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Summary

Utilizing zebrafish as a model organism, this study investigates the genetic factors con-
tributing to congenital heart defects (CHD) and cardiomyopathy (CM). Zebrafish offer
unique advantages in cardiovascular research, such as optical transparency and rapid
development, making them well-suited for studying developmental processes and disease
pathogenesis. Molecular cytogenetic techniques identified novel variants in the PRDM16
gene associated with ARVC. Additionally, ES (Exome sequencing) identified variants in
the CAPZPB gene linked to patients with CHD. Functional analysis in zebrafish embryos
revealed phenotypic similarities to human disease, implicating CAPZB as a candidate
gene for CHD and PRDM16 in ARVC. Specifically molecular cytogenetic techniques
identified four novel variants in the PRDM16 gene in patients with ARVC and ES led to
the identification of four novel variants in the CAPZB gene among patients with CHD.
Functional analysis in zebrafish embryos revealed that the CAPZB-Ser192Asn variant led
to impaired cardiac contractility and morphological defects resembling aspects of human
CHD phenotypes. These findings suggest that CAPZB may serve as a novel candidate
gene for CHD and shed light on its role in early cardiac development. Similarly, transgenic
zebrafish lines expressing PRDM16 variants showed reductions in ventricle size and cardiac
output, along with morphological defects during embryogenesis. In adult hearts, specific
variants PRDM16-D628N and PRDM16-S1059L displayed increased presence of lipid
droplets. Additionally, regeneration analysis revealed an impairment in the regenerative
potential of zebrafish expressing a truncated variant of PRDM16. Taken together, these
findings underscore the role of PRDM16 in cardiac regeneration and its potential as a
candidate gene for ARVC, highlighting its significance in disease pathogenesis. Overall,

this study offers valuable insights into the genetic mechanisms associated with CHD and
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CM, underscoring the significance of zebrafish models in unraveling disease pathogenesis
and identifying potential therapeutic targets. Notably, the present research highlights
the dual utility of zebrafish, serving as a developmental model for understanding heart
formation and as an adult model for certain pathologies, enhancing its relevance in cardio-
vascular research. Further investigations are warranted to comprehensively elucidate the
molecular pathways involving PRDM16 and CAPZB and to explore therapeutic strategies
targeting these genes for the treatment of cardiovascular diseases and promotion of cardiac

regeneration.



Zusammenfassung

Unter Verwendung des Zebrabarblings als Modellorganismus untersucht diese Studie
die genetischen Faktoren, die zur Entstehung angeborener Herzfehler (AHF) und Kar-
diomyopathien (KM) beitragen. Zebrabérblinge bieten einzigartige Vorteile in der kar-
diovaskuldren Forschung, wie optische Transparenz und schnelle Entwicklung, was sie
besonders geeignet macht, Entwicklungsprozesse und die Pathogenese von Krankheiten
zu untersuchen. Molekulare zytogenetische Techniken identifizierten neue Varianten im
PRDM16, die mit der ARVC assoziiert sind. Dartiber hinaus identifizierte die ES (Exom
Sequenzierung) Varianten im CAPZB, die mit AHF in Patientenkohorten in Verbindung
stehen. Funktionelle Analysen in Zebrabérblingsembryonen zeigten phinotypische Ahn-
lichkeiten mit menschlichen Erkrankungen und legten nahe, dass CAPZp als Kandidatengen
fiir AHF und PRDM16 fiir ARVC fungieren konnten. So konnte die Studie vier neue
Varianten im PRDM16 bei Patienten mit ARVC und vier neue Varianten im CAPZB bei
Patienten mit AHF identifizieren. Funktionelle Analysen in Zebrabérblingsembryonen
zeigten, dass die CAPZ{3-Ser192Asn-Variante zu einer beeintréchtigten Herzkontraktilitét
und morphologischen Defekten fiihrte, die Aspekte menschlicher CHD-Phénotypen &hneln.
Diese Ergebnisse legen nahe, dass CAPZpB als neues Kandidatengen fiir AHF dienen kénnte
und werfen Licht auf seine Rolle in der frithen kardialen Entwicklung. Ebenso zeigten
transgene Zebrabérblingslinien, die PRDM16-Varianten exprimierten, eine Verringerung
der Ventrikelgréfie und des Herzzeitvolumens sowie morphologische Defekte wahrend der
Embryogenese. In adulten Herzen wiesen spezifische Varianten PRDM16-D628N und
PRDM16-S1059L eine erhohte Anwesenheit von Lipiddroplets auf. Dariiber hinaus zeigte
die Regenerationsanalyse eine Beeintrachtigung des regenerativen Potenzials von Zebrabér-

blingen, die eine trunkierende Variante von PRDM16 exprimierten. Zusammenfassend
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unterstreichen diese Ergebnisse die Rolle von PRDM16 in der kardialen Regeneration und
sein Potenzial als Kandidatengen fiir ARVC, was seine Bedeutung in der Krankheitspatho-
genese hervorhebt. Insgesamt bietet diese Studie wertvolle Einblicke in die genetischen
Mechanismen, die mit AHF und KM verbunden sind, und betont die Bedeutung von
Zebrabarblingsmodellen bei der Aufklarung der Krankheitspathogenese und der Identi-
fizierung potenzieller therapeutischer Ziele. Bemerkenswert ist, dass die Forschung die
doppelte Verwendung des Zebrabérblings hervorhebt, der sowohl als Entwicklungsmodell
zum Verstandnis der Herzformation als auch als Erwachsenenmodell fiir bestimmte Patholo-
gien dient und somit seine Relevanz in der kardiovaskuldren Forschung hervorgehoben wird.
Weitere Untersuchungen sind erforderlich, um die molekularen Signalwege, die PRDM16
und CAPZB betreffen, umfassend zu verstehen und therapeutische Strategien zur Behand-
lung von Herz-Kreislauf-Erkrankungen und zur Forderung der kardialen Regeneration zu

erforschen.
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Chapter

Introduction

1.1 Heart Anatomy

The human heart, a conical and hollow muscular organ, is situated within the mediastinum
(the central compartment of the thoracic cavity), closely surrounded by the thoracic skeleton
and the lungs [1]. Predominantly located on the left side of the chest, the heart comprises
integral components, including the fibrous skeleton, cardiac muscle, and a conduction
system facilitating electrical impulse transmission and converting it to mechanical and
rhythmical contraction. Encasing the heart is the pericardium, a double-membrane sac
filled with fluid, providing a protective barrier for both the heart and associated blood
vessels (Figure 1.1) [2]. Functioning as an anchor, the pericardium ensures stability by
connecting the heart to the mediastinum [2]. At the exit of the large vessels, the innermost
layer of the pericardium transforms into the epicardium, the outer connective tissue of
the heart, which securely fuses with the heart [3]. The epicardium serves a dual function.
Firstly, it acts as a protective layer for the inner heart tissues. Secondly, it actively
contributes to the generation of pericardial fluid. This fluid occupies the pericardial
cavity, which minimises friction between the pericardial membranes. Situated beneath the
epicardium are essential components such as lymphatic vessels, nerves, veins, and coronary
arteries. The epicardium constitutes the outermost layer of the heart wall [4]. The coronary
vessels, extending into the underlying muscle layer called the myocardium, traverse a

layer of fatty tissue beneath the epicardium. This arrangement is crucial for ensures the
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blood supply to the heart muscle. The myocardium forms the middle layer of the heart
wall and comprises specialized cells known as cardiomyocytes. These cardiomyocytes
possess a distinctive structure and are the driving force behind the heart’s contractions [5].
The endocardium forms the innermost layer of the heart wall and is characterized by its
thinness. It envelops the heart valves and establishes a connection with the endothelium
of major blood vessels. In the heart’s atria and ventricle, the endocardium comprises both
the endothelium and the subendothelial layer of connective tissue [6]. The human heart is
comprises of four distinct chambers (refer to Figure 1.1), each with clear morphological
and functional characteristics: the upper left and right atria, and the lower left and right
ventricles. The atria are divided by an interatrial septum (IAS), while the ventricles are
separated by an interventricular septum (IVS). Positioned between the IAS and IVS is the
atrioventricular septum (AVS), which is relatively small. In humans, the AVS is called
the membranous septum due to its thin fibrous structure [7|. Valves play a crucial role
in coordinating blood flow by preventing it from flowing backward [8]. A healthy human
heart possesses four valves. Among them, two are known as Atrioventricular (AV) valves,
situated between the atria and ventricles. The right atrium and ventricle are interconnected
by the tricuspid valve, characterized by its three separate leaflets. Conversely, the left
atrium and ventricle are separated by the mitral valve, which features two distinct leaflets.
The aortic and pulmonary semilunar (SL) valves separate the ventricles from the major
arteries [9]. The leaflets of both the aortic and pulmonary valves are crescent moon-shaped,
earning them the name "semilunar valves" [9]. The aortic valve is positioned between
the left ventricle and the aorta. Its function is to prevent oxygen-rich blood from flowing
back into the left ventricle [10]. On the other hand, the pulmonary valve acts as a link
between the right ventricle and the pulmonary trunk. Furthermore, the leaflets of the
AV valves are tethered to the papillary muscles via chordae tendineae [9]. These chordae
tendineae serve as conduits, transmitting the contractions of the papillary muscles to
the valve leaflets [9]. The primary role of the pulmonary valve is to facilitate the flow of
deoxygenated blood towards the lungs. All four valves are situated in close proximity to
essential components of the heart’s electrical conduction system, including the sinoatrial
node (SAN), atrioventricular node, bundle of His, and Purkinje fibers. These elements
collectively contribute to the coordinated and rhythmic beating of the heart [11]. A typical

double-beating of the heart occurs due to the opening and closing of the heart valves.
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Figure 1.1: The left panel indicates a schematic depiction of the human heart, deoxygenated
blood from the body enters the right atrium through the superior and inferior vena
cava. It then flows through the tricuspid valve (TV) into the right ventricle. From
the right ventricle, the deoxygenated blood progresses through the pulmonary valve
(PV) and then proceeds via the left and right pulmonary arteries, collectively referred
to as the pulmonary trunk. The blood then flows to the lungs, where it undergoes
oxygenation. Following its oxygenation in the lungs, the blood re-enters the heart
through four pulmonary veins, entering the left atrium. Subsequently, it traverses
through the mitral valve (MV) into the left ventricle. From there, the blood moves
through the aortic valve (AOV) and embarks on its journey to the rest of the body
through the aorta. Figure modified from (Marieb, 2012). The right panel shows
structure of Heart wall [12].

1.2 Cardiogenesis

During the initial three weeks of human embryonic development, the heart begins to take
shape (around 15 days post coitum). Cardiogenesis, the process of cardiac development,
can be categorized into four primary phases as despite in Figure 1.2:

1. Formation of cardiac crescent

2. Development of linear heart tube

3. Looping of the heart tube



1 Introduction 4

4. Formation of septa, vessels, and heart valves

These phases delineate the intricate progression of heart formation during embryonic
development [13]. The establishment of the heart, organized in the cardiac crescent, is
orchestrated by cardiac gene program, which activation is governed by spatial and temporal
cues mediated by signaling pathways including Wnt, fibroblast growth factor, and bone
morphogenetic protein [14-16]. Core cardiac transcription factor genes, including GATA/,
NKX2-5 and TBX), play a pivotal role in facilitating the expression of cardiac-specific
genes [17]. The cardiogenesis encompass various cell types, including cardiomyocytes,
endothelial cells, fibroblasts, and smooth muscle cells. The interplay between two distinct
progenitor populations, namely the first heart field (FHF) and the second heart field
(SHF), is pivotal in driving the process of cardiogenesis [18,19]. The cardiac crescent,
primarily composed of FHF progenitors, undergoes reorganization to develop into a linear
heart tube. At 21 days post coitum (DPC), the heart tube begins to beat, marking
the initiation of cardiac activity [13,18]. Meanwhile, SHF progenitors play a role in
elongating the heart during looping, and in the processes of cardiac chamber ballooning
and septation [14,20]. The migration of SHF progenitors plays a pivotal role in expanding
the heart tube. This enlarged heart tube facilitates the establishment of a one-way flow
of blood through peristaltic-like contractions [21]. Following the looping and ballooning
phases, the individual ventricles of the heart tube experience lateral expansion, widening
their structure [15,22]. Moreover, the myocardial cells originating from the SHF migrate
towards both ends of the tubular heart, contributing to the development of the inflow and
outflow tract [22].

The interaction between cells from both the FHF and SHF is imperative for the proper
formation of the right ventricle and atria [23-25]. The atrioventricular canal and outflow
tract take shape during the right-directed looping process. This process involves a specific
subset of mesenchymal cells that later play a crucial role in the developing of septa and
heart valves [26]. The process of septation commences after 26 to 30 DPC. It is initiated
through the participation of cardiac neural crest cells (CNCCs) and the formation of
endocardial cushions. This intricate process leads to the separation of the atria, ventricles,
and cardiac outflow tract [13]. The migration of cardiac neural crest cells as mesenchymal
progenitor cells into the cardiac outflow tract contributes to the development of the
aortic trunk and pulmonary trunk. This process is instrumental in promoting vascular
development [27|. Concurrently, the development of semilunar valves—specifically the
aortic valve and pulmonary valve—initiates around 42 to 44 DPC, while the completion

of these valves and the formation of AV (mitral and tricuspid) occur at around 44 to
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48 DPC. By the 60th DPC, marking the conclusion of the developmental phase, a fully
formed four-chambered heart has emerged (Figure 1.2 [15,16]). The development of a fully
functional and healthy heart results from precise coordination and interaction between
genetic and epigenetic factors. This intricate process is tightly regulated by flow-dynamic
stimuli and complex intra- and intercellular signaling mechanisms [28-30]. Disruptions
and disturbances in heart development, including harmful gene variants and mutations,
can lead to improper heart formation. This can result in the emergence of congenital

cardiac malformations.

Cardiac cresent Heart tube  looping heart Chamber formation
15DPC 20DPC 28DPC 32DPC
Right ventricl Outflow tract
ventncle .
Arterial pole Right atriu

SHF Right atrium  Left atrium

Right atrium

44-48DPC

Right ventricle

Figure 1.2: A schematic depiction of cardiac morphogenesis reveals a sequence of events. Car-
diogenic precursors converge to form a cardiac crescent, which then undergoes
specification to shape distinct segments of the linear heart tube. This tube is subse-
quently patterned along the anterior-posterior axis, giving rise to the diverse regions
and chambers of the mature, looped heart. Every cardiac chamber extends outward
from the outer curvature of the looped heart tube in a segmented manner, creating
distinct ballooning regions. Neural crest cells populate both sides of the bilaterally
symmetrical aortic arch arteries and the aortic sac. This collective contribution aids
in the formation of particular segments of the fully developed aortic arch, with each
segment color-coded for distinction. Mesenchymal cells play a role in the creation of
cardiac valves originating from the conotruncal and atrioventricular valve segments.
The corresponding days of human embryonic development are indicated to signify
the timeline of these crucial events. Figure modified from [31].
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1.3 Congenital Heart Disease

Congenital Heart Disease (CHD) is a prevalent birth defect, affecting approximately 6
to 13 per 1,000 newborns babies [32-35]. CHD refers to structural abnormalities in the
heart’s architecture that can impede normal blood flow, disrupt septation, and compromise
the proper functioning of the valves [36]. Approximately 25% of cases of CHD necessitate
immediate surgical and palliative interventions within the first year of life [37]. Due
to the surgical and medical interventions, the mortality rate of CHD during infancy
has been notably diminished [38]. Presently, around 90% of patients diagnosed with
CHD survive into adulthood [38]. Nonetheless, cardiac malformations can vary from
single defects (e.g. ventricular septal defect) to the presence of multiple and complex
malformations [15]. Roughly 20%-30% of newborn babies with CHD are affected by
neurodevelopmental delay [39]. When non-cardiovascular anomalies accompany CHD, it
falls under the classification of syndromic CHD [40]. Beside syndromic and non-syndromic
defects, CHDs can also be categorized based on their anatomical subtype and the oxygen
saturation of blood. This classification divides CHDs into two main groups: cyanotic
cardiac malformations and non-cyanotic cardiac malformations as illustrated in figure
1.3 [32|. Cyanotic CHDs, including Transposition of the Great Arteries (TGA), Tetralogy of
Fallot (ToF), tricuspid atresia, and hypoplastic left heart syndrome (HLHS), cause cyanosis,
where infants appear blue due to the mixing of oxygenated and deoxygenated blood [41].
Non-cyanotic CHDs are divided into shunt defects and valvular defects. Shunt defects,
classified as pre-tricuspid or post-tricuspid, include: Pre-tricuspid: Atrial septal defects
(ASDs), anomalous pulmonary venous connections, partial atrioventricular septal defects
(pAVSDs). Post-tricuspid: Ventricular septal defects (VSDs), complete atrioventricular
septal defects (cAVSDs), patent ductus arteriosus (PDA), aortopulmonary windows [32,41].
Valvular anomalies encompass a range of disorders affecting the heart valves and associated
structures. These include stenosis or insufficiency of the tricuspid valve, such as in Ebstein
anomaly, as well as anomalies of the pulmonary valve and arteries. Additionally, conditions
affecting the mitral and aortic valves, including bicuspid aortic valve (BAV), and aortic

coarctation are also noted [41], as depicted in figure 1.3.
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Figure 1.3: Common types of congenital heart disease: A schematic representation of congenital
heart defects can be organized based on anatomical subtypes. Irreqular connections
between the heart chambers, such as atrial or ventricular septal defects or atrioven-
tricular canal defects, generally result in acyanotic conditions due to the left-to-right
shunting of oxygenated blood into the pulmonary circulation. Left ventricular outflow
tract obstructions (LVOTOs) encompass a spectrum of anomalies from isolated
aortic stenosis to combinations of anomalies like hypoplastic left heart syndrome
with mitral and aortic stenosis. These conditions can be associated with cyanosis
due to shunting of deoxygenated blood into the systemic circulation. Fxamples of
conotruncal malformations LVOTOs include tetralogy of Fallot and transposition
of the great arteries. Ao, aorta; LA, left atrium; LV, left ventricle; PA, pulmonary
artery; RA, right atrium; RV, right ventricle. Figure taken from [32].
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1.4 Genetic factors of Congenial Heart Disease

The etiology of CHD is multifactorial, with both genetic and environmental factors
implicated. Specific genetic causes are detectable in approximately 40% of CHD cases [42—
44]. Genetic factors play a significant role in the development of CHD, and understanding
these factors is crucial for diagnosis, management, and potential prevention [45]. Although
many genes have been identified in the pathogenesis of syndromic CHD, determining the
genetic contributors of non-syndromic CHD is more challenging due to genetic heterogeneity,
incomplete segregation, and potentially oligogenic or polygenic origins. Due to technical
advancements, such as massively parallel or next-generation sequencing (NGS), rare variants
in new candidate genes likely contributing to non-syndromic CHD have been discovered
[42, 46-48]. Genetic causes of CHD include chromosomal anomalies or aneuploidies
(approximately 13%, with a range of 9% to 18%) [43,46], copy number variants (CNVs)
(about 10-15%, with 3% to 25% in syndromic CHD and 3% to 10% in non-syndromic
CHD) [46,49-51], and single-gene disorders (12%) (42,44, 46, 52].

