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Streszczenie

Serce krggowcow jest jednym z pierwszych narzadow powstajacych podczas rozwoju
embrionalnego. Proces rozpoczyna si¢ podczas gastrulacji, od utworzenia si¢ dwoch populacji
komorek macierzystych. Zlokalizowane sa one po obu bokach wzdluz pionowej osi ciala
1 podzielone na pierwsze i drugie pole sercowe. W ostatnich latach opublikowane zostaly
doniesienia 0 wczesniej nieopisanym zroznicowaniu ws$rod komorek progenitorowych
znajdujacych sie w polach serca. W tej pracy wykorzystalem danio pregowane, organizm
modelowy czesto uzywany w badaniach nad organogeneza, aby zbada¢, kiedy i jak powstaje
to zroznicowanie. W pierwszej czesci rozprawy opisuje obecny stan wiedzy na temat rozwoju
serca 1 konserwacji mechanizmow rozwoju serca wsrod kregowcoOw, koncentrujac sie
na ostatnich doniesieniach o heterogeniczno$ci komoérek tworzacych serce. W drugim rozdziale
opisuje badanie potencjalnych sekwencji wzmacniajgcych ekspresj¢ (enhanceréw) w poblizu
locus islla, kluczowego dla rozwoju serca czynnika transkrypcyjnego, w celu
zidentyfikowania sekwencji zdolnej do regulacji ekspresji tego genu w sercu. W trzecim
rozdziale opisuj¢ analiz¢ transkryptomiczng pojedynczych komoérek eksprymujacych nkx2.5,
inny kluczowy dla rozwoju serca czynnik transkrypcyjny, w okreslonych etapach powstawania
serca danio pregowanego. Pofaczylem ten eksperyment z wyciszeniem ekspresji genow
nkx2.5/nkx2.7 przy uzyciu morpholino w celu dalszego zbadania udzialu genu nkx2.5
w tworzeniu heterogeniczno$ci progenitorOw serca. Ponadto ustanowilem w naszym
laboratorium wczesniej opublikowang metod¢ do $ledzenia lineazu komoérek kompatybilng
z sekwencjonowaniem pojedynczych komorek, oparta na edycji sekwencji przez system
CRISPR/Cas9. Wyniki przedstawione w tej pracy stanowig cz¢s¢ wigkszego projektu, z wcigz
trwajaca analizg danych transkryptomicznych z pojedynczych komorek. Stanowig one
fundament dla przysztych projektow, skupiajacych si¢ na zglgbianiu pytan ujawnionych przez

eksperymenty opisane w tej pracy.
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Abstract

The vertebrate heart is one of the first formed organs during embryonic development. It begins
during gastrulation with a formation of bilateral progenitor cell populations organized along
the anteroposterior axis into the first and second heart fields. Recently, previously undescribed
cardiac progenitor heterogeneity within these heart fields has been reported. | utilize
the zebrafish, a potent model organism to study organogenesis, to investigate the questions
of when and how this heterogeneity is established. In the first part of this thesis, | describe
the current state of knowledge on heart development and its conservation across vertebrates,
focusing on the recent reports of heterogeneity in the cells making up the heart. In the second
chapter, | describe the first avenue of research | undertook while pursuing the answers
to questions posed in this project. | investigate the putative enhancers proximal to the islla,
a key cardiac transcription factor, with the aim of identifying an enhancer sequence capable
of driving gene expression in a tissue-specific manner. In the third chapter, I describe a time
course single-cell transcriptomic analysis on cells expressing nkx2.5, another key cardiac
transcription factor, across the timeline of heart development in the zebrafish embryo. | coupled
this experiment with a nkx2.5/nkx2.7 loss of function approach in order to further investigate
the role of nkx2.5 in establishing the heterogeneity of cardiac progenitors. Finally, I establish
in our lab a previously published single cell sequencing-compatible lineage tracing system
based on CRISPR/Cas9 barcode editing. The results presented in this thesis are part of a larger,
ongoing project with single cell data analysis ongoing. Nevertheless, it lays the foundation

for future projects focusing on pursuing the questions uncovered by this work.
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1. Introduction

The zebrafish (Danio rerio) are small freshwater fish which originally live in shallow,
slow-moving streams or in periodically appearing still pools of southeast Asia and the Indian
subcontinent. Their habitats were found as far east as Bangladesh and their northernmost
populations were identified in Pakistan and Nepal (Parichy, 2015). The zebrafish
are omnivorous, with their diet consisting of small insects, zooplankton as well as algae
and plant material (Parichy, 2015). Zebrafish tend to live in shoals of six or more,
which possibly provides protection from predators or facilitates mating (Parichy, 2015).
Worldwide, they are widely recognized as popular aguarium pets and the transgenic,
fluorescent zebrafish were among the first genetically engineered animals made available

for purchase to the public in the US in 2003 (https://www.glofish.com).

The zebrafish belong to the bony fishes (Teleostei) class of ray-finned fishes (Actinopterygii)
according to the traditional morphology-based classification described in Fishes of the World
(Nelson, 2006). Accordingly, it falls under the Cypriniformes order, which comprises
the largest, highly diverse group of freshwater teleosts. The family Cyprinidae encompasses
some of the most widespread relatives of the zebrafish including commercially important
Eurasian carp (Cyprinus carpio) and other popular aquarium fishes such as the blackline

rasbora (Rasbora borapetensis) or the goldfish (Carassius auratus) (Nelson, 2006).

1.1. Zebrafish as a model organism

Over the last few decades, the zebrafish has been gaining prominence as a model organism
to study a wide range of biological processes, from vertebrate embryonic development, through
regeneration to aging (Veldman et al., 2008, Chia et al., 2022). It has also been utilized for drug
discovery and toxicological assays (MacRae et al., 2015). The zebrafish is also widely used
in medical research to model various human diseases, such as cancer, obesity, liver injury
and cardiovascular disease (Bakkers, 2011, Zhang et al., 2018, Astell et al., 2020,
Katoch et al., 2021).

The utility of the zebrafish in research stems in large part from key beneficial features
of the species. It is characterized by high fecundity, with hundreds of embryos produced
from a single spawning pair, coupled with external fertilization. This leads to ease of collection
of embryonic material for studies. The zebrafish have a relatively short generation time of three
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months, with a typical lifespan of 3 years. By 12 hpf (hours post fertilization), a typical
vertebrate body plan has been established, and by 5 dpf (days post fertilization), most organs
are already in place (Westerfield et al., 1988; Kimmel et al., 1995). As a result, observations
of important developmental processes consume less time in comparison to mammalian models.
Furthermore, the zebrafish embryo develops externally and is translucent, allowing for ease
of microscopic observations of early developmental processes (Westerfield, 2000). Until
120 hpf a zebrafish embryo is not independently feeding and therefore not considered
a protected animal by European law (Directive 2010/63/EU), making research focusing
on zebrafish embryos before that stage easier from the ethical and 3R (Replacement, Reduction
and Refinement) standpoint. Lastly, zebrafish husbandry protocols and detailed
characterization of its development are well established, together with a database of gene
expression and mutants, which makes it even more convenient as a subject for research
(Kimmel et al., 1995; Beier, 1998).

These qualities were leveraged in the first large-scale forward genetic screen of zebrafish,
culminating in 37 research papers on over 1500 developmental mutations, published
in a special issue of Development in 1996 (Mullins, Acedo, Priya, Solnica-Krezel,
Wilson, 2021). Since then, the number of zebrafish-focused research published has increased
nearly every year (Fig. 1). Moreover, the collection of zebrafish genetic mutants has been
a valuable resource, thanks to which the molecular mechanisms underlying various
developmental processes have been elucidated. On the other hand, reverse genetics in the
zebrafish model organism is facilitated by the ease of embryonic microinjection, enabling
the introduction of foreign molecules for the purpose of imaging, such as fluorescent dye
or reporter constructs, as well as genetic manipulation for knockdown or overexpression studies
(Nasevicius and Ekker, 2000). The well-established transposition system also enabled rapid
generation of fluorescent transgenic lines marking different populations of cell types (Parinov
et al., 2004, Kawakami, 2007).
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Fig. 1. Number of research papers containing the keyword “zebrafish” available in the PubMed
database published between 1996 and 2022. Data source: PubMed.

The zebrafish genome project was completed in 2013 with the publication of the first zebrafish
genome assembly, Zv9 (Howe et al., 2013). Since then, continuous efforts have been
undertaken to refine it further, with the most recent complete release, GRCz11, published
in 2017. These efforts enabled conducting more focused research using zebrafish, including
targeted mutation screens. They also revealed the conservation of many molecular pathways
across vertebrate taxa (Garcia et al., 2017, Paone et al., 2018), cementing zebrafish as a suitable
model organism to study human disease and vertebrate embryonic development. Currently,
the zebrafish genome size is estimated at 1.4 Gb with ~26 000 protein-coding genes arranged
on 25 chromosomes (GRCz1l, 2017). Compared to the human genome assembly,
approximately 70% of human protein coding genes have at least one orthologue in the zebrafish
genome (Howe et al., 2013). This comparison indicates the immense potential the zebrafish
presents for modeling human genetic diseases as many diseases with genetic components can
be modeled in zebrafish thanks to this extent of conservation (Gore et al., 2018,
Astell et al., 2020).
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The zebrafish is a particularly good model organism for the study of vertebrate heart
development. Aside from its general characteristics described above, its larvae initially
do not rely on a functioning heart and vasculature for oxygen delivery. This facilitates
loss of function studies, as zebrafish mutants with impacted cardiac function - or lack thereof -
can develop for several days, allowing for comprehensive phenotype characterization
(Liu et al., 2012). Although the zebrafish heart is two-chambered and lacking some
of the complexity of the mammalian heart, the molecular mechanisms leading to heart
formation are conserved throughout development (Liu et al., 2012). Furthermore, zebrafish
has been successfully used to model congenital heart disease which results from either

structural or functional defects (Tu et al, 2012).

1.2. Vertebrate heart development

The vertebrate heart comes in various architectures across taxa, from the two-chambered fish
heart to the four-chambered mammalian heart. Even within mammals, the differences in heart
anatomy can be extensive. While the human heart weighs 250 - 300 g and is shaped
to accommodate the bipedal nature of humans, the murine heart only weighs ~0,2 g,
does not rest on the diaphragm and has an ellipsoidal shape, accounting for the position it takes
within the context of a quadrupedal animal’s thoracic cavity (Wessels et al., 2003).
Furthermore, due to differences in the gestational period across vertebrates, even the timelines
of heart development are variable, with processes occurring after birth in a murine heart being
completed before birth in humans (Wessels et al., 2003). Despite these differences,
the underlying molecular processes leading to heart formation are broadly conserved across
vertebrates, making observations from one taxonomic group applicable in the broader context
(Evans et al., 2010, Staudt and Stainier, 2012).

Vertebrate heart development begins at gastrulation. During that time, two Mesp1-expressing
cell populations can be identified within the mesoderm, positioned on the sides of the primitive
streak (Saga et al., 1999, Bondue et al., 2011, Chan et al., 2013). Mesp1 has been proposed
as an early cardiac progenitor (CP) marker alongside Flk1 and Pdgfra (Bondue et al., 2011).
Studies performed in mice have also shown that the lineage segregation of cardiac progenitors
occurs during early gastrulation, prior to the onset of Mespl expression
(Devine et al. 2014; Lescroart et al. 2014).
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As embryonic development progresses, these CPs quickly migrate through the primitive streak
to join at the midline and form the cardiac crescent in mice, whereas in human and avian
embryos the bilateral CP pools remain separated until later in development (Kirby, 2007,
Evans et al., 2010). In the zebrafish, the earliest CPs appear as a bilateral population of cells
in the lateral plate mesoderm (Bakkers, 2011). These bilateral populations of cells subsequently
migrate towards the midline, fusing to form the early heart tube (Bakkers, 2011). The initial
heterogeneity in the cardiogenic cells is established prior to their migration towards
the midline, such that the cells in the fused cardiogenic mesoderm can already be identified
as two distinct populations: the first and second heart fields (Kelly et al. 2001,
Meilhac et al. 2004). The first heart field cells reside in the anterior part of the cardiogenic
mesoderm, located in proximity to the developing head, while the second heart field cells

are positioned in the posterior area (Kirby, 2007).

In both mammals and fishes, these two distinct populations of cardiac precursors
are established and maintained through the interaction of signaling pathways including bone
morphogenic protein (BMP), Wnt and Nodal (Marques et al., 2009, Staudt and Stainier, 2012),
which originate from the neighboring structures. On the one hand, pharyngeal endoderm
secretes BMPs and Wnt inhibitors, which promote cardiac progenitor fate. At the same time,
CP population is limited by Noggin and Chordin signaling from the notochord, which inhibits
BMP signaling in the center of the embryo. Another key limiting factor is Wnt signaling from
the neural tube, which inhibits cardiac but promotes vascular fate. In this way, the CP
population arises only in the regions of the embryo where BMPs and Wnt antagonist expression
intersects, allowing for BMP-dependent activation of a key early cardiac fate driver - Nkx2-5
(Gilbert and Barresi, 2016).

