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Abstract
Background:

Extensive research has characterized the embryonic development of a four-
chambered heart in mammals. After birth, mammalian cardiomyocytes undergo a
transition characterized by a final cell cycle with nuclear division (karyokinesis) in the
absence of cytoplasmic division (cytokinesis), generating mature binucleated
cardiomyocytes. Downregulation of pro-proliferative signaling and epigenetic changes
permanently ‘lock’ cardiomyocytes out of the cell cycle, and nearly all subsequent growth
is accomplished via cellular hypertrophy. Before this transition, cardiomyocytes exhibit
robust proliferative potential, but afterward are unable to divide.

Rationale & Hypothesis:

Recent evidence suggests that non-coding RNAs influence early neonatal cardiac
development and hypertrophy. We hypothesize that transient expression of
regulatory miRNAs may impact the neonatal heart’s transition from proliferation to
hypertrophy.

Results:

Cardiac mRNA and miRNA were systematically analyzed using microarrays to
identify targets that were transiently and significantly changing after birth. Through our
analysis we identified three primary ontogenies significantly changing: metabolism,
extracellular matrix remodeling, and cell cycle regulation.

Global analysis of micro-RNA expression patterns during perinatal heart
development identified miR-205 as a novel candidate for modulating cardiomyocyte

maturation. We observed miR-205 expression undergoing a 20-fold increase from 1-day
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postpartum (1D) to 5D, returning to prenatal levels by 10D. It is expressed in
cardiomyocytes of the epicardium, the primary location of fetal cardiomyocyte
proliferation. MiR-205 targets two important cell cycle regulators: Pten phosphatase of
the PI3K/AKT pathway, and Yapl in the Hippo pathway. Both pathways have proven to
be essential for proper heart development. Previous research showed that germline
deletion of miR-205 results in death at 5D.

To define its role in the heart, we generated an aMHC-Cre postnatal miR-205
cardiac-specific deletion mouse model. Systematic characterization of miR-205-/- hearts
confirmed miR-205’s interaction with Pten and Yap1 by western blot and
immunohistochemistry. Postnatal miR-205"- hearts exhibit Hippo pathway dysregulation,
increased cardiomyocyte number, more actively cycling cardiomyocytes beyond 7D, and
no difference in binucleation.

We also generated a DOX-inducible cardiac-specific miR-205 over-expression
mouse model. Perinatal miR-205°F hearts expedited the transitional period, with more
cardiomyocytes present at 5D and no difference at 14D. These hearts show increased
Hippo signaling immediately after birth, suggesting compensatory mechanisms to ensure
sufficient cardiomyocyte number.

Conclusions:

Our data strongly supports miR-205 as a regulator of cardiomyocyte maturation in
the neonatal heart, by promoting the neonatal cardiomyocyte transition from hyperplastic
to hypertrophic growth. In turn, miR-205’s antiproliferative properties originate in part from

suppressing the expression of Pten and Yapl.
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Chapter 1: Introduction

Understanding the mechanisms that are responsible for cardiac development,
regeneration, and disease is an extremely important area of research, as heart disease
is one of the most common morbidities and accounts for the most years of life lost
worldwide (Lozano et al., 2012). Embryonic development of the heart has been well-
studied, with high-resolution day-by-day analysis performed to determine which
transcription factors regulate cell-type specification, migration, and differentiation
(Bruneau, 2002). After birth, cardiomyocytes permanently exit the cell cycle and the heart
primarily grows via hypertrophy of cardiomyocytes. Another primary focus of cardiac
research has been to identify potential mechanisms to repair cardiac damage, whether
congenital or acquired. This has been problematic due to the remarkable anti-proliferative
properties of adult cardiomyocytes (Pasumarthi and Field, 2002). Although significant
effort has been devoted to unraveling embryonic heart development and differentiation,
how cardiomyocytes transition from a pliable fetal state to fully differentiated adult cells
remains poorly understood. This chapter will briefly outline the transcriptional regulation
of embryonic heart development and morphogenesis. The perinatal cardiac transition
period and the role of non-coding RNAs in regulating cardiomyocyte proliferative capacity

will also be discussed.
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1.1 Embryonic heart development

The heart is the first organ to form and develop in vertebrates (Zaffran and Frasch,
2002). Embryonic morphogenesis begins with two heart fields: the first of which forms the
cardiac crescent and gives rise to the left ventricle, and the second field which gives rise
to the right ventricle and atria. The second heart field also contains a number of progenitor
cells responsible for continuous proliferation and early cardiac function (Buckingham et
al., 2005). The next developmental step is the formation of the heart tube, which elongates
by addition of cells from highly divisible progenitor cells adjacent to the heart tube. The
second heart field continues to proliferate throughout development and contributes to final
heart muscle cell or cardiomyocyte number (lvanovitch et al., 2017). Lineage tracing
covering each stage of heart development showed that both heart fields contribute to
heart morphogenesis (Van Vliet et al., 2012). In the heart, the complex interactions of
Nkx2-5, Gata4/6, Thx20, Mef2c, and many other genes have been shown to play critical
regulatory roles controlling cardiomyocyte specification and morphogenesis (Bruneau,

2002).

1.1.1 Specification of cardiac progenitors

Mesoderm posterior 1 (Mespl) is a basic helix-loop-helix (bHLH) transcription
factor involved in the earliest movements from the primitive streak during gastrulation
(Bondue et al., 2008; Saga et al., 2000). Mespl and its homologue Mesp2 contain the
same bHLH motif, and are core components of the embryonic cardiac transcription factor
network. The expression of Mespl and Mesp2 are considered the earliest markers of

cardiogenic specification in embryonic development (Kitajima et al., 2000). A subset of
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the first cell population expressing Mespl goes on to establish the first heart field (FHF)
and the cardiac crescent (Brade et al., 2013; Devine et al., 2014). The FHF proliferates
and differentiates first to form the linear heart tube, while a second wave of Mespl
expression occurs in the second heart field (SHF) (Buckingham et al., 2005). While the
FHF is developing into the linear heart tube, the SHF remains dormant nearby
(Buckingham et al., 2005). After the heart tube has been established, the SHF proliferates
and differentiates to elongate the heart tube. These SHF progenitors will give rise to the
cells that form the right ventricle, inflow/outflow tracts, and the atria (Mjaatvedt et al., 2001,
Waldo et al., 2001). The FHF primarily gives rise to the left ventricle with a small
contribution to the atria (Brade et al., 2013). Deletion of Mespl1 has been shown to result
in aberrant cardiac development and cardia bifida (Saga et al., 1999). Cardia bifida is the
failure of myocardial cells to form a single heart tube from the two heart fields
(Compernolle et al., 2003). Double deletion of Mespl and Mesp2 results in a complete
lack of migration and differentiation of cardiomyocytes and other caudal embryonic
structures (Kitajima et al., 2000; Saga et al., 1999). These results demonstrate that
Mespl and Mesp2 are essential for early embryonic cardiogenomic specification,

proliferation, and differentiation.

The canonical Wht/B-catenin signaling pathway has also been shown to be
required for regulation of cell fate specification, proliferation, and differentiation as the
embryo develops. This pathway possesses a biphasic role; early in embryogenesis -
catenin promotes cardiogenic specification, while later Wnt1l and Wnt3a are secreted from
the neural plate to repress cardiogenesis in surrounding tissue and maintain the

boundaries of the pre-cardiac mesoderm (Marvin et al., 2001; Schneider and Mercola,
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2001; Tzahor and Lassar, 2001; Ueno et al., 2007). The Wnt pathway inhibitor Dkk-1 is
expressed in the underlying endoderm to counteract the inhibitory Wnt signaling (Marvin
et al., 2001). Ablation of B-catenin signaling results in embryonic death around day 9 due
to defects of the right ventricle and outflow tract (Ai et al., 2007; Cohen et al., 2007;
Tzahor, 2007). Conversely, constitutively active B-catenin signaling resulted in expansion
of SHF progenitors which accumulated in the right ventricle and outflow tract (Qyang et
al., 2007). Activation of Wnt/B-catenin signaling promotes Isl1 expression (Lin 2007),
resulting in increased Fgf-family expression (Cohen et al., 2007). In progenitors where
Isl1 is downregulated, Wnt signaling inhibits cardiogenesis to promote differentiation
(Tzahor, 2007). Wnt has also been shown to induce expression of the homeodomain

transcription factor Hex, which can regulate Nkx2-5 and Thx5 (Foley and Mercola, 2005).

1.1.2 Formation of the linear heart tube and heart looping

After cardiac specification, cardiomyocyte progenitors begin to migrate and
rearrange to form the linear heart tube (Ilvanovitch et al., 2017). After Mesp1, the FHF
begins expressing T-box protein family 5 (Tbx5) and the NK Homeodomain 2-5 (Nkx2-5)
proteins (E.G. et al., 2002; Ogura, 2007). Tbx5 is required for development of the posterior
heart, as well as atrial and left ventricular precursors (Bruneau et al., 2001; Ogura, 2007).
The SHF begins to express LIM-family homeodomain transcription factor Isletl (Isl1) (Cai
etal., 2003). Isl1* progenitor cells eventually differentiate into cardiomyocytes and smooth
muscle cells of the aorta and pulmonary artery (Moretti et al., 2006). The second heart
field also transiently expresses Prdm1, Pitx2, Six1, Fgf8, and Fgf10 before the addition
of SHF progenitors to the linear heart tube begins (Kelly, 2012; Vincent et al., 2014;

Zaffran et al., 2004). Once this process is initiated, this cohort of genes are downregulated

4
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and the SHF begins expressing Nkx2-5, Gata4, and Mef2c (Verzi et al., 2005; Waldo et
al., 2001). Interestingly, these three transcription factors have proven to be the minimum
requirement to induce cardiac differentiation from fibroblasts (leda et al., 2010; Qian et

al., 2012).

Nkx2-5 and Gata4 are widely expressed throughout the heart tube, while the Thx
transcription factors are expressed in specific regions (Hoogaars et al., 2007; Rana et al.,
2013). Nkx2-5 is a transcription factor required for the specification and differentiation of
cardiomyocytes by establishing a ventricular gene expression program (Watanabe et al.,
2012). Nkx2-5 is highly conserved in chordates, with the homologous Nk2-homeobox
containing transcription factor, tinman, first being discovered in Drosophila (Azpiazu and
Frasch, 1993; Bodmer, 1993). In mice lacking the Nkx2-5 gene, the heart shows severe
dysregulation of myocardial development (Parsons et al., 2007). These hearts do not
grow past the earliest stages of heart looping. The T-box (Tbx) family of transcription
factors is involved in cell-fate specification, differentiation, and organogenesis. The Thx
family contain two highly conserved residues: within their N-terminal domain there is a G
residue at position 80 responsible for interaction with the major groove of DNA, and an R
residue at position 237 in the C-terminal T-box domain responsible for binding to the minor
groove of DNA (Muller and Herrmann, 1997). Of particular importance in amniotic heart
development are Tbx2, Tbx3, Tbx5, Tbx20. Tbx5 and Thx20 interact with Gata4 and
Nkx2-5 to promote expression of atrial natriuretic factor (Nppa), connexin 40 (Cx40) and
43 (Cx43), and Chisel (Smpx) (Christoffels et al., 2010; Hoogaars et al., 2007; Moorman
and Christoffels, 2003). Expression of these effectors promotes the specification of

chamber myocardium. Tbx2 and Tbx3 are expressed in the progenitors of the
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inflow/outflow tracts and atrioventricular canal (Singh et al., 2012). These 2 factors act in
opposition to Thx5, suppressing expression of Nppa, Cx40, Cx43, and Smpx to repress
chamber specification (Xiang et al., 2016). The opposing effects of Thx2/3 and Thx5
creates patterning in the developing heart, and thus distinct populations of cells that give

rise to future structures (Bruneau, 2013; Habets et al., 2002).

The Mef2 family consists of highly conserved transcription factors that contain a
MADS-box and regulate the differentiation of all muscle cell types (Potthoff and Olson,
2007). Invertebrates carry only a single Mef2, while vertebrates possess four Mef2 genes
(Mef2a, b, c, and d) (Desjardins and Naya, 2016). Mef2b and Mef2c are expressed in the
mesoderm at embryonic day 7.5, while Mef2a and Mef2d are expressed in the linear heart
tube between E8 and E8.5 (Edmondson et al., 1994). Of the four vertebrate Mef2 genes,
Mef2c is required for the specification of amniote-specific cardiac structures derived from
the SHF (Lin et al., 1997). Mef2c falls under the control of Nkx2-5, Gata4, and Isl1, and
is responsible for upregulating the expression of bHLH family members Handl and
Hand2, which are also critical cardiogenomic transcription factors (Dodou, 2004; Gottlieb
et al., 2002). Embryos lacking Mef2c exhibit severe defects in heart looping as well as

right ventricle/outflow tract formation (Cai et al., 2003; Lin et al., 1997).

Nkx2-5, Gata4, and Tbx5 are the most studied and well-characterized cardiac
transcription factors. These core factors can with each other to regulate cardiac
development, forming a complex web of interactions and regulation in cardiac
development. An overview of this regulatory network is shown in Figure 1, highlighting
the co-regulation and complex interaction of transcriptional factors to control heart

development. Gata4 and Nkx2-5 physically interact to regulate each others expression
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Figure 1. Overview of the transcriptional regulatory network governing embryonic
heart development. Transcription factors expressed in the first heart field are shown in
red, those expressed in the second heart field are red, while the factors expressed in both
fields are purple. Transcription factors involved in cardiac development but not originating
from either heart field are shown in orange. Solid lines indicate direct interaction, while
dashed lines indicate an indirect/upstream effect.
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and promote cardiomyocyte differentiation (Bruneau et al., 2001; Hiroi et al., 2001; Lien
et al., 1999). Gene targeting of Gata4 showed a lack of endodermal differentiation and
reduced migration of myocardial progenitors, leading to cardia bifida (Garg et al., 2003;
Kuo et al., 2007). Also, Gata4 interaction Nkx2-5 helps regulate Mef2 expression in the
second heart field (Dodou, 2004). Gata4 can also interact with Mef2c to activate
expression of Nppa, aMHC, and b-type natriuretic peptide (BNP). Gata4 also physically
interacts with Thx5 in the developing heart. In mice that are heterozygous for both Gata4
and Tbx5, embryonic death around 15.5 occurs due to cardiomyocyte hypoplasia,
underdeveloped ventricles, and atrial septal defects (Maitra et al., 2009). The interaction
between Gata4 and Tbx5 also activate the expression of Cx30.2 required for proper
development of the AV node (Munshi et al., 2009). Finally, Tbx5 and Nkx2-5 interact to
control gene expression in the progenitors of the cardiac conduction system (Bruneau et
al., 2001; Hiroi et al., 2001). Thx5 also directly interacts with Mef2 in a complex to activate

Myh6 expression (Ghosh et al., 2009).

Handl and Hand2 have overlapping and complementary expression patterns in
the developing heart (McFadden, 2004). Handl is expressed in specific segments of the
linear heart tube that will go on to form the left ventricle (Risebro et al., 2006). Transgenic
germ-line Hand1 deletion mice die at approximately embryonic day 8.5 due to placental
and trophoblastic defects (Firulli et al., 1998). Using an aMHC-cre model, it has been
shown that mice lacking cardiac-specific Hand1l are able to survive until the perinatal
period, yet they still die of severe congenital heart defects shortly after birth. These hearts
exhibited ventricular-septal defects (VSDs), atrioventricular (AV) valve abnormalities, and

irregular outflow tract generation (McFadden, 2004). Furthermore, Hand1 overexpression
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mice died embryonically due to interventricular septal defects (McFadden, 2004),
suggesting that strict regulation of Hand1 expression is required for proper cardiogenomic
regulation. Hand2 is expressed throughout the heart tube and continues to be expressed
in the cells that will form the right ventricle (Vincentz et al., 2011). Deletion of Hand2 in
mice results in death by embryonic day 10.5 due to reduced right ventricular proliferation

and impaired vascular development (Holler et al., 2010).

Myocardin is a member of the SAF-A/B, Acinus, and PIAS (SAP) domain family of
nuclear proteins. As a smooth muscle- and cardiac-specific transcriptional cofactor, it is
responsible for activation of additional cardiac gene promoters (Du et al., 2003).
Myocardin interacts with serum response factor (SRF), another member of the MADS box
family, to regulate Nkx2-5 expression (Wang et al., 2001). Myocardin* progenitor cells
give rise to the smooth muscle cells present in the coronary vasculature. Expression of a
dominant negative mutant version of Myocardin exhibited impaired myocardial cell
differentiation, identifying it as another key component of embryonic heart development

(Wang et al., 2003).

1.1.3 Cardiac chamber specification and morphogenesis

Once the formation of the heart tube is complete, the pre-programmed gene expression
provided by Thx5 and and the Iroquois-class homeobox protein Irx4 allows for wall and
chamber specification and morphogenesis (Bao et al., 1999; Bruneau et al., 2001; Mori
et al., 2006). Tbx5 and Thx20 both interact with Nkx2-5 and Gata4 to promote chamber
morphogenesis (Brown et al.,, 2005). Bmp2 signaling can control T-box gene family

expression early in development, and also helps to establish the conduction system
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throughout the cardiac tissue (Prall et al., 2007). Mutations in Tbx5 results in Holt-Oram
syndrome, which involves atrial-septal defects (ASDs), ventricular septal defects (VSDs),
and conduction system disarray (Bruneau et al., 2001). Mutations in Nkx2-5 lead to a
similar phenotype, as well as tetralogy of Fallot and Ebstein’s tricuspid valve abnormality
(Benson et al., 1999). Tbx1 has also been shown to be responsible for pre-patterning of
the heart tube in preparation for chamber formation. Another gene, Pitx2 confers “left”

identity to cells forming structures on either side of the heart tube (Bruneau, 2002).

Trabeculation of the myocardium results in septation, increased
contractility/conductivity, and the establishment of coronary vasculature. Notch signaling
has been shown to be critical for this process (Abad et al., 2017; Grego-Bessa et al.,
2007; Meyer and Birchmeier, 1995). Notchl1-Notch4 are type | single-pass membrane-
bound transcription factors with large intracellular and extracellular domains. The
intracellular domain contains two nuclear localization signals and a DNA transactivation
domain. Once activated by ligand binding of Delta4 or Serrate/Jagged protein families
Notchl is then cleaved by Mibl to become active, where the intracellular domain
translocates to the nucleus (Grego-Bessa et al., 2007; Iso et al., 2003; Kopen, 2002).
After migrating to the nucleus and interacting with transcriptional coactivators, cleaved
intracellular Notch can drive the expression of Tbx20, Bmp10, Hey2, and neuregulin-1
(Nrgl) (Chen, 2004; Grego-Bessa et al., 2007; Zhang et al., 2011). Hairy/enhancer-of-
split related with YRPW motif protein 2 (Hey?2) is another bHLH transcription factor shown
to regulate the size of the cardiac progenitor pool during embryogenesis (Gibb et al.,
2018). Nrgl is an endothelial growth factor that binds to Erbb4 and promotes the

heterodimerization of Erbb4/Erbb2 to promote cell growth and migration (Yarden and
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Sliwkowski, 2001). Gene deletion of Nrgl, Erbb2, and Erbb4 all result in in utero death at
approximately embryonic day 10 due to a lack of myocardial trabeculae, reduced
contractility, and bradycardia (Chan et al., 2002; Gassmann et al., 1995; Liu et al., 2010;
Meyer and Birchmeier, 1995). Erbb2 also contributes to the formation of cardiomyocyte
adhesion to the extracellular matrix and supporting cells of the heart (Lockhart Marie ,

Wirrig Elaine, Phelps Aimee, 2011; Sanchez-Soria and Camenisch, 2010).

Following chamber formation, there are proliferative centers throughout the heart
that contribute to myocardial growth. Isl1 and Thx1-expressing progenitor cells give rise
to cardiomyocytes, endothelial cells, and smooth muscle cells present in the heart
(Laugwitz et al., 2007; Zhou et al., 2008). Irx4 regulates the expression of atrial- and
ventricular-specific myosin heavy chain isoforms (Bao et al., 1999). Tbx1 is able to delay
differentiation by inhibiting bone morphogenic protein (BMP) signaling and reducing SRF
protein levels (Chen et al., 2009). Also, the expression of various fibroblast growth factors
(FGFs) is essential for the supporting cells of the heart by promoting angiogenesis and

fibroblast proliferation (Lavine et al., 2005).

Fgf8 and Fgf10 are essential for SHF differentiation, as targeted deletion in the
mesoderm resulted in a lack of right ventricle and outflow tract formation (llagan et al.,
2006; Watanabe et al., 2010). Bmp4 activates the homeodomain transcription factor
Msx1 in neural crest cells to repress Fgf signaling (Zaffran and Kelly, 2012), thus signaling
the transition from proliferation to differentiation in the SHF (Tirosh-Finkel et al., 2010).
Bmp signaling can also promote differentiation by inhibiting the hedgehog signaling
pathway, as well as by activation of microRNA 17-92 cluster which targets Isl1 and Thx1

(Dyer and Kirby, 2009; Wang et al., 2010). Regulation of the Hedgehog signaling pathway
11
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has been shown to be important for proper cell fate specification and differentiation during

embryogenesis (Lavine et al., 2006).

The stages of heart development and the associated transcriptional regulators
involved at each timepoint are shown in Figure 2. This figure further demonstrates the
multifaceted roles that each transcription factor can play at different developmental

stages.

1.1.4 Models of embryonic heart development

Early cardiac development has been well-characterized using methods such as
fluorescent lineage tracing in transgenic zebrafish, chickens, and mice (Ilvanovitch et al.,
2017). While most studies exploring cardiogenesis have been performed using murine
models, the first stages of heart development are highly conserved among vertebrates,
which provides a rationale to utilize other model systems (Wittig and Mlnsterberg, 2016).
The flexibility of the zebrafish model has served as a means to characterize the earliest
stages of cardiac morphogenesis (Bakkers, 2011). Zebrafish undergo early cardiogenic
specification via Nkx2-5, Tbx5, Hand1, and Gata4 to promote the establishment of two
heart fields. The progenitors then form an endocardial linear heart tube, which eventually
polarizes, loops, and forms chambers, expressing many conserved transcription factors
and protein effectors (Bakkers, 2011). Zebrafish are also useful for unbiased whole-
genome screens to identify both known and novel genes involved in cardiac development.
Additionally, zebrafish embryos are small enough that passive oxygen diffusion can

compensate for impaired cardiovascular development.
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M First heart field
™ Second heart field
Stage Cardiac Linear Heart Heart Looping Chamber Perinatal Heart
Crescent Tube morphogenesis
Mouse Age E7.5 E8 E9-12 E10-19 E19-7D
Regulators Mesp1/2 Gata4/6 Gata4/6 Gatad/6 Cyclins
Nkx2-5 Nkx2-5 Nkx2-5 Nkx2-5 CDKs
Isl1 Tbx2/3 Tbx5 Tbx5 CDKls
Mef2c Tbx5 Tbx20 Pitx2 Meis1
Gatad/6 Tbx20 Mef2C Tbx1 Hippo
Whnt/B-catenin Mef2c Hand1/2 Notch1 PI3K/Pten/AKT
Myocardin Irx4 Bmp Fgf1
SRF Bmp Nrg1 P38
Fgfg/10 Pitx2 Erbb2/4 ZEB1/2
SRF E2F
C-Myc
Hifla
Rb

Figure 2. Regulatory transcription factors at each stage of heart morphogenesis.

An illustration of each cardiac development stage is shown above. Embryonic age and
key regulators of each stage are displayed below.
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(Bakkers, 2011), which allows for in-depth analysis of severe cardiovascular defects
brought about by genetic modifications. Zebrafish are also an excellent resource for
studying cardiomyocyte division and renewal, as the adult zebrafish heart maintains its
proliferative capacity (Gonzalez-Rosa et al., 2017). Also of note, a functional screen for
single nucleotide polymorphisms (SNPs) causing congenital heart defects was carried
out in a zebrafish model (Bakkers, 2011). Using these models, researchers were able to
identify and confirm novel SNPs in key regulatory genes such as ALK2/3, Gata4, Erbb2,

and EGFR that cause morphogenic defects in the heart.

As a model of vertebrate cardiogenesis, zebrafish have proven to be invaluable in
characterizing early cardiac genomic programming, and providing insight into the specific
roles of transcription factors involved. As development progresses, however, the
zebrafish heart and the amniotic heart diverge in structure and capacity. The fish heart
retains a more linear shape, with only one atrium and one ventricle to circulate
deoxygenated blood towards the gills. The amniotic heart is composed of four chambers,
with one atria and ventricle responsible for collecting and circulating deoxygenated blood
to the lungs, and another set of atria and ventricle to collect and pump oxygenated blood

to the body.

Chicken embryos have also been utilized to monitor ex utero development,
allowing easy access to the heart at all stages (Bao et al., 1999; Wittig and Minsterberg,
2016). Many experiments involving lineage tracing and transcription factor patterning
have been used to complement studies performed in mice and zebrafish (Wittig and

Munsterberg, 2016). The mature chick heart comprises four chambers with a

14



Weldrick 2019

relatively similar anatomy to mammalian hearts, thus providing great insight into the
development of the human heart. Furthermore, the ease of accessibility allows for various
in ovo manipulations and experiments to be performed, such as dissection, grafting,
micro-injections, and labeling (Wittig and Munsterberg, 2016). As such, cardiac valve

formation has been extensively studied in chick models (Combs and Yutzey, 2009).

Collectively, these aforementioned studies suggest that embryonic heart
development is characterized by a number of well-defined milestones, which include: 1)
Specification of cardiogenic progenitors via Mespl, Nkx2-5 and Hand1/2 at gastrulation.
2) Migration and specification of cardiogenic precursor cells (CPCs) to form the two heart
fields. 3) Formation of the endocardium via cell migration to the midline. 4) Formation of
the myocardial tube and establishment of dorsal/ventral polarization. 5) Looping and
ballooning to form distinct atrial and ventricular chambers. 6) Valve formation 7)

Conductive system formation and finally 8) Formation of the epicardium.
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1.2 Perinatal Heart Development

During fetal development, cardiomyocytes possess high proliferative capacity, and
readily multiply to establish a functional heart. At birth, cardiomyocytes undergo a final
cycle of karyokinesis in the absence of cytokinesis, and cardiomyocytes lose their
proliferative capacity. At the conclusion of binucleation, individual cardiomyocytes and the
heart as a whole, switches from hyperplastic to hypertrophic growth. During the first 10
days of life, the size of the mouse heart increases remarkably (Figure 3A). In Figure 3B it
is also shown that individual cardiomyocytes drastically increase in size and show much
more cellular structure with muscle striation at 10D compared to 3D. This cellular and
organ level hypertrophy during early life is physiologic and is scaled to ensure cardiac

output matches post-natal growth of the organism.

1.2.1 Cardiac growth in the postnatal heart is characterized by cardiomyocyte bi-

nucleation and loss of proliferative capacity.

Shortly after birth, a cardiac transition is characterized by cardiomyocytes
undergoing one last round of karyokinesis without subsequent cytokinesis, resulting in
two nuclei being present in ~95% of rodent cardiomyocytes (binucleation) (Soonpaa et
al., 1996). Each of these nuclei contain a diploid genome. In rodents, the majority of
cardiomyocytes are binucleate by 7D (Botting et al., 2012). While in mice up to 95% of
cardiomyocytes are binucleated shortly after birth, there is wide variation in binucleation
index across species. For instance the binucleation index of cardiomyocytes in humans
is reported to be from 25 to 60% (Bergmann et al., 2015a; Botting et al., 2012; Mollova et

al., 2013). However, human cardiomyocytes are reported to still contain four copies of the
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Figure 3. The heart hypertrophies during the neonatal period. A) A 3-day-old (3D)
and a 10D mouse heart are displayed side-by-side to demonstrate the amount of cardiac
growth which occurs after birth. These two hearts contain a relatively similar number of
cardiomyocytes. B) Isolated cardiomyocytes from 3D and 10D mouse hearts to show the
significant increase in cardiomyocyte size, organization, and binucleation during the
neonatal period.
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genome. The mononucleate human cardiomyocyte contains the genome within one
tetraploid nucleus instead of two diploid nuclei and are also inhibited from cell cycle re-
entry (Mollova et al., 2013). Interestingly, zebrafish cardiomyocytes, which maintain
proliferative capacity throughout life, contain a single, diploid nucleus. Adult zebrafish
hearts are able to regenerate and heal completely after cardiac injury. Using a modified
cre/lox system in which green fluorescent protein (GFP) was expressed via aMHC,
researchers showed that cardiomyocytes disassemble and reorganize their sarcomeres
before dividing (Karra et al., 2015). Furthermore, they were able to determine that Gata4
expression marks the subpopulation of cardiomyocytes that can re-enter the cell cycle.
Therefore, in zebrafish, re-expression of fetal proliferative genes results in cardiomyocyte
re-entry into the cell cycle to replenish cell populations. However, this ability is lost in
higher vertebrates such as birds and mammals. In vitro stimulation of rat cardiomyocytes
with neuregulin-1 NRG-1 caused increased DNA synthesis and allowed for completion of
cytokinesis in 0.6% of previously non-dividing mononucleate cardiomyocytes (Bersell et
al., 2009). Also, the signaling molecule p38 mitogen-activated protein kinase (p38) has
proven to be an inhibitor of cardiomyocyte cytokinesis. Inhibition of p38 in vitro increased
the rate of successful cytokinesis by nearly 4-fold after stimulation with FGF1 compared
to FGF1 alone (Engel et al., 2005). Based on the in vitro rat models and the proliferative
capacity of the zebrafish heart, there may a relationship between ploidy and divisibility.
However, this remains unclear as there is variation in binucleation index across species,
and other multinucleated and/or polyploid cells, such as hepatocytes, skeletal myocytes,
and osteoclasts maintain the ability to divide. An illustration showing the neonatal

transition of cardiomyocytes is displayed in Figure 4. This graphic emphasizes two distinct
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gene programs active in fetal and adult life, and that fetal proliferative gene re-expression
can occur in cardiomyopathy conditions. Also highlighted is a neonatal transition program

that is responsible for the switch between the fetal and adult phenotypes.

At present, the transitional program responsible for cell cycle arrest and the disjoint
between karyokinesis and cytokinesis is not well-characterized, although some genes
have been implicated in the process. For example, Anillin is present during G1, S, and
G2 phases of mitosis and is localized to the cell cortex where it plays a critical role in
cytokinesis by aiding in the formation of the contractile ring necessary for telophase
(Brooks et al., 1998). In cardiomyocytes post-birth, Anillin fails to localize to the contractile
ring, which results in asymmetric constriction with defective mid-body formation, and
failed cytokinesis (Engel et al., 2006). Protein Regulator of Cytokinesis 1 (PRC1) works
in conjunction with Anillin to promote cytokinesis during replication. PRC1 expression
decreases significantly shortly after birth and is not expressed in adult cardiomyocytes
because they do not undergo cytokinesis (Jiang et al., 1998). In the case of cardiomyocyte
cell cycle being re-engaged, PRC1 re-expression and proper Anillin localization would be

required.