1.4.1 Chromosomal anomalies and CHDs

Chromosomal aneuploidies, involving morphological or numerical alterations in one or
more autosomes or sex chromosomes [53|, are among the earliest recognized genetic
factors contributing to CHDs [54]. Numerous chromosomal syndromes are linked to CHDs.
Notably, around 45-50% of individuals with trisomy 21 have CHDs [55], with about 76%
of these patients exhibiting atrioventricular septal defects (AVSD) [56]. Additionally,
60-80% of those with trisomy 13 and trisomy 18 [57] and 23-50% of individuals with
Turner syndrome (10-15% of whom have aortic coarctation) exhibit structural heart
defects [58]. These chromosomal abnormalities demonstrate a connection to various
CHDs with differing frequencies. As a result, it is challenging to attribute a specific
CHD phenotype to a particular chromosomal aberration [59]. Overall, approximately
30% of congenital heart disease cases are linked to other syndromes [60]. Out of these
syndromic cardiac defects, around 25%-30% can be attributed to unbalanced chromosome
disorders, encompassing aneuploidies and structural chromosomal alterations, including
submicroscopic chromosomal abnormalities CNV [61].

The most prevalent CNV associated with CHD is a 3 Mb deletion on chromosome 22q11.2,

linked to Velocardiofacial syndrome (also known as microdeletion syndrome 22q11.2),



1 Introduction 9

with approximately 75% of individuals exhibiting CHD [62]. This CNV is observed in
approximately 15% of all cases of ToF, occurring in around one out of 4000-6000 live
birth [63].

Although the 22q11.2 deletion impacts more than 30 genes, sequence analysis and animal
models have indicated a diminished gene dosage of the transcription factor TBX1 as a
significant factor. The T'BX1 gene is supposed to play a role in regulating cell proliferation
within the second heart field, making it a potential causative factor in the development of
cardiac malformations [64]. Additional well-defined CNVs associated with CHD include
chromosome 1p36 deletion syndrome (1p36DS), which is characterized by a deletion of
genetic material on the short arm of chromosome 1 at position 36 [65]. The deletion size
in chromosome 1p36 deletion syndrome (1p36DS) is variable, up to 16.5 Mb, and not
always associated with phenotype severity [66]. Congenital heart defects are present in
43-71% of cases, mostly ventricular septal defects (VSD) at 14%, and cardiomyopathy
occurs in 22-27% of cases [65]. Analyses have revealed CNVs that are causally associated
with isolated CHDs. For instance, large de novo CNVs have been identified in isolated
cases of left-sided CHDs (LS-CHDs) like HLHS, [67,68] and other sporadic instances of
CHD [69-71]. Additional chromosome disorders associated with CHD include Cri-du-Chat
syndrome (resulting from a deletion in 5p15.2, with CHD present in 15-30% of cases) [72],
Cat Eye Syndrome (caused by an inversion and duplication in 22q11, with CHD present
in 30-60% of cases) [73], Jacobsen syndrome (arising from a deletion in 11q23, with CHD
present in 56% of cases) [74], and Williams-Beuren syndrome (typically associated with
supravalvar aortic stenosis and involving a deletion in 7q11.23, with CHD present in

75-80% of cases) [54,75].

Monosomy 1p36 deletion

Deletions affecting a specific region in the short arm (p) of chromosome 1, known as 1p36
deletions, occur in approximately 1 in 5,000 newborns, making them the most frequently
observed terminal deletions in humans [65]. Numerous individuals documented in these
reports exhibited unbalanced translocations, wherein their 1p36 deletions were coupled
with an acquisition of genetic material from a non-homologous chromosome [76]. The
1p36 deletion syndrome is characterized by prominent features including craniofacial
dysmorphism, structural brain abnormalities, seizure disorder, hearing loss, intellectual
disability, and growth delay [65,76,77]. A notable percentage (ranging from 22% to 27%)
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of individuals with 1p36 deletion syndrome exhibit cardiomyopathy, which can manifest
with or without structural heart abnormalities [65,66,77,78|. Due to the widespread
clinical use of array-based copy number detection assays, there is a growing identification
of small interstitial deletions spanning the 30 Mb DNA region of chromosome 1p36.
In numerous instances, the phenotypes observed in these individuals are different from
those with terminal deletions, as they result from haploinsufficiency of a specific set of
genes [79,80]. The majority of genes responsible for the various phenotypes associated
with 1p36 deletions remain undiscovered. Additionally, many of the observed 1p36-related
phenotypes could arise from the haploinsufficiency of multiple genes within a specific
genomic region. Recent studies have confirmed that haploinsufficiency of MMP23B,
GABRD, SKI, PRDM16, KCNAB2, and LUZP1 are implicated in the manifestation of
various phenotypes associated with 1p36 deletions [65,81].

1.4.2 Monogenic disorders associated with CHD

In addition to chromosomal abnormalities, a de novo or inherited genetic variant can be
identified as pathogenic in approximately one-third of CHD cases. This can be classified
as monogenic if it is determined to be the underlying cause of a heart defect. Structural
heart defects are prevalent in several monogenic syndromes. For example, around 90% of
individuals with Alagille syndrome, which is attributed to loss-of-function mutations in the
JAG1 gene, present with congenital cardiac anomalies such as PPS, TOF, PA [46,82-84|.
Other syndromes frequently associated with CHD include Noonan syndrome, which arises
from pathogenic and likely pathogenic variants in the RAS signaling pathway, leading to
CHD in 80-90% of patients, predominantly manifesting as dysplastic pulmonary valve
stenosis (PVS) [46,85,86]. Additionally, 75-85% of individuals with CHARGE syndrome,
caused by mutations in the CHD7 gene, exhibit TOF [46,87|. Approximately 60% of
those with Ellis-van Creveld syndrome, due to causal variants in the EVC and EVC2
genes, present with common atrium [46,88|. Furthermore, 50% of individuals with Kabuki
syndrome, associated with pathogenic and likely pathogenic variants in the KMT2D and
KDMG6A genes, also exhibit a variety of congenital heart defects, including CoA, BAV, VSD,
TOF, TGA, and HLHS [46,89]. With the advancement of modern sequencing technologies
like ES, numerous previously unidentified syndromes have come to light in recent years. A
comprehensive study by the Pediatric Cardiac Genomics Consortium (PCGC), involving

2,871 CHD probands, identified deleterious rare transmitted variants and de novo variants
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(DNVs) in 8% of patients with sporadic CHD. Notably, the study found that DNVs were
more prevalent in syndromic cases (28%) compared to non-syndromic cases (3%) [90,91].
This aligns with the observation that syndromic CHD often arises from de novo mutations,
while isolated CHD is more often based on more complex inheritance pattern such as
variants inherited from healthy parent [42|. The identified DNVs were predominantly
located in genes involved in chromatin modification, transcriptional regulation, and RNA
processing. Additionally, a gene-burden analysis of 2,391 CHD trios revealed that cilia-
related genes are enriched for rare, damaging recessive variants but less so for damaging
DNVs [92].

1.5 Cardiomyopathies

Cardiomyopathies can be defined as a diverse collection of pathologies characterized by
structural and functional alterations in the heart [93]. Throughout the years, numerous
efforts have been made to classify cardiomyopathies. The American Heart Association
(AHA) employs a distinct approach compared to the European Society of Cardiology
(ESC). The AHA classifies primary cardiomyopathies, which primarily affect the heart, into
genetic, acquired, or mixed categories based on their underlying causes [94]. In contrast,
the ESC’s 2023 classification system is based on phenotypic and genetic characteristics,
dividing cardiomyopathies into familial and non-familial (secondary) forms. Nonetheless,
due to overlapping phenotypic manifestations and varying penetrance, cardiomyopathies
frequently cannot be precisely categorized [95]. For this section, the ESC classification
system was utilized. Cardiomyopathy can be primarily classified into distinct categories: 1.
Dilated cardiomyopathy (DCM): characterized by ventricular dilatation, impaired function
of one or both ventricles, and contractile dysfunction [96,97], 2. Non-dilated left ventricular
cardiomyopathy (NDLVC): can be further delineated based on the presence or absence
of systolic dysfunction, which may be either regional or global [95], 3. Hypertrophic
cardiomyopathy (HCM): this is the most prevalent inherited cardiomyopathy, primarily
caused by causal variants in various genes [95], 4. Restrictive cardiomyopathy (RCM):
this form of heart-muscle disorder is distinguished by the stiffness of the ventricular
walls [95], 5. Arrhythmogenic cardiomyopathy (ARVC): this type is marked by the
replacement of myocardium with fibrofatty tissue, leading to the emergence of arrhythmias,
diminished systolic function, and a heightened risk of sudden cardiac death, particularly
in young patients [95,98]. In the 2023 ESC Guidelines, Left Ventricular Non-Compaction
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(LVNC) is no longer classified as a distinct cardiomyopathy but is instead considered
a morphological trait that may be associated with various cardiomyopathies or present
as an isolated finding without accompanying cardiomyopathy. Similarly, Takotsubo
syndrome is not strictly categorized as a separate cardiomyopathy under these guidelines
[95]. However, both the American Heart Association (AHA) and the German Society
of Cardiology continue to classify both LVNC and Takotsubo syndrome as forms of
cardiomyopathy [99]. LVNC is a condition characterized by excessive trabeculation
of the left ventricular myocardium, resulting in the presence of both compacted and
non-compacted layers [100], Takotsubo syndrome is defined by the sudden onset of left
ventricular dysfunction [101]. Furthermore, cardiomyopathies can be classified as either
primary or secondary. Primary cardiomyopathies are disorders that predominantly affect
the heart muscle. These disorders can arise due to genetic factors and include for example
the arrhythmogenic right ventricular dysplasia, hypertrophic cardiomyopathy, ion channel
disorders, left ventricular non-compaction, and mitochondrial myopathies. Additionally,
primary cardiomyopathies can be non-genetic or acquired in nature, as seen in cases of
myocarditis, peripartum cardiomyopathy, and tachycardia-induced cardiomyopathy [96].
Secondary cardiomyopathies involve myocardial damage as a consequence of systemic
or multi-organ diseases. They can emerge either as primary myocardial disorders or
as secondary effects of various conditions, including myocardial ischemia, inflammation,

infection, elevated myocardial pressure or volume load, and exposure to toxins [96].

1.56.1 Arrhythmogenic right ventricular cardiomyopathy

Arrhythmogenic cardiomyopathy (ACM) is cardiac disorder characterized by the progressive
loss of cardiomyocytes, which is accompanied by the replacement of these cells with fat
and connective tissue. This replacement predisposes individuals to malignant ventricular
arrhythmias and SCD [102,103]. Originally, the disease was termed arrhythmogenic right
ventricular dysplasia, as it was believed to be a congenital defect of the RV myocardium
[104]. Further discoveries revealed that the disease is often caused by genetic defects
in cardiac desmosomes, leading to its reclassification as a cardiomyopathy ARVC [104].
Findings from autopsies, genotype-phenotype studies, and contrast-enhanced cardiac
magnetic resonance (CMR) have shown that the disease often involves the LV [104].
The presence of adipose and fibro-fatty tissue significantly disrupts electrical conduction,

increasing the risk of electrical instability in cardiomyocytes and potentially affecting
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both ventricles [104] (Figure 1.4). This can result in ventricular tachycardia, the loss of
myocytes, and the atrophy of the ventricular myocardium. The right ventricle is particularly
susceptible to cardiomyocyte loss in cases of ARVC. Scarring and fibrolipomatous changes
in the ventricular walls and septum lead to arrhythmias, syncope, heart failure and, as an
extreme form, SCD even in childhood [105]. ARVC is classified as a rare disease, with a
prevalence estimated to be within the range of 1 in 2,000 to 1 in 5,000 individuals [106,107].
The inheritance pattern of ARVC is traditionally classified as autosomal dominant, featuring

variable penetrance that can change with age [108].

Figure 1.4: A: An echocardiographic image showing ARVC. RV: right ventricle, LV: left ventricle,
RV: right atrium, LA: left atrium. B: A biventricular autopsy image of the heart
demonstrating increased fat in the outer walls of the right ventricle and left ventricular
posterolateral walls (*) [106]. The anterior wall is nearly completely replaced with
fat, and there is fibrofatty irregular involvement of the posterior wall. C, D: Typical
histologic features of ARVC, including ongoing myocyte death (C) with early fibrosis
(arrowhead) and infiltration of adipocytes (D) Figure modified from [109].

The primary cause of ARVC is primarily attributed to causal variants in genes encoding
desmosomal proteins [102], such as plakophilin-2 (PKP2) , which accounts for 34-74% of
cases [110,111], desmoplakin (DSP) [112,113], and plakoglobin (PG) [111,114], which ac-

counts for 2-39% of cases. The overexpression of PG has been correlated with an increased
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differentiation of cardiac progenitor cells into adipocytes. Desmosomes, specialized mem-
brane protein complexes, play a critical role in cell-to-cell adhesion and the maintenance
of structural integrity in the ventricular myocardium. Structural defects in desmosomes
can lead to cardiac myocyte detachment and death, remodeling of gap junctions, and
disruption of the Wnt—beta-catenin pathway [115]. These structural abnormalities may
contribute to the replacement of normal myocardial tissue with fibrofatty tissue, resulting
in electrical instability within the heart [102] (Figure 1.4).

1.56.2 Left ventricular non-compaction cardiomyopathy

As mentioned previously, the 2023 ESC Guidelines no longer classify LVNC as a distinct
cardiomyopathy but instead consider it a morphological variant. However, according to the
German Society of Cardiology (DGK) and the German Society for Pediatric Cardiology
(DGPK), LVNC is classified as a cardiomyopathy. This classification is crucial for accurate
diagnosis, treatment, and genetic counseling. It underscores the importance of exploring
the genetic mechanisms underlying various cardiomyopathies, including LVNC, to better
understand these disorders within the broader spectrum of cardiomyopathies. This type
of cardiomyopathy has a prevalence of about 1 in 5,000 in the general population of
adults [116,117]. LVNC is believed to result from a disruption in normal fetal cardiogenesis.
This condition is characterized by a thin compacted epicardial layer and a thick non-
compacted endocardial layer within the left ventricle (Figure 1.5). This results in the
formation of distinctive ventricular trabeculations and deep intertrabecular recesses, which
can contribute to the clinical manifestations of the disease [96,116,118]. Noncompacted
myocardium, including LVNC, has been found to be associated with various other cardiac
abnormalities, including cyanotic congenital heart disease and Ebstein’s anomaly [119].
Moreover, LVNC has been observed to be associated with various neuromuscular disorders,
including dystrophinopathies and mitochondrial diseases. [117,120|. Furthermore, LVNC
can also be associated with genetic syndromes like the 1p36 deletion syndrome, which
is characterized by the loss of genetic material on the short arm of chromosome 1. This
syndrome can lead to a range of developmental and health issues, including cardiac
abnormalities such as LVNC [121,122|. The irregular modulation of growth signals,
including TGF-f and NOTCH pathways, results in disruptions of the regulation of the cell
cycle and abnormal proliferation of cardiomyocytes. These deviations have already been

uncovered in animal models, shedding light on their significance [123,124|. Additionally,
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PRDM16, TBX20 and NKX2-5 as cardiac transcription factors, play a role in regulating
cardiomyocyte proliferation through interactions with the TGFp signaling pathway [125].
Sarcomere genes associated with LVNC, including ACTC1, MYH7, TNNT2, and TTN,
contribute to the pathogenesis of LVNC [117].

Figure 1.5: Hallmarks of LVNC. A: Echocardiographic images of LVNC. Image on the left panel:
A systolic short-axis image illustrating the transition from the compacted layer
(indicated by the blue line) to the non-compacted layer (highlighted by the red line).
Image on the right panel: A diastolic four-chamber image showcasing LVNC, with
the non-compacted layer marked by the red arrow and the compacted layer by the blue
arrow [126]. B,C: LVNC histological features. B: Irrespective of the overall pattern,
LVNC ezhibits distinctive microscopic features. These include a relatively smooth
endocardial surface on the left, where anastomosing broad trabeculae create irregular
and large staghorn-like spaces lined by the endocardium. C: The endocardial surface
displays a polypoid pattern of trabeculae, characterized by invaginated branching
recesses. At the inner tips of these recesses, staghorn-like structures are once again
formed. Additionally, a prominent fibrous band demarcates the spongy region from
the compact portion of the myocardium. D: LVNC' gross appearance. Figure modified
from [127].
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1.5.3 Dilated cardiomyopathy

The current estimated prevalence of dilated cardiomyopathy is approximately 1 case
per 2,500-3,000 population [128]. DCM refers to the enlargement of the heart, often
affecting all four chambers, particularly in the later stages of the disease. Most commonly,
DCM is associated with reduced left ventricular (LV) function or systolic function (Figure
1.6). However, in the early stages of the disease, the left ventricle may be dilated with
only minimal reduction in function [129]. Nonetheless, this syndrome can cover a broad
spectrum of genetic and acquired conditions that can exert varying degrees of influence on

the patient’s health and quality of life over the course of their lifespan [97].

Figure 1.6: Hallmark of DCM. A: The echocardiographic image displays a dilated left atrium and
left ventricle in diastole [130]. B: The macroscopic short-azxis cut reveals a dilated left
ventricle chamber with thinning of the left ventricular free wall. C: The histological
section displays interstitium and replacement collagen mized with hypertrophied and
degenerate myocytes, which is consistent with Dilated Cardiomyopathy (DCM). This
was visualized using a hematoxylin and eosin stain. Figure modified from [151].

Familial DCM refers to the cases where DCM follows a Mendelian inheritance pattern,
inherited as a single gene disorder. This condition typically exhibits autosomal dominant
inheritance, often characterized by reduced penetrance and variable expressivity [132].
Additionally, mitochondrial mutations can also contribute to DCM, showing an inheritance
pattern consistent with maternal lineage [129]. Less commonly, autosomal-recessive
inheritance can also lead to familial DCM. Additionally, X-linked recessive inheritance
has been associated with several genes implicated in DCM, including dystrophin, tafazzin,

and emerin. Several genes associated with proteins have been implicated in dilated
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cardiomyopathy (DCM), including TTN (15-20% of cases), LMNA (6%), MYH7 (4%), as
well as various ion channel genes [97,129,132].