The first heart field provides cells that initially structure the heart. During mammalian
embryonic folding resulting in placement of the endoderm inside the body, the positions of CP
cells are inverted. This results in FHF cells being positioned caudally with regards to the SHF
cells. The FHF cells then fuse at the midline, forming the heart tube around day 28 - 30 post
fertilization (CS10) in humans (O’Rahilly et al., 2010), E8.0 in mice (Evans et al., 2010)
and 18 hpf in zebrafish (Staudt and Stainier, 2012). The cells coming from the first heart field
have limited proliferative capabilities and, ultimately, only a small part of the heart
can be traced back to this origin - the major part of the left ventricle cells in mammals and parts

of the myocardial tissue in the atrium and ventricle in zebrafish (Felker et al., 2018).
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Further heart development relies on the continuous addition of cells coming from the SHF,
now located in the pharyngeal mesoderm. Concurrent with the addition of cells from the SHF,
the heart tube undergoes looping, which marks the beginning of heart chamber formation.
The morphogenic and molecular processes leading up to heart looping are virtually
indistinguishable across vertebrate taxa (Warkman and Krieg, 2007, Xia et al., 2020).
As aresult of the looping, the vertebrate ventricle becomes positioned posteriorly to the atrium.
CPs in the SHF can be further divided into anterior (a-) and posterior (p-) SHF, and each
of these subpopulations goes on to make contributions to different structures of the heart.
On the anterior (arterial) pole, SHF progenitors will constitute the myocardium of the forming
ventricle as well as the outflow region - the smooth-muscular conus (in zebrafish - bulbus)
arteriosus (Cai et al., 2003). On the posterior (venous) end of the tube, the SHF-derived cells
are added to form the atrial myocardium and the inflow tract of the heart in mammals
(Buckingham et al. 2005, van den Berg et al. 2009; Lescroart et al. 2012,
Meilhac and Buckingham, 2018) as well as in zebrafish (Bertrand et al. 2011). The atrium and
ventricle are separated by the atrioventricular canal (AVC), a constricted region housing
the atrioventricular valves which regulate the blood flow, as well as the atrioventricular node

of the cardiac conduction system (Staudt and Stainier, 2012).

In mammals, heart chamber formation starts with the ventricle developing from the ventral side
of the primitive heart tube. As embryonic development progresses, the heart tube undergoes
looping, and the definitive chamber formation begins. As the left and right ventricle become
specified, the process of symmetric development of left and right atria progresses
(Buijtendijk et al., 2020). In zebrafish, these later processes are limited to progressing septation
and valve formation as the zebrafish has a two-chambered heart. However, the overall
morphology of the maturing heart such as presence of the cardiac conduction system or

trabeculation is conserved (Staudt and Stainier, 2012).
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1.3. The heterogeneity and molecular markers of the second heart
field

The existence of the second heart field was first established in 2001, when three research groups
independently identified a population of progenitor cells that contributed to the heart
development in chicken and mouse embryos after the initial heart tube was formed
(Kelly et al., 2001, Mjaatvedt et al., 2001, Waldo et al., 2001). The zebrafish also has a SHF
located in the anterior lateral plate mesoderm (ALPM), marked by mespl, isll and nkx2.5

expression, similar to the SHF in amniotes (Laugwitz et al., 2008, Staudt and Stainier, 2012).

The SHF is regulated by several signaling pathways, including Wnt, Nodal, retinoic acid (RA)
and BMP (Staudt and Stainier, 2012). In zebrafish, Idbl has been shown to regulate
SHF-dependent cardiogenic processes by binding and stabilizing isl1a, enabling an ldbl/isl1la
complex-dependent enhancement of transcription of key cardiac TFs, mef2c and hand2
(Caputo et al, 2015). Conversely, RA-dependent LIM protein Ajuba represses
the transcriptional activity of islla, limiting the activation of the cardiac program
in the progenitor cells (Witzel et al., 2012). Likewise, islI2b has been shown to play a key role
in SHF-dependent process during heart development as the loss of function of isl2b leads

to a significant decrease in the number of SHF-derived cardiomyocytes (Witzel et al., 2017).

Nkx2-5 (NK2 homeobox 5) is a well-known early cardiac fate driver, playing a key role
in establishing and maintaining cardiac cell identity (Lyons et al., 1995, George et al., 2014,
Guner-Ataman et al., 2018). nkx2.5 has also been shown to play a role in specifying
the hemoangiogenic lineages, where a subpopulation of nkx2.5-expressing progenitors
was found to give rise to the zebrafish pharyngeal arch endothelium
(Paffett-Lugassy et al., 2015). Interestingly, other reports in zebrafish have shown
that the heamoangiogenic cell program can be suppressed by nkx2.5, indicating a dual role
that this transcription factor can play in this developmental process (Simdes et al., 2011).
In zebrafish, due to a teleost-specific genome duplication (Glasauer et al., 2014),
there are two paralogues of the Nkx2-5 gene, nkx2.5 and nk2.7, which have been shown
to act redundantly during heart development. Upon loss of function of one, the other
was capable of partially rescuing the phenotype (Tu et al., 2009, Targoff et al., 2013).
The expression of both zebrafish nkx2.5 and nkx2.7 starts early after gastrulation within cells

in the anterior lateral plate mesoderm (Swedlund and Lescroart, 2020) (Fig. 2).
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Cells expressing nkx2.5 are present in both the FHF and the SHF (Colombo et al., 2018, Duong
et al., 2021). In zebrafish, both nkx2.5 and nkx2.7 act as key regulators of cell identity as they
have been shown to limit the number of atrial cardiomyocytes and establish the proper number
of CMs in the ventricle (Targoff et al., 2008).

In later stages of heart development, the activity of nkx2.5 is necessary for establishing
and maintaining atrial and ventricular identities of cardiomyocytes (Guner-Ataman et al., 2013,
Targoff et al., 2013, Colombo et al., 2018). It was also found to be necessary for limiting
the expansion of myocardium (Duong et al., 2021) and is crucial for maintaining pacemaker

activity in the sinoatrial node (Ren et al., 2019).

24 hpf

15 hpf

bright field

GFP

Figure 2. nkx2.5 expression throughout zebrafish heart development. Zebrafish embryos from
the Tg(nkx2.5:EGFP) line were imaged at key points during heart development. Body axes
were marked in the upper left corner of each bright field micrograph: a — anterior, p — posterior,

| — left, r — right, v — ventral, d — dorsal. A - atrium, V - ventricle.

The Isl1 (ISL LIM homeobox 1) transcription factor was initially identified as a second heart
field marker in 2003 (Cai et al., 2003). However, it is also known to drive gene expression
in the developing nervous and digestive systems in zebrafish (Thisse et al., 2005)
as well as mammals (Ren et al., 2021), and was utilized as a reporter marker for these
cell lineages in transgenic zebrafish lines (Higashijima et al., 2000). In the heart, Isl1+
progenitors have been found to contribute extensively to various heart tissues, including

cardiomyocytes, smooth muscle cells of aorta and coronaries as well as endothelial cells

20



in the heart vasculature (Moretti et al., 2006). In the absence of Isl1, SHF-derived structures
are not formed (Cai et al., 2003). The zebrafish has one direct ortholog of the human ISL1 gene,
islla, with highly conserved coding sequence (97,99%) and function (Witzel et al., 2012).
However, likely due to the aforementioned teleost genome duplication event, islla
has 3 paralogs in the zebrafish genome: isl1b, isl2a and isl2b. Only one of these paralogs, isl2b,
has been reported to share some of the function with islla in heart development.
isl2b is co-expressed in the ALPM cells alongside islla, and its loss of function limits
the abundance of SHF-derived cells in the developing heart, similarly to the isl1a-/- phenotype
(Witzel et al., 2017).

The originally identified SHF cells expressing Isl1 were later recognized to constitute
the anterior portion of the second heart field (Dodou et al., 2004). This characterization
was then reinforced with several lines of study, deepening our understanding of the second
heart field as a heterogeneous population of cardiac progenitors (van den Berg et al., 2009,
Lescroart et al., 2012). Recently, a single cell study in mice has shown that some extent
of molecular diversity can already be identified in the Mespl+ progenitors (Lescroart et al.,
2018). Studies utilizing later cardiac progenitors co-expressing Nkx2-5 and Isl1 have shown
that these cells can generate colonies able to give rise to multiple cardiac cell types, indicating
the plasticity of these cells (Moretti et al., 2006). The idea of heterogeneity of cells residing in
the SHF was further reinforced by subsequent studies, identifying cells that will generate
the facial muscles, the pulmonary artery and vein, and the lung mesenchyme in mammals
(Lescroart et al. 2010, 2015; Peng et al. 2013). Interestingly, similar observations have been
reported in invertebrate tunicates, where a group of common progenitors have been found
for pharyngeal and cardiac tissues, suggesting extensive conservation of cell plasticity
and molecular processes involved in organogenesis (Diogo et al., 2015). In addition,
the progenitors residing in the second heart field have been recently reported to form
a vasculogenic niche in mice, contributing to the Ilymphatic endothelial cells

and ventral lymphatic vessels of the heart (Lioux et al., 2020).

1.4. Single cell RNA sequencing

In recent years, significant progress has been made in developing methods for in-depth
transcriptomic studies. The increasing availability of single-cell sequencing allowed

researchers to characterize the transcriptomes of different organs on a cellular level. The ability
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to identify and categorize cells based on their individual molecular contents enabled discovery
of cell types that were previously missed in marker-based bulk transcriptomic analyses
(Skelly et al., 2018, Lescroart et al., 2018).

The possible applications of single cell RNA-seq extend beyond investigating
cell heterogeneity and identification of novel cell types. Multiple research projects
have leveraged time course analyses coupled with single cell sequencing to reconstruct
molecular trajectories leading to cell type specification (Liu et al., 2017, Farrell et al., 2018,
Street et al., 2018). Recently, lineage recording and tracing methods have been developed,
combining single-cell RNA-seq with CRISPR/Cas9-based barcoding to trace cell type
development (Raj et al., 2018, Kalhor et al., 2018). These approaches provide a powerful tool
for developmental biologists. The ability to trace the history of individual cells making up
an organ, linking them directly to progenitor cell populations they arise from can provide

crucial insight into the mechanisms of cell diversification and organogenesis.

1.5. Project objectives

Although we now understand that the SHF progenitor population is essential for development
of the cardiovascular system, there are still several knowledge gaps. Firstly, while we have
the knowledge about the transcription factors expressed and involved in SHF specification,
their precise mechanism is still largely uncharacterized. Secondly, the two best-known
transcription factors implicated in this process, Isl1 and Nkx2-5, are rather pleiotropic in terms
of expression and function. This raises a key question on how they exert their specific roles
in the SHF. Lastly, despite the knowledge that the SHF consists of a diverse cell population
and is capable of giving rise to diverse cell types, the molecular basis of this heterogeneity,

as well as the timeline of its lineage evolution is still unknown.

The purpose of this project is to characterize the molecular mechanisms underlying
the specification of the SHF, focusing on the role of islla and nkx2.5, using the zebrafish

as a model organism. To address this, | pursued two avenues of investigation.

In the first part of the study, | ask what is the mechanism underlying the specific expression
of islla in the heart. This question is especially important considering that islla is known

to be expressed and implicated in the development of many other tissues, including neural
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and pancreatic. To this end, | sought to identify the regulatory regions that could drive
its expression in a cardiac-specific manner. Through in silico screening, | identified putative
enhancers located in the proximity of the islla gene and validated them using an enhancer
assay. If successful, a zebrafish transgenic line expressing a reporter gene co-regulated
with islla solely in the heart could provide a powerful tool for further studies aiming to

elucidate the mechanisms underlying early stages of heart development.

In the second line of research, | sought to establish an experimental toolbox which will enable
me to determine the dual role of nkx2.5 in driving FHF and SHF CP cells specification
into various types of lineages. For this purpose, | optimized two experimental tools
which would lay the foundation for cell lineage tracing of the CPs at high resolution.
The first tool involves a time course single-cell transcriptome analysis aiming to establish
the lineage evolution of nkx2.5-expressing cells starting from early progenitor stage throughout
heart development. Utilizing single cell sequencing allows me to investigate nkx2.5+
cardiac progenitors earlier and with more granularity than previously possible with bulk
analyses. This approach, coupled with single cell RNA-seq analysis of a nkx2.5 loss of function
model (Targoff et al., 2013), will provide functional insight into the role of nkx2.5 activity
in establishing the heterogeneity of cardiac progenitors as well as its dual role in adoption of
different cell developmental trajectories. The second tool comprises a Cas9-based barcode
editing system for cell lineage tracing (Raj et al., 2018). This system enables cell lineage
recording and tracing through Cas9 editing of a synthetic barcode sequence incorporated
in a transgene. In order to establish them in our lab, | generated two transgenic lines,
each of which expresses the CRISPR sgRNAs and the genetic barcode respectively.
If successful, it will allow me to link the cells making up a developing heart to their CP origins,
providing further insight into the role of nkx2.5 in driving cell fate in the heterogenous CPs

population as well as molecular mechanisms governing heart organogenesis.
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2. Search for early heart-specific developmental enhancers
2. 1. Materials and methods

2. 1. 1. Zebrafish husbandry

Adult zebrafish of wild-type and transgenic background were kept in standard conditions
in the Zebrafish Core Facility of the International Institute of Molecular and Cell Biology
in Warsaw (license no. PL14656251) in line with standard procedures and ethical guidelines.
Briefly, dry feed was provided three times per day, supplemented with live Artemia sp. nauplii
obtained from in-house food culture. The fish were kept at a density of up to 50 fish per 8 |
of water at 28.5+0.5 °C. The photoperiod was set to 14/10 on/off with light at 300-330 lux
intensity. Embryos were maintained in E3 medium (60 pg/ml of “Instant Ocean” sea salts

in ddH20) and staged according to standard criteria (Kimmel et al., 1995).

2. 1. 2. Insilico regulatory region prediction

In order to identify putative regions regulating gene expression in the SHF, publicly available
data from ChIP-seq experiments focusing on epigenetic histone modifications, namely
H3K27ac, deposited in the DANIO-CODE repository was referenced (GEO accession
numbers: GSE32483, GSE35050, GSE70847, GSE48254). The data was visualized

using the UCSC genome browser (https://genome-euro.ucsc.edu/index.html).

