modifications are reversible by
interacting enzymatic proteins.

Histone methylation is the most well studied modification by identifying histone-
modifying enzymes, methyltransferases and demethylases. Histone methylation targets
arginine (R) and lysine (K) residues in three distinct states (mono-, di-, or trimethylation)
[30]. Methylation at histone H3 lysine 9 (H3K9), H3K27, or H4K20 is associated with gene
repression, while methylation at H3K4, H3K36, or H3K79 is correlated with gene
activation.

Jarid2 is a founding member of the histone demethylase family [12]. Jarid2 has a
DNA binding domain called ARID (AT-rich interaction domain) and JmjN and JmjC
domains which are catalytic domains and extensive homology with Jarid1 proteins [31].

However, Jarid2 is enzymatically inactive because of amino acid substitution on JmjC
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domain. Jarid2 interacts with other methyltransferase proteins to activate or repress their
function. During embryonic stem (ES) cell differentiation, Jarid2 is an associated member
of polycomb repressive complex 2 (PRC2) [32-34]. The trimethylation of H3K27
(H3K27me3) is laid down by the PRC2, which comprises core subunits: Suppressor of
Zeste 12 (Suz12), Enhancer of Zeste 2 (Ezh2) and Embryonic ectoderm development
(Eed), and additional subunits: Jarid2 and Aebp2. Ezh2, the catalytic histone
methyltransferase, is an essential component for normal heart development such that a
deletion in mice leads to defective cardiac morphogenesis or to cardiac enlargement after
birth [35, 36]. The association of Jarid2 and PRC2 complex activates or represses the
methylation of H3K27 for normal differentiation of ES cells [32, 34]. Interestingly, PRC2
directly methylates Jarid2 on R116 [37]. Jarid2 interacts with Non-coding RNAs, including
Xist, Meg3 and Hotair to recruit PRC2 at target genes in ES cells or X chromosome
inactivation [38, 39]. Jarid2 deficiency in neonatal epidermis reveals reduced H3K27me3
and Suz12 accumulation on epidermal differentiation genes [40]. In the developing heart,
Jarid2 recruits PRC2 on islet 1 (Isl1) promoter to regulate proper repression of Isl1
expression in midgestation (See chapter 2).

Jarid2 guides histone methyltransferases such as G9a and GLP to cyclin D1
promoter and represses cyclin D1 expression via the modification of H3K9 methylation
[41]. Additionally, Jarid2 represses cyclin D1 promoter mediated by H3K27me3 in
leukemia cells [16]. Jarid2 interacts with Setdb1 by depositing H3K9me3 epigenetic

marks during heart and immune cell development [42, 43].
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Abstract

Epigenetic regulation is critical in normal cardiac development. We have
demonstrated that the deletion of Jarid2 (Jumoniji (Jmj) A/T-rich interaction domain 2) in
mice results in cardiac malformations recapitulating human congenital cardiac disease
and dysregulation of gene expression. However, the precise developmental and
epigenetic functions of Jarid2 within the developing heart remain to be elucidated. Here,
we determined the cardiac-specific functions of Jarid2 and the genetic networks regulated
by Jarid2. Jarid2 was deleted using different cardiac-specific Cre mice. The deletion of
Jarid2 by Nkx2.5-Cre mice (Jarid2"*¥) caused cardiac malformations including ventricular
septal defects, thin myocardium, hypertrabeculation, and neonatal lethality. Jarid2"** mice
exhibited elevated expression of neural genes, cardiac jelly, and other key factors
including Isl1 and Bmp10 in the developing heart. By employing combinatorial genome-
wide approaches and molecular analyses, we showed that Jarid2 in the myocardium
regulates a subset of Jarid2 target gene expression and H3K27me3 enrichment during
heart development. Specifically, Jarid2 was required for PRC2 occupancy and
H3K27me3 at the /s/1 promoter locus, leading to the proper repression of /s/1 expression.
In contrast, Jarid2 deletion in differentiated cardiomyocytes by c¢Tnt-Cre mice caused no
gross morphological defects or neonatal lethality. Thus, the early deletion of Jarid2 in
cardiac progenitors, prior to the differentiation of cardiac progenitors into cardiomyocytes,
results in morphogenetic defects manifested later in development. Our studies reveal that
there is a critical window during early cardiac progenitor differentiation when Jarid2 is

crucial to establish the epigenetic landscape at later stages of development.
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Introduction

Human congenital cardiac defects are one of the most common forms of birth
defects [1]. Normal cardiovascular development requires precise control of gene
expression in a spatial and temporal-dependent manner. Eukaryotic gene transcription is
regulated by chromatin structure partly via modifications of histone tails. Due to a
groundbreaking discovery of histone demethylases such as Jumonji (Jmj) family factors,
histone methylation is now considered a reversible epigenetic mark. Methylated histone
tails are recognized as a marker for transcriptional activation or repression. In general,
methylation at histone H3 lysine 9 (H3K9), H3K27, or H4K20 is associated with gene
repression, while methylation at H3K4, H3K36, or H3K79 is correlated with gene
activation [2, 3]. However, the regulatory roles of histone methylation status in gene
expression are not fully understood. Histone lysine demethylases show exquisite
substrate specificity and participate in diverse biological processes. Mutations or
deregulation of histone demethylases are often linked to human diseases [4, 5].

Jarid2 (JMJ) is a nuclear factor critical for mouse embryonic development [6].
Jarid2 is the founding member of the Jmj family that functions as histone lysine
demethylases. However, Jarid2 is enzymatically inactive due to amino acid substitutions
in the JmjC domain that is a catalytic domain [7, 8]. Nonetheless, Jarid2 is essential for
embryonic development in the heart, liver, and hematopoietic tissues [6]. Jarid2 knockout
(Jarid2 KO) mice die perinatally and exhibit cardiac defects mimicking human congenital
cardiac defects including ventricular septal defect (VSD), double-outlet right ventricle

(DORYV), thin myocardium and hypertrabeculation [9, 10]. Left ventricular noncompaction
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(LVNC) in humans is characterized by a spongy ventricular myocardium with excessive
trabeculations and deep trabecular recesses in the left ventricle leading to a thin
ventricular wall [11], which is manifested in Jarid2 KO hearts [9]. The American Heart
Association formally classified LVNC as a distinct cardiomyopathy [11]. The genesis of
LVNC has been speculated to represent an arrest of the final stage of myocardial
morphogenesis, which is often referred to as ‘myocardial compaction’ for a lack of better
terminology. The etiology of LVNC remains unclear partly because the genetic causes of
LVNC are heterogeneous, and there is insufficient knowledge on the molecular control of
normal trabeculation and compaction during ventricular myocardial wall development.
During mammalian heart development, the ventricles undergo complex
morphogenetic events [12]. The initial step is the formation of a single cell layer of
myocardium at an early developmental stage, followed by the formation of a trabecular
and compact myocardium at early midgestation stage. The final step involves the
myocardial compaction to give rise to the thickened ventricular wall with the reduced
trabecular layer at late midgestation stage, but molecular events leading to the mature
ventricular wall remain poorly understood. In mouse models, noncompaction
cardiomyopathy has been used to describe the thin compact layer with normal or
excessive trabeculations, leading to the thin ventricular myocardial wall at mid- to late
stages of cardiac development [13]. Notch pathways, Neuregulin1, and bone
morphogenic protein 10 (Bmp10) expression are critical for initiation and expansion of the
trabecular layer, which in turn affect the ventricular wall thickness [12]. Cardiac jelly
between the endocardium and the underlying trabecular layer is also essential for

initiation and growth of the trabecular layer [12, 14]. Interestingly, all of the above signals
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in the heart are significantly reduced in later developmental stages, which coincides with
the cessation of trabeculation as well as compaction of the ventricular myocardium.
Jarid2 functions as a major component of the transcriptional networks that balance
pluripotency and differentiation in embryonic stem (ES) cells. Jarid2 is associated with
the Polycomb repressive complex 2 (PRC2) in ES cells and is required for an efficient
accumulation of PRC2 on the chromatin [7, 15, 16]. Major components of PRC2 consist
of SET domain containing histone methylases, EZH1/EZH2 and SUZ12, and EED, which
specifically methylate at H3K27. Trimethylation of H3K27 (H3K27me3) is associated with
repressed chromatin states, and widely distributed among genes encoding
developmental regulators. However, it is debated whether Jarid2 loss in ES cells causes
increases or decreases in H3K27me3 levels. PRC2 and H3K27me3 occupy a set of
genes controlling differentiation and prevent full expression of these genes until lineage
commitment in ES cells [17, 18]. Although loss of Jarid2 or PRC2 function results in
defective ES cell differentiation, the epigenetic role of Jarid2 remains unclear during heart
development. We have demonstrated that the endothelial deletion of Jarid2 partially
recapitulates cardiac defects observed in Jarid2 KO mice [19]. In the endocardial layer,
Jarid2 represses Notch1 expression by interacting with Setdb1 via H3K9me3 enrichment
at the Notch1 locus [8]. This seems crucial for termination of trabeculation and initiation
of compaction of the ventricular myocardial wall. As a major epigenetic marker, H3K9
methylation is known as a ‘histone code’ for gene silencing. Conditional deletion of Ezh2,
a catalytic subunit of PRC2, using Nkx2.5-Cre mice results in cardiac developmental
defects such as hypertrabeculation, thinning of the compact myocardium, and VSD, which

are similar to the defects observed in Jarid2 KO mice [9, 20]. However, it remains
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unknown whether Jarid2 cooperates with PRC2 during heart development.

In this study, we demonstrate that cardiac-specific deletion of Jarid2 in cardiac
progenitors and their progeny causes neonatal lethality and cardiac malformations
including VSD, hypertrabeculation, and thin compact layer. In contrast, Jarid2 deletion in
differentiated cardiomyocytes did not result in overt cardiac malformation. These data
indicate that there is a critical window during early cardiac progenitor differentiation when
Jarid2 is crucial to establish the epigenetic landscape at later stages of development. We
provide evidence that Jarid2 cooperates with PRC2 for H3K27me3 accumulation on a
subset of Jarid2 target genes in the developing heart, which contributes to repress
differentiation of other lineages such as neural differentiation, and to guide normal

myocardial development.
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RESULTS

Cardiac-specific deletions of Jarid2

Jarid2 deletion in mice causes congenital heart defects and death right after birth
[9]. However, the precise developmental and molecular functions of Jarid2 remain to be
elucidated within the early developing heart. Thus, we set out to determine the cardiac-
specific function of Jarid2 by deleting Jarid2 in cardiac progenitors and their progeny
using Nkx2.5-Cre Kl mice (Jarid2N*) [21]. We first analyzed Mendelian ratios from
embryonic day (E) 9.5 through postnatal day (P) 10 (Table 2-1). The Mendelian ratios for
Jarid2N* mutants (Nkx2.5-Cre/+;Jarid2f/f) were normal until birth, but all mutants
succumbed to death within one day after birth. Heterozygous mutant mice (Nkx2.5-
Cre/+;Jarid2f/+) were present at the expected Mendelian ratio. We further examined roles
of Jarid2 within the myocardium after cardiac cells had differentiated to cardiomyocytes.
Cardiomyocyte-specific deletion of Jarid2 using aMHC-Cre mice causes neither gross
cardiac malformation nor perinatal lethality [19]. It is plausible that Jarid2 plays a critical
role earlier than expected. cTnt-Cre mice express Cre from E7.5 onwards, while aMHC-
Cre mice express Cre at E8.5 [22, 23]. Thus Jarid2 deletion mice using c¢Tnt-Cre mice,
cTnt-Cre/+;Jarid2f/f (Jarid2°™), were generated. Jarid2°™ mice were born at the
expected Mendelian ratio without overt cardiac defects (data not shown) and survived to
adulthood (Table 2-1). These results suggest that Jarid2 in differentiated cardiomyocytes
is dispensable for cardiac morphogenesis, supporting the critical roles of Jarid2 early in
cardiac progenitors.

We first confirmed that Jarid2 was efficiently deleted in the heart. PCR data on
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isolated genomic DNAs showed that the floxed exon 3 of Jarid2 was deleted only in the
heart, but not in the tail or the brain of Jarid2\** embryos (Fig. 2-1A). Jarid2 transcripts
and protein levels were significantly decreased in Jarid2N vs. control embryonic hearts
(Fig. 2-1B and 1C). Jarid2f/f mice were used as the control (Ctrl) throughout this study.
Cardiac progenitors can contribute to different cardiac cell types such as
endocardium. Conflicting reports exist that Nkx2.5-Cre mice delete a floxed allele only in
the myocardium or both in the myocardium and endocardium due to an early expression
of Cre in cardiac progenitors [20, 21, 24]. To determine whether Jarid2 is deleted only in
the myocardium or also in the endocardium, co-immunostaining was performed using
antibodies against Jarid2 and MF20, a cardiomyocyte marker (Fig. 2-1D). Jarid2 was
detected in the control myocardium but was not detectable in the Jarid2N* myocardium
(arrowheads). In contrast, Jarid2 was detected in the endocardium of the Jarid2N* heart
similar to the control endocardium as indicated by arrows. When primary cultured cells
isolated from Jarid2"* hearts were co-immunostained using Jarid2 and MF20 or PECAM
antibodies, Jarid2 expression was detected in PECAM positive cells, whereas it was not
detectable in MF20 positive cells (Fig. A1-1A and 1B). These data suggest that Jarid2
was deleted in cardiomyocytes but not in endothelial/lendocardial cells. We have
previously demonstrated that Jarid2 plays important roles in the endocardium by
repressing Notch1-Neuregulin1 (Nrg1) signaling pathways to the underlying myocardium
[8]. Since we cannot exclude a possibility that Jarid2 may be deleted in a subpopulation
of endocardial cells in Jarid2N** hearts, we examined whether endocardial signaling
pathways are altered in Jarid2\*< hearts. qRT-PCR data showed that Notch1-Nrg1

pathways were not increased in Jarid2N vs. control hearts (Fig. A1-1C). Further, none of
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the Jarid2 mutants generated by other cardiac Cre drivers including aMHC-, MLC2v-, and
Nkx2.5-transgenic (Tg) Cre showed cardiac malformations or perinatal lethality [19].
These data support that Jarid2 functions normally in the endocardial cells of Jarig2N

hearts.

Jarid2"* mice exhibit cardiac developmental defects

Next, we examined cardiac defects in mutant hearts during development by H&E
staining of transverse sections (Fig. 2-2). At E12.5, Jarid2"** hearts showed the grossly
normal trabecular and compact layers in the ventricle as compared to the control hearts
(Fig. 2-2A, a and b). However, an increased space between the endocardium and the
myocardium was observed in Jarid2"¥< vs. control hearts as indicated by arrow (Fig. 2-
2A, c and d). Around E14, the interventricular septum in the control heart fused to the
endocardial cushion and separated the right and left ventricles (Fig. 2-2A, e). In contrast,
Jarid2N* hearts showed defective interventricular septation leading to VSD as indicated
by a star (Fig. 2-2A, f). Due to decreased cardiac jelly in the normal heart around E14,
the endocardium is in direct contact with the myocardium for termination of trabeculation
and compaction of trabeculae into the compact layer, leading to the development of a
thick ventricular wall [14]. However, Jarid2N* ventricles at E14 showed an increased
subendocardial space (arrow), a thin compact layer (Fig. 2-2A, h), and hypertrabeculae
(arrowhead, Fig. 2-2A, f) as compared to controls (Fig. 2-2A, e and g). At E15.5, the
mutants continued to show VSDs (star), thin myocardium, and hypertrabeculation
(arrowhead, Fig. 2-2A, j and ) compared to controls (Fig. 2-2A, i and k), which persisted

in Jarid2N mutant hearts at P1 (Fig. 2-2A, n). Ventricular wall thickness and a distribution
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of trabeculae were quantitated at E15.5, indicating a decrease in compact layer thickness
mainly in the left ventricle, and an increase in trabeculation in the ventricle of Jarid2Nk
hearts (Fig. 2-2B). Jarid2N* hearts exhibited partially penetrant cardiac defects as
summarized in Table 2-2 (see details in Table A2-1). Some Jarid2 heterozygous mutant
mice (Nkx2.5-Cre/+;Jarid2f/+) showed cardiac defects, while either Nkx2.5-Cre alone
(Nkx2.5-Cre/+;Jarid2+/+, Table 2-2 and Fig. A1-2) or Jarid2 whole body heterozygous
mutants [9] did not show any ventricular defects or lethality. Since Nkx2.5-Cre mice
contain a deletion of Nkx2.5 in one allele, these results suggest that Nkx2.5 and Jarid2
may cooperate functionally or genetically during development. In summary, Jarid2\kx
mutants exhibit ventricular defects including increased subendocardial space, VSD,
hypertrabeculation, and the thin compact layer of the ventricular wall.

Increased subendocardial space in Jarid2\* hearts is indicative of increased
cardiac jelly. The cardiac jelly in the ventricle is critical for ventricular wall development
and required for the initiation and growth of trabeculation between E9.5-13.5 [14]. Cardiac
jelly components are mainly produced by the myocardium in the ventricle during the early
stages of cardiac development until E12, and then the amounts of cardiac jelly begin to
diminish at E12.5. The cardiac jelly is degraded by matrix metalloproteinases that are
generated by the endocardium, which signals termination of trabecular growth. Thus, the
heart sections were stained with Alcian Blue to detect the presence of
mucopolysaccharides, components of the cardiac jelly (Fig. 2-2C). Alcian Blue staining
was increased in the mutant vs. control ventricle at E12. At E15.5, the mutant heart
showed cardiac jelly between the endocardium and the trabecular myocardium, while the

control heart did not show any staining. The thin compact layer is evident in the mutant
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ventricle compared to the control.

Since cardiac jelly was increased in Jarid2\** hearts, we analyzed the expression
levels of cardiac jelly components that play important roles in heart development. Our
previous gene expression profile showed that Fibronectin 1 (Fn1), Cartilage link protein
1 (Crtl1, HapIn1), and Versican (Vcan) are highly elevated in Jarid2 KO hearts [8]. Fn1 is
critical for cardiac development [25]. It is produced by the myocardium and endocardium,
and secreted into the cardiac jelly [26]. Crtl1 is mainly expressed in the endocardial lining
of the heart and in the atrioventricular junction. At later stages, it becomes restricted to
endocardially-derived mesenchyme. Crtl1 functions to stabilize the interaction between
hyaluronan and proteoglycan such as Vcan [27]. Vcan, a chondroitin sulfate proteoglycan
produced by the myocardium, is normally decreased at E12.5. Vcan is proteolyzed by the
ADAMTS (a disintegrin and metalloproteinase with thrombospondin motif) family for
myocardial compaction [28]. Our gRT-PCR data showed that only Fn1 was significantly
increased in Jarid2V** vs. control hearts (Fig. 2-2D). Collagen2a1 (Col2a1) was not
increased, and collagen staining of heart sections using Masson’s trichrome stain also
indicated no increase in collagen in Jarid2V% vs. control ventricles at E13.5 (data not
shown). Vitronectin (Vtn) is a component of the extracellular matrix, and functions in cell
attachment by interacting with other components or receptors [29]. Vin expression was
not altered in Jarid2N* hearts vs controls. Adamts1 is a metalloproteinase that breaks
down the cardiac jelly and contributes to the termination of trabeculation [14]. Adamts1
expression was not altered, implying normal degradation of the cardiac jelly in Jarid2\
hearts. These data suggest that Jarid2 in the myocardium inhibits the production of the

cardiac jelly but may not affect the degradation of cardiac jelly.
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To determine whether the cardiac defects in Jarid2N mice are due to altered cell
proliferation in the ventricle, we analyzed cell proliferation rates. The number of phospho-
Histone H3 (p-H3) or Ki67 positive cardiomyocytes in mutant heart sections was similar
to control sections at E13.5 and 15.5 (Fig. A1-3A and 3B). Both control and mutant hearts
showed very low levels of cleaved-caspase3 expression, indicating no significant
changes in apoptosis in Jarid2N** vs. control hearts (Fig. A1-3C). Our previous study also

indicates no significant change in apoptosis in Jarid2 KO vs. wild type hearts [30].