Porrello et al. (2011) showed that a 1-day-old neonatal murine heart injured via
surgical resection is able to replenish damaged cardiomyocytes and heal completely
(Porrello et al., 2011a). Furthermore, a follow-up study which performed the same injury
but also used a Rosa26-LacZ reporter locus were able to confirm that the regenerated
myocardium is composed of cardiomyocytes that arose from an aMHC-positive lineage

(Porrello et al., 2013). This strongly suggests that new cardiomyocytes are being
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Figure 4. A transitional program is responsible for repressing fetal cardiogenomic
programming and allowing the establishment of the adult programming. During
gestation, the heart grows via proliferation of cardiomyocytes. Birth triggers the
transitional program to inhibit cardiomyocyte proliferation. The adult program enlarges the
heart via hypertrophy. In cases of cardiac injury or cardiomyopathy, fetal genes are
commonly re-expressed, however no increase in proliferation occurs.
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produced from cardiomyocyte replication and not from an intermediate progenitor cell. If
the same injury described above is performed on day 7, the cardiomyocytes are unable
to divide and replenish, and the heart is permanently damaged with scar formation and
decreased functional capacity (Porrello et al., 2011a). This inability to divide anytime after
7 days, especially in adult life, becomes problematic when the heart is injured via
myocardial infarction or other disease states that result in loss of cardiomyocytes.
Although it has been shown that some fetal genes are reactivated in disease states (Ahuja
et al., 2007a), cardiomyocytes are still unable to re-enter the cell cycle to divide and

replenish the damaged population.

The epicardium is an epithelial lining of the heart that plays a large role in cardiac
development. By secreting retinoic acid and other growth factors, it is able to promote
cardiomyocyte proliferation during fetal growth (Lavine et al., 2005). The epicardium is
also reported to contribute other cell types to the myocardium, such as fibroblasts and
vascular cells (Zhou et al., 2008). In a zebrafish cardiac injury model, the epicardium re-
expresses embryonic genes and partially undergoes epithelial-mesenchymal transition to
regenerate damaged cardiac tissue (Kikuchi et al., 2011). Furthermore, ablation of the
epicardium in zebrafish, which possess the ability to regenerate myocardium, was shown

to inhibit cardiomyocyte proliferation and delay heart regeneration (Wang et al., 2015).

In humans, the same loss of proliferative capacity occurs during early life. Using
carbon dating, stem cell marker expression, and thymidine-analog cancer treatments,
researchers have been able to determine the average turnover rate of cardiomyocytes in

humans (Bergmann et al., 2015a). The first decade after birth shows steep decline to
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approximately 20% turnover, with a renewal rate of around 1% by age 20. By age 70 this
turnover rate is less than 0.5% (Bergmann et al., 2015). Mouse models have shown
similar results, and also that there is only a small increase in cardiomyocyte regeneration
in the border zone after cardiac injury such as myocardial infarction, with hearts only able
to heal by forming a scar (Malliaras et al., 2013). This is in contrast to other muscle cell
types, which possess cells able to proliferate in response to injury to regenerate damaged

tissue (Laumonier and Menetrey, 2016).

1.2.2 The extracellular matrix must adapt to accommodate post-natal

cardiomyocyte cell growth and hypertrophy

Prior to birth, myofibrils within cardiomyocytes are primarily localized to the
periphery of the cell (Pilny, 1975). After birth, the myofibril volume of cardiomyocytes
increases by 30% and sarcomeres are organized to occupy the entirety of the cytoplasm,
resulting in a drastic increase in cardiomyocyte size (Yuan and Braun, 2017). To
compensate for the drastic increase in cardiac mass in the first 10 days of life, the heart
must undergo significant extracellular matrix remodeling. Since individual cardiomyocytes
increase in volume by up to 30% during the neonatal phase, room must be made for these

cardiomyocytes to grow.

The primary regulator of ECM remodeling during neonatal heart development are
cardiac fibroblasts. These fibroblasts secrete various ECM scaffolding and signaling
proteins such as collage, fibronectin, and heparin-binding EGF-like growth factor to
support cardiomyocytes (Borg et al., 1984; leda et al., 2009). Cardiac fibroblasts must

strike a delicate balance between providing enough strength for the heart to pump and
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function properly, while also not becoming fibrotic and inflexible (Borg et al., 1981). After
birth, the number of cardiac fibroblasts doubles, and the ECM is actively remodeled to
tolerate the mechanical stress placed on the ventricles (Krenning et al., 2010). B1-integrin
expression by cardiomyocytes is required for proper connection to the ECM, as shown by
cardiomyocyte-specific deletion resulting in reduced cardiomyocyte proliferation and
impaired ventricular function (leda et al., 2009). By one month in murine models, the ECM

and heart structure has reached its final “adult” phenotype.

ZEB1 and ZEB2 are transcription factors involved in the TGFf signaling pathway.
Both are responsible for regulating ECM remodeling during fetal development, and are
also responsible for the epithelial-to-mesenchymal transition (EMT) phenotype observed
in many cancers (Zhao et al., 2005). ZEB1 and ZEB2 have both proven to be critical
proteins involved in regulating the degradation and remodeling the extracellular matrix in

the heart.
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1.3 Regulators of the cardiomyocyte cell cycle

Prior to the final morphologic transition of cardiomyocytes in the early post-natal
heart, the expansion of the myocardium is managed by committed progenitor cell
populations. Several pathways have been identified that regulate embryonic
cardiomyocyte expansion and suppression of these same pathways have been shown to
be essential for the transition to hypertrophic growth (Foglia and Poss, 2016). Well-known
markers of cell cycle progression, such as the CDK family, MYC, and E2F are
downregulated, while p21, p27, and CDK inhibitors are upregulated (Flink et al., 1998;

Gilsbach et al., 2014; Greco et al., 2016; Sim et al., 2015a).

After the neonatal transition, the number of cardiomyocytes present nearly dictates
the cardiomyocyte endowment for life. Very few new cardiomyocytes are produced
throughout postnatal and adult life (Porrello and Olson, 2014). After this transitional event,
binucleated cardiomyocytes lose their proliferative capacity and the heart grows primarily
via physiologic hypertrophy of cardiomyocytes, in addition to an increase in cardiac
fibroblast and endothelial cell populations (Paradis et al., 2014). Based on these findings,
many studies have been undertaken to examine whether altered expression of these cell
cycle regulatory factors are the key determinant for cardiomyocyte maturation and

terminal differentiation.

1.3.1 Cyclins/CDKs in the post-natal heart

Cyclins are a family of proteins responsible for regulating the progression of cells
through the cell cycle. Each cyclin involved in division is synthesized and degraded during
each cell cycle. The cyclins share a conserved ~150 amino acid region called the ‘cyclin
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box’ which binds to the N-terminal of their specific cyclin-dependent kinases (CDKs) (Li
and Brooks, 1999). CDKs are serine-threonine kinases that become enzymatically active
when interacting with cyclins. Cyclins and CDKs interact to form complexes at specific
phases of the cell cycle to drive cells through cell cycle checkpoints (Liu and Kipreos,
2000). During the hyperproliferative phase of cardiac growth, cyclin and CDK regulation

are extremely important (Kang et al., 1997; McGill and Brooks, 1995).

Cyclins C, D, and E are transient G1 phase proteins responsible for regulating the
transition through G1/S phase of the cell cycle. Cyclin C is primarily expressed during GO
and forms a complex with CDK8 to regulate the transition from GO to G1 by
phosphorylating Rb. This complex also controls transcription by regulating RNA
polymerase Il activity (Julien Sage, 2004). CDK4 and CDK®6 form complexes with the 3
Cyclin D-family members (D1, D2, D3) to aid in the regulation of the G1/S transition
(Berthet and Kaldis, 2006). The Cyclin D family are considered the most important Cyclins
in regulating the G1/S transition (Siddigi and Sussman, 2014). Cyclin E possesses a
similar function but it forms a complex with CDK2 (Woo and Poon, 2003a). This complex
can then go on to phosphorylate Rb and regulate E2F activity to regulate cell cycle gene
expression. Interestingly, single-deletion mutants of Cyclin D members have no cardiac
phenotype, but triple deletion is lethal, partially due to cardiac defects such as ventricle
hypoplasia and septal defects (Ciemerych et al., 2002; Siddigi and Sussman, 2014).
Similarly, genetic deletion of CDK2 and CDK4 results in hypophosphorylation of Rb and
thus downstream E2F effects with ventricle hypoplasia and wall thinning, and also dilated
atria (Berthet and Kaldis, 2006; Berthet et al., 2006). Cyclin E is also an S-phase cyclin,

able to mediate accelerated phosphorylation of Rb by interacting with CDK2 (Woo and
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Poon, 2003a) . After the G1/S transition, Cyclins C, D, and E are rapidly ubiquitinated and

degraded.

Cyclin A is a G2 phase cyclin that also participates in the transition through S and
G2 phases of the cell cycle. Cyclin A associates with CDK1 and CDK2 to regulate DNA
replication and synthesis (Hu et al., 2001; Neganova and Lako, 2008). Previous studies
have reported that the downregulation of Cyclin A correlates with permanent withdrawal
of cardiomyocytes from the cell cycle in human and rat hearts (Yoshizumi et al., 1995).
Furthermore, overexpression of Cyclin A2 results in increased cardiomyocyte cell cycling

(Chaudhry et al., 2004).

Cyclin B is a G2/M phase cyclin responsible for progression through M-phase of
the cell cycle. Cyclin B is able to bind CDK1 to control entry into mitosis. The presence of
Cyclin B is observed in embryonic cardiomyocytes, but expression is absent in adult
cardiomyocytes (Kang et al., 1997). The absence of cyclin B1 results in G2/M cell cycle
arrest. Upon birth, Cyclin A, B, D, and E and their corresponding kinases are significantly
downregulated (Brooks et al., 1998; Kang et al., 1997; Malumbres et al., 2014; Woo and

Poon, 2003a).

In vitro, overexpression of cyclin B1 in isolated adult rat cardiomyocytes was able
to increase total cell number by up to 40%, indicating increased proliferative capacity
(Bicknell et al., 2004). Another study using transgenic mouse lines overexpressing cyclins
D1 and D3 showed increased DNA synthesis in cardiomyocytes and reduced infarct size
after coronary artery occlusion (Pasumarthi et al., 2005). Furthermore, cardiomyocyte-

specific overexpression of cyclin A2 was shown to increase proliferative capacity of
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cardiomyocytes after birth, as assessed by pH3 staining (Chaudhry et al., 2004). Also,
kinase assays and pH/ki67 staining show increased actively cycling cells once isolated
and cultured. However, this proliferative capacity does not translate in vivo. When
overexpressed in mice, cyclin D1 increases DNA synthesis and nucleation, but does not

cause an increase in cardiomyocyte proliferation (Soonpaa et al., 1997).

Meisl has also been shown to play a role in cardiomyocyte proliferation. Global
deletion of Meisl resulted in embryonic death by embryonic day 14.5 due to disrupted
hematopoiesis, however neonatal cardiac-specific (aMHC) Meis1 repression was shown
to increase the proliferative window as shown by increase pH3+, Ki67+, BrdU+
cardiomyocytes. Conversely, overexpression reduced neonatal cardiomyocyte
proliferation and inhibited their regenerative ability (Mahmoud et al., 2013). Meisl is
required for transcription activation of p15, p16, and p21, and thus plays an important role

in the regulation of cardiomyocyte proliferation.

CDK-Activating Kinases (CAKs) and Cyclin Dependent Kinase Inhibitors (CDKIs)
are also extremely important positive and negative regulators of cyclin/CDK activity,
respectively, and control progression through the cell cycle. After birth, the upregulation
of CDKIls coincides with the downregulation of Cyclins and CDKs (Brooks et al., 1998;
Kang et al., 1997; Woo and Poon, 2003a). CDKIs can be categorized into two distinct
families that are structurally and functionally separate: The INK4 family (p15, p16, p18,
and pl190 and the Cip/Kip-family (p21, p27, and p57). The INK4 family block the
interaction of Cyclin D and CDK4/CDKE6 to inhibit their enzymatic activity (Siddiqi and
Sussman, 2014). The Cip/Kip family are selective inhibitors of CDK2'’s interaction with

Cyclin E to inhibit progression through the S-phase (Tane et al., 2014). In addition, they
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can inhibit Cyclin A and CDK1 activity to play a broader role in inhibiting mitosis (Tane et
al., 2014). P27 and p57 are CKIs which work together to promote cell cycle exit and
terminal differentiation of cardiomyocytes (Paradis et al., 2014; Di Stefano et al., 2011).
P21 also promotes cell cycle arrest and prevents re-entry into the cell cycle (Abbas and
Dutta, 2009). Expression of the Cip/Kip family of CDKIs in undetectable during embryonic
heart development and begin to increase during the perinatal transition, with highest
expression in adult cardiomyocytes (Ahuja et al., 2007b). Inhibition of these 3 CKIls has
been shown to allow rat ventricular cardiomyocytes to re-enter the cell cycle and actively
proliferate. This coincided with the re-expression of several fetal genes and the down-
regulation of many adult genes, with a concomitant change in cellular morphology (Di

Stefano et al., 2011).

1.3.2 Transcriptional control of the cardiomyocyte cell cycle

The term E2F refers to a family of eight transcription factors. While some are
responsible for transcriptional activation, others function to inhibit transcription (Siddiqi
and Sussman, 2014). Their primary genomic targets are Cyclins/CDKs, DNA
damage/repair genes, checkpoint genes, and apoptosis genes (Ren et al., 2002) . Due to
the number of family members and overlapping compensatory roles between members,
study of individual family member functions has been difficult (Vara et al., 2003)).
Specifically, targeted deletion of E2F3 is embryonic lethal due to congestive heart failure,
however targeted deletion of other members does not show a phenotype. Conversely,
overexpression of E2F1 to 4 increases the rate of S-phase entry in isolated rat
cardiomyocytes, while overexpression of E2F1 and 3 induces apoptosis (Timmers et al.,

2007; Tsai et al., 2008; Wu et al., 2001). Although the role of each specific E2F member
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is not well characterized, the family is considered an essential regulator of cardiomyocyte

cell cycle progression.

The myc-family of transcription factors consists of N-myc, L-myc, and C-myc. The
myc family functions by interacting with the protein Max. The function of the myc family
has primarily been studied in the context of cancer due to their association with increased
cellular proliferation (Dang, 2012; Stine et al., 2015). C-myc is able to mediate G1-phase
exit by upregulating Cdk4, Cdc25A, and Cyclins A, D1/2, and E, and also by antagonizing
the actions of p27 (Dang, 2012; Stine et al., 2015). Targeted deletion of c-myc results in
early embryonic death, however it cannot be solely attributed to heart defects as c-myc
is important for the development of many other essential organs and tissues (Davis et al.,
1993). Transgenic overexpression of c-myc results in hyperplastic ventricles during
neonatal development, however this increased proliferation subsides during maturation
of cardiomyocytes. Afterward, these hearts display increased hypertrophic growth (Green

et al., 1997).

Finally, the HIF1a transcription factor has also been shown to play an important
role in regulating cell cycle kinetics. HIF1a is a functional antagonist to c-myc (Koshiji et
al., 2004). Transgenic deletion of HIF1a in mice results in cardiac hyperplasticity, leading
to obstruction of outflow tracts and functional complications (Kotch et al., 1999).
Interestingly, HIF1a also induces vascular endothelial growth factor (VEGF), but these
transgenic mice do not exhibit increased angiogenesis along with increased proliferation

of cardiomyocytes (Huang et al., 2004).
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1.3.3 Pocket Proteins

Three pocket proteins (Rb, p107, and p130) regulate the G1/S-phase transition of
the cell cycle by regulating E2F-effectors (Cobrinik, 2005). Embryonic development is
characterized by increased Rb expression and low p130 expression. Rb is important for
regulating cardiomyocyte cell cycle withdrawal and differentiation. When Rb is
dephosphorylated, it can bind to E2F to recruit transcriptional repressors and inhibit the
G1/S transition. When phosphorylated by CDK2 and CDK4, Rb cannot bind E2F and
allows for the transcription of cell cycle progression genes (Feliers et al., 2002; Ikeda et
al., 1996). While deletion of Rb results in embryonic lethality, deletion of both Rb and
p130 results in increased heart-weight to body-weight ratio, increased cell number, and
increased actively proliferating cardiomyocytes as assessed by BrdU incorporation and

pH3 staining (Taneja et al., 2011).

1.3.4 The Hippo Pathway

The Hippo pathway was initially discovered in Drosophila as a pathway regulating
organ size (Reddy and Irvine, 2008). This pathway is well-conserved in animals as well
and performs a similar function (Halder and Johnson, 2010; Kango-Singh and Singh,
2009). The human orthologs of Hippo are Mstl and Mst2. When the Hippo pathway is
activated, YAP1 and its paralog TAZ are phosphorylated and sequestered in the
cytoplasm. When the Hippo pathway is inactive, YAP1 is not phosphorylated and is active
in the nucleus where it can regulate genes such as Birc2, Birc5, Cyr6, and Hoxal to
promote cell proliferation and organ growth (Staley and Irvine, 2012). A schematic of the

Hippo signaling pathway is shown in Figure 5. By controlling YAP1 expression, the Hippo
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Figure 5. The Hippo pathway is responsible for organ growth and cellular
proliferation. When the Hippo pathway is activated (phosphorylated), it results in the
phosphorylation of YAP/TAZ. Phosphorylated YAP/TAZ is sequestered in the nucleus
and inactive. It is temporarily stored in the cytoplasm or degraded if necessary. When the
Hippo pathway is not active (dephosphorylated), YAP/TAZ remains unphosphorylated
and active, and migrates to the nucleus to regulate transcription of proliferative genes.
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pathway can control cell proliferation and regulate organ size. After birth, the Hippo
pathway is activated to inhibit YAP1 activity and stop the proliferation of cardiomyocytes

(Wang et al., 2018Db).

YAP1 and TAZ have partially redundant functions including cell growth,
proliferation, specification, and differentiation (Moya and Halder, 2018). Both can
upregulate members of the BCL-2 and inhibitor of apoptosis (IAP)s such as surviving and
MCLL1. YAP/TAZ are also heavily involved in organ regeneration and tissue repair, where
it not only affects proliferation, but cell survival, dedifferentiation, and expansion of stem
cells (von Gise et al., 2012). Disruption of the Hippo pathway has previously been shown
to induce the expression of Wnt signaling and increase cardiomyocyte number in the
developing heart (von Gise et al., 2012; Leach et al., 2017; Lin et al., 2014; Singh et al.,
2016; Tian et al., 2015; Yang et al., 2018). Overexpression of YAP1 during development
results in overgrowth of the liver and heart, and it has also been shown to promote
cardiomyocyte proliferation and regeneration after injury (Lin et al., 2014). Hyperactivation
of YAP1 in adult mice results in overgrowth of the liver, but not the heart (Terkeltaub et
al., 2014). Homozygous deletion of Yapl results in death at embryonic day 8.5, while
Taz deletion mice are viable (Zhao et al., 2010a). Double-deletions of YAP1 and TAZ do
not pass the morula stage (Fa-Xing Yu, Bin Zhao, 2016). Cardiac-specific deletion of
Yapl and Taz causes defects in angiogenesis, vascularization, and myocardial
hypoplasia (Singh et al., 2016). Cardiac-specific deletion of SAV1, a member of the Hippo
pathway, in mice results in an overall reduction in YAP1 phosphorylation and therefore
increased YAPL1 activity (Heallen et al., 2013). Increased YAP1 transcriptional activation

lead to significant cardiomegaly during embryogenesis and neonatal death due to severe
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heart defects. Collectively, these observations indicate that YAP1 protein and the Hippo
pathway are involved in a delicate balance of generating a heart substantial enough to
pump blood and match cardiac growth to whole body maturation but prevent organ

overgrowth which would result in impaired function.

1.3.5 The PIBK/PTEN/AKT pathway

The PI3K/PTEN/AKT pathway directly controls cell cycle processes by affecting
downstream targets such as cAMP response element-binding protein (CREB), p27, and
FOXO (Heineke and Molkentin, 2006; Malillet et al., 2013). PI3K phosphorylates PIP2 into
PIP3, which can then go on to phosphorylate and activate AKT. p-AKT then targets and
activates mammalian target of rapamycin complex 1 (mTORC1), which interacts with p70-
S6 kinase to activate transcription and translation (Manning and Toker, 2017).
Phosphatase and tensin homologue (PTEN) is a tumour-suppressor with a wide-range of
functions. PTEN works against PI3K using its phosphatase activity to convert PIP3 into
PIP2 (Maehama and Dixon, 1998). This downregulates protein synthesis and restrains
cell growth (Goberdhan et al., 1999; Myers et al., 1998). Conditional deletion of PTEN
has revealed further functions of PTEN in cell-type specification and cardiac muscle
contractility (Goberdhan and Wilson, 2003). A schematic of the PI3BK/PTEN signaling

pathway is shown in Figure 6.

The PIBK/PTEN/AKT pathway is also involved in regulating apoptosis in response
to DNA damage (Engelman et al., 2006). Constitutive activation of protein kinase B (PKB)

or Akt increases cyclin D molecular half-life (Alao, 2007). Conversely, inhibition of PI3K
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Figure 6. The PTEN/PI3K signaling pathway. PI3K and PTEN regulate PIP2 and PIP3
levels to mediate cell signaling and growth through both the AKT/mTOR and MEK/ERK
pathways. PTEN is a negative regulator of cell growth by dephosphorylating PIP3 and
inhibiting its pro-proliferative downstream effects. PTEN also negatively regulates the SL1
complex responsible for ribosomal creation and function.
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signaling increases cyclin D degradation. CDK2 has also been demonstrated as a target
of Akt during cell cycle progression (Maddika et al., 2008). P27 expression is decreased
by the PI3K/AKT pathway to promote G2/M progression (Fujita et al., 2002).
Overactivation of the PI3K/AKT pathway in neonatal heart results in increased
cardiomyocyte number (Beigi et al., 2013). Each regulatory pathway plays an important
role in establishing cardiomyocyte endowment and regulating heart size. After birth, these

pro-proliferative pathways are repressed, preventing cardiomyocyte cell-cycle re-entry.
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1.4 Epigenetic regulation of cardiomyocyte cell cycle

Gene expression profiling (RNA-seq) and genome-wide methylation sequencing
has shown dynamic changes in the cardiac methylome during the neonatal period. After
birth, there are global epigenetic changes occurring across the genome that accompany
the transition from a hyperplastic to a hypertrophic heart. Regulation of DNA methylation
plays a critical role in silencing proliferative genes and activating hypertrophic ones. Up
to 80% of the changes in the methylome are hypermethylation, resulting in transcriptional
repression of replication and developmental pathways (Sim et al., 2015b). Furthermore,
inhibition of DNA methylation after birth was shown to reduce cardiomyocyte binucleation
and increase proliferative index indicated by phospho-histone 3 (pH3) expression

(Paradis et al., 2014).

Epigenetic regulation via histone modification has also been shown to play a role
in the neonatal heart transition. Histones in embryonic cardiomyocytes are
hyperacetylated (H3K9/14, H3K18, H3K27), but become hypoacetylated shortly after
birth, concomitant with cell cycle arrest (Quaife-Ryan et al., 2016; Wamstad et al., 2012;
Zhou et al., 2011). Overexpression of Hdacl and Hdac3 decreases global acetylation and
supresses cyclin-dependent kinase (CDK) inhibitors, resulting in increased proliferation
in 1-day-old (1D) hearts (Trivedi et al., 2008). Inversely, cardiomyocyte-specific deletion
of Hdac3 results in cardiac hypertrophy and metabolic disorder (Montgomery et al., 2008).
Global deletion of Hdacl in mice results in death by postnatal day 10 due to defects in
cell cycle progression, while Hdac2 global deletion causes unrestricted cardiomyocyte
proliferation and death (Lagger et al., 2002; Montgomery et al., 2007). Although

cardiomyocyte-specific deletion of either Hdacl or 2 show no phenotype, it is notable that

36



Weldrick 2019

a cardiomyocyte-specific double-deletion results in several heart defects related to cell

proliferation (Montgomery et al., 2007).

After birth, inhibitory histone methylation (H3K9me3 and H3K27me3) is present at
the promoter of many cell cycle genes in cardiomyocytes (Sdek et al., 2011). H3K9me3
enrichment at E2F-, Rb- and SUV39H1-dependent promoters leads to stable silencing of
pro-proliferative genes controlled by these factors. Depletion of Rb and Suv39h1 was also
shown to increase cell-cycle gene expression and allow some cell-cycle re-entry in adult

cardiomyocytes (Sdek et al., 2011).

Epigenetics evidently play an important role in terms of maintaining the adult
cardiomyocyte phenotype by suppressing the fetal growth and development pathways.
Also, it has been shown that during cardiac hypertrophy there is a redistribution of
methylation back to a neonatal-like pattern (Greco et al., 2016), however cell-cycle re-

entry has not been demonstrated.
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1.5 The role of non-coding RNAs in heart development

Recently, emerging literature investigating the neonatal heart suggests that non-
coding RNAs (ncRNAs) may be a critical driving force behind the transition from fetal to
adult cardiomyocytes (Eulalio et al., 2012; Yang et al., 2013). Several types of non-coding
RNAs have been shown to be involved in heart development and regeneration, including
microRNAs (miRNAs), PIWI-interacting RNAs (piRNAs), transfer RNAs (tRNAs),
ribosomal RNA (rRNA), small nuclear RNAs (snoRNAs), and long non-coding RNAs
(IncRNAs) (Di Mauro et al., 2018). While the function of certain housekeeping ncRNAs,
such as rRNA and tRNA, has been well-established, the function of other ncRNAs are not
well studied due to their relatively recent discovery. PIRNAs have been shown to aid in
genome stability in the germline by silencing repetitive and transposable elements

(lwasaki et al., 2015).

LncRNAs are >200 bases in length and comprise a majority of the non-coding
transcriptome. LncRNAs are distributed throughout the cell nucleus and cytoplasm; they
are also subject to post-transcriptional modifications such as splicing, capping, and
polyadenylation. The wide variety of functions exerted by IncRNAs is only beginning to
be characterized, and several have already been implicated in heart development. The
IncRNA Braveheart (Bvht) is involved in the specification of embryonic stem cells into
mesodermal progenitors (Klattenhoff et al.,, 2013). Bvht functions as an epigenetic
regulator to reduce the expression of Suzl12/PRC2 complex. One function of the
Suz12/PRC2 complex normally is to inhibit cardiac-lineage-specific gene expression, and
therefore Bvht is an activator of mesodermal-specific genes, including cardiac (Klattenhoff

et al., 2013; Rotini et al., 2018).
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The IncRNA FOXF1 adjacent non-coding developmental regulatory RNA (Fendrr)
has also been identified as a regulator of cardiac specification. Fendrr is involved in
differentiation of tissues from the lateral mesoderm, which eventually forms the heart.
Loss of Fendrr expression results in increased expression of Nkx2-5 and Gata6, with

embryonic death at embryonic day 13.5 due to heart failure (Grote et al., 2013).

Finally, the IncRNA Upperhand (Uph) was recently shown to maintain the super-
enhancer signature (H3K27ac) on the upstream regulatory regions of the Hand2 gene.
Blockade of Uph transcription inhibited Hand2 expression causing ventricular hypoplasia,
outflow defects, and heart failure leading to embryonic death, similar to the effects of

transgenic Hand2 deletion in embryos (Anderson et al., 2016).

The importance of regulatory ncRNAs in heart development continues to be
proven. Indeed, we have only begun to characterize the role of IncRNAs, while very little
is known about piRNAs and snoRNAs. The first type of regulatory ncRNAs to be

discovered were miRNAs, and they remain the most well-characterized ncRNA.

1.5.1 MicroRNAs in embryonic heart development

mMiRNAs are short single-stranded ncRNAs approximately 22 nucleotides in length
which target messenger RNA (mRNA) at the post-transcriptional level (Grishok et al.,
2001; van Rooij and Olson, 2007). Primarily functioning as negative regulators of gene
expression, they are currently the most widely researched ncRNA (Choong et al., 2017).
Primary miRNAs (pri-miRNASs) are transcribed from genomic DNA by RNA polymerase |
or they are produced as by-products from intronic or exonic regions of mMRNA transcripts

(Bartel, 2004). Pri-miRNAs are cleaved into ~70 nucleotide precursor miRNAs (pre-
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mMiRNASs) by the RNAse Ill enzyme Drosha and DiGeorge syndrome critical region 8
(DGCRS8) (Bartel, 2004; Tian et al., 2017). The pre-miRNA is then exported from the
nucleus via exportin 5 into the cytoplasm (Ha and Kim, 2014; Yi et al., 2003). The protein
Dicer is another RNAse 1ll enzyme that cleaves the pre-miRNA into the mature miRNA.
One arm of the miRNA is then loaded onto Argonaute (Ago) proteins to form an RNA-
induced silencing complex (RISC), while the other arm is degraded. The RISC targets the
3’ untranslated region (UTR) of mRNA transcripts by complementary base-pairing to
prevent their translation and promote degradation (Ha and Kim, 2014; Di Mauro and
Catalucci, 2017). Mature miRNAs can also be packaged into vesicles and exported into
the peripheral tissue and blood supply to affect other tissues and cell types (Hunter et al.,

2008; Mirra et al., 2015).

mMiRNASs have proven to be essential for development. Germline deletion of Dicer
in mice and zebrafish has proven to be embryonically lethal and prevents development
past the gastrulation stage (Bernstein et al., 2003; Wienholds et al., 2003). Furthermore,
deletion of Dicer during mouse heart development using Cre-mediated deletion under
control of the Nkx2-5 promoter resulted in death due to defective heart morphogenesis
(Zhao et al., 2007). Germline deletion of DGCRS8 also resulted in proliferation defects,
dilated cardiomyopathy and heart failure (Rao et al., 2009). Strong support for the
necessity of miRNAs in the neonatal transitional program is provided by Chen et al.
(2008). Transgenic postnatal cardiac-specific deletion of Dicer using a Cre-Lox system
under control of the aMHC promoter caused neonatal death at day 5 due to aberrant
expression of cardiac contractile proteins, sarcomeric disarray, slower heart rates, and

reduced fractional shortening (Chen et al., 2008).
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Several specific miRNAs have been identified as playing a role in heart
development. As mentioned in Chapter 1.1, tightly regulated transcription factor
expression is essential for proper cell fate determination, migration, and differentiation of
cardiac progenitors. Recent studies in zebrafish have shown that miR-138 is required to
establish chamber-specific gene expression patterns (Morton et al., 2008). The zebrafish
heart expresses Cspg2, Notchlb, and Tbx2 specifically in the atrioventricular canal
(AVC), distinguishing it from the atria and ventricles (Chi et al., 2008; Rutenberg et al.,
2006). MiR-138 antagomir treatment resulted in AVC-restricted genes being expressed
in atria and ventricles and ventricular cardiomyocytes did not mature (Morton et al., 2008).
Future genetic studies in mice will further elucidate the importance of miR-138 in

transcription factor patterning in mammalian heart morphogenesis.

mMiRNA-1 (miR-1) and miR-133 are expressed in cardiac and skeletal muscle
beginning at embryonic day 8.5, and have proven to be essential for cardiac development
(Cordes et al., 2010; Kwon et al., 2005). In vertebrate hearts, miR-1 (miR-1-1 and miR-1-
2) and miR-133 (miR-133a-1, miR-133a-2) are produced as pairs from bicistronic
transcripts. MiR-1-1 and miR-133a-2 are produced from the same intergenic region on
mouse chromosome 2, while miR-1-2 and miR-133a-1 lie within an intron of Mib1 on
chromosome 18 (Chen et al., 2006). MiR-1 and -133 regulate cardiac specification and
growth by targeting Hand2 and Cyclin D, and their expression is directly regulated by
Mef2, Myocardin, and SRF (Liu et al., 2008; Zhao et al., 2005). Interestingly, miR-133 has
also been shown to target SRF, creating a negative-feedback regulation loop (Chen et
al., 2006). Overexpression of miR-1 under control of the BMHC promoter reduces the

number of proliferating ventricular cardiomyocytes, with premature exit from the cell cycle
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(Zhao et al., 2005). Similarly, exogenous miR-1 introduced to Xenopus embryos caused
defective heart development (Chen et al., 2006). In culture, miR-1 promotes myoblast
differentiation, while miR-133 promotes proliferation (Chen et al., 2006). The same study
was also able to show that miR-1 targets and represses HDAC4. HDAC4 inhibits Mef2
transcriptional activation, and thus miR-1 enhances expression of Mef2 targets (Chen et
al., 2006). Targeted deletion of miR-1 results in heart malformations, cell cycle
dysregulation, and electrophysiological defects. Furthermore, half of the null mice die
around embryonic day 15 due to cardiac malfunction and septal defects, likely due to
increased Hand2 levels (Zhao et al., 2007). The other half of the mice that survive
gestation often die suddenly, usually due to arrhythmias. Surviving hearts also showed
increased number of actively dividing cardiomyocytes and cardiac hyperplasia (Zhao et

al., 2007).