2. 1. 3. Enhancer cloning

Putative enhancer sequences, ranging from 296 to 1314 bp, were amplified from genomic DNA
using specific pairs of primers (Table 1). Each amplified sequence was then re-amplified using
primers containing an overhang of recognition sites for the Bglll restriction enzyme. Then,
the amplicons were Bglll-digested and purified using E. Z. N. A. Plasmid MiniPrep kit
(Omega Bio-Tek). Afterwards, each putative enhancer sequence was ligated
into the elb-GFP-Tol2 vector (Addgene, plasmid #37845), digested with the Bglll enzyme,
and transformed into Topl0 competent cells. The bacteria were plated on Petri dishes
containing LB-Agar and grown overnight at 37°C. Afterwards, single colonies were collected.
DNA from each bacterial clone was used in colony PCR amplification with putative enhancer-

specific primers. The colony PCR products were then loaded into a 1.5% agarose/Midori Green
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gel to verify successful cloning. Bacterial clones containing the correct inserts were cultured

in 5 ml liquid LB broth overnight in a shaking incubator at 37°C, 200 rpm. After overnight

incubation, half of each culture was mixed with 50% glycerol and saved for long-term storage

in -80°C, while the other half was used to extract plasmid DNA using the Plasmid Miniprep

Kit (Promega) and suspended in nuclease-free water. Plasmid concentration and purity

were estimated using NanoDrop and stored in -20°C.

Table 1. Basic information on genomic location of the putative enhancers tested, their sizes as

well as the primer sequences used.

length
Name  Genomic location Forward primer sequence [5’—3’]  Reverse primer sequence [5°—3’] [b?
p
chr5:40,734,722- GTTTAGCTCATATAGATCTAT
ChiP1U GGGAAAGGCGCAAATCCGTA 296
40,735,017 AGATC
chr5:40,735,213- CAAATGGATACACAAACAAA
ChiP2U GCAACCGAGCATCGCTATAA 458
40,735,670 TCGCA
chr5:40,714,946- TAAGCTGACTGTCACATCCC
E3D TCCTACGAGAGGAACGGAGAG
40,716,138 G
be1 chr5:40,735,005- ATATGAGCTAAACTACGAGCT ATGCACATAAACAGCTGTAG 47
40,735,451 CAAACAGC CAGAAAC
b4 chr5:40,773,247- AAACAAGATGGCACCACTTTG TGAAAACACATGTAGATGAG 1082
40,774,328 TACTTT AACTGATG
bC3 chr5:40,744,847- GGCATCTTTATTGTTCAACAAT GACAGATTATCCATCCCACA 205
40,745,551 GATTTGG AATTTAAAGC
3 chr5:40,730,772- TAAGATCTCACATATGTTAAGC ATAGATCTCTACAACTAACA
40,732,085 GGTCAGCTG AAGCATTGTTTG
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2. 1. 4. Tol2 mRNA in vitro transcription

In vitro transcription of capped Tol2 transposase MRNA was performed using
the mMMESSAGE mMACHINE T3 kit (ThermoFisher). First, plasmid containing
Tol2 transposase cDNA sequence (pT3TS Tol2, Addgene) was linearized using
the Spel restriction enzyme. The resulting RNA was purified using the kit manufacturer’s
protocol and suspended in nuclease-free water. The RNA integrity was checked visually
by heating the RNA sample at 95°C for 5 minutes in a thermocycler and loading it
on a denaturing agarose gel alongside RiboRuler (ThermoFisher), an RNA size marker.
This was done to check whether the RNA formed a single, sharp band of the correct size,
indicating that the in vitro transcription was successful. RNA concentration was then estimated
using NanoDrop, aiming for an OD260/280 ratio of at least 2. The Tol2 transposase mMRNA

was then aliquoted and stored at -80°C.

2. 1. 5. Microinjection

The injection needles were prepared from borosilicate glass capillaries with an inner diameter
of 0.75 mm and outer diameter of 1 mm (Sutter Instruments), pulled using the Micropipette
Puller (Sutter Instruments) and opened using the Microforge (Narishige) so that the needle eye

was 15 pm in diameter.

Injection plates were prepared by dissolving 1.5 g agarose in 100 ml of E3 medium
in a microwave and pouring 20-25 ml of the forming gel per Petri dish that would serve
as an injection plate. Then, a microinjection mold (World Precision Instruments) was placed
on each dish so that no air bubbles were trapped between the mold and the surface of the liquid.
The plates were kept at room temperature, uncovered, until the gel was set. Then the molds

were removed and each dish was covered and stored at 4°C.

Injections  were  performed using the  PicoPump  microinjection  pump
(World Precision Instruments). First, a mix was prepared for each construct, containing
30 ng/ul of enhancer-containing plasmid and 25 ng/ul of Tol2 RNA. The solution
was then loaded into a needle and mounted on a micromanipulator. Then, the injection volume
was determined by dispensing it into mineral oil on a stage micrometer ruler and measuring
the diameter of the formed droplet. Injection pressure and time were adjusted to calibrate

droplet volume to 1 nl. After droplet calibration, the embryos were collected and loaded
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onto an injection plate. A portion of embryos from each batch was set aside and left uninjected
to serve as control. These embryos were otherwise treated the same as the injected ones.
The embryos were then inspected to ensure that only embryos in the 1-cell developmental stage
were injected. Any malformed embryos were discarded and not used in the experiment.
Each embryo was then injected with 1nl of injection mix (30 pg of enhancer plasmid
and 25 pg Tol2 transposase RNA). After injecting a batch of embryos, they were transferred
into ventilated Petri dishes containing fresh E3 medium and put in an incubator at 28.5°C
to develop. After 3 hours of incubation, the embryos were screened to discard any unfertilized

eggs. The remaining embryos were counted and placed back in the incubator.

2. 1. 6. Screening

At 24hpf, the embryos were screened for survival and GFP expression. To test for survival,
the embryos were checked under a bright field microscope and the number of live embryos
was counted. In order to rule out nonspecific effects of the microinjection procedure,
phenotypic assessment was made to ensure no gross morphological defects were observed.
In cases when the embryos had severe developmental defects resulting from the injection
that a live-dead distinction could not be immediately made, the presence or lack of somites
and/or central nervous system were used to make the distinction. The number of dead embryos
was calculated by comparing the number of live embryos to the number of embryos noted down
the day before, after the unfertilized eggs had been discarded. This was done to avoid
overestimating the survival rate as dead embryos can disintegrate in the incubator fast enough

that they can be easily missed at 24 hpf.

To check for GFP expression, the embryos were observed under a fluorescent microscope.
If green fluorescence was observed in any part of the body of the embryo, it was considered
GFP-positive, however, if the embryo exhibited any gross developmental perturbations,
it would not be kept to adulthood. GFP-positive embryos from batches with an overall high

survival rate (>60% alive at 24hpf) were collected and saved for rearing as FO.

2. 1. 7. F1 stable line generation

| established the stable transgenic line adapting the procedures described in our previously
published work (Niescierowicz et al., 2022). Briefly, after reaching maturity, the GFP-positive

individuals were outcrossed to wild-type to check for germline transmission of the transgene.
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Embryos from each crossed pair (F1) were screened for GFP expression and the consistency
of its expression pattern. The individuals that produced the most tissue-specific, repetitive
pattern of expression were then kept as positive founders. Their GFP-positive offspring (F2)
were raised to adulthood and established as stable transgenic lines.

2. 1. 8. Data processing and statistical analysis

Data obtained throughout the course of this experiment was handled and processed using
tidyverse (Wickham et al., 2019) and dplyr (Wickham et al., 2023) R packages. Performed

statistical tests were indicated in the 2. 2. Results section where appropriate. Visualization of
the results was done using ggplot2 (Wickham, 2016) and ggpubr (Kassambara, 2023).

2. 2. Results

2. 2. 1. In silico prediction of putative regulatory regions using publicly

available epigenomic data

In order to identify regulatory regions that would drive isl1a expression in the developing heart,
| employed an in silico approach. I utilized publicly available data from ChlP-seq experiments
targeting H3K27ac, a known active enhancer marker (Creyghton et al., 2010). I used
this marker to identify putative regulatory regions active at developmental time points
when the earliest cardiac progenitors are specified, namely the bud (10 hpf) and 5-9 somite
(~12 hpf) stages (Reifers et al., 2000, Deshwar et al., 2016, Budine et al., 2020). | performed
a search within the genomic region 10 kb of the body of the islla gene (GRCzl1,
chr5:40728613-40734027, Fig.).

Overall, I identified 7 regions that exhibit the characteristics of an enhancer. Six of the tested
regions (ChIP1U, ChIP2U, DC1, DC3, DC4 and 13) were identified based on the presence
of H3K27ac peaks at either 10 or 12 hpf (Fig. 3). One additional region,
e3d (1193 bp, chr5:40,714,946-40,716,138), was found based on evolutionary conservation
data from the Evolutionary Conservation of Genomes browser (ECR browser, access
03.10.2018). This region bears a 70% similarity to an isl1la regulatory region described in mice
(Kappen et al., 2009). It is located downstream of the islla locus. The sequences of the peaks

were investigated to make the final determination whether the sequence would be tested.
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| excluded highly repetitive sequences from the experiment due to high error rates during
amplification, cloning and sequencing of repetitive sequences, which made them unsuitable
to my approach. All of the ChlP-seg-identified regions were located upstream of the isl1a locus
with the exception of one, 13 (1314 bp, chr5:40,730,772-40,732,085), which was identified

in the 3rd intron of the islla gene.
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Figure 3. Graphical summary of the enhancer assay experiment. A. in silico search for putative

putative enhancer cloning microinjections transient enhancer assay stable line

regulatory regions surrounding the isla locus. “10 hpf - H3K27ac” and “12 hpf - H3K27ac” -
tracks derived from publicly available ChIP-seq data. Red regions - sequences cloned into
the enhancer assay vector. B. Summary of the experimental workflow. Putative enhancer
sequences were cloned into a Tol2-compatible vector and injected into 1-cell stage zebrafish
embryos. The embryos were screened for GFP expression. After identification of potential
founder fish, stable transgenic lines expressing GFP under the control of putative enhancer

sequences were generated.

2. 2. 2. Injected embryo survival is not enhancer construct-dependent

Following identification of the putative regulatory regions, | performed a Tol2-based enhancer
assay. In this assay, a tested enhancer sequence is cloned upstream of a DNA sequence
encoding GFP reporter under the control of a minimal elb promoter (Birnbaum et al., 2012).
The promoter-reporter construct is flanked by specific inverted terminal repeats, which allow

Tol2 to integrate the flanked sequence into the zebrafish genome (Kawakami et al., 2007).
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The vector contains the AmpR gene allowing for ampicillin selection of bacterial colonies.
The construct is subsequently injected into the zebrafish embryo and the expression pattern
of the reporter is then assessed to determine enhancer activity. | chose the elb system
(Li et al., 2010) as it was reported to exhibit low levels of background expression (Li et al.,
2010, Begeman et al., 2022).

Each construct was co-injected with Tol2 transposase MRNA into at least 7 separate batches
of embryos. For each batch prior to injections, | set aside a number of embryos as an uninjected
control. The batches with survival rate under 60% in the uninjected control were discarded
to rule out inherent developmental issues affecting this particular batch that might impact

the result of the experiment.

I compared the mean survival rates of all of the viable injected construct batches with mean
survival of uninjected embryos from each respective batch (Fig. 4). The survival of injected
embryos was on average markedly lower than that of embryos that have not undergone
the microinjection procedure. This is consistent with the expected outcome, since the injection
itself as well as introduction of exogenous genetic material (plasmid and Tol2 mRNA)

can significantly impact embryonic development and survival.
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Figure 4. Comparison of mean survival rates for each enhancer-containing construct
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with matched uninjected embryos. The number of batches of embryos (n) analyzed varied
per construct: n (elb_empty) = 13; n (ChIP1U) = 7; n (ChlP2U) = 6; n (DC1) = 10; n (DC3)
=6;n (DC4) = 10; n (e3d) = 9; n (I13) = 10.
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| then tested whether any specific regulatory region would be detrimental to embryo survival
upon injection (Fig. 5). Out of the 7 enhancer constructs injected, 2 had on average
higher survival rates than the embryos injected with the empty vector (elb_empty), which
served as injection control. The other 5 enhancer-containing constructs all had lower than
average survival rates. However, | observed a large spread of survival rates within each
condition, indicating that reliance on mean alone to gauge the construct-dependent survival

was insufficient.

| compared each construct-injected group of embryos to those injected with empty elb vector.
The Shapiro-Wilk test for normality indicated that with the exception of the e3d construct all
tested populations’ survival rate follows the normal distribution. Therefore, for those
constructs, | used pairwise comparison with Bonferroni correction applied to account
for multiple comparisons. None of the comparisons produced significant (p <= 0.05) results,
indicating that the mean survival of each construct does not differ significantly from the
elb_empty control. In case of the e3d construct | performed the Wilcoxon-Mann-Whitney test
in which we do not assume the normality of data distribution. The result of the test (p = 0.1508)
did not provide grounds for rejection of the null hypothesis, indicating that the difference in

survival rates between the e3d and the elb condition is not significant either.

Taken together, these results suggest that the sequence contained within
each construct had no significant impact on the survival of the embryos. Rather,
my observations indicate that all injected embryos suffered from a varying level of non-specific
toxicity, likely resulting from injection of exogenous genetic material as well as the injection
procedure itself. Nevertheless, this effect is generally low and a sufficient number of viable

embryos could still be obtained for the experiment.
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Figure 5. Percentage of surviving embryos depending on the regulatory sequence-containing
vector injected. Dots represent batches of embryos injected with each construct. Line — median,
whiskers — highest/lowest values within 1.5X interquartile range. The number of batches
analyzed varied per construct: n (elb empty) = 13; n (ChIP1U) = 7,
n (ChlP2U) = 6; n (DC1) = 10; n (DC3) = 6; n (DC4) = 10; n (e3d) = 9; n (I13) = 10.