Apart from genetic factors, myocardial ischemia continues to be a prevalent cause of DCM,
constituting around half of all DCM cases. Toxic, metabolic, and immunologic factors

have also been linked to DCM, alongside conditions like hypertension and valvular heart
disease [129].

1.6 Molecular techniques to identify genetic causes of

CHD and and cardiomyopathy

The identification of genetic causes for CHD and CM has advanced significantly through
various molecular techniques, which enable the discovery of genetic variants contributing
to these conditions’ pathogenesis. Historically, cytogeneticists identified chromosomal
anomalies by examining karyotypes and analyzing distinctive banding patterns. Since its
development in the 1970s, cytogenetic banding analysis has been a primary method for
evaluating patients with congenital anomalies. This technique can detect chromosomal
deviations as small as approximately 5 megabases (Mb), classifying these alterations
as "microscopic" rearrangements [133]|. In recent times, researchers have progressively
embraced modern cytogenetic techniques. Among these, fluorescence in situ hybridization
(FISH) has gained prominence. FISH employs fluorescently labeled probes to pinpoint
the locations of particular DNA sequences on chromosomes. Another widely adopted
method is comparative genomic hybridization (CGH), offering an alternative approach for
comprehensive screening of genome-wide copy number variations [134].

The extensive use of next-generation sequencing (NGS) technologies over the past decade
has greatly enhanced our understanding of the genetic mechanisms underlying complex
diseases like CHD and CM. Advancements in ES and GS have made the identification
of genomic variants, such as DNVs and somatic alterations, more precise and sensitive
compared to traditional methods like array-based comparative genomic hybridization
(aCGH) [47,135]. NGS is revolutionizing genetic diagnosis due to its cost-effectiveness and
exceptional throughput. It is advancing cardiovascular research by identifying variants
linked to diseases and as a resulted forstering the identification of new drug targets, and

personalized therapies, thus surpassing the capabilities of earlier cytogenetic techniques.
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1.6.1 PRDM16: A Metabolic Transcription Factor Involved in
Cardiac Biology Identified by Comparative Genomic
Hybridization

In contrast to conventional methods used for identifying copy number changes, which
rely on examining a specific target and prior information about the region being studied,
comparative genomic hybridization (CGH) provides the ability to comprehensively assess
an entire genome for imbalances. Furthermore, CGH does not require cells that are actively
undergoing division [136].

However, similar to previous cytogenetic techniques, the resolution of CGH has been
limited to detecting alterations of around 5-10 megabases (Mb) in most clinical scenarios.
Array comparative genomic hybridization (aCGH) offers a higher detection rate, increased
accuracy, and reduced sample failure compared to conventional cytogenetic analysis [137].
Recent studies have already shown that patients with CHD have a higher likelihood
of having microdeletions and microduplications [138]. However, aCGH may not yield
significant diagnostic results in cases of isolated CHD. Further research using larger datasets
would be beneficial in identifying candidate genes associated with CHD [138]. aCGH
was utilized to investigate cardiomyopathy associated with monosomy 1p36, LVNC and
DCM [139].

PRDM16 (Positive regulatory domain zinc finger region protein 16) belongs to the PRDM
family, which comprises 17 members with a shared N-terminal PR domain and varying
zinc finger counts [140]. PRDM16 directly engages DNA via its two zinc finger domains.
Additionally, PRDM16 features a proline-rich domain, a repressor domain, and a C-
terminal acidic domain, though the exact roles of these domains remain partially to be
elucidated [141]. The human PRDM16 gene is located on the chromosome 1 at p36 arm
and produces four protein isoforms. The extensively studied ones are the full-length 170
kDa and a shorter 150 kDa variant without the N-terminal PR domain. The roles of the
other two isoforms are less understood [140]. PRDM16 assumes a central role in diverse
biological processes, notably in cell differentiation and development. Additionally, PRDM16
exerts critical influences across various cell types and tissues, including skeletal muscle
development and function [142|, hematopoiesis [143], palatogenesis, cardiac development
[144], and immune response regulation. The PRDMI16 protein family, functioning as
transcription factors, is crucial for regulating gene expression [145]. PRDM16’s significance

was first recognized in positive leukemia cell development [146]. Notably, one of its
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significant functions lies in its contribution to determining cell fate and specifying tissue
development [147]. Moreover, PRDM16 is a key regulator in the formation of brown
fat cells, vital for energy metabolism and thermogenesis. Its interaction with EHMT1,
which represses skeletal muscle and white fat genes through epigenetic modifications,
leads to gene suppression and activation of thermogenesis [148|. For the initiation of
brown fat development, PRDM16 collaborates with C/EBP to form a transcriptional
complex, which subsequently boosts the expression of additional transcription factors and
co-activators like PPARy and PGCla [140|. Additionally, PRDM16 forms a complex
with CTBP1 and CTBP2 to directly repress certain white fat genes through promoter
binding. TLE3 acts as an antagonist, competing with PRDM16 for PPARY complex
formation, inducing white fat-specific gene expression [140]. In the context of neuronal
development, PRDM1I16 has been recognized as a potential regulator of mitochondrial
reactive oxygen species. It is specifically expressed by progenitor cells in the ventricular
zone of the neuronal cortex [149]. Subsequent to that, there have been limited number
of publications focused on PRDM16 in cardiac research. In a recent study, genome-
edited iPSC-CMs with a PRDM16 mutation showed reduced proliferation and increased
TGFp signaling response [125]. Patient-specific iPSC-CMs with an LVNC-related T'BX20
mutation exhibited disrupted TGFS signaling and decreased PRDM16 expression. This
suggests a potential TBX20-PRDM16-TGFp axis contributing to LVNC [125]. Recent
evidence has strengthened the link between PRDM16 and cardiac conditions [150]. In a
cardiac conditional knockout mouse model, a null variant of PRDM16 was introduced,
leading to notable changes. Electrocardiographic analysis revealed increased QRS duration
and QTc interval. The affected mice displayed fibrosis, hypertrophic cardiomyocytes, and
disrupted expression of cardiac ion channels, ultimately resulting in impaired cardiac
conduction [151]. These discoveries primarily highlight the involvement of PRDM16 in
heart development and related cardiac issues. However, the exact molecular mechanisms
remain unclear, underscoring the need for further research to comprehend the impact of

genetic changes in PRDM16 for potential therapeutic avenues.
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1.6.2 Capping Actin Protein of Muscle Z-Line Subunit Beta: A
Novel CHD Candidate Identified Through Exome

Sequencing

The emergence of ES has opened new avenues for analyzing the causes, underlying
mechanisms, potential treatments, and prognoses of diseases. In a recent studies, exome
sequencing has been successfully applied to analyze sporadic cases of CHD. These studies
have identified a significant increase in de novo coding gene variants that are expressed
during cardiac development [52]. The presumed mode of inheritance in families with
Mendelian inheritance is well-suited for incorporating exome sequencing into the filtering
strategy. ES has successfully identified pathogenic variants in the majority of these
families. However, it can be challenging to definitively determine if the identified variant
was solely responsible for the CHD [152]. ES can be divided into two main processes:
target enrichment and sequencing. Target enrichment involves the selection and capture of
the exome from DNA samples. This is achieved through methods like array-based exome
enrichment or in-solution capturing [153]. Sequencing aims to determine the sequence of
all the deoxyribonucleotides in the exome. This process can help us understand potential
pathophysiological alterations. By sequencing around 20,000 genes and analyzing the data,
it becomes possible to identify genes that are mutated more frequently than would be
expected by chance [154]. Additionally, exome sequencing has facilitated the discovery of
novel disease genes across a spectrum of conditions, spanning from autism to congenital
malformations [155] to cancer [153]. As a result, exome sequencing was employed to
detect rare mutations in a newly proposed candidate gene, CAPZp , among four patients
diagnosed with CHD (unpublished).

The intricate control of actin filament formation, dynamics, maintenance, and their stability
is evident through the involvement of numerous actin-binding proteins that govern processes
like capping, severing, and crosslinking of actin filaments [156]. Among these, actin capping
protein (CAP) and tropomodulin (Tmod) play crucial roles as capping proteins, interacting
with the barbed ends of actin filaments to regulate their assembly. These proteins are
pivotal for managing actin dynamics and ensuring consistent filament length [157]. CapZ,
a heterodimer consisting of o and 3 subunits, binds to the barbed ends of actin filaments
and is found in various eukaryotic cells [158] (Figure 1.7). The isoforms of these subunits
are well-conserved among vertebrates. Vertebrates possess three isoforms of the o subunit,

encoded by two distinct genes, while the 3 subunits are generated through alternative
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splicing of a single transcript. Muscle cells contain two isoforms of the beta subunit: betal,
which is located at the Z-line, and beta2, which is found at the intercalated disc and cell

periphery [157] (Figure 1.7).
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——— Nebulin | M-bands I a-Actinin
Bare zone I Tmod e Titin Myosin

Figure 1.7: CAPZB is an essential component of the sarcomere. Left panel provides a transmis-
ston electron microscope image of a zebrafish sarcomere, which is a structural unit
within muscle fibers. This sarcomere image highlights essential components: Z-lines
(Z): These serve as boundary markers for each sarcomere. M-band (M): Located
centrally within the bare zone of the sarcomere. I-band (I): Positioned between
sarcomeres, it spans the region of thin filaments attached to the Z-line. A-bands (A):
These constitute the majority of the sarcomere and consist of interdigitated thin and
thick filaments. The diagram on the right illustrates the sarcomere, emphasizing its
key components: Thin filament is composed of filamentous actin (blue), capped at
each end by capZ (purple) and Tmod (violet). Nebulin (yellow) spans the length of
the thin filament. The thick filament consists of bundles of myosin (light green),
cross-linked at the M-band (black). Titin (orange), a giant protein, plays a central
role in sarcomere organization by positioning myosin at the sarcomere’s midpoint.
Additionally, it is tethered to the Z-line through its interaction with telethonin (Tcap).
a-Actinin (dark green) connecting thin filaments between adjacent sarcomeres, and
playing a significant role in the formation and maintenance of the Z-line [159].

Chicken, mouse, and human, each harbor two isoforms of CapZa (CapZal and CapZo2)
and two isoforms of the B (CapZB1 and CapZ@2), with minimal variations between species,
arising from alternative splicing of the last exon [160]. In mammals, an additional isoform
of the o and B subunits (capZo3 and capZB3) has been identified, expressed specifically in
sperm [161]. Zebrafish possess a single capzB isoform. Comparative analysis suggests that
zebrafish capzp corresponds to the 2 isoform found in other species [159]. In humans,
the CAPZB gene is situated on the short arm of chromosome 1. CAPZB exhibits high
expression in pharyngeal arch 1, an embryonic structure conserved across species, which
develops into the palate and lower jaw structures during human development’s fourth and
fifth week [162]. In terms of function, CapzB loss-of-function (LOF) in mice (Capzp/~)
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results in embryonic lethality. Conversely, transgenic mice overexpressing Capzf display
myofibrillar disarray, cardiac hypertrophy, and premature mortality [157]. (capzp~ /=)
zebrafish mutants manifest craniofacial and muscle defects. The absence of capzB influences
cell morphology, differentiation, and neural crest migration [162]. capzp is crucial for the
differentiation of both myogenic stem cells and neural crest cells [162]. The role of CAPZB
in embryonic heart development and the pathogenesis of CHDs remains poorly understood.
Therefore, it is imperative to gain a deeper understanding of CAPZB’s function in the
development and differentiation of early cardiomyocytes and to elucidate the underlying

molecular signaling pathways.

1.7 Zebrafish as a model for cardiac disease

In recent times, the zebrafish has emerged as a favored in vivo model organism for exploring
diverse developmental processes, particularly in the realm of cardiovascular research. This
includes investigations into congenital heart defects, arrhythmias, cardiomyopathy, and
regeneration [163]. Despite teleost fish diverging more than 400 million years ago, they are
more closely related to humans than invertebrates. Major pathways, cellular processes, and
biological functions presented in humans are conserved in zebrafish, allowing researchers
to study embryonic development, physiology, and related diseases. Zebrafish (Danio rerio)
are aquatic animals from to the cyprinid family of teleost fish, originating from the Ganges
River in India [164]. In 1972, George Streisinger introduced the freshwater tropical zebrafish
as a genetic model for studying vertebrate development [165|. Zebrafish model system offers
major advantages [166]. Additionally, there are various benefits to maintaining them at the
laboratory level. The small size of zebrafish (3-5 cm) facilitates their care in large numbers.
Their breeding is influenced by photoperiodicity, and they are typically maintained under
a day-night cycle regulated by an automatic timer [166|. Zebrafish embryos develop ex
utero and are transparent, enabling easy observation of internal structures like the heart.

Genetic manipulation of zebrafish is relatively straightforward [166].

The developmental process of zebrafish embryos is rapid, progressing from a single cell
to a recognizable embryo within just 24 hpf [166]. Around four to eight hpf, several
distinctive processes take place, such as epiboly, involution, and convergent extension. The
processes commence with the migration of approximately 1200 cells over the yolk, leading

to extensive rearrangements. Within the subsequent three hours, these movements give rise
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to the three primary embryonic germ layers, a phenomenon known as gastrulation. Upon
the completion of gastrulation, typically around eleven hpf, the fundamental vertebrate
body plan is established, and the formation of the initial individual somites commences.
The somitogenesis begins at the anterior (near the head) and proceeds sequentially towards
the embryo’s tail (posterior). By 18 hpf, a total of 18 pairs of somites have formed, and
the final count of somite pairs can range from 30 to 34. At 24 hpf, the embryo’s heartbeat
becomes discernible, accompanied by the initiation of blood circulation. By the time 48
hpf has elapsed, most of the distinctive body characteristics shared by vertebrates have
already developed. Subsequently, the larvae will undergo hatching and gain the ability to

swim and forage for sustenance within a span of 5 days (Figure 1.8).
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Figure 1.8: A schematic representation of the developmental stages of zebrafish. The cycle
starts at the top with a fertilized single stage. The embryos develop quickly to a
14-somite stage within 16 hours. After 24 hours, the complete body plan of the
embryo is established. Two days after fertilisation, the embryos hatch and swim
freely. Zebrafish are adult at 3 months of age and fertile. Figure was taken from [167]

The zebrafish’s generation time is relatively short, taking about 2 to 3 months to reach
maturity (Figure 1.8). These advantages provide a unique opportunity for a comprehensive

exploration of cardiac biology. The zebrafish model not only offers valuable insights into
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intricate developmental processes but also holds the potential to reveal novel therapeutic

avenues for addressing CHD in humans [168|.

1.7.1 Zebrafish heart development

During vertebrate embryogenesis, the heart is one of the earliest organs to form and to
become functional [169]. Zebrafish heart development can be divided into three initial
stages, which involve the specification, migration, and differentiation of cardiomyocyte
progenitor cells as they integrate into the forming heart tube [170,171].

The process of zebrafish heart development begins with the establishment of myocardial
and endocardial progenitor cells (Figure 1.9). Prior to the onset of gastrulation, myocardial
progenitor cells (atrial and ventricular) are positioned in the lateral marginal zone on both
sides of the embryo, whereas endocardial progenitors are dispersed throughout the marginal
zone without any distinct organization [172]. Atrial progenitor cells are situated in a more
ventral position compared to the ventricular progenitor cells [169]. Following gastrulation,
the cardiomyocyte progenitor cells within the lateral mesoderm undergo a transformation
and migrate to the anterior lateral plate mesoderm (ALPM). At the 12-somite stage,
the process of cardiogenic differentiation is triggered in the future ventricular myocardial
cells through the activation of cardiac myosin expression [173]. During the mid- and
late-somite stages, the ongoing cardiogenic differentiation of future atrial myocytes results
in the enlargement of myocardial tissue into lateral areas of the anterior lateral plate
mesoderm (ALPM). In parallel, endocardial cells have already migrated from the ALPM
towards the midline, and myocardial cells exhibit a similar behavior slightly afterward [169].
Subsequently, these cells migrate and merge, culminating in the creation of the cardiac
crescent where atrial cardiomyocytes envelop ventricular cardiomyocytes [169]. The cardiac
disc then undergoes elongation, giving rise to the linear heart tube, which commences
its rhythmic contractions at around 24 hpf [174]. The cells that differentiate earlier and
contribute to the formation of the initial heart tube are known as the first heart field

(FHF) [175,176].



1 Introduction 25

B C D
5 hpf 12-somite (15 hpf) 16-somite (17 hpf) 25-somite (22 hpf)

— P

BGU
Il I
([l ::!
N\ J

28 hpf 36 hpf 48 hpf

atrial precursor
ventricular precursor
ventricular myocyte

atrial myocyte

endocardium
AV canal

pacemaker

Q
@]
o
]
o
o
o]
/

pro-epicardium

Figure 1.9: A schematic representation of the cardiac development in zebrafish. At 5 hpf, cardiac
progenitor cells are situated bilaterally in the lateral marginal zone while the blastula
envelops about 50% of the yolk sac. Atrial progenitor cells (pink) are positioned
ventrally, while ventricle progenitor cells (light blue) are located slightly dorsally. As
gastrulation progresses, these cardiac progenitor cells migrate dorsally toward the
mid-line and eventually settle in the anterior lateral plate mesoderm (ALPM). By
the 12-somite stage, the initiation of cardiogenic differentiation in the future cardiac
chambers is marked by the expression of cardiac myosins (purple). During mid- and
late-somite stages, the myocardial tissue continues to expand as a result of continuous
cardiogenic differentiation. This leads to the extension of myocardial tissue into the
more lateral regions of the ALPM, primarily through the differentiation of future
atrial myocytes (orange) — a process associated with venous differentiation. Notably,
myocardial cells lag behind endocardial cells (light green) in migration from the
ALPM towards the midline. The bilateral midline cardiac fields merge to form
a cardiac disc structure. Within this structure, the endocardial cells occupy the
central hole, the ventricular myocytes line the periphery, and the atrial myocytes
encircle the ventricular myocytes. Subsequently, cardiac morphogenesis transforms
the cardiac disc into a linear heart tube, with the venous pole situated anteriorly on
the left and the arterial pole fived at the mid-line by 28 hpf. (F) At the arterial pole,
the process of cardiogenic differentiation persists, leading to the augmentation of
cardiomyocyte numbers in this region (purple gradient). By 36 hpf, cardiac looping
witiates, characterized by the ventricle’s displacement towards the mid-line and the
emergence of a constriction at the location of the atrioventricular (AV) canal. This
looping process proceeds, forming an S-shaped configuration by 48 hpf (G). Finally,
the pacemaker, represented by a region with inherent rhythmic activity, is positioned
in the inner curvature of the atrium near the venous pole (dark green). Figures were
taken from [169].
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Distinct cell population that differentiate later is referred to as the second heart field (SHF).
These cells contribute to both the venous and arterial poles as the heart tube elongates and
grows [174,177]. The endocardium constitutes the inner lining of the myocardial tube. By
28 hpf, the linear heart tube jogs leftward, with the venous pole positioned at the anterior
left and the arterial pole at the midline. Cardiac looping is initiated, causing the ventricle
to shift towards the mid-line around 36 hpf. Subsequently, the heart tube undergoes
continuous looping, forming an S-shaped configuration. By 48 hpf, the looping process
concludes, resulting in the formation of the two chambers [171]. By 72 hpf, well-developed
trabeculation in the ventricle as well as valve leaflets are visible, and distinct mechanisms
govern the maturation of the atria and ventricle [178]. Deoxygenated blood enters the
sinus venosus and then passes through a single atrium before reaching the ventricle. The
ventricle propels venous blood through the bulbus arteriosus, which leads to the ventral
aorta for distribution to the gills where oxygenation occurs [168]. The adult zebrafish
heart comprises a single atrium and a single ventricle. Although smaller and less complex
than the mammalian heart, its histological and structural composition closely resembles
that of other vertebrates [179)].