MiR-133 consists of two genetically identical family members which target Cyclin
D2 (Liu et al.,, 2008). Specific deletion of miR-133a-1 or miR-133a-2 causes no
phenotype, however combined deletion results in a reduced embryonic survival rate due
to ventricular septal defects (Liu et al., 2008). Mice that survive until birth develop dilated
cardiomyopathy and die due to heart failure. Conversely, overexpression of miR-133
resulted in death at embryonic day 13.5, and embryos showed increased Cyclin D2 levels
and reduced cardiomyocyte proliferation as assessed by pH3 staining (Liu et al., 2008).
In vitro overexpression of miR-133 was able to inhibit cardiac hypertrophy (Caré et al.,
2007), while the infusion of a miR-133 antagomir into the myocardium caused significant

and sustained cardiac hypertrophy. Hypertrophy-related targets of miR-133 include RhoA
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and Cdc42, both of which are involved in regulating cardiomyocyte growth (Care et al.,

2007). MiR-133 also targets Nelf-A/WHSC2, a nuclear factor involved in cardiogenesis.

MIiRNAs -143 and -145 are located on chromosome 18 in mouse and transcribed
together as a cluster. Both are expressed in cardiac progenitor cells from embryonic day
7.5 to 16.5. Afterward, they are only expressed in visceral and vascular SMCs (Boettger
et al., 2009; Xin et al., 2009). SRF and Myocardin regulate heart morphogenesis and
smooth muscle cell gene expression by targeting CArG boxes, which are present and
conserved in the upstream enhancer region of miR-143/145 (Cordes et al., 2009). MiR-
143 targets Elk1, a SRF cofactor, while miR-145 targets myocardin, Kruppel-like factor 4
(KIf4), and calmodulin kinase ll-delta (Camk2d). While primarily being involved in smooth
muscle cell proliferation and differentiation in the heart, the latter two genes (KIf4 and
Camk2d) have both been characterized as positive regulators of proliferation (Cordes et
al., 2009). Genetic deletion of miR-143 or 145 individually, or together causes no obvious
phenotype until adulthood. Deficient mice become hypotensive with thinning of the aortic
and femoral artery walls, eventually leading to neointimal lesions in old age. Additionally,
cardiomyocytes show cytoskeletal disarray and diminished ability to migrate (Boettger et

al., 2009; Cheng et al., 2009; Cordes et al., 2009; Xin et al., 2009).

During embryonic development, the primary myosin heavy chain (Myh) gene
expressed is the slower-acting BMHC (Myh6). After birth, cardiomyocytes switch to
utilizing the aMHC (Myh6) variant which has faster contraction kinetics (Weiss and
Leinwand, 1996). Recently, researchers have uncovered the miR-208 family, which is
produced from the intronic regions of these two genes. MiR-208a is encoded within Myh6,

while miR-208b is encoded within the Myh7 gene. This means that the isotype switch of
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Myh expression in the heart results in a miRNA-208 expression switch as well (van Rooij
et al., 2009). Furthermore, the miR-208 family has been proven to participate in feedback
regulation of their host genes during development and hypertrophy (Callis et al., 2009;
van Rooij et al., 2007). Important targets of miR-208a include Gata4 and Cx40, both of
which regulate cardiac morphogenesis (Chen and Wang, 2012). Genetic deletion of miR-
208a resulted in no immediate phenotype, indicating that it is not essential for embryonic
development or cardiac morphogenesis. However, these mice were resistant to stress-
induced hypertrophy (Callis et al., 2009; van Rooij et al., 2007). Conversely,
overexpression of miR-208a caused increased cardiac hypertrophy, conduction defects,
and induction of Myh7 expression (Callis et al., 2009). The role of miR-208b on cardiac

development post-birth has not been characterized.

The miR-218 family consists of miR-218a-1, miR-218a-2, and miR-218b, and is
highly conserved in vertebrates. The family is found within an intron of slit homolog 2 and
3 (Slit2 and Slit3) and targets Roundabout receptors 1 and 2 (Robol and Robo2). Mir-
218, Slit2, and Robo are required for proper heart tube formation during embryogenesis
(Fish et al., 2011). Tbx5 is another functional target of miR-218 and their expression
correlates during development, suggesting miR-218 is involved in cardiac specification
and differentiation. Overexpression of Tbx5 and downregulation of miR-218 have similar
effects, resulting in heart looping defects and ventricle abnormalities (Chiavacci et al.,
2012; Liberatore et al., 2000). Furthermore, downregulation of miR-218-1 can rescue the

cardiac defects caused by Thx5 overexpression (Chiavacci et al., 2012).

The miR-17-92 cluster is a polycistronic gene consisting of 6 miRNAs (miR-17,

miR-18a, miR-19a, miR-19b-1, miR-20a, and miR-92-1) processed from the same
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transcript (Ota et al., 2004). Due to their regulation of proliferation and differentiation, they
have been most widely studied in the context of cancer and are also referred to as
Oncomir-1 (He et al., 2005). Recent studies have revealed that the cluster targets the 3’-
UTR of Isl1 and Thbx1 to also affect cardiac development. Genetic deletion of the miR-17-
92 cluster resulted in failed downregulation of Isll and Thx1 during embryonic
development (Wang et al., 2010). After birth, miR-17-92 cluster-deficient mice die during
the perinatal period due to lung hypoplasia, thin ventricle walls, and ventricular septal
defects (Ventura et al., 2008). In Bmp-deficient mouse embryos, myocardial
differentiation is inhibited and there is reduced expression of the miR-17-92 cluster (Wang
et al., 2010). Overexpression of the miR-17-92 cluster evokes reduced organ growth and
hematopoietic cell differentiation. Also, by directly targeting Isl1 and Tbx1, overexpression
the miR-17-92 cluster reduced the number of cardiac progenitors in the second heart field

resulting in outflow tract defects (Wang et al., 2010)

1.5.2 MicroRNAs affecting cardiomyocyte proliferation in the perinatal heart

More recently, a connection between miRNAs and the Hippo pathway in heart
development has been identified. The miRNA-302-367 cluster consists of 8 co-
transcribed polycistronic miRNAs (miR-302a, miR-302a*, miR-302b, miR-302b*,
miR302c, miR302c*, miR-302d, and miR-367) (Barroso-delJesus et al., 2008). The
cluster is expressed in embryonic stem cells where it acts to maintain a dedifferentiation
phenotype and promote cell proliferation. This cluster has also been demonstrated to be
expressed in embryonic heart development to regulate cardiomyocyte proliferation.
Transgenic cardiac-lineage-specific (Nkx2-5 Cre) deletion of the miR-302-367 cluster

caused no obvious phenotype. However, transgenic overexpression had more significant
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effects, where overexpression of miR-302-367 in cardiac-lineage specific cells resulted in
significant cardiomegaly due to increased cardiomyocyte proliferation (Tian et al., 2015).
MiR-302-367 was determined to target the 3’ UTR regions of several key regulators of
the Hippo pathway: Mstl, Lats2, and Mobl1b. Overexpression of miR-302-367 reduced
the expression of the Hippo pathway and resulted in increased nuclear-localization of

Yapl (Tian et al., 2015). Mice overexpressing miR-302-367 died by postnatal day 28.

The miR-15 family of genes has also been shown to play a role in neonatal
cardiomyocyte maturation by targeting Checkpoint kinase 1 (Chekl) (Porrello et al.,
2011a, 2013). Using microarray analysis comparing 1D and 10D hearts, significant
upregulation of the miR-15 family was observed. The miR-15 family consists of 6 miRNAs
(miR-15a, miR-15b, miR-16-1, miR-16-2, miR-195, and miR-497) which show significant
homology and posses identical seed sequences. Between 1D and 10D, miR-195
expression was the most upregulated, although miR-15a, miR-16, and miR-497
expression were also increased (Porrello et al., 2011b). Of three transgenic prenatal-
cardiomyocyte-specific (BMHC) overexpression models, two led to perinatal
cardiomyopathy and neonatal death. The single viable transgenic line demonstrated a
significant reduction in heart weight and died at 5-6 months of age due to slow-onset
cardiomyopathy (Porrello et al., 2011b). MiR-15-family loss-of-function using antagomir
treatment post-birth resulted in increased pH3+ cardiomyocytes and disorganized
sarcomeric structure, although cardiomyocyte size was not affected. Additionally, the
authors observed upregulation of Chek1, confirming inhibited expression of this kinase
by the miR-15 family. Collectively, these data show that the miR-15 family is the first bona

fide miRNA to be implicated in the neonatal cardiomyocyte growth transition.
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Novel roles for miRNAs in the heart continue to be discovered and characterized.
For example, the miR-130 family includes miR-130a and miR-130b and have been
identified as regulators of cardiac development due to repression of the transcriptional
co-factor zinc-finger protein friend of GATA 2 (FOG-2). Also, transgenic overexpression
of miR-130a causes ventricular hypoplasia and septal defects (Kim et al., 2009). More
recently, miR-29a, miR-30a, and miR-141 expression levels were shown to increase
dramatically after birth. Antagomir treatment for each of these miRNAs was able to
increase the number of cycling cardiomyocytes and increase expression of Cyclin A2
(Zhang et al., 2013). In Figure 7, the same developmental stages and regulators as Figure
2 are shown, however it has been expanded to include the miRNA regulators of each

stage.

Here, we have identified a specific miRNA, miR-205, that is expressed and is
functionally significant for the fetal-to-adult transitional program. In a previous study,
global deletion of miR-205 proved to be neonatal lethal by postnatal day 5 (Farmer et al.,
2013). MiR-205 is most abundant in skin stem cells, where it negatively regulates PI(3)K
signaling by targeting PTEN to mediate the repression of phospho-Akt and restrict
proliferation of skin stem cells (Wang et al., 2013). Due to it’s role in the PI3K/Akt pathway,
it has also been widely studied in the cancer field, where it is a known tumour suppressor
(Zhang et al., 2014). This tumour suppressor role is shared by several other miRNAs that
have been shown to inhibit cardiomyocyte proliferation in the neonatal heart (Eulalio et

al., 2012).
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Figure 7. Regulatory transcription factors at each stage of heart morphogenesis.
An illustration of each cardiac development stage is shown above. Embryonic age and

key regulators of each stage are displayed below. In addition, the miRNAs involved at
each stage are shown below.
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Rationale

The complex and interconnected transcription factor networks that govern embryonic
heart morphogenesis are well-characterized. After birth, widespread downregulation of
pro-proliferative signaling accompanies cardiomyocyte cell cycle withdrawal. Since the
discovery of miRNAs, research has identified many critical roles for miRNAs in embryonic
heart specification and differentiation. Evidence provided by study of the miR-15 family,
miR302-367, and Dicerl strongly supports miRNAs as mediators of neonatal
cardiomyocyte maturation. We reason that a well-orchestrated gene expression and
chromatin remodeling event ‘locks’ cardiomyocytes into a non-proliferative state.
Evidently, these genomic remodeling activities are initiated and established during the
perinatal heart’s transition from hyperplastic to hypertrophic growth. Fully characterizing
the transient mMRNA/mIRNA profile of the neonatal period is critical for a holistic
understanding of the transitional process. The fact that micro-RNAs may proceed and
promote these reversible epigenetic changes suggests that a therapeutic avenue may

exist to reprogram adult cardiomyocytes to restore their proliferative potential.

Hypothesis

We hypothesize that transient expression of regulatory miRNAs may impact the
neonatal heart’s transition from proliferation to hypertrophy. Where other studies
looked at 2 or 3 time-points, our inclusion of 5+ timepoints will identify transient changes
occurring during this timeframe. Transiently changing signaling pathways indicate a
potential role in the neonatal transition. Further elucidation of these transient effectors will

result in new-found regulators of cardiomyocyte indivisibility.
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Chapter 2: Materials and Methods

2.1 Microarrays

2.1.1 Microarray processing

One microgram of total RNA was processed through the Affymetrix GeneChip®
Whole Transcript Sense Target Labeling Assay kit using Affymetrix GeneChip® Mouse
Exon 1.0 ST Arrays (3/timepoint) which covers approximately 1 million exons. There are
approximately four probes per exon and 40 probes per gene which allows one to analyze
expression at the gene and exon level. For the exon microarrays, three hearts were
pooled for each timepoint of interest (E19, 1D, 3D, 5D, 7D, 10D, adult), processed into

experimental triplicates, for a total of 63 hearts analyzed over 21 chips.

Profiling was performed in duplicate per timepoint by the Genetic Analysis Facility
— The Center for Applied Genomics (TCAG) at The Hospital for Sick Children. The
lllumina microarray platform contains a 656 miRNA probe set (611 excluding Solexa
microRNAs) based on the Sanger software, Version 12.0. These panels cover
approximately 97% of the microRNAs described by the miRBase database at the time of
the experiment. For the microRNA microarrays, three hearts were pooled for each
timepoint of interest (E19, 1D, 3D, 5D, 7D, 10D, adult), processed into experimental

duplicates, for a total of 42 hearts analyzed over 14 chips.

Data was analyzed using Affymetrix ArrayStar, DAVID, and Ingenuity Pathway
Analysis. cDNA was normalized through Robust Multi-Array Average (RMA) and gene

level analysis was run through a 1-way Analysis of Variance (ANOVA). MicroRNA data
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was processed through a Log2 transformation and a 1-way ANOVA. Exon and microRNA
expression arrays were normalized differently because of the difference in microarray
platforms. Data was examined by comparing each timepoint to the following (i.e. 1 day
vs. E19). All statistical results were run through the False Discovery Rate (FDR) algorithm
to correct for effects introduced by multiple testing (FDR<0.05). Post-hoc analysis was
performed using Tukey’s biweight function. Volcano plots were generated with mRNA and
microRNAs using Affymetrix ArrayStar software or Partek software, respectively. To
determine the number of significantly differentially expressed genes and microRNAs, lists

were filtered at a p-value<0.05 and ranked by fold-change.

After initial analysis and RT-gPCR confirmation, microarray data was analyzed
ontologically using Ingenuity Pathway Analysis. Average-linkage hierarchical clustering
and heatmaps of differentially expressed genes were generated using the Morpheus

cluster program.

2.1.2 Microarray Validation

Transcripts were quantified from wild-type 129/SV-E mice hearts at embryonic day
19 and 1, 3, 4, 5, 6, 7, 10 days post-birth as well as from adult mice (6-7 weeks). RNA
was isolated then DNase-treated using the Promega RQ1 RNase-Free DNase kit (Cat. #
M6101) according to manufacturer's recommendation. One microgram of RNA was
reverse transcribed via the New England BioLabs (NEB) M-MuLV Reverse Transcriptase
System (Cat. # M0253L). cDNA was amplified using the NEB Taq DNA polymerase (Cat.
# M0267L) protocol and primers designed through the University of California Santa Cruz

(UCSC) Blat and supplied by Integrated DNA Technologies (IDT) (Table 1). All primers
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Table 1. Primer sequences used for g°PCR confirmation of microarray data

Gene Sequence Melting
Temp (°C)

Prc1 F: 5'- CCTGTGGAGGCAATTATGACTGGA -3 60 C
R: 5- TCTCGGCATCATGAAGATGGAGCA -3

Rxry F: 5- AGAGAAGGTTTATGCCACCCTGGA- 3 60 C
R: 5- TGGGAGTGTCTCCAATGAGCTTGA - 3

Pln F: 5'- AAAGTGCAATACCTCACTCGCTCG -3 60 C

R: 5'- CAGCAGCAGACATATCAAGATGAGGC -3

Mad2l1 F: 8- GTCCCAGAAAGCCATACAGGATGA - 3' 60 C
R: 5- TGAGCGTAGACGGACTTCTTCACA - 3'

Epas1 F: 5'- CTATGCCTCCCAGTTCCAGGACTA - 3 60 C

R: 5'- GGCACGTTCACCTCACAGTCATATCT -3
Asb15 F: 5- TGGATTACGTCCCTCTGTGTGCAA - 3' 60 C
R: 5'- AATAAGTATCTTCGCATCG -3’

Cdk4 F: 5- ATTGGATTGCCTCCAGAAGACGAC -3 60 C
R: 5'- AGGCAGAGATTCGCTTATGTGGGT -3

Hif3a F: 5- AAGTTCACATACTGCGACGAGA - 3 55C

R: 5'- CGAGTATGTTGCTCCGTTTG - 3'

Fbxw7 F: 5- ACACGCTAACAGGACACCAGTCAT - 3' 60 C
R: 5- TCTCCAATGTGACGAGGTTTCGGA -3'

Pfkm F: 5'- AAAGAACAGTGGTGGCTGAAGCTG- 3' 60 C

R: 5'- GCTTCCCAGACCGTTTCCTTGAA -3'
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were designed to span two separate exons (except for phospholamban (PIn), due to its
small size) to prevent amplifying residual genomic DNA. Thermocycler conditions were
set as follows: 1 cycle at 95°C for 1min; 35 cycles at 95°C, annealing temperature (AT),
and 72°C, for 30sec each; then, 72°C for 5mins. Annealing temperature for each primer
set was optimized through melting curve experiments. Ten microliters of PCR products
were confirmed by size and charge electrophoresis using a 3% agarose gel in 1X
Tris/Borate/EDTA buffer stained with 0.005% ethidium bromide. Amplification products
were approximately 200 base pairs (bp). Gene products were analyzed and visualized

throughout three independent experiments.

Transcripts were then quantified by relative Real-Time polymerase chain reaction
(RT-PCR) using the Roche LightCycler® 480 Multiwell PCR System, the LC480 machine
and the LightCycler® 480 SYBR Green | Master kit (Cat. # 0470751600), as per
manufacturer’s instruction. RNA was isolated then DNase-treated using the Promega
RQ1 RNase-Free DNase kit (Cat. # M6101) according to manufacturer's
recommendation. One microgram of RNA was reverse transcribed via the New England
BioLabs (NEB) M-MuLV Reverse Transcriptase System (Cat. # M0253L). Reaction mix
was halved to 10uL with: 1.5uL PCR-grade water, 0.5uL Forward and Reverse PCR
primer (5uM), 5uL 2X Master Mix, and, 2.5uL cDNA (diluted 1:5). Annealing temperature
and primer sequences may be found within Table 1. PCR primer efficiency was calculated
with the slope of a standard curve of known cDNA concentrations at a standard deviation
of 0.04 over 4 log quantity differences, run in technical triplicates. CT values from

experimental triplicates were normalized to a calibrator (adult heart cDNA), reference
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gene (Ppia), and no-template control (NTC), diluted at 1:5. RT-gPCR data confirming

expression patterns is found in Figure 8.

2.2 Mouse Models

All experiments were conducted in conformity with the ethical standards set by the
University of Ottawa Animal Care Committee, Animal Care and Veterinary Service, and

the Canadian Council on Animal Care.

2.2.1 Wild-type Mice

Early experiments, including microarrays and initial analysis of miR-205
expression and localization, were performed using a colony originating from wild-type

129SV mice purchased from The Jackson Laboratory (Stock # 002448).

2.2.2 Cardiac-specific deletion of miR-205: MiR-205"1 aMHC* = miR-205"

MiR-205%1 mice were provided to our lab from Dr. Rui Yi from the University of
Colorado. These mice in a BL6 background. aMHCC®™® mice were purchased from The
Jackson Laboratory (Stock # 011038). A schematic of our breeding strategy for the
generation of miR-205 cardiomyocyte-specific deletion is shown in Figure 9. Our miR-205
knockout strain was generated by crossing our miR-205"" mice with aMHC* mice to
generate mice hemizygous for the miR-205 flox locus, with 50% containing the aMHC
promoter locus. MiR-205 hemizygous mice with no aMHC locus were crossed with other
hemizygous mice positive for aMHC. These crosses produced pups wherein one quarter
were homozygous for the miR-205 floxed allele, and 50% of all pups contained the aMHC

locus, resulting in some mice being miR-205"" aMHC*. For the

54



2000 i
Prc1 Expression
= 1300
& 5
- 1600
; 1400 ?E.i, 0
g 1200 E
2 Ea
b =
§' 1000 9
E 200 E -10
3 o ;: -15
b=
£ 400
* 200 20
E19vs1D 1Dvs3D 3Dvs50 5Dvs 7D 7Dvs 10D 10D vs
o 350
£19 1d 3d 5d 7d 10d Adult
W Microarray mqPCR
Time (Age)
E19 16 3¢ 4 54 64 7d 10d Adult
1200 R
Rury Expression
& 1000 I 4
°
] l 35
4 %
5 800 _{ 3
@ =
e U5
£ 600 =
F s 2
o4 L 2
< P
g a00 ; 15
= I R
& 0 = 0.5
0
o F19vs1D 1Dws3D 3Dws5D 5Dvs7D  7Dvs 10D 10D vs 35D
19 1d 3d 5el d 10d Adult
. W Microarray mgPCR
Time (Age)
€19 1d 3d 4d Sd 64 7d 10d Adult
12000 .
PIn Expression
T 10000 25
&
bzl 2
@ u
E 8000 gn 15
< 2
% u 1
6000 =
g e
&
S o000 % v
g B .
2 g5
c
= 2000 El
-15
0 E19vs1D 1Dws3D 3Dws5D 5Dws7D  7Dvs 10D 10D vs 35D
E19 1d 3d 5d 7d 1o0d Adult
W Microarray W gqPCR
Time (Age) ¥ ma
E19 d 3d ad 5d od 7d  10d Adult
3000
T 2500
u E19 1d 3d 4 Sd 64 7d 104 Adult
3
3 2000
; s [ ppp————
% 1500
£ E19 1d 3d 4 5d 60 7d 10d Adult
&
§ 1000
b
2
500 Asb15
E19 1d 3d 4 5d 6d 7d 10d Adult
£l 1d d d 7d 10d Adult
Tnabes) o m
~B=Mad2l] == Epasl Asb1S = Ckd
E19 1d 3d 4d 5 6 7d 10d Adult
— L0 7000
;o LA R Hif3a=
o =
H 5 E19 14 3d 4 54 64 7d 10d Adult
2 1000 =
Z &
8 k)
g €
£ =0 wn §
s ; Fbxw.r =
] &
5 &0 w0 x
% c E19 1d 3d 4 5d 6d 7d 10d Adult
H H
3w w0 £
H £
g -t ﬂ
H Fik

d 10d

sd ?
Time (Age)

——Foow?

~B-Hifi Pikm

7d 10d Adult

Weldrick 2019

55



Weldrick 2019

Figure 8. RT-qPCR confirmation of microarray data. Transcripts were quantified using
the Roche LightCycler® 480 Multiwell PCR System and SYBR Green | Master kit (Cat.#
0470751600), as per manufacturer’s instruction. Annealing temperature and primer
sequences may be found within Table 1. CT values from experimental triplicates were
normalized to a calibrator (adult heart cDNA), reference gene (Ppia), and no-template
control (NTC).
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Figure 9. Schematic of the breeding strategy to generate a cardiac-specific miR 205
knockout mouse. Our miR-205 knockout strain was generated by crossing our
miR-205"1 mice with aMHC* mice to generate mice that are hemizygous for the miR-205
flox locus, with 50% containing the aMHC locus. Hemizygous mice with no aMHC locus
were crossed with other hemizygous positive for aMHC. These crosses produced pups
wherein one quarter were homozygous for the miR-205 floxed allele, and 50% of all pups
contained the aMHC locus, resulting in some mice being miR-205%1 aMHC*.
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rest of this document, this postnatal-cardiomyocyte-specific deletion genotype (miR-
2051 gMHC™) will be referred to as miR-2057-. Genotyping of weanlings showed that
cardiac-specific deletion of miR-205 was non-lethal, and that pups were able to survive
infancy. Following this, we were able to cross miR-205%" aMHC- with miR-205%" aMHC*
mice to generate litters where approximately one half would possess postnatal-
cardiomyocyte-specific deletion of miR-205. Littermate miR-205%"! aMHC- pups were used

as wild-type littermate controls in experiments from chapter 4.

2.2.3 Cardiac-specific overexpression of miR-205: aMHC"™A/miR-205¢t0/POX+ = mjR-

205°E

To generate a cardiac-specific inducible overexpression of miR-205, two
independent mouse lines were generated and crossed with each other. A schematic of
our breeding strategy for generation of a miR-205 cardiomyocyte-specific inducible

overexpression model is shown in Figure 10.

The first strain is a transgenic mouse hemizygous for a reverse tetracycline
transactivator (rtTA) domain downstream of an aMHC promoter. This results in a mouse
that constitutively expresses rtTA in any tissue that expresses aMHC, i.e.
cardiomyocytes. The rtTA protein targets a specific promoter sequence present in the
second mouse strain (tetO). However, this rtTA protein requires coactivation by
doxycycline to be functional, meaning that it cannot activate its promoter (whether present

or not) unless doxycycline is also present.

The second strain was obtained from Dr. Rui Yi who also provided the miR-205/

mice. This strain contains a hemizygous genetic insertion of miR-205 downstream of a
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Figure 10. A 2-hit Dox-inducible system was generated to overexpress miR-205 in
mice. A reverse tet-transactivator (rtTA) locus was placed under control of the aMHC
promoter, while miR-205 was placed downstream of a tetO promoter. In mice that have
both loci, the presence of Dox allows the rtTA to bind the TetO promoter and forces the
expression of miR-205.

tetO-miR205+ —
aeMHngA + DOX =— miR-205°E
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tet-operon. This operon contains a specific promoter targeted and activated by rtTA.
When bound to the promoter via coactivation by doxycycline, rtTA forces the transcription

of miR-205.

Crossing of these two strains generated offspring in which half would possess the
rtTA allele, and half would possess the miR-205%! allele. Mouse cardiomyocytes
possessing both alleles would constitutively express miR-205 in the presence of
doxycycline. For the remainder of this document, the cardiomyocyte-specific inducible

overexpressor of miR-205 in the presence of doxycycline is labeled as miR-205°E,

2.3 Gelatin Zymography

Each sample consists of three pooled hearts with protein extracted using a heart
lysis buffer (Recipe in appendix) and run on 10% native gel containing 0.1% gelatin.
Samples were loaded at the gel was run at 150V until the marker ran off the gel. Gel was
washed 4x 30 min in wash buffer (Recipe in appendix) followed by a 30-minute wash in
dH20. The gel was then incubated overnight at 37°C in digestion buffer (recipe in
appendix). The next day, the gel was stained with Coomassie Brilliant Blue solution for
one hour followed by destaining until bands were clearly visible. Gels were then dried,

mounted and captured using a regular camera.

2.4 DNA/RNA Isolation

For genotyping purposes, genomic DNA was extracted using Sigma RED Extract-
n-AMP PCR kit according to manufacturers recommendations. Ear notches were placed

in 40uL extraction solution (Cat. # E7526) with 10 L tissue preparation solution (Cat. #
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T3073) and incubated at 55°C for 15 minutes. Tubes were then incubated at 95°C for 10
minutes. After cooling for 1 minute, 40 pL of neutralization buffer (Cat. # N3910) was
added to each tube. Follow-up PCR was performed using primers targeting flanking
regions of miR-205 or other genomic transgene targets according to the manufacturer’'s

protocol (Cat. # R4775).

RNA isolation was carried out using the TRIzol reagent method (Thermo Fisher
Cat. # 15596026). All steps were performed at room temperature unless noted. Heart
samples were pooled and digested in 1ML TRIzol reagent and incubated for 5 minutes.
200pL of chloroform (Sigma Cat. # 288306) was added to each tube and incubated for 3
minutes. Tubes were centrifuged at 12,000 RCF for 15 minutes at 4°C. The upper
aqueous phase containing RNA was transferred to a new tube. 500uL of isopropanol
(Fisher Cat. # 26181) was added to each sample and incubated for 10 minutes. Tubes
were then spun at 12,000 RCF for 10 minutes at 4°C. Supernatant was discarded and
the pellet was resuspended in 1mL of 75% ethanol. Tubes were spun at 7,500 RCF for 5
minutes at 4°C and supernatant was discarded. Pellets were then air dried for 5 minutes
and resuspended in 50uL of RNAse-free H20. Samples were then incubated at 55°C for
10 minutes. RNA concentration was measured using a NanoDrop spectrophotometer and
purity was assessed using A260/280 (A ratio of 1.9 or higher was considered pure enough

for follow-up experiments).

2.5 Western Blot Analyses.

Hearts were collected from mice at specific ages (1D, 3D, 5D, 7D, 10D, and 14D)

along with a tail sample to be genotyped. Hearts from mice with the same genotype were
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pooled (n=3) and homogenized in heart lysis buffer (recipe in appendix) using a Polytron
Homogenizer with a 7mm generator. Lysates were then rotated at 4°C for 10 minutes,
then centrifuged at 12,000XG for 15 minutes. Supernatant was aliquoted into new tubes
and stored at -80°C until used for SDS-PAGE sample preparation. For SDS-PAGE protein
samples, Bradford protein assay was used to measure protein concentration and adjust
it to 1.5ug/uL. Loading samples also consisted of 1X loading dye (Cell Signaling Cat. #
56036) and 1X DTT (Cell Signaling Cat. # 14265) and were boiled for 5 minutes (Recipe
in appendix). Samples were stored at -80°C. For each western blot, 30ug total protein
(20uL protein lysate sample) was loaded into 4-15% gradient SDS-PAGE gels (BioRad
Cat. # 4561093) and run in a Tris-Glycine-SDS buffer at 150V for 45 minutes, or until the
lane marker was near the bottom of the plates. Blotting was performed using a Transblot
Turbo (BioRad Cat. # 1704150) onto 0.45um polyvinylidene difluoride (PVDF) membrane
(Thermo Fisher Cat. # 88518) using manufacturers recommendations. For large or small
proteins, the “high MW” or “low MW" settings were used, respectively. Membranes were
then blocked for one hour in 5% bovine serum albumin (BSA), followed by overnight
probing by specific antibodies diluted in 5% BSA. Membranes were briefly rinsed with tris-
buffered saline (TBS) containing 0.1% Tween-20 (TBST) followed by 3 five-minute
washes in TBST. The membrane was then incubated with secondary antibody diluted in
5% BSA for one hour at room temperature. Finally, another rinse with TBST and 3 five-
minute washes with TBST were carried out. Blotting was visualized by
electrochemiluminescence using Clarity substrate (BioRad Cat. # 1705060) on Chemidoc

XRS+ (BioRad Cat. # 1708265) imaging hardware.
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2.6 MiR-205 RT-gPCR

Hearts were collected from miR-205 wild-type, knockout, and overexpressing mice
at 1d, 3d, 5d, 7d, and 10d until at least 3 hearts of each genotype were processed.
Immediately after collection hearts were snap frozen in liquid nitrogen and stored at -
80°C. Total RNA was purified using the Trizol method according to manufacturer’'s
directions. MiR-205 was selectively reverse transcribed using ThermoFisher's Tagman
MiRNA Assay (ThermoFisher Cat. # A25576). As a control, U6 snRNA was also
selectively reverse transcribed using the same product (Thermo Fisher Cat. # 4427975).
After the RT reaction, gPCR was performed using the RT-gPCR portion of the Tagman
MiRNA Assay kit. Reactions were run on 96- or 384-well plates in a Roche Lightcycler

480 (Roche Cat. # 05015278001) according to Tagman manufacturer’s directions.