2. 2. 3. Overall GFP expression is not predictive of specific enhancer
activity

Next, | tested the effectiveness of inducing GFP expression across the putative regulatory
sequences. To do this, embryos injected with each construct were compared to the GFP
expression present in embryos injected with the empty elb vector. The minimal promoter
on its own should not be sufficient to drive GFP expression, barring events where the construct
was integrated into the genome in a transcriptionally active locus. Therefore, | reasoned
that a difference in frequency of GFP expression in the putative enhancer-injected zebrafish

would be indicative of enhancer activity of the tested region.

| compared the expression pattern driven by the tested enhancers with that of the elb_empty
vector as background control. Of the 7 tested regions, 4 (DC1, DC3, DC4 and 13) resulted
in more GFP-positive embryos on average than when injecting the vector not containing
any putative enhancer sequence (elb_empty) (Fig. 6). The Shapiro-Wilk test indicated that
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except for ChIP1U (p = 0.017), data from all constructs was distributed normally. Bonferroni-
corrected pairwise comparisons revealed that the average change in frequency of GFP-positive
embryos from all tested constructs was not statistically significant compared to the elb_empty
vector. The ChIP1U construct was compared to the elb_empty control using the Wilcoxon-
Mann-Whitney test. The result of the test indicates that the difference between the two
conditions was statistically significant (p = 0.007). Interestingly, 3 tested regions, ChIP1U,
ChIP2U and e3d, produced on average lower than control levels of GFP expression.
The difference was statistically significant (respective p-values from appropriate applied
statistical tests: 0.007, 0.008, 0.001), suggesting that the regions tested might serve as silencers.
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Figure 6. Percentage of GFP-expressing embryos depending on the putative enhancer sequence
driving transgene expression. Each dot represents a batch of injected embryos. Line — median,

whiskers — largest/lowest values within 1.5X interquartile range.

2. 2. 4. A regulatory region located in an intron of the isl1la gene induces
heart-specific gene expression

Next, | tested whether the injected constructs drove GFP expression in the developing heart.

| found that 4 out of 7 putative positive sequences showed some degree of GFP expression

in the heart. However, none of them except one (I13), was able to drive heart GFP expression

more frequently on average than the control construct containing only the minimal promoter
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and GFP-encoding gene (Fig. 7). With the exception of the 13 construct, none of the tested
enhancers produced normally distributed data. Pairwise comparison of elb_empty and I3
indicates that the difference in GFP expression occurrence in the heart between these two
constructs is statistically significant. The Wilcoxon-Mann-Whitney test indicates that none of
the other constructs produced significantly different numbers of heart GFP-expressing embryos

on average than the control condition.
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Figure 7. Percentage of embryos expressing GFP in the heart based on the putative enhancer
sequence driving transgene expression. Dots represent batches of embryos injected with a given

construct. . Line — median, whiskers — largest/lowest values within 1.5X interquartile range.

One of the putative enhancer constructs - 13, located within the 3rd intron of the islla gene
(chr5:40,730,772-40,732,085, Fig. 8), stood out because it not only resulted in high overall
GFP expression levels but also a high fraction of embryos with GFP expression limited
to the developing heart (Fig. 8). This suggests that the 13 construct is capable of driving GFP
expression in a tissue-specific manner, making it a highly favorable candidate for further

investigation.
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GFP

24 hpf

48 hpf

>5 dna:chromosome chromosome:GRCz11:5:40730772:40732085:1
CACATATGTTAAGCGGTCAGCTGTTAATTATTTTAACTCAGTTGTCTCCGAGGCCCATCTACGGTGGA
TTAACTTATGTGAAATAATAGGCAAATAATAATGTAGCCCATAGACTATAACAACAATAATAATACAT
TTAAAAACAATCACTCATGAAAAGGGAGTACTATTATTTTCAGCATATAATTTATGATCTGTTTAAGA
GACCGGTATTAAGAGGAAATCACTCCATACGCATAAAAATATATCCTTTAGCAATTATTTCTATATAG
AACTTTGGTCCTTCACTGATGTAGTATTTTTTCTGTATGTATTATGACTAAGAGAGCTTCCTTTTAAT
AAGTTTGAAACGCAGCCATGATCGCAATCCCTTTTCTTGCAATTATATGTTCCTTCTGCATGCAGTAA
ATTGTGAAGGGCGCGTATGACCCAGATAGGTTTACGACACTTAATTAAACCAATCTGTGCATACCTCT
GAATTTTAAATATTCAGGTGCGCGCGGTGTGCTGCCCATGACATTACTTTAAAGCTGCTGGTTATCAA
TAAACCTGCATTAACAACTGCACCATATAATTAAGATTATTATTTTATAAGAAATTAACCAAATAGGA
GGCATTAATGCAGTAAATGAAATAAAACACAGTAGTAGCCTACCATACTGCGGGTATTAATTAATTAA
TTTATTTTTAATGTTAAAACTCGATGCTTTTTTATTTAGACTGTTCTTAAATGCGGAATATTTCTCAT
GGTTGACACTGGTTTGTAAAAGCATAATAATTTAAAACGCATATATTAAAAGAGTAAAAAAAATCAAA
TGCTCGTTCATATGTAATTACACAAACACATAATATTGTGCTATAATATTTCTATAGCATATCAACAT
TTAGGATTGAATTACGTTTTCTTTGTATTTATTTGTGAATGGATCTTCTTTATTTCTCAAGTACATGC
ACAAGCTGACATTGTCGCGTGGTTGGCCTCTAATCAGCAGAGAATATCTATTTCATGCATGAATTGCT
GAATTCAATAACAGACAAACAAGAAAAATAAAGCGGGTATACTATCAAACCACCACACGCTTGTGGTT
TAGCTTGTTAATAAAATAATCATTCACGGATGGTTATGAGCCAGCATTCATTCATCATAAATCTCGGA
ATGCAGCAATATAATGTCATCTTAAACATTTGTGTTTATCTTAAAACATGCTAAAAATACTAGCCTAA
ATCTTCTGAGTAGATTTGGCTCTATAGAAATTCCTTCCCAAGACAAATAAACCCTGAGTCCTCGAGCA
AACAATGCTTTGTTAGTTGTAG

Figure 8. The I3 putative enhancer. Top: Micrographs of the heart and surrounding tissues
in an 13-elb:EGFP embryo at 24 and 48 hpf. GFP expression is defined and limited

to the developing heart. Bottom: genomic sequence of the I3 putative enhancer.
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2. 2. 5. 13-driven expression pattern marks the cardiomyocytes of the

developing heart

In order to further characterize the expression driven by the 13 putative enhancer, | established
stable transgenic lines. | selected 2 potential founders based on germline transmission
of the transgene in the trial crosses. The 2 founders were each outcrossed with a wild-type fish
and 50 embryos were selected based on presence of GFP expression to establish the stable
F1 lines. Notably, the expression pattern observed even among the FO fish was highly
consistent, and after establishing the stable lines | did not observe any variation
in GFP expression between individuals from each line. This might be caused by the fact that
the Tol2 transposase facilitates rapid construct integration in the genome, resulting in little
mosaicism among the transgenic embryos, as has been reported previously
(Kawakami et al., 2007, Ni et al., 2016).

To determine the expression domain of the GFP reporter driven by the 13 enhancer, | crossed
the heterozygous Tg(13-e1b:EGFP) fish with a Tg(myl7:mRFP) reporter line, characterized
by expression of mRFP protein in the cell membrane of early cardiac progenitors which later
on develop into cardiomyocytes. | obtained a time series of confocal microscopy images from
whole zebrafish embryos. Confocal imaging analysis revealed that the earliest
I3 enhancer-driven GFP expression could be observed from 24 hpf, in the newly formed heart
tube. By this time, the strongest GFP reporter expression could be observed in cardiomyocytes
located throughout the developing heart tube, both in the atrium and the ventricle. Interestingly,
the strongest expression of GFP was observed in the cardiomyocytes at the inner curvature
of the atrioventricular canal. This pattern of expression was retained at 72 hpf
when the distinctive heart chambers have developed. The GFP expression is retained
at subsequent developmental stages, with the expression pattern remaining consistent

for the remainder of embryonic development.

By 48 hpf, in addition to the strong expression in cardiomyocytes, GFP-positive cells
were also observed in the inflow tract leading to the atrium (Fig. 9, arrowheads). These cells,
while not as prevalent as those residing within the inner curvature of the atrioventricular (AV)

canal, still contribute to the overall GFP expression in the heart.
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Taken together, these observations suggest that the 13 putative enhancer located in intron 3
of the zebrafish islla gene drove gene expression in the early heart tube, particularly
in cardiomyocytes which make up both cardiac chambers, with a higher expression
in cells of the inner curvature of the AV canal. These results are consistent with the previous
observations of SHF-derived cells, particularly near the poles of the heart and the ventricular
myocardium (Witzel et al., 2017). However, the expression pattern | observed remains broader
than the previously defined isl1a gene expression in the heart. This points to two likely reasons:
either 1) the previously observed islla expression domain had been underestimated,
or 2) the I3 enhancer-dependent expression is present in cells of FHF origin in addition to SHF-

derived cells, suggesting that its regulatory function begins prior to the two lineages splitting.
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Figure 9. 13-driven GFP expression in the developing zebrafish heart. Live embryos were
mounted in low-melting agarose and imaged using confocal microscopy at 24, 48 and 72 hpf.
green - GFP expression driven by the I3 enhancer. red - mRFP expression driven
in cardiomyocyte cell membrane by the myl7 promoter in the Tg(myl7:mRFP) line. a - atrium;

Vv - ventricle; arrowheads - inflow tract (IFT).
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2.2.6. The I3 enhancer driven gene expression domain is enriched in SHF

markers

To determine whether the expression domain of GFP driven by the I3 enhancer indeed
encompasses the SHF, | examined the expression of known SHF marker genes in this

cell population.

The islla gene is implicated in SHF specification and its expression is known to serve
as a marker of this specialized cell population within the heart. Murine Isl1 has been shown to
mark cardiac progenitor populations contributing to the majority of heart structures, including
the outflow tract, right ventricle and large parts of both atria (Cai et al., 2003). In zebrafish,
isl1la has been identified as a key regulator of cardiomyocyte differentiation at the venous pole
of the heart (de Pater et al., 2009, Witzel et al., 2017).

Nkx2.5 is another transcription factor implicated in cardiac progenitor specification.
In vertebrates, it is considered one of the first markers of specified cardiac cells
(Harvey, 2002, Witzel et al., 2012, Swedlund and Lescroart, 2020). tinman, the Drosophila
ortholog of nkx2.5, is viewed as the master regulator of invertebrate cardiogenesis
(Swedlund and Lescroart, 2020). However, in mice Nkx2-5 mutants are able to form
an early heart tube, indicating that the gene’s role in FHF expansion and specification has been
lost over the course of evolution, possibly due to redundancy introduced by the expansion
of the Nkx family. On the other hand, it has been shown to regulate cardiac ion channel
formation and function, influencing electrical activity of the myocardium (Furtado et al., 2016).
Nkx2-5 deficiency was also shown to cause outflow tract truncation due to lack of proliferation

of SHF cells (Prall et al., 2007), indicating that its role in the SHF has been largely retained.

| isolated GFP-expressing cells from embryos of the transgenic line Tg(I13-elb:EGFP)
at 24 hpf using fluorescence-activated cell sorting (FACS). The protocol was adapted
from the protocol described in our previously published work (Migdat and Tralle et al., 2021).
For each run of the experiment, | used 500 GFP-positive embryos of the Tg(I3-e1lb:EGFP)
transgenic line. During the course of cell dissociation, | typically obtained 10-15 million cells
of high viability, ranging from 87 to 98% of all cells. To help identify the GFP-positive cell
population during the sorting, | simultaneously prepared a suspension of dissociated cells from

wild-type embryos of the same developmental stage to serve as a negative fluorescence control.
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The cells of interest typically constituted between 0.31% to 1.3% of the overall cell population
(Fig. 10), which was consistent with results | obtained from a similar experiment using

the Tg(nkx2.5:EGFP) line, which also expresses GFP in heart cells, described in Chapter 3.
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Figure 10. Sorting strategy for GFP+ cells from the 13 enhancer line. (1) Cells were identified
according to their size and granularity. (2) Doublet discrimination was performed based on cell
area to width ratio. (3) Dead cells were discarded based on PB450 fluorescence intensity,
measured thanks to prior cell staining using LIVE/DEAD violet fixable stain.
(4) GFP+ and GFP- cells were identified based on FITC intensity.

The sorted cells were then isolated and had their total RNA extracted. In order to determine
their identity, | performed RT-qPCR and assessed the gene expression of selected markers
in GFP+ cells as compared to the simultaneously sorted GFP- cells (Fig. 11). As described
above, islla and nkx2.5 are used to assess the presence of SHF cells in our sorted cell
population. Additionally, to ascertain their identity as cardiac progenitors, | tested
the expression of other key cardiac marker genes, namely myl7 (Huang et al., 2003,
Holtzmann et al., 2007, Capon et al., 2022), and nkx2.7 (Targoff et al., 2013). As a negative
control, | selected nkx2.3, a gene expressed by endodermal cells located in the pharyngeal
region. As these cells are not directly contributing to heart muscle formation but rather
are implicated in the development of craniofacial skeleton and thymus (Li et al., 2019),
and are residing in close proximity to cardiac progenitors, the expression of nkx2.3 could

therefore identify potential issues in my cell dissociation and sorting approach.
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Figure 11. Key marker expression in GFP+ cells sorted from the 13 enhancer line. cDNA
from each biological replicate (“Replicate group”) was split into 3 technical replicates
and compared to similarly split biological replicates of GFP- cells obtained from the same
samples. Each subplot depicts LFC in expression of a key marker gene in GFP+ cells compared
to the same gene’s expression in GFP- cells (y = 0), calculated based on the AACt method.
Error bars represent standard deviation.

