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“Somewhere, something incredible is waiting to be known.”
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RESUMO

As doencas cardiacas sao a principal causa de mortalidade e morbidade nos paises desenvolvidos,
representando 45% de todas as mortes na Europa a cada ano (Timmis et al., 2019). Nos embriGes
dos vertebrados, o coracdo é o primeiro 6rgdo funcional a se formar e o seu desenvolvimento
envolve uma cascata de fatores de transcricdo e vias de sinalizagdo que irdo regular a
diferenciagao de células estaminais nos distintos tipos de células cardiacas. Foram feitos estudos
para promover a diferenciagao de células estaminais em cardiomidcitos, como uma abordagem de
medicina regenerativa, uma vez que os cardiomiocitos de um coragdo adulto tém uma capacidade
regenerativa extremamente baixa (Nakanishi et al., 2016).

O estabelecimento do eixo esquerdo-direito é regulado por uma expressao assimétrica de Nodal,
controlada pelo seu inibidor, Cerberus-Like 2 (Cerl2). A auséncia deste gene é responsavel por uma
variedade de malformagdes, conhecidas como heterotaxia. Este tipo de malformagdes esta
também frequentemente associado a doengas cardiacas congénitas (Belo et al., 2017). O ratinho
knockout do Cerl2 apresentou uma alta taxa de mortalidade, durante o primeiro dia apds o
nascimento, devido a um grande aumento na espessura da parede do miocardio do ventriculo
esquerdo (Araujo et al., 2014).

Neste estudo foram utilizadas células estaminais embrionarias de ratinho WT para testar a
ativagdo experimental das vias de sinalizagdo Nodal e Wnt/B-catenina. Pequenas moléculas tém
sido estudadas para ativar estas duas vias (Nodal e Wnt). A sinalizagdo feita pelo Nodal ou pela
Ativina é normalmente indistinguivel, uma vez que ambos podem regular a transcrigdo sinalizando
através dos mesmos recetores e efectores, indicando que a activina pode ser usada para ativar a
via de sinalizacdo do Nodal, por outro lado, o CHIRON é um potente inibidor da GSK-3, que ira
parar a degradagdo da B-catenina, permitindo a sua translocagdo para o nucleo, ativando os genes
alvo desta via. (Buikema et al., 2013) (Pauklin e Vallier, 2015). Usando as duas moléculas descritas
anteriormente, Activina A e CHIRON as respetivas vias de sinalizacdo (Nodal e Wnt) foram ativadas
durante a diferenciagdo em cardiomidcitos, a partir de células estaminais de ratinho. Esta
experiéncia serve para avaliar se o fenétipo observado, durante a diferenciacdo em cardiomidcitos
das células KO do Cerl2, resulta da ativacdo dessas vias de sinalizacdo, devido a falta de inibicdo do
Cerl2. Os resultados mostraram que, embora o fenétipo das diferenciacdes com a ativacdo das
duas vias (Nodal e Wnt) parecesse semelhante ao apresentado pelas células KO, ndo houve um

aumento dos marcadores cardiacos, como observado nas diferenciacdes das células KO.
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ABSTRACT

Heart disease is the main cause of mortality and morbidity in developed countries, accounting for
45% of all deaths in Europe, each year (Timmis et al., 2019). In vertebrate’s embryos, the heart is
the first functional organ to form and its formation involves a cascade of transcription factors and
signaling pathways that will regulate cell fate towards distinct heart fields. This cascade of events
has been included in studies that differentiate stem cells into cardiomyocytes as a regenerative
medicine approach to heart failure, because cardiomyocytes rarely regenerate in post-natal hearts
(Nakanishi et al., 2016).

The left-right axis establishment is regulated by an asymmetric expression of Nodal, controlled by
its inhibitor, Cerberus-like 2 (Cerl2). The absence of Cerl2 gene is responsible for a variety of
malformations comprising the left-right axis establishment, known as heterotaxia. These
malformations are often associated with congenital heart diseases (Belo et al., 2017). Cerl2
knockout mouse displayed a high mortality rate during the first day after birth due to a particularly
large increase in the left ventricular myocardial wall thickness (Aradjo et al., 2014).

Wild type mouse embryonic stem cells have been used, in this study, to test the effects of the
experimental activation of Nodal and Wnt/B-catenin pathways. Nodal and Activin ligands can
regulate transcription by signaling through the same receptors and effectors, indicating that
Activin can be used to activate Nodal signaling pathway and CHIRON is a potent GSK-3 inhibitor,
allowing the translocation of B-catenin to the nucleus, activating Wnt/B-catenin signaling
(Buikema et al., 2013) (Pauklin & Vallier, 2015). Using the two previously described molecules,
Activin A and CHIRON, the respective pathways (Nodal and Wnt) were activated during
cardiomyocyte differentiation of mouse embryonic stem cells. This was performed to assess
whether the phenotype of the Cerberus-Like 2 Knock-Out during cardiomyocyte differentiation
results from the activation of these signaling pathways, due to the lack of inhibition from Cerl/2.
The experiments showed that, although the phenotype of the differentiations with the activation
of the two pathways (Nodal and Wnt) seemed similar to the one presented by the KO cells, there
was not a significative upregulation of the cardiac markers, compared with the observed on the

Cerl2 KO differentiated cells.
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1. INTRODUCTION

Cardiovascular disease is the leading cause of morbidity and mortality in developed countries,
accounting for 45% of all deaths in Europe each year (Timmis et al., 2019). It is estimated that
coronary heart disease (CHD) is responsible for 7,4 million deaths, worldwide and it is expected
that by 2030, 23,6 million people will die from CHD. (Chadwick, et al., 2018) The prevalence of
myocardial infarction is higher in men and independent of age. Some risk factors like obesity,
increased blood pressure, high cholesterol, diabetes, alcohol ingestion and cigarette smoking can
contribute to the development of diseased heart. Other factors like left ventricular hypertrophy
and family history of premature coronary heart disease can also be a predictor for the
development of cardiovascular disease (Wilson et al., 1998).

Upon myocardial infarction, the heart tries to repair itself and return to a pre-injured state, as
much as possible (with very low success rate on the adult heart), so it undergoes several stages to
repair the damaged area. The inflammation process is the first one to take place, cytokines and
growth factors start recruiting cells that are necessary to clean the necrotic tissue and recruit
other cells that will become myofibroblasts. It has been described that surrounding fibroblasts
migrate to the damaged area and undergo myofibroblast conversion. Although fibroblasts may be
the main cells in this process, it has also been described that circulating fibrocytes or stem cells
can also be recruited and trans-differentiate into myofibroblasts. Regardless of the source,
myofibroblasts are responsible for synthetizing large amounts of extracellular matrix (ECM),
necessary to scarification. (Czubryt, 2012). Distinct to wound healing, the scarification in the heart
stays for the rest of the patient’s life because scar tissue fails to be degraded and recellularized. As
cardiomyocytes are terminally differentiated and have left the cell cycle, they are not able to
repopulate the infarcted area in sufficient number to promote repair. This scar tissue can have
negative influence in the cardiac function by impairing contraction and relaxation, moreover the
myofibroblasts and the ECM of the scar tissue, produce electrical properties distinct from the
surrounding tissue, thus contributing to arrhythmogenesis (Czubryt, 2012) (Voges et al., 2017).
Some studies have documented that neonatal mouse hearts are able to repopulate the affected
area, upon myocardial infarction, therefore being able to regenerate the heart tissue, however it is
still not clear if the human neonatal heart possess this ability. Voges (2017) and his colleagues,
were able to create a human neonatal heart organoid, using human pluripotent stem cells (hPCS)

derived cardiomyocytes and by inflicting a localized injury that would mimic a myocardial
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infarction they were able to show that this organoid was able to regenerate. This study indicates
that this regenerative capacity may be intrinsic to the immature human heart (Voges et al., 2017).
Clinical studies regarding this regenerative capacity in the neonatal human hearts has recently
emerged, like Boulton et al. (1991) that reports the case of two children who survived myocardial
infarction in the early neonatal period and Haubner et al. (2016) have documented a case of a
newborn child who have suffered from a severe myocardial infarction due to a coronary artery
occlusion and made a full recovery, within weeks, that translated into long-term normal heart
function.

Due to the lack of regenerative capability of the cardiomyocytes in post-natal hearts, people who
suffer from congenital or acquired heart disease often develop chronic heart failure, which will
lead to the necessity of heart transplant on the late-stage of the disease, for this is the only
definitive treatment available nowadays (Nakanishi et al., 2016). Heart failure and congenital heart
defects have fueled the pharmacologic industry for developing new organ-independent
treatments to prevent or limit the symptoms and consequently restoring some life quality.
Different groups have shown that the heart has a regeneration capacity of 1% per year and since
the first reported study, in 1998, indicating that the heart was repaired using transplanted skeletal
myoblast, different studies have been conducted using different types of cells like pluripotent and
multipotent stem cells (Cambria, et al., 2016) (Taylor, et al., 1998). Survivability of the engrafted
cells is one of the most challenging problems when it comes to cell-based therapy, to overcome
this issue, Fischer (2009) and his colleagues have performed intramyocardial injections, in
infarcted female mice, of cardiac progenitor cells expressing Pim-1 Kinase, a cardiac protective
kinase, capable of enhancing cell survival and proliferation. With this approach they were able to
show a reduction of the infarct size and increased vasculature, consistent with increased
proliferation, greater levels of cellular engraftment and functional improvement. Cardiac
fibroblasts are present in a large number and distributed throughout the heart, most of the
population is in a state of inactivity, thus, in 2010, a group of investigators focused on this type of
cells. They have reported that the combination of Gatad4, Mef2c and Tbx (GMT), three
developmental transcription factors, was able to effectively trans-differentiate cardiac fibroblast
into cardiomyocyte-like cells, opening doors to in vivo differentiation, in the heart (Srivastava,
2016) (leda et al., 2010). Upon coronary artery ligation in mice, Qian (2012) and his team injected
in the surrounding myocardium infarcted zone, a retroviral system expressing the three previously

described transcription factors (GMT), in order to directly reprogram cardiac fibroblast into
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cardiomyocyte-like cells. The results showed that more than 50% of the in vivo induced
cardiomyocytes resembled endogenous ventricular cardiomyocytes as they assemble sarcomeres,
were binucleate and expressed cardiac markers. There was also evidence of electrical coupling as
they expressed connexin 43, a gap junction protein in the heart that is responsible for electrical
coupling and synchronized beating of the myocytes. This cells also generated Ca* transients and
beating activity (Qian et al., 2012). Nonetheless, cell-based therapies have always reported high
incidences of arrhythmogenesis that are yet not fully understood, so Yu (2019) and his colleagues
generated a comprehensive framework for multiscale cardiac electrophysiology simulations of
cell-based heart repair, with realistic therapy features represented. This program allowed them to
understand that cell dosage, special distribution of the engraftment and injection location were
critical to the development of arrhythmogenesis, later on. They have also correlated
transdifferentiated cardiomyocytes engraftments onto Purkinje fibers with the development of
conduction block and consequently heart rhythm disfunction. The contributing of this simulation
program can be of great importance in the development of arrhythmia-free cell-based therapies.