2.7 Sectioning, Staining, Immunohistochemistry and Immunofluorescence

Hearts were collected as described in sections 2.5 and 2.6. Hearts were fixed in
10% formalin for 48 hours followed by 3x 30-minute washes in PBS and then stored in
70% ethanol. Tissue embedding (paraffin) and sectioning was performed the histology
core at the University of Ottawa. Hearts were sliced in a 4-chamber view near the middle
of the heart. Any H&E or Masson Trichrome staining was performed by the uOttawa

histology core.

For immunofluorescent analysis, slides were submerged in xylene 3x for 5 minutes
each, then 2x 10-minute washes in 100% ethanol. This was then repeated in 95% ethanol,
followed by 2x 5-min washes in dH20. Slides were then submerged in a lug/uL wheat

germ agglutinin (WGA) (Thermo Fisher Cat. # W6748) solution for 10 minutes. Slides
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were then washed in dH20 3x for 5§ minutes. Next, the slides were submerged in a 4',6-
diamidino-2-phenylindole (DAPI) solution (Sigma Cat. # 10236276001) for 5 minutes,
followed by 3x 5-minute washes in dH20. A drop of Dako mounting media (Agilent Cat. #
S3023) was placed on each section and coverslips were placed on top and slides were

left to dry for 1 hour. Coverslips were sealed using nail polish.

Immunohistochemistry was performed following the Cell Signaling SignalStain
Boost Detection Reagent manufacturer's protocol. Slides were deparaffinized in as
described in the previous paragraph, followed by citrate unmasking (Cell Signaling Cat.
# 14746) in coplin jars at 90°C for 10 minutes. After the slides cooled, they were washed
in dH20 3x for 5 minutes. Slides were incubated in 3% hydrogen peroxide for 10 minutes
and then washed again in dH20 3x for 5 minutes. Slides were moved to a humidified
chamber and a PAP pen (Thermo Fisher Cat. # 008899) was used to create a
hydrophobic circle around the sections. Sections were blocked using 200uL of Cell
Signaling Animal-Free Blocking Solution (Cell Signaling Cat. # 15019), then placed
directly on the sections for 1 hour at room temperature. Blocking solution was removed
and replaced with antibody diluent (Cell Signaling 8112) containing primary antibody for
the protein of interest (YAP, Ki67, pH3 overnight. Antibody catalogue numbers and
dilutions are provided in Table 2. The next day, slides were moved back into coplin jars
and washed in dH20 3x for 5 minutes. Slides were moved back to a humidified chamber
and three drops of SignalStain Boost Detection Reagent (Cell Signaling Cat. # 8114) was
placed onto the sections, followed by incubation at room temperature for 30 minutes.
Slides were then washed again. DAB chromogen concentrate was diluted by diluting 30uL

into ImL of DAB Chromogen Diluent (Cell Signaling Cat. # 8059) . DAB Chromogen
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Antibody Vendor Catalogue # Dilution
CDK1 Santa Cruz 8395 WB:1:1000
P-CDK1 Santa Cruz 136014 WB:1:1000
DICER Cell Signaling 5325 VWB: 1:1000
GAPDH Thermo Fisher AM4300 VWB: 1:1000
Ki67 Cell Signaling 9027 IHC: 1:400
LATS1 Cell Signaling 3477 VWB: 1:1000
aMHC Abcam 50967 WB: 1:1000
MOBH1 Cell Signaling 13730 VB: 1:1000
P-MOBH1 Cell Signaling 8699 VWB: 1:1000
MST1 Cell Signaling 3682 WB: 1:1000
pH3 Cell Signaling a701 IHC: 1:200
PTEN Cell Signaling 9188 VWB: 1:1000
P-PTEN Cell Signaling 9551 WB: 1:1000
Rb Cell Signaling 9309 WB:1:1000
P-Rb Cell Signaling 9307 VWB: 1:1000
SAV1 Cell Signaling 13301 VVB: 1:1000
YAP Cell Signaling 14074 VWB: 1:1000

IHC: 1:200
P-YAP Cell Signaling 13008 VWB: 1:1000
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solution was then applied to each section for up to 10 minutes, followed another 3 washes.
The sections were then dehydrated by briefly (10 seconds) submerging them in 95%
ethanol 2x, 100% ethanol 2x, and finally xylene 2x. Sections were then mounted using

DPX mountant (Sigma 44581).

2.8 In-situ hybridization

For in situ hybridization, hearts were collected from 5-day-old wild-type mice and
immediately mounted in optimal cutting temperature (OCT) compound (Agar Scientific
Cat. # AGR1180) and flash frozen in liquid nitrogen. Once frozen, hearts were stored at -
80°C until sectioned. Heart sectioning was performed by the Histology core at the
University of Ottawa. Heart sections were defrosted at room temperature for one hour. A
miR-205-specific RNA probe (Qiagen Cat. # YD00616714) was then diluted 1:200 in
hybridization buffer (recipe in appendix) to a final concentration of 200ng/pL. Tubes were
briefly vortexed and then denatured for 10 minutes at 70°C. Tubes were briefly spun and
300uL of probe mixture was applied onto the tissue sections on the slides. Cover slips
were placed overtop and slides were incubated overnight at 65°C in a humidified
chamber. The next day, coverslips were gently removed, and slides were transferred to
a coplin jar. They were washed 2x for 30 minutes at 65°C in solution A (recipe in

appendix), followed by 2x 30-minute washes at room temperature in 1x TBS-T.

Slides were then moved back to the humidified chamber and 300uL of 10% heat-
inactivated fetal bovine serum (FBS) (Thermo Fisher Cat. # 16000044) was used to block
sections for one hour at room temperature. Blocking buffer was then removed and 300

pL of anti-Dig Fab fragments (Sigma-Aldrich Cat. # 11093274910) in 10% heat-
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inactivated FBS in 1x TBS-T (1uL AP + 0.9mL TBST + 0.1mL FBS). Coverslips were

placed on top and incubated overnight in a humidified chamber at 4°C.

Slides were placed back into coplin jars and washed 5 times for 20 minutes in 1x
TBS-T. Coverslips naturally fell from the slides after the first wash. Next, slides were
incubated in NTMT solution (recipe in appendix) 2x for 10 minutes at room temperature.
Slides were moved back to the humidified chamber, then stained with NBT/BCIP in NTMT
at room temperature in the dark to achieve desired contrast. The reaction was stopped
by two washes in distilled water. Slides were fixed in 4% paraformaldehyde (PFA) for 20
minutes, then washed in distilled water twice. Slides were then mounted with Dako
mounting media (Agilent Cat. # S3023) and a coverslip, dried at room temperature, and

then sealed with nail varnish.

2.9 Microscopy

All microscopy was performed on Zeiss Axio Observer with colour and fluorescent
cameras. To begin, the microscope light source was centered and focused. Initial
visualization was observed at 10x by eye before switching to captured video on a
computer. Images were captured using either fluorescent or colour cameras. The
associated Zen and AxioVision software was used to adjust objective, wavelength,
exposure, and colour balance. With each experiment, these settings were adjusted for
the first slide (observer was blinded to the genotype of the sample at the time of imaging)
and the same parameters were used for the rest of the slides in the experiment. With

each heart section, pictures of the same locations were taken for uniformity in future
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guantification. Ki67 and WGA/DAPI staining was visualized at 20x magnification and pH3

was visualized at 10x magnification.

Follow-up image analysis was completed using the FIJI processing package for
ImageJ. Quantification of Ki67 and pH3 was carried out by marking each positive nuclei
in a given area and inputting the number into Excel. For Ki67, an area of 500um by 500um
was counted. For pH3, the entire field of view in the microscope image was used (approx.
1cmx1cm). For quantification of cell number, WGA stained cells were counted similarly
to Ki67 and pH3-positive cells above, marking each and logging the number. For these
counts, an area of 200uM by 200uM was counted. For isolated cardiomyocytes, images
were taken such that there were 10-50 cardiomyocytes visible, with minimal clumping and
overlap of cells. Each distinct cardiomyocyte’s length and width was measured. Area was
calculated as length x width of cardiomyocytes. Statistical analysis was performed by
comparing experimental groups to wild-type control groups using student’s t-test
(p<0.05). When comparing multiple experimental groups, one-way analysis of variance

(ANOVA) was performed to test significance (p<0.05).

2.10 Echocardiography

Echocardiography was performed using VisualSonics Vevo 2100 preclinical
echocardiography imaging system and analyzed using the associated Vevo software.
Mice were anesthetized using 1L/min O2 with 5% isofluorane for induction, and 2%
isofluorane for maintenance. Once anesthetized, the chest of each mouse was initially
shaved with an electric razor and then depilated using Nair cream. Mice were then placed

supine on a heated pad with a nose cone providing 2% isofluorane. Conductive Redux
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electrolyte cream (Thermo Fisher Cat. # PKR66) was applied to four electrodes on the
heated pad and the four limbs of the mouse were secured to them using surgical tape.
Aquasonic ultrasound gel (Thermo Fisher Cat. # PKRO1) was applied to the chest area
and the probe, secured onto a crank-controlled mount, was lowered until a beating motion
was observed by the ultrasound software. The probe was then aligned in such a way that
both the apex of the heart and the aortic valve could be observed, with the papillary
muscle moving into frame with each beat of the heart. This precise positioning ensured
that the exact same dimensions of the heart were being measured in each mouse. B-
mode imaging was used to measure left ventricular systolic and diastolic diameter, length,
and area. Next, the ultrasound probe was rotated 90 degrees and M-Mode imaging was
used to generate a temporal reading of ventricular diameter during systole and diastole.
This mode allowed for more precise measurement of ventricular diameter. Using these
measurements, left ventricular (LV) volume, stroke volume, ejection fraction, fractional

shortening, and ventricular mass were calculated.
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Chapter 3: Arapid and efficient method for the isolation of postnatal murine cardiac

myocyte and fibroblast cells

Weldrick JJ, Abdul-Ghani M, Megeney LA, Burgon PG. Can J Physiol Pharmacol. 2018 May;96(5):535-
539. doi: 10.1139/cjpp-2017-0742. Epub 2018 Mar 13

In the cardiac research field, there were previously only 2 main strategies utilized
for the isolation and culture of murine cardiomyocytes. The neonatal method involves
overnight tryptic digestion of hearts, and only works on cardiomyocytes isolated from mice
under 3 days of age. Otherwise, the Langendorff method involves threading of the aorta
onto a perfusion apparatus to digest the heart with collagenase. This method can only be
performed on adult mouse hearts due to the aortic threading being extremely difficult to
impossible on young mice. This left a gap between 3 days and adulthood where individual
mouse cardiomyocytes could not be isolated and studied. With inspiration from the 2
methods mentioned above, we sought to establish a novel method for cardiomyocyte
isolation that could be used on mice of any age. We successfully generated an apex-
perfusion-based method utilizing both trypsin and collagenase digestion of hearts. This
method was used for several experiments in our lab as well as for collaborative
experiments such as “Cardiotrophin 1 stimulates beneficial myogenic and vascular
remodeling of the heart” by Abdul-Ghani et al. (2017). The detailed method is described

in the following chapter.

3.1 Introduction
Although the medical community has made great strides in reducing the morbidity
and mortality from heart disease, it remains one of the leading causes of death

worldwide(Go Alan et al., 2014). Both basic and translational researchers in the cardiac
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field continue to develop and refine their methods and techniques to improve our
understanding and treatment of heart disease (Ackers-Johnson et al., 2016; Gao et al.,
2010). Historically, two mouse cardiomyocyte (CM) isolation methods have played a
critical role in advancing our general knowledge of CM biology; i) the Langendorff isolated
perfused adult heart model (Bell et al., 2011) and ii) neonatal ventricle CM isolation
(Vidyasekar et al., 2015). Currently, the Langendorff method is the standard robust
isolation method to study adult CMs, however it can be a significant technical challenge
that involves cannulation of the ascending aorta followed by retrograde perfusion of the
left ventricle and coronary arteries with a Krebs/collagense buffer (Bell et al., 2011).
Neonatal CMs can also be isolated from very young mice (< 3 days old) using a multiple-
day protocol that involves tryptic digestion (Vidyasekar et al., 2015). These two methods
are widely used for the isolation of CMs. However, these methods both have several
limitations. Most importantly, these two current methods do not provide an approach that
can be used to easily isolate CMs from any post-natal heart, regardless of age. Here we
report a novel CM isolation strategy that allows for the isolation of CMs from murine
postnatal heart regardless of age that we have successfully utilized in two recent studies

(Abdul-Ghani et al., 2017; Jiang et al., 2015).

We are specifically interested in studying the perinatal heart — that is the heart
during late embryonic development and neonatal development (E19 to P14), and so
studying isolated CMs from these time points is critical. Isolating cells from early time
points (E19 to P3) may be accomplished using the previously described neonatal method,
however to conduct similar CM analysis across an aging cohort there is no consistent

method for retrieving variable-aged CMs. Our goal was to develop a new approach that
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utilizes the beneficial aspects of both the Langendorff (collagenase perfusion) and the
neonatal (collagenase/trypsin) method of CM isolation to create a universal procedure

that can be used to isolate CMs and cardiac fibroblasts from mice of any age.

3.2 Materials and Methods
All the mice were studied according to protocols approved by the Institutional
Animal Care Committee in accordance with the Canadian Council on Animal Care’s

Guide to the Care and Use of Experimental Animals and the Animals for Research Act.

All steps were performed in a laminar flow biosafety level 2 cabinet and sterile
technique was used to prevent contamination. A diagram of the perfusion apparatus is
shown in Figure 11A. Perfusion tubes were cleaned with 70% ethanol for 5-10 minutes
followed by several rinses with distilled water. The tubes were then filled with Perfusion
Buffer (recipe in appendix A) before beginning the isolation. Injection of heparin into mice

is not required.

Mice were anesthetized by injecting Avertin (0.4mg/g) intraperitoneally. Mice were
then secured in surgical position using medical tape. Next, the thoracic cavity was opened
to expose the heart. A syringe pump was then used to begin pumping pre-warmed (37°C)
Perfusion Buffer through the needle. A heat exchanger should be used to continue
warming the solution as it is pumped (Figure 11A). For neonatal mice, we used a 30g
needle with a flow rate of 2mL/min, while in fully grown adult mice we used a 26g needle
with a flow rate of 4mL/min. Each of these factors (syringe size, needle gauge, and flow
rate) must be adjusted based on mouse size/age. To ensure proper coronary artery
perfusion, it is essential to achieve a flow rate from the needle that produces a strong,

continuous flow as pictured in Figure 11B. After the perfusion buffer was flowing, the
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Figure 11. Cardiomyocyte (CM) isolation perfusion apparatus and flow rate. (A)
Isolation apparatus includes a syringe mounted on a syringe pump, a heat exchanger,
and a tube connecting the syringe to a needle through the heat exchanger. (B) Flow rate
on the syringe pump should be adjusted such that a strong, steady flow is achieved. For
neonatal mice, a flow rate of2 mL/min of perfusion buffer flowing through a 30-gauge
needle is sufficient. For adults, a flow rate of4 mL/min through a 26-gauge needle is
sufficient. CMs isolated from a (C) 3-day-old heart and a (D) 14-day-old heart. Cells were
stained with phalloidin (green) and propidium iodide (red). (E and F) CMs isolated from a
3-month-old heart stained with phalloidin (red) and lamin A/C (green). Scale bars = 10pum.
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needle was inserted into the left ventricle through the apex of the heart while the right
atrial appendage was severed. The mice were then perfused for 2-5 minutes,

depending on mouse age (2 minutes for early neonates, 5 minutes for adults).

After perfusion, the heart was carefully removed and placed into a 15mL tube
containing Stop Buffer (recipe in appendix A) and incubated at 37°C for 10 minutes. The
heart + Stop Buffer was then poured into a 60mm petri dish, and the heart was quickly
minced into small (Immx1mm) pieces. To promote dissociation of cells from the
extracellular matrix (ECM), gentle trituration (10-20 times) of tissue with a wide-bore
pipette (smooth edged to limit sheering) was performed. A 100um nylon mesh filter
(Fisher 352360) placed in a 50mL conical tube was then used to filter out large debris.
Cells were then centrifuged at 50xG for 5 minutes to pellet CMs. When performing the
isolation from adult mice (>10 weeks), tubes can be left in the bio-hood for 10-15 minutes,
and CMs will settle to the bottom of the tube. At this point, the supernatant can be
removed and centrifuged again at 2000xG for 5 minutes to pellet cardiac fibroblasts,

which can also be cultured for use in experiments.

The CMs were then resuspended in media, and a pre-plating step was performed
to remove any non-CMs in the pellet. After 2 hours of pre-plating, CMs were moved to a
gelatin-coated ExCellness (01.100.100.00) plate and incubated overnight. When media
(recipe in appendix A) is changed daily, CMs can live in culture for up to 24-48 hours.
Alternatively, after CMs have been pelleted, they can be resuspended in 10% neutral
buffered formalin and fixed for 15 minutes in suspension. Cardiomyocytes can then be
gently spun down onto glass slides with a Cytospin (Fisher A78300003) and be used

immediately for staining and immunofluorescence.
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3.3 Results

The primary limitation for any CM isolation method is to establish the conditions by
which a digestion buffer could be delivered efficiently to the coronary arteries, to break
down the extracellular matrix and release intact cells from the heart. Typically, whole body
fixation is accomplished by delivering fixative via the left ventricle, using a syringe or
pump, such that the fixative can permeate throughout the circulatory system(Gage et al.,

2012).

We used a syringe pump with a 30-gauge needle to deliver digestion buffer at a
high flow rate (2ml/min) with constant pressure (Figure 11A). Using the method described,
we perfused 3-day-old and 14-day-old old pup via the left ventricle for 2 minutes. The
heart was excised and placed in a pre-warmed Krebs buffer containing BSA and
incubated for 10 minutes at 37°C. After 10 minutes, the heart was cut into several small
fragments and then gently triturated. Single cells were separated from large tissue pieces
using a 100micron filter. The filtrate was then gently centrifuged (50g). The pellet was
resuspended in 10% neutral-buffered formalin for 15 minutes then spun again. Afterward,
the pellet was gently disrupted, and the cell suspension was spun onto a glass slide using
a cytospin apparatus. The isolated CMs were stained with phalloidin (Fisher
A12379)/propidium iodide (Fisher P1304MP) and visualized under a fluorescence

microscope (Figure 11C&D).

To demonstrate the utility of this new method, we measured the cellular
dimensions of CMs isolated from hearts that were chronically stimulated with
phenylephrine (PE). PE is commonly used to induce pathological cardiac hypertrophy,

and a hallmark of this organ growth is an increase in cardiac cell size (Maillet et al., 2013).
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Osmotic pumps were implanted into two groups of mice, with one group being infused
with saline while the other group was infused with PE for a two-week period. Using our
new method for CM isolation, we have successfully isolated cells from 18 adult mouse
hearts in one day. The cells were stained with a fluorescently labeled phalloidin and DAPI
and were subsequently visualized with a fluorescent microscope (Figure 12A). As shown
in Figure 12, CMs isolated from mice treated with PE exhibited increased cell width
(p<0.001) and area (p<0.001) when compared to PBS treated mice, indicating that the

PE treatment on mice caused concentric CM growth leading to pathological hypertrophy.

3.4 Discussion

The significant advantage of the method we have developed and described is that
CMs can be isolated from mice or rats of any age, and processed for alterations in
morphology and structure. Another advantage of this method compared to others is the
duration of the isolation procedure. It is not unreasonable to expect to isolate cells from
5-7 adult hearts in an hour when working alone, not including preparation of buffers nor
time spent culturing cells. This number is substantially increased when working in a pair
(10-15 per hour), or when isolating from neonatal hearts as the perfusion time is reduced.
Langendorff based CM isolations typically take 40-60mins per adult heart and require a
specialized perfusion apparatus. Another beneficial outcome of this method is that during
perfusion, all blood is evacuated from the vasculature, ensuring no erythrocyte
contamination in the isolated cells without performing a red blood cell lysis step. Previous
studies using perfusion in other tissues have noted that elimination of erythrocyte
contamination is essential for producing high-quality images and isolated cells (Assmus

et al., 2010; Chow et al., 2005; Toyota et al., 2002).
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Figure 12. Isolation of cardiomyocytes (CMs) for cell measurements upon
phenylephrine (PE)-treated hearts in vivo. (A and B) Representative images of PBS-
treated (A) and PE-treated (B) CMs isolated using the perfusion-based method (n = 6
mice per time point). (C and D) CMs treated with PBS or PE were measured (n > 100
cells measured per group) and average length/width ratio and cell area are displayed.
PE-treated cells are significantly wider and larger in area compared with PBS-treated
cells. Student’s t test was used to test for significant differences. *, p < 0.001. Scale bars
= 50pm.
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We have successfully cultured these freshly isolated CMs overnight and have not
cultured them for long periods of time. The overnight cultures retain their rod-shaped
phenotype. Long-term culturing of rodent CMs has been problematic, as adult rat CM
cultured cells do not retain their phenotype over time whereas adult guinea pig ventricular
myocytes retain their phenotype (Horackova and Byczko 1997; Horackova and

Mapplebeck 1989).

In summation, we have now established an efficient and reproducible method for
rapid CM isolation from postnatal murine hearts of any age. We envision that this method
will have broad utility, allowing rapid and efficient isolation of all cell types that comprise
the post-natal heart, including CMs, endothelial cells and fibroblasts. Furthermore, these
cell types can be separated and studied individually using flow-assisted cell sorting
(FACS). We also believe that the method can be readily scaled and adapted for the

isolation of CMs from larger animal models.

Finally, this method was used for collaborative experiments such as “Cardiotrophin
1 stimulates beneficial myogenic and vascular remodeling of the heart” by Abdul-Ghani
et al. (2017). Mice were treated with exogenous cardiotrophin 1, and our method was
used to isolate and measure cardiomyocyte size after the induction of hypertrophy.
Cardiotrophin-1-treated hearts were significantly larger than wild-type, however
maintained the same length-to-width ratio. This is in contrast to PE-treated hearts which

are larger, but primarily due to eccentric pathological growth.
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Chapter 4: Identification and analysis of the perinatal transitional gene program
Soon after birth, cardiomyocytes cease to divide, and the subsequent increase in
myocardial mass is accomplished by growth in the size of the individual cells (Brooks et
al., 1998). This growth strategy is universally conserved in mammals. The mammalian
heart's ability to proliferate is lost shortly after birth (Porrello et al., 2011a). However, very
little information is available regarding the regulatory factors that manage the expression
of growth regulators and how such factors manage the irreversible shift in cardiac cell

proliferation.

Several studies have previously aimed to identify major changes occurring during
this period, however these studies often suffer from a lack of temporal resolution. Most
studies using two timepoints (i.e comparing 1D vs 10D or 1D vs adult) are not able to
identify transient changes occurring over the course of days. We expected, and
confirmed, that many important genetic alterations were being missed due to the lower
resolution of previous studies. To address this issue, we executed a high-resolution
microarray analysis (embryonic day 19 (E19), 1-day (1D), 3D, 5D, 7D, 10D and 35D) of
the neonatal period to identify transcripts which have varying expression throughout the

neonatal period.

Bioinformatic analyses using DNAStar: ArrayStar, Partek, and Ingenuity Pathway
Analysis revealed valuable clustering data that was used to better characterize the
neonatal transition. In parallel, we also performed microarray analysis for miRNAs
expressed during the neonatal period as we hypothesized that miRNAs are a key
regulator of the transitional program. By using the approach as is taken during early

cardiac development, we were able to identify and characterize a neonatal transitional
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program that promotes cell cycle withdrawal, and thereby inhibits cardiomyocyte

proliferation to establish the adult physiologic growth program of cardiomyocytes.

4.1 Identification of the perinatal transitional period

Our first aim was to define the time-frame of the neonatal transitional program and
optimal timepoints for gene expression analysis. Western blot analysis was performed on
neonatal mouse hearts to analyze the expression of several key cell cycle markers. These
expression profiles were used to outline the important transitional period. Through
analysis of multiple timepoints, we determined the period when the transition from
hyperplastic to hypertrophic cardiomyocytes begins during the neonatal period (Figure

13A).

Phosphorylated retinoblastoma protein (p-Rb) is a G1/S checkpoint marker that
has been shown to be downregulated in adult cardiomyocytes (lkeda et al., 1996;
Neganova and Lako, 2008). Total Rb levels increase during the neonatal period, however
the phosphorylated form is initially expressed at high levels, then sharply decreases after
5D (Figure 13A). Although Rb protein accumulates in the neonatal heart, the lack of
phosphorylation leads to the inhibition of cell cycle progression. Figure 13A also
demonstrates total and p-Rb expression is significantly lower in the adult heart compared
to any timepoint in the neonatal period, further confirming that expression of cell cycle

markers is downregulated in adult hearts.

Cyclin-Dependent Kinase 1 (CDK1) is a serine/threonine kinase directly involved
in activating cell cycle progression (Malumbres et al., 2014; Woo and Poon, 2003b).
Phosphorylation of CDK1 (p-CDK1) is commonly used as a marker to identify cells active

in G2/M. Total CDK1 levels remain constant throughout the neonatal period and into
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Figure 13. Cell cycle kinetics and remodeling of the neonatal heart. A) Cell cycle
markers PRC1, phospho-Rb (p-Rb), and phospho-CDK1 (p-CDK1) protein expression in
wild-type hearts as assessed by Western blot analysis. Dicer expression is also shown
as a marker of neonatal miRNA production. Extracts from post-natal hearts were pooled
(n=3 hearts and 30ug protein per lane) and fractionated by SDS-PAGE. Western blots
are representative images from 3 independent experiments. B) Gelatin zymography
analysis of matrix metalloproteinases in the postnatal heart shows that the heart
undergoes significant remodelling in the perinatal period. Each sample consists of three
pooled hearts with protein extracted and run on SDS-PAGE followed by overnight
incubation at 37°C in 50mM Tris pH 7.4, 1mM CacCl, 1uM ZnCl and subsequent staining
with Coomassie Brilliant Blue. Zymography shown in representative of 3 independent
experiments.
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adulthood (Figure 13A). We observed that p-CDK1 levels are initially high at 1D, then
decrease until 7D when there is a resurgence of expression (Figure 13A). After 7D,
p-CDK1 expression is reduced and nearly absent in the adult heart. Similar to Rb, there
is dephosphorylation of CDK1 during the neonatal period and inhibition of proliferative
signaling. The decrease in p-CDK1 levels also occurs 2 days after p-Rb levels have
similarly been reduced. These observations support the contention that cardiomyocytes
that have been progressing through G1/S at 3D and 5D, then rapidly initiate their final cell

divisions (G2/M) in the post-natal period.

Protein Regulator of Cytokinesis 1 (PRC1) is required for the formation and
pinching of the contractile ring during cytokinesis (Jiang et al., 1998). PRCL1 is activated
by CDKs and interacts with Anillin to mediate formation and pinching of the contractile
ring in dividing cells. After the perinatal period, cardiomyocytes no longer express PRC1
and have lost the ability to divide (Jiang et al., 1998; Mollinari et al., 2002). Interesting to
note is that PRC1 levels, similar to p-Rb, also peak at 5D and then decrease until absent
in the adult heart (Figure 13A). This reduction in PRC1 expression likely plays a direct

and important role in the lack of cytokinesis in terminally differentiated cardiomyocytes.

Finally, based on our hypothesis that non-coding miRNAs play an important role
in the neonatal transition, we examined the expression of Dicer, the sole protein
responsible for processing immature pre-miRNAs into mature miRNA. Dicer expression
levels are variable but expressed throughout the first 10 days of life (Figure 13A),
consistent with the timeframe of miRNA production. Dicer expression peaks at 3D and

10D. Notably, this increase in Dicer expression at 3D precedes the decrease in
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expression of p-Rb, p-CDK1, and PRCL1. In adult hearts, Dicer expression is dramatically

downregulated (Figure 13A).

The perinatal heart undergoes significant remodeling in preparation for a lifetime
of stress with no ability to rest or heal. Matrix metalloproteinases (MMPs) are important
for heart collagen remodeling in both the perinatal stage and during heart failure (DeCoux
et al., 2014). In both cases, the heart is undergoing significant changes to its morphology
and thus extracellular matrix (ECM) reorganization is a critical component of cardiac
hypertrophy (Borg et al., 1984). A protein gelatin zymography assay was performed on
mouse perinatal heart lysates to observe where the gelatin was degraded by MMPs. A
detailed description of the zymography method used is found in Methods chapter 2.3. The
zymography assay indicates that throughout the neonatal period, there is extensive
MMP-2, -3, and -9 activity (Figure 13B). MMP-9 activity is highest immediately after birth
and decreases gradually over the neonatal period, while MMP-2 and MMP-3 remain
highly active throughout the neonatal period. MMP-3 and MMP-9 show very low
expression in the adult heart, while some MMP-2 activity remains. This is consistent with
previous data showing that MMP-2 is expressed in nearly all cardiac cells (DeCoux et al.,
2014). The results show that overall MMP activity is high to during the neonatal stages

but has mostly ceased in the healthy adult heart.

From our initial western blot and zymography analyses, we were able to determine
that during the first 10 days of life, the murine heart is undergoing significant changes in
protein expression. At 5D post-birth, there is a transition that results in downregulation of
cell cycle signaling, starting with the G1/S checkpoint marker p-Rb, followed by the G2/M

marker p-CDK1. miRNA production is also very high during this period as indicated by
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Dicer expression, suggesting that miRNA processing and expression is active throughout
this transition. Finally, MMP activity is high postnatally, consistent with the significant ECM

remodelling occurring during this period.

Based on this 10D window we identified, our next goal was to analyze expression
patterns of mMRNA and miRNA during this period. For microarray analysis, two additional
time-points were included: E19 and 35D for pre-birth and post-adolescent comparisons,

respectively.

4.2 Microarray Analysis

Microarray analysis was performed on mouse hearts from multiple time points
between E19 and 35D. A detailed description of our microarray experiment is described
in the Methods chapter 2.1. To mitigate time-point variation, between 9 to 18 hearts were
collected from each time-point (E19, 1D, 3D, 5D, 7D, 10D, and 35D). For each time-point,
three MoGene 1.0 Exon Array mRNA microarray replicates were performed with three
pooled hearts for each. The MoGene 1.0 Exon array was chosen due to its ability to
examine intronic splicing as well as total MRNA transcript levels. Additionally, two Solexa
mMiRNA microarrays were run for each time-point with three pooled hearts, in parallel to
the mRNA microarrays. A schematic of our experimental method is shown in Figure 14.
Data was examined by comparing one timepoint to the previous (i.e. E19 versus 1D). To
determine the number of significantly differentially expressed genes and miRNAs,
datapoints were filtered at a p-value<0.05 and ranked by fold-change. A fold-change
threshold of 1.5, and a p-value threshold of p<0.01, were chosen because even small but

significant changes in upstream regulators may produce large downstream global effects.
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Figure 14. Experimental timeline of microarray experiment. For mRNA, a total of 63
hearts were collected and analyzed over 21 Affymetrix GeneChip Mouse Exon 1.0 ST
microarray chips. Hearts were collected from each time pointin E19, 1D, 3D, 5D, 7D, 10D
and 35D old mice. Hearts were pooled into groups of three and RNA was extracted using
the Qiagen mRNA isolation kit. One microgram of total RNA was used on each chip. For
MIiRNA, 42 hearts were analyzed over 14 Illumina Solexa Microarray chips. Three hearts
were pooled for each timepoint and processed into experimental duplicates to run on 14
chips. cDNA was normalized through Robust Multi-Array Average (RMA) and gene level
analysis was run through a 1-way Analysis of Variance (ANOVA). MicroRNA data was
processed through a Log?2 transformation and a 1-way ANOVA.
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Using these thresholds, volcano plots were created to quantify the number of
MRNAs (Figure 15) or miRNAs (Figure 16) upregulated or downregulated when
comparing each time point (approximately 1 million exons analyzed). Large variations in
MRNA expression occur at E19 vs. 1D and 10D vs. 35D (Figure 15). Between E19 and
1D, 283 mRNAs are downregulated and 164 are upregulated. These large scale
alterations have been suggested to originate from the birth process, which causes
significant changes in blood pressure and oxygen levels in the heart, resulting in a
massive increase in reactive oxygen species (ROS) and shear-stress response in
vascular and myocardial cells (Puente et al., 2014). In each of the comparisons of 1D vs
3D, 3D vs. 5D, and 5D vs. 7D, there are only 50-100 total significantly changing genes at
each time-point. Interestingly, mRNA fold-changes follow a cyclic pattern that fluctuates
between upregulation and downregulation during this transition. From 7D to 10D there
are 324 downregulated mRNAs, while only 75 are upregulated. From 10D to 35D there
are 1129 upregulated mRNAs and 457 downregulated mRNAs. The greater time-frame
and maturation between 10D and 35D also explains the high number of significantly
changing genes. This cohort of MRNAs represents the maturation undergone by the
adolescent heart. The large changes occurring from 7D to 10D identifies this as a critical
timepoint for heart maturation, as hundreds of genes are changing in a time-span of only

3 days (Figure 15).