Confirming our findings from confocal microscopy, the GFP+ cells from the 13-enhancer line
express the canonical cardiomyocyte marker myl7 more abundantly than the GFP- cells.
Similarly, the key cardiac developmental factors nkx2.5 and nkx2.7 were more highly
expressed in the GFP+ cells compared to GFP-. The expression of islla which marks the SHF
could be detected in the GFP+ cells. However, it is not highly enriched when compared
to that of GFP-. This could be explained by the fact that isl1a is also expressed in other tissues
including the nervous (Uemura et al., 2005) and endocrine (Wilfinger et al., 2013) systems,
which also constituted the GFP- sorted cell population. On the other hand, nkx2.3,

which is typically associated with the non-cardiac endodermal progenitor population
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in the pharyngeal region, is present at lower levels than the cardiac progenitor and
cardiomyocyte markers. The expression of these markers in the GFP+ cell population
collectively suggest that the GFP+ cells representing the expression domain driven by the 13
enhancer are of cardiomyocyte origin and likely include the SHF due to the expression of islla

and nkx2.5 markers.

Taken together, the gene expression analysis of the GFP+ cell population suggests
that they likely encompass the cell population representing the SHF. However, the absence
of a specific SHF marker did not allow us to rule out the possibility that additional cells

other than those of the SHF are also present within the GFP+ population.

2. 2. 7. 13 regulatory element contains binding sites for key cardiac

transcription factors

Next, | investigated which transcription factors could potentially bind to my set of putative
regulatory sequences and trigger related gene expression. To this end, | performed transcription
factor binding motif search in silico using FIMO (Grant et al., 2011), part of the MEME suite
of tools designed for motif-based sequence analysis. While none of the available databases
contained information on zebrafish transcription factor binding motifs, | searched for general
vertebrate transcription factor binding motifs using the JASPAR CORE motif database.
This allowed me to scan the sequences for the presence of binding sites for 841 non-redundant
TFs. This approach was informed by the fact that there is a high degree of conservation
of developmentally relevant transcription factor binding sites (TFBSs) across vertebrate taxa
(Taher et al., 2011, Hombach et al., 2016). | designed the search so that | could identify TFs
that would be more likely to bind to my sequences than to a set of sequences resulting from

scrambling and nucleotide-adjustment of my sequences.

| identified 70 transcription factors that had a higher probability of binding to the 13 sequence
than to any other of the tested elements around the islla locus, as well as the scrambled set.
| compared the list of 70 TFs to the expression data in the ZFIN database. 8 transcription factors
previously identified in the heart were present on the list: POU6F, HOXC9, SOX18, GFI1B,
PAX9, TEADS3, HNF1B and MEF2C.
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Additionally, since enhancer function is typically conserved across vertebrates, | decided
to search for conserved transcription factor binding sites in other vertebrates. | obtained
the Isl1 gene intron 3 sequences of human, mouse, western clawed frog (Xenopus tropicalis)
and green anole (Anolis carolinensis). X. tropicalis and A. carolinensis are used as model
organisms to study the biology of their respective evolutionary classes (amphibians
and reptiles, respectively), and were chosen for this comparison as their genomes
have been fully sequenced and assemblies are publicly available (Hellsten et al., 2010, Alfoldi
etal., 2011).

First, | performed local multiple sequence alignment using Kalign (Lassmann et al., 2005)
with standard settings for nucleic acid alignment (gap open penalty = 217, gap extension
penalty = 39,4, terminal gap penalties = 292,6). | decided to focus on local alignments
as the intron 3 sequences from the compared species were varied in length,
from 1417 to 8469 bp, making end-to-end alignments suboptimal. The overall sequence
conservation was low, ranging from 37,05% between zebrafish and human, 37,54% between
zebrafish and mouse, 39,69% between zebrafish and green anole to 57,46% between zebrafish

and Xenopus.

Next, | scanned the intron 3 sequences for TF motifs that were present in the zebrafish 13
sequence as well as in at least one other vertebrate. The search resulted in a list of 54 TFs,

including all of the cardiovascular TFs found in the I3 sequence except for HNF1B.

Of the identified binding sites, 4 - POU6F, SOX18, GFI1B and TEAD3 - were only present
in tested sequences from zebrafish and A. carolinensis. PAX9 binding sites were present
in zebrafish, A. carolinensis and X. tropicalis, whereas HOXC9 binding sites were identified
in all tested vertebrates but mice. Interestingly, MEF2C binding sites were found in all introns
3 of the Isl1 gene in all vertebrates tested.

Mef2c (Fig. 12) is a pan-cardiac gene, expressed in the cells that contribute to the formation
of the OFT and the right ventricle in mice (Dodou et al., 2004). In addition, its function
in anterior SHF (a-SHF) was linked to Isl1, both as a direct transcriptional target of Isl1
(Dodou et al.,, 2004), and through Isl1/Ldbl complex regulating Mef2c expression,
among others (Caputo et al., 2015).
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Figure 12. 13 enhancer contains binding sites for the MEF2C transcription factor.
Top: Sequence logo of the human MEF2C transcription factor binding site. Bottom: output
from the FIMO tool. The 13 sequence was compared to the other sequences tested as part

of the enhancer assay for occurrence of common cardiac transcription factor binding sites.

2. 3. Discussion and future work

In this part of the project, | have shown that in silico approaches in combination with enhancer
assays can be leveraged to gain valuable insights on gene expression in understudied cell
populations. | sought to identify a regulatory region responsible for driving islla expression
in the heart progenitors. | identified a regulatory region located in an intron of the islla gene
that drives gene expression in a tissue-specific manner. This is consistent with the established
view that tissue-specific enhancers can be often found in noncoding regions, including introns
(Gillies et al., 1983, Borsari et al., 2021).

Notably, the expression triggered by the I3 enhancer was highly uniform even in the FO
specimens, indicating that the transgene insertion occurs relatively fast, resulting in a high
number of transgenic cells in a given embryo, which in turn facilitates establishing of stable

transgenic lines. This further confirmed the Tol2 transgenesis system as a viable and convenient
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method of obtaining transgenic zebrafish as it was previously established (Parinov et al., 2004,
Kawakami, 2007).

Several lines of evidence suggest that the 13 enhancer drives gene expression
in the SHF-derived cardiac progenitors. Confocal microscopy observations revealed
that the heterozygous Tg(13-e1b:EGFP) x Tg(myl7:mRFP) embryos exhibit a heart-specific
GFP expression pattern. The GFP expression is prevalent in cardiomyocytes, most notably
in the cells located in the inner curve of the atrioventricular canal, with additional GFP+ cell
population residing in the inflow tract. This expression pattern largely overlaps
with the previously described domain of islla/isl2b expression in the heart, as reported
by Witzel et al. (Witzel et al., 2012, Witzel et al, 2017). The expression of islla and isl2b
indicate cells originating from the SHF which are incorporated into the elongating heart tube.
The aforementioned works utilize antibody staining to visualize islla expression, which,
as the authors note, recognize both islla and isl2b. Upon islla knockout, the islla/isl2b-
positive cell population at the venous pole of the heart is lost, without impacting
the atrioventricular cell population. This indicates that the group of cells marked by GFP
expression in my transgenic enhancer line likely represent SHF originating progenitors.
On the other hand, the 13 enhancer drives gene expression across the majority
of the myocardium, suggesting that while it encompasses the SHF population, it is also capable

of driving gene expression in the FHF.

A second line of evidence was provided by the RT-qPCR gene expression analysis of GFP+
cell population. Here, I found that the GFP-expressing cells are expressing the canonical SHF
markers islla and nkx2.5, as well as cardiomyocyte progenitor marker myl7. This further
indicates that the cells marked by GFP expression encompass, but are likely not limited to,
the SHF.

Next, | performed TF motif analysis to identify potential TFs that could bind to the putative
enhancer sequence located in intron 3 of the islla gene. | compared this sequence
to all the other putative enhancer sequences tested in my assay that did not drive heart-specific
gene expression, reasoning that the TFs that bind to the 13 sequence and not the others could
influence the observed enhancer-dependent gene expression pattern. | found 70 transcription
factors that can bind the 13 sequence but not the others. From this list, 8 TFs were previously

identified in the zebrafish heart.
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Then, | conducted a comparative analysis of the I3 sequence and Isl1l intron 3 sequences
from other vertebrates, namely human, mouse, western clawed frog and green anole. Overall,
the sequences are not well-conserved, with all percentage identity scores lower than 70%.
However, scanning them for transcription factor binding sites identified 54 transcription factors
that can bind to the 13 sequence as well as the Isl1 intron 3 sequence of at least one other
of the tested vertebrates. Interestingly, from the 8 cardiac TFs identified in the previous analysis

only one, MEF2C, had its binding sites conserved across all tested taxa.

Mef2c is a well-characterized cardiac transcription factor with an established role in murine
OFT and ventricle development (Dodou et al., 2004). It has been described as a pan-cardiac
factor necessary for embryonic development, as its early onset loss of function
in the myocardium results in severe cardiovascular defects and embryonic lethality
(Maternaetal., 2019). Its role in heart development has also been described in zebrafish, where
due to the genome duplication two partially redundant copies of the gene, mef2ca and mef2cb
are present (Hinits et al., 2012). Additionally, its interaction with Isl1 has been studied in mice,
indicating its Isll-dependent role in early heart development (Dodou et al., 2004)
as well as in zebrafish (Witzel et al., 2017).

Taken together, these results have presented evidence supporting the function of the I3
enhancer in driving gene expression in the heart, and more specifically, in the SHF. However,

it is important to note several limitations of my approach.

Firstly, while I show that the expression of GFP driven by the enhancer in the 13 line is limited
to the developing heart, direct evidence on co-localization of GFP and islla within the same
cell population is yet to be observed. A possible approach is to perform double-color whole
mount in situ hybridization to visualize GFP and islla expression simultaneously. However,
this technique proved to be challenging to optimize and is not yet established
in our lab. To circumvent this issue, | isolated the GFP+ cells and performed RT-qPCR
to assess the expression of various markers including isl1la. While | did not observe a significant
enrichment of islla in the GFP+ cells due to its expression in other cell types, my analyses
indicated a high level of isl1la expression which provided strong support for the co-localization

of the two markers.
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While 1 observed a clear cardiac expression pattern of GFP, both on the protein as well as RNA
level starting at 24 hpf, | was unable to detect GFP expression from earlier timepoints.
The expression of GFP at earlier stages, particularly prior to the formation of the heart tube,
would have provided crucial information on the SHF origin of GFP+ cells in my transgenic
line and further link the observed expression pattern with the identity of GFP+ cells.
One possible way to obtain the information on GFP expression at the earlier time point
is to perform the assessment at the level of its MRNA by whole mount in situ hybridization.
It is known that there is a delay between transcription and GFP maturation and accumulation,
where the expression of GFP is initiated hours earlier than the mature protein accumulation
to the point where it becomes observable under a confocal microscope (Balleza et al., 2018).
Therefore, an in situ RNA hybridization experiment would enable the detection of the GFP

transcripts earlier than the observable fluorescence from the mature protein.

A second limitation to my analysis was posed by the limited knowledge on protein interactions.
Although there is existing experimental data suggesting a relationship between Isl1 and Mef2c,
Isl1 was rather known as a co-regulator, together with Ldb1, of Mef2c (Caputo et al., 2015).
This existing knowledge does not provide a clear explanation for the presence of a MEF2C
binding site in a regulatory region of islla. The zebrafish genome contains two orthologues
of MEF2C - mef2ca and mef2ch. Possible future investigations could involve mef2ca/b loss
of function experiment focusing on their impact on islla expression and the phenotype
in my enhancer transgenic line. This would allow us to gain a more comprehensive
understanding of the relationship between mef2ca/b and islla as well as its role in heart

development.

Another possible approach that would further our understanding of the regulatory mechanism
of the 13 enhancer is to systematically delete fragments of the enhancer, specifically targeting
the TFBSs identified using FIMO scanner and JASPAR CORE motifs. This part of my analysis
could be extended to include other vertebrates, especially those of which whole genome
assemblies are more complete since the conservation of some TFBSs between zebrafish
and green anole but not western clawed frog could indicate issues with the genome assemblies.
Deletion of binding sites for other conserved TFs that had previously been reported as active
in heart development could provide especially interesting insight into the function of the I3

enhancer and how it has changed throughout evolution. Further insight into conservation
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of function of this enhancer could be gained by testing the ability of TFs from other vertebrates

to activate the 13 enhancer in zebrafish embryos.

Overall, these additional experimental approaches would provide crucial evidence to support
and validate my findings, helping to enhance our understanding of the mechanisms governing
gene expression in the developing heart, specifically the SHF. Additionally, a more in-depth
functional analysis of the I3 enhancer would provide further insight into the general

mechanisms of gene expression regulation during embryonic development.
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3. Time-course transcriptome analysis of the developing zebrafish

cardiac progenitors at single-cell resolution
3. 1. Materials and methods

3. 1. 1. Zebrafish embryo collection and staging

Zebrafish embryos utilized in this experiment were collected immediately after fertilization
and split into ventilated Petri dishes filled with E3 medium, 50 embryos per dish. The dishes
were then put in an incubator at 28.5°C with light/dark cycles of 14/10 h. After 3 hours
of incubation, the embryos were checked for proper development and any unfertilized eggs
were discarded. Then, one hour before the set dissociation time, the embryos were screened
under the microscope and the abnormally developing embryos were discarded. Embryo staging

was done according to standard criteria (Kimmel et al., 1995).