Pluripotent Stem cells play a very important role as an in vitro model to understand the
mechanisms, important pathways and key regulators of cardiomyogenesis. Therefore, many
studies have made use of the ability of these cells to differentiate into different types of cells and
to be able to mimic the mechanisms underlying in vivo embryogenesis, to understand
cardiomyogenesis complexity (Leitolis et al., 2019). Therefore, Cerberus-Like 2 (Cerl2) has been
implied as an important player for the establishment of left-right asymmetry of the organs and
also for the correct development of the organs, particularly, the heart (Marques et al., 2004). This
gene acts as a Nodal inhibitor, a key regulator of the left-right axis and defects in Cerl2 can lead to
laterality defects known as heterotaxia, in addition to congenital heart defects. A study with Cer/2
knockout mice has associated the absence of this gene with specific heart defects like hyperplasia
and systolic dysfunction. It was possible to identify a particularly large increase in the left
ventricular myocardial wall thickness, due to a higher mitotic index. (Belo, Marques, & Indcio,
2017) (Araujo, Marques & Belo, 2014). Defects on DANDS5, the Cerl2 human homolog, have also
been associated in such defects. A study has identified two patients with a missense mutation in
DANDS5, one of them suffered from left isomerism, atrial septal defect and pulmonary atresia and
the other displayed Tetralogy of Fallot and pulmonary atresia (Cristo, et al., 2017). Preliminary
data shows that Wnt/B-Catenin signaling levels were higher in the compact myocardium of the KO

embryos, suggesting that Cer/2 may also have an inhibitory role in this pathway. Both TGF-f3/Nodal
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and Wnt/p-Catenin signaling pathways have been described as important participants in the heart
development, as they are able to influence cardiac differentiation and proliferation (Cai et al.,
2012) (Buikema et al., 2013). Considering everything, it is reasonable to hypothesize that Cer/2
regulates both signaling pathways in mice heart and possibly modulates cardiomyocytes
proliferation and is involved in the decision mechanism of the originated cells, explaining the
phenotype observed in the Cer/2”/- mouse embryos.
1.1. Aims of the project
When differentiated into cardiomyocytes, the Cer/2 KO cells exhibit a peculiar phenotype that can
be linked to the phenotype observed in vivo, on the neonatal mice hearts. These hearts presented
an increase in the thickness of the left ventricle myocardium wall, related to an upregulation of
the Nodal signaling pathway (Araujo, et al., 20014). Unpublished work performed in the lab
reported an upregulation of Wnt/p-Catenin signaling pathway, another important pathway for the
heart development. For this dissertation, the final aim is to assess whether the phenotype of the
Cerberus-Like 2 KO during cardiomyocyte differentiation results from the activation of these
signaling pathways, due to the lack of inhibition from Cer/2. For this assessment the following
steps were performed:
I.  Characterize the activation profile of TGF-/Nodal and Wnt/B-Catenin signaling pathways
during cardiomyocyte differentiation in WT and Cer/2 KO cells.
Il.  Single and co-activation of TGF-f/Nodal and Wnt/B-Catenin signaling pathways, in the WT
cells, using Activin A and CHIR99021.
[ll.  Study the obtained phenotype to see if it is similar to the one acquired by the KO-derived

cardyomyocytes.
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2. BACKGROUND

2.1. Early Mouse Development

The embryo development starts at conception or fertilization, upon a fusion of a male
spermatozoid and a female oocyte, that will form the zygote. The fertilized egg will then start a
series of sequential divisions into progressively smaller cells, the blastomeres. This will form a
blastocyst that consists in a hollow ball of cells, that will be implanted into the maternal uterine
wall and give rise to embryonic and extraembryonic tissue during development. The blastocyst
development starts with two major waves of asymmetric division, structuring a morula. This
process is important for cell fate decision, as cell positioning within the embryo and cell polarity
along the apicobasal axis will be decisive for early cell commitment. Recent studies have shown
that Hippo signaling is important for cell fate decision. At this point of differentiation activation
and inactivation of this pathway in the inner and outer cells will further promote cell fate and help
organize the blastocyst, that will be constituted by a pluripotent inner cell mass (ICM), surrounded
by trophectoderm (TE). Upon fusion with the uterine wall, the blastocyst will be in its later stage,
presenting a higher level of differentiated cells and, by this time, the blastocyst comprises the
extraembryonic trophectoderm, the primitive endoderm (PE) and the embryonic epiblast (EPI)
(Bedzhov et al., 2014) (Sasaki, 2015).

Trophectoderm is the first cell lineage to be differentiated in the mouse embryo and will give rise
to the placenta, a structure exclusive to the mammalian development. It is thought that TE is
formed in the absence of Oct4, but its commitment towards TE, starts before Oct4
downregulation, suggesting that some positive factors are also involved. Studies have revealed the
importance of Cdx2 in TE specification, as this transcription factor is required for Oct4/Nanog
repression and normal blastocyst development. This transcription factor has also been implied in
the generation of proper trophoblast stem cells and its vital for their self-renewal. However, Cdx2
alone it’s not fundamental for TE commitment, as these cells can be induced by over expression of
EOMES, meaning that they can have some overlapping effect in TE induction. Furthermore, some
evidences suggested that EOMES may be a target of Cdx2 (Strumpf, 2005) (Niwa et al., 2005).
Nishioka (2009) and his colleagues have reported that differential expression of Cdx2 in inner and
outer cells is promoted by the modulation of Tead4 and coactivator protein Yap, that it’s localized

in the nuclei of inner and outer cells of the morula. Yap is phosphorylated in the inner cells,
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inactivating Tead4, whereas it is active on the outer cells, thus promoting the expression of Cdx2
in these cells, that will lead to Oct4 downregulation and TE specification.

Inner cell mass is the precursor of PE and EPlI and commitment to this cell lineage has been
attributed to the function of two transcription factors, Oct4 and Nanog. Some studies have
revealed that Oct4 null embryos fail to acquire the ICM lineage specific identity, leading to a
disruption in the development of PE and EPI (Le Bin et al., 2014). Cell commitment within ICM has
been attributed to several factors as cell sorting, possibly achieved by multiple cell behaviors like
actin-dependent active cell movements that will dictate the position of PE committed cells, as well
as cell apoptosis for cells who failed cell sorting. Activation and inactivation of certain genes can
also be implied in the specification of PE and EPI and some evidences support a link between
GATA6, SOX17, GATA4 and SOX7 transcription factors activation and PE commitment (Artus,
Piliszek, & Hadjantonakis, 2011). Nevertheless, PE cells present a loss of plasticity compared to EPI
cells that stay more pluripotent. This loss of plasticity in the PE cells is due to an exclusion of the
pluripotency marker Oct4. However, precursors of EPI exhibit less plasticity than the precursors of
PE, possibly due to extracellular cues that have effect only on the EPI precursors, thus ensuring the

formation and preservation of the pluripotent fetal lineage (Grabarek et al., 2011).
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Figure 1 - Overview of early mouse development.

The zygote consists in a totipotent cell capable of subsequently dividing in smaller cells called blastomeres, until the morula stage
its reached. At E3.5, the blastocyst is composed by two different cell lineages: the inner cell mass (ICM) and the trophectoderm
(TE). Ultimately, the ICM is responsible for the embryo formation (Adapted from Bedzhov et al., 2014)

2.2. Patterning the Embryo
The body axis of a mammalian embryo only starts to become morphologically visible several days
after implantation, moreover, the anterior-posterior axis can only be unequivocally identified right

before gastrulation starts. For this reason, it was generally believed that the cells within the early
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embryo were all in a naive state and their fate was decided through interactions between each
other, rather than by developmental cues. Now we know that patterning cues arise before the
morphological changes are evident. Polarity, asymmetric gene expression and programmed
distribution of other morphogenic determinants are essential for the embryo patterning, yet,
owing to its plasticity, the embryo is capable of recovery from experimental perturbation that

would disrupt the embryo patterning (Chan et al., 2002).

2.2.1. Anterior-Posterior and Dorso-Ventral Axes establishment
The Anterior-Posterior (A-P) axis establishment begins upon implantation of the embryo in the
uterine wall, around day (E)4.5. Right after implantation, the embryo suffers a burst of
proliferation that will induce a structural change from the bowl-like shape to an elongated egg-
cylinder structure, that will be the foundation of the future body. This transformation will lead to
changes in shape and topology of the embryo tissues, as a result, the epiblast will become
positioned at the distal part of the egg-cylinder structure, whereas the trophectoderm-derived
extraembryonic endoderm (ExE) locates at the proximal part and both of these tissues are
surrounded by primitive endoderm-derived visceral endoderm (VE). At this point, distal visceral
endoderm (DVE) emerges at the distal part of the embryo, which will further establish the A-P axis
polarity, along the proximal-distal (P-D) orientation of the embryo. Elongation of the embryo, its P-
D orientation and a combination of inductive signaling like TGF-f3 family members, Nodal and
Activin, seem to be crucial for the development of DVE. Thereafter, DVE will expand and
undertake unilateral movement towards the prospective anterior side, by E6.0, thus stipulating
where the head will form (Morris et al., 2012) (Matsuo & Hiramatsu, 2017). The DVE movement
towards the prospective anterior side of the embryo is fundamental for the anterior visceral
endoderm formation (AVE), that will locally suppress the primitive streak (PS) and induce the
formation of anterior ectoderm (Shioi et al., 2017). Thereupon, PS will start emerging at the
posterior side of the epiblast, a fundamental process for the formation of the three germ layers —
ectoderm, mesoderm and endoderm — necessary for the development of all types of tissues and
also to further establish the three-dimensional body plan (Williams et al., 2011). The PS will give
rise to the node that will form the axial mesendoderm along the midline, also defining the cells
that will populate this area — prechordal plate and notochord. This event is essential for the dorso-
ventral (DV) axis establishment because it will define the group of cells that will arise in each side
of the axis, so endoderm will mark the ventral side and ectoderm the dorsal side (Beddington &

Robertson, 1999).
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Figure 2 - Establishment of the Anterior-posterior axis and emergence of the primitive streak.
The diagram shows the DVE formation, expansion and unilateral migration towards the prospective anterior side, giving rise to the
AVE, at E6.25. (Adapted from Bedzhov et al., 2014)

2.2.2. Left-Right Axis establishment
A correct left-right (L-R) determination is crucial for the morphogenesis and correct placement of
visceral organs (Hamada et al., 2002). The process for the L-R establishment can be divided into
several steps, first there is a break of symmetry at the Node, a structure located at the anterior
part of the primitive streak (Nonaka et al., 2002) (Davidson & Tam, 2000). This break of symmetry
is due to a leftward fluid flow at the node, generated by motile cilia, that will target Cerberus-like 2
(Cerl2) an important Nodal inhibitor. Moreover, this will promote an asymmetric expression of
Cerl2 by decay of its mRNA on the left side of the perinodal crown cells of the mouse embryo
(Nakamura et al., 2012). Thus, Cerl2 expression will be higher on the right side of the node,
inhibiting Nodal that will be active on the left side. Afterwards, nodal signaling cascade is activated
on the left lateral plate mesoderm (LPM), by the nodal present inside the node (Marques et al.,
2004) (Oki et al., 2007). Even though this mechanism is important for L-R establishment, it is
insufficient to determine the embryonic situs. Therefore, once the Nodal is active on the left LPM
it requires a self-enhancement and lateral-inhibition system, promoted by Nodal and Lefty genes
expression. An activator and a feedback inhibitor, respectively, that will expand the nodal signaling
along the AP axis and also ensure the presence of Nodal in the correct time and place. (Nakamura
et al., 2006). Finally, the situs-specific organogenesis takes place, for this process Pitx2 has been
identified as a main player, but not the only one. Nodal will activate Pitx2, that will also be express
asymmetrically in the left LPM and its expression is maintained by Nkx2 until much later stages

than does Nodal and Lefty. Pitx2 expressing cells will develop left-side morphologies, so in the
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absence of this gene, bilateral organs (e.g. lungs) will exhibit right isomerism but some laterality
events do not seem to be affect by the absence of Pitx2, meaning that there are other key players

yet to be discovered (Shiratori & Hamada, 2006).

LHF 1ps

O €x |oe 1@ ()

V¥ Cerl2 Protein ® p-Smad2 Cerl2 mRNA odal mRNA sy Leftward Flow

Figure 3 - The role of Cerl2 and Nodal in the Left-Right axis establlshment

As soon as the cilia at the node began to rotate generating a weak leftward flow, the asymmetric expression of Cerl2 is established.
This local reduction of Cer/2 mRNA (and Cerl2 protein) in the perinodal cells on the left side of the node results in an increase of
active Nodal signal that is later translocated to the LPM (Adapted from Belo et al., 2017).

2.3. Cerberus Family

The Cerberus-Like family is structurally related to the cysteine-knot superfamily, comprising a
group of small secreted proteins (from 185 a.a. Cerl2 to 272 a.a. Xcerl and Cerl1) that behave not
only as an antagonist of members from the TGF-3 family, such as BMP and Nodal, but also as an
antagonist of Wnt. These secreted proteins are composed by a signal peptide at the N-Terminal
and nine cysteines at the C-Terminal, creating a Cystein-Rich Domain (Belo et al., 2009) (Piccolo et
al., 1999).

Cerberus was first described in the Xenopus model as a protein expressed in the yolky
endomesodermal cells placed in the deep layer of Spemann-Mangold organizer. Microinjections of
Cerberus mRNA in the Xenopus blastomeres have led to the formation of ectopic heads and
duplication of some internal organs, such as the heart and liver (Bouwmeester et al., 1996).
Cerberus homologues have been described in other species like Cerl1 and Cer/2 in mouse, cCer in
chicken, zCharon in zebrafish and Dand5 in humans.