As expected, due to the relatively smaller number of miRNAs detected, the total
number of significantly changing miRNA targets is much lower compared to the total
number of altered mMRNAs (Figure 16). However, there are both similar and contrasting

patterns between the mRNA and miRNA data. Between E19 and 1D there are 18
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Figure 15. Microarray analysis of the perinatal heart. A) Volcano plots comparing the
microarray expression of mMRNA in the heart from embryonic day 19 up to adult life. RNA
was run on a GeneChip Mouse Exon 1.0 ST Array. Volcano plots were generated using
DNAstar: Arraystar. Coloured points fit the criteria of at least a 1.5 fold-change and
p<0.01. Coloured points fit the criteria of at least 1.5 fold-change and p<0.01.
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Figure 16. Microarray expression of microRNAs in the heart from embryonic day
19 up until adult life. miIRNA was run on lllumina Solexa mouse microRNA analysis chip.
MicroRNA data was processed through a Log2 transformation and a 1-way ANOVA.
Bolded points fit the criteria of at least 1.5 fold-change and p<0.01. All statistical results
were run through the False Discovery Rate (FDR) algorithm to correct for effects
introduced by multiple testing (FDR<0.05). Post-hoc analysis was performed using
Tukey’s biweight function. Volcano plots were generated using Partek software.
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upregulated and 15 downregulated miRNAs. From 1D to 3D there are only 7 upregulated
and 23 downregulated miRNAs. During the neonatal period, the largest number of
changing miRNAs occurs from 3D to 5D, with 10 miRNAs being upregulated and 44 being
downregulated. 5D hearts compared to 7D hearts only have a total of 10 changing
mMiRNAs. Between 7D and 10D there is a total of 15 upregulated miRNAs and 8
downregulated miRNAs. Similar to the observations in the mRNA analysis, the largest
number of significant changes occurs between 10D and 35D. Contrasting the mRNA
expression overall increase between 10D and 35D, there are significantly more
downregulated miRNAs than upregulated miRNAs during heart maturation. This agrees
with the functional role of miRNA to promote degradation of mRNA transcripts. The
second largest number of changing miRNAs occurs between 3D and 5D, which precedes
the most significant neonatal MRNA timepoint (7D vs. 10D). Although the number of
significantly changing miRNAs is lower, each miRNA is able to target many transcripts
and inhibit their activity (Bartel, 2004). A few changing miRNAs can have widespread
effects on multiple signaling and regulatory pathways. Our data shows that more changes
are occurring in mMRNA expression, but the number of changes observed in miRNA

expression indicates that they are involved in the neonatal heart transitional program.

4.3 Gene Ontology

After observing significant genomic alterations throughout the neonatal period, we
sought to identify co-regulated groups of genes that may be involved in regulating
neonatal heart maturation. First, the microarray expression data was clustered
hierarchically into groups following similar expression patterns. After hierarchical

clustering, the mRNA data was categorized using gene ontology (GO) analysis (Figure
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17). GO analysis was performed to identify whether there was a functional relationship
between transcripts following similar expression patterns. The significant clusters
identified from the GO data shown in Figure 17 were then categorized to examine the
gene transcripts involved and their functional properties within the clusters (Table 3).
Each significantly changing cluster has a graph with the gene expression pattern shown
immediately below the cluster number. In the second column, the sub-categories within
each cluster are broken down and the significantly changing genes are displayed in the

third column. Finally, the p-value for each group is displayed in the fourth column.

Several patterns were identified in the clustered data such as overall
increases/decreases in expression, or transient changes occurring at specific time-points.
These analyses revealed many hierarchical clusters containing genes involved in the
same biological functions, suggesting co-regulation by the transitional program during the
neonatal period. Three major ontological processes were identified through our analysis.
The first, metabolism, which includes clusters 3 and 15. Cluster 3 shows a cyclical
variation in expression levels of transcripts related to oxidation-reduction process
(p=6.95E-11), transport/protein transport (p=1.20E-08 and 3.50E-04, respectively)
metabolic process (p=1.76E-04), fatty acid beta-oxidation (p=3.17E-04), fatty acid
metabolism (p=3.30E-04), lipid metabolism (p=1.33E-03), autophagy (p=2.17E-03),
2-oxoglutarate metabolism (p=8.59E-03), and tricarboxylic acid cycle (p=0.0149). Cluster
15 shows additional changes in metabolic signaling (p=6.25E-05) and follows the
opposite cyclical regulation pattern as cluster 3. The processes present in these clusters

are generally related to metabolism and the transition from glycolytic to fatty-acid
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Cell Cycle (p=NS)
Apoptotic process (p=NS)
Cell Cycle (p=4.82x10-29)

Cell Cycle (p=2.89x10-13)

Cell Adhesion (p=0.006)
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Figure 17. Microarray gene ontology analysis. Average-linkage hierarchical clustering
and heat maps of differentially expressed genes were generated using Morpheus cluster
program (https://software.broadinstitute.org/morpheus).
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Detailed ontological analysis of mRNA microarray data.

Cluster GO Term Genes P-value
1
/\/ Angiogenesis PTK2, HTATIP2, MEOX2, SRPX2, EGFL7, EFNA1, CCR2, HBEGF, PLCD1, THY1 0.005844896
2
C3AR1, CCL2, CYSLTR1, LYN, CCR1, CSF1, LYS6, TLR13, CCLY, EPHX2, TLR3, PF4, CCL6, CD163, CCRL2, REL, AGTR1A,
/\/ Inflammatory Response 2C3H12A, CLECTA 0.013255114
3 UQCRC2, SC5D, ENOX2, EHHADH, DNAIC10, PRDXS, UQCRFS1, NDUFS7, NDUFS4, IDH3G, GPX4, NDUFSS, CREG1, SPR,
Oxidation_Reduction PDHA1, ASPH, ACADS, AKR7AS5, HADH, NQO1, NDUFS2, NDUFS1, SDR39U1, ACADM, ACADS, CBR4, ACADL, NDUFA10,
/\/\/ o GMPR, DDO, DHDH, OGFOD1, SCCPDH, DLD, OXNAD1, 48334301 19RIK, MECR, NDUFBS, NDUFBE, NDUFBS, ALDH3A2, 6.95E-11
rocess GLRX2, ETFDH, IDH1, ETFB, PTGR2, NDUFAS, NDUFAG, PHYH, IDH3A, MSRB2, SOD2, SDHA, ADI1, HSDL2, FOXRED1,
ALKBH3
DYNC1LI1, CHMPA4C, PITPNA, ACBDS, CUL3, SLC2A4, VPS13A, PITPNC1, SLC25A26, SAR1B, RAB21, SCAMPI, VTI1E,
VTI1A, SLC25A32, RAB18, SLC25A38, TMEM184C, RABLO, VPS26A, CROT, ZFANDG, CLCN3, MTX2, STAMZ, SNX4, KCNIZ,
SLC29A1, SLC11A2, STX17, STX16, TESC, OSBPL2, TRPC6, NIPA2, NIPAL, CRAT, RAB33B, VDACI, SLC25A12, SLC25A11,
Transoort P2RX4, SLC25A13, AKTIP, FOXRED1, YIPFS, SLC25A16, UQCRC2, ENOX2, UQCRFS1, PEX7, NDUFS7, NDUFS4, AP1S2, 1.20E.08
P ATPS5S, NDUFSS, NDUFS2, NDUFS1, ATPSJ, SNUPN, DYNLT3, NDUFA10, TIMM44, TMEM38B, ATP6V1C1, ATGA4D, :
ATGAC, CLICS, KPNA4, KPNA3, SNX13, KPNA1, ATG10, NDUFBS, NDUFBS, SNX14, NDUFBS, STAU2, GLRX2, TMEDS,
BCAP29, ABCD2, SLC25A46, ETFDH, ABCD3, EXOC6, EXOCS, ETFB, EXOC1, TMC7, NDUFAG, NDUFAG, RUFY1, MICALLY,
SDHA, SLC17AS, COG6, ATPEVIEL, YKTE
COASY, GLB1L, EHHADH, ECHDC1, ARSK, ECHS1, ACAT1, ALDH3A2, AUH, FAHD1, GPHN, ALAS1, ACSL1, NTSC3,
Metabolic Process PHOSPHO2, SRR, GSTZ1, GNPAT, PDHA1, ACADS, SUCLA2, PDHX, DLST, ACADM, GSTA4, LPGAT1, SPTLC2, ACADS, 1.76E-04
NADK, DLAT, ACADL, UGT1A10, HDHD3, NEU1, FLAD1
Fatty acid beta-oxidation | ACADM, EHHADH, ABCD2, ECHS1, ABCD3, HIBCH, HADH, ACAT1, CROT, AUH, PEX7 3.17E-04
Fatty acid metabolic ACADM, ACADS, EHHADH, PRKAG1, ABHDS, AMACR, PRKAB1, ADIPOR2, ECHS1, ADIPOR1, LYPLA1, CBR4, CRAT, 3 30E-04
process ACADL, ACSL1, HADH, MECR, CROT, GHR ‘
ZFANDS, ATG10, CHMPAC, SNX14, STAM2, MTX2, SNX4, PPT1, PEX7, AP152, TMEDS, STX16, BCAP29, VPS13A, EXOCE,
Protein transport EXOCS, SAR1B, RAB21, EXOC1, SCAMP1, TESC, RUFY1, VTI1B, TIMM44, VTI1A, RAB338, MICALL1, COGE, ATGAD, 3.50E-04
AKTIP, RAB18, ATGAC, YIPF5, KPNA4, RAB10, KPNA3, SNX13, VPS26A, YKT6, KPNAL
SCS5D, CDIPT, ACP6, EHHADH, PRKAG1, ABHDS, ECHS1, PTEN, ACSL1, INSIG2, INPPSE, HADH, OMAL, IAH1, PLA2G16,
Lipid metabolic Process | ACADM, LPGAT1, SPTLC2, ACADS, PRKAB1, ADIPOR2, ADIPOR1, CIDEA, LYPLA1, CBR4, CRAT, ACADL, CHPT1, PTPN11, | 0.00133526
DGAT2, NEU1, MECR, CROT
ATG10, ATG12, FUNDC1, EPM2A, RNF185, 1600014C10RIK, OPTN, ACBDS, VTI1A, RAB33B, LAMP1, ATG4D,
Autophagy MAP1LC3A, ATGAC, TMEMSS, STX17, VPS13A 0.00217721
2-Oxoglutaratemetabolic | ) o1 o1 D36, DL, IDH1, IDH2A, GHR 0.00859903
process
Tricarboxylic acid cycle SDHA, DLST, IDH3G, IDH1, DLAT, PDHA1, SUCLA2, IDH3A 0.0149538
4 Antigen processing and
presentation of exoBenous | |, oy \incaspt, Ha-As, H2-ABY, TRAFG, CD74 6.13E-04
peptide antigen via MHC
class 1l
Immune Response FYB, ENPP1, IGK-V28, H2-AB1, CTSS, VAV1, CD74, TNFSF13B, H2-EB1, H2-AA, FAS, TRAFG, BMPR1A, CD28, LCP2 0.00659526
10
\/\/ cell cycle CDC7, NASP, DBF4, BRCA2, PRKCD, ESCO2, CCNE2, UHRF2, KIF208, FBXOS, USP37, LINS4, HELLS, DSCC1 0.007117464
11 DNA-templated EID1, TAFLD, AHCTF1, TCEALS, RLIM, STAT4, GTF2E2, TSPYL2, WBPS, TCERG1, MED29, TARDBP, TBPLL, MLLT3,
mp POLR3G, KAT2A, PLAG1, KHDRBS3, TAF6, RCOR2, TAFS, CCNL1, PKN2, NCOA7, KLF15, SUZ12, HDAC2, RFC1,1D2,5P4, | 0.001170222
\/ transcription THRAP3, PSPC1, ZIK1, AKAPS, PBX3, TFB1M, TBLIX, PBX2, XRN2
) KHDRBS3, CSTF2, SNRPD1, HNRNPM, AQR, TARDBP, THRAP3, DHX15, CPSF6, PTBP2, HNRNPH1, XRN2, 1110037FO2RIK,
mRNA processing PRPE40A a 0.006486444
Centriole replication CEP72, SASS6, CEP135, CEP63, CENP) 0.009831288
12
Phopsphatidylinositol- PIK3C2A, GSN, OGT, IRS1 0.035756962
mediated signaling
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Cluster GO Term Genes p value
15 H5D17B10, GMPR2, ME2, SORD, FDX1, GLUD1, ETHEL, EGLN1, PRDX3, PRDX, PDHB, HIBADH, NDUFB2, MTHFDL,
Oxidation reducti CYP39A1, AGPS, IVD, MMACHC, CH25H, DHODH, ALDH4A1, GSTO1, ERO1L, DHTKD1, RTN4IP1, HIGD1A, NQO2, 6.25F.06
XiGation-reduction process | ) piga1, GCDH, ALKBH7, NDUFAS, AIFM1, AKR1E1, BCKDHB, SDHB, LZHGDH, JMIDG, SDHC, NDUFV2, TXNRD2, 2ok
MDH1
Metaboli BCAT2, ME2, XRCC6, ACSS2, PDHB, RNGTT, GSTM7, MTHFD1, MUT, IVD, OXCT1, GYS1, ALDH4AL, UCK2, GSTO1, 0.001009087
etabolic process DHTKD1, ACSL4, CTBS, ACSLS, GCDH, ALDHBA1, ACY1, BCKDHB, PFKP, DBT, PCX, UCKL1, PLA2G6, UGP2 :
Protein folding FKBPS, ERP29, FKBP3, FKBP1A, CCT2, CCT3, PPIF, TRAPL, TXNDC11, CCT4, PPIB, BAGZ, ERO1L 0.028189345
16 Negative regulation of USP3, HCFC1, CNOT1, FOXO3, FOXPL, CDKN1C, PCGF2, SIN3B, KDM2B, SIN3A, GATAG, NEDD4, SALLL, IFT172,

transcription from RNA pol 1l

PER2, GATAD2A, PER1, PTCH1, RARA, ETV6, KDM5C

0.001647289

Negative regulation of DNA-
templated transcription

PTPRK, RUNX1T1, SMAD2, FOXP1, SIN3B, SIN3A, SFRP1, GATAG, SALL1, PER2, GATAD2A, PER1, PTCH1, RARA,
LIMD1, KDM5B, KDM5C

0.01808314

Uteric bud development

SFRP1, SALL1, SMAD6, SMAD2, RARA, VCAN

0.042505832

Al

KIF23,E2F1, CLSPN, E2F7, E2F8, PKMYT1, CDT1, CCNE1, RAD21, MCM7, DDX11, PAK4, INCENP, CDCA2, CDCAS,
CCNA2, ASPM, CDCA3, CDC6, RBL1, 5GOL1, MCM2, MCM3, UBE2C, MCMA4, ECT2, MCM5, WEE1, MCMB6,

Cell cycle NCAPD2, UHRF1, TIMELESS, APITD1, CNTROB, BUB1B, NEK6, CKS1B, CHEK1, ANLN, MDC1, NCAPG2, BUB1, 4.828-29
MKIE7, WDRS, BIRCS, CENPE, PMF1, REEP4, GSG2, CDC25A, BRCAL, CENPT, CHAF1A, SMC1A, CIT, CHAF 1B, USP44
KIF23, CKS1B, ANLN, CCNE1, RAD21, NCAPG2, INCENP, BUB1, CDCA2, CDCAS, CCNA2, ASPM, CDCA3, CDC6,
Cell division SGOL1, CENPE, BIRCS, PMF1, UBE2C, ECT2, REEP4, MCMS, CDC25A, WEE1, NCAPD2, APITDA, TIMELESS, CNTROE, 1.80E-15
BUB1B, CENPT, SMC1A, CIT, NEK6, USP44
KIF23, ANLN, RAD21, NCAPG2, INCENP, BUB1, CDCAZ, CDCAS, CCNA2, ASPM, CDCA3, CDC6, SGOL1, ESPL,
Mitotic nuclear division BIRCS, CENPE, PMF1, UBE2C, REEP4, CDC25A, WEE1, NCAPD2, APITD1, TIMELESS, BUB1B, CENPT, SMC1A, CIT, 2.47E-15
NEKG, USP44
DNA replicati RECQL4, GINS1, GINS2, CDC6, DTL, POLE, MCM2, MCM10, MCM3, MCM4, BRCA1, MCMS, MCME, CDT1, PRIMA, 6.23E-15
replication RPA2, DNA2, MCM?7, POLD1, CHAF1A, POLQ, CHAF1B 23k
Cellular response to DNA CLSPN, E2F7, CHEK1, MCM10, MEN1, RPA2, RAD21, MCM7, DDX11, MDC1, FANCG, POLQ, PALB2, FANCA, TOP2A,
EXO1, MSH6, DTL, POLE, TOPBP1, RAD54L, BRCA1, DNA2, UHRF1, DCLRE1B, APITDA, TIMELESS, SFPQ, SMC1A, 5.79E-14
damage ABL1, CHAF1A, CHAF1B, UBE2T, BARD1
CLSPN, CHEK1, ANKLE1, RPA2, RAD21, MDC1, FANCG, POLQ, PALB2, FANCA, EXO1, MSHS, TRIM28, POLE,
DNA repair TOPBP1, RADS4L, BRCA1, DNAZ, UHRF1, DCLRE1R, APITD1, SFPQ, SMC1A, ABL1, CHAF1A, CHAF1B, UBE2T, 8.32E-12
BARD1
. SGOL1, ESPL1, BIRCS, CENPE, PMF1, BRCA1, RAD21, INCENP, BUB1, CDCAZ, CENPT, CDKSRAP2, TOP2A, NEKS,
Chromosome segregation USPa4 8.35E-09
DNA replication initiation CCNE1, €DC6, MCM7, TOPBP1, MCM2, MCM3, MCM10, MCM4, MCMS, MCM6 1.05E-08

G1/S transition

CCNE1, POLE, SKP2, IQGAP3, TCF19, CDCAS, CAMK2A, CDC25A, ACVR1

0.001439932

Protein phosphorylation

PDK1, PASK, TRIM28, STK35, PKMYT1, CHEK1, BIRC5, G5G2, WEE1, CCNE1, DDR1, HUNK, PAK4, BUB1, BUB1B,
NRK, DYRK3, CIT, CSK, ABL1, CAMK2A, NEK6, ACVR1

0.006143795

DNA unwinding for
replication

MCM7, MCM2, MCM4, TOP2A, MCM6

0.006281111

Phosphorylation

PDK1, CHKB, PASK, STK35, PKMYT1, CHEK1, GSG2, WEE1, DDR1, HUNK, PAK4, BUB1, BUB1B, DYRK3, NRK, CIT,
CSK, ABL1, CAMK2A, NEK6, PRPS2, ACVR1

0.048812059

20

NEK2, AURKA, CEP55, PTTG1, AURKB, FAMS3D, SPC24, SPC25, KIF2C, NCAPH, CDCAB, BUB3, ERCC6L, CENPN,

Mitotic nuclear division KIF11, NUF2, TPX2, CDC25C, CCNB1, CCNB2, NUP62, RCC2, SPAGS, PLKL, NSL1 2.67E-14
SPIN, PRCL, NEK2, FOXM1, AURKA, CEPSS, AURKB, PTTG1, FAMS3D, SPC24, KIF2C, SPC25, CDCAS, NCAPH,
cell cycle CDKN2C, H2AFX, BUB3, ERCC6L, CKAP2, KIF11, DLGAPS, NUF2, TPX2, RACGAP1, CDC25C, CCNB1, CDKN1A, 2.89E-13
CCNB2,RCC2, SPAGS, PLKL, NSL1, CHTF18
- PRC1, NEK2, AURKA, CEPSS, PTTG1, AURKB, FAMS2D, SPC24, SPC25, KIF2C, CDCAS, NCAPH, BUB3, ERCCGL, KIF11,
Cell division 2.51E-11

NUF2, TPX2, CDC25C, RACGAP1, CCNB1, CCNB2, RCC2, SPAGS, PLK1, NSL1

Chromosome segregation

KIF2C, CENPN, SPC25, KIF11, NEK2, SPAGS, NSL1, PTTG1, BUB3

0.001053769

Mitotic sister chromatid
segregation

CDCAB, PLK1, NEK2, SPAG5, NSL1, BUB3

0.001308979

Mitotic cytokinesis

CKAP2, PLK1, KIF4, CEP55, RACGAP1, KIF20A

0.005262691
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Cluster

GO Term

Genes

p value

AVAVAN

Cell adhesion

ATP1B2, TLN2, PCDH20, PTK7, EDIL3, EPHB4, CDHB, LPXN, CNTNAP1, ZYX, COL18A1, ICAM1, COL13A1, SDK2,
PCDH8, NID1, PTPRU, SLAMF1, TINAG, COL5A1, CTNNA2, LAMAT, EPHAS, ITGAS, CNTN3

0.00350982

Multicellular organism
development

DCC, NANOS3, SHROOMS3, EVX1, GLIS2, EDIL3, FOXO4, EPHB4, SCRIB, EPHB2, ARHGAP22, UNCSB, DDX25, SMOC1,
DNER, ROBO2, AGRN, ALX4, DISC1, PHC1, COL18A1, DVL2, COL13A1, ENC1, SLIT1, CTNNAZ, DLX3, NOTCH2,
NOTCH1, NAV1, CATSPER3, EPHAS, SPATA18, EFNAS, NLRP14, EDA, IGSFS, TBX18, INTU

0.005692534

Multicellular organism
development

PDGFB, JAG2, HIC1, PAQRS, SEMASB, ANGPTLE, HOXCE, HEY1, PIWIL1, ROBO4, SEMA3B, PLXND1, CCNA1, ZBTB7B,
INSM1, ARC, NES, TWF2, DLL3, FZD1, DPYSL2, MSX1, NOTCH4, BIN1, CHRD, DBN1

0.018302935

Cell adhesion

CADM4, CLSTN1, PCDH12, ITGB3, PCDH17, COL16A1, EMILIN2, CDH5, PCDH18, ISLR, COL14A1, SULF1, COL6A2,
COLBA1, SPON2, THBS3, AOC3

0.002508207

22
23
26

Extracellular matrix

process

organation RECK, COL4A2, TNXB, ADAMTSL4, ELN, NFKB2, EMILINL, LAMAZ, FBLN1, COMP, FBLNS, AGT, PDGFRA, LAMCL, FN1 3.04E-08
P Multicellular oranism | TSH22 TNFRSF26, TBX20, ANPEP, JAG1, EPHB3, GLI1, SEMASA, MUSK, TNFRSF 114, UNCSC, FGF2, DCLKL, ZFP423,
& OBSCN, EFNBL, TBXS, MTLS, DLLL, NOTCH3, DKK3, SMO, EPHA4, ARVCF, DACTL, LRPL, EYA2, SEMAEC, SEMAED, 7.19E-05
—— | development PDGFRA, HHAT, NGFR, LRPS
29 Sterol biosynthetic CYBSR3, CYP51, MVD, HMGCS1, MVK, DHCR24, FDFT1 1.24E-06
/\/\ process
Cholesterol biosynthetic | ypops cyps1, MVD, HMGCS1, MVK DHCR24, FDFTL 3.71E-06
process
Steroid biosynthetic STARD3, CYBSR3, CYP5 1, MVD, HMGCS1, MVK, DHCR24, FDFT1 7.71E-06
process
Lipid metaholic Process | CYPS1, CYBSR3, SGPL1, ACOX1, MVD, LDLR, ABHD4, HMGCS1, FDFT1, PLCG2, PLCD3, MVK, DHCR24, PTDSS2, DEGS1 1.17E-05
Steroid metabolic process | CYBSR3, CYPS1, LDLR, MVD, HMGCS1, MVK, DHCR24, FDFT1 6.55E-05
Cholesterol metabolic | ypops cvps1, LDLR, MVD, HMGCS1, MVK, DHCR24, FDFTL 9.78E-05

Isoprenoid biosynthetic
process

MVD, HMGCS1, MVK, FDFT1

0.034445486

RNA was run on a GeneChip Mouse Exon 1.0 ST Array and analyzed via Ingenuity
Pathway Analysis. Graphs in the first column were generated with Microsoft Excel using
average value obtained from ontological analysis. cDNA was normalized through
Robust Multi-Array Average (RMA) and gene level analysis was run through a 1-way
Analysis of Variance (ANOVA). All statistical results were run through the False
Discovery Rate (FDR) algorithm to correct for effects introduced by multiple testing

(FDR<0.05). Post-hoc analysis was performed using Tukey’s biweight function.
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B-oxidation, which the post-neonatal heart uses as its primary energy source. This
fundamental shift from glycolysis to fatty acid oxidation is critical for proper heart

maturation and is reflected in the significance of the relationship in ontology.

The second overarching ontology observed was related to cell cycle processes,
and includes clusters 10, 11, 12, 16, 19, 22 and 20. Cluster 10 shows an overall reduction
in cell cycle transcript expression (p=7.11E-03), with a slight transient increase around
5D. Cluster 11 shows a decrease in DNA-templated transcription (p=1.17E-03), mRNA
processing (p=6.48E-03), and centriole replication (p=9.83E-03), likely due to
cardiomyocyte cell cycle withdrawal leading to reduced transcription and centriole
requirements. Cluster 12 shows a transient decrease in phosphatidylinositol-mediated
signaling (p=0.0357), specifically the PIBK/PTEN pathway, which is directly involved in
cell growth, proliferation, and differentiation. Cluster 16, like cluster 11, shows a decrease
in RNA pol 1l transcription and DNA-templated transcription (p=1.65E-03 and 0.0180,

respectively).

Clusters 19 and 20 are two of the most significantly changing clusters containing
the most changing genes. Cluster 19 consists of cell cycle (p=4.82E-29), cell division
(p=1.80E-15), mitotic nuclear division (p=2.47E-15), DNA replication (p=6.23E-15), DNA
damage response (p=5.79E-14), DNA repair (p=8.32E-12), chromosome segregation
(p=8.35E-09), DNA replication initiation (p=1.05E-08), G1/S transition (p=1.44E-03),
protein/overall phosphorylation (p=6.14E-03 and 0.0488, respectively), and DNA
unwinding for replication (p=6.28E-03). Cluster 20 shows gene regulatory changes in
some similar ontologies as cluster 19 such as mitotic nuclear division (p=2.67E-14), cell

cycle (p=2.89E-13), cell division (p=2.51E-11), and chromosome segregation
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(p=1.05E-03). Cluster 20 also contains ontologies not found in cluster 19, related to
mitotic sister chromatid segregation (p=1.31E-03) and cytokinesis (p=5.26E-03). Both
cluster 19 and 20 show drastic decreases in many cell cycle-related processes. Each of
these expression pathways are extremely important during embryonic heart development
to generate a fully functional heart and are then rapidly downregulated after birth. In
addition, both clusters show a transient increase in expression, however each cluster
peaks at a different timepoint. While cluster 19 is re-expressed from 3D to 5D, cluster 20
is re-expressed from 5D to 7D. This coincides with the G1/S and G2/M checkpoint
markers p-Rb and p-CDK1 expression previously shown in Figure 13, indicating that
either cluster is involved in regulating different stages of the cell cycle. Important
transcripts found within cluster 19 include: Weel, Chek1, Anillin, Cdc25a, Cyclin E1, and
E2F7. Notable members of cluster 20 are AurkA, AurkB, Ccnb1/2 (Cyclin B1&2), Cdc25c,

Kifl1, and Cdknla (p21).

The third major ontological process observed was related to heart growth and
extracellular matrix remodelling, and includes clusters 1, 21, 23, and 26. Cluster 1 shows
an increase in angiogenesis, which would be expected in the rapidly hypertrophying heart
(p=5.84E-03). Clusters 21, 23, and 26 all show varying changes in cell adhesion (cluster
21: p=3.51E-03, cluster 23: p=2.51E-03), organism development (cluster 21: p=5.70E-03,
cluster 26: p=7.19E-05) and extracellular matrix organization (cluster 26: p=3.04E-08).
While cluster 21 shows varying expression, clusters, 23, and 26 all shown upregulation
during the perinatal period, indicating an increase in regulation of cellular organization

and extracellular matrix remodelling.
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Several unique ontological clusters were also identified in the expression analysis.
Cluster 2 shows increased inflammatory response (p=0.0132), which may result from
increased ROS production after the coronary vasculature fills with more highly
oxygenated blood after birth (Puente et al., 2014; Torres-Cuevas et al., 2017). Clusters 5
through 9 showed distinct expression patterns, however there was no significant
relationship in ontology when tested by ANOVA. Finally, cluster 29 includes
sub-ontologies related to cholesterol and steroid biosynthesis and metabolism. Cluster
29 shows cyclical expression during the perinatal period, with expression decreasing in
adults. This cluster includes sterol biosynthesis (p=1.24E-06), cholesterol
biosynthesis/metabolism (p=3.71E-06 and 9.78E-05, respectively), steroid biosynthesis

(p=7.71E-06), lipid metabolism (p=1.17E-05), and isoprenoid biosynthesis (p=0.0344).

Based on the gene ontology data, we categorized 3 overarching ontological
changes occurring as part of the neonatal transitional period: 1) A metabolic switch toward
fatty acid oxidation throughout the neonatal period, 2) cardiomyocyte cell cycle withdrawal
revolving around 5D, and 3) ECM remodelling peaking around 7D. For our next step, we
sought to identify miRNAs that could be regulating cardiomyocyte cell cycle withdrawal

during the neonatal period.

4.4 miRNA expression patterns

Given the lower number of individual miRNA identified in the expression screens,
categorization through GO analysis on miRNA expression kinetics was not performed.
Rather, our approach was to identify significant miRNA changes occurring over the
neonatal timeframe, then further investigate the role of the specific miRNA that has been

established in the literature. For our analysis, we generated miRNA expression heat maps
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to identify the most significantly changing miRNAs at each time point during the perinatal
period. The most significantly upregulated miRNA by 5D is miR-205, undergoing a 20-fold
increase in expression over the first 5-days post-birth, followed by miR-200c and miR-141
(Figure 18A). Interestingly, miR-200c and miR-141 are both members of the miR-200
family. They are clustered together on chromosome 6 and are co-regulated by the same
promoter. The miR-200 family has previously been studied in the context of cancer, where
it has proven to be antiproliferative and is a promising therapeutic for inhibiting cancer
cell replication (Chen and Zhang, 2017; Koutsaki et al., 2017; Lim et al., 2013; Park et al.,
2008). MiR-205 is also closely associated with the miR-200 family due to its functionally
similar roles, common targets, and seed sequence. The effects of global miR-205 deletion
in mice was previously examined and proven to be neonatally lethal (Farmer et al., 2013).
Furthermore, miR-205 has primarily been studied in the context of cancer, where it
functions as a tumour suppressor (Greene et al., 2010b; Qin et al., 2013; Zhang et al.,
2014). MiR-205 is able to modulate cancer cell growth, division, and maturation via it's
involvement in the PI3K, Hippo and ZEB1/2 pathways (Greene et al., 2010b; Hashiguchi
et al., 2017). As mentioned in Chapter 1.3, the PI3K and Hippo pathways have both been
identified as essential for normal cardiac development (von Gise et al., 2012; Malillet et
al., 2013; Xiao et al., 2018). Based on its transient expression, temporal correlation with
the cardiomyocyte transitional program, and previous research suggesting a role in cell
division, we chose to further investigate the role of miR-205 in the neonatal heart, which

will be described in Chapters 5 and 6.