3. 1. 2. Morpholino-mediated nkx2.5 and nkx2.7 knockdown

The nkx2.5 and nkx2.7 knockdown was achieved by microinjecting morpholinos (MOs) against
nkx2.5 and nkx2.7 (GeneTools, USA). The morpholino stock concentration was measured
with NanoDrop, following the morpholino manufacturer’s guidelines. The morpholino
injection experiment and phenotype analysis was conducted following the methods described

in our previously published work (Niescierowicz et al., 2022).

Prior to injection, a mix was prepared containing 1.5 ng/ul of each morpholino,
as well as nuclease-free water and 0.1 X Phenol Red, which serves as both a pH indicator
in the mix and a visual cue that a droplet has been successfully deposited inside the embryo.
Before being loaded into the needle, the mix was incubated at 65°C and cooled down to room

temperature, according to the manufacturer's instructions.

Each embryo was injected at 1-cell stage with 1 nl of the morpholino mix. A part of each batch
was set aside prior to injection to serve as control. Aside from not being injected, these embryos
were treated in the same manner as the injected embryos. After injections, the embryos

were transferred into ventilated Petri dishes containing fresh E3 and incubated at 28.5°C.
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After 3 hours of incubation, the dishes were checked, any unfertilized eggs were discarded

and the number of embryos was noted.

At 24 hpf, survival of the embryos was estimated as described in 2. 1. 5. The surviving embryos
were transferred to fresh E3 and maintained at 28,5 °C. At 48 hpf, the injected and control

embryos were screened for phenotypes to assess knockdown penetrance.

3. 1. 3. Embryonic cell dissociation

Five hundred embryos of the Tg(nkx2.5:EGFP) transgenic line at the desired developmental
stage were pooled in a glass beaker and dechorionated by treatment with 0.2 mg/ml Pronase
(Sigma-Aldrich) in E3 medium for 5 minutes. Afterwards, the embryos were washed
5-10 times with E3 medium, discarding the broken chorions. Dechorionated embryos
were transferred into 5 ml Eppendorf Lo-Bind tubes and the E3 medium was drained. Then,
2 ml of de-yolking buffer (55 mM NaCl, 3.6 mM KCI, 1.25 mM NaHCOs3) was added
to the tube and manually aspirated with a 1000 ul low retention pipette tip (Axygen)
10-20 times, until the solution turned cloudy, but the embryonic bodies were still intact.

The tube was then centrifuged at 500 rcf in 4°C for 30 seconds.

The supernatant was discarded, and the embryos were resuspended in a dissociation mix,
comprising 1920 pl of 1X Trypsin (Gibco) in PBS and 80 pl of 100 mg/ml collagenase
(Sigma-Aldrich). The embryos were then dissociated in a Thermomixer (Eppendorf) at 30°C,
300 rpm, for 5-10 minutes. Every 1 minute the contents of the tube were manually disrupted
by aspirating with a 1000 pl low retention tip mounted on an automatic pipette set to
700 pl to avoid flooding. Once the clumps of tissue were no longer visible, an equal volume
of stopping solution (L-15 medium, 10% FBS) was added to the tube and mixed thoroughly.
Then, the tube was transferred to the centrifuge set to 4°C and centrifuged for 10 minutes
at 700 rcf. After centrifugation, the supernatant was discarded, and the cell pellet
was resuspended in 3 ml of 1X PBS and passed through a 40 um cell strainer (VWR)
onto a glass Petri dish set on ice.

The cell suspension was then placed in a5 ml Lo-Bind Eppendorf tube and LIVE/DEAD violet
fixable stain (ThermoFisher) was added. The staining was conducted according

to the manufacturer’s recommendations. Afterwards, the cell solution was centrifuged again
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at 4°C, 700 rcf for 10 minutes, followed by discarding the supernatant and resuspension
of the cell pellet in 0.4% BSA in 1X PBS. The solution was then strained through a 35 pm
nylon mesh strainer (Falcon) into a 5 ml round bottom polystyrene tube (Falcon) and placed

on ice.

3. 1. 4. Cell sorting and viability assessment

The dissociated cells were sorted using the CytoFlex SRT (Beckman Coulter, USA) equipment.
First, the cells were distinguished from debris using the FSC-A/SSC-A parameters.
Then, the identified cells were size-selected to exclude multiplets using the FSC-A/FSC-W
parameters. The live cell population was identified according to the intensity of PB450 signal,
reacting to the LIVE/DEAD violet fixable stain (ThermoFisher) used in the dissociation step.
Finally, the GFP+ and GFP- populations were identified based on the FITC signal. For single-
cell library preparation, live GFP+ cells were sorted using the purity mode with a sort guard
band at 25%, which sorts a droplet only if the 25% of the volume of the two droplets
immediately preceding and following the investigated droplet does not contain any particles
deemed as potential contaminants. The cells were sorted into 600 pl of 0.4% BSA in PBS

ina 1.5 ml Lo-Bind Eppendorf tube.

After sorting, the cells were concentrated by centrifugation in 4°C at 700 rcf for 10 minutes.
Then, the supernatant was discarded, leaving 40 - 50 pl of the solution at the bottom
of the tube. This volume was used to resuspend the cells. To quantify the cell number, 10 pl
of concentrated cells were transferred with the same pipette tip into a 0.2 ml Lo-Bind Eppendorf
tube and mixed with an equal volume of Trypan Blue (NanoEnTek). This mixture was then
split and loaded into two chambers of a cell counting slide (NanoEnTek, South Korea).
The slides were then loaded into the Countess automated cell counter (Thermo Fisher, USA).

The number of live cells was estimated by averaging the readouts from the two chambers used.

3. 1. 5. gPCR-based quality control of cell sorting

In order to validate my cell sorting strategy, an equal number of GFP+ and GFP- cells
was collected into separate tubes, each containing 600ul of Trizol LS (Thermo Fisher, USA).
The RNA from each sample was extracted using the Direct-zol RNA MicroPrep kit
(Zymo Research, USA). RNA yield and integrity was estimated with the TapeStation system
(Agilent, USA).
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Next, cONA was reverse-transcribed using Maxima H- RT (Thermo Fisher, USA) from equal
amounts of RNA across GFP+ and GFP- samples. Finally, the amount of cDNA was estimated
based on TapeStation (Agilent, USA) results and the cDNA concentration across samples

was adjusted once again.

3. 1. 6. qPCR efficiency assessment

In order to establish the reaction efficiency for each primer pair used in the qPCR reactions,
a separate experiment was set up using the same lots of reagents and disposables,
as well as the same instrument as used in the rest of the experiment. In addition, a similar
biological sample was used for primer efficiency estimation as that used to generate the single-
cell libraries, being cDNA from GFP+ 24 hpf zebrafish embryonic hearts.

The standard cDNA was serially diluted 5 times to range from 4 ng/pl to 0.0003 ng/ul
per reaction in order to span across the potential range of concentrations in the final samples.
Each reaction was then set up using the FastStart Essential DNA Green Master
(Roche, Switzerland), a set amount of cDNA, and a pair of primers to be tested.
After amplification, a standard curve was calculated for each primer pair using the LightCycler
software (Roche, Switzerland), which then served as a basis for reaction efficiency estimation.
Utilizing the efficiency estimate established, sorted samples from each time point were tested
prior to following the 10X protocols in order to verify that the cell sorting resulted in successful

enrichment of the GFP+ population.

3. 1. 7. GEM generation, library preparation and sequencing

The single cell libraries were prepared using the Chromium Next GEM Single Cell 3’ LT Kit
v3.1 (low throughput), or the Chromium Next GEM Single Cell 3> GEM, Library & Gel Bead
Kit v3.1 (10X Genomics, USA) according to the manufacturer’s protocol. Briefly, live cells
were loaded together with oligo-coated gel beads as well as lysis and RT reagents
into the 10X Controller (10X Genomics, USA), where encapsulation into Gel Beads
in-emulsion (GEMs - a term used by 10X Genomics to indicate a droplet containing a bead,
a cell and reagents) took place. This results in generation of cDNA molecules from single cells
that share a common barcode. Additionally, each individual cDNA molecule carries a unique
molecular identifier (UMI). cDNA is the PCR-amplified to generate sufficient amounts
of genetic material for library construction. Library preparation begins by fragmentation,
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end-repair, ligation of sample indexes and Illumina sequencing adapters, followed by final PCR
amplification. Throughout library preparation stages, cONA concentration and library size

are estimated using the TapeStation 2100 (Agilent).

The libraries were sequenced at the Genomics Core Facility (CeNT, Warsaw) using
the Illumina NovaSeq 6000 paired-end 2x100 bp sequencing to a depth of 50000 reads per cell.
Read 1 was used to sequence the 16-bp 10X barcode and 12-bp UMI of each molecule,
whereas Read 2 was used to sequence the cDNA fragment.

3.1.8.scGESTALT lineage tracing system

The scGESTALT system was established in our lab following the protocol detailed by Raj
and others (Raj et al., 2018). Briefly, 1 used two plasmids, pTol2-hsp70l:Cas9-t2A-GFP,
5xU6:sgRNA (Addgene, plasmid #108871) and pTol2-hspDRv7_scGstlt (Addgene, plasmid
#108870), together with in vitro-transcribed Tol2 mRNA. These constructs were each injected
to 1-cell stage embryo as described previously in chapter 2. 1. 5. to establish two transgenic
lines, each carrying one of the constructs. After the FO fish reached maturity, each line
was outcrossed with wild-type fish and the resulting embryos were screened for transgene

expression. The transgene-positive embryos were kept as F1 fish.

The F1 fish were genotyped to determine the copy number of transgenic insertion.
For this purpose, 3-month-old individuals were fin clipped to obtain genomic DNA following
standard procedures (Xing et al., 2014). Fish were anesthetized in MS-222 solution (Sigma).
Then, each fish was placed on a Petri dish and a small 1-2 mm piece of its tail fin was cut using
a sterile scalpel. The piece was then transferred to a 0.2 ml sterile tube containing 100 pl
of 50 mM NaOH. The fish was placed in a tank containing fresh water and kept in separation

until full recovery.

The genotyping of fish was conducted following the methods used in our previously published
work (Niescierowicz et al., 2022). Briefly, the DNA from fin clippings was extracted using
the modified HotShot method (Meeker et al., 2007). Briefly, after the fin piece was put in
50 mM NaOH, it was heated to 95°C for 20 minutes. The sample was then cooled to 4°C
and 10 pl of 1M Tris-HCI was added to neutralize the solution. The sample was then

centrifuged to pellet the debris and the supernatant was used for PCR reactions (Table 2).
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To establish the functionality of the inducible expression system, a trial heat shock experiment
was performed on 24 hpf embryos for 1 hour at 37°C, after which the embryos were transferred
to 28.5°C egg water and maintained for 2 hours in standard conditions before beginning
observation. Injected larvae were observed under fluorescent stereomicroscope (Olympus,
Japan) at 26-28 hpf to establish GFP expression. Images were taken with Zeiss Axio Imager 2

(Zeiss, Germany).

Table 2. Primers used during establishing of the SCGESTALT system.

Name Sequence [5°—3’] Purpose

Amplification of a control
gPCRctrl F TCAGTCAACCATTCAGTGGCCCAT region for copy number
determination

Amplification of a control
gPCRctrl R CAGGAAAGGGAATGCAGGGTTTGT region for copy number

determination

Amplification of the insert for

gqPCRdsRed F GAGCGCGTGATGAACTTCGAGG o

copy number determination

Amplification of the insert for
gPCRdsRed R CAGCCCATAGTCTTCTTCTGCATTACG o

copy number determination

Barcode amplification for
SCGESTALT F TCGAGCTCAAGCTTCGG

dropout assessment

Barcode amplification for
SCGESTALT R CTGCCATTTGTCTCGAGGTC

dropout assessment
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3. 2 Results

3. 2. 1. nkx2.5/nkx2.7 morpholino-mediated knockdown recapitulates

mutant phenotype

As an initial step towards single cell transcriptomic analysis to investigate the role
of nkx2.5/nkx2.7 in driving cell lineage diversity in CPs, | optimized a loss of function system
for these two transcription factors. I modeled my approach on a previously published study
that indicated their key role in sustaining the ventricular identity of cardiomyocytes
(Targoff et al., 2013), and opted for morpholino-mediated knockdown of both transcription

factors.

To establish the effects of nkx2.5/nkx2.7 knockdown in zebrafish heart development, I first
assessed the overall survival rates of morpholino-injected embryos compared to uninjected
and mock-injected ones (Fig. 13). Mock injections were performed with a mix of water
and Phenol Red to identify potential issues with embryo survival resulting from the injection
procedure itself. Uninjected embryos served as batch quality control, with high mortality rates
among uninjected embryos indicating underlying problems of the embryos used

for experiment, in which case the whole batch would be excluded from further analysis.

100%

78%
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Percentage
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Figure 13. Summary of the survival rates of morpholino-injected embryos across conditions.
Each embryo injected at 1-cell stage, injection into the yolk, injection solution: 1.5ug/ul

of each MO, injection volume: 1nl; mock - water and Phenol Red, ctrl - uninjected control.
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Average survival in morpholino-injected embryo batches was lower (77,2%) than in control
(86,3%) and mock-injected (80,5%) embryos. Nevertheless, the number of surviving embryos

was sufficient for further experiments.