2.3.1. Cerberus-Like 2

Cerberus-Like 2 (Cerl2) is a small secreted protein (approximately 20-kDa), member of the
Cerberus/Dan family. As an antagonist of the TGF-3/Nodal signaling, Cerl2 has an important role in
breaking the L-R symmetry in the node and in the transmission of the L-R asymmetry to the LPM,

during the mouse gastrulation (Belo, Marques & Indcio, 2017). Studies have shown that Cerl2
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directly binds to Nodal and owing to its small size, the Cerl2 protein is capable of generating a
fluid-dependent stationary gradient, that will lead to its accumulation on the left side of the
mouse node (Marques et al., 2004) (Inacio et al., 2013). Inacio (2013) and his colleagues
demonstrated that Cerl2 co-localizes with Nodal and is located in the perinodal crown cells.
Interestingly, at 3-somite stage, Cerl2 protein was present in both sides of the node, contrasting to
its gene expression, only on the right side of the mouse node. The right-side expression of Cer/2 is
dynamically transposed to the left side of the node at 3-4 somite stage and it’s extinct at this
location after 6-somite stage. Inacio (2013) and the team have also validated that both expression

and localization of Cerl2 protein is dependent of the fluid flow inside the mouse node.

2.4. Embryonic Origins of the Mouse Heart
In vertebrates, the heart is the first organ to develop and function and it’s a complex process that
starts with gastrulation. Upon gastrulation, mesodermal tissues, responsible for the heart
formation, become evident (Moorman et al., 2003). Cardiac mesoderm progenitors arise from the
PS and move anterior-laterally towards the splanchnic mesoderm, located in the LPM area, to
form the heart crescent, a primitive heart structure that will be fully formed at E7.5. (Savolainen,
Foley, & Elmore, 2009) (Vincent & Buckingham, 2010). Studies with mice lacking MesP1 and
MesP2 fail to induce the migration of cardiac mesoderm precursors from the primitive streak,
impairing the development of cardiac tissue and other mesodermal structures, attesting the
fundamental role of these transcription factors in the early cardiac development (Bruneau, 2002).
Two major waves of cell migration have been described, the first one being the cells that migrate
from the PS to form the cardiac crescent, also known as first heart field (FHF) and then there is a
second migration wave of cells, from pharyngeal mesoderm towards the medial anterior part of
the heart crescent, to form the second heart field (SHF) (Xin, Olson, & Bassel-Duby, 2013). FHF
cells will express non-canonical Wnt, BMP2 and FGF8 while SHF cells will express canonical Wnt,
Sonic Hedghog (SHH) and FGFs (Galdos et al., 2017). Afterwards, at E8, the cardiac crescent fuses
across the ventral midline, to create a single beating tube mostly derived from the FHF, the SHF
will contribute for expansion of this structure by providing undifferentiated cardiac precursors at
the anterior and posterior region, also contributing to formation of arterial and venous poles
(Ilvanovitch, Esteban, & Torres, 2017) (Xin, Olson, & Bassel-Duby, 2013). At this point, the tube is
composed by an outer myocardial cell layer and an inner endothelial cell layer. At E8, the
contractions in the heart tube are still irregular but a regular heart beat will be established by E9

(Savolainen, Foley, & Elmore, 2009). Subsequently, the heart tube will undergo a rightward
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looping, at E8, that will lead to the development of primitive ventricles and atria. Consequently,
the venous pole will move anteriorly, acquiring the correct position for the future cardiac
chambers develop properly (E10) (Xin, Olson, & Bassel-Duby, 2013). Finally, FHF will generate the
myocardium of the left ventricle, part of the right ventricle and part of the atria and the SHF will
give rise to the myocardium of the right ventricle, cardiac outflow tract, and part of the left
ventricle and atria (Lin et al., 2012). From E9.5 several structures are already distinguishable, such
as, the aortic sac, the bulboventricular canal (primitive right ventricle), the primitive left ventricle,
the outflow track, the common atrial chamber and the atrioventricular canal. The correct late
development of the heart (from E10.5 until E15) will depend on the ballooning of the chambers,
septation of the atrial and ventricular chambers and separation of the atrioventricular canal. That
will lead to the formation of the mitral and tricuspid orifices and later the formation the respective
valves (Savolainen, Foley, & Elmore, 2009) (Lin et al., 2012).

Besides the cells important for the FHF and SHF formation, other population of cells also
contribute to the correct formation of the heart, such as the proepicardial organ, that is a
mesenchymal transitory structure located at the posterior end of the heart tube. This structure is
responsible for providing cells that will grow over the myocardium of the heart tube, configuring
the outer layer of epicardium. Some of the epicardial cells can enter the heart tube, by suffering
an epithelial to mesenchymal transition, thus contributing not only for the formation of smooth
muscle and coronary blood vessels, but also compose the population of cardiac fibroblast and
interstitial cells (Vincent & Buckingham, 2010).
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Figure 4 - Embryonic heart development. The diagram shows the development of the FHF and SHF. The FHF progenitors will give
rise to left ventricle (LV) and atria while SHF progenitors are involved in derivation of the outflow tract (OFT), right ventricle (RV)
and atria. (Adapted from Vincent & Buckingham, 2010)
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2.5. Pathways involved in heart formation
The heart development in mouse is orchestrated by a well-organized network of different
pathways and their respective activation and inhibition, at certain developmental time windows, is
the key for a correct formation of the heart. Two important pathways, Nodal signaling and Wnt
signaling, will be described in this thesis, due to their importance in heart development, as well as,

their associations with the Cerl2 gene.

2.5.1. Nodal Signaling

Nodal is a member of the Transforming Growth Factor type 3 (TGF-B) superfamily of morphogens
and it has been implied as a key player in the embryo development, responsible for gastrulation,
germ layer formation and patterning, specifically important for the axes formation. Thus, the
multiple functions of Nodal in cell fate specification will depend on concentration and exposure
(Guzman-Ayala et al., 2009). Studies have shown that Nodal is not only necessary for maintenance
of pluripotency at the epiblast stage, of mouse embryonic stem cells, but also for extraembryonic
tissue differentiation (Pauklin & Vallier, 2015). Nodal signaling is essential for mesoderm and
endoderm induction, Conlon et al. (1994), described that Nodal null mice embryos failed to
generate a distinct primitive streak and presented a sporadic development of some anterior
mesoderm, randomly positioned. Moreover, several studies have reported that cardiac induction
requires signaling generated by endoderm that will activate TGF and Nodal pathways (Samuel &
Latinki¢, 2009).

In order to activate it signaling, Nodal interacts with membrane serine/threonine kinases (type |
and type Il receptors) (Guzman-Ayala et al., 2009). Firstly, Nodal binds to the type Il activin
receptors that will trigger the recruitment, phosphorylation and activation of type | activin
receptors, inducing the phosphorylation of the Smad transcription factors (Pauklin & Vallier,
2015). Nodal signaling requires EGF-CFC family of co-receptors, which are small extracellular
proteins comprising cysteine-rich domain, to attain specification for the type | receptor ALK4
(Shen, 2007). When Smad2/3 are phosphorylated, they are able to interact with Smad4,
subsequently forming a transcriptional complex that moves into the nucleus. Smad2 and Smad4
bind directly to DNA, by recognizing a Smad-binding element (Pauklin & Vallier, 2015). This
transcriptional complex, in association with FoxH1 transcription factor, will lead to the expression
of some downstream Nodal target genes, such as, Lefty1/2 and Pitx2 (Shen, 2007). Nodal signaling
is regulated by multiple mechanisms like the extracellular antagonists Leftyl/2 and Nodal and

agonists CRIPTO1 (Pauklin & Vallier, 2015).
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Figure 5 - Nodal Signaling.
Nodal binds to ALK4 receptor leading to the phosphorylation of Smad2. p-Smad2 binds to Smad4 forming a complex that will
translocate into the nucleus and subsequently activate the Nodal pathway target genes (Adapted from Pauklin & Vallier, 2015).

2.5.2. Wnt Signaling

Whnt signaling is an ancient and evolutionary conserved pathway, comprising a family of secreted
glycoproteins responsible for the regulation of a wide variety of biological processes, including cell
fate determination, cell proliferation, cell migration, cell polarity, patterning and organogenesis,
during embryonic development (Komiya & Habas, 2008). This signaling is expressed in a
temporospatial manner during embryonic growth, in order to induce several crucial events for the
embryo development, being highly specific in mesoderm induction and cardiac fate determination
(Flaherty, Kamerzell, & Dawn, 2012). Studies where Wnt signaling was disrupted showed and
absence of the primitive streak and consequently a failure in mesoderm induction and node
formation (Buikema et al., 2013). Both canonical and non-canonical Wnt pathways are necessary
for a correct heart development. Canonical Wnt pathway is crucial for the early stages of cardiac
commitment and development, whereas non-canonical Wnt pathway has been linked to the
subsequent cardiac specification (Mehta et al., 2014). Wnt/p-Catenin pathway and specifically
important for the development of the SHF, but it’s also crucial for controlling the ventricular
myocyte proliferation during the development and perinatal stages (Buikema et al., 2013) (Fan et
al., 2018).

For the correct expression of the Wnt/p-Catenin pathway, Wnt binds to a receptor, the seven-pass

transmembrane frizzled receptor and also to its co-receptor, the low-density lipoprotein receptor
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related protein 5/6 (LRP5/6). The formation of this complex will recruit the scaffolding protein
dishevelled, resulting in the phosphorylation of the LRP6 co-receptor, thus inducing the activation
and recruitment of the Axin complex, comprising several compounds, among them, the casein
kinase 1 (CK1), and glycogen synthase kinase 3 (GSK3). This recruitment will stop the Axin
complex-mediated phosphorylation of B-Catenin pathway, leading to an accumulation of this
protein and posterior translocation into the nucleus, where it will form a complex with TCF/LEF
and then activating the Wnt target gene expression. When Wnt pathway is not active, the Axin
complex is constantly phosphorylating 3-Catenin. The sequential phosphorylation of the amino
terminal of B-Catenin, performed by CSK1 and GSK3, will induce the recognition of 3-Catenin by an
E3 ubiquitin ligase subunit, thus provoking the ubiquitination of this protein by the proteasome.
This constant degradation of 3-Catenin will prevent its accumulation and further translocation to

the nucleus, stopping Wnt target gene expression (MacDonald, Tamai, & He, 2009).
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Figure 6 - Canonical Wnt Signaling.

On the “OFF” side of the diagram it is possible to observe -Catenin being degraded by the Axin Complex and the proteasome. On
the “On” side of the diagram Wnt binds to frizzle and LRP5/6, recruiting the Axin Complex and stopping (3-Catenin degradation
(Adapted from Flaherty, Kamerzell, & Dawn, 2012).