1.7.2 Zebrafish heart regeneration

Zebrafish is a widely popular animal model in the field of organ regeneration biology. Unlike
humans, zebrafish possess a remarkable and distinctive capability to regenerate various
organs, such as the heart muscle [180], spinal cord [181], retina [182], and all fins [183]. The
mechanisms governing regeneration appear to be specific to each organ. For instance, fin
regeneration relies on specialized dedifferentiated cells known as blastema [184]. Conversely,
the regeneration of the telencephalon involves the activation of a specific cell population
marked by the notable expression of the Notch target gene herj.1 [185]. Zebrafish exhibit
an exceptionally robust regenerative capacity when it comes to cardiac tissue. They can
efficiently regenerate their heart even after amputation of a substantial portion, up to ~
20%, of the ventricle [180]. Around 7 to 9 days post-injury (dpi), an initial fibrin clot forms
in response to the injury [180]. This clot subsequently gets replaced by a combination of
fibrin and collagen. Following the injury, the epicardial cells undergo a process known as
epithelial-mesenchymal transition (EMT) due to stimulation by FGFs. This transition
allows the activated epicardial cells to proliferate and migrate towards the injured area [186].

The regeneration process concludes around 60 days dpi, during which time the ventricle’s
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size and shape, as well as the heart’s contractile capacity, return to their normal state [180].
Furthermore, numerous studies have demonstrated that following ventricular cryoinjury,
there is an elevation in cell death, inflammatory infiltration, and mechanical stresses.
This culminates in the transformation of fibroblasts into myofibroblasts, which in turn
secrete collagen and other components of the extracellular matrix (ECM) in the injured
region [187]. The preservation of the integrity of the cardiac wall is facilitated by the
deposition of ECM components that occurs in response to cardiomyocyte death [187].
Moreover, the Smad3-dependent TGE( signaling pathway in zebrafish holds significance
due to its involvement in reparative and regenerative mechanisms, crucial for the formation
of a transient scar elimination [188]. An intriguing observation in the zebrafish heart is that
there is a reduction in intra-ventricular mechanical forces during myocardial regeneration.
This reduction subsequently triggers a downregulation of collagen synthesis, ultimately

resulting in the eliminating of the scar tissue [189).

Unlike zebrafish, mammals have limited capacity for heart regeneration. However, the
discovery of various signaling pathways, such as hippo/YAP /TAZ, Meisl, Wnt/B-catenin,
IGF, Ros, TGFp activin, Hypoxia, Monocyte/macrophage, CDK9/PTEFb, and miRNA,
holds promise for enhancing the regenerative potential of mammalian hearts. These
pathways offer potential targets to promote and enhance the repair ability of mammalian
hearts [190]. By deciphering the molecular mechanisms underlying zebrafish heart regener-
ation, researchers can gain insights that may be applied to developing novel therapies for

human heart conditions.

1.8 Identification of human variants in PRDM16 and
CAPZB

1.8.1 Identification of PRDM16 as a causal gene in
cardiomyopathy

PRDM16 has been identified to play a role in DCM and LVNC [191]|. Additional support
for the role of PRDM16 in cardiomyopathy comes from a study involving patients with 1p36

deletion syndrome and concomitant cardiomyopathy [139]. This syndrome is characterized
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by a partial deletion of chromosome 1. Notably, cardiomyopathy manifests only in cases
where specific segments of the chromosome are deleted. A shared minimal deletion
region identified in 18 individuals was localized within the PRDM16 gene, spanning
exons 4 to 17. Furthermore, through genetic analysis of patients affected by primary
non-syndromic cardiomyopathies, missense and truncating variants (PRDM16-K702*) were
identified in seven cases associated with DCM and LVNC. One of the truncating variants
was subsequently studied in zebrafish, resulting in pronounced cardiac phenotypes [139].
Zebrafish models with PRDM16 knockdown and a cardiac-specific overexpression of
the truncated PRDM16-K702* transgene, exhibited morphological and physiological
abnormalities (Figure 1.10) [139]. These included diminished impaired cardiomyocyte
proliferation (Figure 1.10), cardiac output (Figure 1.10) and a decrease in cellular coupling
(Figure 1.11).

96 hpf

72hpt
48 hpt

Cardiac output (nlfmin)

PCNA positive cells (%)

PRDM16 mutant PRDM16 MO

PRDM16WT

Figure 1.10: PRDM16 knockdown and human PRDM16 truncation mutant in a zebrafish Model.
(A) PRDM16 knockdown and overexpression of truncated variant have reduced
heart rate and cardiac output compared controls. (B) In PRDM16 knockdown
and overexpression of truncated variant hearts, there is a significant decrease in
cell number and in proliferation at 48 hpf, partially rescued by PRDM16 WT
overexpression. (C) Quer time, PRDM16’s impact on cell number and proliferation
changes in embryos, with both knockdown and overexpression of truncated variant
fish showing reduced cell numbers not fully recovered by 96 hpf, despite changes in
proliferation rates. The effects of overexpression of truncated variant and wild-type
PRDM16 appear to oppose each other between 48 or 96 hpf and 72 hpf, with an
unknown mechanism. Adapted from [139].
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Figure 1.11: Cell coupling in a PRDM16 zebrafish model and interaction of PRDM16 with
SKI.(A) Isochronal maps of wild-type (WT), PRDM16 WT transgenic, PRDM16
morphant (MO), and PRMD16 mutant transgenic hearts show action potential
wavefront positions at 5 ms intervals. The color scale indicates the timing of
electrical activation. (B) Mean conduction velocities from the ventricle’s outer
curvature (OC) confirm reduced impulse propagation speeds in morphant and
mutant hearts compared to controls or wild-type. Adapted from [139].

These findings strongly indicate the significant role of PRDM16 in the process of cardio-
genesis [139]. Furthermore, in initial investigations preceding this research, four missense
variants in PRDM16 were identified. A collaborative effort with PD Dr. Sabine Klaassen
(Charité, ECRC, Berlin) involved examining 200 families and individuals with arrhyth-
mogenic right ventricular cardiomyopathy (ARVC) from Germany and Canada. These
individuals had previously tested negative for known ARVC candidate genes. Subsequent
to patient screening for PRDM16 variants, conventional Sanger sequencing of PRDM16
was conducted. Notably, a minor allele frequency threshold of 0.05% was established due
to the reduced penetrance of ARVC. The four variants are described in more details in

section 4.1.
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1.8.2 Identification of CAPZB as a causal gene in CHD

Recent advancements in sequencing technology have facilitated the identification of severe
mutations in humans. Employing ES and VEP, four missense variants in CAPZB were
discovered, all of which were absent in control samples. Notably, two patients exhibited
non-syndromic congenital heart defects, while the other two presented syndromic CHD.
Specifically, the mutations p.Thr179Ser and p.Ser192Asn were detected in patients with
non-syndromic CHD, characterized by hypoplastic left heart syndrome and pulmonary
atresia with ventricular septal defect. Additionally, the patient with variant p.Arg215Cys
displayed traits including atrial septal defect, global developmental delay, sparse hair,
abnormal pinna, and postnatal growth retardation. Meanwhile, the patient harboring
p.Lys181Arg exhibited ventricular septal defect, trigonocephaly, optic nerve hypoplasia,
corpus callosum agenesis, and cerebellar vermis hypoplasia. Notably, three novel mutations,
p. Thr179Ser, p.Lys181Arg, and p.Ser192Asn, were situated in exon 6, while p.Arg215Cys
occurred in exon 7. To mimic the loss of function, we employed the zebrafish model system.
We analyzed mutant zebrafish carrying a retroviral insertion in the second intron of the
capzP gene and conducted a comparative study involving homozygous knockout capzp fish,
along with heterozygous and wildtype siblings. Zebrafish larvae that were homozygous
for the capzp~ /= mutation experienced mortality by 100 hpf. Heterozygous zebrafish
capzpt /= survived into adulthood and were utilized for breeding. The capzp~ /= mutant
larvae displayed microcephaly, reduced body size, underdeveloped jaw, and an elongated,
unlooped heart by 96 hpf compared to their capzp* /= heterozygous and wildtype counter-
parts. Zebrafish embryos with capzf knockout exhibited morphological and physiological
anomalies, including impaired cardiac looping and cardiomyocyte proliferation (Figure
1.12). CO assessments demonstrated compromised contractility in capzf~ /= larvae com-
pared to capzpt /= and wildtype larvae by 72 hpf, with a further significant reduction by
96 hpf (See figure 1.13).
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Figure 1.12: Heart formation is tmpaired in capzf mutants. Comparison of cardiomyocyte
proliferation between wildtype, capzﬁ”‘ and capzﬁ/_. The proliferation of
ventricular cardiomyocyte reduced significantly in capzf)’_/ ~ at 72 hpf. Figure was
taken from [192].
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Figure 1.13: Heart contractility is severely affacted in capzB mutants. (a) Failing of regular
looping of the heart in capzﬁk/*. Waldtype and heterozygous sibling showed the
normal heart looping. (b) Cardiac output measurements revealed significantly
reduced CO in capzf~/~. Figure was taken from [192].

Additionally, DeTCT-RNA-Seq analysis on 48 hpf zebrafish larvae indicated the differential
expression of actin-binding genes such as actin alpha cardiac muscle la (actcla), Fos-like-
antigen 2 (fosl2), and cytokine signaling 3b (socs3b) in capzf~/~ fish [192].



1 Introduction 32

1.9 Aim of the study

Genetic animal models offer a convenient means to explore the molecular and cellular
mechanisms driving the progression of cardiovascular disease at the organismal level,
particularly for variants with well-defined causal roles. In this study, zebrafish were used
because 70% of human genes have zebrafish orthologs, in particular the genes studied in
this thesis. This high degree of genetic similarity makes zebrafish a powerful model for

studying the functional effects of human disease-associated genetic variants.

The aim of this dissertation is to utilize transgenic zebrafish models to investigate the func-
tional implications of genetic variants identified in two genes associated with cardiovascular
diseases: CAPZB and PRDM16.

CAPZB was identified in patients with CHD, who demonstrate impaired cardiac devel-
opment and reduced cardiac function. More than 30% of CHD cases are influenced by
genetic factors [193], underscoring the importance of determining if specific rare variants
in these genes can cause CHD through animal models. To assess the impact of CAPZB
variants identified in patients with CHD, this study focuses on their effect on cardiac
output and sarcomere length in zebrafish. This analysis is based on the role of CAPZp in

actin assembly, a critical component in muscle contraction and heart function.

For PRDM16, a functional analysis of variants identified in patients with ARVC was con-
ducted using zebrafish models. Given PRDM16’s significant role in diverse developmental
processes, particularly in the brown fat to muscle transition, which is a critical issue in
ARVC, understanding these underlying mechanisms is crucial. The study was explored
the proliferative capacity of cardiomyocytes post-heart injury in zebrafish with mutated
PRDM]16, aiming to understand the gene’s role in cardiac regeneration and repair mecha-
nisms. Through these objectives, this research seeks to elucidate the molecular mechanisms
by which these genetic variants contribute to cardiovascular diseases, potentially informing

future therapeutic strategies.
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Materials

2.1 Organisms and cell lines

Zebrafish lines

Wild Type lines:

Transgenic (Tg) zebrafish lines:

Mutant Zebrafish Line:

Competent bacteria

Feeding strain:

TL (Tupfel long fin) or AB

Tg (myl7-EGFP w34 [194]
Tg(drl:EGFP)=33 [195]

Capzbhi1858/+ [162]

One Shot TOP10™™ Chemically Competent E.coli,
One Shot™ Mach1™ Chemically Competent E.cols,
One Shot™ cedB Survival’™ 2 T1R Competent Cells

Artemia salina
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2.2 Chemicals and reagents

Chemicals and reagents

Acetic

AdvanStain Ponceau
Agar agar

Agarose

Ampicillin

Antibody Diluent

Aqueous Mounting media

Bovine serum albumine (BSA) fraction V

Calcium chloride dihydrate
Chloramphenicol

C6H1206 D(+)Glucose
CellRox

Chloroform

Crystal RNAMagic

Disodium Phosphate Dihydrate
DNA Ladder 1 kb

EDTA

Fluoromount-G™ | with DAPI
HEPES

Ethanol

Glutamataldehyde 25%
Glycerol

Glycin

Glyo-fixx

Goat Serum, New Zealand origin
HD Green PLUS DNA Stain
Hydrochloric acid

[sopropanol

Lysogeny broth (LB)

Lysogeny broth with Agar

Kanamycin

Company

Roth
Advansta
Roth
Invitrogen
Sigma
Thermo Fisher
abcam

Sigma

Sigma

Geyer

Sigma
Invitrogen
Honeywell
Biolab

Sigma

Biolab

Fulka
Affymetrixe Bioscience
Sigma

Roth

Sigma

Geyer

Roth

Thermo Fisher
Thermo Fisher
Intas

Roth

Roth
Invirogen
Invirogen

Sigma
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Magnesium Chloride, Hexahydrate
Mitotracker Deep Red FM
Mitotracker Red CMXRos
MitoSox Red

Nuclease-free Water
Paraformaldehyde 4%

PBS

Potassium chloride

Sea salt

Streptomycin

Super Optimal broth Catabolite repression (S.0.C)
Sodium chloride
Tetramethylethylenediamine
Tissue-Tek O.C.T. Compound
Tricaine

TriDyeTm 100bp DNA ladder

10x Tris-Acetat-EDTA Buffer
Tris-HC1

Trypsin — EDTA 10X

Tween20

2.3 Buffers and solutions

Artemia medium

Base solution
H20

Blocking solution
2mg/ml BSA

CaCodylat buffer 0.1M
dH20, pH 7.3

Sigma
Invitrogen
Invitrogen
Invitrogen
Invitrogen
HIMEDIA

Life Technologie
Sigma

700 & Co. Knutzen
Sigma
Invitrogen

Roth

Roth

Sakura

Sigma

NEB

Genekam

Roth

Biowest

Geyer

10 g sea salt in 10 L. dH20

14g KOH, 4 ml EDTA 0.5 M in 200 ml

20mL PBST, 2% neonatal goat serum,

4.28g Sodium Cacodylate, in 100 ml
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Citrate buffer

E3 Stock

Embryo water

Fixation solution

Homogeniziation solution

KOH Stock

LB-Agar

LB-Medium

LB medium with ampicillin

LB medium with kanamycin

LB medium with spectinomycine

Neutralisation’s Stock solution

2.94 g sodium citrate trisodium salt di-
hydrate 10mM in 1L dH20, pH 6.0

17.4g NaCl, 0.8g KCl, 2.9g CaCl2 2H20,
4.89g MgCl2 6H20, in 1L RO-Water,
pH 7.0

240 ml E3-Stock, 10L. RO-Waterr

262.2 ul Glutamataldehyde 25%, 1312
ul PFA 4%

10 mg/ml Collagenase P, 0.05% Trypsin-
EDTA, 1xPBS

14g KOH, 4 ml EDTA 0.5M, in 200 ml
H20

LB medium, add 15 g agar agar,dH20

up to 1 L, autoclaved

16g LB, dH20 up to 1 L, autoclaved

LB medium 1 L, autoclaved, add ampi-
cillin reaching to 100ug/ml when cooled
down to 60 °C

add
kanamycin reaching to 50ug/ml when
cooled down to 60 °C

LB medium 1 L, autoclaved,

LB medium 1 L, autoclaved, add specti-
nomycine reaching to 50ug/ml when
cooled down to 60 °C

48.4¢ Tris-HCI, in 200 ml H20
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PBS-T

S.0.C medium

TAE Buffer

Tricaine Stock

Tyrode’s solution

Tyrode’s solution with BSA

PBS, Tween® 20 detergent: 0.1%
(w/v)

1 L S.O.C medium, add 0.02 M
C6H1206 D(+)Glucose (sterile)

100 ml 10x TAE Buffer, in 1L H20

4g Tricain, 21 ml Tris 1M in 1 L. H20,
pH 7.0

3.974¢g NaCl, 0.201g KCl, 0.102g MgCl12
6H20, 0.450g C6H1206 D(+)Glucose,
1.192¢, CSH18N204S HEPES,0.027¢
Na2HPO4 2H20, 0.132¢g CaCl2 2H20
in 500 mL. H20, pH 7.4

50 mL Tyrode’s solution, 300 mg BSA
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2.4 Kits and Enzymes

Enzymes

AmpliTaq Gold DNA Polymerases
CloneAmp™ HiFi PCR Premix
Collagenase P 100 MG

DNase I

Dpnl

Red Taq Ready Mix PCR Raction Mix
Gateway BP Clonase enzyme mix 20 react.
LR Clonase II Plus Enzyme 20React.