Determination of the genetic network regulated by Jarid2

Analyses of our gene expression profile data indicated that 3606 genes were
down-regulated, and 3810 genes were up-regulated in Jarid2 KO vs. wild type embryonic
hearts (Fig. 2-3A, fold-change cutoff of >1.2) [8]. The dysregulated genes were involved
mainly in heart development and vasculature development by gene ontology (GO)
analysis of biological pathways using DAVID functional analysis software
(www.david.ncifcrt.gov) (GO/DAVID) (Fig. 2-3A). Among the dysregulated genes, up-
regulated genes were involved in response to wounding, whereas down-regulated genes
represented a generation of precursor metabolites and energy by GO/DAVID analyses.
Jarid2 has been shown to occupy the promoter regions to regulate target gene expression
[31]. We have identified genome-wide Jarid2 occupancy on the promoters in the
developing heart using the RefSeq promoter arrays [8]. To investigate the genetic network
regulated by Jarid2, we overlapped the dysregulated genes in Jarid2 KO hearts with the
genes whose promoters were occupied by Jarid2. Our results revealed that of 3898

promoters that were occupied by Jarid2, 1292 genes were dysregulated in Jarid2 KO
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hearts, of which 706 genes were up-regulated, and 586 genes were down-regulated. The
overlapping genes were mainly involved in intracellular signaling cascade, blood vessel
development, transcription, and skeletal system and heart development by GO/DAVID
analyses.

Although Jarid2 can regulate H3K27 methylation [7], it remains unknown whether
Jarid2 is involved in H3K27 methylation during heart development. To identify the
promoters where H3K27me3 is enriched, we performed ChlP-chip on embryonic hearts
using H3K27me3 antibodies, yielding 1,132 promoters (Fig. 2-3B). When Jarid2 ChIP
data were overlapped with H3K27me3, 605 promoters were identified, which mainly
represented multicellular organism development and transcription pathways by GO/David
analyses (Fig. 2-3D). Of those, 102 genes were up-regulated, and 64 genes were down-
regulated in Jarid2 KO hearts (Fig. 2-3C), indicating a subset of Jarid2 target promoters
show H3K27me3 accumulation and simultaneously dysregulated in the absence of Jarid2.
These analyses also indicate that Jarid2 regulates target genes by other pathways.

To determine potential targets of Jarid2 that are co-occupied by the PRC2 complex,
we overlapped Jarid2 targets with the published PRC2 targets in embryonic hearts [20],
yielding 263 potential target genes (Fig. A1-4). To determine targets of both Jarid2 and
PRC2, which concomitantly show H3K27me3 accumulation, we overlapped the three
ChlIP data sets. Atotal of 224 genes among 263 genes showed H3K27me3 accumulation,
indicating that a remarkably high percentage (85.2%) of the targets occupied by both
Jarid2 and Ezh2 show H3K27me3 accumulation, while only 15.5% (605/3898) of Jarid2
targets showed H3K27me3 accumulation. These results strongly suggest that Jarid2

forms a functional complex with PRC2 to increase or maintain H3K27me3 levels on the
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specific promoters in the developing heart. Next, we investigated the transcriptional
network regulated by the Jarid2-PRC2-H3K27me3 axis. We performed GO/DAVID
analyses with 224 genes. The top two significant pathways were regulation of RNA
metabolic process and regulation of transcription. Of the 224 genes, 67 genes (29.9%)
were dysregulated in Jarid2 KO hearts. Among those dysregulated genes, 39 genes were
up-regulated, whereas 28 genes were down-regulated (Table A2-2 and AZ2-3,
respectively). Interestingly, among the up-regulated genes, 12 genes were involved in
neuron differentiation (Ngfr, Sall1, Lhx1, Sall3, Emx1, Barhl2, Neurod2, and Isl1) or
function (Npas3, Syt6, Left1 and Drd4). These results imply that Jarid2 together with
PRC2 inhibits neuronal pathways via H3K27me3 enrichment on specific promoter loci
within the developing heart.

Among the down-regulated genes in Jarid2 KO hearts, 586 genes were occupied
by Jarid2 (Fig. 2-3A), which represent generation of precursor metabolites and energy,
and regulation of transcription pathways by GO/DAVID. Among the 586 genes, 36 genes
were co-occupied by PRC2, and of the 36 genes, 28 genes also showed H3K27me3
accumulation (Table A2-3). These 36 or 28 genes represent embryonic organ
development, and multicellular organismal processes, respectively. It is unknown how
these genes are down-regulated in Jarid2 KO hearts. Since only the promoter occupancy
was analyzed in this study, it is plausible that other enhancer regions of these genes may
elicit dominant roles, which warrants further investigation.

We then analyzed gene expression levels in Jarid2V* hearts, which are selected
among the 67 dysregulated genes (Fig. 2-3E). Neural developmental genes, including

Isl1, Sall1, Sall3 and Pax6 were up-regulated in Jarid2\** hearts, suggesting that Jarid2
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with PRC2 represses these genes via H3K27me3 accumulation. In contrast, expression
levels of some genes involved in neural differentiation, including Barhl/2, Neurod2 and
Lef1 showed no significant difference, implying that certain potential targets are not
actively repressed by myocardial Jarid2 at E13.5. The genes involved in heart
development (Nkx2.5, Nfatc1, and Msx1) were not significantly changed in Jarid2\k
hearts vs. controls. Interestingly, /s/1 was significantly up-regulated. Isl1 is a critical
transcription factor for the development of the secondary heart field and is highly
expressed until E10 in the ventricle [32]. Lef1 and Sall1 were not included in heart
developmental genes by GO/DAVID analyses. However, Tcf/Lef1 mediated Wnt signaling
regulates the transcription of cardiac factors, such as Is/1, Mesp1, and Anf, and cardiac
development [33-35]. In addition, mutations of Sall1 cause Townes-Brocks syndrome in
humans with heart anomalies, and Sall1 expresses in the undifferentiated cardiac
progenitor cell [36, 37]. Sall1 expression was significantly increased in Jarid2N* hearts.
Our data suggest that neural developmental pathways are suppressed by myocardial
Jarid2 in the developing heart. Jarid2 elicits fine transcriptional regulatory function during
ventricular myocardial differentiation partly by depositing H3K27me3 via PRC2 on specific

promoter loci.

The transcriptional network regulated by Jarid2

To identify transcriptional networks governed by Jarid2 in cardiac development, we
have selected up-regulated genes that show more than a 1.7-fold increase in Jarid2 KO
hearts [8], yielding 586 genes. An average fold increase of all the up-regulated genes was

1.7 in our gene expression profile data. Among these, we analyzed expression levels of
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important genes in cardiac development, such as Bmp10, Isl1, Igf1, Igfbp2, and Fn1 in
Jarid2V* hearts. qRT-PCR indicated that Bmp710, Is/1 and Igfbp2 were significantly
elevated in Jarid2N* vs. control hearts at E13.5, and E16.5 (Fig. 2-4A and 4B). Igf1 and
Fn1 were transiently up-regulated in Jarid2** at E13.5. To confirm the protein levels,
Western blotting was performed using antibodies against phosphorylated Smad1/5/8, and
Isl1. P-Smad1/5/8 levels were significantly elevated in Jarid2N hearts at E13.5, and Isl1
expression was increased at E13.5 and 15.5 compared to control hearts (Fig. 2-4C and
4D). P-Smad1/5/8 is used as a marker for Bmp10 signaling. When a Bmp10 signal is
activated, Smad1/5/8 is phosphorylated and activated [38]. Bmp 10 expression and P-
Smad1/5/8 were elevated in Jarid2"** hearts, which correlates well with hyper-trabecular
defects or ventricular myocardial maturation defects. Isl1 is expressed in conduction cells
during heart development, and its expression persists in a subset of cardiac cells after
birth such as in nodal cells or cardiac progenitors [39]. Our gene expression profile data
showed up-regulation of Bmp2, Tbx2 and Gjd3 in Jarid2 KO hearts, which are expressed
in conduction cells [8, 40]. Hcn4 is a marker of the sinoatrial node with co-expression of
Isl1 [41]. All four genes seem increased in Jarid2V** hearts at E13.5 although only Gjd3
showed statistical significance (Fig. A1-5). Thus, up-regulation of Is|1 appears to correlate
with an increased expression of the conduction system genes in Jarid2V* hearts.
Ventricular wall maturation requires the precise regulation of gene expression in
the trabecular and compact layer. We examined whether the trabecular vs. compact layer
fate decision is defective in Jarid2N* hearts. Bmp10 is critical for trabecular formation and
expressed only in the trabecular myocardium between E9-13.5 [38]. In situ hybridization

analyses showed that Bmp10 expression was expanded deep into the compact layer in
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Jarid2N*<ventricles at E13.5 (Fig. A1-6). Anfis a trabecular-specific gene in the embryonic
ventricle, and its expression decreases as the heart develops [9]. Anf expressing
cardiomyocytes are detected deep into the compact layer in Jarid2 KO embryonic hearts
compared to controls. In contrast, the Hey2 expression level, a compact layer-specific
gene, is not altered in Jarid2 KO hearts by gRT-PCR [19], and it was detected only in the
compact layer of the Jarid2N* ventricle by in situ hybridization (data not shown). Thus, in
Jarid2"** hearts, the trabecular layer appears to be expanded into the compact layer, but
the expression pattern of the compact layer-specific gene has not been altered. These

data imply that the fate determination of the trabecular vs. compact layer is normal.

Epigenetic mechanisms of Jarid2 in regulation of Isl1 expression

Our data indicate that Isl1 is a putative direct target of Jarid2, and one of the most
up-regulated genes in the absence of Jarid2 during heart development. To determine the
precise regulatory mechanism of Isl1 expression by Jarid2, we analyzed genomic
occupancy of the /s/1 locus by qChlIP assays. We performed VISTA alignments to identify
conserved regions at the Is/1 locus (Fig. 2-5A). The conserved regions from 5 kilobases
(Kb) upstream and downstream of the /s/1 transcription start site were selected for qChlIP
assays using a Jarid2 antibody on E14.5 hearts when Isl1 is normally reduced [32]. In
control hearts, the high level of Jarid2 occupancy was detected at -0.5 Kb relative to the
transcriptional start site, which was significantly reduced in Jarid2N hearts (Fig. 2-5B).
Our data indicate that Jarid2 accumulates at the /s/7 promoter region in the developing
myocardium.

PRC2 is necessary for normal cardiac development, and Isl1 expression is also
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elevated in PRC2 KO hearts [20]. However, it remains unknown whether Jarid2
cooperates with PRC2 to regulate Isl1 expression in the developing heart. We
hypothesize that Jarid2 is essential for recruiting PRC2 to the /s/7 genomic locus and for
histone modifications of H3K27. To test this, qChlIP assays were performed to analyze
Ezh2, a PRC2 component, and H3K27me3 accumulation in Jarid2N* vs. control hearts
at E14.5. Both Ezh2 and H3K27me3 were enriched at the -0.5 Kb promoter region in
control hearts, but significantly reduced in Jarid2N* hearts (Fig. 2-5C). These results
suggest that the /s/7 promoter locus is occupied by Jarid2, and the same region is
enriched with Ezh2 and H3K27me3 in a Jarid2-dependent manner. Although the physical
interaction between Jarid2 and Ezh2 in the PRC2 complex has been well demonstrated
[7, 15], their interaction has not been shown in the heart. Our co-immunoprecipitation
showed the physical interaction between Jarid2 and Ezh2 in embryonic heart extracts in
vivo (Fig. A1-7A). To determine whether H3K4 methylation, a transcriptional activation
marker, is altered, we measured H3K4me3 enrichment at the /s/7 promoter locus.
H3K4me3 was increased at the -0.5Kb region of the /s/71 locus in Jarid2N* vs. control
hearts, which correlates well with the active transcriptional status of Is/7 in Jarid2\** hearts.
Thus, early cardiac-specific deletion of Jarid2 by Nkx2.5-Cre causes a decreased PRC2
and H3K27me3 accumulation on the Is/1 promoter locus, which correlates well with a

failure of Isl1 suppression in Jarid2\** hearts during development.

Jarid2 suppresses transcriptional activity of Isl1
To investigate whether Jarid2 represses /s/1 transcription, we constructed two

reporter plasmids containing the Isl1 promoter with or without the -0.5Kb region, which is
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the site of Jarid2 occupancy. The reporter containing the -0.5Kb region showed a
decrease in luciferase levels when co-transfected with Jarid2 in a dose-dependent
manner (Fig. 2-6A). However, the reporter without the -0.5Kb region or pGL3 basal vector
did not show any changes in luciferase levels by Jarid2. These results indicate that the -
0.5 Kb region is critical for repression of /s/1 transcription by Jarid2.

To determine which domain of Jarid2 is required to repress Isl1 transcriptional
activity, various Jarid2 mutant plasmids [42] were co-transfected with the Isl1 reporter (Fig.
2-6B). Jarid2 mutants, the N-term (aa1-528) or TR (aa1-222) showed about 30-40%
decreases in Isl1 reporter activity. These constructs also contain the EZH2 interaction site
[31]. In contrast, the C-term (aa 529-1234, cytoplasmic protein) or NLS/C-term (aa1l-
130/529-1234, nuclear protein) displayed no repressive activity. Since Jarid2 contains
NLS in the N-terminal region (aa1-130), the C-term protein without NLS does not localize
in the nucleus. The mutant containing NLS fused to the C-term localizes in the nucleus
[42]. These data indicate that the TR and EZH2 interacting domain of Jarid2 is required
to repress Isl1 reporter activities. Next, we determined whether PRC2 components, EZH2
and EED, regulate Isl1 transcriptional activity in cooperation with Jarid2. Jarid2 or EZH2
alone at a low dose did not repress Is|1 reporter, but EED showed a 10% reduction (Fig.
2-6C). Co-transfection of Jarid2 with either EZH2 or EED showed about a 30% reduction
whereas Jarid2 together with both EZH2 and EED resulted in a 50% reduction. Therefore,
we tested whether the TR domain of Jarid2 is sufficient to repress Isl1 by interacting with
PRC2 (Fig. 2-6D). Although a low dose of TR domain did not display a significant
repression of Isl1, it showed a synergistic repression of about 30-40% with EED or EZH2.

Additionally, a combination of EED and EZH2 with TR domain showed about a 50%
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repression similar to the full length Jarid2. Jarid2 together with EED and EZH2
significantly repressed the reporter activity as compared to EED and EZH2 without Jarid2
(Fig. 2-6C and 6D). Altogether, our data indicate that Jarid2 and PRC2 cooperate to
significantly inhibit /s/1 transcription, and that the TR domain of Jarid2 mediates PRC2-
dependent inhibition of /s/1 transcription.

In summary, our working model depicts the mechanism of Jarid2 function within
the developing myocardium (Fig. 2-7). There is a critical window during early cardiac
progenitor differentiation when Jarid2 is required for normal cardiac development. In
contrast, Jarid2 in differentiated cardiomyocytes is dispensable for cardiac
morphogenesis. Our finding indicates that Jarid2 is necessary to recruit PRC2 to the
promoter region of a subset of Jarid2 target genes and to establish proper histone methyl
code such as methylation of H3K27, which leads to transcriptional repression of the target
genes in the developing heart. This process is instrumental for normal myocardial
differentiation, in part by repressing non-cardiac lineage developmental pathways and

regulating cardiac jelly components.
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Table 2-1. Mendelian ratios of embryonic or postnatal mice.

Genotype of live mice

Cre No. of No. of
g litt live mi Dead
mouse iters {ive miCe  yip-gf  +/+:f1+  Cl+;fl+  Cl+;f/f
79 90 88 87
EQ9.5-145 41 344 4*
(23.0%) (26.2%) (25.6%) (25.3%)
46 48 52 46
Nkx2.5 E15-19.5 27 192 %%
(24.0%) (25.0%) (27.1%) (24.0%)
37 35 35 0
P1-10 24 107 8#
(34.6%) (32.7%) (32.7%)  (0%)
16 13 14 13
cTnt P21 8 56

(28.6%) (23.2%) (25.0%) (23.2%)

Embryonic (E) or postnatal (P) mice were examined to determine Mendelian ratios.
*, Two were not possible for genotyping because of necrosis, and the other two were
+/+;f/+; **, One was C/+;f/f; #, Five dead mice were C/+;f/f , two were +/+;f/f and one

was C/+;f/+. All eight dead mice were observed at P1.
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Figure 2-1. Cardiac-specific deletion of Jarid2 using Jarid2"** mice.
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A, Genomic DNAs were isolated from the tail (T), heart (H), and brain (B) at E18.5. PCR

was performed using primers located outside two loxP sites containing exon3 of Jarid2

(61), yielding floxed allele (1054bp) or floxed out allele (354bp). B, Jarid2 mRNA levels

were detected by gRT-PCR relative to 18S RNA on the control or Jarid2\% heart, brain or

liver at E18.5, n=3. C, Western blotting was performed with Jarid2 antibody on control or

Jarid2N* hearts at E13.5. GAPDH is a loading control. D, Immunostaining analysis was

performed on comparable transverse heart sections from E10.5 control (a-d) or Jarid 2Nk

(e-h) embryos using Jarid2 (Red) and MF20 (Green) antibodies. Arrows indicate the

endocardium and arrowheads indicate the myocardium. Scale bar, 50um.
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Figure 2-2. Cardiac defects were observed in Jarid2"** embryos.

A, H&E staining was performed on transverse sections at E12.5 (a-d), E14 (e-h), E15.5
(i-1), and P1 (m and n) of Jarid2V* (b, d, f, h, j, | and n) vs. control (a, c, e, g, i, k and m)
mice. The boxed regions of a, b, e, f, i and j are magnified in ¢, d, g, h, kand |, respectively.
Representative images of Jarid2V* embryos show VSD (*, f, j and n), thin myocardium
(dashed line, h, and 1), and disorganized hypertrabeculae (arrow heads, f and j). Arrows
(d and h) indicate the increased distance between the endocardium and myocardium in
Jarid2"**. The dotted lines separate the compact and trabecular layers. Scale bar, 100um.
B, Compact layer thickness was measured by drawing lines, and distribution of trabecular
area was measured using NIH Image J software on the right (R) or left (L) compact layer
(C) and trabecular layer (T) at E15.5. Three slides per heart were measured, n=4. C,

Alcian Blue staining showed increased mucopolysaccharides in Jarid2"kx at E12 and
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E15.5. The sections were counterstained with nuclear fast red. Scale bar, 100 ym. D,
gRT-PCR was performed to determine the expression levels of extracellular matrix
components and, a metalloproteinase, Adamts1 on control or Jarid2\** hearts at E13.5.