2.6. Absence of Cerl2 leads to Heart defects
The heart presents cellular and molecular left-right differences, suggesting that the heart is
lateralized from its inception and throughout its development. The first evidence of asymmetry in
the heart development is when it undergoes looping morphogenesis and then all its development,
including chamber formation, inflow and outflow track formation and the position of the heart

relative to the midline also exhibit L-R differences (Ramsdell, 2005). As explained previously, the
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symmetry of the embryo is broken, at the node, by a cascade of gene activation that will express
different properties on the left and right sides of the embryo. Any impairment on the L-R axis
formation can lead to laterality defects and is, usually, also responsible for particular types of
congenital heart defects (lcardo et al., 2002) (Ramsdell, 2005). These congenital heart defects are
commonly related to L-R defects during cardiac development and include transposition of the
great arteries, double outlet right ventricle, pulmonary stenosis or atresia, anomalous pulmonary
venous return, systemic venous anomalies, ventricular and atrial septal defects, single ventricle,
and rhythm disorders (Desgrange, Le Garrec & Meilhac, 2018). However, in 2014, Araujo and her
colleagues reported that defects in Cer/2 (a crucial gene for the L-R axis establishment) leads to
cardiac defects that cannot be explained by laterality abnormalities. They have analyzed a Cerl2
knockout mouse line and stated a significantly high mortality rate of neonates, mostly due to
cardiac defects. These mice presented a large increase in the left ventricular myocardial wall and
systolic dysfunction incompatible with a long lifespan. Further studies to these hearts showed that
the increased ventricular muscle was due to a high proliferation of cardiomyocytes. Expression
levels of Cerl2 on the left ventricle were significantly higher than on the right ventricle, leading the
authors to hypothesize the importance of this gene for the ventricular myocardial formation.
Moreover, the levels of phosphorylated Smad2 (p-Smad2) were also increased on the left ventricle
of both embryonic and neonatal hearts, indicating that the TGF-/Nodal signaling was activated
for a long period of time. Therefore, validating the role of Cerl2 in exerting a negative feedback for
the TGF-B/Nodal signaling in the heart development, independent of its major role in the left-right
axis establishment (Aradjo, Marques & Belo, 2014). Unpublished data from the lab has also
reported an increase of Wnt signaling in the Cer/2 knockout mice hearts, leading to the hypothesis
of this single gene as a potencial regulator of both Nodal and Wnt pathways, in the heart
formation, and possibly modulating the cardiomyocyte yield, thus explaining the phenotype
observed in the Cerl2 knockout mice.
2.7. Mouse Embryonic Stem Cells

Embryonic stem cells (ESCs) can be derived from the inner cell mass (ICM) of a mouse embryo at
blastocyst stage. These types of cells have an unlimited ability to proliferate indefinitely (or self-
renew) in vitro while maintaining pluripotency. Moreover, they present the capacity to
differentiate into all the cell types derived from the three primordial germ layers, offering a very

promising potential as a source of cells for heart regeneration.
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2.7.1. In Vitro Culture
Back in 1981, Evans & Kaufman successfully derived for the first-time mouse pluripotent cells in
vitro from preimplantation mouse embryos (Evans & Kaufman, 1981) (Martin, 1981). They named
those cells as “embryonic stem cells” and established the elementary principles to derive mouse
ES cells, consisting in co-culture blastocysts with a feeder layer of mitotically arrested mouse
embryonic fibroblasts (MEF) and medium containing carefully screened fetal calf serum (FCS)
(Evans & Kaufman, 1981) (Martin, 1981) (Robertson, 1987). Using these culture conditions, the
investigators expected to promote the proliferation of ESCs colonies while maintaining a
pluripotent and undifferentiated phenotype. Subsequent work aimed on characterizing the
molecular pathways supporting the maintenance of pluripotency in ESCs. In 1988, researchers
identified cytokine leukemia inhibitory factor (LIF) as the principal component produced by feeder
cells (M. Williams et al., 2011) (Smith et al., 1988). LIF can also support ES cell maintenance
without feeders in either serum or bone morphogenetic protein (BMP) (Nichols et al., 1990; Ying
et al.,2003a). In these conditions, however, the cultures are morphologically heterogeneous
because feeder cells provide an additional attachment matrix as well as factors in addition to LIF
(M. Williams et al., 2011) (Smith et al., 1988). LIF is an important cytokine belonging to the
interleukin 6 (/[-6) family that activates STAT3 which feeds the pluripotency network by
upregulating the expression of pluripotency factors such as KLF4, Gbx2, and Tfcp2/1 (Niwa et al.,
2009) (Tai & Ying, 2013). Factors presenting in the serum, principally bone morphogenetic
proteins, stimulate the SMAD signaling pathway and constrain lineage commitment by inducing
expression of inhibitor of differentiation proteins (Ying et al., 2003) (Malaguti et al., 2013). Taking
this into account, Ying et al., in 2008, reported a new stem cell culture system to maintain ESCs in
the absence of LIF, serum, and feeders, using two small molecule inhibitors termed “2i.” The
culture components of “2i medium” are two chemical kinase inhibitors, PD03 (PD0325901) and
CHIRON (CHIR99021) which modulate key pathways involved in lineage commitment and
pluripotency (Ying et al., 2008). PD03 is a MEK inhibitor which blocks the auto-inductive effects of
the FGF/ERK1/2 signaling cascade on differentiation, while CHIRON inhibits GSK-3 which mimics
the effects of canonical Wnt signaling and thereby alleviates the repressive effects of TCF3 on
pluripotency genes (Ying et al., 2008). Importantly, under 2i condition medium, it was possible to
derive ES cells from strains previously impossible, including the NOD strain (Hanna et al., 2009)
(Ying et al.,, 2008), and was possible to retain a euploid karyotype and germline chimaera

competency of male ES cells over multiple passages with similar efficiency to cells cultured in
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serum (Ying et al., 2008). Therefore, the use of culture medium supplemented with LIF and the 2i
conditions, allows the maintenance of stemness in culture, for prolonged time, with the cells
retaining their self-renewing capacity and reducing significantly spontaneous differentiation
events along time, providing a so-called ground state of pluripotency.
2.7.2. Modulation of Cardiac Differentiation

Embryonic stem cells have emerged as a promising source of cells to solve the unmet medical
problem of restoring heart function through heart regeneration. In fact, in nowadays, it is possible
to manipulate and differentiate ESCs towards a cardiac lineage, recapitulating the crucial steps for
proper cardiac specification. Investigators are now capable to derive cardiomyocytes that can be
specified into nodal, working, and conduction system myocardium. However, the specification of
the cardiovascular lineages involves a transition through a sequence of increasingly restricted
progenitor cells, starting from a pluripotent state to mesoderm and then commitment and

specification of cells to cardiovascular fates (Figure 7).

Ectoderm (S0X1)

Nodalmyocyte Purkinje fibre myocy
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Figure 7 - Growth factors and key transcription factors that regulate fate choices during early embryonic cardiogenesis and ESCs
differentiation.

Growth factors that regulate fate choices are listed at branch points (green), and key transcription factors and surface markers for
each cell state are listed under the cell types (blue). BMPs, bone morphogenetic proteins; CNTN2, contactin-2; CX, connexin;
FOXA2, forkhead box protein A2; HCN4, potassium/sodium hyperpolarization-activated cyclic nucleotide-gated channel 4; MESP,
mesoderm posterior protein; MLC2a/v, myosin light chain 2a and/or 2v; MYH, myosin heavy chain; NPPA, natriuretic peptide
precursor A; NRG1, neuregulin 1; PDGF, platelet-derived growth factor; PDGFR, PDGF receptor; SCN5A, sodium channel protein
type 5 subunit a; SOX, SRY-related high-mobility-group box; TBX, T-box transcription factor; VEGF, vascular endothelial growth
factor; VEGFR-2, VEGF receptor-2 (adapted from Laflamme & Murry, 2011)

Culturing and differentiating mouse stem cells as aggregates structures, called embryoid bodies
(EBs), has become a routine protocol in many laboratories since in 1985, when Doetschman and
colleagues shown that the spontaneous in vitro differentiation of ESCs could give rise to cells from

the 3 embryonic germ-layers (Doetschman et al., 1985). Taking advantage of this capacity,
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researchers have been using EBs to understand the early events of mammalian embryogenesis
and study differentiated cells derived from the germ layers, including cardiomyocytes (Desbaillets
et al., 2000). The protocol of spontaneous differentiation is triggered after the removal of LIF from

the culture medium and cultivating the cells using the hanging drop culture technique (Figure 8).
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Figure 8 - Schematic representation of the hanging droplet method used to differentiate ESCs.

Undifferentiated ESCs are maintained in culture for 2 passages prior to differentiation with medium supplemented with LIF. A cell
suspension is prepared and cells are put to grow in droplets on an inverted bacterial dish for 2 days, and EBs grow in suspension
three additional days. At day 5 of differentiation the formed EBs are plated in to gelatin-coated 6-well plates (adapted from
Combinatorial Utilization of Murine Embryonic Stem Cells andlIn Vivo Modelsto Study Human Congenital Heart Disease)

This technique, which requires the cultured of the cells with a precise density (normally 500 cells
per drop) in hanging drops and in inverted bacterial-grade dishes, allows the aggregation ES cells
to encounter each other, as a stochastic event, forming the 3-dimentional EBs with the stimulus of
the gravity and by no adherence to the culture dishes (Kurosawa, 2007) (Weitzer, 2006). After 24
hours in culture, EBs aggregations resemble the inner cell mass of embryos, with irregular surfaces
(Weitzer, 2006). From day 1 to day 3 EBs continue to increase in size forming an outer shell-like

layer composed of cells and an enriched collagen IV and laminin extracellular matrix (ECM), that
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can act similar to the endoderm in the embryos by secreting mesoderm inducing morphogens (Li
et al., 2001). Moreover, during this time, cells lose the expression of pluripotency markers Oct4,
Nanog and Sox2 and start to express germ-layer specific genes like a-Fetoprotein (AFP) and
Brachyury (T), which is responsible for inducing mesoderm formation (Weitzer, 2006). Around day
4, cells start to have a transient expression of Mespl, marking the first sign of early cardiac
commitment. Similarly, in the embryo, Mesp1l expression can be found transiently at E6.5 stage in
the cells of the primitive streak that will migrate to the cranial region to form the cardiac
progenitors that will populate the first and second heart fields (Weitzer 2006) (Saga et al., 1996).
After day 4, different early cardiac markers start to be expressed in the EBs, such as Nkx2.5 and
Isl1. Nkx2.5 and Isl1 are critical transcription markers of FHF and SHF cells’ lineage, respectively
(Meilhac et al., 2014). After plating the EBs on gelatin-coated culture dishes at day 5, they start to
form cellular structures that within a couple of days start beating and are called beating foci.
These structures represent the first sign of mature cardiac differentiation, and are marked for the
expression of cardiac Troponin T (TnT) and myosin chains encoding genes (light and heavy chains)
(Weitzer 2006). Until the end of the differentiation protocol at day 10, the beating foci maturate,
showing identical action potentials’ shape compared to those measured in primary cultures of
embryonic cardiomyocytes (Maltsev et al., 1993)

Although this method to differentiate stem cells towards a cardiomyocyte lineage correlates
appropriately with the developmental stages and to what occurs in vivo mouse embryos, this
suspension culture technique has some inherent limitations and disadvantages. For instance, one
of the biggest limitations of this technique is the lower percentage of cardiomyocytes’ production.
To overcome this, we proposed to develop an optimized spontaneous differentiation protocol by
modulating two critical pathways, Nodal and Wnt signaling pathways, acting during cardiac
specification and involved in the two mechanisms that generate CMs: differentiation of CPCs; and

proliferation of mature CMs.
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3. MATERIALS AND METHODS

3.1. Cell Culture
Handling of the cells, medium preparation and other techniques that require aseptic conditions
were performed in laminar flow cabinet after irradiation for 15 minutes with ultraviolet (UV) light.
Cells were cultured in a humidified incubator at 372C with 5% of CO2 and microscopic examination
of cell growth was performed frequently by using an inverted light microscope, Evos XL Core

(Thermo Scientific)

3.2. Culture of primary mouse ESC
Established Wild-type (WT) and Knockout (KO) Cer/2/- primary cell lines used in this work were
derived from blastocysts of corresponding WT and Cerl2 KO mice, according to a previous work,
developed in our lab (unpublished data). Cells were cultured in 0.1% gelatin coated wells (6-well
plate), with ES cell medium composed of Knockout-DMEM medium (Gibco® Life Technologies)
supplemented with 15% FBS (HyClone, Thermo Scientific), 1% MEM Non-Essential Amino Acids
(Gibco® Life Technologies), 1% Penicillin/Streptomycin, 2 mM L-glutamine and 0.1 mM B-
Mercaptoethanol (Gibco® Life Technologies). To maintain pluripotency conditions of the ESCs, 5 x
10° U mouse leukaemia inhibitory factor (LIF; ESGRO® Millipore),50 mM PD0325901 (Calbiochem®
Millipore) and 10 mM CHIRON99021 (Calbiochem® Millipore) inhibitors were added to the ES cell
medium. Medium was changed every day.
As soon as ESCs reach 70% confluency they were passaged to a new well in a 6-well plate. To pass
the cells, the medium was removed, the cells washed with PBS 1x and then trypsinized with 0.5mL
of Trypsin 1x followed by 5 min incubation at 37° C. Subsequently, the trypsin was inactivated by
adding 3mL of ES cell medium and the cell suspension was pipetted up and down, gently, to
ensure a single-cell suspension to be centrifuged at 1000rpm for 3min. The supernatant was
discarded and fresh ES cell medium was added to resuspend the pellet. Finnaly the cells were
plated with a 1:10 dilution factor in a 6-well plate and incubated at 372C with 5% CO,.