Based on a previous study of nkx2.5/nkx2.7 mutants, the expected phenotype upon loss
of function of both nkx2.5 and nkx2.7 is heart looping failure, followed by severe loss
of ventricular cardiomyocyte identity leading to atrium overgrowth and presence of diminished
ventricle observed as early as 48 hpf (Targoff et al., 2013). To assess the percentage
of morphants exhibiting the specific phenotype | conducted a phenotype penetrance experiment
(Fig. 14).
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Figure 14. Average percentage of embryos exhibiting the heart looping failure and atrium
overgrowth phenotypes across conditions. ctrl - uninjected embryos; mo - embryos injected

with an nkx2.5/nkx2.7 morpholino; mock - embryos injected with diluted Phenol Red.

My results indicate that, while the penetrance of the phenotype is not complete, | was able
to replicate the observed mutant phenotype in a majority of embryos (74,6%). On the other
hand, only a small percentage (0,8%) of embryos exhibited heart-looping defects in the control
condition, whereas a slightly higher proportion (9,7%) of embryos with similar defects
in the mock-injected batches points to the “background” developmental issues that result

from handling and experimental manipulation.
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3. 2. 2. Optimized dissociation and sorting protocol enables capture of

cells enriched in GFP and nkx2.5 markers

| developed a new protocol for single cell dissociation tailored to process samples from early
zebrafish heart developmental stages which takes into account specific issues posed by features

of the early zebrafish embryo (see Chapter 3.3. Discussion and future work).

To validate the efficacy of the dissociation and sorting method in isolating the desired cells,
I initially employed my protocol to extract RNA samples from both the GFP+ and GFP- cell
populations collected from 5-somite, 15-somite, 18-somite, and 24 hpf time points. Each time

point sample consisted of 500 dissociated Tg(nkx2.5:EGFP) embryos.
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Figure 15. Summary of the gating strategy for sorting Tg(nkx2.5:EGFP) cells across different
stages of embryonic development. First, intact cells are identified. Then, single cells
are discriminated from doublets. Next, live cells are identified among the single cells.

Finally, single, live cells are sorted based on the GFP fluorescence.

The GFP+ cell population does not form a separate cell cluster on the FITC-A plots due to low
overall GFP intensity at early stages of development (Fig. 15). This is consistent with previous
studies utilizing this transgenic line (Pawlak et al., 2019). Therefore, | employed a gating
strategy where cells from dissociated wild-type embryos at matching developmental stages
were used to set the GFP- and GFP+ gates prior to sorting. This allowed us to collect GFP+

cells based on their absence in the wild-type sample rather than fluorescence intensity alone.
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After reverse-transcribing the cDNA from the samples, | performed an RT-qPCR experiment
focusing on amplification of GFP and nkx2.5 transcripts (Fig. 16).

5 somite 15 somite

GFP nkx2.5 GFF nkx2.5

18 somite 24 hpf

GFP nkx2.5 GFP nkx2.5

Figure 16. Log?2 fold difference of GFP and nkx2.5 levels between GFP+ and GFP- cells across
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the stages of embryonic development. Each bar represents results of a triplicate qPCR reaction.

The results show that the samples sorted from each of the timepoints were enriched in both
the GFP and nkx2.5 transcripts, indicating that my dissociation and sorting strategy were
successful. This allows me to obtain sufficient numbers of nkx2.5-expressing cells

for the transcriptomic analysis of the developing zebrafish heart.
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3. 2. 3. Optimization and generation of single cell libraries on the 10X

Genomics platform

To investigate the role of nkx2.5-expressing cells in heart development | performed
a morpholino-mediated knockdown of nkx2.5/nx2.7, described in a previous subchapter. Then,
| utilized my cell dissociation and sorting protocol to obtain GFP+ cell samples from both
unmodified and morphant Tg(nkx2.5:EGFP) embryos.

These cells were then used to prepare single-cell RNA-seq libraries using the Chromium Next
GEM Single Cell 3° GEM, Library & Gel Bead Kit v3.1, which allows for encapsulation
and retrieval of transcriptomes from up to 10000 cells. I sorted 50000 and 47000 events from
the unmodified and morphant embryos, respectively. This was done to account for significant
loss of cell numbers during cell concentration and survival assessment, which in my hands
ranged from 10 to 37%. Both samples were characterized by high cell viability, with 86%
of cells from the unmodified embryos and 91% of cells from morphant embryos surviving

the experiment up to the encapsulation step.

After sequencing, the initial data quality control was performed and summarized with FastQC
(Andrews, 2010) and the 10X Genomics Cell Ranger 6.1.2. set of pipelines. The Cell Ranger
analysis was performed with the help of dr S. Mondal. Overall, the data was of high quality
(Fig 17.). For the 24 hpf sample approximately 70 (13,6%) million unique reads were identified
before deduplication. The nkx2.5/nkx2.7 knockdown sample consisted of approximately
110 (21,4%) million unique reads. It is important to note that this estimate was based on FastQC
deduplication estimate, which is less effective than utilizing UMI information
for the deduplication process. Based on the sequencing saturation metric produced by Cell
Ranger, the fractions of unique reads were 52,4% and 41,4% in 24 hpf and nkx2.5/nkx2.7
KD samples, respectively. This indicates a nearly 4- and 2-times higher fraction of unique reads

based on the barcode and UMI information than that of FastQC estimate.
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Figure 17. Mean Phred quality scores across all bases (blue line); 10:90" percentile range

(black whiskers), A - 24 hpf; B - nkx2.5/nkx2.7 knockdown.

GC content was estimated at 49% and 47% for the 24 hpf and nkx2.5/nkx2.7 KD samples,
respectively. The distribution of GC content across all sequences deviated from the expected
distribution (Fig. 18), however this could be the result of a number of factors, including cell
enrichment strategy or rRNA presence. The source and impact of this deviation on the data

quality should be estimated during downstream data processing and analysis.
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Mean GC content (%) ol

Figure 18. GC distribution across sequences. Red line - GC count per read; Blue line - estimated
theoretical distribution; A - 24 hpf sample; B - nkx2.5/nkx2.7 KD sample.
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9434 cells were identified in the 24 hpf data, with 55000 mean reads per cell and 1942 median
genes per cell. In the nkx2.5/nkx2.7 KD data, 5778 cells were identified with 89751 reads
per cell and 1778 genes per cell. In both datasets, the overall number of genes detected was
similar, with 24182 total genes in the 24 hpf data and 24212 in nkx2.5/nkx2.7 KD.

Overall, the sequencing data generated from this experiment was of high quality, allowing
for downstream functional analysis of nkx2.5/nkx2.7 role in heart development at a single-cell

level.

3. 2. 4. Construction of single cell low throughput libraries for time course

analysis of cardiac progenitors

To further assess the contribution of nkx2.5-expressing cells in the developing heart
as well as investigate the time of emergence of heterogeneity and its extent in the SHF,
we designed a time course experiment leveraging the previously described optimized cell
dissociation and sorting protocol combined with sScRNA-seq protocols, using the Chromium
Next GEM Single Cell 3° LT (low throughput) v3.1 kit, which allows for encapsulation
and capture of up to 1000 cells. The reason for adopting the low throughput approach
is due to the high costs of running the standard throughput analysis and the very low number

of cardiac progenitors available.

In order to cover the developmental stages from the earliest stage of cardiac progenitors’
specification up to the formation of the heart tube, | sorted GFP+/nkx2.5+ cells
from the 5-somite (5000 events), 15-somite (13452) and 18-somite (23737) stages.
Cell survival was then confirmed with Trypan Blue staining. Overall, cell survival was high
following the sort, with 80%, 87% and 91% live cells from the 5-, 15- and 18-somite stages
respectively. After cell concentration adjustment, approximately 3100 - 3900 live cells
were used for encapsulation in the 10X Controller, following the manufacturer’s protocol
with the aim of recovering 1000 cells after droplet generation. The downstream sample
processing and sequencing for the LT Kit is as described in subchapter 3. 1. 7. The final library

size and concentration were within acceptable ranges provided by the manufacturer.

Initial quality control of the sequencing data was conducted as described in subchapter 3. 2. 4.

Overall, the sequencing was of high quality, with Phred scores per read across all samples
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averaging at 36. There is a pronounced drop in quality of 3 bases in 5- and 18-somite stage
sequencing (these samples were sequenced in the same instrument run, Fig. 19), likely caused
by a passing obstruction in the flow cell, which needs to be taken into account during
downstream analysis. Based on FastQC estimation, the majority of reads in each sample were
duplicates, with ~ 13,5 million (27%) of unique reads sequenced in the 5-somite sample,

~ 13 million (26,5%) in the 15-somite sample and ~ 8 million (15%) in the 18-somite stage.

(AT

Figure 19. A, B, C: mean Phred quality scores across all bases (blue line), 10™: 90™" percentile
range in quality (black whiskers); A’, B’, C’: per tile sequence quality, heatmap adjusted
for sequencing cycle; A, A; - 5-somite sample; B, B’ - 15-somite sample;

C, C’ - 18-somite sample.

GC content across all samples was stable, estimated at 46% in the 5-somite sample, 45%
in the 15-somite stage and 44% in the 18-somite sample (Fig. 20). Similarly to the standard
throughput samples described in subchapter 3. 2. 4., GC content distribution per sequence
deviates from the theoretical distribution and can be caused by the same issues such as cell
enrichment strategy or rRNA presence in the samples. The exact source and impact of this issue

should be determined during downstream analysis.
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Figure 20. GC content across sequences; Red line - GC count per read; Blue line - estimated

theoretical distribution; A - 5-somite sample; B - 15-somite sample; C - 18-somite sample.

Initial analysis conducted with the Cell Ranger pipeline identified 9207 cells in the 5-somite
sample, 2768 cells in the 15-somite sample and 2312 cells in the 18-somite sample.
In each sample, this number is remarkably higher than the 1000 expected cells recovered using
the low-throughput chemistry. The low median number of identified genes per cell (350 in
5-somite, 364 in 15-somite and 251 in 18-somite sample) further indicates issues with the
sequenced samples. Total number of genes detected was lower in the LT samples than

in the ST samples described in subchapter 3. 2. 4., ranging from 16,346 to 19,692.

Barcode rank plots provide a good explanation for the unexpectedly high number of cells
identified and low median number of genes per cell. The barcode rank plot is generated
by the Cell Ranger as a way to visualize its cell calling algorithm. Briefly, the barcodes
(each GEM has a unique barcode) are arranged in a descending order according to the number
of UMIs (unique molecular identifiers, in principle only shared between molecules originating
from the same RNA molecule) associated with each barcode. In my LT samples,
only a low fraction of barcodes has high numbers of UMIs associated with them, meaning
that only a small fraction of the sample should be considered as “true” single cells. However,
the algorithm assigns the cell status to a larger fraction of barcodes, effectively including

ambient RNA in the cell count, leading to an inflated reported cell number (Fig. 21).
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Figure 21. Estimated number and molecular complexity of sequenced cells. On barcode rank
plots, barcodes are arranged along the x-axis in the descending order of the number of UMIs

associated with them (y-axis). A: 5 somites; B: 15 somites; C: 18 somites.

The actual number of cells sequenced was lower - if we identify as single cells only
the barcodes with associated UMI numbers similar to the ST samples (median UMI counts
per cell: 8,772 for 24 hpf and 5,988 for nkx2.5/nkx2.7 KD), we are able to confidently assign
the cell status only to 10-100 barcodes in each sample, which is not enough to capture
the complexity of cardiac progenitor population at these stages. This issue could stem

from a number of factors during sample collection and GEM generation.

Overall, the results obtained so far indicate that in order to conduct the time course experiment,
a repeat of the sample collection and sequencing is necessary to obtain meaningful insight

into the heterogeneity of nkx2.5+ cells at these stages of zebrafish heart development.

3. 2. 5. Establishing the scGESTALT system for lineage recording

and tracing

Simultaneously to the time course experiment detailed in section 3. 2. 4., | established
SCGESTALT, first published in 2018 (Raj et al., 2018), in our lab. The basic principle
of this system is enabling cell lineage recording and tracing through Cas9 editing of a synthetic
barcode sequence incorporated in a transgene. Due to its potential use to study the mechanism
underlying the diversification of cardiovascular progenitors in the future, | decided to establish

this valuable system in our lab and perform initial validation of its functionality.
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The scGESTALT system utilizes two transgenic zebrafish lines in order to record and trace cell
lineage across development. The first line, carrying the pTol2-hsp70l:Cas9-t2A-GFP,
5xU6:sgRNA construct (hereafter referred to as hsp701:Cas9) encodes a Cas9-t2A-GFP fusion
protein driven by the heat-shock promoter hsp70I together with 5 unique sgRNA sequences,
each driven by a U6 promoter sequence. The second construct, pTol2-hspDRv7_scGstlt
(hereafter referred to as Gestalt), carries a heat-shock inducible mRFP followed
by the scGESTALT barcode, as well as GFP sequence driven by the myl7 promoter.
The barcode sequence is unique in the context of the zebrafish genome and is recognized
by the sgRNAs carried by the hsp70l:Cas9 line. The myl7:EGFP sequence is present for ease
of screening for genomic integration of the construct. Upon crossing these two lines, embryos
can be heat-shocked at a desired time point, inducing Cas9 expression which, guided
by the sgRNAs, edits the barcode DNA sequence in each cell. After the desired developmental
stage is reached, the embryos can be heat shocked again, inducing the barcode expression
so that its sequence can be obtained together with the cellular transcriptome. During
transcriptomic data analysis the lineage history of each cell can be reconstructed based

on the editing patterns in the barcode present in the cell.