Many of the other significantly increasing miRNAs shown in Figure 18A were also

cited in studies revolving around cancer, and more specifically, the proliferative capacity
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Figure 18. miRNA microarray expression analysis. A) Heatmap data showing the
expression patterns of the most significantly changing miRNAs during the neonatal
period. All data was clustered hierarchically, and the most upregulated and
downregulated miRNAs were selected to be displayed. Of note is miR-205 which is
transiently upregulated. MiR-141 and 200c are members of a similar family and show co-
regulation with miR-205. B) miRNA microarray data from Figure 16 displayed as p-value
vs. fold-change at 5D. Note than miR-205 is the largest change occurring at 5D.
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of cancer cells (Garofalo et al., 2012; Kwon et al., 2019; Santolla et al., 2018; Sun et al.,

2019; Wang and Qin, 2018; Yong-Ming et al., 2017).

The most significantly downregulated miRNAs during the perinatal period were
miR-702, miR-543, miR-670, miR-665. Of note, these miRNAs have also been implicated
in several studies involving cancer and proliferative ability (Hu et al., 2018; Kim and Choi,

2012; Shi and Xu, 2016; Zhai et al., 2017).

4.5 Conclusions

Our microarray expression analyses have provided insight regarding the regulation
of gene expression during the neonatal cardiac growth transition, providing a novel
candidate miRNA for study. Using our temporal resolution approach, we have identified
many mRNAs and miRNAs that undergo significant changes in expression post-birth. We
were also able to observe an ontological expression pattern in cell cycle signaling to
confirm the widespread downregulation of factors that modulate cell proliferation
post-birth. Key findings include the characterization of the 3 overarching expression
patterns in the neonatal heart: a metabolic switch, cell cycle inhibition, and extracellular
matrix remodelling. Within the category of cell cycle regulation, there are 2 distinct
clusters which show transient upregulation at 5D and 7D, respectively. Additionally, we
observed the most changes occurring at the transition from embryonic to neonatal and
young to adult. Most importantly, we discovered significant RNA changes centralized
around 5D post-birth. Based on these observations we hypothesize that 5D post-birth is
a critical transition in the developing neo-nate heart. While the focus of our research has

remained on cell cycle, the other expression pathways also posit interesting avenues for
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further research. Our data will continue to be an invaluable tool in future studies regarding

neonatal heart development.

After analyzing mRNA expression patterns in the neonatal heart, we next sought
to identify relevant miRNAs that impact this same transitional period. Since the role of
mMiRNAs involved in cardiomyocyte proliferative capacity has not been studied in great
detail, there is a lack of literature identifying a role for the miRNAs we observed changing
during the neonatal period. We investigated the miRNAs to elucidate whether their role in
cancer and/or cell proliferation could be extrapolated to a role in the developing heart. A
key finding of our miRNA data analysis was the observation that miR-205 undergoes a
significant and transient 20-fold upregulation after birth to 5D, after which it decreases by
10D, with continued reductions in the adult heart. During the perinatal period, miR-205
expression displays the greatest alteration of any detected miRNA at 5D (Figure 18B).
Additionally, this expression pattern aligns with cardiomyocyte withdrawal from the cell
cycle. After reviewing the literature surrounding miR-205 in cancer, we concluded that
miR-205 may possess similar antiproliferative properties in the postnatal heart.
Furthermore, the study of miR-205 in cancer and epidermal development has shown it
can target Pten and Yapl, both of which participate in critical cell cycle regulation
pathways. In the PI3K pathway, Pten is a phosphatase responsible for dephosphorylating
phosphatidylinositol (3,4,5)-triphosphate (PIP3) into PIP2, resulting in inhibition of the
AKT signaling pathway to inhibit cell growth and replication (Goberdhan and Wilson,
2003). In the Hippo pathway, YAP1 is the downstream transcriptional co-activator that
activates a wide variety of genes to promote cell growth and division (Fa-Xing Yu, Bin

Zhao, 2016; Halder and Johnson, 2010). Based on miR-205’s compelling expression

105



Weldrick 2019

profile coinciding with cell cycle withdrawal, as well as the literature supporting miR-205’s
antiproliferative role in the PI3K and Hippo pathways, investigation into the role of

miR-205 in the inhibition of cardiomyocyte replication was warranted.
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Chapter 5: Micro-RNA-205 and its role in heart maturation

To support miR-205’s potential role in the cardiac transitional program, there is a
large body of literature describing miR-205’s role in cancer, specifically it's
tumour-suppressing activity. Evidence has shown that miR-205 is highly expressed in
many forms of cancer (Qin et al., 2013; W. et al., 2010), where it's overexpression is
hypothesized to act as a compensatory mechanism to reduce PTEN and Hippo pathway
signaling and limit cancer growth (Du et al., 2017; Zhang et al., 2014). Elevated
expression of miR-205 in various forms of cancer has been associated with improved
prognosis and outcome, suggesting that such a compensatory response may have
anti-proliferative outcomes. Interestingly, in cancer cases where miR-205 is not present,
the cancerous cells have hypermethylated the miR-205 promoter, silencing expression
and thereby reducing anti-proliferative signaling (Kim et al., 2019). Finally, previous
research has shown miR-205 germline-deletion causes severe developmental defects by
postnatal 5D, and death before 10D (Wang et al., 2013). While the role of miR-205 has
been studied in cancer, the role of miR-205 in the heart is unknown. During our screening
described in Chapter 4, we observed large changes in miR-205 expression during the
neonatal period (20-fold by 5D, reduced by 10D). Due to it’s role described previously in
cancer models (Du et al., 2017; Greene et al., 2010b, 2010a; Hashiguchi et al., 2017; Qin
et al.,, 2013; W. et al., 2010), we hypothesized that miR-205’ antiproliferative properties
and targeting of Yapl/Pten (Maillet et al., 2013; Tian et al., 2015) likely plays a regulatory

role in the cardiac transitional program

In Figure 19, the sequence of mature miR-205 is shown with its seed sequence

highlighted in green. Below, the reversed sequence of miR-205 is matched it to
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miR-205 5’-UCCUUCAUUCCACCGGAGUCUG-3’
205 (reversed) 3’-GUCUGAGGCCACCUUACUUCCU-5’
Pten 5’-UUAAGAAUCCACAAAGGAAGGG-3’
Pten (alternate) 5’-UUAUGUAAAGAAAUAUGAAGAU-3’
Yapl 5'-AGUAUAGCACAAGAAUGAAGUA-3’

Figure 19. Pten and Yap1l as putative targets of miR-205. The full sequence of mature
miR-205 is shown at the top. Regions from the 3 UTR of PTEN and YAP (miR-205
targets) are shown below. Seed sequence of miR-205 is highlighted in green, while
complimentary sequences from 3’ UTRs of Pten and Yap1 are highlighted in yellow.
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homologous regions within the 3’ untranslated regions (UTRs) of Pten and Yap1. These
complimentary regions provide support on top of published data to show that miR-205

targets Pten and Yapl (Greene et. al. 2010, Du et. al. 2017).

5.1 MicroRNA-205 expression and localization in the neonatal heart

The first step, after selecting miR-205 for further analysis, was to confirm the trend
seen in the microarray. RT-gPCR was used to analyze miR-205 expression throughout
the perinatal period and confirm the microarray analysis showing transient expression of
miR-205 during the neonatal period (Figure 20A). All miR-205 RT-qPCR data is
normalized to the expression of U6 snoRNA, which has been shown to be an appropriate
non-coding RNA control (Mase et al., 2017; Peltier and Latham, 2008). Using RT-qPCR,
we were also able to show that miR-205 expression is indeed coming from
cardiomyocytes, as well as supporting cells (Figure 20B). Based on the literature
surrounding miR-205 and it’s expression in fibroblasts, we expected that there would also
be miR-205 expression originating from fibroblasts in the heart (Du et al., 2017; Wang et

al., 2013)

We next wanted to visualize where within the heart miR-205 was being expressed.
To do this, we used an RNA probe specific for mature miR-205 to perform in situ
hybridization. The detailed protocol for the in situ hybridization is found in Methods
Chapter 2.8. We have demonstrated that when miR-205 expression increased
dramatically at 5D, this expression originated from the epicardium (Figure 20C). The
epicardium is a layer of epithelial cells that envelopes the heart. During development, the
epicardium gives rise to cardiac cells, including myocytes, fibroblasts, smooth muscle

cells, and endothelial cells (Singh et al., 2016). Epicardium-deficient
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Figure 20. MiR-205 localization and cell-type specificity in the neonatal heart. A)
miR-205 was identified in the microarray as having a dramatic transient increase in
expression after birth (solid line). RT-gPCR was performed to confirm the trend seen in
the microarray (dashed line). RT-gPCR data consists of 3 independent experiments run
in triplicate. B) RT-gPCR data shows that miR-205 is expressed by both cardiomyocytes
and supporting cells of the myocardium (p=0.0831). Data is presented as mean = is
presented as mean + SEM. RT-gPCR data in A and B consists of 3 independent
experiments run in triplicate. Significance was tested using student’s t-test. C) In situ
hybridization showing miR-205 localization to the epicardium in 5D mouse hearts. The
bottom row serves as a control run in tandem with no miRNA probe. Heart sections are
representative images.
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hearts have been shown to have a thin myocardium and abnormalities in the ventricular
walls (Singh et al., 2016). Logically, antiproliferative signaling would be strongest near the
epicardium where cardiomyocytes are actively dividing. Taking into account miR-205’s
antiproliferative properties, it's localization near epicardium suggests a role in

cardiomyocyte cell cycle withdrawal.

Previous studies have shown that there is an upregulation of fetal/perinatal genes
in the heart after injury, although no replication occurs. Using samples obtained from Dr.
Liu's laboratory at the University of Ottawa Heart Institute, examination of miR-205
expression levels was carried out in hearts 3D post-myocardial infarction (Ml), or after 7D
of transverse aortic constriction (TAC). RT-gPCR analysis showed an increase in
miR-205 expression (5-7 fold) (Figure 21). After myocardial injury, fetal genes promoting
replication have been shown to be expressed in the region of injury (Dirkx et al., 2013).
However, there is minimal success in initiating cardiomyocyte cell division, possibly due
to antiproliferative non-coding RNA signaling such as miR-205. For our studies, we have

focused on the role of miR-205 in neonatal cardiomyocyte proliferation.

5.2 Generation of a postnatal cardiac-specific deletion of miR-205

In a study published by Wang et. al in 2013, gene targeting model of miR-205 was
generated and characterized (Wang et al., 2013). This miR-205 global deletion model
resulted in death beginning around 5.5D, which the authors hypothesized to be due to
negative regulation of Pten, causing restriction of skin stem cell proliferation. The neonatal
cardiac miR-205 expression suggested that the lethality of miR-205 genetic deletion
model may have originated (in part) from cardiac abnormalities. Accordingly, we reached

out to this group for a collaborative investigation into the role of miR-205 in the heart (Dr.
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Figure 21. MiR-205 expression is upregulated after cardiac injury. A) MiR-205
undergoes a 5-fold increase in expression 3 days post-myocardial infarction. B)
Preliminary data showing that miR-205 expression increases after 7 days of transverse
aortic constriction (TAC), and with a reduction by 14 days of TAC. Data is presented as
mean = SEM. RT-gPCR data consists of 2 hearts pooled and run in triplicate.
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Rui Yi, at the University of Colorado, provided us with a miR-205K19Cre- mouse model).
This mouse strain contained a conditional deletion of miR-205 in skin fibroblasts. Using a
backcross approach, we outbred the K19Cre locus and generated a miR-205%"" mouse
line. To conditionally delete miR-205 from postnatal cardiomyocytes, the miR-205""
mouse line then was bred with a aMHC-Cre mouse (JAX Stock # 011038) (Agah et al.,
1997) to establish a miR-205MHCCre- moyse line. For the remainder of this chapter, our
postnatal cardiac-specific deletion of miR-205 will be labeled as miR-205". A detailed
explanation for the generation of miR-2057 is found in Methods chapter 2.2.2 and Figure
22A. These mice survive the neonatal period in expected Mendelian ratios and are
externally phenotypically normal (normal weight gain and behaviour) through to early
adulthood. With no external phenotype, we sought to determine whether there were
changes occurring in gene and protein expression, and whether this had any effect on

heart and/or cardiomyocyte maturation and growth.

5.3 Characterization of cell cycle protein expression in miR-205" hearts

Due to the body of literature supporting a role for miR-205 in cell cycle inhibition,
we performed a thorough investigation into the consequences of miR-205 deletion in the
heart and whether similar disruptions in cell cycle control were evident. Specifically, we
aimed to determine whether there were any gross morphologic and phenotypic changes

including heart size, myocardial cell number and/or size.

Initial RT-gPCR analysis confirmed that miR-205 expression is reduced in miR-205
hearts at 5D (p=2.66E-06) and comparably low at 10D (p=0.221) (Figure 22B). For this
experiment, RNA was extracted from whole hearts, including fibroblasts, which explains

the residual expression of miR-205 still observed. In terms of heart mass,
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Figure 22. Proliferative pathways are disrupted in miR-2057 mice. A) Schematic of
the breeding strategy to generate a cardiac-specific miR-205 knockout mouse. B) RT-
gPCR analysis confirming reduced miR-205 expression in the heart at 5D (p=2.66E-06)
and 10D (p=0.221). RNA was extracted from whole hearts, which explains the residual
expression in 5D mice. C) MiR-205" hearts are the same size as wild-type at 5D
(p=0.471) and are larger by 14D post-birth (*p=0.0459). Data in B and C is presented as
mean + SEM. Significance was tested using student’s t-test. RT-gPCR data represents 3
independent experiments run in triplicate. D) Schematic for the timeline of neonatal heart
collection. E) Western blot analysis of PTEN and CDK1 in wild-type and miR-205" hearts.
Extracts from post-natal hearts were pooled (n=3 hearts and 30ug protein per lane) and
fractionated by SDS-PAGE. Western blots shown are a representative of three
independent experiments. GAPDH is included as a loading control.
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miR-2057" hearts are comparable to wild-type at 5D (p=0.471), but by 14D

miR-205" hearts are slightly but significantly larger (p=0.0459) (Figure 22C).

Similar to the microarray experiments, hearts were collected from mice at several
timepoints during the neonatal period (1D, 3D, 5D, 7D, and 10D) (schematic in Figure
22D) and protein expression analysis was carried out via western blot. PTEN is a
tumour-suppressor gene in the PISK pathway responsible for regulating cell cycle and
preventing unregulated growth (Goberdhan and Wilson, 2003). A schematic showing
PTEN and its role in the PI3K pathway was previously shown in Figure 6 (Introduction
chapter 1.3.5). PTEN protein expression levels appear higher in neonatal
miR-2057 hearts compared to wild-type (Figure 22E). Our data confirms miR-205’s
targeting of the PTEN transcript. Since p-PTEN levels are comparable in wild-type and
miR-205" hearts, we hypothesize a compensatory mechanism exists to maintain PTEN

phosphorylation and activity in the maturing heart.

Interestingly, miR-205" hearts express significant levels of an alternate N-terminal
extended isoform of PTEN. Several translational isoforms of PTEN have been confirmed,
including PTEN-L/M/N/O, with each having an increasingly longer N-terminal extension
(Malaney et al., 2017). These constitutively active isoforms are produced from non-AUG
translational initiation and are not well characterized, but have been shown to play a role
in rRNA production, cell proliferation, and mitochondrial structure/function (Malaney et al.,
2017). Our finding of increased PTEN-L in miR-2057- mice suggests that miR-205 may
also be responsible for repressing expression of alternate PTEN isoforms which

participate in proliferative signaling.
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We next sought to determine whether the increased heart weight observed in
Figure 22C was due to increased cardiomyocyte proliferation. Interestingly, we also
observed a marked increase in both total- and p-CDK1 expression in miR-2057 hearts
(Figure 22E). p-CDK1 is a G2/M checkpoint marker signifying cells actively undergoing
division. This result suggests that cardiomyocytes may have increased G2/M activity
which is consistent with the increased proliferative signaling up to 10D post-birth in

miR-205" hearts.

5.4 MiR-205 regulates Hippo signaling by targeting Yapl

The reported miR-205 interaction with Yapl (Du et al., 2017) suggests that this
mMiRNA may similarly influence Hippo pathway dynamics in cardiomyocytes. The Hippo
pathway is a major regulator of organ size via cell proliferation and apoptosis, and has
recently been identified as playing an important role in the epicardium and heart
development (Singh et al., 2016). A schematic showing the role of YAP1 in the Hippo
pathway was shown previously in Figure 5 (Introduction chapter 1.3.4). Inhibition of Hippo
signaling (via suppression of YAP1) leads to a reduction in epicardial cell proliferation and
differentiation into mature endothelial cells (Singh et al., 2016). Alternatively, constitutive
activation of YAP1 has been shown to increase heart size and cardiomyocyte number
(von Gise et al., 2012). MiR-2057 mice, as expected, show increased YAP1 protein
expression at all neonatal timepoints (Figure 23A). By de-repressing YAP1, miR-205
deletion resulted in severe dysregulation of other members of the Hippo signaling
pathway such as LATS1, p-MOB1, MST1, and SAV1 (Figure 23A). Each of these Hippo
pathway proteins show increased expression in miR-205 deletion hearts throughout the

neonatal period. Since activation of the upstream members of the Hippo pathway lead to
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Figure 23. The Hippo pathway is disrupted in miR-205" mice. A) MiR-205 has been
shown to target YAP1, further confirmed by increased YAP1 expression in miR-205".
Additionally, there is upregulation of other Hippo signaling proteins. Extracts from post-
natal hearts were pooled (n=3 hearts and 30ug protein per lane) and fractionated by SDS-
PAGE. Western blots shown are a representative of three independent experiments.
GAPDH is included as a loading control. B) Nuclear YAP1 expression is increased in miR-
2057 mice at 5D. Yapl expression visualized by immunohistochemistry in 5D and 14D
wild-type and miR-2057 hearts. Heart sections shown are representative images.
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inhibition of YAP1 activity, this is likely a compensatory response to inhibit YAP1

proliferative signaling and promote terminal differentiation of cardiomyocytes.

Next, we used immunohistochemistry to visualize YAP1 levels and localization in
neonatal mice. In miR-205"- mice, YAP1 is more highly expressed in the myocardium
compared to wild-type mice at 5D post-birth (Figure 23B). YAP1 expression is especially
prominent in the nuclei of miR-2057 cardiomyocytes, where it is functionally active and
can exert its proliferative effects. These observations demonstrate that the upstream
Hippo pathway regulating YAP1 is active and phosphorylating YAP1, yet these alterations
are not sufficient to overcome the robust increase in total YAP1 protein in the heart. At

14D, expression levels of YAP1 are similar in both wild-type and miR-2057 mice.

5.5 The neonatal proliferative window is extended in miR-205"7 mice resulting in
increased cardiomyocyte number

Based on our findings that miR-2057 hearts displayed increased expression of
pro-proliferative signaling proteins, we next investigated whether miR-205 deletion
altered the growth/proliferative capacity of cardiomyocytes. Here, we utilized
immunohistochemical analysis of Ki67 and pH3 in neonatal miR-2057 hearts as a
compliment to the western blot analysis of heart protein lysates. Ki67 and pH3 are
commonly used markers to identify actively dividing cells when visualized by IHC (Kim et
al., 2017; Scholzen and Gerdes, 2000). Ki67 and pH3 levels were similar at 5D when
comparing miR-205" to wild-type (p=0.189 and 0.464, respectively), indicating a similar
number of actively cycling cells (Figure 24 A&B). By 14D, the overall number of actively
dividing cells in both miR-205"- and wild-type is reduced, however miR-205" hearts

possessed significantly more Ki67+ and pH3+ cardiomyocytes compared to wild-type
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Figure 24. The neonatal cardiomyocyte proliferation window is expanded in
miR-2057 mice. A) At 5D, miR-205" and wild-type hearts show comparable numbers of
Ki67+ nuclei (p=0.189). At 14D, miR-205" hearts contain significantly more Ki67+ cells
(*p=7.31E-05). B) At 5D, pH3 staining levels are similar in miR-205"- and wild-type hearts
(p=0.464). At 14D, miR-205" hearts contain significantly increased levels of pH3 staining
(*p=5.79E-04). Data was collected as # of positive cells per heart section. Data is
presented as mean + SEM. Significance was tested using student’s t-test. Heart sections
shown are representative images.
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(p=7.31E-05 and 5.79E-04, respectively). These observations suggest that the
cardiomyocyte proliferative window is expanded in miR-2057 hearts and further imply that

miR-205 may modify the cardiomyocyte cell cycle.

To monitor the impact on cardiomyocyte proliferation/total cell number, wild-type
and miR-205" hearts were sectioned and stained with WGA/DAPI to outline cell
membranes and label nuclei, respectively. ImageJ was used to measure and count
cardiomyocytes from 5D and 14D stained heart sections. For cell number,
cardiomyocytes were identified by large cell and nucleus size. Fibroblasts were
identifiable by their dramatically smaller size and were omitted from cardiomyocyte cell
counts. MiR-205"- mice showed a similar number of cardiomyocytes at 5D compared to
wild-type (p=0.161), however by 14D they possessed a significantly increased number of
cardiomyocytes (p=1.58E-10) (Figure 25A). Next, using our previously published method
described in Chapter 3, we isolated cardiomyocytes from wild-type and miR-205"- hearts
to measure cell length, width, and area. For cell measurements, cardiomyocytes were
identified by their rod-shape, then ImageJ was used to measure the length and width of
each identified cardiomyocyte. MiR-2057 cardiomyocytes showed reduced cell length
(p=2.90E-03), increased cell width (p=0.0336), and comparable cell area (p=0.207) when
compared to wild-type littermate controls (Figure 25B). This data shows that the increased
proliferative signaling in miR-205"- hearts shown by western blot translates to increased
cardiomyocyte replication and number after the neonatal period. Furthermore, the
miR-205"- cardiomyocytes appear to be measurably shorter and wider than wild-type

cells, with more density in the extracellular matrix scaffolding of the heatrt.
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Figure 25. MiR-205" hearts have increased cell number. A) At 14D, miR-205"- mice
have an increased number of cells per unit as measured by wheat germ agglutinin
staining (*p=1.58E-10). No difference in cell number is observed at 5 days (p=0.161).
Density was calculated as number of cardiomyocytes in a 200pum x 200um area. Heart
sections are representative images. B) Isolated 14D miR-2057 cardiomyocytes show
reduced cell length (*p=2.90E-03), increased cell width (p=0.0336), and comparable cell
area (p=0.207) compared to wild-type littermate controls. All data is presented as mean
+ SEM. Significance was tested using student’s t-test.
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5.6 Conclusions

In summary, we confirmed that miR-205 expression peaks at postnatal 5D in
cardiomyocytes. Additionally, this expression originates from the epicardium, where
cardiomyocyte proliferative is most active before birth. As seen with many fetal genes,

miR-205 expression is also increased after cardiac injury.

We generated a miR-2057 mouse model to identify the role of miR-205 during the
neonatal cardiac transition. Our miR-2057- model demonstrated increased heart weight
by 14D post-birth (Figure 22B). This increase in weight was explained by the increased
cardiomyocyte number resultant from the enhanced proliferative signaling throughout the
neonatal period (p-CDK1, p-PTEN, YAP1) (Figure 22E). YAP1 expression was drastically
increased in miR-205" hearts, as shown by western blot and immunohistochemistry
(Figure 23). We also observed a compensatory increase in upstream Hippo pathway

phosphorylation and activation (Figure 23).

We next demonstrated that miR-2057- cardiomyocytes possess an expanded
proliferative window (Figure 24). This resulted in increased in cardiomyocyte number in
the neonatal heart (Figure 25). Additionally, these cardiomyocytes have a significant
reduction in length and increased width, while maintaining an overall similar cell area
(Figure 25B). By removing miR-205 regulation of the PI3BK/PTEN and Hippo pathways,
there was a notable increase in proliferative signaling. Overall, the deletion of miR-205

is consistent with an extended proliferative window in the neonatal period.

Given these observations, we also sought to determine whether deletion of
miR-205 (and the resultant increase in cardiomyocyte number) would impact adult heart

function. Preliminary experiments showed miR-2057 adult mice have a heart failure
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phenotype and die before 1 year of age. This premature death was investigated
thoroughly, and the data is found in Figures A2 to A4. The data displayed for
miR-2057 adult hearts is consistent with previous studies showing that the prolonged
expression of Cre recombinase under control of the aMHC promoter results in cardiac
maladaptation and heart failure (Pugach et al., 2015). As such, we could not confidently
determine whether the characteristics observed in our miR-2057 adult mice were a result
of miR-205 deletion or Cre-recombinase overexpression. The effect of miR-205 deletion
in the adult heart would need to be studied using an alternative method such as a
doxycycline- or tamoxifen-inducible Cre promoter to overcome the confounding effects of

Cre recombinase under the control of the aMHC promoter.
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Chapter 6: MiR-205 overexpression dysregulates proliferative signaling in the
postnatal heart

Based on the observations in chapter 5, where miR-205 deletion resulted in cell
cycle dysregulation and an expanded proliferative window, we next sought to determine
the effect of miR-205 overexpression on the heart. By doing so, we aimed to further
characterize the role that miR-205 plays in the neonatal heart. We generated a
cardiac-specific conditional overexpression model of miR-205 and characterized its effect

on the PI3K and Hippo signaling pathways.

6.1 Generation of a cardiac-specific inducible overexpressor of miR-205

As described in the Methods Chapter 2.2.3, a doxycycline (DOX)-inducible
overexpression model of miR-205 was generated. This model utilizes two transgenic
strains as a strategy for selectively overexpressing miR-205 in cardiomyocytes, while
allowing for temporal control of expression. One mouse strain contained a reverse
tet-transactivator (rtTA) locus under control of the aMHC promoter. MiR-205 was placed
downstream of a tetO promoter in another strain. In offspring that possess both loci, the
administration of DOX-containing water facilitates the binding of rtTA to the tetO promoter
and forces the expression of miR-205 in aMHC-expressing cells (cardiomyocytes). These
cardiac-specific DOX-induced overexpression mice will be referred to as miR-205°F for

the rest of this chapter (Figure 26A).

126



Weldrick 2019

A G@

[ [

aMHC promoter nTA TetO promoter miR-205
L ? , — tetO-miR205+ + I oF
amHC-ATA X | lO-miR205 e | aMHC-ATA DOX = miR-205
_8
* 2
B. 54/ T C. g7 1 —
@ Z6
o @
2 30 z 5
w i >,
] 3
& 23
* 20 + =
£ o2
(] 2 1
iZ M0 =
g o
14 5D 14D
0
1D 10D B Wild-type O miR-2050E

Figure 26. Generation and characterization of a cardiac-specific miR-205
overexpressing mouse. A) A 2-hit Dox-inducible system was generated to overexpress
miR-205 in mice. A reverse tet-transactivator (rtTA) locus was placed under control of the
aMHC promoter, while miR-205 was placed downstream of a tetO promoter. In mice that
have both loci, the presence of Dox allows the rtTA to bind the TetO promoter and forces
the expression of miR-205. B) RT-qPCR data confirming the upregulation of miR-205 in
miR-205°F cardiac tissue compared to wild-type controls at 1D (*p=7.42E-03) and 10D
(*p=1.03E-03) (n=3 hearts per timepoint). RT-qPCR data consists of 3 independent
experiments run in triplicate. C) HW/BW data shows no significant difference between
miR-205°F and wild-type mice at 5D (p=0.468) nor 14D (p=0.0946). Data is presented as
mean = SEM. Significance was tested using student’s t-test.
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6.2 Characterization of the neonatal transitional period in the miR-205°E
myocardium

RT-gPCR data confirmed the overexpression of miR-205 at 1D (p=7.42E-03) and
10D (p=1.03E-03) compared to wild-type, when miR-205 expression is normally low
(Figure 26B). MiR-205°F mice are born in expected ratios and survive the neonatal period
with no noticeable phenotype. There is no significant difference in heart weight between
miR-205°F and littermate controls at both 5D (p=0.468) and 14D (p=0.0946) post-birth

(Figure 26C).

Eight breeding pairs were established to generate a cohort of miR-205°F mice.
Two days before pups were expected to be born, the pregnant mice were provided with
DOX water at a concentration of 2mg/mL. Hearts were collected from 1D, 3D, 5D, 7D,
and 10D mice, flash frozen, and stored at -80°C until sample preparation (Figure 27A).
Genotyping was performed to determine which mice contained both alleles required for
overexpression. This process was repeated until at least 3 overexpressing hearts were
collected from each time point. Wild-type littermate control hearts were also collected and
pooled (n=3) to run alongside miR-205°E. SDS-PAGE followed by western blotting was

performed to analyze proliferative signaling pathways in the postnatal heart.

In our miR-205"- mice, we observed an increase in protein expression of PTEN,
YAP1, and a variety of other cell cycle regulators. In the miR-205 overexpression model,
we anticipated that early and sustained expression of miR-205 would accelerate
cardiomyocyte cell cycle withdrawal, diminishing the proliferative window. During normal
cardiomyocyte cell cycle withdrawal, CDK is present throughout the neonatal period,

while p-CDK1 peaks at 5D. As p-CDK levels decline, cardiomyocyte cell division is
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Figure 27. Cell cycle characterization of the cardiac-specific miR-205
overexpressing mouse. A) Schematic showing the timeline of DOX administration and
heart collection. DOX water was provided throughout the neonatal period. B) Western
blots showing dysregulated levels of cell cycle markers (p-Rb, p-CDK1) and regulators
(PTEN) in wild-type and miR-205°F mouse hearts. Extracts from post-natal hearts were
pooled (n=3 hearts and 30ug protein per lane) and fractionated by SDS-PAGE. Western
blots shown are a representative of three independent experiments. GAPDH is included
as a loading control.
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inhibited, and the heart’s proliferative capacity is lost. In miR-205°F hearts, there is an
increase in both total and p-CDK1 levels early in the neonatal period (Figure 27). This
indicates that miR-205 overexpression in the heart caused an unexpected increase in
proliferative signaling. Interestingly, while p-CDK1 levels peak at 5D in wild-type, in
miR-205°F the peak occurs earlier (3D) before declining and reaching comparable levels
to wild-type by postnatal 7D. Total CDK1 levels are also comparable to wild-type by 7D

(Figure 27).

A similar result is observed in the Rb western blot data of Figure 27. In wild-type
hearts undergoing normal cardiomyocyte cell cycle withdrawal, total Rb gradually
increases over the neonatal period. Simultaneously, p-Rb levels increase until 5D, after
which they reduce dramatically. Along with this reduction in p-Rb, cardiomyocyte division
is halted. MiR-205°F hearts show the same total Rb expression level pattern as wild-type
through the neonatal period (Figure 27). In miR-205°E hearts, p-Rb levels peak earlier
than wild-type (3D vs. 5D), with much higher expression levels (Figure 27). At 7D
post-birth, p-Rb levels in miR-205°F hearts are comparable to wild-type. This result, along
with the CDK1 data described above, suggests that miR-205°F hearts are
hyperproliferative earlier than wild-type littermates, with a similar shutdown of proliferative
signaling around 5D. In wild-type hearts, there is a correlation between the reduction in
p-CDK1 and p-Rb levels and cardiomyocyte indivisibility after birth. MiR-205°F hearts
show increased proliferative signaling compared to wild-type, which was unexpected.
However, levels of p-CDK1 and p-Rb reach normal levels by 7D in miR-205°F hearts.