3.3. Cardiac spontaneous differentiation of ESCs
Cardiac spontaneous differentiation of wild type (WT) and knockout Cer/2”- mouse ESCs lines were
accomplished using the hanging droplet method to generate embryoid bodies (EBs; figure 1)
previously described in the literature (Keller, 2005).
Briefly, undifferentiated ES cells were washed with PBS 1x, incubated with 0.5mL of Trypsin 1x at

37° C, for 5 minutes, dissociated to form a single cell suspension, centrifuged and resuspended in
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fresh ESC medium without LIF and the inhibitors. Cells were counted using a Nebauer chamber in
order to prepare a cell suspension with a final concentration of 2.5x10* cells/mL. Cells were then
plated as 20uL drops (~500 cells) onto an anti-adherent Petri dish using a multichamber pipette.
The Petri dish was then inverted and 3mL of PBS were added to the lid to create a humidified
atmosphere. The cells were allowed to grow in hanging drop suspension for two days (days 1 and 2
of differentiation), at 372 C and 5% CO,, to form the EBs aggregations. At day 2 of differentiation
the Petri dishes were inverted to its original position and 8mL of ES cell medium, without LIF and
inhibitors, was added to the plates. EBs were cultured in suspension until day 5 of differentiation,
when they were plated in 0.1% gelatin coated wells and cultured until day 10 of differentiation, to
promote spontaneous differentiation. During all the period of cardiac differentiation, the
morphology and the growth of the EBs were closely monitored and cell samples were collected for
each differentiation day.

Time

(days)

5+

Figure 9 - Schematic of the embryoid bodies protocol for cardiomyocytes spontaneous differentiation, for Western Blot and gPCR

analysis. (Adapted from Digitalis Tankonyvtar, 2018).
3.3.1. TGF-B/Nodal and Wnt/B-Catenin signaling induction

To test the effect, separately or together, of increased levels of TGF-B/Nodal and Wnt//B-Catenin
signaling pathways during the process of cardiac differentiation in the WT cell line, these pathways
were induced separately and simultaneously at day 2 of the cardiac spontaneous differentiation
protocol. To induce TGF-f3/Nodal signaling, 4ng/mL of Activin A prepared in 0,1% of BSA in PBS was
added to the ES cell medium at day 2 of differentiation. For the activation of Wnt/p-Catenin
signaling, 10uM (this concentration was later adjusted to 5uM) of CHIR99021 (Stemgent®)
dissolved in DMSO was added to ES cell medium at day 2 of differentiation. As control, an equal

volume of 0.1% BSA in PBS or DMSO, without the activator molecules, was added to the ES cell
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medium of the WT stem cell line. In some conditions, at day 3 of differentiation, half of the
medium (4mL) was replaced by new medium with CHIR and/or Activin A, using the same
concentrations as described previously. For the rest of the conditions, at day 3 of differentiation,
the medium was totally replaced by new ES cell medium, without the molecules, to stop the
induction of the pathways.
3.4. Protein Extraction and Quantification
Total protein was extracted using a Tropix Buffer solution, pH 7.8, containing Triton X-100 0,2%
V/V and Monopotassium phosphate (KH,PO4) 10nM, Ditiotreitol (DTT) and a cocktail of protease
and phosphatase inhibitor. Samples were quantified using the Bradford (Sigma®) method as
described by the manufacture: Bovine serum albumin (BSA) was used to obtain a calibration curve
and samples were read at 595nm.
3.5. Western-Blot

Total protein extracts were heated at 100°C for 5 min for denaturation and proteins were
separated by their molecular weight in an 8% or 12% SDS-PAGE polyacrylamide gel through
electrophoresis. The proteins on the gel were then transferred to a nitrocellulose membrane or
polyvinylidene difluoride (PVDF) membrane activated with methanol and blocked with 5% BSA to
prevent both unwanted membrane-protein interaction and interaction with an antibody for a
phosphorylated protein that was used. Subsequently, the membranes were incubated overnight,
at 4°C, with the respective primary antibody. On the next day, to identify the primary antibody
protein complexes, the membranes were incubated with a secondary antibody for one hour, at
room temperature. The secondary antibody is conjugated with the Horseradish Peroxidase (HRP)
enzyme to produce a signal for detection on Chemidoc, by densitometry. The intensity of the

bands was quantified and the values were normalized with tubulin, used as loading control.
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Primary IAb Secundary IIAb Molecular
Protein Antibody (IAb) ' Concentration Antibody Concentration | Weight
(1Ab) (kDa)
B-Catenin | Anti-B-Catenin 1:1000 Anti-Mouse 1:2000 92
Santa Cruz Sigma®
Biotechnology® A4416
sc-7963
p-Smad2/3 | Anti-p-Smad2/3 1:500 Anti-Rabbit 1:5000 60
Cell Signaling® Vector
#3101 Laboratories®
BA-4001
Smad 2/3 Anti-Smad2/3 1:500 Anti-Rabbit 1:5000 60
Cell Signaling® Vector
#3102 Laboratories®
BA-4001
Tubulin Anti-Tubulin 1:10000 Anti-Mouse 1:2000 50
Sigma® Sigma®
T6199 A4416

3.6. Immunofluorescence
WT and KO mouse embryonic stem cells were plated over a coverslip coated with 0,1% gelatin and
were allowed to grow for 2 days. Afterwards, cells were rinsed with room-temperature PBS 1X and
fixed with 4% paraformaldehyde (PFA), 15 min at room temperature, next, cells were washed
three times with PBS 1X, 10min each and then, permeabilized using 0.1% PBS Triton X-100, 30 min
at room temperature. Unspecific antibody-binding sites the cells were blocked with a solution
composed of 1X PBS, glycine, 1% BSA and 0,05% sodium azide, overnight at 4°C, to block. The cells
were then incubated at 4° C overnight with primary antibodies against markers of pluripotency
(Nanog, Oct4 and SSEA1), as shown in table 2. After four washes of 10min each, with blocking
solution, secondary antibodies, Donkey Anti-Rabbit and Donkey Anti-Mouse, were placed on the
cells and incubated for 2h at room temperature. The presence and distribution of Nanog, Oct4 and
SSEA1 in the WT and KO were acquired with Zeiss Axio Imager Z2 microscope (Carl Zeiss). Images

were posteriorly adjusted using Imagel software.
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Table 2 - Antibodies used for Inmunofluorescence.

Primary IAb IIAb
Protein Antibody Concentration | Secundary Antibody | Concentration
(1Ab) (I1Ab)
Nanog Anti-Nanog 1:150 Donkey anti-rabbit 1:500
Invitrogen®
Alexa Fluor 488
Oct4d Anti-Oct4 1:150 Donkey anti-rabbit 1:500
Invitrogen®
Alexa Fluor 488
SSEA1 Anti-SSEA1 1:50 Donkey anti-mouse 1:500
Invitrogen®

Alexa Fluor 488

3.7. RNA Extraction and cDNA synthesis

Total RNA was extracted and purified from mouse WT and KO stem cells lines for all the several
tested conditions, for each differentiation day, using 300uL of TRl Reagent® (Sigma), plus do
Direct-zol™ RNA MiniPrep Kit (Zymo Research). After lysing the cells with TRI Reagent®, samples
were frozen at -80°C until the extraction and purification were performed. For the extraction,
samples were thawed and added an equal volume of 99% ethanol and mixed thoroughly, to
precipitate DNA and RNA. Next, the samples were treated with Direct-zol™ RNA MiniPrep Kit
(Zymo Research) according to the manufacturer’s instructions. Purified RNA samples were eluted
in 30uL of nuclease-free water, provided in the kit. Finally, samples were analyzed for their
quantity and quality, using a spectrophotometer (Nanodrop 2000, Thermo Scientific). The purified
RNA was kept at -80°C, until further analysis.

Complementary DNA (cDNA) was generated from an RNA template by a reverse transcription
reaction, composed of two steps. First, 1ug of RNA, 0.5ug of Oligo (dT) primers and RNase-free
water up to 11.5uL was prepared and incubated, 5min at 65°C, in order to promote the annealing
of the oligo (dT) primers with the single-stranded RNA template. Later, a master mix solution
containing 4 pL of 5x Reaction Buffer, 40 U/uL of RiboLock RNase Inhibitor, 200 U/uL of RevertAid
Reverse Transcriptase and 10 mM of dNTP, making a total 20uL volume per sample was added to
the previous reaction. Subsequently, samples were incubated at 42°C for 1 hour, followed by the
step of denaturation at 70°C for 10 minutes. DNA strands were polymerized followed by the
deactivation of the reverse transcriptase enzyme. Finally, cDNA samples were diluted in a 1:10

ratio with nuclease-free water and stored at -20°C.
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3.8. qRT-PCR

Triplicate reactions were performed in 96-well plates using optical sealing tape for a 15ul total

volume for each. Each gRT-PCR reaction contained 7.5 uL of power SYBR® Green Master Mix
(Applied Biosystems), 2 pL of cDNA, 0.1 uM of each forward and reverse primers and ultrapure
water up to the final desired volume. The amplification and fluorescent detection were performed
with Thermo QuantStudio 5 Real-Time PCR machine. The program for amplification of target
sequences was as follow: initial step of denaturation at 95°C for 2 minutes, followed by 40 cycles
of denaturation step at 95°C for 10 seconds, annealing for 10 seconds at the gene-specific
annealing temperature (Table 3) and an extension step at 72°C for 20 seconds. Relative
quantification of expression was performed using the ddCt method (Bustin, 2000) and normalized
to GAPDH and PGK1 as housekeeping genes. Day 0 of differentiation was used as reference. The

oligonucleotide primer sequences used and respective annealing temperatures are listed in table

3.
Table 3 - qRT-PCR primers used in this work and respective annealing temperatures.
Annealing
Gene Forward Primer Reverse Primer Temperature
(°)
GAPDH 5 GGGAAGCCCATCACCATCTTC 3’ 5" AGAGGGGCCATCCAAGTCT 3’ 61
PGK1 5" ATGGATGAGGTGGTGAAAGC 3’ 5" CAGTGCTCACATGGCTGACT 3’ 58
Nodal 5’ CCAGACAGAAGCCAACT 3’ 5" AAGCATGCTCAGTGGCT 3’ 60
Pitx2 5" AAGCCACTTTCCAGAGAAACC 3 5’ AAGCCATTCTTGCACAGCTC 3 58
,B-Catenin 5" ATGGAGCCGGACAGAAAAGC 3’ 5" CTTGCCACTCAGGGAAGGA 3’ 55
Wnt3a 5’ TCACTGCGAAAGCTACTCCA 3’ 5’ CACCACCGTCAGCAACAG 3’ 59
Nkx2.5 5’ CCACTCTCTGCTACCCACCT 3’ 5’ CCAGGTTCAGGATGTCTTTGA 3’ 60
Isl1 5 CCTGTGTGTTGGTTGCGGCA 3’ 5 GGGCACGCATCACGAAGTCG 3 62
Cerl2 5" GCAGAGAGTAGCTGCTGGTGTGCCTTT 3’ 5’ CGGCACACAGCTGTTGCAGAAGACTAC 3’ 68
a-MHC 5 GATGGCACAGAAGATGCTGA 3’ 5" CTGCCCCTTGGTGACATACT 3’ 60

3.9. Statistical Analysis
Statistical Analysis was performed using GraphPad Prism 6 software for Windows (GraphPad
Software, Inc; San Diego California, USA). All the experimental values are reported as mean + SD.
For the RT-PCR experiments, the statistical differences between the two groups WT/KO and No

Induction/With Induction were determined by applying the Two-way ANOVA Multiple
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Comparisons Bonferroni test. To reject the null hypothesis, the probability values of *P<0.05 were

considered statistically significant.
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4. RESULTS AND DISCUSSION

4.1. Pluripotency properties of WT and Cerl2 KO cell lines

The importance of Cerl2 in the L-R axis formation has already been established and any
impairment in this gene can lead to L-R abnormalities, known as heterotaxia, as well as, congenital
heart defects (Belo et al., 2017). Recently this gene has been implied in some congenital heart
defects that cannot be explained by laterality defects. The analysis of Cer/2 knockout mice present
a high mortality rate at birth due to hyperplasia of the left ventricle and systolic dysfunction
incompatible with a long lifespan (Aradjo, Marques & Belo, 2014). In order to study these cardiac
abnormalities, a previous thesis work of the lab, has generated a Cer/2 KO mouse embryonic stem
cell lines from Cerl2 KO mice as a tool to investigate the molecular and genetic mechanisms that
lead to disease. In the present work, this cell line was differentiated into cardiomyocytes, and its
potential as disease model explored.