Platinum SuperFi IT DNA Polymerase High-Fidelity PCR

Enzyme
T4 Ligase 100 U

T4 Polynucleotide Kinase (10 U)

Company
Thermo Scientific
Clonetech
Sigma-Aldrich
Thermo Scientific
NEB

Geyer

Life technologie
Life technologie

Thermo Scientific

Sigma-Aldrich

Thermo Scientific’™
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Kits
Agilent RNA 6000 Nano Kit

Click-iTT™ EdU Imaging Kit with Alexa Fluor™ 594
Azides

Click-iTTPlus TUNEL-Assay-Kits with Alexa Fluor’™
594 Azides

HiSpeed Plasmid Maxi Kit (10)
MinElute PCR Purifikation Kit (50)
mMessage mMachine T7 25Best.
Monarch DNA Gel Extraction Kit(250)
MultiTissueDissociation Kit2

Oil Red O Stain Kit (Lipid Stain)
Qiaprep®) Spin Plasmid Miniprep (250)
Qubit®) dsDNA BR Assay Kit

TruSeq Stranded Total RNA kit

Company
Agilent

Thermo Scientific

Thermo Scientific

Qiagen

Qiagen
ThermoFisher

New England Biolabs
Miltenyi Biotec
Abcam

Qiagen

Life technologie

Illumina
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2.5 Vectors

PCM326 pDestTol2 crystallin-YFP

Phic31 pcDNA3

pHE-cmlc2

p3E-poly A

PRM16 cloned in pENTR223

CAPZp (NM-004930) Human Tagged ORF Clone

pDONRTM221

2.6 Oligonucleotides

A list of the used oligonucleotides can be found in the Appendix 1
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2.7 Antibodies

Name

GFP Tag Monoclonal Antibody (GF28R) (1:100)
Anti-PCNA antibody [PC10] (ab29) (1:200)
Anti-Connexin 43 antibody (1:30)

Anti Zn-8 neuronal cell surface marker (1:50)

Goat Anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary
Antibody, Alexa Fluor Plus 488 (1:500)

Donkey Anti-Mouse IgG (H&L) Alexa Fluor 7™ 647 (1:500)

Company
Thermo Fisher
Abcam

Sigma

DSHB

Thermo Fisher

Thermo Fisher

Alexa Fluor®) 488 Donkey Anti-Mouse IgG (H-+L) (1:100) (JacksonIR)
Alexa Fluor@®) 594 Donkey Anti-Rabbit IgG (H+L) (1:100) (JacksonIR)
2.8 Devices and supplies
Agarose-Gel imaging Bio-Rad
Agilent 2100 Bioanalyzer System Agilent Technologies
BD LSR Fortessa Cell Analyzer BD Biosciences

Binocular VWR

Centrifuge VWR mini star
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Centrifuge 17R

Centrifuge 5430

CryoStar NX70 Cryostat

Compact fluorescence microscope HS

Confocal laser scanning microscopy

Fluorometer

Gel electrophoresis chambers

Incubator

Microinjector

Microneedle puller

Microscope with Camera

NanoDrop Microvolume Spectrophotometers

NovaSeq 6000 Sequencing System

Thermoblock

Thermocycler

Thermoincubator

Thermomixer

Vortextmixer

VWR micro star

Eppendorf

Thermo Fisher Scientific

Keyence

Zeiss

Life Technologies

Bio-Rad

WTW

Eppendorf FemtoJet4i

Sutter instrument

Nikon SMZ25

Thermo Fisher Scientific

Ilumina

HLC by Ditabis

Bio-Rad

VWR

Eppendorf

VWR Analog vortex
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2.9 Other devices

AF-10 (ice machine) Scotsman
Freezer -20 °C Liebherr

Freezer -80 °C

pH2211 Microprocessor pH Meter Hanna Instruments
Microwave SHARP

MilliQ M Progrand ts2
scales VWR

2.10 Software

Image analysis Image J

Microscope software NIS-Elements BR

Sequence analysis CLC Sequence Viewer
Spreadsheet application Microsoft®Excel for Mac
Statistic analysis GraphPad Prism (version 10)

Text processing Overleaf



2 Materials

44

2.11 URLs
BLAST searches
DESeq2 Reference
Gene Cards

gnomAD Browser (version v4.0.0)

Genome Browser Danio rerio
NCBI

NCBI Gene

NCBI PubMed

OligoCalc

UniProt

Variant Effect Predictor
ZFIN

Enrichr

http://blast.ncbi.nlm.nih.gov
https://www.bioconductor.org
http://www.genecards.org

https://gnomad.broadinstitute.org

https://genome-euro.ucsc.edu
http://www.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov/gene
http://www.ncbi.nlm.nih.gov/pubmed
http://biotools.nubic.northwestern.edu
http://www.uniprot.org
http://grch37.ensembl.org/Homo-sapiens
https://zfin.org/

https://maayanlab.cloud /Enrichr



Chapter 3

Methods

3.1 Organisms

3.1.1 Cultivation of Artemia

First instar nauplius larvae of Artemia Special Diets Service SDS (Ludwigshafen) were
used as prey for zebrafish. To hatch the eggs, artemia were incubated overnight at 28°C in
Artemia medium with a continuous supply of air. To feed the zebrafish, the nauplii were
collected, washed with Reverse Osmosis (RO) water to remove salts, and then suspended
in RO water.

3.1.2 Zebrafish husbandry

Zebrafish were maintained based on the guidelines described in the Zebrafish Book [196].
Zebrafish were reared at a density of about 20 fish per 10 1 of water in individual
tanks connected to a circulating water system (Tecniplast), the water temperature was
maintained at 28 °C. Experiments were carried out using zebrafish Danio Rerio wildtype
(TUIF) and transgenic lines capzb"'®%79/+  Tg(myl7:EGFP) and Tg(drl:EGFP). All

laboratory cultured strains are available at the Clinic for Congenital Heart Defects and
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Paediatric Cardiology, University Hospital Schleswig-Holstein, Campus Kiel. All animals
were cultured under constant environmental conditions including embryo medium, feeding
schedule (2 times per day) and temperature according to standard procedures. The study
was conducted in accordance with animal welfare regulations and with careful consideration

of animal well-being, with an animal experimentation application in place.

3.2 Standard laboratory methods

3.2.1 DNA Extraction

At 48 and 72 hour post fertilisation (hpf) the DNA from the fins of embryos were extracted
with KOH. The fins were collected in separate 1.5 ml reaction tubes and washed once with
99% EtOH. To to remove the all EtOH out of tube the embryos were incubated for 10
min at 80°C. During the incubation 1x base solution and 1x neutralisation’s buffer were
prepared. 25 ul of the base solution was added to the samples and mixed via vortexing
for 10 sec. The samples were incubated for 30 min at 95°C. Afterwards the samples were

mixed for 2 min via vortex. 25 ul of neutralisation’s buffer was added to each sample.

3.2.2 RNA Extraction

Total RNA was extracted from the zebrafish at larvae 48hpf and 72hpf using Trizol reagent
according to the manufacturer’s protocol. 300 pul of Trizol reagent was added to the
samples, which were then homogenized by pipetting up and down and incubated for 5 min
at room temperature. 300 ul of chloroform added to the samples, which were then shaken
vigorously by hand for 15 seconds. Following the incubation, the samples were centrifuged
at 12,000 x g for 15 min at 4 °C. After centrifugation, the mixture separated into a lower
red phenol-chloroform phase, an interphase, and a colorless upper aqueous phase. The
aqueous phase, which contained RNA, was transferred to a 1.5 mL reaction tube. 0.5 mL
of isopropanol was added to samples and incubated the samples for 10 minutes at room
temperature. Then centrifuge samples were centrifuged at 12,000 x g for 15 min at °C.

supernatant was discarded and pellet was washed 2 times with 70% ethanol. RNA pellet
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was air dried leaving the tubes open on the counter for 20 min At the end of extraction

procedure, total RNA was re-dissolved in 10u] nuclease-free water. Samples were stored at

-80 °C.

3.2.3 Quantification of nucleic acids

The quantity and quality of the isolated nucleic acids were determined at the absorbance

of 260 nm using the Nanodrop spectrophotometer.

3.2.4 Polymerase chain reactions (PCRs)

Standard PCR

A standard PCR reaction was set up in the final volume of 25 pl. Table 3.1 contains
the pipetting scheme for the reaction. The PCR products were analysed via agarose gel

electrophoresis.

Component Volume (pl)

AmpliTaq Gold®) Fast PCR MasterMix 5
Forward primer (10 pmol) 1
Reverse primer (10 pmol) 1
1
2

dH20
DNA
Total volume 25

Table 3.1: Pipetting scheme for standard PCR.

Steps Temperature Duration
Initial denaturation 95°C 10 min
Denaturation 96°C 0:03 sec
Hybridization 60°C 0:03 sec
Elongation 68°C 0:20 sec

Terminal elongation 72°C 0:15 sec
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The PCR was performed with 39 cycles.

Nested PCR

A nested PCR reaction was set up in final volume of 25 ul. Table 3.2 contains the pipetting

scheme for the reaction.

Component Volume (pl)
CloneAmp HiFi PCR Premix 12.5
Forward primer (10 pmol) 0.7
Reverse primer (10 pmol) 0.7
dH20 10.1
DNA 1
Total volume 25

Table 3.2: Pipetting scheme for nested PCR.

Steps Temperature Duration
Initial denaturation 98°C 1 min
Denaturation 98°C 1 min
Hybridization 68°C 2 min
Elongation 72°C 3 min
Terminal elongation 72°C 3 min

The PCR was performed with 34 cycles.

High Fidelity PCR

For the amplification of DNA fragments for expression constructs, Platinum SuperFi II
DNA Polymerase High Fidelity with proof reading ability was used. Table 3.3 contains
the pipetting scheme for the reaction. The PCR products were analysed via agarose gel

electrophoresis.
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Component Volume (pl)
Platinum SuperFi II DNA T Polymerase 25
Forward primer (10 pmol) 2.5
Reverse primer (10 pmol) 2.5
dH20 18.5
DNA 1
DMSO 0.5
Total volume 25

Table 3.3: Pipetting scheme for High Fidelity PCR.

Steps Temperature Duration

Initial denaturation 98°C 30 sec
Denaturation 98°C 10 sec
Hybridization 60°C 10 sec
Elongation 72°C 10-15 sec per kb
Terminal elongation 72°C 5 min

The PCR performed with 30 cycles

Colony check PCR

A colony check PCR was performed to analyse plasmids for insertion of DNA. A standard
PCR reaction (see paragraph 3.2.4) of a final volume of 10 ul was set up without template
DNA. Single bacterial colonies were served as templates. These were picked from agar
plates and transferred directly to the reaction mix. For products ligated into PCM326
pDestTol2 crystallin-YFP, plasmid specific PRDM16-screen-F and PRDM16-screen-R

primers were used.

3.2.5 Electrophoretic separation of DNA samples

DNA samples were separated using horizontal 0.5-1.5% agarose gel electrophoresis in 1x
TAE buffer. To visualise DNA-bands Intas HD Green 7™ HD was included into the gels.
After adding DNA loading buffer to the samples, DNA fragments were separated at 98-120
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V, depending on the fragment size. The size of DNA fragments was estimated under
UV-illumination using the TriDye 7™ 100 bp DNA Ladder or 1 kb Plus DNA Ladder Mix

as size marker.

3.2.6 Extraction of DNA fragments from agarose gel

The desired PCR products were cut out on a UV illumination table and transferred
into 1.5 ml reaction tubes. Afterwards, DNA was extracted using the Monarch DNA
Gel Extraction Kit. The extraction of DNA fragments were performed according to the

manufacturer’s protocol. DNA was eluted by adding 20 ul reaction tubes water.

3.2.7 Ligation of PCR products

For generation of an expression PRDM16-D628N and PRDM16-P889L construct, PCR
products were ligated. Ligations were carried out for 30 min at 37°C. After incubation
1ul PEG6000 and 2ul T4 ligase were added to the reaction. Incubation follows 1 hour
at Room temperature. The cleavage of DNA follows after the addition of 1ul of Dpnl

enzyme for 3 min at 37°C. A pipetting scheme for the ligation of DNA fragments shown
in table 3.4.

Component Volume (pl)
Ligase buffer(10X) 2
DNA 10
T4-Polynukleotidkinase 1
dH20 7
Total volume 20

Table 3.4: Pipetting scheme for the ligation of DNA fragments.
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3.2.8 Transformation of E.coli

For the transformation, 4 ul of reaction (BP, LR, PCR and ligation’s product) were used to
transform in 50 pul Machl or top 10 cells. The cells were incubated on ice for 30 min. After
incubation they were treated with heat-shock for 30 sec at 42°C, followed by immediate
ice incubation for 2 minutes. 250 pl of S.0.C Medium were added to cells and incubated
at 37°C for 1.5 h at 225 rpm in shaking incubator. 20 ul of the transformation mix were

spread on ampicillin plate. 4 colonies were selected for plasmid isolation.

3.2.9 Preparation of plasmids

Mini-preparations to isolate plasmid DNA from clones propagated in LB liquid cultures were
performed using the NucleoSpin@®) Plasmid QuickPure Kit according to the manufacturer’s

istructions.

3.2.10 Sanger Sequencing

DNA sequencing was carried out using Eurofins Genomics. Reactions were set up by
mixing 5 pl of plasmid (70-100 ng/ul) as the template with 5 ul of primer (5 pmol), and

then performed for sequencing.

3.3 Gateway technology

The Gateway cloning method, which has been developed by Invitrogen,is an in vitro version
of the integration recombination reactions that take place when lambda phage infects
bacteria. These recombination reactions are facilitated by the recombination of attachment
sites from the phage (attP) and the bacteria (attB). As a result of recombination between
the attP and attB sites, the phage integrates into the bacterial genome flanked by two
new recombination sites. Figure 3.2 demonstrates general routine of adding att sites

to a "middle entry" clone (pME) using PCR with gene-specific primers, which is later
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recombined with a donor vector. As a middle entry clone I created four PRDM16 variants,
PRDM16 wild type, CAPZp variants and CAPZp wild type. The base substitution for
creation of variants were performed also by PCR in this step. In this project, a three-insert
multisite Gateway LR reaction was utilized to combine three entry clones (p5E, pME,
p3E) with the destination vector, Destination vector pCM326pDestTol2 crystallin YFP
for the generation of zebrafish transgenic lines. Within the zebrafish expression constructs,
following entry vectors were combined: cardiac myosin light chain 2 (myl7) promoter
constructs as 5 (pbE) vector, four PRDM16 variants, wild-type PRDM16, four CAPZB
variants, and wild-type CAPZB as middle (pME) vector, along with polyA as 3’ (p3E)

vector.

add att sites
by PCR [viddle element]
¥
PCR product PHE \,
\~ -

N
\/’ / / N\
/~\ //-\ psg—-_—n L4 5'element [attRT> —-——_3'elemm p3E
1 =~

PDONR 221 ——_ —

poestroizps —[T2) 2]

@ BP clonase O LR clonase
pME‘ P02 ]

(a) Depiction of a BP reaction for a polymerase  (b) LR reaction between ENTRY clones and a Desti-
chain reaction amplified open reading frame. nation vector.

Figure 3.1: Gateway recombination reactions.

BP reaction

The BP Reaction takes place between the attB sites flanking the insert and the attP
sites of the donor vector. The next step is the BP recombination of reactions, which
is performed as described in the invitrogen Multi-Site Gateway Manual. An equimolar
amount of the appropriate donor vector and purified PCR product (20 femtamoles) are
combined with BP Clonase II enzyme mix in a final volume of 10 ul. The incubation time
of this reaction was 1 hr at room temperature. To stop the reaction 1 ul Proteinase K was
added and incubated at 37°C for 10 min.



3 Methods 53

LR reaction

The LR Reaction, which is catalyzed by the LR Clonase II Plus enzyme mix takes place
between the attL sites of the generated entry clone and the attR sites of the destination
vector. As a result, an expression clone for transgenesis was generated containing myl7
promoter and CAPZB variants or CAPZB wild type or PRDM16 variants or PRDM16
wild type and polyA sequence flanked by attB sites. The reaction was set up with 20
femtamoles of each vector in a 10 ul reaction. The reactions were incubated overnight at
25°C.

3.4 Generation of transgenic zebrafish lines

In order to examine the functional relevance of the identified mutations in PRDM16
and CAPZB, humanized transgenic zebrafish models to overexpress the individual human
variants under the cardiac-specific myl7 promoter using the Tol2 system were generated.
Full length PRDM16 and CAPZp were serve as a control.

Preparation of capped transposase RNA

The transposase protein synthesized from mRNA catalyzes excision of the Tol2 con-
struct from the plasmid and integration of the excised Tol2-based destination vector (e.g.
pCM326pDestTol2 crystallin YFP) into the genome. The synthesis of transposase mRNA
involves in vitro transcription, which can be divided into five main steps:

1. Notl restriction

2. Purification of the restricted product

3. RNA transcription and isolation

4. Digestion of residual DNA
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5. Purification and measurement of RNA

A pipetting scheme for the NotI restriction (for the linearization of Tol2 encoded plasmid)

shown in table 3.5.

Table 3.5: Pipetting scheme for the Notl restriction.

Component  Volume (ul)

DNA(200ng) 10
Notl 1
NEBuffer 2 2
ddH20 7
Total volume 20

The incubation was carried out overnight at 37°C. The restricted products were purified

using a PCR Purification kit following the manufacturer’s protocol. DNA was eluted

by adding 25 ul DNase & RNase free water. Translation and isolation of mRNA were
performed using the mMESSAGE mMACHINE? SP6 Transcription Kit. A pipetting

scheme for the translation shown in table 3.6. The incubation was carried out 3 hours at

Reagent Volume (pl)
2X NTP/CAP 10
10X Reactin Buffer 2
linear DNA template 6
Enzyme Mix 2
Total volume 20

Table 3.6: Pipetting scheme for the translation.

37°C. Digestion of residual DNA was performed by adding 1 pl. and incubating for 15

minutes at 37°C. The samples were purified using the MinElute PCR Purification Kit,

and finally, they were eluted in 15 pl). The RNA concentration was measured with the

Qubit RNA BR Assay kit.
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3.4.1 Mating the fish

The night prior to injection, fish were set up in breeding tanks with dividers in place. To
increase total egg production, fish were set up in a ratio of two females to one male. The
following morning, the dividers were removed from the tanks and allowed for approximately
20 minutes of undisturbed mating time. Eggs were collected from the breeding cages and

rinsed with embryo water.

3.4.2 Microinjection into the zebrafish zygotes

A microscope slide was placed in the inverted lid of a 100mm Petri dish. Eggs were lined
up against the side of the slide to form a single column. The excess egg water were removed
from the slide. The needles were pulled in advance. The needle was backloaded with an
injection solution containing 25 ng of Tol2 transposase and 25 ng of the DNA construct in
a final volume of 10 pl (Table 3.7). A drop of mineral oil on a micrometer was used to
calculate the volume of each injection. When injected into the oil, a bead with a diameter
of 0.1 mm contains 1 nL of injection material. The injection solution was injected into the
cell of the fertilized egg. After completing a column of eggs, a gentle stream of egg water
was used to move the injected eggs into a clean Petri dish. Several uninjected embryos
were kept as a control. Next day dead embryos were removed and the number of injected

embryos was recorded. The injected constructs are listed in table 3.8.

Component Volume (pl)
Transposase (25ng) 2.5
DNA(200ng) 0.5
H20 7
Total volume 10

Table 3.7: Pipetting scheme for the injection solution.
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injected constructs
myl7:CAPZB WT-PolyA
myl7:CAPZB Thr179Ser-Poly A
myl7:CAPZ3 Lys181Arg-PolyA
myl7:CAPZB Ser192Asn-PolyA
myl7:CAPZB Arg215Cys-PolyA
myl7:PRDM16-WT-Poly A
myl7:PRDM16-A259V-Poly
myl7:PRDM16-D628N-Poly A
myl7:PRDM16-P889L-Poly A

0 myl7:PRDM16-S1059L-Poly A

1 myl7:PRDM16-K702*

— = © 00 ~J O Tl Wi+

Table 3.8: Table 3.5 lists the injected constructs used for generating zebrafish transgenic lines.