These results indicate compensatory mechanisms may exist to overcome miR-205
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antiproliferative signaling to ensure enough cardiomyocytes are generated for proper

function of the heart.

Finally, PTEN and p-PTEN levels appear to be quite similar when comparing
wild-type and miR-205°F (Figure 27B). Interestingly, there is increased expression of
p-PTEN-L between 1D and 5D in miR-205°F mice. In both our miR-205"- and miR-205°F
mouse models, there is an increase in PTEN-L expression, although they do not follow
the same expression patterns. In miR-2057 heart, PTEN-L expression was high
throughout the neonatal period, while in miR-205°F, PTEN-L is most highly expressed at
1D and is mostly absent by 7D. As mentioned in Chapter 5.4, PTEN-L is a constitutively
active isoform of PTEN involved in cell proliferation and differentiation. Although little is
known about PTEN-L, especially in the heart, miR-205 may be involved in the regulation

of the PTEN-L isoform to regulate PI3SK/PTEN pathway signaling.

6.3 Hippo signaling is dysregulated in miR-205°F mice

After observing an increase in YAP1l and Hippo signaling in neonatal
miR-205" mice with subsequent expansion of the proliferative window, we sought to
address whether overexpression of miR-205 would lead to the inverse phenotype:
reduced YAP1l and Hippo signaling with a corresponding reduction in proliferative
signaling. Unexpectedly, miR-205 overexpression also caused an acute increase in Hippo
signaling, albeit occurring immediately after birth (Figure 28). Later in the neonatal period,
levels of MST1, SAV1, p-MOBL1, and LATS1 are comparable to wild-type levels by 10D.
Total YAP1 protein levels were not decreased in miR-205°F hearts compared to wild-type

and were higher than levels seen in wild-type mice.
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Figure 28. Hippo signaling is dysregulated during the early neonatal period in miR
2059 mice. Western blots showing dysregulated Hippo signaling in wild-type and miR-
205°F mice. Extracts from post-natal hearts were pooled (n=3 hearts and 30ug protein
per lane) and fractionated by SDS-PAGE. Western blots shown are a representative of

three independent experiments. GAPDH is included as a loading control.
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Although we have induced overexpression of miR-205, it seems there are separate
regulatory mechanisms in place to drive expression of YAPL. It is also interesting to note
the difference in p-YAP1 levels. Phosphorylation of YAP1 by LATS1 results in
translocation to the cytoplasm where it is inactive. Thus, p-YAPL1 is inactive YAP1. Our
analysis revealed increased levels of p-YAP1 immediately after birth in miR-205°F hearts
(Figure 28). Although overexpression of miR-205 resulted in increased YAP1 levels, it
also increased YAP1 phosphorylation. At 5D, overall YAP1 expression is increased, in
both the cytoplasm and nuclei (Figure 29). By 14D, YAP1 levels in miR-205°F hearts are
comparable to wild-type (Figure 29). MiR-205 overexpression appears to initiate the
transitional program earlier, as the increased levels of p-YAP1 suggest that cells are
trying to promote terminal differentiation of the cardiomyocytes by phosphorylating YAP1

to inhibit proliferative signaling.

By overexpressing miR-205, we have disrupted the transitional program leading to
dysregulation of the PTEN and Hippo pathways. These results suggest that the hearts
are larger due to hyperproliferation after induction of miR-205 overexpression to
compensate for the earlier cell cycle withdrawal signaling observed in Figure 27. Based
on our data, the overexpressors appear to be trying to establish a normal cardiomyocyte
number before transitioning to their terminally differentiated state. Our next step was to
determine whether the dysregulation of proliferative signaling we observed translated into

altered proliferation of postnatal cardiomyocytes.

6.4 MiR-205°F hearts possess increased cardiomyocyte number by 5D post-birth
An additional cohort of miR-205°F neonates was used to generate samples for

immunohistochemistry and immunofluorescence. At both 5D and 14D, there is no
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Figure 29. YAP expression and localization in miR-205°F mice. Immunohistochemical
view of YAP localization within 5D and 14D miR-205 overexpressors and wild-type.
Increased YAP expression is observed in 5D mice with no difference in nuclear
localization. At 14D, YAP levels are comparable between miR-205°F and wild-type mice.
Heart sections shown are representative of three independent experiments.
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significant difference in Ki67 levels in the heart when comparing miR-205° mice to
litter-mate controls (p=0.314 and 0.134, respectively) (Figure 30A). Similarly, there is no
significant difference in pH3 staining at 5D (p=0.290) nor 14D (p=0.179) in miR-205°F
hearts compared to wild-type (Figure 30B). This suggests that by 5D, the expedited
transitional program is over, and miR-205°F hearts have similar proliferative capacity

compared to wild-type at 5D.

When examining cell number in miR-205°F hearts compared to wild-type, a
significant increase in cell number was observed miR-205° hearts at both 5D
(p=4.52E-05) and 14D (p=0.0298) (Figure 31A). This increased cell number coincides
with the data in Figures 27 and 28 showing increased proliferative signaling (CDK1, p-Rb,
YAP1) early during the neonatal period. By overexpressing miR-205 and expediting the
transitional program, the heart establishes its cardiomyocyte number earlier than in
wild-type mice. Because the transitional program was expedited, the result is an
increased number of total cardiomyocytes by the end of the neonatal period. Next,
cardiomyocyte size was measured using WGA/DAPI staining. MiR-205°F cardiomyocytes
showed no difference in length when compared to wild-type littermate controls
(p=0.0785), however they exhibited reduced cell width (p=0.0332) and cell area
(p=0.0261) (Figure 31B). The finding of reduced cell width contrasts with the effects of
miR-205 deletion described in chapter 5, which caused cardiomyocytes to exhibit

increased cell width.

The results of the overexpression model appear to show that miR-205 expression
drives the transitional program in mouse neonatal hearts. When miR-205 expression is

induced earlier, the hearts undergo hyperproliferation followed by earlier cell-cycle
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Figure 30. MiR-205 overexpression does not alter number of proliferating cells at
5D and 14D. A) Immunohistochemical analysis of cell division marker Ki67 shows that
there is no significant increase or decrease in number of actively cycling cardiomyocytes
at 5D (p=0.314) or 14D (p=0.134). B) Analysis of the cell division marker pH3 shows no
difference in actively cycling cells at 5D (p=0.290) or 14D (p=0.179). Heart sections
shown are representative images. All data is presented as mean + SEM. Significance
was tested using student’s t-test.
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Figure 31. MiR-205°F hearts contain more total cardiomyocytes at 5D and 14D. A)
MiR-205°E mice have an increased number of cells per unit area as measured by wheat
germ agglutinin staining at 5D (**p=2.26E-05) and 14D (*p=0.0298). Density was
calculated as number of cardiomyocytes in a 200pum x 200um area. B) Cardiomyocyte
measurement in heart sections indicates no significant difference in cardiomyocyte length
(p=0.0785), with reduced cell width (p=0.0332) and area (¥p=0.0261) at 14D. Heart
sections shown are representative images. All data is presented as mean + SEM.
Significance was tested using student’s t-test.
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withdrawal. The result is a heart that contains a higher number of more densely organized
cardiomyocytes at 5D and 14D due to undergoing the transitional program earlier than

their wild-type littermates.

6.5 Conclusions

The overexpression of miR-205 in cardiomyocytes resulted in an intriguing
phenotype. Based on the miR-205 null data (Chapter 5), we expected reduced
proliferative signaling and reduced cardiomyocyte division, miR-205’s antiproliferative
signaling appears to activate compensatory mechanisms to ensure the establishment of
normal cardiomyocyte number. In miR-205°F hearts, proliferative signaling by p-CDK1
and p-Rb occurs earlier and more robustly, however levels are comparable to wild-type
by 7D. This early increase in proliferative signaling is further supported by a similar
expression pattern observed in Hippo pathway members. Overall, the regulatory
mechanisms surrounding cardiomyocyte division are dysregulated, yet compensatory
mechanisms are in place to ensure enough cardiomyocytes exist to produce a functioning
heart. Interestingly, miR-205°F hearts appear to be healthy and normal functioning after
the neonatal period, although they possess more cardiomyocytes. Dysregulation of cell
cycle early in life may have long-term negative consequences on proliferative capacity

and ECM integrity, and will be investigated in future studies.
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Chapter 7: Discussion

In this project, we first identified the timeframe of the neonatal heart transition. We
then used microarray analysis to identify significantly changing expression of mRNA and
MiRNA in perinatal hearts. Furthermore, our clustering and gene ontology (GO) analysis
allowed us to identify significantly changing gene regulatory networks, and the transient
changes they undergo. Our primary example is cell cycle mechanics, which showed 3
distinct gene expression patterns based on the cell cycle checkpoint the genes are
associated with. Through our microarray analysis, we identified miR-205 as having an
exceptional expression pattern with a transient 20-fold increase by 5D, returning to
baseline by 10D. Further analysis showed that miR-205 was expressed primarily in
cardiomyocytes near the epicardium. Using our generated miR-205" model, we showed
that deletion of miR-205 results in increased postnatal heart weight and cardiomyocyte
number, with an increased number of actively cycling cardiomyocytes at 14D. Individual
cardiomyocytes were shorter, wider, and more densely organized in the myocardium.
Based on miR-205’s targeting of YAP1 and PTEN, we concluded that these phenotypical
changes were caused by dysregulated Hippo and PTEN signaling. Next, we generated
our miR-205°F mouse model. MiR-205°F hearts were similar in weight to wild-type
littermate controls. However, we observed increased cardiomyocyte number at both 5D
and 14D, with reduced cell width and area. MiR-205°F hearts showed both increased
proliferative and antiproliferative signaling, suggesting the existence of compensatory
mechanisms to force cardiomyocyte replication in the context of antiproliferative signaling.
Through our studies we have identified a novel role for miR-205 in the postnatal inhibition

of cardiomyocyte cell division.
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The neonatal period is the final critical phase for heart formation, cardiomyocyte
maturation, and long-term heart homeostasis, yet the neonatal cardiac transition is not
fully understood. Embryonic heart development has been studied extensively with less
than day-by-day resolution of morphological changes (Brade et al., 2013; Bruneau, 2002;
Moorman and Christoffels, 2003; Paige et al., 2015; Van Vliet et al., 2012; Williams et al.,
2012). The primary stages of heart morphogenesis are: 1) the formation of two heart
fields, 2) formation of the linear heart tube, 3) heart looping, 4) chamber development,
and 5) heart cell expansion (Figure 2). Fetal cardiomyocyte specification and
differentiation is orchestrated through the complex interactions of Nkx2-5, Gata4/6,
Tbx20, and Mef2c, among others (Edmondson et al., 1994; Hiroi et al., 2001; Maitra et
al., 2009; Xiang et al.,, 2016). These master transcriptional regulators mediate the
expression of other key transcription factors for the heart to progress through each of
these stages. Mespl, Wnt, and Fgf signaling is involved in the earliest specification of
cardiac progenitors (Marvin et al., 2001; Saga et al., 2000; Watanabe et al., 2012). Heart
tube formation and looping is primarily mediated by Thbx-family transcription factors, Mef2,
Myocardin, SRF, Bmp, Hand1/2, and Irx4 (Bao et al., 1999; Desjardins and Naya, 2016;
Hoogaars et al., 2007; McFadden, 2004; Tirosh-Finkel et al., 2010). Chamber
morphogenesis involves regulation by Pitx2, Notchl, Bmp, Nrgl, Erbb1/2, and SRF
(Bersell et al., 2009; Grego-Bessa et al., 2007; Prall et al., 2007; Sanchez-Soria and
Camenisch, 2010; Schlesinger et al., 2011). Finally, heart growth via cardiomyocyte
proliferation is regulated by Cyclins, CDKs, CDKIs, Meisl, the Hippo pathway, and the
PI3K/Pten/AKT signaling pathway (Brooks et al., 1998; von Gise et al., 2012; Goberdhan

and Wilson, 2003; Mahmoud et al., 2013; McGill and Brooks, 1995; Woo and Poon,
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2003b). Developmental biologists have identified which cells contribute to the structures
of the heart, and which progenitor cells they arise from. The development, proliferation,
and differentiation of these cardiac progenitors is tightly regulated by Nkx2-5, Gata4/6,
Tbx20, and Mef2c (Figure 1). However, this high-resolution examination of heart
development during embryonic development does not continue for postnatal
development. Previous studies have missed transient changes occurring in the heart
when comparing 1D to 10D or adult hearts. Although these studies have provided
invaluable data to the cardiac field, as we delve further into the molecular mechanisms
regarding heart physiology and molecular signaling, a more detailed analysis of neonatal
heart development is required. In this thesis, we have taken the first steps toward

extending our in-depth knowledge of heart development into the postnatal heart.

7.1 Neonatal cardiogenomic program

During embryonic  development, cardiomyocytes possess robust
proliferative/regenerative capacity. After birth, the cardiac transition results in a
phenotypical switch from hyperplastic growth to hypertrophic growth of myocardium,
associated with an increase in binucleation index of cardiomyocytes (Soonpaa et al.,
1996). Specific proteins directly involved in cytokinesis such as Anillin and Aurora
kinases, are shown to be downregulated and/or improperly localized in maturing
cardiomyocytes (Foglia and Poss, 2016). We have shown that Protein Regulator of
Cytokinesis 1 (PRC1) is also heavily downregulated postnatally, confirming
downregulation of cell cycle machinery after birth (Figure 13A). Expression of p-pRb and
p-CDK1, known regulators of cell cycle checkpoint regulation, were also confirmed to be

downregulated after birth (Figure 13A). Also, we observed significant Dicerl expression
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in the neonatal heart, supporting the role of miRNA biogenesis in cardiomyocyte
maturation. As Dicer is the protein responsible for the processing of pre-miRNAs into
mature miRNAS, the notable expression of Dicerl indicates extensive miRNA processing
during neonatal heart maturation. Due to the drastic hypertrophic growth the heart
undergoes in the first 10 days of life (Figure 3), extracellular matrix remodeling is essential
to generate a heart that is elastic enough to fill with enough blood, but still capable of
pumping blood throughout the circulation without sustaining damage to cells. Collagen,
fibronectin, and cells are reorganized by matrix metalleoproteinase (MMP) activity to
regulate ECM remodeling and ensuring a structurally competent heart. We were able to
show high MMP-2, -3, and -9 activity during neonatal heart development, with much lower

levels in the adult heart (Figure 13B).

Through comprehensive microarray analysis, evaluating several time points
post-birth, this project has achieved its goal of providing a high-resolution analysis of
perinatal heart development. The microarrays for mRNA and miRNA during the perinatal
period contain an immense amount of data and information. Published within an article,
this data can be utilized by other researchers to examine proteins/genes of interest or
discover new key regulators of neonatal heart maturation. Moreover, it is expected that
this foundational analysis can be built upon in even more detailed and higher-resolution.
As we have shown with miR-205, the low-resolution comparison of neonatal hearts can
easily fail to identify major transient changes occurring during the neonatal period (Eulalio
et al., 2012; Kou et al., 2010; Lopaschuk and Spafford, 1992; Sun et al., 2017; Talman et
al., 2018). For instance, a microarray experiment comparing 1D vs. 10D would not have

identified miR-205, as its levels are quite similar at 1D and 10D. The 20-fold increase in
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expression at day 5 would have been missed, demonstrating the importance of
high-resolution analysis during this essential developmental period. Indeed, one limitation
of our study is that we only examined every 2 days, and future studies should continue
the developmental approach to characterize changes that occur day-by-day or even
hour-to-hour in the timespan immediately after birth. This study has shown that the
physiological and molecular changes occurring as the heart begins to perform its primary
function happen very rapidly, and a high-resolution approach is necessary to characterize
these changes. Since the neonatal period continues to prove to be a critical point in heart
development, further examination into the regulatory changes occurring in the heart could

provide insight into unlocking the regenerative potential of cardiomyocytes.

Our high-resolution analysis of mMRNA expression in the neonatal period elucidated
many novel changes in gene ontology (GO) expression in the postnatal heart. The largest
number of changes occurred between E19 vs. 1D and 10D vs. 35D (Figure 15). The large
number of changes occurring between E19 and 1D compared to other timepoints
demonstrates the impact that birth has on global cardiac gene expression. Also, the
largest change, between 10D and 35D, was likely due to the large time scale and
extensive maturation that the heart undergoes during adolescence. Other than the
comparisons of pre-birth vs. post-birth and pre-adolescence vs. post-adolescence, the
largest change in MRNA expression occurred between 7D and 10D (324 downregulated
and 75 upregulated) (Figure 15). When performing our GO analysis, we identified many
cell cycle regulatory genes being downregulated after 7D (clusters 10, 19, and 20) (Table
3). 7D post-birth is also the timepoint at which the neonatal heart has permanently lost

proliferative capacity of cardiomyocytes (Porrello et al.,, 2011a). Interestingly, the
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timepoint before this (5D vs. 7D) contains only 11 downregulated genes (Figure 15). This
expression pattern can be further confirmed by clusters 11 and 16 in our gene ontology
analysis, which show dramatic reductions in DNA-templated transcription, mRNA

processing, and RNA pol Il transcription by 7D (Table 3).

Volcano plot analysis of our microarray data allowed us to identify the number of
gene expression changes occurring between each timepoint. We next sought to
determine whether changes occurring over the perinatal period showed coregulation
among genes with similar function. First, we used bioinformatic analysis to identify
clusters of genes that followed a similar expression pattern. Next, we sought to determine
whether the gene sets within each cluster shared a functional profile related to the same
biological processes. Gene ontology provided a system where each gene can be
classified with one or more molecular function, biological process, or cellular component.
Each gene can be classified with multiple terms. Thus, we could input our dataset and
identify enrichment for specific classifications. Through our GO analysis, we identified
three major biological changes occurring in the neonatal heart: 1) metabolism, 2) cell
cycle, and 3) heart growth and ECM remodeling (Figure 17). Other than these three, there

were also several unique ontologies identified to be robustly altered.

A significant amount of research has described the metabolic changes that occur
in the postnatal heart. Prior to birth, the heart resides in a hypoxic state and uses
anaerobic glycolysis as its primary source of energy (Dawes et al., 1954; Lopaschuk and
Spafford, 1992). As a benefit, glycolysis also provides nucleotides, amino acids, and lipids
that are useful for new cell production (Heiden et al., 2009). After birth, the newborn heart

is solely responsible for blood circulation, therefore energy demands increase
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dramatically. With the respiratory system becoming active at birth, the heart gains access
to a significantly larger supply of oxygen (Torres-Cuevas et al., 2017). With increased
cardiac demand and a larger supply of oxygen, the heart switches from glycolysis to
oxygen-dependent fatty acid oxidation (Onay-Besikci, 2006). Cluster 3 of our microarray
analysis showed upregulation of many genes related to oxidative fatty acid metabolism.
Expression of this cluster begins low and is increased by adulthood, however expression
levels vary significantly during the neonatal period, showing a cyclic expression pattern.
This cyclic expression pattern may represent transient regulation of fatty-acid
metabolism-related gene programming via cross-talk feedback mechanisms to facilitate
the metabolic transition. The metabolic transition also includes cluster 15
(oxidation-reduction, metabolism, and protein folding), which shows a similar, yet
less-pronounced, pattern as Cluster 3. Expression of cluster 15 is downregulated after
birth, then cycles between upregulation and downregulation between time-points, before
being upregulated again by adulthood. Overall, clusters 3 and 15 show overall increase
in expression of fatty-acid metabolic signaling by adulthood. The varying expression
levels throughout the neonatal period demonstrate that transient regulatory changes are
also occurring during the heart’s metabolic transition. The two described metabolism
clusters may represent interdependent transitional programs that regulate the expression
of one another. Our GO analysis did not uncover a significant gene expression program
change in glycolytic energy metabolism. Future research may characterize the differential

expression between these metabolic clusters and why cycling of expression occurs.

The largest and most significantly changed protein ontologies were related to cell

cycle kinetics (Figure 17 and Table 3), in concordance with the large body of literature
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describing the downregulation of cell cycle proteins in the heart after birth (Cui et al., 2018;
Porrello et al., 2013). Due to the potential of altering cardiomyocyte proliferative capacity
to induce heart healing, we chose to focus our studies on cell cycle-related gene
regulation. Our high-resolution analysis was able to add new depth to the understanding
of the neonatal heart transition. Our data was able to identify three distinct clusters of cell
cycle expression patterns within the perinatal timeframe. Each of these clusters shows a
transient upregulation in expression at different postnatal time-point. In the first cluster
(cluster 10), expression is initially high, then shows a decrease in expression after
transient upregulation at 3D. Of the 3 cell-cycle clusters, cluster 10 shows the earliest
transient upregulated activity at 3D. Cluster 10 also contains the fewest genes of the
cell-cycle-related clusters, but includes notable genes such as Cdc7, Brca2, Kif20B, and
Cyclin E2. The second cluster (cluster 19) contains the highest number of genes with the
most significant changes occurring. This cluster shows very high initial expression which
overall decreases significantly, with transient upregulation at 5D. Within cluster 19 are
several important cell cycle regulatory genes such as Weel, Chekl, Anillin, Cdc25a,
Cyclin E1, and E2F7. Weel and Chekl are serine/threonine kinases and key regulators
of cell cycle progression by targeting and controlling checkpoint markers such as CDK1
(Mohamed et al., 2018; Porrello et al., 2011b). In concordance, we observed significant
expression regulation of p-CDK1 in the postnatal heart (Figure 13). Cdc25a activation is
required for progression from G1 to S phase of the cell cycle, and has been shown to
activate CDK1, CDK2, and CDK4 (Sur and Agrawal, 2016). As described in Introduction

Chapter 1, Anillin, Cyclin E1, and E2F7 have been shown to be heavily involved in heart
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development and cardiomyocyte proliferation (Cobrinik, 2005; Engel et al., 2006; Williams

et al., 2012).

The third cell cycle-related cluster (cluster 20) also contains a very large number
of genes related to cell cycle regulation. After birth, expression of genes within cluster 20
increase up to 7D before being downregulated at 10D continuing into adulthood. Notable
members of this cluster are PRC1, AurkA, AurkB, Cyclin B1&2, Cdc25c, Kifll, and
Cdknla (p21). The presence of PRCL1 in this cluster is notable as it supports the finding
of increased PRC1 expression up until 5D and subsequent downregulation at 7D (Figure
13). Upon further investigation, the expression pattern of PRC1, shown by western blot
in Figure 13, parallels the expression pattern of cluster 20. This finding helps to validate
the findings of our microarray experiments, in addition to the RT-gPCR confirmation
performed in Methods Chapter 2.1.2. The Aurora Kinases are serine-threonine kinases
essential for mitotic entry and progression. Expression of AurkA and AurkB is associated
with increased proliferative capacity (Tao et al., 2008). Cdc25c is closely related to
Cdc25a describe in the previous cluster. Cdc25c phosphorylates Cyclin B and CDK1 to
trigger entry into mitosis (Sur and Agrawal, 2016). Kinesin family member 11 (Kif11, also
called Kinesin-5), is an essential regulator of cell cycle progression by controlling
chromosome positioning, centrosome separation, and the establishment of the spindle
during mitosis (Johnson et al., 2014). Finally, as described in Introduction Chapter 1,
Cyclin B1/B2 and CDK inhibitor p21 are key regulators of cell cycle entry and progression
(Neganova and Lako, 2008; Tane et al., 2014). Although it is well-known that proliferative
signaling is downregulated after birth, our data shows that there are transient variations

in expression at specific postnatal time points. Each distinct cluster related to cell cycle
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dynamics shows a transient upregulation at different time-points during neonatal heart
maturation. The transient upregulation identified in these cell cycle clusters, is consistent
with cardiomyocytes undergoing a final round of cell division post-birth. Each cluster
contains genes which represent different checkpoints within the cell cycle, and we can
observe the upregulation of each checkpoint before being permanently downregulated.
Although our data has identified distinct cell cycle ontology regulation, the underlying

regulators of these gene expression programs remained elusive.

The third major ontology identified was related to heart growth and ECM
remodelling. Cluster 1 includes several genes related to angiogenesis. This is logical
because the drastic increase in heart size, as shown in Figure 3 (Introduction chapter
1.2), would require increased vascularization for the myocardium to receive sufficient
oxygen for normal function. This increase in oxygenation was also important for the
induction of the first major ontology identified (metabolism) and the transition to fatty-acid
oxidation. Clusters 21, 23, and 26 all include genes regulating cell adhesion and
extracellular matrix organization. As the heart grows during neonatal development, the
ECM must adapt to accommodate for the dramatic increase in cardiomyocyte cell size,
resulting in a fine balance between the myocardium being strong enough to efficiently
pump blood, yet not being too rigid to fill with blood (Borg et al., 1984; Lockhart Marie ,
Wirrig Elaine, Phelps Aimee, 2011). Clusters 23 and 26 show upregulation, while cluster
21 shows varying expression over time ending in downregulation in the adult heart. The
high expression of ECM remodelling gene programming in a number of distinct clusters
identifies this as a major contributor to neonatal heart development. The large number of

clusters related to ECM remodelling is important, as it signifies that this process may be
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more complex than expected. It is commonly known that ECM remodelling occurs to
increase heart size after birth, however the identification of such a number of clusters
involved indicates that more subtle changes may be occurring in specific cell types or
structures of the heart. For instance, the right ventricle is structurally, geometrically, and
mechanically distinct from the left ventricle (Walker and Buttrick, 2009), and so each
ventricle may express distinct temporal gene expression patterns during postnatal
development. After our gene ontology analysis, we can conclude that the neonatal heart
undergoes an overall increase in remodeling-related signaling, however this upregulation
is multifaceted. Further research into the members of clusters 21, 23, and 26 could further

elucidate more specific extracellular changes undergone by the neonatal heart.

In addition to the 3 major ontologies, our microarray analysis also identified several
other unique clusters involved in neonatal heart maturation. Clusters 11 and 16 both
include many genes related to mRNA synthesis and processing. Both clusters show
distinct downregulation after birth, indicating reduced overall mMRNA expression as the
heart transitions from developmental proliferation to a hypertrophic state. Prior to birth,
cardiomyocytes undergo extremely complex regulatory signaling to properly undergo
cardiomyocyte specification and differentiation. Once heart morphogenesis is complete,
the heart’s focus turns to pumping blood. Overall, there would be a transition from
expressing a wide variety of developmental genes to expressing more specific genes
focused on cardiomyocyte contractility and strength, and thus an overall reduction in

MRNA synthesis and processing.

Another unique cluster identified in our analysis was Cluster 2, which includes

inflammatory response genes related to reactive-oxygen species (ROS) stress and
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response. Prior to birth, the heart resides in a hypoxic state (Patterson and Zhang, 2010).
After birth, the lungs oxygenate blood that travels to the left heart and is pumped into the
systemic arterial vasculature. As a result, the myocardium is exposed to significantly
increased amounts of (ROS) after birth (Torres-Cuevas et al., 2017). The increase in
inflammatory response regulation identified by our microarray analysis may be explained

by the increased oxygenation of blood in the postnatal heart.

7.2 miRNA gene regulation plays arole in neonatal heart maturation

Due to the large numbers of transcripts that can be targeted by each miRNA and their
relatively recent discovery, the same gene ontology analysis performed for the mRNA
was not performed for miRNA. A single miRNA can have hundreds of targets, and the
regulation of their expression is multifaceted and poorly defined. For our analysis, we
organized miRNAs such that we could identify the largest changes occurring around 5D,
which we identified as the key time-point of cardiomyocyte cell cycle transition in Results
Chapter 4. The single most significantly changing miRNA throughout the neonatal period
was miR-205. Other significantly changing miRNAs were miR-141 and 200c, which are
members of the miR-200 family clustered together on mouse chromosome 6. The other
members of the miR-200 family (miR-200a, -200b, and -429) are located on chromosome
4. In support of this, our data shows similar expression patterns of miR-141 and miR-200c
(Figure 18A), while the other members of the miR-200 family (miR-200a and miR-200b)
did not change significantly during the neonatal period. The overexpression of miR-141
and -200c has been shown to be more effective in decreasing cell growth and migration
compared to other members (Choi et al.,, 2016), and this may be why we only see

significant regulation of miR-141/200c. As stated in Results Chapter 4, miR-205 is closely
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related to the miR-200 family due to similarities in function and targets. Our microarray
analysis was able to strengthen this association by identifying a similar expression pattern

throughout neonatal development.

Other upregulated miRNAs during postnatal heart maturation included miR-150,
miR-221, miR-338, miR-222, miR-29b, and miR449a. When investigating the literature
surrounding these miRNAs, it was noted that each has been implicated in cell cycle
regulation, specifically in studies regarding cancer cell proliferation (Garofalo et al., 2012;
Kwon et al., 2019; Santolla et al., 2018; Sun et al., 2019; Wang and Qin, 2018; Yong-
Ming et al., 2017). Although not directly related to heart development, it is significant that
cell cycle regulatory miRNAs show distinct patterns in the developing heart, which loses
proliferative capacity. Interestingly, the most significantly downregulated miRNAs shown
(miR-702, miR-543, miR-670, miR-665) have also been implicated in cell migration,
proliferation, and proliferative capacity in cancer models (Hu et al., 2018; Kim and Choi,
2012; Shiand Xu, 2016; Zhai et al., 2017). As stated previously, the literature surrounding
mMiRNA involvement in modulating cardiomyocyte proliferation is scarce, and so the
antiproliferative properties of miRNAs in cancer must be extrapolated to potential
mechanisms in inhibiting cardiac growth. In particular, miR-665 has been suggested to
decrease Hippo pathway signaling in cancer cells (Hu et al., 2018). With these data, we
were able to identify miRNAs that may be playing a role in regulating proliferation in the

neonatal heart.

As mentioned in Chapter 1.5.2, the miR-15 family has been demonstrated to be
involved in neonatal cardiomyocyte maturation. The mir-15 family member miR-195 acts

to regulate Chekl expression. Through our mRNA microarray analysis we observed
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significant regulatory changes in Chekl expression (Cluster 19), however we did not
observe a significant change in miR-195 expression nor any member of the miR-15 family
in our miRNA analysis. While transgenic deletion of this family resulted in only a mild
phenotype of increased cardiomyocyte number, while overexpression caused significant
cardiac defects such as hypoplasia and ventricular-septal defects (VSDs) (Porrello et al.,
2013). These data show that the deletion and overexpression of a miRNA may not cause
opposite effects, likely due to compensatory mechanisms in place to oppose the action
of miRNAs. This difference in phenotype between deletion and overexpression is also

what we observed with miR-205.

The miR-302-367 family is expressed during embryonic heart development and has been
linked to cardiomyocyte proliferation via targeting of key Hippo pathway members Mst1,
Lats2, and Mob1lb (Tian et al., 2015). Overexpression of the miR-302-367 cluster resulted
in cardiomegaly and death by postnatal 6D due to reduced inhibitory phosphorylation of
YAP1, thus promoting proliferation. In our miRNA microarray analysis, we observed a
significant change in each member of the miR-302-367 family occurring over the neonatal
period (Figure 32). This observation strongly supports the Hippo pathway as having a
critical role in neonatal heart maturation. Based on our results regarding the role of
miR-205 in Hippo pathway regulation during neonatal heart development, further
research may discover that miR-302-367 is also involved in the neonatal proliferative

transition.
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Figure 32. Microarray expression profiles of the miR-302-367 family during neonatal
heart development. Expression levels of each miRNA were analyzed and plotted to
show their overall downregulation during the neonatal period.
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In our studies, we have chosen to focus directly on the cell-cycle aspect and
miRNA involvement during the neonatal cardiac transition, owing to the identified miRNA
alterations and the correlated changes in cell cycle regulatory gene expression. Any
injuries occurring in hearts past the neonatal period can never heal, and this is due to the
inherent indivisibility of cardiomyocytes after the transition. By unraveling the mechanisms
here, we begin to understand more about why these cells are unable to divide.
Furthermore, entire fields of biology, including cell cycle mechanics, metabolism,
response to oxidative stress, and ECM remodeling, can benefit from our microarray data.
There are innumerable potential targets that could be identified and characterized in order
to more fully understand their role in the neonatal heart. Additionally, by using
bioinformatic pathway analysis, entire pathways and signaling mechanisms could be

investigated with a holistic, systems-biology approach.