Firstly, its pluripotency was re-accessed by immunofluorescence for markers of pluripotency. For
this assessment, it was used two nuclear markers — NANOG and OCT4 — and one surface marker —
SSEAL. For a cellular quantification control, the cells were stained with DAPI that exclusively marks
the A-T rich regions of the DNA in the nucleus. The colonies from both cell lines presented positive
signal for all the pluripotency markers (Figure 8A representing the WT cells and Figure 8B the KO
ones). On the edges of the colonies, in the merged images, it is noticed that some cells show
reduced positive signal for NANOG and OCT4, this can be explained by a diminution of

pluripotency on the borders of the colonies, indicating some spontaneous differentiation.
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Figure 10 - Expression of NANOG, OCT4 and SSEA1 in WT and Cerl2/- ES cells.

Immunofluorescence analysis show positive protein expression for the referred regulator markers of pluripotency in mouse cerl2”/"
ES cells derived from: (A) WT cells and (B) KO cells. Scale bars: 54um.
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4.2. Differentiation into Cardiomyocytes of WT and Cerl2 KO cells

After positively assessing the pluripotency properties of the WT and Cer/2 KO cells lines, they could
be used as a reliable in vitro model to study cardiac differentiation from mESCs, focusing on the
Nodal and Wnt pathways. After each passage the cells were maintained in ESC medium with the
MEK and GSK3 inhibitors (2i), in order to sustain the pluripotency of the cells. MEK inhibitor blocks
the auto-inductive effects of the FGF/ERK1/2 signaling cascade on differentiation, while the GSK-3
inhibitor stops the B-Catenin degradation, which will mimic the effects of canonical Wnt signaling
and thereby alleviates the repressive effects of TCF3 on pluripotency genes (Ying et al., 2008).
However, on the previous day of the cardiac differentiation protocol begins, the cell medium was
changed to ESC medium without the 2i, only with LIF to prevent spontaneous differentiation. This
was performed to prevent the extension of Wnt signaling and other signaling pathways involved in
the pluripotency stage, during the differentiation protocol. Since this pluripotency stage happens
transiently in vivo, it was recently demonstrated that prolonged culture of ES cells with 2i results in
irreversible epigenetic and genomic changes that will impair their development ability (Choi et al.,
2017), so the use of these two molecules was performed for brief periods of time (ex: cell
passage).

The cardiac differentiation for the pluripotent WT and Cer/2 KO cells was performed in parallel, by
the hanging drop method (Figure8), leading to the Embryoid Bodies formation. At day 0 of
differentiation the ES cells were detached from the gelatin coated wells and resuspend in ES
medium without LIF, to be prepared in a specific and comparable concentration (500 cells per
drop) in each Petri dish for the Cer/2 KO and for the WT ES cell lines. The cells are incubated in a
hanging drop manner for 48H, during this period the gravity effect will induce stochastic events on
the cells, inducing their aggregation into 3D structures (Kurosawa, 2007). Then, at day 2 of
differentiation, the plates were inverted and the formed EBs were maintained in suspension
culture until day 5 of differentiation, allowing their growth and consequent stimulation of the
specific germ layer differentiation. Subsequently, at day 5 of differentiation the EBs were plated in
gelatin coated 6-wells plates, the same number of EBs was plated in each well to perform a
normalized comparison of the cardiac differentiation capacity between WT and Cer/2 KO cell lines.
The plated EBs were carefully selected, in order to avoid abnormally shaped or aggregated EBs, as
anomalous EBs will not proliferate and differentiate as expected, also presenting an increase in
the cell death’s phenomena. These slight changes can affect the neighbor EBs and impair their

efficiency of cardiomyogenesis (Rungarunlert, 2009). The spontaneous differentiation was
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maintained until day 8 and the EBs were monitored every day (Figure 9). The KO EBs usually

started showing contractile movements at day 6, one day before the WT EBs, that usually started

showing contractile movements at day 6/7 of differentiation. Furthermore, as observed in the

previous work performed in the lab, the Cer/2 KO EBs showed more beating foci than the WT ones,

withstanding the hyperplasia phenotype observed in vivo.

Day 1

Day 2

Day 3

Day 4

Day 5

Day 6

Day 7

WT

Cerl2 KO

..

Figure 11 — Overview of the Morphology of the derived WT and KO EBs at several differentiation days of the protocol. Until day 5
all the EBs showed a round shape, with irregular surface protrusions, specially the KO ones. After day 5 the EBs were plated and

started expanding. Scale bars: 10um.
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With the purpose of studying the expression levels of signaling pathways and cardiac markers,
RNA and protein samples were collected at each day of differentiation. The RNA samples were
used to synthesize cDNA, which was utilized as a template for RT-PCR experiments. It is known
that Cerl2 starts to be expressed asymmetrically on the right side of the mouse node, suppressing
the expression of the Nodal signaling pathway on this side. This asymmetric expression of Nodal is
latter on translocated to the LPM (Oki et al., 2007). This occurs during the first stages of cardiac
differentiation so it is expected a Cerl2 expression peak during these early stages on the WT EBs.
Indeed, the expression of Cer/2 peaked at day 4 of differentiation as observed by RT-PCR (Figure
10), then the expression values decreased and a second upregulation is visible at day 8. At this
timepoint (day8), the cardiomyocytes start to differentiate into specific cardiac lineages (Weitzer
2006), so it is possible that Cerl2 is being recruited to regulated the pathways involved in

proliferation and specification of cardiomyocytes.
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Figure 12 - Relative mRNA expression of Cerl2 in the WT differentiated cells.
gRT-PCR experiments performed for WT differentiated cells of one differentiation, for Cerl2. No statistical test was applied.

Studies reported an increase in the ventricle myocardial wall due to cardiomyocyte hyperplasia in
the Cerl2 KO mice (Araujo, et al., 2014) and previous unpublished work performed in the lab
showed that the expression of both early and late cardiac markers was upregulated on the Cer/2
KO differentiated cells. The FHF progenitors can be identified by the positive expression marker of
the Nkx2.5 gene (Bruneau, 2002). This structure will contribute to the formation of the linear tube
and later give rise to the mature cardiac cells of the left ventricle (Bruneau, 2002). Corroborating
the previous work performed in the lab, the KO differentiated cells presented higher expression
levels of the NKx2.5 marker, than the WT differentiated cells (Figure 11). Although the differences
were not statistically significant, possibly due to the high standard deviation levels, it is possible to
perceive a clear tendency. This upregulation further validates the hypothesis that a higher number

of FHF progenitors during mouse cardiogenesis, of the Cer/l2 KO mice, leads to a robust
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myocardium tissue, comparatively to the control levels. In addition to the Nkx2.5 marker, the Isl1
marker was also assessed (Figure 13A and B). This gene is expressed on the SHF cells, being these
cells the late cardiac progenitors for myocardial, endothelial and smooth muscle cells (Bruneau,
2002). The Is/1 levels did not present statistically significant differences but the same tendency of
the Nkx2.5 marker is visible. On the KO differentiated cells there is an upregulation of the Isl1,
from day 4, reaching its peak at day 7, whereas, in the WT differentiated cells the peak it’s a day 7
but with lower expression levels (Figure 13B). These results point to a higher expression of cardiac
progenitors but it was also important to evaluate the functionality state of cardiomyocyte’s
maturation. Myosin is an important protein for the generation of contractile movements in the
heart muscle. Two Myosin Heavy Chain genes are expressed in the mammalian heart - a-MHC and
B-MHC - the a-Myosin Heavy Chain (a-MHC) is a cardiac-muscle specific protein involved in active
force generation (Molkentin, 1996). Considering the RT-PCR expression levels of a-MHC (Figure
13C), there was a visible alteration at day 6 with the Cer/2 KO differentiated cells presenting higher
levels of this markers and this tendency is also visible at day 8. This difference may indicate the
presence of more cardiomyocytes in the Cer/2 KO differentiated cells, as possible consequence of
the intensified stimulation of KO cardiomyogenesis resulted from the loss-of-function of Cer/2. The
graphs present high standard deviations, this happens because only two differentiations are being
analyzed, in order to decrease the standard deviations, more experiments should be performed
and analyzed. Moreover, the experimental conditions of the differentiations should be improved

to avoid differences between each differentiation.
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Figure 13 - Relative mRNA expression of cardiac genes in the WT and KO differentiated cells.

gRT-PCR experiments were performed in triplicate for: (A) Nkx2.5; (B) Isl1; (C) a-MHC. a-MHC is only express after day 6 of
differentiation so for this marker only day 6, 8 and 10 were tested. Results are represented as mean + SD of two independent
biological experiments. Two-Way ANOVA multiple comparisons Bonferroni test was applied to compare the differences between
WT and KO groups in each day of differentiation. Statistically significant results were considered when *P<0.05; **P<0.01;
***¥P<0.001 and ****P<0.0001.

4.3. Pathways assessment
There are many important pathways involved in the development of the mouse heart, some of
them have already been linked to Cerl2. It is known that Cer/2 acts as an inhibitor of Nodal
pathway during the break of symmetry in the node mouse (Marques et al., 2004). Nodal pathway
is crucial for the L-R axis determination and for mesoderm and endoderm induction (Conlon et al.,
1994). This signaling pathway is active when Nodal binds to its receptor, consequently
phosphorylating Smad2 that will later form a complex with p-Smad4 and be able to translocate
into the nucleus to activate Nodal’s target genes, like Pitx2 (Pauklin & Vallier, 2015). The Wnt/p-
Catenin pathway is also essential for the heart development, this pathway is necessary for
mesoderm induction and cardiac fate determination (Flaherty, Kamerzell, & Dawn, 2012). (-
Catenin is actively being degraded by an Axin Complex that incorporates GSK3. When Wnt binds to

its receptor the 3-Catenin degradation stops, allowing its accumulation and translocation into the
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nucleus where it will activate genes like Wnt3a (MacDonald, Tamai, & He, 2009). In 2014, Araujo
et al. reported an increase of Nodal signaling the Cer/2 KO neonatal mice hearts and unpublished
work from the lab discovered an increase of Wnt signaling also in the Cer/2 KO mice. Therefore, it
was important to assess the activation of these two pathways in the Cer/2 KO differentiated cells,
in comparison with the WT ones. For this study, protein samples were extracted at each
differentiation day and Western-Blots were performed using with anti-B-Catenin and anti-p-
Smad2 antibodies (Tablel and Figurel4). To correctly calculate the values of p-Smad2 it was also
used a Smad2 antibody to measure the total levels of this protein. All the quantifications were
normalized to a housekeeping gene — Tubulin. In figure 14A and B, it is possible to analyze and
quantify the B-Catenin levels. Three independent differentiations were used but there was a lot of
discrepancies in the [B-Catenin level between the differentiations, resulting in high standard
deviations. However, it is possible to see that there is an increase of 3-Catenin at day 3, 4 and 5 in
the Cerl2 KO differentiated cells compared with the WT ones. The Western-Blots performed for
both Smad2 and p-Smad2 did not work, due to unspecific bindings of the antibodies (Figure 14).
Several optimizations were attempted, different concentrations of total protein, different
antibody concentrations, as well as two different types of membranes — Nitrocellulose and PVDF,
however, without success. One explanation for the unspecificity could be the polyclonal nature of
this antibody, that recently became commercial unavailable. In the future, a monoclonal one

should be tested.

33



meDICAL

SCHOOL UNIVERSIDADE

FACULDADE NovA
o Ciencs DE LIsBOA
A) B) B-Catenin
7] . Day 0 Dayl Day2 Day3
= B-Catenin Y Y Y Y
S WT KO WT KO WT KO WT KO
> 5+ D Cm e D D mo o» =0
ST m WT 75
==
53 4 = KO Day4 Day5 Day6 Day7
<g2 WT KO WT KO WT KO WT KO
£ 0 31
= ; - — - e (SR
99 75
0 N 24 .
@3 2 Tubulin
E.E 1 Day 0 Day 1 Day2 Day3
a2 WT KO WT KO WT KO WT KO
27 o - . - —— g
=]
o \} N & D > H Ho A
& o9 0 © 0 o0 Day 4 Day 5 Day6 Day7
Differentiation Days WT KO WT KO WT KO WT KO
b - O ———— 50
)
Dav 0 Dav 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7
-~ WT KO WT KO WT KO WT KO WT KO WT KO WT KO WT KO
G a2 - - . E b e ' sa sl
~75 v o - ~7g
- & : 3
HRED B e e e . ol , ~50 — B — -
% EBREESESE
Al 37
- ~25 -
- . v _ s ~25

-

Figure 14 - Western-Blot results for B-Catenin and P-Smad2.