The expression levels were normalized to the control. n=3.



Table 2-2. Cardiac phenotypic defects observed in Jarid2"** mice.
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No. of Hyper- Thin

Stages | Genotype mice vsb trabeculation myocardium

Control

(+/+:1) 10 0 0 0

Jarig 2N« 1 10 9 8
E15.5 (C/+;1/f) (91%) (82%) (73%)
-E19.5

Nkx2.5-Cre
(C/+4/4) 7 0 0 0
Heterozygous 7 1 1 1
(C/+;1/+) (14%) (14%) (14%)

Mice at various stages were examined by H&E staining on transverse sections. Jarid 2Nk

mice exhibited cardiac defects including VSD, thin myocardium and hypertrabeculation.
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Figure 2-3. Gene expression profile analyses on the promoter occupancy by Jarid2

or H3K27me3.

A, Venn diagram demonstrated the overlap of up- or down-regulated genes in Jarid2 KO
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hearts by microarray analyses and the genes occupied by Jarid2 from ChIP-chip (8).
Highly significant biological pathways (BPs) for dysregulated genes, up- or down-
regulated genes or overlapping genes with Jarid2 ChIP-chip data were determined by
GO/DAVID analyses. Numbers indicate the number of genes in each category. The X axis
represents the p values. B, Venn diagram demonstrates the overlap of genome-wide
occupancy of Jarid2 or H3K27me3 by ChlP-chip. C, 605 overlapping genes in (B) were
overlaid with the microarray data. The pie chart shows the number of dysregulated genes
in Jarid2 KO. D, Highly significant BPs for the 605 overlapping genes were determined
by GO/DAVID. E, Expression levels of dysregulated genes, occupied by Jarid2, Ezh2 and
H3K27me3 (Fig. A1-4), were examined by qRT-PCR on control or Jarid2\* hearts at

E13.5 and normalized to the control, n=3-4.
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Figure 2-4. Identification of dysregulated genes in Jarid2N** mice.

gRT-PCR was performed on control or Jarid2"* hearts at E13.5 (A) and E16.5 (B). The
expression levels were normalized to the control, n=3-5. C, Western blotting was
performed on E13.5 and E15.5 control or Jarid2N* hearts with phospho-Smad1/5/8 or Isl1
antibody. GAPDH is a loading control. D, The graph shows the protein levels of phospho-
Smad1/5/8 and Isl1 that were standardized to GAPDH and normalized to the control heart

at E13.5, n=4.
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A, VISTA alignment was performed at the /s/1 genomic locus spanning about 70 Kb for

mouse, monkey, human and rat to determine conserved regions. Here, the promoter

region around 10 Kb region near the transcription start site (arrow) was analyzed. Grey

bars indicate regions with greater than 75% conservation, and black bars indicate exons.

Arrowheads indicate primer sites. B, Jarid2 occupancy at the conserved regions was

measured by qChlIP assays on Jarid2N* or control hearts using Jarid2 antibody. The bars
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show enrichment compared to each input. C, qChlP assays were performed on control or
Jarid2N* hearts at the -0.5Kb region of /s/1 using Jarid2, Ezh2, H3K27me3 or H3K4me3

antibody, n=3.
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Figure 2-6. Jarid2 represses Isl1 reporter gene.

A, pGL3, pGL3-Isl1 including the -0.5Kb region (-0.9/+0.15Kb) or without the -0.5kb region
(-0.12/+0.15Kb) was transfected into 10T1/2 cells with increasing amounts of Jarid2 (ug).
B, Aschematic diagram shows Jarid2, and Jarid2 mutants (N-term,1-528aa; TR, 1-222aa;
C-term, 529-1234aa; NLS/C-term, 1-130/529-1234aa). Jarid2 (0.2 ug) was transfected
into 10T1/2 cells with pGL3-Isl1 (-0.9/+0.15Kb) reporter. NLS, nuclear localization signal;
TR, transcription repression domain; JN, Jumonji N domain; JC, Jumonji C domain; ARID,

AT-rich interaction domain. C, pGL3-Isl1 (-0.9/+0.15kb) reporter was transfected into
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10T1/2 cells with Jarid2, EED and/or EZHZ2 at a low dose (50 ng). D, TR domain of Jarid2
(1-222aa, 25ng) was transfected into 10T1/2 cells with or without EED and/or EZH2 (50
ng) for luciferase activity assays of pGL3-Isl1 (-0.9/+0.15kb). Luciferase activity was
normalized to reporter gene alone. Asterisks indicate a significant difference compared to
reporter gene alone, n=3. Number signs indicate a significant difference between a

combination of any two factors and all three factors together.
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Figure 2-7. Jarid2-mediated gene repression is required for normal cardiomyocyte
differentiation.

Jarid2 and PRC2 complex repress neuronal gene expression by deposition of H3K27me3
epigenetic marks in early cardiac cells. However, Jarid2 deficiency in cardiac cells
relieves the suppressive function of PRC2 complex on neuronal genes, and increases

cardiac jelly production, all of which contribute to abnormal cardiac differentiation.
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Discussion

Jarid2 is essential for embryonic development and is a recognized component of
pluripotency networks [5-7]. The present study demonstrates that cardiac-specific
deletion of Jarid2 using Nkx2.5-Cre mice causes neonatal lethality and ventricular defects
including VSD, hypertrabeculation, and the thin compact layer leading to the thin
ventricular myocardial wall. The genes whose promoters are occupied by Jarid2, PRC2,
and H2K27me3 showed dysregulated biological pathways in Jarid2 deficient hearts such
as neuronal differentiation pathways. Of note, cardiac-specific deletion of PRC2 results
in cardiac developmental defects, which are remarkably similar to those observed in
Jarid2 KO mice [9, 20]. In contrast, cardiomyocyte-specific deletion of Jarid2 by cTnT-Cre
mice did not cause gross cardiac malformations or perinatal lethality, indicating that Jarid2
in differentiated cardiomyocytes is dispensable for cardiac morphogenesis.

To determine roles of Jarid2 in differentiated cardiomyocytes, Jarid2 floxed mice
have been crossed with different myocardial-specific Cre mice, including aMHC-Cre,
Nkx2.5-Cre Tg [19]. These mutant mice show grossly normal hearts and survive to
adulthood, which might be due to the late expression of Cre. Nkx2.5-Cre Tg mice show
Cre activity at E8.0 in the myocardium and a subset of endocardial cells [43]. Since
aMHC-Cre mice activate Cre from E8.5 in the myocardium [23], we employed cTnT-Cre
mice that express Cre early from E7.5 [22]. However, Jarid2 deletion by ¢ThT-Cre mice
did not cause cardiac developmental defects or perinatal lethality. Although Nkx2.5-Cre
and cTnt-Cre mice start to express Cre recombinase from E7.5 in the heart, a complete

recombination in the cardiogenic fields is observed at E8.0 and E8.5, respectively [44]. In
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addition, cTnt-Cre expression starts later in the secondary heart field. These may have
caused a lack of cardiac developmental defects in Jarid2°™. Thus, our results indicate
that Jarid2 is necessary in early cardiac progenitors for normal heart development at later
stages. Perturbation of this early process may contribute to cardiac malformations
manifested later in development. It would be interesting to investigate the impact of Jarid2
deletion on adult heart pathophysiology using aMHC-Cre mice.

Nkx2.5 is a cardiac-specific transcription factor and expressed in the cardiac
mesoderm from E7.5 to adult cardiomyocytes. It is believed that endocardial cells are also
derived from Nkx2.5 positive cardiac progenitors in the cardiac mesoderm [21, 24]. When
the progenitor cells differentiate into endocardial cells around E7.5-8.0, they lose Nkx2.5
expression, while myocardial cells continue to express Nkx2.5. Since the Nkx2.5-Cre
mice employed in this study express Cre from E7.5 in cardiac progenitors, other lineages
such as endocardial cells may have expressed Cre [21]. However, our analyses indicate
a myocardial-specific deletion of Jarid2 in Jarid2V** hearts (Fig. 2-1, and Fig. A1-1). Thus,
the cardiac defects observed in Jarid2N* hearts are mainly caused by myocardial deletion
of Jarid2, although we cannot exclude a possibility that Jarid2 may be deleted in a subset
of endocardial cells. Nkx2.5-Cre mice are haploinsufficient for Nkx2.5, and Nkx2.5
haploinsufficiency is associated with atrial septal defects, VSD, and conduction system
abnormalities albeit at a low rate in mouse models [45, 46]. Thus, we examined Nkx2.5-
Cre (Nkx2.5-Cre/+;Jarid2+/+) and heterozygous (Nkx2.5-Cre/+;Jarid2f/+) mice for
possible cardiac defects. All Nkx2.5-Cre embryos (Table 2-2) or Jarid2 heterozygous KO
embryos [9] showed normal ventricular structure in our genetic background. Nkx2.5-

Cre/+;Jarid2f/+ compound heterozygous mice showed cardiac defects with low
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penetrance, suggesting putative functional and/or genetic interactions between Jarid2
and Nkx2.5. Additional mice with Nkx2.5-Cre/+;Jarid2f/l+ need to be examined to
determine possible interactions between Jarid2 and Nkx2.5. However, the Mendelian ratio
of Nkx2.5-Cre/+;Jarid2f/+ mice was normal (Table 2-1). Moreover, Nkx2.5 transcript levels
appear unchanged in Jarid2\* hearts vs. controls (Fig. 2-3E), implying that Nkx2.5
haploinsufficiency may not have contributed significantly to cardiac defects or lethality
observed in Jarid2"** mice. Jarid2N** embryos exhibited partial penetrance (Table 2-2). It
may be due to a limitation of Cre-loxP technology, an incomplete Cre-mediated deletion
of the Jarid2 floxed allele in a subset of cells. However, it should be noted that each
mutant showed at least one or more cardiac defects (Table A2-1).

Regulation of the cardiac jelly is crucial for normal trabeculation in the ventricle
wall, which requires crosstalk between the endocardium and myocardium [14]. Increased
cardiac jelly in the Jarid2V*< ventricle may have contributed to hypertrabeculation and thin
myocardium, likely due to the failure of repressing trabeculation and compacting the
ventricular wall. Intriguingly, both Jarid2 KO and endothelial deletion cause increased
subendocardial space [9, 19], which indicate that complex regulatory mechanisms exist
to regulate the cardiac jelly expression involving both the myocardium and endocardium.
In our data, Fn1 was significantly increased at E13.5 in Jarid2N* hearts. Deletion of the
Fn1 gene in mice causes embryonic lethality due to severe cardiac defects [25]. Thus, it
would be interesting to determine the mechanism by which Jarid2 regulates Fn1
expression during heart development.

Various mouse models have been generated and studied for ventricular wall

morphogenesis or noncompaction cardiomyopathy. Some models exhibit reduced cell
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proliferation in the developing heart. These include cardiac-specific PRCZ2 deletion mice
exhibiting hypertrabeculation and thin compact layer [20], and Bmp10 deletion mice
showing decreased trabeculation and thin myocardium leading to the hypoplastic
ventricle [47]. To the contrary, some mouse models show increased cell proliferation
mainly in the trabecular layer. For example, Jarid2 KO, Fkbp7a deletion, or cardiac-
specific deletion of Mib71 in mice result in hypertrabeculation and thin compact layer
leading to the thin ventricular myocardium [9, 48, 49]. In some mouse models, cell
proliferation was not altered. For example, Daam7-deficient hearts show
hypertrabeculation and noncompaction phenotype [50], and the endothelial deletion of
Brg1 causes reduced cardiac jelly, reduced trabeculae and thin compact layer [14]. Our
Jarid2V* mice also showed no significant changes in cell proliferation at E13.5 and E15
when ventricular defects were obvious. Thus, although cell proliferation is critically
involved in the formation of trabecular and compact layers, other processes such as
planar cell polarity, cell adhesion and alignment, and proper myocardial differentiation are
also important. There has been no direct evidence that the trabecular layer contributes to
the thickened ventricular wall at late stages. Interestingly, recent studies using lineage-
tracing experiments indicate that both trabecular and compact myocardium contribute to
generating the middle hybrid myocardial zone of the ventricular myocardium, although
the myocytes from the compact layer contribute more than the trabecular cardiomyocytes
[51]. Some coronary vessels in the myocardium seem to arise from an endocardial
lineage, suggesting endocardial cells are trapped during trabecular coalescence [52].
Isl1, an important early cardiac transcription factor, was identified as one of the

direct target genes of Jarid2 and up-regulated in Jarid2N** hearts. Is/1 expression is also
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up-regulated in Nkx2.5-Cre mediated PRC2 KO hearts [20], supporting functional
cooperation between Jarid2 with PRC2 within the developing heart. /s/7-null mice are
embryonic lethal at E10.5 with severe abnormalities in the heart [32]. However, the effect
of Isl1 overexpression within the heart remains unknown although /s/7 overexpression
enhances differentiation of ES cells into cardiac progenitors [53]. Isl1 is a marker of
secondary heart field, but the recent studies indicate that Isl1 also expresses in the
primary heart field [24, 53]. Although Isl1 expression is reduced around E10.5 during
normal heart development, Isl1-positive cells have been reported as cardiac progenitors
or nodal cells in embryonic and adult hearts [39]. Therefore, the overexpression of Isl1 in
Jarid2* hearts may be indicative of myocardial differentiation defects or increased
progenitor populations in the Jarid2*< heart. Persistent expression of Isl1 may contribute
to a failure of neuronal gene repression and/or an increase in conduction system-specific
gene expression, rendering defective ventricular maturation. Although Bmp10 expression
was increased in Jarid2N* hearts, Bmp10 promoter loci were not identified as Jarid2
targets by ChIP-chip, suggesting indirect regulation of Bmp10 expression by Jarid2.
Interestingly, Bmp10 is also induced in PRC2 KO hearts, but not directly regulated by
PRC2 [20]. Since Bmp10 expression is restricted to the trabecular layer in the normal
heart and critical for trabecular formation [38], it would be interesting to identify the
regulatory mechanism of Bmp10 expression.

In this study, we used whole heart extracts. The heart contains heterogeneous cell
populations including fibroblasts and endothelial cells, but cardiomyocytes are a major
cell type in the embryonic heart. Jarid2 expresses at a higher level in cardiomyocytes

compared to other cell types in the embryonic heart [30], and the fibroblasts express very
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low levels of Jarid2 [54]. As shown in Fig. 1, Jarid2 expression levels are significantly
reduced in Jarid2N* vs. control hearts. Thus, major molecular changes in Jarid2** hearts
are likely to be detected using whole heart extracts.

In undifferentiated ES cells, many genes that are required for subsequent states
of development are enriched with histones modified simultaneously for active
transcription (H3K4me2/3) and PRC2-mediated repression (H3K27me3), which is
referred to as being ‘bivalent’ [17]. This serves to prime undifferentiated cells to respond
rapidly to lineage-dependent induction.

Histone methylation is tightly regulated in part by balancing functions of Jmj histone
demethylases and SET domain containing histone methylases [3]. Moreover, the
methylation status of H3K27 impacts on H3K4 methylation and vice versa [55, 56]. These
cross talks are important for fine regulation of the histone methyl code, and developmental
gene expression. Jarid2 may mediate H3K4 methylation as shown in Fig. 5C. It would be
interesting to determine whether Jarid2 facilitates demethylation of H3K4 or inhibits
methylation of H3K4. Jarid1B, a H3K4 demethylase, regulates mouse development by
protecting developmental genes from inappropriate H3K4me3 accumulation such as
neural master regulators [57]. Recently, de novo mutations identified in congenital heart
disease patients are mainly in histone modifying genes [4]. In particular, five genes
encode proteins that regulate H3K4me3 including Jarid1B, highlighting the importance of
H3K4 methylation status during heart development.

Deletion of Ezh2 in the secondary heart field causes postnatal myocardial
pathology and destabilizes cardiac gene expression with the activation of Six1 [58]. This

work suggests that epigenetic dysregulation in embryonic progenitor cells is a
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predisposing factor for adult disease and dysregulated stress responses. Since our data
indicate that Jarid2 regulates only a subset of targets through PRC2 in the developing
heart, other target genes of Jarid2 should be regulated by different mechanisms. Indeed,
Jarid2 regulates other target gene expression via interaction with Setdb1 by depositing
H3K9me3 epigenetic marks during heart and immune cell development [8, 59]. Jarid2
also interacts with long non-coding RNAs (IncRNAs) such as MEG3 for proper recruitment
of PRC2 at target genes in pluripotent stem cells or with Xist IncRNA for X chromosome
inactivation [60]. Thus, complex epigenetic regulatory mechanisms exist to confer distinct
roles of Jarid2 in different developmental processes. Together, our results indicate that
Jarid2 is necessary during a narrow developmental window to establish correct
epigenetics on the target genomic loci, which is prior to differentiation of cardiac
progenitors into cardiomyocytes. Once cardiac progenitors are differentiated to
cardiomyocytes, Jarid2 appears dispensable for cardiac morphogenesis. It would be
interesting to determine whether the cardiac progenitors at early stages around E7.5

already show an elevated neuronal profile in the Jarid2N* mice.
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Materials and Methods

Animal husbandry and genotyping

All the mice were housed at the animal facility in accordance with University of
Wisconsin Research Animal Resource Center policies and the National Institutes of
Health (NIH) Guide for the Care and Use of Laboratory Animals. All animal research has
been reviewed and approved by an Institutional Animal Care and Use Committee
(protocol M005971). All mice were littermate or age-matched control and mutants.
Studies were not blinded. Herein, Jarid2 conditional deletion mice using Nkx2.5-Cre
Knock in mice [21], Nkx2.5-Cre/+;Jarid2f/f, are designated as Jarid2N*. To generate
Jarid2N* mice, females with floxed Jarid?2 alleles (Jarid2f/f) [61] were mated with Nkx2.5-
Cre/+;Jarid2f/+ males. cTnt-Cre mice (Jackson lab) were employed to delete Jarid2 in
differentiated cardiomyocytes (cTnt-Cre/+;Jarid2f/f), designated as Jarid2°™. Embryos
were isolated from timed-mated females at E9.5-19.5 days postcoitum. All mice employed
in this study were bred to a mixed 129/Svj and C57BL/6 genetic background, and

genotyping was performed as described previously [61].

Western blotting, coimmunoprecipitation and primary cultures of cardiomyocytes

To determine the protein levels, Western blotting was performed using embryonic
heart extracts, as described previously [19]. The primary antibodies used were anti-Jarid2
peptide antibodies [19], anti-Isl1 (DSHB), anti-Phospho-Smad 1/5/8 (CST), or anti-
GAPDH (EMD) followed by HRP conjugated secondary antibodies (Santa Cruz). Protein

bands were detected by chemiluminescence (Thermo Fisher) and quantitated with NIH
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Image J. Coimmunoprecipitation was performed as described [8]. Briefly, precleared
nuclear extracts from E15.5 hearts were immunoprecipitated with nonspecific rabbit IgG
or Jarid2 antibody, followed by incubation with protein A/G agarose beads (Santa Cruz),
SDS-PAGE, and Western blotting with Ezh2 antibody (CST). Primary cultures of
embryonic hearts at E15.5 were prepared as described [62], yielding about 70 %
cardiomyocytes under our culture conditions. The cells on coverslips were subjected to

co-immunostaining using Jarid2 with PECAM (BD) or MF20 (DSHB) antibodies.