3.4.3 Transgenic carrier selection

The embryos at 48 hpf or 72 hpf were screened for GFP-positive expression in the heart
and YFP-positive expression in the lens. GFP-positive expression in the heart was used
as a marker for cardiac output measurements, while YFP-positive expression in the eyes
indicated the potential integration of the pCM326 pDestTol2 crystallin YFP construct
containing full-length PRDM16 or CAPZp, or their respective variants.

Fin clipping-based genotyping

Fin clipping is a standard procedure employed to obtain genetic material from individual
fish for genotyping purposes. A small section of tissue is clipped from the tail’s end to
extract DNA, facilitating subsequent analyses like PCR. This non-invasive method is
commonly used for efficiently collecting genetic samples without causing harm to the fish.
Fish are anesthetized through immersion in 0.02% MS-222 (Tricaine) with a neutral pH
until gill movement slows down. The stock solution is prepared at a concentration of
4g /L, buffered to pH 7 with sodium bicarbonate. Once anesthetized, the fish is promptly
transferred to a clean surface or petri dish using a plastic spoon. The fin is then clipped
at a point not exceeding halfway between the fin tip and the point where the scales
conclude. After fin clipping, fish are promptly moved to a container with fresh system

water. Continuous monitoring ensues until the fish fully recover and regain the ability
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to right themselves. The clipped fin was preserved in 99% ethanol and utilized for DNA
extraction, following the procedure outlined in subsection 3.2.1. Identified founder fish

represent FO that is then bred with WT strain to generate F1 stable carriers.

3.5 Measurements of cardiac output

In the current study, the cardiac output (CO) of transgenic PRDM16 WT and variants
were compared with Tg(myl7:GFP) as a control group. The same control group were
also used for CO measurement of CAPZB3 WT and variants. For the quantification of
heart function and morphology at the 48 hpf and 72 hpf stages, videos obtained from
fluorescent microscopy were utilized. The approach is based on recording three-dimensional
(3D) image sequences for 10 seconds and that are used for further cardiovascular analysis.
For this purpose, the embryo is positioned in a lateral position with the ventricle clearly
visible throughout the full cardiac cycle. The ventricle in maximum systole and maximum
diastole were marked by using NIS-Elements BR 4.40.00 64-bit measurement’s tools. The
Ellipse formula was used to determine the approximate volume of the area measured by
the program using the number of pixels. The formula for calculating the area of the ellipse
is:

A=axbxm

The formula for the calculation of volume ellipse is:

V=

xaxbxcxm

e~ w

After inserting the area the formula is:

Vz%*A*c

Only approximate volume can be measured because the third dimension "c¢" is missing.
For the purpose of this study, it is assumed that b ~ ¢ in our heart tube. The program
automatically measures 2b when measuring the area, indicated in the output tables as
MaxFeret90 i.e. the maximum diameter at a 90°C angle to the longest diameter overall.
This means that b = w resulting in V' = % x A x w. Therefore, shortened
formula for the calculation of ventricle volume during systole and diastole is based on the
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formula:

2
V = 3 * Ax MazxFeret90

Stroke volume (SV) is the blood volume pumped from the ventricle for each beat and is
simply calculated from the difference in the volume of the ventricle in diastole and systole
and is calculated by the equation:

SV (nl) = volumeend—diastotic - VOIUM€end—systotic

CO in nanoliter per minute is measured by the equation:

L L Beat
n_) = SV(;eat) x Heartrate( cars

CO( )

min min
Heart rate (HR) is simply determined by measuring the time between two identical

successive points in the recorded images.

3.6 ROS detection

Mitochondrial membrane potential, mitochondrial ROS and general ROS, zebrafish larvae
at 48 hpf of the transgenic lines were detected. The number of 40 embryos at 48hpf
were collected in 1.5 ml reaction tubes. Most of the 1x E3 embryo medium was removed
and embryos were euthanizied with 400 pl Tricaine from 0.01% solution and left on
ice for 5 min. After treatment the samples were washed 2x with 1x PBS for 1-2 min.
Dissociation of larvae followed by adding 600 ul of homogenization solution (collagenase P
+ trypsin-EDTA in 1x PBS). Incubation time was 30 min at 28 °C in a thermoblock. The
digestion and homogenization were stopped by adding 700 ul DMEM-10% FBS and the
cells were centrifuged for 2 min at 600 x g at RT. Once again cell were washed with 1x
PBS. For the staining, cells were kept in 1 ml of DMEM-10% FBS at 28 °C. Then cells
will be incubated for 30 min in DMEM-10% FBS with either CellROX for ROS detection,
Mitotracker Deep Red FM for visualization of the number of mitochondria, Mitotracker
Red CMXRos for mitochondrial membrane potential and MitoSOX Red for mitochondrial
Superoxide detection. Probes were analyzed by flow cytometry. Flow cytometry data
were collected on a BD LSR Fortessa equipped with FLSR Fortessa software using the
red 644/665-nm laser for CellROX, Mitotracker Deep Red FM (644/665-nm), Mitotracker
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Red CMXRos (579/599-nm), MitoSOX (396/610-nm) and 508/525 nm for GFP signal
for cardiomyocytes. Mean fluorescence intensity of RFP was used for quantification of

the different probes and data were expressed relative to GFP signal for cardiomyocytes of
transgenic Tg(myl7:GFP) zebrafish.

3.7 Lipid droplet

3.7.1 Heart extraction from adult zebrafish

Adult zebrafish were euthanized with Tricaine 1% in a glass beaker until gill movements
ended, and until there was no response to a tail pinch. A spoon was used to transfer the
fish ventral side acing upwards in a slotted sponge under a dissecting microscope. The
ventral wall of the fish was opened with the longitudinal cut at pericardial area between
gills. The outflow tract was located. The distal end of outflow tract was grabbed with
forceps and the heart was gently pulled out of the chest cavity. The ventral aorta and
sinus venosus was cut with the help of forceps. The heart was placed into the 60-mm Petri
dish with PBS or Tyrode’s solution.

3.7.2 Cryosectioning

Isolated hearts from adult zebrafish were washed in ice-cold 1x PBS. After washing samples
were placed in Tissue-Tek O.C.T. Compound and freezed in a cryostat machine until
samples reached the optimal temperature of -18°C. At this temperature samples were cut

tTM

with a microtome and taken by a superfros adhesion microscope slides for Oil red O

staining.

3.7.3 Oil red O staining

Slides were incubated first in propylene glycol for 2 min and than for 30 min in pre-warmed

Oil red O solution. After incubation slides were differentiated in 85% propylene glycol
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for 1 min and rinsed twice in dH20. Nuclei staining followed by hematoxylin for 1-2 min
and slides were rinsed three times in water before embedding with an aqueous mounting
medium. The section were used for imaging to investigate the lipid deposition in the

heart.

3.8 Immunohistochemistry

3.8.1 Heart extraction from zebrafish embryos

Single embryo at was placed into petri dish half filled with fresh Tyrode and BSA. The
chorion and fin were removed via forceps. The body was stabilized with forceps by
holding the head between the eyes and gills. A microneedle was used to pin the aorta.
The separation of pericard and Sinus Venosus was performed with forceps. Because of
electrolyte property of Tyrode’s solution the heart can continue to beat. A pipette was

used to transfer the heart into microtiterplatte for Immunofluorescence analysis.

Click-iT EdU Kit

Cell proliferation was evaluated by using EdU staining of isolated hearts at different time
points 48 hpf, 72 hpf and 96 hpf. Transgenic PRDM16 variants and wildtype PRDM16
were used for EAU staining. Cardiomyocytes were distinguished from endothelial cells by
GFP expression. After heart isolation, samples were incubated in 10 M EdU solution at
least 2 h before proceeding to fixing with 4% PFA for 30 min. Then, samples were washed
twice with PBST buffer before incubation with click-iT Plus EAU Reaction cocktail for 30
min at room temperature. Table 3.9 contains the pipetting scheme for the EAU Reaction
cocktail. After incubation samples were washed two times with blockung buffer for 10 min
followed by primary antibodies diluted in antibody Diluent (1:500) for 72 h at 4 °C. After
incubation samples were washed with blocking buffer and mounted in Fluoromount with
DAPL
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Component Volume (pl)
1X Click-iT Plus EAU Reaction Buffer 440
Copper Protectant (Component E) 10
Alexa Fluor 594 picolyl azide (Component B) 1,2
1X Click-iT Plus EAU Reaction Buffer Additive 50

Table 3.9: Pipetting scheme for the EdU Reaction cocktail.

Click-iT TUNEL assay

Transgenic wildtype PRDM16 zebrafish and variants were used for TUNEL assay to detect
the cardiomyocyte apoptosis at 48 hpf, 72 hpf and 96hpf. To distinguish cardiomyocyte
from endothelial cells GFP antibody was used. Cardiomyocyte apoptosis was detected by
the TdT-mediated dUTP Nick-End Labeling (TUNEL) technique using a Click-iT TUNEL
Alexa Fluor 594 kit according to manufacturer’s protocol.

Isolated hearts of zebrafish embryos were kept in Tyrode’s solution and fixed with 4% PFA
for 30 min, washed twice with PBST buffer. For positive control, hearts were treated with
DNase I solution for 30 min at 37°C . After washing process hearts were incubated for 10
min in TDT Buffer at 37 °C and then for 1h TdT reaction cocktail. Table 3.10 contains
the pipetting scheme for the TdT reaction Mixture.

Component Volume (pl)
1x TdT reaction buffer (Component A) 235
EdUTP (Component B) 5
TdT (Component C) 10

Table 3.10: Pipetting scheme for the TdT reaction Mixture.

Samples were washed twice with blocking solution each 10 min and incubated in reaction
cocktail for 30 min at 37°C. Click-iTTreaction cocktails were prepare according to table
3.11.

Component Volume (pl)
Super mix 225
1x Reaction Buffer Additive 25

Table 3.11: Pipetting scheme for the cocktails reaction.

Super mix was contained 262,5 ul 1X Click-iT Plus TUNEL Reaction Buffer, 6,7 ul Copper
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Protectant (Component F) and 0,87 ul Alexa Fluor 594 picolyl azide (Component G).
Then, hearts were two times washed with blocking buffer and incubated overnight with
GFP Polyclonal Antibody, Alexa Fluor™™ 488 diluted in antibody Diluent (1:500) at 4 °C.
After incubation samples were washed with blocking buffer and mounted in Fluoromount
with DAPI.

Connexin 43 staining

localisation of connexin 43 was evaluated by using connexin 43 staining of isolated hearts
at 72 hpf. Transgenic PRDM16 variants and wildtype PRDM16 and PRDM16-K702*
were used for staining. Strain AB was used as control. Isolated hearts of zebrafish embryos
were kept in Tyrode’s solution with BSA and fixed with Glyo-fixx for 30 min, washed
twice with PBST buffer. The hearts were then incubated with blocking buffer for 1 hour
at room temperature, followed by overnight incubation with connexin 43 (1:30) and zn8
(1:50) antibodies at 4 °C. After incubation, the samples were washed with blocking buffer
every 20 minutes and then incubated with secondary antibodies for 2 hours at room
temperature. Following this, the samples were washed again with blocking buffer and

mounted in Fluoromount with DAPI.

PCNA staining

Seven-micrometer thick paraffin-embedded adult zebrafish heart sections were deparaf-
finized with xylene and then rehydrated through a descending gradient of ethanol. After
rehydration sections were boiled in 10 mM sodium citrate buffer, pH 6.0; maintained at a
sub-boiling temperature for 10 minutes. Slides were cooled on bench top for 30 minutes.
PCNA expression in the injured heart was determined by immunohistochemical staining
using specific antibodies against zebrafish PCNA. Briefly, the slides were incubated with
blocking buffer to bind non-specific binding for 30 min. The sections were then incubated
with anti-PCNA (1:200 diluted with antibody Diluent) overnight. The samples were
washed four times with blocking buffer for 15 min. Then the samples were treated with
the fluorescence-labelled secondary antibody in antibody Diluent for 2 h. The samples
were washed three times with PBS 15 min. Subsequently, the sections were mounted in
Fluoromount with DAPI.
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3.9 Fluorescence Intensity Measurements

To determine fluorescence intensity profiles, ImageJ was utilized. Images were captured
under consistent settings, and channels were individually separated prior to measurement.
Fluorescent intensity measurements were performed exclusively on the red channel (Cx43).
The ventricle and atrium were delineated using the freehand tool. "Mean Intensity" and

"Standard Deviation" were selected for the measurements.

3.10 Ventricular resection

Transgenic zebrafish carrying the wildtype PRDM16 as well as the truncation mutation
(K702*) were crossed with Tg(drl:GFP) fish. Adult zebrafish aged 6-12 months underwent
ventricular resection surgeries. Anesthesia was induced using 0.4% Tricaine, followed by
immobilization with the ventral side facing upwards in a slotted sponge. Surface scales
were delicately removed with watchmaker forceps, and an incision was made through the
skin, muscle, and pericardial sac. The ventricle was then gently pulled at the apex and cut
using iridectomy scissors [180], removing approximately 20% of the ventricle. Post-surgery,
fish were promptly returned to system water. Hearts were extracted as described in section

3.7.1 and fixed for further analysis at designated time points.

3.10.1 Histochemical stainings

All hematoxylin-eosin stainings and Masson-Goldner staining for regeneration model were
performed in collaboration with Prof. Dr. Wolfram Klapper at the Hematopathology
institute in Kiel. Formalin-fixed tissue underwent tissue processing and then was embedded
in paraffin (wax) to create a FFPE block. The paraffin blocks were cut using a microtome
to generate thin sections (7um) of tissue embedded in paraffin for H&E staining staining
and Masson-Goldner staining. In H&E staining, hematoxylin stains cell nuclei a purplish
blue, while eosin stains the extracellular matrix and cytoplasm pink. For Masson-Goldner
staining, Weigert’s iron hematoxylin was used to visualize nuclei, and azophloxin and

orange G solutions were employed to visualize muscles, cytoplasm, and erythrocytes.
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In Masson-Goldner staining, connective tissue is counter-stained with light green SF

solution.

3.11 Electron microscopy

To analyze the structure of transgenic CAPZp and PRDM16 hearts, electron microscopy
was employed. Adult hearts from CAPZB and PRDM16 zebrafish were extracted in cold
PBS and fixed in 4% glutaraldehyde. After primary fixation with glutaraldehyde, the
samples were washed three times with CaCo buffer for 10 minutes each. For secondary
fixation, 1% OsO4 was used, and the samples were incubated for 1 hour at room tem-
perature. Following this, the samples were washed for 10 minutes each with CaCo buffer
and 50% ethanol, and then kept in 70% ethanol at +4°C overnight. After incubation, the
samples were sequentially washed with 90% and 100% ethanol for 10 minutes each. LR
White resin was used as the embedding medium. Gelatin capsules were filled with the
embedding medium, and the samples were placed inside the capsules. The curing process
was conducted at 60°C for 24 to 48 hours. The sample preparation and imaging were
performed in collaboration with Prof. Dr. Ralph Lucius at the Anatomy Institut at CAU
in Kiel.

3.12 RNA sequencing

3.12.1 lIsolation of RNA

The tolal RNA extraction from zebrafish embryos at 48 hpf ans 72 hpf was described in
subsection 3.2.2. To ensure that the RNA was of sufficient quality to generate a sequencing
library, the RNA quality was assessed using the Agilent 2100 Bioanalyzer System with the
associated Agilent RNA 6000 Nano Kit.
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3.12.2 Library Preparation and sequencing

For the total RNA sequencing experiments, the TruSeq Stranded Total RNA kit and
sequencing reaction (NovaSeq 6000) were utilized. These procedures were performed by
Dr. rer. nat. Séren Franzenburg at the Institute of Clinical Molecular Biology (IKMB) in
Kiel, following the provision of extracted total RNA (RIN > 8) from the samples.

3.12.3 Data analysis

The RNA-Seq data analysis pipeline encompasses multiple steps, beginning with the
pre-processing of FASTQ-format files containing RNA reads from a Next-Generation
Sequencing (NGS) platform. These reads are then aligned to an annotated reference

genome, followed by the quantification of gene expression.

Pre-processing (e.g. read QC and UMI extraction), alignment (against reference danRer10)
and transcript quantification was performed using the nf-core/rnaseq (Ref: https://zenodo.
org/records/10471647) pipeline (version 3.5).

Upon alignment, reads are assembled into complete transcripts. This assembly can be
guided by pre-existing reference transcript annotations or conducted de novo, without
prior information. Subsequently, gene expression is quantified by tallying the number
of reads aligned to each exon or the entire transcript, reflecting the expression level of
each gene. DESeq2 (v1.34.0, PMID:25516281), a widely used tool, was employed for
preprocessing the count data and conducting differential expression analysis. The initial
step involved importing raw count data from the experiment, followed by a comprehensive
quality assessment to ensure data integrity. This assessment included examining the
mean-variance relationship of counts, performing principal component analysis (PCA),
and evaluating sample-to-sample distances. To address variations in library size and
sequencing depth across samples, DESeq2 performed normalization, adjusting raw counts
to ensure comparability between samples. Additionally, genes with low read counts were
filtered out to minimize noise in downstream analyses. These steps were conducted follow-
ing the guidelines and procedures outlined in the DESeq2 documentation DESeq2 Reference
(https://www.bioconductor.org/packages/release/bioc/vignettes/ DESeq2 /inst /doc/DESeq-
2). Following data preprocessing and QC, DESeq2 conducted a differential expression
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analysis to identify genes showing significant expression changes between experimental
conditions. Statistical tests such as the Wald test or likelihood ratio test were employed,
and p-values were adjusted using methods like the Benjamini-Hochberg procedure to
control the false discovery rate (FDR). Visualization of the results was facilitated through
volcano plots, which were generated for both homozygous and heterozygous conditions at
48 and 72 hpf. These plots aided in the interpretation of differential expression patterns
by providing a graphical representation of fold change versus statistical significance for
each gene. The data processing and bioinformatic analysis were conducted by Dr. rer. nat.

Enrique Audain Martinez using the DESeq2 package.

3.12.4 Enriched Pathways

After differential gene expression analysis was conducted using DESeq2, the biological
significance of the differentially expressed genes was further explored through Gene
Ontology (GO) enrichment analysis using the Enrichr tool (PMID:27141961). This analysis
identified the biological pathways, molecular functions, and cellular components associated
with the differentially expressed genes, providing insights into the potential mechanisms
underlying the observed gene expression changes. The gene lists generated from DESeq2
analysis, comprising genes with altered expression levels between experimental conditions,
were used as input for the Enrichr tool. The results obtained from the enrichment analysis
was filted further to decrease potential false associations. Specifically, the enriched gene
sets were filtered by overlay, retaining only those gene sets that were enriched in more
than three databases or resources. Additionally, a stringent significance threshold was
applied by selecting gene sets with adjusted p-values below 0.03. Subsequently, the filtered
and refined gene sets were utilized to generate bar graphs using the Prism Pad tool. This
visualization approach allows for the clear representation of enriched pathways or functions,

thereby aiding in the interpretation of the enrichment analysis results.