Figure showing on (A) the quantification graph of western-blot results for $-Catenin from three independent differentiations. On
(B) there is an example of the B-Catenin and Tubulin expression from the western-blot technique, used for quantification. [3-
Catenin is a 92kDa protein, so the bands appear slightly over the 75kDa mark and Tubulin is a 50kDa protein, showing its bands at
the 50kDa mark. The panel (C) represents a membrane obtained from the western-blot technique and incubated for p-Smad2,
showing unspecific binding.Two-Way ANOVA multiple comparisons Bonferroni test was applied to compare the differences
between WT and KO groups in each day of differentiation. Statistically significant results were considered when *P<0.05; **P<0.01;
***¥P<0.001 and ****P<0.0001.

The assessment of the pathways was also performed by RT-PCR by analyzing the expression of
target genes of both pathways — Pitx2 for Nodal signaling and Wnt3a for Wnt signaling — and also
by the expression of Nodal (that can activate itself) and B-Catenin (Figure 15). Once again, the
reproducibility of the results was low and no statistical significance between WT and KO was

observed. This could be explained by the lower number of differentiations analyzed. To get more
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statistically significant data the number of experiments should be increase and better controlled
as mention before. Nevertheless, it is possible to observe a trend on the Pitx2 expression, which
seems to be higher on the KO differentiated cells than on the WT ones (Figure 15A). On the Wnt3a
expression pattern, there seems to be a shift in the peak of Wnt3a expression from day 4, on the
WT samples, to day 3, on the KO (Figure 15B). Both Nodal and fCatenin expression seem to peak
one day before on the KO samples comparing with the WT (Figure 15C and D). On the Cer/2 KO
cells, the peak of expression of both genes is at day 2 of differentiation. B-Catenin presents a
second upregulation where the expression of the WT cells seems to be higher than the expression
of the KO ones (Figure 15D). The first upregulation of Nodal and (-Catenin apparently coincide
with the mesoderm induction of the cardiac differentiation and these results may indicate that
this induction happens earlier and with more expression on the KO differentiation which can

explain the previous results of an earlier and higher expression of the cardiac progenitor markers.
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Figure 15 - Relative mRNA expression of downstream targets of Nodal and Wnt signaling pathways.

gRT-PCR experiments were performed in triplicate for: (A) Pitx2; (B) Wnt3a; (C) Nodal; (D) B-Catenin. Results are represented as
mean * SD of two independent biological experiments. Two-Way ANOVA multiple comparisons Bonferroni test was applied to
compare the differences between WT and KO groups in each day of differentiation. Statistically significant results were considered

when *P<0.05; **P<0.01; ***P<0.001 and ****P<0.0001.
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4.4. Differentiation Protocol with Activation of Nodal and Wnt Signaling Pathways
With the purpose of mimicking the Cer/l2 KO differentiation pattern in order to obtain a higher
cardiomyocyte yield, a differentiation protocol was established considering the days of the
pathways activation on the Cerl2 KO differentiated cells. Activin is a member of the TGF-§3
superfamily of morphogens and its expressed in many different cell types at nearly all stages of
development. Nodal and Activin mediated signaling are usually undistinguishable, as their ligands
can regulate transcription by signaling through the same receptors and effectors, indicating that
Activin can be used to activate Nodal signaling pathway (Pauklin & Vallier, 2015). The dose of
Activin A (4ng/mL) necessary for the activation of Nodal signaling pathway in mouse embryonic
stem cells was very well described elsewhere (Hartman et al., 2014). For the activation of the
Wnt/B-Catenin signaling pathway, a highly specific and potent GSK3 inhibitor was used, by
inhibiting GSK3, the degradation of B-Catenin is stopped, allowing its accumulation and
consequent translocation into the nucleus (Chen et al., 2015). In literature, the dose of CHIR
necessary for the activation of Wnt signaling pathway in mouse embryonic stem cells is more
unclear. Therefore, as a first attempt for Wnt activation, a 10uM dose of CHIR99021 was used
(Chen et al., 2015). This concentration revealed an unexpected phenotype where the cells, after
being plated at day 5, did not expand and showed a peculiar morphology (Figure 16B). This
unexpected phenotype was visible both when Activin A and CHIR99021 were used together
(Figure 17A) and when only CHIR99021 was used (Figure 16B), indicating that the concentration of
CHIR99021 had to be adjusted. For the remaining differentiations using CHIR99021 its
concentration was adjusted to 5uM (Buikema et al., 2013). The expression of both Nodal and Wnt
signaling pathways seem to reach its peak at day 3 on the KO cells (Figure 15B and C). From day O
to day 2 of differentiation the cells are growing by the hanging drop method, making it difficult to
add any substance to the medium, so the induction of Activin A and CHIR99021 to the medium
started at day 2, when the plates return to its original state and new medium is added. The
addition of the molecules was performed only in some plates and others were kept as a control
(Figure 14A). For the differentiation where only, the Nodal pathway was activated (Figure 14B),
Activin A was added to the medium at day 2 and 3 of differentiation, to sustain the activation of
the pathway. The same protocol/activation protocol was performed for the differentiation where
only the Wnt/B-Catenin pathway was activated. This long activation of Nodal did not express any
significant differences in the morphology of the cells and neither on their ability to differentiate,

when compared to the control ones. Both cell lines (No induction and W/ Induction 4ng/mL
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Activin) started showing contractile movements at day 7/8 of differentiation (Figure 16B). On the
other way, this long activation of Wnt signaling exhibited the previously discussed abnormal

phenotype and the cells W/induction of 10uM CHIR99021 never showed contractile movements.

A) W/Induction
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Figure 16 - Work plan for differentiation and morphology images of two differentiations at several differentiation
The work flow of the experiments is represented at (A). On (B) the morphology of differentiated cells where Nodal was activated
(W/Induction) did not show significant differences with the control (No Induction). On (C), where Wnt was activated (W/Induction)
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there were no significant differences at day 3 but after day 6 it is notorious the differences between the two conditions. The EBs
W/Induction did not expand from day 6 to 10 and showed an unexpected morphology. Scale bars: 10pum.

After validating that each pathway activated separately did not show the desired phenotype, as
expected, new differentiations were performed activating Nodal and Wnt signaling pathways
simultaneously. Similar to the previous differentiations, the activation of both pathways was
initiated at day 2 of differentiation in some plates, while others were used as a control. In one
differentiation it was used 4ng/mL of Activin and 10uM of CHIR99021 added at day 2 and 3 of
differentiation to sustain the activation of the pathways. Comparable to what occurred on the
differentiation where only Wnt was activated (Figure 16C), this differentiation with high levels of
CHIR99021 and a long period of activation resulted in a similar phenotype observed in the
previously mentioned differentiation (Figure 17A). At day 6 of differentiation (one day after the
EBs were plated), the EBs W/ Induction (4ng/mL Activin A + 10uM CHIR99021) did not spread and
exhibited an abnormal morphology, this unexpected phenotype was observed until day 10 of
differentiation and they never showed contractile movements, contrasting with the No Induction
cells that present a regular differentiation phenotype and also started showing contractile
movements at day 7/8 (Figure 17A). The concentration of CHIR99021 was later adjusted to 5uM.
Activin A and CHIR99021 were added only at day 2 of differentiation and 24H later the medium
was extracted and new medium without molecules was added to plates, in order to prevent a
longer activation of the pathways. The same procedure was performed on the control plates to
avoid experimental discrepancies between the two conditions. With this experimental approach,
at day 4 and 5 of differentiation the EBs with induction (4ng/mL Activin A + 5uM CHIR99021)
appeared to be slightly bigger than the No Induction ones (Figure 17B), but measurements had to
be performed in order to confirm this size difference. From day 6 to 10 there was no significant
difference in the adhesion capacity and on the ability of the No Induction and W/Induction
(4ng/mL Activin A + 5uM CHIR99021) EBs to expand on the plate. Interestingly, at day 6, the
W/Induction (4ng/mL Activin A + 5uM CHIR99021) EBs started showing contractile movements in
almost all of the plated EBs, while the No Induction ones only showed contractile movements at
day 7/8 of differentiation. If the size of the W/ Induction EBs was confirmed to be larger than the
No Induction ones, this could mean that there was an increase in the number of cells, after the
activation of the pathways, as both cell lines started with the same number of cells per EB. It has

been described that bigger EBs promote a better cardiac differentiation (Miyamoto & Nakazawa,
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2016), which may explain why these EBs started showing contractile movements earlier than the

No Induction differentiated cells.
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Figure 17 - Morphology images of two differentiations with activation of Wnt and Nodal signaling pathways simultaneously.
The morphology of the EBs with the activation of the two pathways, using 4ng/mL of activin A and 10uM of CHIR99021 is
represented in (A). It is notorious the differences between W/Induction and the control line. When the pathways were activated

39



MEDICAL
SCHOOL
FACULDADE
DE CIENCIAS
MEDICAS

using the previously mentioned concentrations, the EBs (W/Induction) did not expand and showed an unexpected morphology
from day 6 to day 10. On (B) there is represented one differentiation using 4ng/mL and 5uM of CHIR99021 to activate both
pathways. Some slightly differences are visible between the two conditions, like the size of the EBs at day 4 and 5 but further
validation is needed to confirm this. Scale bars: 10um.

In order to assess the phenotype of the W/Induction cells (4ng/mL Activin A + 5uM CHIR99021),
the number of beating EBs were counted for day 6, 8 and 10 of differentiation and for each
beating EB, the number of beating foci were also counted (Figure 18). For day 6 until day 9 of
differentiation, 15 EBs were plated per day and per condition and for day 9 and 10 only 10 EBs
were plated in the same conditions, these numbers could vary from 1 to 2 EBs per well. The EBs
W/Induction started showing contractile movements at day 6 of differentiation, whereas the
control did not show any contractile areas at this day, resulting in a statistically significant
difference between the two conditions (Figure 18A). However, the number of beating foci per EB
was significantly higher on the W/Induction cells, particularly at day 6 and 8 of differentiation

(Figure 18B).
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Figure 18 - Beating EBs per condition — No Induction (control) and W/Induction (Activin A and CHIR) and per EB. Results are
expressed as the total number of beating foci with respect to the total number of plated EBs and represent the mean + SD of two
independent experiments. Two-Way ANOVA multiple comparisons Bonferroni test was applied to compare the differences
between No Induction and W/Induction groups in each day of differentiation. Statistically significant results were considered when
*P<0.05; **P<0.01; ***P<0.001 and ****P<0.0001.

4.5. Characterization of the modulated differentiations
The differentiations with the adjusted timepoints and concentrations of molecules, for the
activation of Nodal and Wnt pathways simultaneously, seemed to show a similar phenotype to the
one observed on the Cerl2 KO differentiated cells. So, the first thing to address on the
differentiations with activation of Nodal and Wnt simultaneously was their activation and pattern
of expression, to be compared with the results obtain for the Cer/2 KO differentiated cells. By RT-
PCR it was possible to observe an upregulation of Pitx2 on the W/Induction condition (4ng/mL

Activin A + 5uM CHIR99021), compared to the control (Figure 19A). This upregulation was
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particularly evident at the days 7 and 8 of differentiation. Furthermore, these results presented a
similar pattern of expression to the one produced by the Cer/2 KO differentiated cells (Figure 15A
and Figure 19A). Wnt3a showed a massive peak of expression, at day 3, on the W/Induction cells
(4ng/mL Activin A + 5uM CHIR99021) meaning that the Wnt pathway was successfully activated at
the correct timepoint (Figure 19B). However, when comparing the pattern of expression of the
differentiation with activation of the pathways (Figure 19B) and the pattern of expression of the
WT and Cerl2 KO differentiation (Figure 15B), there are some differences to be addressed. On the
WT and Cerl2 KO differentiations, the KO cells showed a shift of the peak of expression of Wnt3a
from day 4 (on the WT cells), to day 3 (on the KO cells), in fact the values of expression of Wnt3a
on the KO cells were lower throughout the differentiation, except at day 3. The results obtained
for Wnt3a of the manipulated differentiation (4ng/mL Activin A + 5uM CHIR99021) may support
that the Wnt pathway was over-activated. Moreover, there was a visible decay of expression from
day 3 to day 4 of differentiation, on the W/Induction cells (4ng/mL Activin A + 5uM CHIR99021),
but after this decay the expression values were stabilized, whereas in the Cer/2 KO cells, the
Whnt3a expression the values continued their decay until day 5 and showed a slight increase at day
6. It will be necessary to further adjust the concentration of CHIR99021 in order to attain a more
controlled activation of the Wnt pathway and possibly use a Wnt inhibitor, like IWP-4 that inhibits
Porcupine expression, preventing the acylation of Wnt proteins needed to promote the binding of
these proteins to the respective receptor (Tran & Zheng, 2017), in order to stop the Wnt pathway
after day 3, getting an approximation to the Cerl2 KO-like expression values. Interestingly, the
Nodal expression at day 3 of differentiation was significantly lower on the W/Induction cells
(4ng/mL Activin A + 5uM CHIR99021) comparable to the No Induction ones (Figure 19C). Since the
Pitx2 expression values indicate that the Nodal pathway was successfully activated, it is possible to
hypothesize that some negative feedback was also activated at this day, inhibiting the Nodal
expression at day 3. Nodal has several inhibitors and some of its downstream targets are those
inhibitors, like Leftyl/2, meaning that Nodal is capable of activating a negative feedback
mechanism for this pathway (Shen, 2007), so it would be enlightening to study the expression of
some Nodal inhibitors that can be activated by Nodal itself. At day 2 of differentiation, there was
no expression differences, for Nodal, between the two conditions (No induction and W/Induction
by 4ng/mL Activin A + 5uM CHIR99021) (Figure 19C), contrasting to the results obtained for the
WT and Cerl2 KO differentiated cells, that presented a higher expression of Nodal on the KO cells

at day 2 (Figure 15C), so possibly the activation of Nodal may have to be performed sooner. As
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expected, the expression values of No Induction and W/Induction (4ng/mL Activin A + 5uM
CHIR99021) for p-Catenin were very similar (Figure 19D). Since the pathway was activated by
impairing the phosphorylation of B-Catenin, it was not expected to observe differences on the

gene expression.
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Figure 19 - Relative mRNA expression of downstream targets of Nodal and Wnt signaling pathways.