In situ hybridization, histology, and immunohistochemistry

In situ hybridization was performed to examine the expression pattern of Bmp10
mMmRNA in mouse embryonic hearts. Section in situ at E13.5 was carried out using
digoxigenin-UTP-labeled antisense cRNA probes (Roche) as described [19]. Bmp10-
C1/pSK(+) plasmid was obtained from Dr. W. Shou [20].

Hematoxylin and eosin (H&E) staining was performed as described [9].
Immunohistochemistry was performed on paraffin-embedded sections as described [19].
Briefly, tissue sections were incubated with primary antibodies, anti-Jarid2, anti-MF20,
anti-Ki67(Abcam), or anti-P-H3 (EMD). Alexa dye-conjugated secondary antibodies
(Thermo Fisher) or Biotin (Sigma)/Streptavidin-HRP (Thermo Fisher) systems with DAB
substrate kit (Vector Laboratories) were used for visualization. Hoechst dye was used for
the counter-staining of nuclei. Images were taken using a Zeiss Axiovert 200 microscope
and an AxoiCam HRc camera. Alcian blue staining for cardiac jelly and Masson’s

trichrome staining for collagen were performed as described [9, 63].
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Quantitative chromatin immunoprecipitation (qChlP) and ChIP-chip assays

gChlIP experiments were performed as described previously [8]. All the
experiments were repeated in duplicate at least three times on E14.5 control and Jaird 2N
hearts with pre-immune serum, Jarid2, Ezh2 (CST), H3K27me3 (EMD) or H3K4me3
(EMD) antibody. For the amplification of the /s/7 locus, the following primers were used: -
4Kb F, 5’-caaagattccggagaaaggaatg-3’; -4Kb R, 5’-gagttcaggtggttgtttctgtcat-3’; -2.7Kb F,
5’-gaagtccaattttgacaggagagtgt-3’; -2.7Kb R, 5’-cctcttg-tgttcaatgagggatt-3’; -0.5Kb F, 5’-
gttccaagtgccccecctit-3’; -0.5Kb R, 5’-agtagctggtgggtaggtccttc-3'; +2Kb F, 5'-
gaattagacagagcagatcaaattgc-3’; +2Kb R, 5’-ccaattgttcgcagacagatga-3’; +5Kb F, 5'-
ttttaaaaaggagcctgcctctt-3’; and +5Kb R, 5’-caccaaatcacgtagaatgaatgg-3’.

ChIP-chip for H3K27me3 was performed as we described [8, 64]. Briefly,
sonicated chromatin from 20 pooled E17.5 fixed hearts was immunoprecipitated using
H3K27me3 antibody, followed by the reversal of cross-linking and DNA purification.
Immuno-enriched DNA targets were amplified by whole genome amplification and
fluorescently labeled, which were then hybridized onto the Roche NimbleGen 3X720K
RefSeq promoter arrays and scanned with an Axon 4000B. After the arrays were
extracted using Nimblescan (Roche), global and local normalization and data smoothing
in R was performed, and peaks were detected using ChIPOlte [64] and in-house

algorithms. Peaks with a p value less than 10-'* were used for analyses.

Reporter gene assays, and quantitative real time PCR (QRT-PCR)
Reporter gene assays were performed as described previously [19]. An

Isl1 reporter plasmid containing the Jarid2 occupied region (-0.5Kb region) was
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constructed by subcloning the /s/7 locus from -0.9Kb to +0.15Kb of the transcriptional
start site into the pGL3 basic vector (Promega). A reporter plasmid lacking the Jarid2
occupied region was constructed by subcloning a region from -0.12Kb to +0.15Kb into
the pGL3 basic vector. The reporter vector (100 ng) was transfected into 10T1/2 cells in
a 24-well plate. Jarid2 or Jarid2 mutants in pcDNA3.1-HisB-Xpress [42] were co-
transfected with or without EED/pCDH, or EZH2/pCDH (from Dr. P. Lewis) using
Lipofectamine 2000 (Thermo Fisher). Luciferase assays were performed two days after
transfection using the luciferase assay system (Promega). A 8-galactosidase-CMV vector
was used for normalizing the luciferase activity. The Jarid2 mutant constructs have been
characterized in detail [42, 65], and they were expressed equally well when transfected
as previously reported (Fig. A1-7B). Thus, differences in their transcriptional activities are
not caused by different expression levels of the mutants.

gRT-PCR was performed as we described [19]. Briefly, mMRNAs extracted from
embryonic hearts were reverse transcribed to cDNA followed by gqRT-PCR using FastStart
SYBR Green Master (Roche) on a BioRad iCycler. The appropriate primers for each gene
are listed in Table A2-7. All primers were thoroughly evaluated by melt curve analysis to
ensure the amplification of a single, desired amplicon. All samples were assayed in
duplicate with nearly identical replicate values. Data were generated using the standard
curve method and normalized to 18S expression. qRT-PCR data were analyzed by the

RQ analysis algorithm (BioRad).

Statistical analysis

Data represent the average of 3 to 5 replicates and standard error of the mean.
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The replicate numbers are indicated in the text. Significance was tested by the student's

t-test for 2 groups, *, p<0.05; **, p<0.01.
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Abstract

Cardiomyopathy is a common human disorder leading to disability and sudden
death. However, the molecules and precise mechanisms causing cardiomyopathy are not
fully clarified. In this study, we investigated myocardial-specific deletion of Jarid2
(Jarid2°MHC) using aMHC-Cre mice. Jarid2 is a critical cardiac factor in embryonic heart
development, but the function of Jarid2 in the adult heart remains to be elucidated.
Jarid2®™HC mice exhibited no overt defects during cardiac development and survived to
adulthood. However, Jarid2®M"C mice developed dilated cardiomyopathy and revealed
premature death. We performed RNA-seq analyses at different stages, postnatal day 10
and 7 months of age, to determine functions of Jarid2 in the adult heart. In the Jarig2oMH¢
heart, heart failure-related genes including Ankrd1 and Gyg were up-regulated, and fetal
genes, such as Tnni1 and Acta2, were continuously increased during adult stages. We
suggest that Jarid2 is necessary to repress immature contractile gene expression in
neonatal stages and that ErbB4 signaling is involved in the repression process.

Importantly, this study demonstrates that Jarid2 is essential in the postnatal heart.
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Introduction

Heart failure is a major cause of mortality, presenting in 40 million people globally
[1]. Prolonged exposure to pathological and physiological stresses in the adult
myocardium triggers adaptive responses, including the disruption of transcriptional
homeostasis. As adaptive responses, the fetal gene program re-emerges, bringing with it
fetal metabolism and the use of glycolysis and carbohydrate substrates for ATP
generation. Persistent volume overload induces axial cardiomyocyte lengthening and
chamber dilation, known as eccentric or dilated cardiomyopathy (DCM), resulting in
reduced systolic function [2]. In contrast, pressure overload incudes radial cardiomyocyte
widening and ventricular wall thickening, resulting in concentric or hypertrophic
cardiomyopathy (HCM) with diastolic dysfunction [3]. DCM and HCM are the most
common forms of cardiomyopathy that can lead to heart failure and sudden death [4].
Inherited HCM and DCM can occur by mutations in the genes encoding sarcomeric
proteins, which regulate tension and subsequent contraction through excitation-
contraction coupling [2]. Many mutations in sarcomere genes, such as myosin heavy
chain 7 (Myh7, BMHC), tropomyosin 1 (Tpm1) and cardiac troponin T (Tnnt2) cause both
DCM and HCM. However, molecular causes of DCM are more heterogenous than HCM
[5-7], including not only sarcomeric proteins, but also cytoskeletal and nuclear membrane
proteins [8]. Thus, the molecular and cellular mechanisms underlying DCM are not fully
understood.

Cardiomyocytes undergo dramatic molecular, physiological and developmental

changes during the first two weeks after birth (herein, referred to as a ‘neonatal’ period),
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to generate mature functioning cardiomyocytes [9, 10]. These changes include the
regulation of gene expression, and isoform switching from fetal to adult forms, which are
involved in contractility, calcium handling, energy utilization, and cell proliferation. Various
genes that are highly expressed in utero become down-regulated or vice versa during
perinatal and neonatal stages. Cytoskeletal and sarcomeric genes required for optimal
contraction, and calcium handling genes required for exquisite calcium sensitivity and EC
coupling, often switch from fetal to adult forms. In the mouse ventricle, BMHC is the
predominant isoform during fetal stages and is replaced by aMHC after birth [9].
Expression of metabolic genes responsible for glycolytic process is decreased, whereas
oxidative and fatty acid metabolisms are induced in the normal postnatal heart. The
metabolic shift is to support a high-energy demand due to increased cardiac output.
Mitochondrial density increases as the metabolic rate increases [11]. Cardiomyocyte
proliferation in mice ceases during the neonatal period, and physiological hypertrophic
growth occurs [12]. However, it is poorly understood how fundamental transition and
molecular mechanisms are integrated and coordinated during neonatal stages.
Neuregulin (Nrg) is a ligand for the epidermal growth factor receptor family. Nrgs
are made from alternative spliced transcriptions, and proteins are secreted from the
endocardium/endothelial cells by matrix metalloproteases [13]. The membrane-bound
tyrosine kinase receptors ErbB2 and ErbB4 are expressed in the cardiomyocytes during
embryonic and postnatal stages. Nrg1 and its receptors have crucial roles in cardiac
development and maintenance of cardiac function in the adult heart [14]. Nrg1-ErbB
signaling activates Akt, Erk, or Jnk pathways required for cell maintenance, growth, and

survival. [15]. Nrg1 and recombinant Nrg1 have been investigated for heart failure
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treatment based on the evidence that Nrg1 improves heart function and prevents cardiac
fibrosis in animal models [15]. However, it is unclear how Nrg1-ErbB signaling is regulated
in the heart.

Jarid2 is required for normal embryonic development. Knockout (KO) of Jarid2 in
mice causes developmental defects in the brain, heart, liver or hematopoietic tissues and
lethality [16]. Endothelial/endocardial-specific deletion of Jarid2 shows cardiac defects
recapitulating in Jarid2 knockout mice [17]. Early deletion of Jarid2 in the myocardium
using Nkx2.5-Cre mice leads to cardiac defects and death within one day after birth, but
Jarid2 deletion in the differentiated myocardium does not exhibit abnormalities in mice
[18]. During development, Jarid2 functions as an epigenetic regulator by interacting with
methyltransferase enzymes [19]. Jarid2 is a component of Polycomb repressive complex
2 (PRC2), a methyltransferase of histone H3 lysine 27 (H3K27) in embryonic stem cells
for an efficient accumulation of PRC2 on the chromatin. We have demonstrated that
Jarid2 and PRC2 accumulate on the /s/1 promoter during embryonic heart development
and repress Isl1 expression [18]. Moreover, Jarid2 recruits Setdb1 on the Notch1
promoter and represses Notch1 expression via H3K9 methylation in
endothelial/endocardial cells of the developing heart [20]. Thus, Jarid2 functions as a
transcriptional repressor in part by recruiting histone modifying enzymes such as PRC2
or Setdb1, regulating methylation of H3K27 or H3K9, respectively. In addition, Jarid2 can
repress transcriptional activity of cardiac transcription factors, including Nkx2.5, GATA4
and Mef2 [19]. Although roles of Jarid2 have been studied in the embryonic heart, its
function in the adult heart remains largely unknown. Interestingly, JARID2 expression is

reduced in heart failure patients [21]. In mice, reduced Jarid2 expression is associated
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with cardiac hypertrophy [22]. These studies imply potential roles of Jarid2 in the adult
heart.

Here, we investigated the myocardial-specific function of Jarid2 in the adult heart
by using aMHC-Cre mice (Jarid2®M"C). Jarid2®MHC mice exhibited premature death at 7-9
months (m) of age with dilated cardiomyopathy. We performed gene expression profiling
using RNA-seq analysis on postnatal day (p) 10 and 7m hearts to determine the role of
Jarid2 before the onset of DCM as well as defective molecular pathways in DCM
development, respectively. The neonatal heart from Jarid2®™HC mice showed increased
muscle contraction and heart developmental genes although the heart morphology was
normal. Specifically, immature sarcomere genes, such as troponin | type 1 (Tnhni1) and
smooth muscle alpha-actin 2 (Acta2), and DCM-associated genes were up-regulated in
Jarid2®MHC hearts at p10. At 7m, pathways involved in collagen fibril organization and
metabolic process were enriched in Jarid2®M"C hearts. We identified sarcomere or their
associated genes that were increased at 7m as compared to p10 in the normal heart.
However, Jarid2®M"C mice did not show increases in those genes for contractility such as
cardiac a-actin (Actc1), Myh6, Tnni3, Tnnt2, tropomyosin (Tpm1), myosin regulatory light
chain (Myl2) and phospholamban (PIn). In the Jarid2®M"C heart, Nrg1, ErbB4, and Ankrd1
expression levels were already dysregulated in the pre-DCM heart, which continued
during DCM development. Therefore, Jarid2 is required for myocardial maturation after
birth, and the early postnatal function of Jarid2 is critical for maintaining normal cardiac

function later during adulthood.
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Results

Generation of mice with cardiac-specific deletion of Jarid2

Jarid2 is indispensable for normal embryonic development including cardiac
development [17, 18, 23]. However, cardiac-specific roles of Jarid2 in the adult heart
remain to be elucidated. To understand the role of Jarid2 in the cardiomyocytes after birth,
we generated aMHC-Cre;Jarid2f/f (Jarid2®M"C) mice, in which aMHC-Cre specifically
inactivates the conditional Jarid2fl allele in differentiated cardiomyocytes [24, 25]. PCR
analyses of genomic DANs isolated from the heart or tail showed that Jarid2 was deleted
only in the heart, but not in the tail of Jarid2®™HC mice since a Jarid2 floxed out band (354
bp) was detected only in the heart of Jarid2®MHC  but not in the control heart or in the tail
(Fig. 3-1A). A faint Jarid2f/f band (1054 bp) likely indicates the Jarid2f/f allele from
noncardiomyocytes in the heart of Jarid2®M"C, qRT-PCR data confirmed a reduction in
Jarid2 transcripts in Jarid2®MHC vs. control hearts at p10 (Fig. 3-1B). Residual Jarid2
mRNAs may be from noncardiac lineages such as endothelial cells, and fibroblasts.
Immunostaining and Western blotting data also showed a marked reduction of Jarid2
levels in Jarid2®MHC hearts (Fig. 3-1C and 1D). To examine Jarid2 levels in the heart at
different stages, we performed X-gal staining on tissue sections from heterozygous Jarid2
gene trapped mice, in which LacZ expression recapitulates endogenous Jarid2
expression [23]. X-gal staining was readily detected in the ventricle of embryonic (e) and
p10 hearts but was reduced at 1 and 4 m of age (Fig. 3-1E). Western blotting performed
on different ages showed that Jarid2 expression was high until p2 but significantly

reduced in the adult heart (Fig. 3-1F). These data indicate that Jarid2 continues to be
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expressed in the neonatal heart followed by a marked decrease by 1-2 m of age,

suggesting an important role of Jarid2 in the heart during neonatal stages.

Jarid2°MHC hearts exhibited dilated cardiomyopathy and premature death

The Jarid2°MHC mice showed an expected birth rate, and no gross morphological
abnormalities in the embryonic [17] or young adult heart (Fig. A1-8A, Table A2-4).
However, the mutant mice exhibited 100% mortality by 9 m (Fig. 3-2A), likely due to heart
failure. Thus, Jarid2®MHC hearts at 7 m were subjected to histological examination. The
mutant heart was enlarged compared to controls at 7 m (Fig. 3-2B). H&E staining images
showed similar ventricular wall or septal thickness but suggested the necrotic
myocardium in the mutant heart (Fig. 3-2C). Apoptosis levels were marginally increased
as indicated by cleaved-caspase 3 expression levels in mutant hearts compared to
controls (Fig. A1-8B). The cross-sectional area (CSA) of cardiomyocytes was measured
by wheat germ agglutinin (WGA) staining to demarcate plasma membrane boundaries in
the ventricular wall (Fig. 3-2D). Although CSA in Jarid2®MHC hearts seems larger as shown
in Fig 3-2D, the average CSA (Fig. 3-2F, left) and a total number of cells in the same
square area (Fig. A1-8C) were not significantly different between control and mutant
hearts. However, percentages of the big (CSA>400um?) or small cells (CSA<150um?)
were significantly increased in Jarid2®M"C vs. control hearts (Fig. 3-2F, right), suggesting
abnormal hypertrophic processes in Jarid2®™HC hearts. Increased fibrosis was detected
in mutant hearts compared to controls as indicated by PicroSirius red staining (Fig. 3-2E).
We analyzed expression of a panel of cardiac failure markers by qRT-PCR. The mRNA

expression levels of hypertrophic markers, Nppa, Nppb, Myh7 and Acta1 were normal at
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3 m in Jarid2°MHC hearts, but significantly increased at 7 m as compared to controls (Fig.
3-2G). These data suggest that Jarid2®M"C mice do not exhibit heart failure at 3 m but
progress to severe heart failure leading to premature death between 6-9 m of age.

Next, we investigated cardiac structural and functional parameters by
echocardiography at 3 and 7 m of age (Table 3-1). Jarid2®™HC mice at 7 m showed
increases in left ventricular inner diameter at end diastole (LVID;d) and end systole
(LVID;s), and LV mass/body weight ratios (Fig. 3-3A-3C). The dilation was not
accompanied by an alternation in interventricular septal (LVAW) or posterior wall (LVPW)
thickness, while left ventricular volumes were significantly increased at end diastole and
end systole, indicating the enlarged and dilated left ventricle (Table 3-1). The H/R ratio
(left ventricular wall thickness/chamber radius) was significantly reduced in Jarid2eMHC vs.
control hearts, indicating ventricular dilation. Decreases in ejection fraction (EF, Fig. 3-3D)
and fractional shortening (FS, Fig. 3-3F) were detected at 7m, indicating defective cardiac
contractility and DCM.

To determine the time-dependent changes in cardiac parameters of Jarigd2eMHC
mice, echocardiography was performed at 3 m of age (Table 3-1). Interestingly, Jarigd2eMH¢
mice showed hyper-performing hearts as evidenced by the increases in stroke volume,
cardiac output, EF, and FS (Fig. 3-3D-3F). However, left ventricular chamber dimensions
remained similar to controls. Histological analyses of Jarid2®MHC hearts at 3 m did not
show morphological defects (Fig. A1-9). Thus far, our data indicate that Jarid2®M"C mice
exhibit hyper-performing compensating hearts at 3 m during young adult stages followed
by decompensating pathological remodeling that progresses to DCM/heart failure by 6-

7m of age. All together, we demonstrated for the first time that Jarid2 within the
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myocardium is required for maintaining normal cardiac function in the adult heart.