3.13 Imaging techniques

In vivo observations were made and documented using Nikon SMZ25. Laser scanning

confocal data were acquired using Zeiss CLSM. Light microscopic analyses were performed
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using Keyence Biorevo BZ-9000.

3.14 Statistical analysis

Statistical analysis was performed using GraphPad Prism 10 (section 2.10). No random-
ization or tests for outliers were conducted. A normal distribution test was conducted
as part of the statistical analysis. In cases where the data did not adhere to a normal
distribution, a Kruskal-Wallis test was employed (4.1.4). For datasets conforming to a
normal distribution, the one-way analysis of variance (ANOVA) was employed to ascertain
if statistically significant differences exist among the means of three or more independent
groups. Nonetheless, ANOVA alone does not provide information on which specific groups
exhibit significant differences from each other. Consequently, Dunnett’s post hoc test
is applied to assess the statistical significance when comparing two sets of data to the
Wildtype control group. This additional analysis helps identify specific groups that differ
significantly from the control. Results are described as means + standard deviation
(s.d.). In the figures and corresponding legends, a capitalized N represents the number of

independent biological experiments(N = Replicate). n = sample size.
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Results

4.1 Characterization of PRDM16 point mutations in
individuals with Arrhythmogenic Right Ventricular
Cardiomyopathy

In the preliminary investigation, four missense variants within the PRDM16 gene, leading to
non-synonymous amino acid changes, were identified in individuals with Arrhythmogenic
Right Ventricular Cardiomyopathy (ARVC). These variants are labeled as PRDM16
(c.776C>T |p.A259V]), located in the DNA-binding domain; the second one as (¢.1882G>A
[p.D628N]); the third as (¢.2666C>T [p.P889L]), positioned in the repressor domain; and
the final substitution of PRDM16 as (c.73176C>T |p.S1059L]), located in the acidic
domain.

Zebrafish disease models were established to assess the pathogenicity of ARVC variants.
Figure 4.1 illustrates the human PRDM16 protein, highlighting its respective domains and

the four identified non-synonymous amino acid changes observed in ARVC patients.
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Figure 4.1: Schematic representation of the human PRDM16 protein with corresponding domains
and the four identified non-synonymous amino acid changes in patients with ARVC
[139].

4.1.1 Generation of transgenic zebrafish models for identified
PRDM16 variants in ARVC patients

To assess the functional consequences of newly identified variants in the PRDM16 gene and
identify those potentially associated with disease, humanized transgenic zebrafish models
were engineered. In these models, individual variants of PRDM16 were overexpressed in
cardiomyocytes, under the regulation of the tissue-specific promoter myl7.

The process began by mutagenizing the wildtype PRDM16 DNA sequence using site-
directed mutagenesis for all four variants. Subsequently, these variants were cloned into
the middle entry vector of the Gateway system and Tol2-based transgenesis was utilized
to generate the transgenic zebrafish models. A two-step selection process was employed to
identify the FO transgene carriers. Initially, a selection marker, cryaa: YFP, was utilized
to identify embryos expressing YFP in the lens, as cryaa is exclusively expressed in their
eye lens starting from 36 hpf. In the second step, the expression of human variants in the
YFP-positive embryos was verified through PCR using specific primers designed to bind
to the human PRDM16 DNA sequence.

The non-mutated wildtype PRDM16 fish served as a control, enabling a comparison of
the effects of its overexpression with the effects of the overexpression of the variants.
Subsequently, DNA extracted from the YFP-positive fish served as a template for PCR. In

this analysis, the PRDM16 plasmid was used as a positive control, while water served as
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the negative control. The results presented in figure 4.2 revealed amplified PCR products,
measuring 580 bp, confirming the presence of human constructs within the zebrafish

genome.

1,000 bp — ke

500 bp— — — — — s s

PRDM16 WT A259V D628N P889L $1059L +

Figure 4.2: Agarose gel electrophoresis (1,5% agarose). PCR was performed by using human
specific primers to detect the human constructs in zebrafish genome. lane 6 positive
control (lane 1-5 ) PCR amplified products by using human specific primers. The
expected size is 580 bp. The sizes of molecular weight standard (Lane M) is shown
on the left (100 bp)

Following the PCR, Sanger sequencing was conducted to validate each of the substitutions.
Figure 4.3 displays the alignment of sequencing results with PRDM16 W'T to verify each
substitution.

The initial alignment reveals the substitution of PRDM16 (c.776C>T [p.A259V]), the
second alignment features (¢.1882G>A [p.D628N]), the third alignment shows (¢.2666C>T
[p.P88IL|), and the last alignment demonstrates the substitution of PRDM16 (c.73176C>T
[p-S1059L]). The positive embryos were raised to adulthood. Adult fish of the FO generation
were then outcrossed with wildtype or Tg(myl7:EGFP) zebrafish, and the resulting embryos
were screened for YFP in the eyes and GFP in the heart if applicable. Genomic DNA
was extracted from these embryos, and the confirmation of a PCR product from human
PRDM16 was utilized to identify founder fish with the integration of the transgene in
the germline. Subsequently, founder fish were once again outcrossed with wildtype or
Tg(myl7:EGFP) fish and screened for GFP in the heart if applicable to establish a stable

F1 generation. The generated zebrafish transgenic lines are listed in subsection 3.4.2.
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Figure 4.3: The alignment of the PRDM16 variant with PRDM16 WT was conducted. The
sequencing results reveal the presence of the identified substitutions in PRDM]16,
which were previously identified in patients with Arrhythmogenic Right Ventric-
ular Cardiomyopathy (ARVC). The initial alignment displays the substitution
of PRDM16(c.776C>T [p.A259V]), the second alignment features (c.1882G>A
[p-D628N]), the third alignment shows (c¢.2666C>T [p.P889L]), and the last align-
ment demonstrates the substitution of PRDM16 (¢.73176C>T [p.S1059L]).

4.1.2 Phenotypic and morphological characterization of the
PRDM16 disease models

The stable F1 generation comprised four ARVC transgenic zebrafish models: Tg(myl7:
GFP;myl7:PRDM16-A259V), Tg(myl7:GFP;myl7:PRDM16-D628N), Tq(myl7:GFP;myl7:
PRDM16-P889L), and Tq(myl7:GFP;myl7: PRDM16-S1059L).

These models were specifically chosen for phenotypic studies, including the examination
of cardiac morphology and cardiac output, to elucidate the impact of PRDM16 variant
overexpression on the embryonic heart. The transgenic lines Tg(myl7:GFP;myl7:PRDM16
WT) and Tg(myl7:EGFP) served as control groups.
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Effects of PRDM16 variants on cardiac morphology

To evaluate the effects of overexpressing PRDM16 variants and PRDM16 W'T on the
embryonic heart, live transgenic zebrafish lines were imaged at 48 and 72 hpf using a
fluorescence microscope with a single-frame exposure time (Figure 4.4 and 4.5). This
imaging allowed for the visualization of the ventricles (V) and atria (A) through the
GFP signal. The displayed images depict the typical features observed in the majority
of individuals within their respective transgenic progeny. However, it is important to
acknowledge that certain individual hearts displayed structural variations from the averaged

observed phenotype.

100 pm 100 um 100 um

100 pm 100 pm 100 pm

Figure 4.4: Cardiac morphology of PRDM16 variants, PRDM16 WT, and Tg(myl7:GFP) at
48 hpf. Images of all generated PRDM16 transgenic models were captured us-
g a fluorescence microscope with a single-frame exposure time. The ventricles
(V) and atria (A) are clearly visible through the GFP signal.(A) visualization
of the embryonic Tg(myl7:GFP). (B) Tg(myl7:GFP; myl7:PRDM16 WT). (C)
Tg(myl7:GFP;myl7:PRDM16-A259V). (D) Tq(myl7:GFP;myl7:PRDM16-D628N).
(E) Tg(myl7:GFP;myl7:PRDM16-P889L). (F) Tg(myl7:GFP;myl7:PRDM16-
S1059L). The ventricle size in transgenic fish lines Tg(myl7:GFP;myl7: PRDM16-
A259V) and Tg(myl7:GFP;myl7:PRDM16-P889L) is noticeably smaller compared
to the wildtype. Scale bar = 100 um.
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It is worth highlighting that at 48 hpf, there is a noticeable reduction in ventricle size
in the transgenic fish lines Tq(myl7:GFP;myl7:PRDM16-A259V) and Tq(myl7:GFP;
myl7:PRDM16-P889L) compared to the control. This abnormality was also evident in the
cardiac output measurements in both (C, E) of these lines (section Effects of PRDM16

variants on cardiac function).

Interestingly, at 72 hpf, the ventricles of the embryos with Tg(myl7:GFP; myl7:PRDM16-
D628N) appeared smaller compared to the wildtype, although the cardiac output remained
unaffected. Comparing the ventricles of the other embryos at 72 hpf, no discernible
distinctions were noted between those with PRDM16 variants, PRDM16 W'T, and the

control.

100 ym

Figure 4.5: Cardiac morphology of PRDM16 wvariants, PRDM16 WT, and myl7:GFP
at 72 hpf. Images of all all generated of PRDMI16 transgenic mod-
els were captured using a fluorescence microscope with a single-frame expo-
sure time.  The wventricles (V) and atria (A) are clearly visible through
the GFP signal.  (A) wvisualization of the embryonic Tg(myl7:GFP). (B)
Tg(myl7:GEP;myl7:PRDM16 WT). (C) Tg(myl7:GFP; myl7:PRDM16-A259V). (D)
Tq(myl7:GFP;myl7:PRDM16-D628N). (E) Tg(myl7:GFP;myl7: PRDM16-P88IL). (F')
Tg(myl7:GFP;myl7:PRDM16-S1059L). Scale bar = 100 pm.



4 Results 74

Effects of PRDM16 variants on cardiac function

The evaluation of cardiac function in 48 hpf and 72 hpf zebrafish embryos of the F1
generation as despite in figure 4.6, was conducted in vivo utilizing fluorescent microscopy
and high-speed imaging. A previously established algorithm (3.5) was employed to assess
cardiac output, heart rate, and stroke volume.

The impact of PRDM16 variants and PRDM16 W'T on heart rate at 48 hpf did not
yield statistically significant differences among the groups. Control hearts exhibited an
average heart rate of 144.04 bpm (£17.01 bpm), while hearts overexpressing PRDM16
WT and the respective variants (PRDM16-A259V, PRDM16-D628N, PRDM16-P889L,
and PRDM16-S1059L) showed averages of 149.33 bpm (£11.55 bpm), 139.56 bpm (£15.55
bpm), 152.73 bpm (£10.53 bpm), 147.51 bpm (£27.23 bpm), and 139.17 bpm (417.32
bpm), respectively (Figure 4.6) .

In terms of stroke volume, control hearts had an average of 46.9%10* um3 (44.7*10*
pum?). Hearts overexpressing PRDM16 WT and the respective variants (PRDM16-A259V,
PRDM16-D628N, PRDM16-P889L, and PRDM16-S1059L) showed averages of 47.3*10*
pm? (£17.6%10* pm?), 37.1%10* pm3 (£11.9%10* um?), 46.9¥10% um? (£14.3*¥10* pm?),
33.9%10% pm3 (£16.1¥10% pm3) and 44.1%¥10* pm? (£10.4*¥10* um?), respectively. However,
the analysis revealed a notable reduction in stroke volume in PRDM16-A259V and
PRDM16-P889L variants compared to the Tg(myl7:GFP) group, while the other variants
and PRDM16 W'T did not exhibit statistically significant differences.

Furthermore, overexpression of PRDM16-A259V variants and PRDM16-P889L resulted in
a significant decrease in cardiac output at 48 hpf compared to the Tg(myl7:GFP) control.
Control hearts had an average cardiac output of 66.74 nl\min (+6.44 nl\min), while hearts
overexpressing PRDM16 WT and the respective variants showed averages of 70.43 nl\min
(£25.70 nl\min), 52.15 nl\min (+17.58 nl\min), 71.71 nl\min (£23.34 nl\min), 51.77
nl\min (£26.86 nl\min), and 61.08 nl\min (£15.14 nl\min), respectively.
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(C) Cardiac output 48 hpf
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Figure 4.6: Cardiac function was assessed in the context of PRDMI16 wvariants, Tg
myl7:GEP;myl7:PRDM16-WT), and Tg(myl7:GFP) at 48 period (A) The impact of
PRDM16 variants and PRDM16 WT on heart rate showed no statistically significant
differences between the groups. (B) Analysis of stroke volume revealed a significant
reduction in stroke volume in PRDM16-A259V and PRDM16-P889L variants com-
pared to the control group. Conversely, the other two variants and PRDM16 WT
exhibited no statistically significant differences in comparison to the control group.
(C) Owverexpression of PRDM16-A259V and PRDM16-P889L resulted in a signifi-
cant reduction in CO compared to transgenic Tq(myl7:GFP). However, there were
no statistically significant differences in CO between the transgenic Tg(myl7:GFP)
group and the Tg(myl7:GEFP;myl7:PRDM16 WT, Tg(myl7:GFP);myl7:PRDM16-
D628N, and Tg(myl7:GFP);myl7: PRDM16-S1059L groups. Error bars represent
the standard deviation (SD), and asterisks indicate statistical significance at * p>
0.05 and ** p> 0.01. Statistical analysis was conducted one-way ANOVA with
Dunnett’s post-test with comparison to control group Tg(myl7:GFP) (GraphPad
Prism version 10.0). n = 45 WT, n = 21 PRDM16 WT, n = 19 PRDM16-A259V,
n = 13 PRDM16-D628N, n = 16 PRDM16-P889L, n = 10 PRDM16-S1059L. N =
3.
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(A) Heart rate 72 hpf (B) Stroke volume 72 hpf
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(C) Cardiac output 72 hpf
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Figure 4.7: Cardiac output (CO) was evaluated in PRDM16 variants, PRDM16 WT, and
Tg(myl7:GFP) at 72 period. (A) The overexpression of PRDM16-P889L variant and
PRDM16 WT resulted in a significant increase in heart rate compared to transgenic
Tg(myl7:GFP). (B) The influence of PRDM16 variants and PRDM16 WT in stroke
volume did not reveal any statistically significant differences between the groups.
(C) Cardiac output (CO) exhibited no statistically significant differences between
the groups when compared to the Tq(myl7:GFP). Error bars represent the standard
deviation (SD), and asterisks indicate statistical significance at * p> 0.05 and **
p> 0.01. Statistical analysis was conducted using one-way ANOVA with Dunnett’s
post-test with comparison to control group Tg(myl7:GFP) (GraphPad Prism version
10.0). n = 83 WT, n = 11 PRDM16 WT, n = 15 PRDM16-A259V, n = 13
PRDM16-D628N, n = 12 PRDM16-P889L, n = 9 PRDM16-S1059L. N = 3.

At 72 hpf, the overexpression of the PRDM16 P889L variant and PRDM16 WT led to a
significant increase in heart rate compared to the transgenic Tg(myl7:GFP) control.
Control hearts exhibited an average heart rate of 140.31 bpm (40.30 bpm), while hearts
overexpressing PRDM16 WT and the respective variants (PRDM16-A259V, PRDM16-
D628N, PRDM16-P889L, and PRDM16-S1059L) showed averages of 171.21 bpm (412.46
bpm), 132.72 bpm (£9.94 bpm), 140.12 bpm (+12.11 bpm), 152.24 bpm (£+14.51 bpm),
and 147.27 bpm (£15.89 bpm), respectively.
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Regarding stroke volume, control hearts had an average of 41.2*10* pum?® (+4.1*10*
um?). Hearts overexpressing PRDM16 WT and the respective variants (PRDM16-A259V,
PRDM16-D628N, PRDM16-P889L, and PRDM16-S1059L) showed averages of 35.5*10*
pm? (£11.9%10* pm?), 35.4%¥10% pm? (£10.9%10* um?), 34.3%10* pm? (£7.1¥10* pum?),
31.8%10% pum? (£8.2*¥10* pum?), and 45.8%10% um? (£16.7%10* um?), respectively.

The examination of the influence of PRDM16 variants and PRDM16 WT on stroke volume
did not reveal any statistically significant distinctions across the groups. However, it is
important to note that there were no statistically significant differences in cardiac output
among the PRDM16 variants, PRDM16 W'T, and control groups at 72 hpf. Control hearts
had an average cardiac output of 57.29 nl\min (£6.33 nl\min), while hearts overexpressing
PRDM16 WT and the respective variants showed averages of 60.55 nl\min (£22.04 nl\min),
47.16 nl\min (£14.75 nl\min), 47.90 nl\min (£9.24 nl\min), 48.32 nl\min (+12.86 nl\min),
and 66.71 nl\min (£23.54 nl\min), respectively. Figure 4.7 illustrates the measurements
obtained at 72 hpf.