gRT-PCR experiments of differentiations with modulation of Nodal and Wnt pathways simultaneously were performed in triplicate
for: (A) Pitx2; (B) Wnt3a; (C) Nodal; (D) B-Catenin. Results are represented as mean + SD of two independent biological
experiments. Two-Way ANOVA multiple comparisons Bonferroni test was applied to compare the differences between WT and KO
groups in each day of differentiation. Statistically significant results were considered when *P<0.05; **P<0.01; ***P<0.001 and
**%%*p<0.0001.

The expression of Cerl2 was also measured and interestingly there was a notorious
downregulation of this gene at day 4 on the W/Induction cells, yet they were still showing the
second upregulation on day 9 that was also visible on the WT differentiated cells (Figure 20). Cerl2
usually peaks at day 4, during the first stages of cardiac differentiation, as explained previously, so
the peak at day 4 on the No Induction cells was expected but its downregulation at the same day

on the W/Induction cells (4ng/mL Activin A + 5uM CHIR99021) was unexpected. Nevertheless, this
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downregulation at day 4 on the W/Induction cells (4ng/mL Activin A + 5uM CHIR99021) can
possibly be explained by the activation of the Wnt pathway at day 3 of differentiation, since it is

known that Wnt3 expression promotes Cerl2 mRNA decay (Nakamura et al., 2012).
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Figure 20 - Relative mRNA expression of Cerl2 in the No Induction cells compared to the W/Induction cells.

gRT-PCR experiments of differentiations with modulation of Nodal and Wnt pathways simultaneously were performed in triplicate
for Cerl2. Results are represented as mean = SD of two independent biological experiments. Two-Way ANOVA multiple
comparisons Bonferroni test was applied to compare the differences between WT and KO groups in each day of differentiation.
Statistically significant results were considered when *P<0.05; **P<0.01; ***P<0.001 and ****P<0.0001.

Considering all the previous results, it was interesting to see that even though the phenotype of
the differentiated cells W/Induction (4ng/mL Activin A + 5uM CHIR99021) was apparently similar
to the phenotype expressed by the Cer/2 KO cells, the patterns of expression of the several well-
studied genes related to the Nodal and Wnt signaling pathways were not identical. In order to
validate that the desired phenotype was really attained, the same cardiac markers previously
studied for the WT and Cerl2 KO differentiations were also assessed for the differentiations with
modulation of the two pathways (Nodal and Wnt). It was visible that for all the markers studied
(Nkx2.5, Isl1 and a-MHC), the values of expression were not identical to the ones observed on the
Cerl2 KO cells (Figure 21 and Figure 13). The expression of Nkx2.5 seem to appear sooner on the
W/Induction (4ng/mL Activin A + 5uM CHIR99021) than on the control ones, with slightly higher
expressions at day 4 and 5 of differentiation (Figure 21A). This upregulation is not sustained
throughout the differentiation and the expression values of the No Induction cells surpass the
expression values of the W/Induction cells (4ng/mL Activin A + 5uM CHIR99021), from day 6 to 10.
Isl1 also seems to be expressed earlier on the W/Induction cells (4ng/mL Activin A + 5uM
CHIR99021) (day 4), comparing to the No Induction ones (day 5). The expression of Is/l1 was
upregulated at day 3 and 4 of the W/Induction (4ng/mL Activin A + 5uM CHIR99021) cells but for
the rest of the differentiation days (day 5 to 10) the expression o Is/1 was significantly higher on

the No Induction cells (Figure 21B). These two results suggest that the cardiac progenitors appear
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earlier on the W/Induction cells (4ng/mL Activin A + 5uM CHIR99021) but do not necessarily exist
at higher number for the rest of the differentiation on the W/Induction cells (4ng/mL Activin A +
S5uM CHIR99021). The cardiomyocyte marker displayed the same evidence, a-MHC expression
values were superior at day 6 on the W/Induction cells (4ng/mL Activin A + 5uM CHIR99021) but
were later surpassed by the No Induction expression values at day 8 and 10 of differentiation.
Taking all the results into account, it is evident that the Cer/2 KO phenotype was not attained, so

further manipulations on molecules concentrations and timepoints have to be tested.
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Figure 21 - Relative mRNA expression of cardiac genes in the WT and KO differentiated cells.

gRT-PCR experiments were performed in triplicate for: (A) Nkx2.5; (B) Isl1; (C) a-MHC. a-MHC is only express after day 6 of
differentiation so for this marker only day 6, 8 and 10 were tested. Results are represented as mean + SD of two independent
biological experiments. Two-Way ANOVA multiple comparisons Bonferroni test was applied to compare the differences between
WT and KO groups in each day of differentiation. Statistically significant results were considered when *P<0.05; **P<0.01;
***¥P<0.001 and ****P<0.0001.
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5. CONCLUSIONS AND FUTURE PRESPECTIVES

Mechanistic insights of the body functioning, as well as a better understanding of cellular and
molecular mechanisms of disease may enable the development of treatments that are effective in
broad patient populations. So, the use of stem cells as a model of disease has been a powerful tool
to better understand those mechanisms. (Merkle & Eggan, 2013). With cardiac disease being
responsible for 45% of all deaths in Europe, each year, and without available treatments except
heart transplant on the late-stage of the disease, it has become an imperative to find alternative
therapies to restore some quality of life to the patients (Timmis et al., 2019) (Nakanishi et al.,
2016). Regenerative medicine has been one promising field in offering these patients a potential
treatment, either as a cell-based therapy or by helping to better understand the disease, as well
as, understanding the mechanisms underlying the heart development. Over the last decades,
mutant ES have been used as disease models to study specificities and uncover the biological
mechanisms that lead to the origin of congenital heart diseases, through the generation of
cardiomyocytes by differentiating those cells (Dambrot et al., 2011)

The Cerl2 gene, member of the Cerberus/Dan family is an important protein for the L-R axis
establishment by working as an inhibitor of Nodal, thus regulating its expression (Marques et al.,
2014) When loss-of-function of Cerl2 is verified, the resulted mutant phenotype is described by,
not only congenital laterality disorders but also for congenital heart defects, independent of the
laterality defects. It has been described and increase in the left ventricular myocardium wall and
systolic disfunction, motivated by cardiomyocyte hyperplasia. Upon further analysis to these
hearts, it was described an upregulation of both Nodal and Wnt signaling pathways (Marques et
al., 2014) (Araujo et al., 2014).

In the present dissertation, with the purpose of uncover the role of Cerl2 in controlling these two
specific signaling pathways — Nodal signaling and Wnt signaling — WT and Cer/2 KO ES cell lines
were characterized for the activation patterns of the two previously mentioned pathways. The
hypothesis that both Nodal and Wnt signaling pathways are upregulated in the Cerl2 KO cells
might explain the high number of Cer/l2 KO stem cells-derived cardiomyocytes observed during
spontaneous differentiation, which also correlates to the phenotype described by Araudjo (2014)
and her colleagues in the neonatal mouse hearts.

Here, by RT-PCR, it is demonstrated that Pitx2 (downstream target of Nodal) showed an
upregulation trend throughout the spontaneous differentiation of the KO cells, whereas Wnt3a

(downstream target of Wnt) showed a shift on the expression peak from day 4, observed on the
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WT cells, to day 3 on the KO ones. Nodal and [3-Catenin also showed a shift on their activation
peak from day 3 (WT cells) to day 2 (KO cells). Moreover, it was observed that Cer/2 KO cells,
usually started showing contractile movements sooner than the WT ones, and exhibiting also
more beating foci per EB. In addition, the cardiac markers — Nkx2.5; Isl1; a-MHC — were
upregulated on the Cer/2 KO differentiated cells, being Nkx2.5 and a-MHC expressed earlier on the
Cerl2 KO then on the WT differentiated ones. Taking together, this data may indicate an earlier
and more preeminent cardiac mesoderm induction as a result of an earlier and higher activation of
both Nodal and Wnt signaling pathways on the Cerl2 KO cells. Also, the upregulation of Nkx2.5, at
day 5 of differentiation, might result on a high number of FHF progenitors that could explain the
enlarged myocardium of the left ventricle’s walls observed in the Cerl2 KO mice.

To further validate the importance of Nodal and Wnt signaling pathways for the Cerl2 KO
differentiation outcome, in this work, several differentiations were performed testing the single
and the co-activation of both Nodal and Wnt signaling pathways. The co-activation of both Nodal
and Wnt signaling pathways showed a similar phenotype to the one observed for the Cer/2 KO
spontaneous differentiation, displaying contractile movements at day 6, sooner than the control
cells and presenting also a higher number of beating foci per EB than the control line. Curiously,
the expression level of the cardiac markers Nkx2.5, Isl1, and a-MHC is relatively lower, for almost
all the tested differentiation days, on the +Activin/+CHIR differentiation when compared to the
control. However, Is/1 showed higher expression levels at days 3 and 4 and a-MHC was also higher
at day 6 on the +Activin/+CHIR differentiation, meaning that cardiac progenitors and later
cardiomyocytes are developing sooner but not necessarily in a higher number. Furthermore, the
activation of the pathways did not display a similar pattern to the one exhibited by the Cer/2 KO
cells. It is possible that the Wnt signaling pathway activation was too strong, impairing a necessary
downregulation after reaching its peak. Even though the Pitx2 expression values were similar to
the Cerl2 KO differentiation, the levels of Nodal were lower, especially at day 3, which can possible
indicate that some negative feedback control was activated upon the activation of the pathway.
Interestingly, Cer/2 presented a high downregulation of its expression. A previous study reported
feedback loops interlinking the Wnt signaling pathway and Cerl2 capable to generate together the
L-R asymmetry at the mouse node and revealed the capacity of Cerl2 in inhibition of the Wnt self-
activating loop, with Wnt3a inhibiting Cerl2 (Nakamura et al., 2012). It is visible that the major
downregulation of Cerl2 occurs at day 4, one day after Wnt3a reached its peak, this can possibly

indicate that Wnt3a may be suppressing Cer/2 after activation of the Wnt pathway.
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As a future work, several concentrations of Activin A and CHIR99021 have to be used with their
induction at different timepoints, in order to understand if the Cer/2 KO phenotype is achieved by
the manipulation of Nodal and Wnt signaling pathways. This will provide further information on
the role of Cerl2 in regulating these two pathways. On the other hand, it is crucial to analyze, the
differentiated Cer/2 KO ES cell populations, as well as the modulated ones, using Flow Cytometry
experiments. With this technique it is possible to have a reliable quantitative result related to the
number of derived cardiac progenitor cells and cardiomyocytes of all the conditions, which can be
also important to understand if the higher number of beating foci observed on the W/Induction
differentiation was correlated to a higher number of cardiomyocytes. In addition, it will be
relevant to perform proliferation assays to assess the proliferation capacity of the Cer/2 KO and

manipulated derived- cardiomyocytes by performing a BrdU labelling assay.
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