Genome-wide analyses of gene expression profiling in the Jarid2°VHC heart at
neonatal stages

The heart undergoes crucial maturation processes during the first two weeks after
birth to achieve normal adult cardiac morphology and function [11]. Jarid2 expression was
significantly reduced by 1 m of age (Fig. 3-1), but Jarid2°MHC mice did not show DCM/heart
failure until much later. Thus, we reasoned that early defects during neonatal stages in
the mutant heart may play critical roles in the initiation and progression to DCM later in
life. We set out to determine molecular changes in Jarid2®M"C hearts at p10, which will
provide crucial information on the function of Jarid2 in the postnatal hearts as well as
defective molecular pathways in the mutant heart that may be causal to DCM
development. These analyses will also help determine critical mechanisms in preventing
cardiomyopathy. The whole heart and H&E stained sections showed that Jarig2eMHC
hearts appeared normal compared to controls at p10 (Fig. 3-4Aand 4B). The hypertrophic
marker genes, Nppa, Nppb, Myh7 and Acta1 were unchanged in Jarid2®™HC vs. control
hearts (Fig. 3-4D). CSA (Fig. 3-4C) and cell proliferation by immunostaining of Ki67 or
phospho-histone H3 (Fig. A1-8D) seemed normal in Jarid2®MHC heart. Altogether,
Jarid2°™HC hearts present grossly normal phenotypes at p10.

Thus, Jarid2®™HC hearts at p10 would provide an excellent opportunity to
investigate the molecular function of Jarid2 in the postnatal heart as well as molecular
etiology that causes DCM later before the onset of pathological remodeling or secondary

compensatory process of the heart. We next determined gene expression profiling in
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Jarid2™HC yvs control hearts by performing RNA-seq at p10 (Fig. 3-5). We employed two
different analysis methods, EBSeq (Fig. 3-5A) and DESeqg2 (Fig. A1-10A) to determine
differentially expressed (DE) genes between Jarid2®™HC and control hearts [26]. As shown
in Fig. 3-5B, 61 DE genes were identified by EBSeq analysis, whereas 20 DE genes were
identified by DESeq2 analysis. First, we analyzed all 72 DE genes identified by either
DESeq2 or EBSeq analysis (Table A2-5). The majority of DE genes (54 genes, 75%) were
up-regulated in the absence of Jarid2 at p10 (Fig. 3-5C, Table A2-5), likely reflecting the
function of Jarid2 as a transcriptional repressor at neonatal stages. Gene ontology (GO)
term analysis on biological process (BP) showed that organ morphogenesis, ion
transmembrane transport, heart development, and muscle contraction were significantly
dysregulated (Fig. 3-5C and 5D). The genes enriched in organ morphogenesis were
involved mainly in non-cardiac organ development such as lung (Irx1 and Irx2), neuron
(Ntn1, Cdh2 and Glit), epidermal stem cell and intestinal stem cell (Lrig7), and kidney
(Wnk4). These results suggest that other organ developmental genes are repressed by
Jarid2 in the heart at neonatal stages. The genes enriched in heart development included
the genes whose mutation is known to cause heart failure. Among the 54 up-regulated
genes, the 5 genes (Ankrd1, Abcc9, Actc1, PIn, and Gyg) have been shown to be mutated
in human DCM and HCM [2]. GO term analysis on cellular component (CC) showed
myofibril, contractile fiber, sarcomere, and T-tubule at p10. These included increased
contractility related genes (Actc1, Sic8a1, Abcc9, Atp2al, Ankrd1, Myl12a, Myl1 and
Tmod1), which precede hyper-performing hearts at 3 m in Jarid2®MHC,

To determine potential targets of Jarid2, we overlapped 72 DE genes with Jarid2

ChlIP-chip data [20], yielding 15 genes (Table A2-6). Among these, the promoter region
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of Gli1, Ttll1 and Prph were co-occupied by Jarid2 and H3K27 tri-methylation. Gli1, a zinc
finger transcription factor, is a modulator and target of hedgehog signaling during embryo
development [27]. Gli1 has been studied in the generation of vascular smooth muscle
cells and regulation of fibrosis [28]. Prph is a type lll intermediate filament protein
presenting in neurons of the mammalian peripheral nervous system and neuroblastoma
cells [29]. Ttl1 is a member of the tubulin tyrosine ligase superfamily that adds
polyglutamylation to tubulin and other proteins for interaction and axoneme motility [30].
Tmem100 is a two-transmembrane protein expressing in endothelial cells and involved in
endothelial differentiation and vascular morphogenesis [31]. Tmem100 KO mice are
embryonic lethal showing cardiovascular failure [32]. The sarcoplasmic reticulum
calcium-ATPase (SERCA) is a major component of Ca2+ cycling in the diastole heart.
Reduction of SERCA pump expression and activity has been linked to diastolic
dysfunction in hypertrophied and failing hearts [33]. Although SERCAZ2a is the major
cardiac-specific isoform, SERCA1a overexpression in the heart reveals faster Ca2+
transport kinetics by reduction in endogenous SERCA2a pump levels [33]. Thus,
Increased Atp2a1 (SERCA1a) levels in Jarid2®M"C¢ may impact on SERCA2a expression
and thus Ca2+ uptake and cardiac contractility.

There were 7 DE genes identified by both EBSeq and DESeq2 analyses (Table
3-2). ADP-ribosylhydrolase like 1 (Adprhl1) is a member of the ADP-ribosylhydrolase
(ARH) protein family which cleaves the ADP-ribose linkage with arginine side chains [34].
Although, Adprhl1 is enzymatically inactive, it is important for heart chamber outgrowth
and myofibril assembly in Xenopus embryos [35]. The function of Adprhl1 in the mouse

heart has not been studied, but elevated Adprhl1 expression levels may lead to abnormal
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orientation of myofibril or contractile defects in Jarid2®MHC hearts. Glycogen is a primary
form of energy storage in eukaryotes. Glycogenin (Gyg) is a glycosyltransferase that
catalyzes the addition of glucose as a primer for glycogen synthesis [36]. GYG1
deficiency has been associated with cardiomyopathies due to an abnormal storage
material, polyglucosan in the heart [37]. The elevated Gyg and another up regulated gene,
glycogen branching enzyme 1 (Gbe1), in Jarid2°MHC hearts suggest that the glucose
metabolism may be altered. Sodium-calcium exchanger 1 (Slc8a1, NCX1) is an antiporter
membrane protein, which maintains cytosolic Ca2+ homeostasis. NCX1 appears in
sarcolemma and regulates the movement of Ca2+ across the sarcolemma to the
extracellular space [38]. Dysregulation of NCX1 in humans is observed in end-stage heart
failure, and expression and function of NCX1 are increased during heart failure [38].
Therefore, increased Sic8a7 expression in Jarid2®M"C hearts may cause a disruption in
Ca2+ homeostasis. Abcc9 is an ATP-binding cassette family member and encodes a
membrane-associated receptor, SUR2 in the mitochondria and cell membrane. ABCC9
mutation causes DCM in humans, and KO mice die in the neonatal period with
progressive cardiac dysfunction and a failure to transition from fetal to mature myocardial
metabolism [39]. Abcc9 expression is increased by low oxygen stress mediated by ERK
or AKT signaling as a protective effect [40]. In Jarid2®M"C hearts, elevated Abcc9 levels
may imply cardiac dysfunction or defective maturation. Sulfatase 2 (Sulf2) is an
extracellular endosulfatase and removes the 6-O-sulfate from heparan sulfate. Heparan
sulfate is a dynamic molecule in the extracellular matrix and involved in signaling by
interacting with growth factors [41]. N-myc downstream regulated gene 4 (Ndrg4) is a

cytoplasmic protein highly expressed in the brain and heart. Down regulation of Ndrg4
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leads to hypoplastic hearts in zebrafish, and Ndrg4 expression is down-regulated by Tbx2
in mice [42, 43]. In our RNA-seq data, Thx2 expression was down-regulated, suggesting
that an increase in Nrdg4 expression is mediated by reduced Tbx2 expression. Ankyrin
repeat domain 1 (Ankrd1) protein is a part of the muscle ankyrin repeat protein family and
a cardiac-specific stress-response protein. Ankrd1 plays as a transcription co-factor in the
nucleus and maintains sarcomere assembly by interacting with titin in the heart [44].
Although Ankrd1 KO mice are viable and display normal heart function, Ankrd1 has been
proposed as a potential biomarker for heart failure. Ankrd1 transcription is directly
activated by Nkx2.5 and GATA4, and their transcriptional activities can be repressed by
Jarid2 [45]. Thus, increased Nkx2.5 and GATA4 activities in Jarid2®™HC hearts may
activate Ankrd1 expression. These 7 up-regulated genes in Jarid2®M"C hearts indicate
alterations in expression of critical genes at p10. Interestingly, among the 7 genes, 4

genes (Gyg, Slc8a1, Abcc9 and Ankrd1) are associated with heart failure.

Genome-wide analyses of gene expression profiling in the Jarid2°MH¢ heart during
DCM/heart failure

To gain insights into the mechanisms underlying DCM progression in Jarid2eMH¢
hearts, we performed RNA-seq on 7m hearts (Fig. 3-6). A total of 2375 genes were
significantly dysregulated in Jarid2®MHC hearts by either EBSeq (Fig. 3-6A) or DESeq2
analysis (Fig. A1-10B). Among those, 1005 genes were common DE genes identified by
both analyses (Fig. 3-6B). Major gene ontology of the 1005 genes by BP analysis
indicated collagen fibril organization and fatty acid metabolic process, which consist of

mostly up- and down-regulated genes, respectively (Fig. 3-6C). Likewise, the extracellular
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region and mitochondrion were identified by CC, which consist of mostly up- and down-
regulated genes, respectively. Similarly, fibronectin binding and oxidoreductase activity
were identified by MF, consisting of up- and down-regulated genes, respectively.
Specifically, aerobic metabolism, including fatty acid oxidation and oxidation-reduction
process by BP was enriched with down-regulated genes.

Since highly dysregulated genes in the mutant heart may play important roles in
mediating DCM at 7m, we analyzed 319 dysregulated genes that showed more than two-
fold changes (Fig. 3-6D). Among the 319 DE genes, 128 were down-regulated and 191
genes up-regulated. GO term analyses on the down-regulated genes showed action
potential, single-organism metabolic process, and regulation of transmembrane transport
by BP analysis. The CC analysis indicated that sarcolemma, and T-tubule, and MF
analysis showed voltage-gated ion channel activities. The up-regulated genes were
mainly involved in extracellular region (84/191). Interestingly, PI3K-Akt signaling pathway
was identified by KEGG analyses, which included many extracellular matrix genes
(Col1at, Col1a2, Col3a1, Colba2, Col6a3, Col11a1, Cdkn1a, Gng8, ltgai1, Lpar3, Myc,
Spp1, Tnc, and Thbs4). Additionally, heart failure associated genes or extracellular matrix
genes were up-regulated, including tissue inhibitor of metaolloprotease-1 (Timp1), a
disintegrin and metalloproteinase with thrombosponding repeats-like 2 (Adamtsl/2), and
small proline-rich repeat protein 1a (Sprria). Timp1 is a collagenase inhibitor [46].
Adamts|2 mutation causes Geleophysic dysplasia with cardiac defects, including
ventricular septal defect and thickened and nonstenotic aortic valve [47]. Sprria is
overexpressed in myocytes after mechanical stress and may prevent the myocytes

against permanent damages [48]. Therefore, Jarid2®MHC hearts exhibited increases in
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stress-response genes and fibrosis related genes.

Jarid2 was required for myocardial maturation

Next, we determined genes that are continuously dysregulated at both p10 and
7m in the mutant heart to increase mechanistic insights into the Jarid2 function or DCM
progression. Our RNA-seq data indicated that only 12 genes were significantly
dysregulated in Jarid2®MHC hearts at both p10 and 7m (Fig. 3-7A). Most of these genes
(Lpar3, Sulf2, Gsg1l, Irx2, Pam, Ankrd1, Gyg, Lnx1 and Adprhl1) continued to be up-
regulated in Jarid2°MHC hearts at p10 and 7m compared to controls, implying that Jarid2
may function in suppressing these genes in normal hearts. Lpar3 is a receptor for
lysophosphatidic acid belonging to the G-protein coupled receptor family, and is
expressed in the myocardium during postnatal maturation stages [49]. Pam is an integral
membrane protein containing peptidylglycine a-hydroxylating monooxygenase and a-
amidating enzymes [50]. Pam has been studied in the atrium for a-amidation and pro-
ANP packaging in secretory granules [51]. Lnx1 is an E3 ubiquitin ligase that mediates
the ubiquitination and degradation of Numb and also ubiquitinates ErbB2 receptors in
Schwann cells for the maturation [52]. Therefore, increased Lnx1 might regulate Nrg1-
ErbB signaling pathways in Jarid2®™HC hearts. Gsg1l is a transmembrane auxiliary subunit
of AMPA-receptors, which are ionotropic glutamate receptors in the central nervous
system [53]. lectin galactoside-binding soluble 4 (Lgals4) and with no lysine kinase 4
(Wnk4) were expressed higher in control hearts at p10 and 7m compared to mutants. Gli1
was down-regulated at p10 but up-regulated at 7m in mutant hearts. However, Gli1

expression level was very low in the adult heart.
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Since the heart undergoes postnatal development, we reasoned that comparing
normal time-dependent changes in gene expression patterns from p10 to 7m in control
hearts vs. mutant hearts may provide important information to identify developmental
defects in the mutant heart (Fig. 3-7B). There were 16 genes showing significantly
different time-dependent patterns between control and Jarid2®MHC hearts. In Jarig2eMHC
hearts, eukaryotic elongation factor 1 (Eef1a1), Nppa, Nppb and Ankrd1 were significantly
increased compared to controls, which are linked to heart failure. In contrast, metabolic
process related genes, such as cytochrome c oxidase subunit 7a1 (Cox7a1) and enoyl
coenzyme A hydratase 1 (Ech1) were down-regulated in mutant hearts compared to
controls. Cox7a1 is a complex of the mitochondrial respiratory chain and a heart and
skeletal muscle-specific enzyme. Cox7a1 KO mice develop DCM with reduced Cox
activities in the muscle [54]. Ech1 is the second enzyme of mitochondrial fatty acid beta-
oxidase pathways and associated with cell growth and apoptosis [55].

Interestingly Ankrd1 and Nppb expression levels were slightly up regulated in
control hearts from p10 to 7m (1.6-fold and 1.4-fold, respectively), even though these
genes were highly up regulated in Jarid2®™HC hearts (2.5-fold and 3.2-fold, respectively).
These results suggest that Jarid2 prevents heart failure related gene expression in adult
hearts. Contractile gene expression (Tpm1, Myl2, Myh6, Actc1, PIn, Tnnt2, and Tnni3)
was increased in control hearts from p10 to 7m, whereas these were not increased as
much in Jarid2®™HC hearts. Indeed, expression levels of Tom1, Myl2, Myh6, Actc1, and
PIn were reduced from p10 to 7m in Jarid2?M"C hearts. These results suggest that Jarid2
is important to increase or maintain the expression of contractile genes for mature

cardiomyocytes.
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To analyze sarcomere gene expression, we examined expression levels of fetal
isoforms such as Myl7, Tnni1 and Acta2 by gqRT-PCR on p10 and 7m hearts (Fig. 3-7C).
In general, these fetal genes are switched to the adult forms or reduced their expression
levels during myocardial maturation [56]. Tnni1 and Acta2 were significantly increased in
the mutant neonatal heart. Ankrd1 is another fetal gene, which is expressed at a higher
level in the embryonic heart than the adult heart [44]. Ankrd1 expression was continuously
increased in p10 and 7m Jarid2°MHC hearts. Myh7, a fetal isoform, was only increased at
7m, indicating that increased Myh7 in combination with decreased Myh6 levels were the
known phenotype of heart failure, namely ‘fetal gene re-expression’. Tom1, Myl2 and Pin
are important contractile genes that are increased as the heart matures, and
dysregulations of these genes are linked to DCM [57]. However, these genes were down-
regulated in 7m Jarid2®™HC hearts although Myl2 and Pin expression levels were not
altered at p10 (Fig. 3-7C). These data suggest that Jarid2 is necessary to repress

expression of fetal genes and maintain mature genes in the adult heart.

Nrg1-ErbB4 signaling pathway may be dysregulated in Jarid2 deficient hearts

We have previously shown that Notch1-Nrg1-ErbB signaling pathways were
increased in Jarid2 KO embryonic hearts [17]. Myocardial-specific induction of ErbB2
exhibits cardiac hypertrophy and dedifferentiation of the cardiomyocytes mediated by
ERK and AKT signaling pathways [14]. In our RNA-seq data, Nrg7 was highly up-
regulated, whereas ErbB4 was down-regulated in Jarid2®MHC hearts at 7m (Fig. 3-6A).
Therefore, we examined whether the altered immature gene expression is correlated with

Nrg1-ErbB signaling. First, we determined the expression levels of Nrg1 and ErbB4 by
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gRT-PCR (Fig. 3-8A and 8B). Interestingly, Nrg1 expression was continuously increased
in Jarid2®MHC hearts from 1m (pre-DCM) to 7m (DCM/heart failure). In contrast, ErbB4
expression in the myocardium was temporarily increased at p10 but down-regulated by
7m in Jarid2®MHC hearts. Since Nrg1-ErbB signaling activates AKT and ERK pathways
[14], we examined ErbB4 protein levels and downstream signals (Fig. 3-8C and 8D).
ErbB4 protein expression was increased in Jarid2®MHC hearts compared to controls at p10,
correlating with mRNA levels. Phospho-AKT and phospho-ERK1/2 expression levels
were significantly elevated, while total AKT and ERK1/2 expression levels were not
changed. To determine whether increased ErbB4 signaling pathways directly regulate
fetal gene expression, the isolated cardiomyocytes from control and Jarid2®MHC hearts
were incubated in ErbB inhibitors. Under the control condition, Tnni1 and ActaZ2
expression levels were significantly up-regulated in Jarid2®™H¢ vs. control hearts (Fig. 3-
8E). However, these increases returned to control levels by the treatment with an ErbB
receptor inhibitor (Fig. 3-8F). These results suggest that Jarid2 may mediate transition
from fetal to adult gene expression via ErbB4 signaling pathways during neonatal stages.
Further experiments are required to determine whether Jarid2 is a direct regulator of
ErbB4 signaling. Intriguingly, Ankrd1 expression was marginally increased in the isolated
cardiomyocytes from the Jarid2®M"C heart, and its expression was not altered by the
treatment with an ErbB inhibitor. It suggests that increased Ankrd1 expression is
regulated by different signaling pathways, or Ankrd1 expression in the cultured

cardiomyocytes is differently requlated as compared to an intact mouse heart.
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Figure 3-1. Jarid2 expressed in the heart during early-postnatal stages.