Although our microarray data provided invaluable results, the analysis is not
without limitations. Since the performance of our microarray experiments, the continued
development and improvement to RNA-sequencing (RNA-seq) has made it a more
functional assay for the analysis of gene expression (Kukurba and Montgomery, 2015;
Liang and Zeng, 2016; Wang et al., 2009). Microarray analysis is limited to detecting
existing sequencing information. Thus, as new mMRNAs/miRNAs are characterized, we
are unable to determine whether these play a role in the neonatal heart transition. For
example, identification and confirmation of many novel miRNAs has occurred since the
performance of our miRNA microarray, and we are unable to analyze whether these were
significantly changing in the postnatal heart. In comparison, RNA-seq can be updated as

new sequence information is obtained, and retrospective analysis of transcript expression
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can be performed. Furthermore, RNA-seq has proven to have improved signal-to-noise
ratio, with much less likelihood of false-positive results (Kukurba and Montgomery, 2015;
Liang and Zeng, 2016). Finally, RNA-seq can measure absolute levels of transcripts,
while microarray analysis is performed relative to control sequences present on the
microarray platform. In future high-resolution analyses of neonatal heart gene regulatory

networks, RNA-seq would likely provide more in-depth and up-to-date information.

7.3 The role of miR-205 in cancer

MiR-205 is located on chromosome 1 in both mouse and human, encoded within
a conserved IncRNA, 4631405K08Rik. In humans, this gene has been named miR-205
host gene (MiR-205HG). Recently, a study determined that miR-205HG plays a role in
repressing prostate basal cell proliferation and differentiation by targeting and blocking
interferon-regulatory-factor (IRF) transcriptional activation sites in target gene promoters
(Profumo et al., 2019) . Although unrelated in function, this is complementary to the
antriproliferative actions of miR-205. The authors of this study have proposed the name

LEADeR (Long Epithelial Alu-interacting differentiation-related RNA) for miR-205HG.

MiR-205 has been most widely studied in the context of cancer, where it is
commonly used as a biological marker for a variety of cancers such as lung, bladder,
pancreatic, breast, gastric, and thyroid (Fang et al., 2016; Li et al., 2017; Qin et al., 2013;
Wang et al., 2018a). Notable mRNA transcript targets of miR-205 include Zeb1/2, Yapl,
and Pten (Qin et al., 2013). Interestingly, studies involving miR-205 as a biomarker have
also noted that increased miR-205 expression seems to have a protective role in cancer
progression and prognosis (Li et al., 2017). In breast cancer, miR-205 is downregulated

by Erbb2 and results in increased expression of Cyclin D1, Cyclin E, and CDK6 (Adachi
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et al., 2011). In melanoma, E2F1 is inhibited by miR-205, leading to reduced
E2F1- regulated Akt phosphorylation and increased pl6 expression, and a resultant
decrease in proliferation (Dar et al., 2011). MiR-205 has also been delivered alongside
the first-line chemotherapy drug gemcitabine, where it proved to be effective in sensitizing
GEM-resistant pancreatic cancer (Chaudhary et al., 2017). Co-treatment with
gemcitabine and miR-205 was more efficient in reducing cancer cell proliferation than
gemcitabine alone (Chaudhary et al., 2017). Ectopic expression of miR-205 in a cervical
cancer line decreased proliferation, colony formation, and apoptosis by targeting
insulin-like growth factor receptor 1 and forcing cell cycle arrest in G1. Knockdown of
miR-205 and the YAP1 signaling axis has been shown to transform normal breast
fibroblasts into cancer-associated fibroblasts (CAFs), and also promotes tubule formation
and generation of human umbilical vein endothelial cells (HUVECs) (Du et al., 2017).
Reintroduction of miR-205 blunts angiogenesis in CAFs and halts the metastasis of breast
cancer cells in vivo (Du et al., 2017). Thus, miR-205 has been extensively described as
a tumour suppressor (Xu et al., 2012), and based on our observed expression profile in
the heart (Figure 18) we can extrapolate this antiproliferative effect into inhibition of

cardiomyocyte proliferation after birth.

Other studies of miR-205 have suggested it plays a role inhibiting cancer
proliferation via targeting of phosphatase and tensin homolog (PTEN) (Zhang et al.,
2014). Many types of cancer rely on the epithelial-to-mesenchymal transition (EMT) to
promote dedifferentiation of cells into a more proliferative state, and to become malignant
(Friedmann-Morvinski and Verma, 2014) . PTEN is heavily involved in the EMT and

cancerous cells generally try to reduce expression of PTEN which acts to prevent cell
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division (Kohnoh et al., 2016). As previously mentioned, miR-205 is usually upregulated
in cancerous cells. MiR-205 has been shown to directly target PTEN, and this interaction
may play a role in preventing cancer dedifferentiation and development (Zhang et al.,
2014). Together, these data suggest that increased miR-205 expression may be a

compensatory response to limit cancer cell growth.

7.4 MiR-205 regulation of the Hippo pathway

In recent years, many studies have investigated the role of the Hippo pathway in
heart development and regeneration. Several models for modulation of the Hippo
pathway have been developed by deletion or overexpression of various pathway
members at different time-points. Targeted deletion of the Yapl gene using the Nkx2-5
promoter was shown to result in cardiac hyperplasia and early embryonic lethality (von
Gise et al., 2012; Xin et al., 2011). Postnatal deletion of Yap1 using the aMHC promoter
impeded neonatal heart regeneration and led to increased fibrosis after injury (Del Re et
al., 2013; Xin et al.,, 2013). YAP1 overexpression has also been noted to increase
cardiomyocyte apoptosis and cause dilated cardiomyopathy in mice (Del Re et al., 2013).
Heterozygous deletion resulted in no phenotype unless the heart was injured via

myocardial infarction.

Conversely, forced expression of YAP1 has been shown to stimulate cardiac
regeneration and improve contractility after induced Ml (Del Re et al., 2013).
Overexpression has also been shown to cause hyper-proliferation of cardiomyocytes (Xin
et al., 2011, 2013). Furthermore, this regenerative activity was shown to be due to the
activation of embryonic proliferative gene programming. Another study using

constitutively active YAP1 overexpression by BMHC increased cardiomyocyte
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proliferation. Interestingly, by adulthood these overexpression mice showed normal heart
size with reduced cardiomyocyte size and increased cell density/number (Xin et al.,
2011). YAP1 expression has been shown to be sufficient to promote increased cell size
and hypertrophic gene expression in cardiomyocytes (Del Re et al., 2013). Additionally,
YAP1 expression is linked to protection from ROS-induced cell death and attenuation of
phenylephrine-induced hypertrophy (Del Re et al., 2013).Transgenic deletion of
intermediary Hippo pathway members such as Mstl, Savl, and Lats1 have all also been
shown to induce cardiomyocyte hyperplasia. Overexpression of Mstl resulted in
abnormal cardiac growth and dilated cardiomyopathy (Matsui et al., 2008; Yamamoto et
al., 2003). Yapl overexpression and Mstl deletion mouse models also show similar
increases in cardiomyocyte regeneration instead of fibrosis after Ml (Lin et al., 2014).
Through review of the literature surrounding the role of the Hippo pathway in the heart,

we can conclude that regulation of YAP activity is essential for proper heart development.

As research into the role of the Hippo pathway in heart development and
regeneration continues, it is evident that miRNAs play an important role in regulating
Hippo signaling. For example, YAP1 has been shown to activate expression of miR-206
and subsequently increase cardiac hypertrophy (Yang et al., 2015). Moreover, inhibition
of miR-206 expression attenuated this YAP1-induced hypertrophy (Yang et al., 2015).
Studies have also shown that the administration of various miRNAs is able to induce
cardiomyocyte proliferation in vitro (Eulalio et al., 2012; Torrini et al., 2019). These
mMiRNAs include miR-590-3p, miR-199a-3p, the miR-302 family, miR-1825, miR-1248,
miR-18a, miR-33b, and miR-30e (Torrini et al., 2019). Furthermore, it was shown that

expression of these miRNAs was correlated with increased TEAD reporter activity. TEAD
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is an essential part of the regulatory complex with YAP1, which promotes expression of
proliferative genes, and has shown to be essential for heart development (Chen et al.,
1994). Treatment of cells with the miRNAs mentioned above increased active YAP1
levels in the nucleus. Furthermore, knockdown of YAP1 using siRNA, while also treating
with the above-mentioned miRNAs, prevented the pro-proliferative gene signaling. The
importance of miRNAs in the regulation of the Hippo pathway is further emphasized by a
study that demonstrated miR-199a-3p treatment was able to downregulate expression of
the serine/threonine-protein kinase TAOK1 (Torrini et al., 2019). TAOK1 has been
demonstrated to phosphorylate and activate MST1/2 and LATS1/2 (Boggiano et al., 2011;
Plouffe et al., 2016; Poon et al., 2011). Thus, miR-199a-3p can modulate cell proliferation
by affecting the Hippo pathway. Furthermore, miR-199a-3p can target F-box/WD
repeat-containing protein 1A (B-TrCP), which catalyzes the ubiquitination of YAP1 and

promotes its degradation (Zhao et al., 2010b).

Based on the literature surrounding the regulation of YAP1, we can conclude that
miRNA regulation of YAP1 plays a critical role in controlling proliferative signaling.
Although many miRNAs have been identified as playing a role in heart development via
interaction with YAP1, studies have not identified miR-205, most likely due to the
previously described lack of temporal resolution in experiments. MiR-205 is only
transiently expressed in the heart between 3D and 7D, and so its regulation of Yapl in

the heart has not been studied.

After birth, miR-205 expression follows a distinct pattern, and the evidence shown
herein strongly supports a role for miR-205 in establishing cardiomyocyte number in the

neonatal heart via targeting of the Yapl transcript. Temporally, the expression of miR-205
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precedes loss of cardiomyocyte proliferative capacity. By 7D post-birth, the murine heart
has achieved its final cardiomyocyte number and primarily grows via hypertrophy.
MiR-205 expression sharply and significantly increases immediately before this 7D
timepoint (Figure 20A). From miR-205’s highly investigated role in cancer, we can deduce
that these antiproliferative effects may be utilized by the neonatal heart transitional
program to end cardiomyocyte proliferation. Furthermore, this strongly supports miR-205

as a regulator of the neonatal transitional program.

7.5 MiR-205 exerts an antiproliferative effect on neonatal cardiomyocytes to
inhibit cell division by postnatal 5D

After confirming the expression profile for miR-205 (Figure 20A), we examined the
localization of miR-205 expression. Interestingly, miR-205 is expressed in both the
cardiomyocytes and supporting cells of the heart (Figure 20B). Importantly, miR-205
expression originates from the epicardium. Studies have shown that the developing heart
appears to grow outward, with new cells being generated from the epicardium and being
placed on top of the previous layer of cardiomyocytes (Cai et al., 2008; Zhou et al., 2008).
When antiproliferative signaling begins post-birth, it is logical that it would originate from
the epicardial regions where cardiomyocytes are actively proliferating. A limitation of our
miR-2057 mouse model is the possibility of miR-205 being secreted from neighbouring
cardiac fibroblasts and having a paracrine role on cardiomyocytes. Indeed, as the global
deletion model resulted in neonatal lethality (Wang et al., 2013), it is possible that deletion
of miR-205 in both cardiomyocytes and supporting cells of the heart using an inducible
knockout in all cardiac-lineage cell types (Hand1/2, Nkx2-5, Thx) may have had a more

significant phenotype. Our study shows that miR-205’s antiproliferative signaling at 5D is
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localized near the epicardium (Figure 20C). MiR-205 is likely involved in forcing
cardiomyocytes to exit the cell cycle and progress toward terminal differentiation.
Furthermore, research has shown that the limited regeneration that occurs in an injured
adult heart arises from cardiomyocytes near the epicardium (Smits and Riley, 2014).
Unlocking the proliferative potential of cardiomyocytes will likely occur at the epicardium,
where the cardiomyocytes have room to expand and grow. MiR-205 expression increases
after myocardial injury (Figure 21), therefore determining whether miR-205 is preventing
cardiomyocyte proliferation in this circumstance would be a promising avenue for future

research.

7.6 The deletion of miR-205 results in an expanded proliferative window and
increased cardiomyocyte number

Our observations demonstrate that miR-205 is expressed at the precise time when
cardiomyocytes stop dividing, expression is localized to regions with actively dividing
cardiomyocytes, and that miR-205 has anti-proliferative properties. Taken together, this
data strongly supports miR-205 having a significant role in the neonatal cardiac
transitional program. Our next step was to further elucidate the role of miR-205 by

examining the effect of transgenic deletion in the postnatal heart.

Based on the western blots in Figure 22E, it is clear that miR-205 deletion had an
effect on several aspects of cardiomyocyte maturation. Increased levels of p-CDK1
indicates that there is increased cell growth and division signaling. As a target of miR-205,
it was notable that p-PTEN expression levels did not differ significantly between wild-type
and miR2057, but total levels of PTEN were modestly increased, helping to confirm

miR-205’s targeting of the Pten transcript. Additionally, the presence of a strong, clear
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band at the size corresponding to the mass of PTEN-L, suggests that miR-205 may target
all PTEN transcripts, including the N-terminally extended versions such as PTEN-L
and -M. Although PTEN-L levels are slightly increased in control mice, which only express
aMHC-Cre (Appendix Figure 4), PTEN-L levels measured in miR-2057 mice were notably
higher. Very little is known regarding PTEN-L’s role in the heart, but based on its
interaction with miR-205 and its role in regulating Akt signaling, PTEN-L may be
hypothesized to play a role in the neonatal transitional program. An updated model of the
PI3K/PTEN pathway including the role of miR-205 is shown in Figure 33. By targeting the
Pten transcript, miR-205 can increase the proliferative signaling of cells through multiple
pathways such as the Akt/mTOR and MEK/ERK pathways. Future studies of PTEN-L’s
role in cell proliferation signaling should provide useful insight into the function of miR-205

in neonatal heart development.

In response to significantly increased YAP1 expression, the Hippo pathway is activated
to phosphorylate YAP1 and sequester it in the cytoplasm. Although p-YAP1 levels are
increased in miR-205" hearts, the overall increase in total YAP1 expression was too
strong to completely inhibit proliferation. We observed robust expression of YAP1 in 5D
miR-205 hearts visualized by IHC (Figure 23B). We also show that YAP1 expression
was significantly higher both in the cytoplasm and the nuclei (Figure 23B), supporting the
idea that the Hippo pathway activation was not sufficient to suppress YAP1 signaling in
the absence of miR-205. Overall, miR-205 deletion resulted in increased YAPL1 protein
expression (Figure 23), which helps confirm previous studies identifying the Yapl

transcript as a target of miR-205 in EMT and cancer cell models.
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Figure 33. The PTEN/PI3K signaling pathway. PI3K and PTEN regulate PIP2 and PIP3
levels to mediate cell signaling and growth through both the AKT/mTOR and MEK/ERK
pathways. PTEN is a negative regulator of cell growth by dephosphorylating PIP3 and
inhibiting its pro-proliferative downstream effects.. PTEN also negatively regulates the
SL1 complex responsible for ribosomal creation and function. PTEN expression is
inhibited by miR-205.
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By targeting key elements such as Yap1l and Pten, it is likely that miR-205 tumour
suppressor functionality is involved in halting cell cycle progression. In the absence of
miR-205, there is significantly increased expression of both Ki67 and pH3 at 14D (Figure
24). Both markers are actively expressed in cells that are currently undergoing mitosis.
Another result of upregulated YAP1 expression was an increase in proliferative signaling
as observed by increased levels of CDK1. Therefore, we can conclude that
miR-2057 cardiomyocytes have an expanded proliferative window as there are more
actively dividing cells at 14D. While expression of these proliferative markers is still low,
it is significantly higher in miR-2057- mice compared to wild-type. The fact that there is a
increased cardiomyocyte number in 14D miR-2057 hearts further confirms that the
proliferative window is expanded in miR-205"- hearts (Figure 25). Furthermore, these data
strongly suggest that miR-205’s antiproliferative role observed in cancer models is also
utilized by the transitional program to inhibit proliferative signaling of cardiomyocytes in
the neonatal heart. The data provided in Results Chapter 5 strongly supports a role for
miR-205 acting primarily through suppressing Yapl in order to initiate cell cycle
withdrawal and inhibit postnatal cardiomyocyte proliferation. An updated schematic of the
Hippo pathway, including the transcriptional repression of Yapl by miR-205 is displayed
in Figure 34. Based on the intriguing phenotype of increased proliferation displayed by
our miR-205"- mice, we next sought to determine whether overexpression of miR-205

would result in reduced proliferative signaling in the heart.
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Figure 34. The Hippo pathway responsible for organ growth and cellular
proliferation. When the Hippo pathway is activated (phosphorylated), it results in the
phosphorylation of YAP/TAZ. Phosphorylated YAP/TAZ is sequestered in the nucleus
and inactive. It is temporarily stored in the cytoplasm or degraded if necessary. When the
Hippo pathway is not active (dephosphorylated), YAP/TAZ remains unphosphorylated
and active, and migrates to the nucleus to regulate transcription of proliferative genes.
YAP1 expression is inhibited by miR-205.
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In our miR-205"- mice we observed severe cardiac hypertrophy in adult mice, with
up to 50% increased heart mass (Appendix Figure 1). At 10 months of age,
miR-2057" mice displayed significantly reduced ejection fraction and increased left
ventricular mass and did not live past one year of age (Appendix Figure 2). Furthermore,
these mice had worse outcome after induced cardiac injury from 9 days of transverse
aortic constriction (TAC) (Appendix Figure 3). Although we initially hypothesized this to
be a result of miR-205 deletion, our phenotypical data was similar to previously published
data indicating that aMHC-Cre expression alone causes cardiac hypertrophy and death
(Pugach et al., 2015). Because of the similarities, we could not conclude the effect of
miR-205 deletion in the adult heart. Future studies into the role of miR-205 in the adult
heart would use inducible overexpression models such as tamoxifen or doxycycline to

avoid the prolonged expression of Cre recombinase.

In our transgenic model of miR-205 deletion, there are limitations that were taken
into account when analyzing data. For example, experiments examining protein
expression in postnatal mice containing aMHC-Cre with no deletion of miR-205
(aMHC-Cre-only) displayed a DNA damage phenotype. These aMHC-Cre-only mice
showed increased levels of DNA-damage markers yH2AX and XRCC1 (Appendix Figure
4), demonstrating that the expression of Cre recombinase results in DNA damage even
when no floxed allele is present. Furthermore, aMHC-Cre-only neonatal mice displayed
significantly increased levels of p-Akt (Appendix Figure 1). P-Akt is one of the downstream
effectors of the PIBK/PTEN pathway, but also participates in cell survival and apoptosis
signaling in cases of DNA damage. Thus, we expected dysregulation of Akt in

miR-205" mice, however since expression of aMHC-Cre alone caused dysregulation we
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could not make any conclusions regarding miR-205’s effect on Akt signaling. Other than
DNA damage markers, aMHC-Cre expression did not have a significant impact on the

expression of other proteins examined.

Finally, our analysis of the proliferative capacity of cardiomyocytes could be
improved. Although our microarray and protein expression analyses were performed at
many neonatal time-points, our examination of cell number, cell size, and Ki67/pH3
staining was only performed at 5D and 14D. Future investigation into cell number and
proliferative capacity will examine additional time-points to further elucidate the temporal
changes occurring during postnatal heart maturation. Additional methods of identifying

actively cycling cells could also be utilized, such as BrdU or EdU incorporation.

7.7 Comparing and contrasting effects of miR-205 deletion and overexpression in

the postnatal heart

Based on our observations in chapter 5, we hypothesized that miR-205
overexpression would result in a phenotype opposite to that of the deletion model.
However, as described in chapter 6, miR-205°F mice did not have reduced cell number
nor impaired cardiac transition by 14D. In contrast, miR-205°F hearts contained
significantly more cardiomyocytes at 5D and 14D (Figure 31). From our observations, the
cardiac transition still occurred, although it appeared to occur at an earlier timepoint than
the knockouts and wild-types (3D vs. 5D). The earlier transition in the miR-205°F hearts
was characterized by higher-than-normal proliferative signaling (p-CDK1, p-Rb,
p-PTEN-L) immediately after birth. It is possible that the overexpressed miR-205 is bound
by circular RNAs (cDNAs), which can act as miRNA ‘sponges’ to inhibit the action of

mMiRNAs (Barret & Salzman, 2016)
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In wild-type mice, CDK1 expression transiently increases from 3D to 5D before
dropping (Figure 27B), which is consistent with other literature showing that this is
concurrent cardiomyocytes undergoing their last replication event (Sedmera and
Thompson, 2011). In miR-205" mice, this same transient increase is seen, however
expression is much higher and lasts much longer (up to 10D) (Figure 22). In miR-205°F,
p-CDK1 expression also transiently increases, but instead occurs from postnatallD to
3D, with levels becoming comparable to that of wild-type and miR-205" hearts by 5D
(Figure 27). Comparable levels of Ki67 and pH3 staining between wild-type and
miR-205°F mice at 5D shows that cardiomyocyte proliferative index reached a
comparable level to wild-type by 5D continuing to 14D (Figure 30). The increased cell
number in miR-205° mice at 5D and 14D (Figure 31) indicates that there was a period
of cardiomyocyte hyperproliferation from 1D to 3D. Our miR-205°F data indicates that
overexpression of miR-205 results in an earlier initiation of cardiomyocyte cell cycle
withdrawal. Earlier initiation results in a proliferative burst immediately after birth to

establish a suitable cardiomyocyte number for heart maturation.

A similar situation exists for p-Rb. Wild-type mice have a transient increase around
5D, with expression dropping by 10D. In miR-2057 mice, p-Rb is expressed at higher
levels and for a longer duration, consistent with an increased proliferative window. In
miR-205°F mice, p-Rb levels are significantly higher than either wild-type or knockout
immediately after birth, but expression still drops off after 5D and is comparable to
wild-type levels by 7D. The CDK1 and p-Rb data show evidence of an expedited cardiac

transitional program in miR-205° mice, with the cardiomyocytes hyperproliferating
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before the antiproliferative signaling induced by miR-205 overexpression takes hold, and

forces cell cycle withdrawal and terminal differentiation.

Furthermore, this suggests that there are likely molecular mechanisms in place to
account for variations in gestation time. Gestation times are known to vary within a
species, for example the human gestational period is on average 280 days, with a
standard deviation of 16 days (Jukic et al., 2013). The typical gestation period for a mouse
is 19 to 21 days (Murray et al., 2010). Once born, the heart undergoes the same changes
regardless of gestational duration (within normal timeframe). Based on our data, we can
predict that regardless of gestation time, the stress of birth induces the expression of the
transitional program, including miR-205, and rapidly establishes the required
cardiomyocyte number before becoming indivisible. The mechanisms involved in the
transitional period could be further studied in the context of premature births to determine
if hyperproliferative signaling is required for shorter gestational periods when
cardiomyocytes have spent less time proliferating, to establish a healthy cardiomyocyte

number in the heart.

In our miR-2057 mice, we observed severe dysregulation of neonatal Hippo
pathway signaling (Figure 23). From our overexpression data, it is evident that the Hippo-
signaling pathway is also disrupted in miR-205°F mice (Figure 28). As discussed
previously, miR-2057- mice generally show an increase in Hippo signaling compared to
wild-type, however increased YAPLl expression results in increased cardiomyocyte
proliferation. Coinciding with the miR-205°F hyperproliferation immediately after birth,
Hippo signaling follows the same pattern, with heavily increased expression immediately

after birth (Figure 28). Several Hippo pathway members such as MST1, SAV1, p-MOB1,
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and LATS1 are all upregulated in miR-205°F hearts, especially in the first few days after
birth (Figure 28). The increased Hippo signaling consequently and expectedly results in
increased levels of inactive p-YAP1. However, total YAP1 levels were also increased,
suggesting that compensatory mechanisms exist to drive YAP1 expression when
cardiomyocyte proliferation is required for heart maturation. By stimulating the cell-cycle
withdrawal gene programming, compensatory overexpression of YAP1 results in
increased proliferation of cardiomyocytes immediately after birth. Especially during the

first 3 days of life, miR-205°F show greatly increased expression of p-YAPL.

The proliferative window in miR-205°F mice is similar to wild-type, with no
difference in pH3 or Ki67 staining at 5D and 14D (Figure 30). However, the resulting heart
in miR-205°F mice contains a larger cell number (Figure 31). The increased cell number
observed at 5D and 14D is explained by the increased proliferative signaling observed
very early in the neonatal period. By overexpressing miR-205, we have disrupted the
neonatal transitional period, however the heart is still able to produce cardiomyocytes by

undergoing a compensatory proliferative burst earlier in neonatal heart maturation.

In conclusion, miR-205°F hearts display contradictory pro- and anti-proliferative
signaling. We hypothesize that this pro-proliferative signaling is a compensatory response
to the anti-proliferative signaling initiated by miR-205 overexpression earlier than when
miR-205 would normally be expressed. The miR-2057 and miR-205°F models provided
invaluable information about miR-205’s function in the neonatal heart. By knocking down
miR-205 we expanded the proliferative window and increased cardiomyocyte number,
while overexpressing mir-205 expedited cell cycle withdrawal and established cardiac

number sooner. Altogether our results heavily support miR-205 as a key regulator of the
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neonatal transition by inhibiting PI3K and Hippo signaling to promote cardiomyocyte cell

cycle withdrawal.

In the analysis of our miR-205°F mice, we experienced similar limitations as our
transgenic deletion experiments. Future experiments will assess proliferative capacity
and cell number at additional timepoints to obtain a higher-resolution analysis of postnatal
cardiomyocyte maturation. By using a DOX-inducible mouse model, we were able to
circumvent confounding data caused by the mouse model. Since this model requires two
alleles inherited from separate parents, we were able to use littermates as transgenic
controls. Littermates included mice with either one of the two required alleles for
overexpression and were also provided with DOX water. Thus, any phenotype from the
presence of either allele would be observed in control mice. Supporting this, our
miR-205° control mice display the same expression as wild-type mice used in

miR-2057 experiments.
7.8 Conclusions

MiR-205 expression is strongly and transiently upregulated during the neonatal
transitional window. Through it’s interaction with Yapl and Pten, we have uncovered a
novel role for miR-205 in shifting the balance from pro-proliferative signaling to
pro-hypertrophic signaling. A working model of miR-205’s roles in the Hippo and
PISK/PTEN pathways is presented in Figures 33 and 34, respectively. In the absence of
miR-205, YAP1 expression is significantly increased, leading to increased cardiomyocyte
number and larger heart size in miR-2057 mice. Hippo signaling pathway activation is
increased in these mice as an attempt to phosphorylate and inactivate YAP1 to inhibit

cardiomyocyte proliferation. Overexpression of miR-205 resulted in an expedited
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transitional period characterized by drastically increased expression of cell cycle
progression markers, such as CDK1, p-Rb, during the first few days of life.
Overexpression also resulted in earlier establishment of cardiomyocyte number. By 5D,
miR-205°F hearts contained more cardiomyocytes, however by 14D the number was
comparable to wild-type. Our results indicate that miR-205 is critical for establishing a

healthy cardiac environment, including cell number and cell size

The neonatal heart undergoes a remarkable transition from hyperplastic to
hypertrophic growth after birth. The transition is a critical yet understudied phenomenon
that results in the mammalian heart being indivisible and unable to compensate for injury
or maladaptation. Along with this proliferative transition, there is a metabolic transition
from glycolysis to fatty acid oxidation. Although these pathways also posit interesting
avenues to explore, we have chosen to focus our efforts on the cell cycle and proliferation
aspect, as it holds the most promise in discovering new mechanisms for the treatment of
heart disease using pre-existing molecular mechanisms and pathways present in the
heart. By uncovering the molecular mechanisms involved in locking cardiomyocytes out
of the cell cycle, we can surmise new ways to unlock them, and allow the replenishment
of cardiomyocytes via the division of pre-existing cardiomyocytes. Whether miR-205
antagomir treatment would be beneficial in a heart disease model would be an interesting
avenue for further study. If our hypothesis is correct, then delivery of a MiR-205 antagomir
may be able to reengage cardiomyocyte proliferation at times when cardiomyocyte loss

impairs heart function, i.e. the most obvious application being in the post-infarct heart.

Another important experiment to support miR-205’s role in proliferative capacity

will be the induction of myocardial infarction in 1D and 7D miR-2057 and miR-205°F mice
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(as in Porrello et al., 2011a) to identify whether our mouse models possess increased or
reduced regeneration after injury. With further research and collaboration, we move closer
toward unlocking adult cardiomyocytes from an indivisible state, allowing these cells to
replenish so that the heart may heal. As a result, this research may be a first step in

moving us closer to an effective treatment and cure for heart disease.
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Appendix Figures
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Appendix Figure 1. Phenotypic differences between wild-type and miR-205" mice.
A) miR-2057 hearts are 30-50% larger than wild-type littermates at 10 months of age. B)
Masson Trichrome staining of the hearts from (A), showing drastic differences in heart
structure. C) Heart weight and body weight were measured and compared between wild-
type and miR-205 knockout mice (n=3). Significance was tested using student’s t-test.
Data is presented as mean + standard deviation.
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Appendix Figure 2. Aged miR-205" mice develop heart failure and die by the age of
1 year. A) At 3 months old, wild-type and miR-205" mice show little difference in terms
of left ventricular mass and ejection fraction. B) By 10 months, miR-205" mice have
significantly reduced ejection fraction and increased left ventricular mass. Significance
was tested using student’s t-test. C) Representative echocardiography M-mode images
of wild-type (top) and miR-2057 (bottom) hearts at 10 months of age. D) More extensive
data showing differences in cardiac function in wild-type vs. miR-2057 mice at 3 and 10
months. E) Survival curve of wild-type (n=3) and miR-205" (n=3) over the course of one
year. F) Masson trichrome staining of a 10-month-old mouse which died without warning.
Staining shows increased right ventricular volume, left ventricular hypertrophy, a blood
clot in the left atrium, and an infarct at the apex of the heart. All data is presented as mean
+ standard deviation.
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Appendix Figure 3. MiR-205 plays arole after cardiac injury. A) Preliminary RT-gPCR
data showing that miR-205 expression is increased in 3-day post-MI hearts (n=2). B) RT-
gPCR data showing that miR-205 expression peaks at 7d-post transverse aortic
constriction (TAC)C) Masson’s Trichrome staining on wild-type and miR-205"- mice after
9 days of TAC. Data is presented as mean * standard deviation. C) Echocardiography
analysis shows no significant difference in ejection fraction or LV mass 9 days post-TAC.
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Appendix Figure 4. Western blot controls for mice expressing only aMHC-Cre.
Western blot analysis comparing wild-type and aMHC-Cre expressing mice shows no
major differences in p-YAP, p-PTEN, p-CDK1, or Mstl levels at both time points. P-Akt,
XRCC1, and yH2AX are all elevated when aMHC-Cre in expressed in cardiomyocytes,
suggesting there is increased DNA damage causing pro-survival signaling in these
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