To generate and establish stable lines of the two scCGESTALT transgenics, | performed
microinjection of embryos as described in section 2.1.4. To validate the functionality
of the hsp70l:Cas9, | first tested whether the integrated Cas9 and barcode expression
can be induced using heat-shock in embryos injected with this construct. Following the original
protocol, | heat-shocked 24 hpf FO embryos at 37°C for 1 hour. Afterwards, the embryos
were transferred to standard conditions and the induction of expression of GFP and dsRed
was monitored. After 2-4 hours the expression of transgenic reporter proteins in each line

was observed under a fluorescent microscope (Fig. 22).
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pTol2-hsp70l:Cas9-t2A-GFP, 5xU6:sgRNA pTol2-hspDRv7_scGstlt

bright field

200 pm 200 pm

before heat-shock

after heat-shock

Figure 22. Reporter transgene expression in SCGESTALT lines. Micrographs taken before and
after heat shocking the 24 hpf embryos at 37°C for 1 hour. pTol2-hsp70l:Cas9-t2A-GFP,
5xU6:sgRNA: ubiquitous induction of the Cas9-t2A-GFP construct was visible within 2 hours
after heat shock; pTol2-hspDRv7_scGstlt: the stable heart-specific GFP expression is observed
thanks to the inclusion of a myl7:EGFP reporter into the construct. Ubiquitous dsRed

expression is visible 2-3 hours after heat shock.
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Next, | checked the transgene copy number in the second transgenic line carrying the barcodes
- the Gestalt line, as it is crucial that the barcode sequence is only present in one copy
in each cell. To do this, | performed a gPCR assay following the established protocol and
previously published primers (Raj et al., 2018). I PCR-amplified genomic DNA obtained
from F1 Gestalt fish, and compared the number of dsRed sequences to a heterozygous
Tg(fabplOa:dsRed) stable fish which carries only a single copy of the dsRed transgene. | used
a wild-type fish as a negative control, as it does not carry the dsRed transgene. | fin-clipped
and tested 20 Gestalt fish to identify potential single-copy transgene carriers to serve
as founders for the next generation. To determine the transgene copy number | followed
the established protocol (Raj et al., 2018). Briefly, | set up triplicate amplification reactions
for each fish tested. | then compared the average dsRed Ct to the average control region
Ct within each set of triplicates. Next, | compared the differences between each Gestalt fish
and the control WT (negative) and dsRed (standard) fish. In my experiment, the resulting
comparison values ranged from O (indicating lack of transgene integration) to 2
(indicating 2 copies of the transgene), with a cutoff for a single copy set in the range of 0,75
to 1,25 to account for variability in amplification (Fig. 23). Out of the 20 fish tested, 11 carried

a single copy of the transgene and were selected as founders of the next generation.

Copy number
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Figure 23. Scatterplot representing the transgene copy number in 9 randomly selected Gestalt
F1 fish. Red dashed line: 0.75-1.25 cutoff for single copy integration; 1-9: individual Gestalt
fish; fabp - positive control Tg(fabpl0a:dsRed) fish; WT - negative control fish.
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| then assessed the possibility of barcode dropout. Since the sgRNAs are expressed
continuously throughout the embryonic development and the heat shock activation leads
to a long period of Cas9 expression, it is possible that Cas9 cleaves two or more loci within
the barcode simultaneously, causing the loss of the sequence between the cleaved loci
and deletion of the lineage record of the affected cell (Salvador-Martinez et al., 2019,
Zafar et al., 2020). To test this, | crossed the hsp701:Cas9 fish with the Gestalt fish and heat
shocked the resulting embryos for 1 hour at 37°C. I then isolated the genomic DNA from each
embryo, PCR-amplified the barcode sequences and resolved them on a 1,5% agarose gel
(Fig. 24). The product electrophoresis indicates that it is possible for the barcode length
to decrease due to Cas9 editing. In some cases, the band representing the barcode of correct
length is still visible, indicating that not all cell barcodes were edited in a way that causes
their length to noticeably decrease, but most amplification products lack a discernible barcode
band. This demonstrates that barcode dropout can be a limiting factor for utilization

of SCGESTALT in lineage tracing experiments.

100bp (-) noHS

Figure 24. The Gestalt barcode sequence lengths before (noHS) and after heat shock (HS).
Each well contains the DNA amplification product from a single 24 hpf embryo.

100 bp: size marker. (-): negative control (PCR product from a WT embryo).
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I have successfully established the scGESTALT transgenic lines that can be utilized
in a cell lineage recording and tracing experiment. The system would be a valuable tool
which can supplement my time course experimental approach by providing information
on the likely fate of each subpopulation of cardiac progenitors. Additionally, preliminary
experiments suggest the possible limitations of the system due to barcode dropout which needs

to be considered when interpreting the results.

3. 3. Discussion and future work

Established protocols for zebrafish embryo dissociation typically focus on obtaining cells
from developmental stages later than that required of my study (Bresciani et al., 2018).
My samples therefore presented several key issues that would make these established protocols
unsuitable for this experiment. Firstly, my sample would need to be further processed after cell
dissociation - | needed to enrich the final sample with GFP-positive cells, which necessitated
FACS sorting. Moreover, the majority of cells (>80%) would need to remain intact
after the sort. A high number of non-viable cells impacts the single cell RNA-seq library
preparation steps and can cause significant bias following data analysis. Secondly, early-stage
embryos contain large amounts of yolk and chorion which could negatively impact
the downstream steps by causing false positive signal due to autofluorescence during sorting.
Thirdly, the GFP-positive cell population is relatively scarce at these stages, constituting only
around 1% of all cells of an embryo. This, combined with the presence of the yolk, could lead
to failure of GFP-positive cell enrichment. The necessary high cell viability also meant
that increasing the sorting speed or time would not be possible to circumvent these issues,
as it would invariably result in lower cell survival. | therefore optimized my own protocol

adapted for single cell isolation from early-stage zebrafish embryos.

Firstly, to tackle the chorion remnants present in the samples, | performed dechorionation using
Pronase, which enables easy separation of the chorion from the embryos. Then, to address
the abundance of yolk matter in the samples, | incorporated a de-yolking step by adding
a de-yolking buffer (Link et al., 2006), manually disrupting the embryos and subsequently
washing them with E3. Finally, I modified the dissociation step present in all established
protocols by reducing the severity of manual tissue disruption. To counteract the possible
presence of clumps of tissue resulting from this gentler tissue dissociation, | introduced

an additional filtration step. In order to further minimize the damage to the cells during FACS,
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| used a larger nozzle size - 100 um - which, while extending sorting time, subjects the cells
to the least amount of pressure, increasing overall cell survival (Higdon et al., 2019).
This modified protocol enables me to reliably capture GFP+ cell population from early heart
developmental stages, starting at 5 somites.

I successfully established standard-throughput single cell encapsulation and library preparation
using the commercially available solutions provided by 10X Genomics. The libraries prepared
using the 10X Genomics standard throughput (Chromium Next GEM Single Cell 3 GEM,
Library & Gel Bead Kit v3.1) chemistry were of high quality and, after further analysis,
is expected to provide valuable insights into the biology of nkx2.5-expressing cells at 24 hpf.
| am currently optimizing protocols for another single-cell experiment, aiming to uncover
chromatin accessibility in nkx2.5+ cells at 24 hpf using sSCATAC-seq. This will supplement
my transcriptome data, providing a more complete molecular landscape of cells contributing

to heart formation at this developmental stage.

In order to gain insight into the extent and underlying mechanism of the development of cell
heterogeneity among cardiac progenitors residing in the SHF, | performed a time course
experiment, isolating nkx2.5-expressing cells from 5-, 15- and 18-somite stages. | opted
for the 10x Genomics low-throughput (LT) chemistry for this experiment, as at these early
stages each embryo only contains a small number of nkx2.5+ cells, allowing me to capture
a diversity of cells from large numbers of embryos within a smaller number of cells.
Additionally, the low cell number requirement for the LT chemistry enabled me to maximize
cell survival during sorting, as attempting to sort larger numbers of cells would extend
the sorting time, leading to a drop in cell survival. Unfortunately, libraries obtained from the
early time points failed to produce data which meets the required quality metrics, as the library

preparation and sequencing failed to capture the number of cells required for further analysis.

The low number of actual cells in my LT samples can stem from multiple sources. One possible
explanation was an overestimation of the number of cells initially used for encapsulation.
However, this estimate was based on a robust cell counting protocol, using an average of two
separate automated measurements from each cell sample. Another potential problem could
occur at the single cell encapsulation step, as it is possible that the cells did not survive

the master mix preparation before loading into the 10X Controller.

70



Low number of unique reads could be attributed to overamplification of the cDNA before and
during library preparation, and could be inherent to the LT protocols, which were discontinued
at the time of writing this thesis. In order to address these issues, | will conduct the time course
experiment again, utilizing standard throughput chemistry.

Once the relevant data is obtained, we will conduct time course data analysis to identify
and characterize different subpopulations of cells contributing to SHF-dependent processes
in heart development. This analysis will be connected to the nkx2.5 24 hpf functional analysis,
as the 24 hpf transcriptome will serve as the fourth and final time point. We will then validate
the results of our analysis by performing targeted knock-out or knock-down experiments

utilizing the insight gained during data analysis.

Simultaneously, | established two transgenic lines serving as the basis of the SSGESTALT
lineage tracing system first published in 2018 (Raj et al., 2018). My initial experiments indicate
that barcode dropout can be an important bottleneck when using this system, as information
encoded by the scGESTALT barcode can be lost during development due to Cas9 activity.
This can potentially limit the number of cells carrying relevant information on their lineage
at the end of the experiment (VanHorn et al., 2021). It is important to note that the results
| obtained are not quantitative - we do not know how many cells are subject to barcode dropout
and what the dropout rate is. A computational approach could potentially be implemented
to address this issue, as in recent years a number of computational tools have been developed
for this purpose (Salvador-Martinez et al., 2019, Zafar et al., 2021). If successful, the lineage
recording and tracing experiment enabled by the scGESTALT system will provide further
insight into the fate of early cardiac progenitor subpopulations identified using my time course

experiments.
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4. Conclusions

Our understanding of vertebrate heart development has increased significantly over the last
decades of continuous research. Starting with the first descriptions of the second heart field
in the early XXI century, many research projects have successfully broadened
our understanding of the molecular processes involved. Molecular pathways and transcription
factors crucial to heart development have been extensively described. At the same time,
the molecular mechanism of two best-known transcription factors implicated
in SHF development, Isl1 and Nkx2.5, remains largely unknown, which raises the question
of how these pleiotropic transcription factors exert their specific function on the SHF.
Furthermore, recent reports have indicated a previously uninvestigated cell heterogeneity
within the SHF population, enabling them to give rise to various cell types. The molecular basis

of this diversity, as well as the timeline of its development remain unknown.

Over the course of this project, I sought to investigate the underlying mechanism leading
to the specification of the SHF, focusing on the roles of nkx2.5 and islla. | used the zebrafish
as the molecular mechanisms of heart development are largely conserved across vertebrates,

making it a valuable model organism.

During embryonic development, the expression of Isl1, as well as isll1a - its zebrafish ortholog,
is not limited to the heart. Isl1/isl1a is also known to play a role in the development of nervous
and digestive systems. Therefore, | aimed to investigate the mechanism driving heart-specific
expression of islla. Through in silico screening | identified 7 putative enhancers in proximity
of the islla locus. | used an enhancer assay to investigate the function of these putative
enhancers and found one, located in an intron of the islla gene, that was capable of driving
reporter gene expression specifically in the heart. | characterized the cells expressing
the enhancer-dependent reporter and found them to be enriched in canonical markers
for cardiac progenitors and cardiomyocytes, namely nkx2.5/nkx2.7 and myl7. I also investigated
the presence and cross-species conservation of transcription factor binding sites located
in the enhancer. |1 found potential binding sites of several cardiac transcription factors
in this enhancer. One of them, MEF2C, was likely to bind the corresponding genomic region
in other vertebrates including human, mouse, Western clawed frog and green anole, despite
low overall similarity of the investigated sequence. This part of the project lays the groundwork

for the future investigation of the relationship between mef2ca/b and islla. Additionally,
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the transgenic line generated in this study serves as a useful tool for future research focusing

on the development of the SHF.

nkx2.5 plays a multifaceted role in driving FHF and SHF progenitor specification.
It can seemingly both promote and restrict hemoangiogenic cell fates, as well as ensure heart
function by establishing the proper numbers of atrial and ventricular cardiomyocytes.
| aimed to establish and optimize a set of experimental tools to enable investigation
of these roles of nkx2.5 at a single-cell resolution throughout embryonic development.
I successfully established a protocol for dissociation and FACS of zebrafish embryonic cells
from early developmental stages. | obtained transcriptomic data on nkx2.5-expressing cells
from a series of samples, encompassing key stages throughout heart development.
| complemented this approach with single cell transcriptome data from an nkx2.5/nkx2.7 loss
of function experiment which will provide further insight into the role of nkx2.5 in fate
determination of heart field progenitor cells. The analysis of data obtained through these

experiments is ongoing.

Furthermore, | established a Cas9-based lineage tracing system which enables reconstruction
of the developmental trajectory of heart cells. In order to establish this system in our lab,
| generated two stable transgenic lines, each of which carry either Cas9 and sgRNAs
or a synthetic barcode which is randomly edited by Cas9, creating a lineage record of the cell.
| performed a set of preliminary validation experiments to ensure the viability of this system
for heart-targeted discovery. | ensured that each of the barcode fish carries only a single copy
of the transgene, limiting the number of confounding factors in the experiment,
as well as assessed the possibility of barcode dropout. This tool will allow us to obtain single
cell transcriptome data from cells constituting a developed heart coupled with their lineage
records. This will enable us to link these cells to their ancestral CPs, providing insight
into the timeline of establishment and changes in heterogeneity of early cardiac progenitor

cells.

Taken together, the results presented in this work provide key insight into the regulatory
processes governing the specification of the heart progenitors population. | established
a set of tools and obtained valuable data that serve as solid groundwork for future investigations
into the mechanism of early heart progenitors’ specification and its subsequent development

at a single cell resolution.
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