A, Genomic DNAs were isolated from the tail and the heart, and PCR was performed with
primers detecting Jarid2fl (1054bp) or floxed out Jarid2 (354bp) band. B, gRT-PCR was
performed on p10 hearts to determine Jarid2 expression levels. The expression levels

were normalized to control levels. n=3. C, Immunostaining analysis was performed on
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p10 hearts with Jarid2 antibody (brown). Scale bar, 100um. D, Jarid2 protein levels were
detected by Western blotting on p10 hearts. The GAPDH was used as a loading control.
E, LacZ staining was performed on the frozen sections of Jarid2 heterozygous hearts [23].
Embryonic hearts (€19.5) and postnatal hearts (p10, 1m and 4m) were used to compare
Jarid2 expression. Scale bar, 100um. F, Jarid2 protein levels were detected by Western
blotting on embryonic (e12.5 and e16.5) and postnatal (p0, p2, 2m and 12m) hearts. The

GAPDH was used as a loading control.
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Figure 3-2. Jarid2°™1C¢ mice died with enlarged hearts.

A, Kaplan-Meier survival curves of control and Jarid2°MHC mice were assessed by log-
rank test. P<0.001, n=10. B, Cardiac dilation and hypertrophy were observed by gross
morphology in Jarid2®™HC hearts at 7m. Scale bar, 1mm. C-E, The frontal or transverse
midline heart sections were stained with H&E (C), WGA (D) or PicroSirius red (E) on
control and Jarid2°MHC hearts at 7m. scale bar, Tmm. F, Cardiomyocyte surface cross-
sectional area (CSA) in the left ventricular wall was measured by WGA staining using
Image J software. CSA was evaluated in at least 200 cardiomyocytes of the left ventricle.
n=3. G, Expression levels of the hypertrophy marker genes, Nppa, Nppb, Myh7 and Acta1,
were evaluated by qRT-PCR on control and Jarid2®™HC hearts at 3m or 7m. The

expression levels were normalized to control levels. n=3-5.
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Table 3-1. Echocardiographic assessment of cardiac structure and function in

Jarid2°MHC mice.

Age (months) 3 months 7months

Ctrl Jarig23MHC Ctrl Jarig23MHC
n 9 10 9 9
LVID; d (mm) 412101 434 +£01 4.23+0.1 522 % (.3%*
LVID; s (mm) 3.33+£0.1 3.20+£0.2 3.02 £ 0.09 4.36 * (0.37%*
LVPW; d (mm) 0.60 + 0.03 0.65 £ 0.02 0.67 £ 0.02 0.64 £ 0.02
LVPW; s (mm) 0.77 £0.03 0.90 * 0.03%* 0.78 £0.02 0.77 £0.02
LVAW; d (mm) 0.60+ 0.03 0.66 + 0.02 0.67 £ 0.02 0.64 £ 0.02
LVAW; s (mm) 0.82 +0.04 0.89 +0.03 0.77 £0.02 0.76 £ 0.02
H/R 0.29 + 0.01 0.30 £ 0.01 0.32+0.01 0.25 + 0.01**
LV volume; d (uL) 79.04 £4.5 86.39+6.9 80.83+5.2 135.34 £ 19.1**
LV volume; s (uL) 45.54 + 3.6 4249 +55 35.96+2.6 93.06 * 20.8*
Stroke volume (L) 33.50+1.9 43.90 * 2.3%* 44 .87 £ 3.1 42.28 £+ 3.7
% E.F. 427121 51.95 £ 2.7* 55.37 £ 1.5 35.21 + 4.3%*
% F.S. 20.87 1.1 26.64 * 1.7%* 28.65+1.0 17.25 £ 2.3*%*
Heart Rate (bpm) 42444 £6.3 419.20+11.9 485.67 £+13.1 448.11 £ 18.1
Cardiac Output (ml/m) 14.17 £ 0.7 18.47 £ 1.2%* 217515 19.10+2.0
IVRT (ms) 23.75+1.5 18.46 * 1.1** 19.52 +1.7 2222 +1.7
MV E/A 1.65 0.1 1.32%0.1* 1.37 £ 0.1 1.23+0.2
LV Mass (mg) 90.27 £ 8.9 106.29 £ 9.7 101.87 £5.2 142.50 * 14.1*
Body weight (g) 2767 +£2.0 26.70£1.5 33.78£1.9 33.22+1.7
LV Mass/BW (mg/g) 3.24+0.1 3.98 £ 0.3* 3.06+0.2 4.37 £ 0.5%

Evaluation of cardiac structural and functional parameters by echocardiography in

Jarid22MHC and control mice at 3 or 7 months. Values are means + SEM. LV, left ventricle;

ID, inner diameter; PW, posterior wall; AW, anterior wall; d, diastole; s, systole; H/R, left
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ventricular thickness/radius; E.F., ejection fraction; F.S., fractional shortening; IVRT,
isovolumic relaxation time; MV E/A, the ratio of peak velocity of early to late filing of mitral

inflow. *P<0.05, **P<0.01 compared with controls (in bold), n=9-10.
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Figure 3-3. Jarid2°MHC mice developed dilated cardiomyopathy.

Cardiomyopathy was evaluated by echocardiography at 3m or 7m of age. Cardiac dilation
in Jarid2®™HC mice was observed by left ventricular inner diameters at diastole (LVID;d, A)
and systole (LVID;s, B), and left ventricular mass to body weight ratio (C). Heart function
was measured by echocardiography as ejection fraction (EF, D), fractional shortening (EF,

E) and cardiac output (F). Mean £ SEM, n=9-10.
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Figure 3-4. Jarid2°MHC hearts revealed normal phenotypes at p10.

A, Whole images of control and Jarid2°MHC hearts at p10. Scale bar, 1mm. B, H&E staining
was performed on p10 hearts on longitudinal and transverse sections. Scale bar, 500um.
C, CSA was measured by WGA staining at p10. Mean £ SEM, n=6. D, Expression of the

hypertrophy marker genes were evaluated by qRT-PCR on p10 hearts. n=3-5.
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Figure 3-5. RNA-seq was performed on p10 hearts.

A, Volcano plot showed differentially expressed genes by EBSeq. 61 genes were

statistically significant (Posterior probability of being differentially expressed, PPDE>0.95)

and magnified (right). Gray lines indicate +1-fold change. All genes are indicated by a dot.

B, Venn diagram demonstrates numbers of DE genes by EBSeq and DESeq2. C, GO

term analysis was performed with all DE genes (72) to indicate significant BP and CC (ad]

p-value<0.05, dotted lines). Colors reflect the z-score. D, Heat map indicates genes

involved in organ morphogenesis, ion transmembrane transport, heart development and

muscle contraction. colors reflect the fold change. Increased genes are indicated in red,

intermediate in black and decreased in green.
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Table 3-2. List of 7 DE genes in EBSeq and DESeq2 at p10.

Gene Fold change PPDE Name
Ankrd1 1.31 1.00 Ankyrin repeat domain 1 (cardiac muscle)

Ndrg4 0.65 1.00 N-myc downstream regulated gene 4

Sulf2 0.61 1.00 Sulfatase 2

Sic8at 058 1.00 ioelrli]tgeia;rier family 8 (sodium/calcium exchanger),
Abcc 055 1.00 g‘l;r-]gzrdéng cassette, sub-family C (CFTR/MRP),
Adprhl1 0.53 1.00 ADP-ribosylhydrolase like 1

Gyg 0.53 1.00 Glycogenin
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Figure 3-6. RNA-seq was performed on 7m hearts.

A, Volcano plot showed differentially expressed genes by EBSeq. 1044 genes were
statistically significant (PPDE>0.95) and indicated by dotted line and magnified (right). All
genes are indicated by dots. B, Venn diagram demonstrates numbers of differentially
expressed genes by EBSeq and DESeq2. 1005 genes were common differentially
expressed genes in EBSeq and DESeq2. C, GO term analysis was performed with 1005

genes. Among the significant categories, top 10 BPs, and top 5 CCs and MFs were
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indicated (adj p-value<0.05). D, GO term analysis was performed with 319 DE genes (fold
change >1). Down-regulated genes reveled all significant categories, whereas up-

regulated genes revealed top 3 significant categories (FDR<0.05).
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Figure 3-7. Jarid2 was required for myocardial maturation.

A, The heat map showed statistically significantly dysregulated genes in Jarid2®M"C at

p10 and 7m. 12 genes were only dysregulated genes among 72 genes and 2375 genes

at p10 and 7m, respectively. B, The heat map displayed TDDE (time-dependent
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differential expression). 16 genes were statistically significant in our analysis, and the fold
changes from p10 to 7m were presented by colors. C, gRT-PCR was performed to

determine expression levels of DE genes in p10 and 7m hearts. n=3-5.
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Figure 3-8. ErbB4 was highly expressed in Jarid2°VHC hearts at p10.
A, Nrg1 levels were determined by qRT-PCR on the heart at e18.5, p10, 1m, 3m and 7m
of age. The expression levels were normalized to each control levels. n=3-5. B, ErbB4

expression levels were measured by qRT-PCR on control and Jarid2®M"¢ hearts. n=3-5.
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C, Western blotting was performed to determine ErbB4, AKT and ERK pathways on p10
hearts. D, The graph showed the protein levels of ErbB4, AKT and ERK by
standardization to GAPDH and normalization to control levels. qRT-PCR was performed
on cardiomyocytes from new born hearts incubated in vehicle (E) or ErbB inhibitor,

AG1478 (5uM) (F). n=3-5.
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Discussion

In the present study, the molecular and developmental function of Jarid2 were
determined in the postnatal heart by employing cardiac-specific Cre mice. Jarig2eMHC¢
mice exhibited dilated cardiomyopathy with contractility defects, leading to premature
death around 7-9m of age. Since Jarid2 expression was maintained in the neonatal heart
but significantly decreased thereafter, we reasoned that Jarid2 functions critically in the
neonatal hearts. These studies will increase our understanding on the molecular etiology
of DCM. Thus, we analyzed gene expression profiling in the neonatal heart at p10 (pre-
DCM) and in DCM/failing hearts at 7m. At p10, dysregulated genes in Jarid2°MHC hearts
represented mainly heart development and muscle contraction pathways although the
mutant heart appear normal. Further analyses showed that heart failure-related genes
were significantly elevated in the mutant heart. At 7m, the metabolic process and ion
channel activity were enriched with down-regulated genes, and extracellular matrix
components were enriched with up-regulated genes. These data indicate that Jarid2 is
important for regulating genes for neonatal heart development and muscle contraction at
p10, even when the heart morphology and function seems normal. These early changes
in gene expression may have contributed to heat failure at 7m. To determine whether
Jarid2 plays important roles in maturation of cardiomyocytes postnatally, we analyzed
gene expression patterns from p10 to 7m. In normal hearts, sarcomere and contractile
associated genes were up-regulated from p10 to 7m in an age-dependent manner, while
these genes were not sufficiently increased in Jarid2°MHC hearts. These data suggest that

Jarid2 plays important roles in inducing mature cardiomyocytes and normal sarcomere
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development and in inhibiting the expression of DCM-related genes during neonatal
stages.

Jarid2 is an important transcription factor in heart development. Jarid2 KO mice
develop congenital cardiac defects such as thin myocardium, hypertrabeculation and
ventricular septal defect during embryonic stages [23]. Although Jarid2 is an
enzymatically inactive member of the JMJ histone demethylase family, Jarid2 can function
as an epigenetic regulator by recruiting histone methyltransferases in the developing
heart [19]. However, the function of Jarid2 in the adult heart is not fully understood. The
p10 RNA-seq data were overlapped with our Jarid2 Chip-chip on the promoters identified
in the developing heart [20] to determine potential targets of Jarid2 (Table A2-6). Among
the 72 DE genes, Jarid2 occupies the promoters of the 15 genes, which are potential
direct targets of Jarid2. Cell proliferation and differentiation related genes (Tmem100, Gli1,
Tgfb1and Egfl7) were down-regulated in mutant hearts, implying transcriptional activation
functions of Jarid2 in the neonatal heart. However, since ChlP-chip assays were
performed using e17.5 embryonic hearts, this overlapping has limitations due to age and
environmental differences. Further investigation into Jarid2 occupancy in the postnatal
heart would be important to determine direct targets of Jarid2. Myocardial noncompaction
and hypertrabeculation in early childhood are associated with the increased risk for
developing DCM [58]. In Jarid2°MHC hearts at p10, the heart morphology looked normal,
yet altered gene expression has already occurred for the genes involved in ion
transmembrane transport and muscle contraction. This suggests that dysregulation of
these genes is not sufficient to develop morphological and functional defects at p10 but

may be causal to hyper-functioning hearts at 3m and DCM later.
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Jarid2®MHC mice exhibited DCM and increased gene expression involved in collagen fibril
organization, and extracellular matrix remodeling, indicating increased fibrosis, a
common feature of the pathological remodeling in the failing heart. Cardiac fibrosis can
cause disruption of the myocardial architecture and impairment of systolic and diastolic
function [59, 60]. Jarid2®MHC hearts showed dysregulated collagen synthesis (Col6a3,
Col1a2, Colba2, Col3a1, Col1al, Col14a1, Col11a1 and Col9a2). In addition, genes
involved in extracellular matrix degradation were dysregulated such as metalloproteases
(Mmp19, Mmp2, Mmp14, Mmp23, Adam7, Adam3, Adam2, Adamtsl2, Adam22 and
Adam 11), and metalloproteases inhibitor (Timp1). The secreted factors regulating fibrosis
(Fgf11, Fgf9, Ptn and FstI3) were also dysregulated in Jarid2°MHC hearts. Interestingly,
Serpin isoforms (Serpin1f, Serpina3n, Serpine1 and Serpinb1c) were highly increased in
Jarid2®™HC hearts at 7m by our RNA-seq data. Serpins are serine protease inhibitors,
which regulate anti-fibrinolysis. Serpine1 (PAI1) inhibits the Mmp activity involved in
fibrosis [61]. Together, these findings suggest that increased fibrosis in Jarid2®M"C hearts
is mediated by dysregulation of collagens, Mmps and Serpins expression.

The adult heart produces 90 % of ATP using fatty acid oxidation. However, this
energy metabolism is changed to glycolysis in the failing heart [62]. Jarid2°MHC hearts at
7m displayed a reduction of fatty acid metabolic process. Peroxisome proliferator-
activated receptor (PPAR) pathway is a key regulator in heart metabolism, which is
inhibited in DCM mouse models [63]. PPAR downstream signaling was significantly
reduced in Jarid2°MHC hearts at 7m (Slc27a1, Acadl, Esrrb and Ppargc1a). However, this
pathway was not altered in p10 hearts, suggesting that reduced fatty acid metabolism is

a DCM phenotype. PPAR gamma coactivator 1 alpha (PGC1a, ppargcia) regulates
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mitochondrial biogenesis and oxidative phosphorylation in the heart [63], implying that
mitochondrial function is perturbated in Jarid2®™HC hearts (Fig. 3-6C). Glucose
metabolism process was not identified as a significantly dysregulated pathway in
Jarid2®MHC hearts at 7m. However, RNA-seq data exhibited decreases in glycolysis and
gluconeogenesis related genes (Ldhb, Galm, Acss1, Aldob, Fbp2 and Aldh9at), and
increases in glucose synthesis enzymes (Ptges3, Prkag3, Gck and Gyg), implying that a
shift from aerobic metabolism to nonoxidative glucose metabolism may have occurred in
Jarid2®MHC hearts at 7m.

In mouse models of heart failure, Nrg1 expression is higher, while ErbB2 and
ErbB4 expression levels are decreased during the transition from compensatory
hypertrophy to heart failure [15]. Nrg1 improves heart function and prevents cardiac
fibrosis in animal models and heart failure patients [15]. Increases in Nrg1 and ErbB4
expression correlate with increases in contractility in animal models of heart failure [64].
It is interesting that in our study, an increase in Nrg1 expression was detected from 1m,
which was much earlier than onset of DCM. Thus, it is plausible that early increases in
Nrg1 lead to the hyper-performing heart at 3m as indicated by increased FS. Elevated
levels of Nrg7 and decreased ErbB4 in 7m Jarid2°MHC hearts correlate with a general
heart failure phenotype. Induction of constitutively active ErbB2 in neonatal hearts re-
enters the cell cycle mediated by Nrg1 [14], and activation of Nrg1 and ErbB4 induces
proliferation of differentiated cardiomyocytes [65]. Although ErbB4 expression was altered
in Jarid2®™HC hearts at p10, the cell proliferation was not changed. It may be due to an
increase in ErbB4 expression is not sufficient to induce cell proliferation because

endogenous Nrg17 level is not increased, or absence of Jarid2 in the myocardium does
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not regulate cell proliferation which correlates with our previous result of Jarid2 in the
embryonic heart [18]. In our gRT-PCR data, Nrg7 expression was up-regulated from 1m
hearts, implying that increased Nrg7 may serve as a sensitive indicator of heart failure.

Ankrd1 was highly increased in neonatal as well as failing hearts of Jarid2eMH¢
mice. Ankrd1 overexpression mouse displays normal cardiac morphology [44], and the
function of increased Ankrd1 in the adult heart is controversial; Ankrd1 mediates adaptive
and protective responses against pathological damages [66, 67], or Ankrd1 accelerates
the progression to hypertrophy [68-70]. It is possible that increased Ankrd1 at p10 plays
a protective role to maintain normal heart morphology and functions, which may lead to
the hyper-functioning heart at 3m. It is not clear that chronic overexpression of Ankrd1 is
protective or accelerates the progression of heart failure at 7m. Nonetheless, it is
interesting that Ankrd1 expression is already increased at p10, which is much earlier than
the onset of heart failure, and thus may serve as an early sensitive DCM/heart failure
marker. It would be interesting to determine the role of early increases in Nrg7 and Ankrd1
in Jarid2°MAC mice.

In our RNA-seq data, only 72 genes were differentially expressed in p10 mutant
hearts compared to controls, while 2375 genes were dysregulated at 7m, suggesting that
Jarid2®MHC hearts is not severely perturbed in neonatal stages. However, of 72 genes, 12
genes were also differentially expressed at 7m, in which 2 genes were maintained down-
regulation and 9 genes were maintained up-regulation in Jarid2®™HC hearts compared to
controls, implying that Jarid2 function is critical in regulating certain gene expression from
the neonatal to adult stages. Moreover, in control hearts, sarcomere and contractile

associated genes were increased in an age-dependent manner (Fig. 3-7B and 7C)
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whereas these genes were not increased in Jarid2°MHC hearts.

Time-dependent gene expression profiling data have been reported in other DCM
mouse model with a phospholamban (PInR9C) mutation [63]. By comparing the published
dysregulated genes in pre-DCM mutant hearts with our data at p10, we identified the
dysregulated genes common to both pre-DCM hearts. These include Ttll1, Myl1, Gyg,
and Ankrd1 (in cardiomyocytes), and Ampd3, Atp2a1, Kctd17, Sulf2, and Tgfb1 (in non-
cardiomyocytes). Interestingly, the genes that are decreased in PInR9C mice at the DCM
stage (Abcc9, Ank, Esrrg, Irx1, Mdh1, PIn, Suclg2 and Ttll1) were up-regulated in
Jarid2®MHC hearts at p10. Of note, the genes increased in PINR9C mice at the DCM stage
were increased in p10 Jarid2°MHC hearts, such as Gbe1, Ndrg4, Gyg and Ankrd1. Thus,
Jarid2 may control the gene expression at neonatal stages, which are involved in DCM
development at later stages. Further studies are necessary to determine whether up-
regulation of these DCM-related genes at p10 leads to DCM in mutant hearts. Together,
we demonstrate for the first time that Jarid2 plays crucial roles in the adult heart, which

will provide important molecular and genetic basis of DCM/heart failure in humans.
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Materials and Methods

Animal husbandry and genotyping

All studies using animals were housed in accordance with University of Wisconsin
Research Animal Resource Center policies and the National Institutes of Health (NIH)
Guide for the Care and Use of Laboratory Animals. All animal research has been reviewed
and approved by an Institutional Animal Care and Use Committee (protocol M005971).
All mice were littermate or age-matched controls and mutants. Studies were not blinded.
Herein, Jarid2 conditional deletion mice using aMHC-Cre mice [24], aMHCC"®"*;Jarid2 7",
were designated as Jarid2®M"C, To generate Jarid2®M"C mice, females with floxed Jarid2
allele (Jarid2™) [25] were mated with aMHCC"®"*;Jarid2”* males. All mice employed in this
study were bred to a mixed 129/Svj and C57BL/6 genetic background, and genotyping

was performed using specific PCR primers as described previously [25].

Echocardiography

Transthoracic echocardiography was performed on mice under 1% isoflurane gas
anesthesia using a Visual Sonics 770 ultrasonograph with a 30 or 40-MHz transducer
(RMV 707B) (Visual Sonics) as described previously [71]. Two-dimensionally guided M-
mode images of the left ventricle (LV) and Doppler studies were acquired at the tip of the
papillary muscles. LV mass-to-body weight ratio (LVmass/BW), LV dimension in diastole
(LVID;d), thickness of the posterior walls in diastole, and isovolumic relaxation time were
recorded. Endocardial fractional shortening was calculated as (LVIDd-LVIDs)/LVIDd X100,

where LVIDs is LV dimension in systole. All parameters were measured over at least three
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consecutive cycles.

Western blotting and Cardiomyocyte culture

To determine the protein levels, Western blotting was performed using embryonic
heart extracts as described previously [17]. Primary antibodies used were anti-Jarid2
peptide antibodies [17], anti-ErbB4 (Santa Cruz), anti-Phospho-AKT (CST), anti-AKT
(CST), anti-Phospho-ERK (CST), anti-ERK (CST), anti-Cleaved-Caspase3 (CST), and
anti-GAPDH (Millipore) followed by HRP conjugated secondary antibodies (Santa Cruz).
Protein bands were detected by chemiluminescence (Thermo Scientific) and quantitated
with NIH Image J software. Cultured primary cardiomyocytes were prepared from
newborn (p1) mouse hearts as we described [72], yielding about 70 % cardiomyocytes
under our culture condition. Cells were plated in Dulbecco's modified Eagle's medium
(DMEM) with 10% horse serum and 5% fetal bovine serum. ErbB inhibitor, AG1478
(Sigma) or vehicle was treated in serum free medium for two days for qRT-PCR

experiments.

Histology, Lac Z staining, and immunohistochemistry

Hematoxylin and eosin (H&E) staining was performed according to standard
protocols [23]. Immunohistochemistry was performed on paraffin-embedded sections as
described [17]. Briefly, tissue sections were incubated with primary antibodies, anti-Jarid2,
anti-MF-20 (DSHB), anti-Ki-67 (CST) and anti-Phospho-H3 (Millipore). Alexa dye-
conjugated secondary antibodies (Invitrogen) or DAB substrate kit (Vector Laboratories)

was used for visualization. LacZ staining was performed as described previously [23].
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Briefly, the hearts were isolated and fixed with 0.5% glutaraldehyde from heterozygous of
Jarid2 KO mice at e19.5, p10, 1m and 4m of age. The cryosections were incubated in X-
gal staining solution at 37 C degrees for 2 hrs. Cardiomyocyte CSA was measured in
WGA (Invitrogen) stained cardiac sections as described [71]. CSA was evaluated in at
least 200 cardiomyocytes per animal from identical areas of the left ventricular wall at a
50X magnification. Myocyte cross-sectional area was measured per nucleus and only
myocytes that were cut in the same direction were included in the measurements. As
criteria, the position and shape of the nucleus within the myocyte were used. Hoechst dye
was used for counter-staining of nuclei. Images were taken using a Zeiss Axiovert 200
microscope and an AxoiCam HRc camera. Picrosirius staining for collagen were

performed as described [23, 71].

Quantitative real time PCR (QRT-PCR)

gRT-PCR was performed as we described [17]. Briefly, mRNAs extracted from
mouse ventricles were reverse transcribed to cDNA using cDNA synthesis kit (Thermo
Fisher) followed by qRT-PCR using FastStart SYBR Green Master (Roche) on a BioRad
iCycler. The appropriate primers for each gene are listed in Table A2-7. All primers were
thoroughly evaluated by melt curve analysis to ensure the amplification of a single,
desired amplicon. All samples were assayed in duplicate with nearly identical replicate
values. Data were generated using the standard curve method and normalized to 18S

expression. qRT-PCR data were analyzed by the RQ analysis algorithm (BioRad).

RNA-sequencing (RNA-seq)
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RNA-seq experiments were performed as described [73]. Briefly, the hearts at p10
or 7 m of age from control or Jarid2®™"¢ mice were dissected and snap frozen in liquid
nitrogen. Total RNA extraction was performed with TRIzol (Thermo Fisher) according to
manufacturer's instruction. For each group, three biological replicates were obtained.
Total RNA submitted to the University of Wisconsin-Madison Biotechnology Center was
verified for purity and integrity via the NanoDrop One Spectrophotometer and Agilent
2100 BioAnalyzer, respectively. Samples using the lllumina® TruSeq® Stranded mRNA
Sample Preparation kits (lllumina Inc.). For each library preparation, mRNA is purified
from 200ng total RNA using poly-T oligo-attached magnetic beads. Subsequently, each
poly-A enriched sample was fragmented using divalent cations under elevated
temperature. The fragmented RNA was synthesized into double-stranded cDNA using
SuperScript Il Reverse Transcriptase (Invitrogen) and random primers. The cDNA
products were incubated with Klenow DNA Polymerase to add an ‘A’ base (Adenine) and
ligated to Illumina adapters, which have a single ‘T’ base (Thymine) overhang at their
3’end. Adapter ligated DNA was amplified and then purified by paramagnetic beads.
Quality and quantity of the finished libraries were assessed using an Agilent HS DNA or

DNA1000 chip (Agilent Technologies) and Qubit® dsDNA HS Assay Kit (Invitrogen),

respectively. Libraries were standardized to 2nM. Cluster generation was performed using
standard Cluster Kits (v4) and the lllumina cBot. Single end 100bp sequencing was
performed, using standard SBS chemistry (v4) on an lllumina HiSeq2500 sequencer.
Images were analyzed using the standard lllumina Pipeline, version 1.8.2. Following

quality assessment using FASQC (http://www.bioinformatics.babraham.ac.uk/projects/

fastqc/), the sequencing reads were aligned to reference sequences of transcriptome
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obtained from NCBI (GRCm38.p6) using Bowtie v 1.1.2 allowing 2 mismatches [74].
Based on the aligned reads, countable values, expected counts (EC) and transcript per
million (TPM) for each transcript were estimated by RSEM v 1.3.0 [75]. The statistical
programming language R (ver 3.4.4) was used for further data processing and analysis,

unless otherwise mentioned.

Analysis of RNA-seq data

Data analysis was performed as described [26]. DESeq2 was used to identify
differentially expressed genes with high precision and accuracy. Genes that have FDR-
adjusted p value < 0.05 were considered as DE genes with statistical significance. DE
genes were displayed in MA plot. Another DE analytic tool, EBSeq, was used to identify
differentially expressed genes based on the Bayesian empirical approach. Genes with
value of posterior probability of differential expression (PPDE) = 0.95 were considered as
DE genes that were plotted on volcano plot.

Gene ontology (GO) term enrichment on DE genes were assessed using
Database for Visualization and Integrative Discovery (DAVID) functional analysis software
(www.david.ncifcrt.gov). GO terms were obtained from three categories: biological
process (BP), cellular component (CC), and molecular function (MF). Significance of
enrichment for each GO term was determined by FDR-adjusted p-value < 0.05 based on
EASE scores, modified Fisher’s exact test. Significant GO terms in enrichment were

visualized using R packages.

Time-dependent differential expression analysis (TDDE)



117

We applied a simple and novel technique to rank DE genes by directly comparing
the amount of changes of their TPM value under different conditions in terms of geometric
calculation over time. For each gene, we compared the p10 and 7m changes of its TPM
values between control and Jarid2®™HC hearts. To quantify the degree of changes, we
calculated an angle between two 2-dimensional vectors: one vector for Jarid2®MHC and
the other vector for the control. Y value of the starting point in the vectors was obtained
from TPM value at p10 and y value of the ending point is from TPM value at 7m. The
difference between x values of the two points in a vector was adopted from the maximum
difference of y values. We calculated an outer product of the two vectors to obtain the
angle which indicates the degree of change. To detect significant genes, we fit the angle
data into Gaussian distribution and filter angles with p value < 0.05. The significant genes

were visualized by heat map using TPM values.

Statistical analysis

Data represent the average of 3 to 5 replicates and standard error of the mean
(SEM). The replicate numbers are indicated in the text. Significance was determined by
the student's t-test, and differences are considered significant with a p-value of <0.05 (*)

and very significant; p<0.01 (**).
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Chapter 4

Summary and Future directions
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Summary

Jarid2 is a critical factor in heart development. Jarid2 deficient mice develop
cardiac defects in embryonic and adult hearts. Jarid2 KO mice are embryonic or early
lethal just after birth depending on genetic background [1, 2]. During embryonic stages,
Jarid2 KO mice develop cardiac defects mimicking human congenital cardiac defects.
Jarid2 deficient mice in the endocardial and endothelial cells recapitulate cardiac defects
observed in Jarid2 KO mice [3]. In chapter 2 of this thesis, | set out to determine the
function of Jarid2 in the early-cardiac cells. Jarid2 deficient mice in the early myocardium
died within a day after birth. The mice revealed VSD, thin myocardium and
hypertrabeculation with partial penetrance. However, the Jarid2 deficient mice in the
differentiated cardiomyocytes exhibited neither embryonic cardiac defects nor postnatal
death. These suggest an essential function of Jarid2 in the early myocardium, and a
dispensable role in the differentiated cardiomyocyte. Interestingly, the mutant mice with
deleted Jarid2 in the differentiated cardiomyocytes developed dilated cardiomyopathy
and suffered premature death in chapter 3. The adult mutant mice displayed loss of
cardiac functions and thin ventricular walls. To determine the precise mechanisms, RNA-
seq was performed in postnatal hearts and adult hearts. The deposition of collagen and
extracellular matrix protein related genes were increased, while metabolic related genes
were decreased in the adult-mutant hearts. In the Jarid2 deficient hearts, fetal genes and
DCM-related genes were up regulated in the neonatal hearts, and mature sarcomere and

contractile associated genes were down regulated in the adult hearts. These findings
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imply that Jarid2 is necessary to regulate mature forms of cardiomyocytes in the postnatal

heart.

Jarid2 is an enzymatically inactive member of the histone demethylase, Jmj family
[4]. However, Jarid2 interacts with other histone modifying enzymes and suppresses gene
expression [5-8]. In chapter 2 of this thesis, Jarid2 interacted with PRC2 and inhibited
expression of Isl1 in the developing heart. This study suggests that absence of Jarid2 in
the early myocardium induces abnormal cardiac gene expression, such as neuronal

genes.

In summary, this thesis demonstrates the roles of Jarid2 in the myocardium. This
is the first study proving the mechanism of Jarid2 and PRC2 in the heart and is also a

novel study addressing the role of Jarid2 in the postnatal heart.
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Future directions

In this thesis, | demonstrate that Jarid2 has essential functions in the myocardium
during embryonic and postnatal stages. However, the critical pathways by which Jarid2
inhibits the target gene expression, and which targets in the myocardium directly influence

the phenotypic defects in the heart remain to be elucidated.

In chapter 2, Jarid2 regulated Isl1 expression by interacting with PRC2 complexes.
However, it is still a question whether the physiological defects observed in Jarid2\k
hearts are related with the increased Isl1 expression. | proposed a dysregulated
conduction system gene expression in Jarid2N hearts. However, further studies are
needed to determine whether Isl1 expression is increased in the conduction cells of
Jarid2N** hearts. Additionally, the regulations of Bmp10 and Fn1 expression are still
remained to be solved. | performed additional Chip assays on the Bmp10 promoter region,
but Jarid2 accumulation was not determined, suggesting that Bmp10 is not a direct target
of Jarid2. It is possible that Is|1 activates Bmp10 expression because Isl1 expresses in
the cardiac progenitor cells [9]. Another possible mechanism is from the increased cardiac
jelly. Extracellular matrix components bind to many growth factors and move the signals
between the cells [10]. The increased cardiac jelly may induce Bmp10 expression by
binding to growth factors. Although increased Bmp10 expression is correlated with the
phenotype of hypertrabeculation in the Jarid2\*< heart, it is not sufficient due to an
unchanged cell proliferation rate. Therefore, other mechanisms, such as increased

cardiac jelly may be involved in the hypertrabeculation phenotype of Jarid2N* hearts.
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Generally, cardiac jelly should be degraded by matrix metalloproteinases to terminate
excessive trabeculation [11]. However, Jarid2N** hearts displayed remaining cardiac jelly
when it was diminished in controls. Fn1 is generated by cardiomyocyte and endothelial
cells [10]. It needs to be further investigated whether deletion of Jarid2 in the endocardium

induces Fn1 expression.

To determine the function of Jarid2 in the postnatal heart, RNA-seq analysis was
performed at p10 in chapter 3. Jarid2 deficient hearts exhibited increases in fetal gene
expression and heart failure-related gene expression. However, it is unknown how Jarid2
inhibits the expression of these genes in the myocardium. We have Jarid2 occupied
promoters by ChlP-chip analysis on embryonic hearts [8]. | overlapped the dysregulated
gene at p10 with embryonic ChIP-chip data, but only a small number of genes were
overlapped because of the different conditions between fetal and neonatal stages. ChlP-
seq analysis on p10 hearts would be required to determine direct targets of Jarid2 in the

postnatal stage.

Additionally, Nrg1-ErbB4 signaling pathways and Ankrd1 expression were
dysregulated in Jarid2 deficient hearts, but further studies are required to explain how
Jarid2 regulates Nrg1, ErbB4 and Ankrd1 expression levels. Ankrd1 is a downstream
target of Nkx2.5 in the cardiomyocytes [12]. Therefore, it is plausible that Jarid2 represses
Ankrd1 via regulation of Nkx2.5 transcriptional activity. It needs further experiments
whether Ankrd1 expression is regulated by Jarid2, and the Nkx2.5 accumulates on the
Ankrd1 promoter, and this accumulation is interrupted by Jarid2. It is possible that ErbB4
is a direct target of Jarid2. Cleaved intracellular domain of ErbB4 moves to the nucleus

and interacts with hypoxia-inducible factor 1a (HIF-1a) [13]. HIF-1a related signaling is
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activated during the fetal stage, suggesting that ErbB4 and HIF-1a interacting signals can

induce fetal genes in the Jarid2®M"C hearts.

It is a critical new finding that Jarid2®MHC mice develop dilated cardiomyopathy
without a compensative hypertrophic phenotype. Therefore, future studies will attempt to

determine precise mechanisms of Jarid2 to prevent DCM development in the myocardium.
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Figure A1-1. Immunostaining was performed on cultured heart cells from control or
Jarid2** hearts using Jarid2 (Green) and MF20 (Red, A) or PECAM (Red, B) antibodies.
Arrowheads indicated myocardial cells (A), while arrows indicate endocardial/endothelial
cells (B). Scale bar, 50um. C, gRT-PCR was performed on control or Jarid2N® hearts at

E13.5. The expression levels were normalized to the control. n=3.
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Figure A1-2. H&E staining was performed on Nkx2.5-Cre (Nkx2.5-Cre/+;Jarid2+/+) or
heterozygous mutant (Nkx2.5-Cre/+;Jarid2f/+) embryos at E15.5. The bracket indicates

a thickness of the compact layer. RV, right ventricle; VS, ventricular septum; LV, left

ventricle. Scale bar, 500 um.
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Figure A1-3. Cell proliferation rates were determined on control or Jarid2"* hearts. Co-
immunostaining was performed using Ki67 and MF20 (A) or P-H3 and MF20 (B)
antibodies. Scatter plots show the number of the positive cells per section at E13.5 and

E15.5. Three sections per heart from three or four embryos were immunoassayed. Mean
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+ S.D. RC, right compact layer; RT, right trabecular layer; LC, left compact layer; LT, left
trabecular layer; S, ventricular septum. C, Cleaved-Caspase 3 and Caspase 3 expression
levels were determined by Western blotting on E13.5 hearts. The representative Western

blot is shown. GAPDH is a loading control.
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Figure A1-4. Gene expression profile analyses by Jarid2, H3K27me3 or Ezh2. A, Venn
diagram demonstrates the overlap of genome-wide occupancy of Jarid2 and H3K27me3
by ChIP-chip with published Ezh2 ChIP-seq data. The published Ezh2 potential targets
were determined using E12.5 hearts [1]. B, Highly significant BPs for the 224 genes in (A)
were determined by GO/DAVID. C, The 224 overlapping genes were overlaid with the
Jaird2 microarray data. The pie chart shows the number of dysregulated genes in Jarid2

KO.
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Figure A1-5. Expression of conduction system (nodal lineage) markers was examined by
gRT-PCR on E13.5 control or Jarid2\* hearts. The expression levels were normalized to

the control, n=4.
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Figure A1-6. Section in Situ hybridization was performed using DIG-labeled Bmp10
riboprobes on control or Jarid2N* embryos at E13.5. Bmp10 expression was detected in
the trabecular layer in the control heart but expanded deep into the compact layer in

Jarid2** heart. The boxed region of upper pictures is magnified. Scale bar, 150 ym.
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Figure A1-7. A, Co-immunoprecipitation was performed on E15.5 control hearts to
determine a physical interaction between Jarid2 and Ezh2. Immunoprecipitation (IP) was
performed with IgG or Jarid2 antibody, followed by immunoblotting (I1B) with Ezh2 antibody.
B, Jarid2 mutants were transfected into 10T1/2 cells, and the transfection was confirmed
by Western blotting. Xpress antibody was used for detecting Jarid2 mutants (stars)
because each mutant was inserted in an Xpress-tagged plasmid [2]. GAPDH is a loading

control.
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Figure A1-8. A, H&E staining was performed on e18.5 hearts to determine developmental
defects. Scale bar, 500um. B, Cleaved caspase 3 expression was determined by Western
blotting on 7m hearts on control (C) and Jarid2®M"C (M) hearts. GAPDH was used as a
loading control. n=3. C, WGA staining was performed on 7m hearts, and the number of
cardiomyocytes were counted. n=3. D, Proliferation rate of cardiomyocytes was
measured on p10 control or Jarid2°MHC heart. Co-immunostaining was performed using
MF-20 and Ki67 or phospho-H3 antibodies and double-positive cells were counted. R,

right ventricle; L, left ventricle; S, septum. n=3.
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Figure A1-9. Whole heart images and H&E staining analysis were compared between

control and Jarid2®M"C hearts at 3m of ages. Scale bar, 1mm.
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Figure A1-10. A, MA plot showed differentially expressed genes at p10 by DESeq2. 20
genes were statistically significant (adj p-value<0.05). B, MA plot showed differentially
expressed genes at 7m by DESeq2. 2336 genes were statistically significant (adj p-

value<0.05).
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Table A2-1. Cardiac phenotypic defects observed in Jarid2"** mice.

Type °f_ VSD Hypertraveculation = Thin myocardium
abnormality
Stages Jarid2Nkx
1 X X X
2 X X X
E15.5
3 X X
4 X X X
1 X X X
E17 2 X
3 X X X
1 X X
X X X
E19
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Table A2-2. 39 up-regulated genes in Jarid2 KO hearts among overlapped genes
occupied by Jarid2, Ezh2 and H3K27me3.

Gene symbol

p value Jarid2 KO

Gene name

ISL1
DNAJC22

DUOX2
HOXB3
EVX2
PRDM6
NPAS3
SYT6
SP5

NEUROD2

LEF1
SFMBT?2
CLDN3
SALL1
GCGR
BARHL2
PDLIM2

NFATC1

TNFAIP2
DRD4

ASCL2

EMX1
COL2A1
TAL1
PRDM8

TNFRSF25

GP1BB

1700019N12RIK

TCFAP2A
SALL3
HOXA4
LHX1

COMP

1.46E-21
8.13E-16

1.84E-37
1.68E-24
2.08E-20
1.84E-28
2.6E-27
5.89E-15
5.35E-34

9.42E-110

1.56E-26
4.59E-18
1.37E-15
2.8E-51
4.45E-21
7.16E-53
2.87E-16

3.3E-18

7.09E-14
1.48E-15
4.33E-21

6.43E-89
5.62E-17
1.89E-34
7.34E-19

3.36E-55

1.14E-24
3.18E-28

1.07E-66
9.01E-66
7.79E-52
1.55E-59
1.08E-17

3.20
2.54

2.26
2.24
2.24
2.23
2.21
2.18
2.13
2.03
1.98
1.84
1.81
1.74
1.71
1.68
1.68

1.68

1.67
1.65
1.59

1.58
1.55
1.54
1.54

1.51

1.50
1.49

1.47
1.47
1.45
1.39

1.37

ISL1_transcription_factor, LIM/homeodomain
DnaJ_(Hsp40) _homolog, subfamily _C,
member_22

Dual_oxidase_2

Homeo box B3
Even_skipped_homeotic_gene_2_ homolog
PR_domain_containing_6

Neuronal PAS_domain_protein_3
Synaptotagmin_VI
Trans-acting_transcription_factor_5
Neurogenic_differentiation_2
Lymphoid_enhancer_binding_factor_1
Scm-like_with_four_mbt_domains_2
Claudin_3

Sal-like_1_(Drosophila)

Glucagon_receptor
BarH-like_2_(Drosophila)
PDZ_and_LIM_domain_2
Nuclear_factor_of activated T-
cells,_cytoplasmic,_calcineurin-dependent_1

Tumor_necrosis_factor, alpha-
induced_protein_2

Dopamine_receptor_4

Achaete-
scute_complex_homolog_2_(Drosophila)
Empty_spiracles_homolog 1 (Drosophila)
Collagen,_type_ll, alpha_1
T-cell_acute_lymphocytic_leukemia_1
PR_domain_containing_8
Tumor_necrosis_factor_receptor_superfamily,
member_25
Glycoprotein_lb,_beta_polypeptide
RIKEN_cDNA _1700019N12_gene
Transcription_factor_AP-2, alpha
Sal-like_3_(Drosophila)

Homeo_box_A4

LIM_homeobox_protein_1
Cartilage_oligomeric_matrix_protein



NKX2-3

JPH3
CLSTN1
CLDN7
POU4F1

NGFR

1.5E-147

4.71E-14
1.25E-36
1.74E-14
4.69E-17

4.27E-34

1.31

1.26
1.24
1.24
1.22

1.21
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NK2_transcription_factor_related, locus 3
(Drosophila)

Junctophilin_3

Calsyntenin_1

Claudin_7

POU_domain,_class_4, transcription_factor_1

Nerve_growth_factor_receptor
(TNFR_superfamily, member_16)
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Table A2-3. 28 down-regulated genes in Jarid2 KO hearts among overlapped genes
occupied by Jarid2, Ezh2 and H3K27me3.

Gene symbol

p value Jarid2 KO

Gene name

CRABP1
PAX6
OLIG2

SLC6A7

GNAS
CLDNS
PIGZ

EBF2
MSX1
HOXD8

ELAVL3
GM1337

POU3F2
HOXB7
HAND1

WNT1
DPF1

KCNC4

FBXO2
HOXA7
NFIX
AQPS
LBX2
HOXD4
EPHB1
PPL
ESRRB

5.83E-14
4.23E-46
2.17E-36

4.73E-21

1.59E-14
1.51E-18
1.86E-28

2.5E-19
2.25E-55
2.38E-15

2.13E-36
2.78E-14
2.61E-20
8.27E-30
3E-16

9.65E-46
3.06E-14

1.17E-37

1.07E-22
4.38E-56
1.63E-28
3.55E-20
1.08E-15
9.8E-15

3.07E-22
8.1E-39

4.28E-21

-8.67
-3.84
-2.70

-2.46

-1.90
-1.90
-1.84

-1.82
-1.82
-1.72

-1.57
-1.53
-1.48
-1.45
-1.40

-1.40
-1.40

-1.37

-1.34
-1.33
-1.31
-1.31
-1.31
-1.30
-1.26
-1.22
-1.22

Cellular_retinoic_acid_binding_protein_|
Paired_box _gene 6

Oligodendrocyte_transcription_factor_2

Solute_carrier_family_6_(neurotransmitter_
transporter, L-proline), member_7

GNAS_(guanine_nucleotide_binding_protein,
alpha_stimulating) _complex_locus

Claudin_5

Phosphatidylinositol_glycan_anchor_
biosynthesis, class Z

Early_B-cell_factor_2
Homeobox, _msh-like_1

Homeo_box D8
ELAV_(embryonic_lethal,_abnormal_vision,_
Drosophila)-like_3 (Hu_antigen_C)

Predicted _gene_ 1337

POU_domain,_class_3,_transcription_factor_
2

Homeo_box_B7

Heart_and_neural _crest_derivatives_express
ed_transcript_1

Wingless-related_ MMTV _integration_site_1
D4, zinc_and_double_PHD _fingers_family_1

Potassium_voltage gated_channel,_Shaw-
related_subfamily, member_4

F-box_protein_2

Homeo_box_ A7

Nuclear_factor_|I/X

Aquaporin_5
Ladybird_homeobox_homolog_2(Drosophila)
Homeo_box_D4

Eph_receptor_B1

Periplakin

Estrogen_related_receptor, beta



NKX2-5

5.13E-16

1700001022RIK* 3.29E-15
2010001MO9RIK* 1.65E-18

ATPS5D*

CEBPA*
ESRRA*
FXYD1*

HOXB6*
IGF2*

6.81E-15

2.09E-21
7.66E-66
1.13E-79

2.78E-22
5.01E-14

-1.22

-2.01
-1.31

-1.67

-2.99
-1.23
-1.40

-2.50
-1.42
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NK2_transcription_factor_related, locus 5
(Drosophila)

RIKEN cDNA 1700001022 gene
RIKEN cDNA 2010001MO09 gene

ATP synthase, H+ transporting, mitochondrial
F1 complex, delta subunit

CCAAT/enhancer binding protein (C/EBP),
alpha

Estrogen related receptor, alpha

FXYD domain-containing ion transport
regulator 1

Homeo box B6
Insulin-like growth factor 2

Stars indicate the genes were occupied by only Jarid2 and Ezh2.
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Table A2-4. Mendelian ratios of postnatal Jarid2°MHC mice.

Age No. of No. of Genotype of live mice
litters live mice o /4 f Cre/+:1/+ Cre/s:tf
p21 26 171 38 42 46 45

(22.2%) (24.6%) (26.9%) (26.3%)

Mice were examined to determine a Mendelian ratio at postnatal day (p) 10.
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Table A2-5. 72 DE genes at p10 by DESeq2 or EBSeq.

FC(Logz) FC

Gene Symbol DESeq -EBSeq Name
Krt75 -5.17 0.05 Keratin 75
Arhgap36  -1.60 0.29 Rho GTPase activating protein 36
Myl1 -1.63 0.29 Myosin, light polypeptide 1
Wnk4 -1.04 0.51 WNK lysine deficient protein kinase 4
Tmem100 -0.81 0.52 Transmembrane protein 100
Enkur -0.74 0.56 Enkurin, TRPC channel interacting protein
Gli1 -0.67 0.62 GLI-Kruppel family member GLI1
Vsig2 -0.70 0.63 V-set and immunoglobulin domain containing 2
Hba-a2 -0.61 0.65 Hemoglobin alpha, adult chain 2
Lgals4 -0.76 0.65 Lectin, galactose binding, soluble 4
Tgfb1 -0.53 0.66 Transforming growth factor, beta 1
Hba-a1 -0.58 0.66 Hemoglobin alpha, adult chain 1
Prph -0.64 0.67 Peripherin
Dapk1 -0.63 0.69 Death associated protein kinase 1
Potassium channel tetramerisation domain
Kctd17 -0.52 0.69 containing 17
Tbhx2 -0.49 0.69 T-box 2
Rplp2 -0.52 0.72 Ribosomal protein, large P2
Egfl7 -0.49 0.74 EGF-like domain 7
Mdh1 0.40 1.30 Malate dehydrogenase 1, NAD (soluble)
Ctnna1 0.44 1.32 Catenin (cadherin associated protein), alpha 1
Pam 0.45 1.32 Peptidylglycine alpha-amidating monooxygenase
Tmod1 0.48 1.34 Tropomodulin 1
Pin 0.45 1.37 Phospholamban
Actc1 0.47 1.39 Actin, alpha, cardiac muscle 1
Myl12a 0.50 1.41 Myosin, light chain 12A, regulatory, non-sarcomeric
Ktn1 0.53 1.42 Kinectin 1
Rmndb5a 0.48 1.43 Required for meiotic nuclear division 5 homolog A
Tmem230 0.43 1.43 Transmembrane protein 230
Ank 0.54 1.44 Progressive ankylosis
Gyg 0.49 1.44 Glycogenin
Adprhl1 0.46 1.44 ADP-ribosylhydrolase like 1
Tt 0.53 1.44 Tubulin tyrosine ligase-like 1
ATP-binding cassette, sub-family C (CFTR/ MRP),
Abcc9 0.62 1.46 member 9
Pank3 0.73 1.47 Pantothenate kinase 3
Cpox 0.52 1.48 Coproporphyrinogen oxidase
Eif4e3 0.46 1.48 Eukaryotic translation initiation factor 4E member 3
Slc8a1 0.61 1.49 Solute  carrier family 8  (sodium/calcium



Ccnd2 0.60
Ampd3 0.46
Prkaa2 0.61
Sulf2 0.63
Lrrc3b 0.72
Ndrg4 0.73
Atp11a 0.51
Gsg1l 0.67
Pip5k1b 0.60
Pakap 0.61
Gbe1 0.74
Bcap29 0.68
Zdbf2 0.89
Suclg2 0.56
Cdh2 0.68
Mark1 0.60
Aqp4 0.84
Bves 0.63
Tmem182  0.92
Ntn1 0.83
Wif1 0.75
Lnx1 0.63
Lrig1 0.84
Rabgap1l  0.66
Lpar3 1.06
Zfp770 0.83

Atp2al  1.21

Pirt 0.77
Tspyl4 1.03
Ankrd1 1.28

Irx2 1.97

C530008M17Rik1.18
Esrrg 1.20

l123a 1.19

Irx1 1.59

1.50
1.50

1.52

1.53
1.56
1.57
1.58
1.59

1.60

1.60
1.61
1.61
1.62

1.63

1.63
1.65
1.68
1.68
1.71
1.76
1.78
1.78

1.78

1.78
1.85
1.88

1.96

1.99

2.03
2.49
3.04
3.19
3.26
3.30
4.30

151

exchanger), member 1

Cyclin D2

Adenosine monophosphate deaminase 3

Protein kinase, AMP-activated, alpha 2 catalytic
subunit

Sulfatase 2

Leucine rich repeat containing 3B

N-myc downstream regulated gene 4

ATPase, class VI, type 11A

GSG1-like

Phosphatidylinositol-4-phosphate 5-kinase, type 1
beta

Paralemmin A kinase anchor protein

Glucan (1,4-alpha-), branching enzyme 1

B cell receptor associated protein 29

Zinc finger, DBF-type containing 2
Succinate-Coenzyme A ligase, GDP-forming, beta
subunit

Cadherin 2

MAP/microtubule affinity regulating kinase 1
Aquaporin 4

Blood vessel epicardial substance
Transmembrane protein 182

Netrin 1

Whnt inhibitory factor 1

Ligand of numb-protein X 1

Leucine-rich repeats and immunoglobulin-like
domains 1

RAB GTPase activating protein 1-like
Lysophosphatidic acid receptor 3

Zinc finger protein 770

ATPase, Ca++ transporting, cardiac muscle, fast
twitch 1

Phosphoinositide-interacting regulator of transient
receptor potential channels

TSPY-like 4

Ankyrin repeat domain 1 (cardiac muscle)

Iroquois related homeobox 2 (Drosophila)

RIKEN cDNA C530008M17 gene

Estrogen-related receptor gamma

Interleukin 23, alpha subunit p19

Iroquois related homeobox 1 (Drosophila)

FC, fold change.
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Table A2-6. P10 DE genes were overlapped with ChiP-chip data sets

S?;'Lil FC Jarid2 H3K27m3 H3K9m3 Name
Tmem100 -0.81 2.75E-19 Transmembrane protein 100
Lgals4 -0.76 1.16E-17 Lectin, galactose binding, soluble 4
Vsig2 070 3.9E-27 l/(—)?]?;inei]:g2immunog|obu|in domain
Gli1 -0.67 1.37E-39 1.04E-79 GLI-Kruppel family member GLI1
Prph -0.64 9.31E-30 8.77E-62 2.99E-22 Peripherin
Tgfb1 -0.53 1.03E-23 Transforming growth factor, beta 1
Egfi7 -0.49 1.6E-35 EGF-like domain 7
Ctnnal 044 4.27E-16 gfottee'?:; alpé‘;afhe”” associated
Ampd3  0.46 7.86E-31 anerr;]?r?g;eeB monophosphate
Adprhl1 0.46 2.91E-22 ADP-ribosylhydrolase like 1
Ttil1 0.53 3.47E-36 4.96E-18 4.66E-14 Tubulin tyrosine ligase-like 1
Pank3 0.73 2.74E-35 Pantothenate kinase 3
Tmem182 0.92 1.59E-15 Transmembrane protein 182
1123a 1.19 9.45E-22 Interleukin 23, alpha subunit p19
Atp2a1 121 5.95E-40 ATPase, Ca++ transporting, cardiac

muscle, fast twitch 1




Table A2-7. Primers for gRT-PCR
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Gene name Forward Reverse

Jarid2 gatgacagcgatgggatcc catttaccgccttcaggct

18S cgccgctagaggtgaaattct cgaaactccgactttcgttct
Fn1 agagagtgcccctactaca cgatattggtgaatcgcaga
Crtl1 cccccgtctactt gtgga ctga gccaaatgctgtagg
Vcan cagaagctaggcgtggccag catcaggctcaccacttgaaac
Col2at gctggtgaagaaggcaaacgag ccatcttgacctgggaatccac
Vitn ccattcagagcgtctatttcttctc tccactcgccgggttcta
Adamts1 catgcaagaagatgtcaggaatagt catgatacccaggtcttgtactagtga
Notch1 gccttcgtgctectgttett agcaccatctgaggcattct
Delta4 tgtgtgattgccacagaggtataa atgtcccatacaggatgcaatg
Jagged1 tcagaggcgtcctctgaaaaa agcaacagacccaagccact
Nrg1 tgtcacccagactcctagtcaca tgctgttctctaccgatgacgt
Erbb2 gtacagtgaggatcccacattacct agactgaggccgaacctctg
Erbb4 caatgcatgacaagcccaaa cgggacacaaaagggttctct
Pax6 ccctcaccaacacgtacag tcataactccgcccattcac
Sall3 aaagaacgcagagaccctca gtgtccttcagctccgagtc
Emx1 agcgacgttccccaggacgggctgce tgcgtctcggagaggcetgaggcetgce
Barhl2 agctgctagccgaggecggg tgctgtccatgctcecccagcea
Neurod?2 gctactccaagacgcagaagct cacagagtctgcacgtaggaca
Pou4f2 gatgcggagagcttgtcttcca cttactctgggagacgatgtcc
Isl1 ccttgcaaagcgacatagatca gagcctggtcctcctictgaa
Nkx2.5 gccatccgtctcggcttt ccaagtgctctcctgctttce
Nfatc1 gccacaggcctcgtatcagt tgagccctgtggtgagacttg
Msx1 aggactcctcaagctgccagaa cggttggtcttgtgcttgcgta
Lef1 actgtcaggcgacacttccatg gtgctcctgtttgacctgaggt
Sall1 gcttgcactatctgtggaagagc ctgggaacttgacaggattgcc
Bmp10 tgctaacatcatccggagctt ccattaaaagtgactggttgagaaaac
Igfbp2 atggccggtacaaccttaagc cgcgctgtccgticaga

Igf1 aaggagaaggaaaggaagtacatttg tttcctgcacttcctctacttgtg
Bmp2 cgcagcttccatcacgaa cccactcatctctggaagttcct
Tbx2 tcatcgctgtcactgcectacca cggcttacagtgctcctcatac
Gjd3 tgatcttccgcatcctggtgct atcgtagcaggtctggcgacag
Hcn4 gattatccacccctacagtgac accacattgaagacgatccag
Nppa gtggactaggctgcaacagctt acacaccacaagggcttagga
Nppb acaagatagaccggatcgga acccaggcagagtcagaaac
Myh7 atgtgccggaccttggaa cctcgggttagctgagagatca
Myh6 gctggctggaaaagaacaag tcttgcectectttgecttta



Acta1
Tnni1
Tnni3
Acta2
Actc1
Ankrd1
Tpom1
Myl2
Pin
Nrg1
ErbB4

aggacctgtatgccaacaac
atgccggaagttgagaggaaa
caaaagtcaccaagaacatca
tctcttccagcecatctttcattg
agatcatgtttgagaccttcaatgtg
tcacggctgccaacatgat
gaccacgctctcaacgatatga
atgctgaccacacaagcagaga
cgatcaccgaagccaaggt
tgtcacccagactcctagtcaca
caatgcatgacaagcccaaa
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acatctgctggaaggtggac
tccgagaggtaacgcacctt
tgccacggaggtcatagatct
tatcacacttcatgatgctgttataggt
acaccatcgccagaatcca
tctgaactccccaggaaggaa
gacatccagcttgacgaagga
ggtaatgatgtggaccaaattcttataa
aaggcaaaagtagggagacaagttt
tgctgttctctaccgatgacgt
cgggacacaaaagggttctct
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