Effects of PRDM16 variants on cell number in developing hearts

The analysis of proliferation and apoptosis patterns revealed that, while the PRDM16
variants do not appear to influence apoptosis significantly, specific variants such as
Tq(myl7:GFP;myl7: PRDM16-P889L) and Tg(myl7:GEFP; myl7:PRDM16-51059L) exhibit
a noticeable reduction in proliferation by 96 hpf. To gain a deeper understanding of these
effects, a semiautomated cell counting technique was employed to examine the impact of
PRDM16 variants, PRDM16 WT on the total cardiac cell number, and Tg(myl7:GFP)
(as the control group) at three distinct time points: 48, 72, and 96 hpf (Figure 4.8). At
48 hpf, no significant differences were observed in total cell number. The average cell
number in control hearts was 214.5 (£65.83). In hearts overexpressing PRDM16 WT
and the respective variants (PRDM16-A259V, PRDM16-D628N, PRDM16-P889L, and
PRDM16-S1059L), the averages were 229.4 (£30.27), 211.57 (£38.01), 177 (£30.95), 187.83
(£55.02), and 214.16 (£43.52), respectively. However, at 72 hpf, a significant decrease in
the total number of cardiac cells was observed in Tg(myl7:GFP;myl7:PRDM16-D628N)
and Tg(myl7:GFP;myl7: PRDM16-P889L) compared to WT controls. Interestingly, these
two variants exhibited a mild increase in cell proliferation at 72 hpf, although it was not
statistically significant. The cell number in control hearts was 381.5 (£89.31). In hearts
overexpressing PRDM16 WT and the respective variants (PRDM16-A259V, PRDM16-
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D628N, PRDM16-P889L, and PRDM16-S1059L), the averages were 320 (£77.17), 282
(£37.81), 202.66 (£18.17), 207.42 (£20.83), and 325.16 (+£47.28), respectively. Notably,
no significant decreases were observed at 96 hpf. The average cell number in control
hearts was 404.66 (+£100.06). In hearts overexpressing PRDM16 WT and the respective
variants (PRDM16-A259V, PRDM16-D628N, PRDM16-P889L, and PRDM16-S1059L),
the averages were 360.8 (+63.82), 276.33 (+50.54), 281.33 (£99.31), 335.66 (£87.43),
and 273.33 (£47.68), respectively. Despite the decreased cell proliferation in variants
Tg(myl7:GFP;myl7:PRDM16-P889L) and Tg(myl7:GFP; myl7:PRDM16-S1059L) at 96

hpf, the total cell number remained unaffected.
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Figure 4.8: Analysis of effect of PRDM16 variants on cell number. A semiautomated cell count-
ing method was employed to assess the influence of PRDM16 variants and PRDM16
WT at three time points: 48, 72, and 96 hpf.(A) At 48 hpf, there were no observable
differences between the groups. (B) A significant reduction was evident at 72 hpf when
comparing Tq(myl7:GFP;myl7: PRDM16-D628N) and Tg(myl7:GFP;myl7:PRDM16-
P88IL) to the Wildtype (C)At 96 hpf, there were no significant decreases observed
when compared to the wildtype control. Error bars represent the standard deviation
(SD), and asterisks indicate statistical significance at * p> 0.05. Statistical analysis
was conducted using one-way ANOVA with Dunnett’s post-test (GraphPad Prism
version 10.0). n = 5, N = 3.
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Analysis of the cell proliferation state in the PRDM16 variants

To assess the impact of the four PRDM16 variant transgenic zebrafish models, including
PRDM16 WT, on cell proliferation, EAU staining of isolated hearts was conducted at
different time points, specifically at 48 hpf, 72 hpf, and 96 hpf (Figures 4.9, 4.10 and 4.11).
Subsequently, 5 to 7 embryos were collected for each PRDM16 variant and PRDM16 WT.
Control group embryos consisted of Tg(myl7:GFP) embryos (lacking YFP expression).
The analysis was conducted using DAPI, which served as a nuclear label and marker for
the total cell count. GFP was employed as a specific marker for cardiomyocytes, while
EdU staining facilitated the identification of proliferating cells undergoing mitosis across
all three time points. Proliferation rate was calculated as number of EAU positive cells
over number of all DAPI-labeled cells.

As depicted in Figure 4.9, at 48 hpf, there were no significant differences in total cell
number and rates of cellular proliferation between the groups. The average percentage
of proliferating cells in control hearts was 12.98% (£7.85%). In hearts overexpressing
PRDM16 WT and the respective variants (PRDM16-A259V, PRDM16-D628N, PRDM16-
P889L, and PRDM16-S1059L), the percentages were 12.47% (£1.21%), 15.23% (£2.83%),
16.39% (£3.91%), 17.42% (£+2.39%), and 15.43% (£0.03%), as despite in figure 4.12,
respectively. However, at 72 hpf, there was also no significant difference observed between
the PRDM16 variants, PRDM16 WT, and Tg(myl7:GFP). The average percentage of
proliferating cells in control hearts was 11.87% (£3.91%). In hearts overexpressing
PRDM16 WT and the respective variants (PRDM16-A259V, PRDM16-D628N, PRDM16-
P889L, and PRDM16-S1059L), the percentages were 14.46% (£3.20%), 11.27% (+4.04%),
17.85% (£6.08%), 14.95% (£10.08%), and 10.06% (£0.02%) as despite in figure 4.12,
respectively. The significant reduction in proliferation was observed only at 96 hpf
(Figure 4.11) between the two transgenic groups, Tg(myl7:GFP;myl7:PRDM16-P889L)
and Tg(myl7:GFP; myl7:PRDM16-S1059L ), when compared to Tg(myl7:GFP). The other
PRDM16 variants and PRDM16 WT did not exhibit a significant reduction in cardiac cell
proliferation. The average percentage of proliferating cells in control hearts was 15.59%
(£3.72%). In hearts overexpressing PRDM16 WT and the respective variants (PRDM16-
A259V, PRDM16-D628N, PRDM16-P889L, and PRDM16-S1059L), the percentages were
11.62% (£5.28%), 12.81% (4+4.43%), 21.34% (£9.95%), 6.06% (£2.90%), and 8.11%
(£0.03%), respectively. The other PRDM16 variants and PRDM16 WT did not exhibit a

significant reduction in cardiac cell proliferation (Figure 4.12).
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Figure 4.9: Representative confocal images of 0.5 uM Z-projections of hearts expressing GFP,
PRDM16 WT and respective PRDM16 variants. To visualize cell proliferation, the
dissected hearts were stained with EdU at 48 hpf. Nuclei were stained with DAPI
(in blue), Cardiomyocytes, expressing GFP under the myl7 promoter, were stained
with an anti-GFP antibody as a booster. Dividing cells undergoing mitosis were
marked by EdU staining (in red). In the hearts of PRDM16 variants and PRDM16
WT, there was no significant reduction in the total cell number and rates of cellular
proliferation at 48 hpf compared to the control group. Scale bar = 50 ym. A =
atrium, V = ventricle
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Figure 4.10: Representative confocal images of 0.5 uM Z-projections of hearts expressing GFP,
PRDM16 WT and respective PRDM16 variants. To visualize cell proliferation,
the dissected hearts were stained with EdU at 72 hpf. Nuclei were stained with
DAPI (in blue), Cardiomyocytes, expressing GFP under the myl7 promotor, were
stained with an anti-GFP antibody as a booster. Dividing cells undergoing mitosis
were marked by EdU staining (in red). In the hearts of PRDM16 variants and
PRDM16 WT, there was no observable reduction in the total cell number and rates
of cellular proliferation at 72 hpf compared to the control group. Scale bar = 50
um. A = atrium, V = ventricle
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Figure 4.11: Representative confocal images of 0.5 uM Z-projections of hearts expressing GFP,
PRDM16 WT and respective PRDM16 variants. To visualize cell proliferation, the
dissected hearts were stained with EdU at 96 hpf. Nuclei were stained with DAPI
(in blue), Cardiomyocytes, expressing GFP under the myl7 promoter, were stained
with an anti-GEFP antibody as a booster. Dividing cells undergoing mitosis were
marked by EdU staining (in red). The reduction in proliferating cardiac cells is
evident in the two transgenic lines, Tg(myl7:GFP;myl7:PRDM16-P889L) and Tg
(myl7:GFP;myl7:PRDM16-S1059L), compared to Tg(myl7:GFP) (red channel). A

= atrium, V = ventricle. Scale bar = 50 pm
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Figure 4.12: Quantification of cell proliferation at different time points. At 48 hpf, there were no
significant differences in total cell number and rates of cellular proliferation between

the groups. n = 5, N = 8. Similarly, at 72 hpf, no statistically significant differences
were observed between the PRDM16 variants and PRDM16-WT when compared to
TG(myl7:GFP), which served as the control. However, a significant reduction in

cardiac cell proliferation was noted in TTg(myl7:GFP;myl7:PRDM16-P889L) and
Tg (myl7:GEP;myl7:PRDM16-S1059L) when compared to Tg(myl7:GFP) at 96 hpf.
Error bars represent the standard deviation (SD), and asterisks indicate statistical
significance at * p> 0.05 and ** p> 0.01. Statistical analysis was conducted

using one-way ANOVA with Dunnett’s post-test to control group Tg(myl7:GFP)
(GraphPad Prism version 10.0).

Analysis of cell death state in the PRDM16 variants

In the following, the four ARVC transgenic zebrafish models, as well as PRDM16 WT,
were examined for apoptosis. Apoptosis was quantified using the Click-iT TUNEL assay
at various time points (48, 72, 96 hpf). Briefly, the F1 generation from each variant
and PRDM16 WT was outcrossed with Tg(myl7:GFP). The embryos underwent initial
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screening for YFP expression in the eye lens, which serves as a selection marker for the
overexpression of PRDM16 variants and PRDM16 WT. Additionally, GFP expression
was used as a marker for cardiomyocytes. 5 to 7 embryos positive for both, GFP in
the cardiomyocytes and YFP in the eye lens, were selected for each PRDM1I16 variant
and PRDM16 WT. The control group consisted of Tg(myl7:GFP) embryos. For the
TUNEL evaluation, only atrial and ventricular cardiac cells were considered. The analysis
utilized DAPI as a nuclear label and marker for the total cell count. GFP served as a
specific marker for cardiomyocytes, and TUNEL staining facilitated the identification of
apoptotic cells across all three time points. Apoptosis rate was calculated as number of
TUNEL positive cells over number of all DAPI-labeled cells (Figures 4.13 to 4.15). As
illustrated in Figure 4.16, at 48 hpf, there were no significant differences in total cell
number and rates of cellular apoptosis between the groups. The average percentage of
apoptotic cells in control hearts was 0.17% (40.28%). In hearts overexpressing PRDM16
WT and the respective variants (PRDM16-A259V, PRDM16-D628N, PRDM16-P889L,
and PRDM16-S1059L), the percentages were 1.52% (£3.11%), 0.56% (£0.70%), 1.10%
(£2.49%), 0.092% (£0.21%), and 0.91% (£2.08%), respectively.

At 72 hpf, there was no significant difference observed between the PRDMI16 variants,
PRDM16 WT, and Tg(myl7:GFP) (Figures 4.14 and 4.16). The average percentage of
apoptotic cells in control hearts was 0.16% (40.32%). In hearts overexpressing PRDM16-
WT and the respective variants (PRDM16-A259V, PRDM16-D628N, PRDM16-P889L),
the percentages were 0.52% (£1.15%), 0.51% (£0.63%), 0.20% (4-0.48%), 0.15% (£0.33%),
and no apoptotic cells in PRDM16-S1059L, respectively.

However, at 96 hpf, as depicted in Figures 4.14 and 4.15, no significant difference was
observed between the PRDM16 variants, PRDM16 WT, and Tg(myl7:GFP). The average
percentage of proliferating cells in control hearts was 0.08% (£0.20%). In hearts overex-
pressing PRDM16-WT and the respective variants (PRDM16-A259V, PRDM16-D628N,
and PRDM16-S1059L), the percentages were 0.05% (£0.12%), 0.96% (£+1.29%), 1.01%
(£1.68%), 0.78% (£0.87%), and no apoptotic cells were observed in PRDM16-P889L,

respectively.
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Figure 4.13: Representative confocal images of 0.5 uM Z-projections of hearts expressing GFP,
PRDMI16 WT and respective PRDM16 variants. To visualize apoptosis, the dis-
sected hearts were stained with TUNEL at 48 hpf. cell nuclei are counterstained
with DAPI (blue), TUNEL-positive cells (Red), which are visible only in bulbus
arteriosus (BA). Cardiomyocytes, expressing GEFP under the myl7 promoter, were
stained with an anti-GFP antibody as a booster (in green). A = atrium, V =
ventricle (Scale bar = 50 pym).
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: Representative confocal images of 0.5 uM Z-projections of hearts expressing GFP,

PRDM16 WT and respective PRDM16 variants. To visualize apoptosis, the dis-
sected hearts were stained with TUNEL at 48 hpf. cell nuclei are counterstained
with DAPI (blue), TUNEL-positive cells (Red), which are visible only in bulbus
arteriosus (BA). Cardiomyocytes, expressing GEFP under the myl7 promoter, were
stained with an anti-GFP antibody as a booster (in green). A = atrium, V =
ventricle (Scale bar = 50 pym).
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Figure 4.15: Representative confocal images of 0.5 uM Z-projections of hearts expressing GFP,
PRDM16 WT and respective PRDM16 variants. To visualize apoptosis, the dis-
sected hearts were stained with TUNEL at 48 hpf. Cell nuclei are counterstained
with DAPI (blue), TUNEL-positive cells (Red), which are visible only in bulbus
arteriosus (BA). Cardiomyocytes, expressing GEFP under the myl7 promoter, were
stained with an anti-GFP antibody as a booster (in green). A = atrium, V =
ventricle (Scale bar = 50 um).
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Figure 4.16: Quantification of cell death using TUNEL assay. Cell undergoing apoptosis are
represented as perentage of total number of heart cells. TUNEL staining was
performed at 48hpf, T2hpf and 96hpf on all PRDM16 variants, PRDM16-WT and
Tg(myl7:GFP) as control group. At all of time point , no statistically significant
differences were observed between the PRDM16 variants and PRDM16 WT when
compared to control using one-way ANOVA with Dunnett’s post-test (GraphPad
Prism version 10.0). n = 5, N = 3.

Effects of PRDM16 variants on gap junctional protein Connexin43

Connexin 43 is one of the first gap junctional proteins expressed in zebrafish heart

development. As alterations in gap junctional composition is one of the hallmarks of
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ARVC [197], the levels and localization of Cx43 in the PRDM16 models was examined. To
evaluate the influence of four PRDM16 ARVC models, in addition to wildtype PRDM16
and the identified truncation mutation (K702*) associated with non-syndromic LVNC and
DCM patients (refer to subsection 1.8.1), on gap junctions, a double immunofluorescence
(IF) analysis of Connexin 43 and Alcama (ZN-8) levels was performed in transgenic

zebrafish embryonic hearts (Figure 4.17).

Therefore, each PRDM16 variants and PRDM16 WT in the F1 generation were out crossed
with wildtype. The embryos were initially screened for YFP expression in the eye lens,
serving as a selection marker for the overexpression of PRDM16 variants and PRDM16
WT. At 72hpf, embryonic hearts were isolated, fixed, and subjected to staining with
anti-Connexin 43 antibody for the localization of Connexin 43, and Alcama visualize the
cardiomyocyte cell membranes, as shown in figure 4.17. Protein levels were quantified using
Image J. Notably, in the wildtype, Cx43 was predominantly located in the cell membrane,
whereas in PRDM16 WT and variants, it exhibited a more cytoplasmic distribution. In

the case of the truncation mutation (K702*), Cx43 expression appeared diminished.

The statistical analysis, depicted in Figure 4.18, revealed that at 72 hpf, no significant
differences were observed in Connexin 43 levels among the PRDM16 variants, wildtype
PRDM16, and the truncation mutation (K702*), compared to the wildtype control. The
average mean intensity in control hearts was 137.30 MESF (+54.74 MESF). In hearts
overexpressing PRDM16 WT and the respective variants (PRDM16-A259V, PRDM16-
D628N, PRDM16-P889L, and PRDM16-S1059L.), the percentages were 158.84 MESF
(£49.16 MESF), 142.81 MESF (£43.09 MESF), 198.60 MESF (+16.19 MESF), 191.70
MESF (£36.41 MESF), 165.24 MESF (+24.37 MESF), respectively. While not reaching
statistical significance, the truncated variant (K702*) exhibited a modest reduction in
Cnx43 levels 94.83 MESF (£34.50 MESF).
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Figure 4.17: Immunofluorescent staining of connexin 43 and Alcama, using anti-Alcam (zn8)
antibody in zebrafish embryonic heart. The double staining procedures were con-
ducted on isolated hearts from four different PRDM16 variants, along with wildtype
PRDM16 and the truncation mutation (K702%), all at the 72-hour post-fertilization
(hpf) stage. The wildtype embryonic heart served as the control in these experiments.
In the embryonic heart, ZN-8 staining was used to visualize the cardiomyocytes’
membranes of the ventricle (v), atrium (A), and bulbus arteriosus (BA) in green.
Additionally, Connexin 48 was localized on the cell membrane as well as in the
cytoplasm (red). DAPI was used to label cell nuclei (blue). (Scale bar = 50 ym,).
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Figure 4.18: Fluorescent Intensity measurement of Connexin 43. The analysis was conducted
using a z-projection approach, focusing on the maximum overall intensity for the
PRDM16 variants, wildtype PRDM16, and the truncation mutation (K702%) at
72 hpf. The analysis focused exclusively on the ventricle and atrium. There were
no statistically significant differences in Connexin 43 expression when comparing
the PRDM16 variants, PRDM16 WT and truncation mutation (K702%) to the
control. Error bars represent the standard deviation (SD). n = 5, N = 3 WT and
transgenic embryos each. Statistical analysis was conducted using one-way ANOVA
with Dunnett’s post-test multiple columns (GraphPad Prism version 10.0).

4.1.3 Metabolic profile analysis in PRDM16 disease models

Increased number of mitochondria and enrichment for glycogen granules were observed in
the adult PRDM16 truncation model (K702*) based on preliminary data. To evaluate the
impact of PRDM16 WT and ARVC variants overexpression on reactive oxygen species,
mitochondrial quantity, and mitochondrial superoxide levels in zebrafish embryonic hearts
at 48 hpf, flow cytometry was employed. For each PRDM16 variant and PRDM16 W'T,
20 to 30 embryos were collected.

The control group comprised Tg(myl7:GFP) embryos lacking YFP expression, which
were dissociated into single cells. The analysis employed a ROS-sensitive fluorescent
probe for identifying cells affected by oxidative stress, Mitotracker Deep Red FM dye
for visualizing mitochondrial quantity, and MitoSOX Red for detecting mitochondrial

superoxide. GFP was utilized as a specific marker for cardiomyocytes. The outcomes of
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flow cytometry assessments for mitochondrial quantity, mitochondrial superoxide, and

superoxide in cardiomyocytes are depicted in Figures 4.19 to 4.23.
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Figure 4.19: Fluorescence-activated cell sorting (FACS) analysis was conducted to assess mito-
chondrial quantity in four ARVC variants and PRDM16 WT, with Tg(myl7:GFP)
serving as the control. Cell sorting was performed based on GFP signal for car-
diomyocytes and red fluorescent protein (REP) signal for mitochondria detection.

4.1.4 The impact of PRDM16 variants on mitochondrial quantity

in cardiomyocytes

Mitochondrial quantity analysis involved quantifying the mean fluorescence intensity within
the Mitotracker Deep Red FM channel specifically within the GFP+ population, which
served as the cardiomyocyte marker. Statistical analysis, as presented in Figure 4.20,
indicated that at 48 hpf, no significant differences in mitochondrial quantity were observed
among the PRDM16 variants and PRDM16 W'T compared to the control group. The
Kruskal-Wallis Test was employed for the statistical analysis. The average mean intensity
in control hearts was 1892 MESF (£1892.47 MESF). In hearts overexpressing PRDM16
WT and the respective variants (PRDM16-A259V, PRDM16-D628N, PRDM16-P889L,
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PRDM16-S1059L, and K702*), the percentages were 2924 MESF (£1568.70 MESF), 4852
MESF (£1466.50 MESF), 2934 MESF (+£964.23 MESF), 1237 MESF (+633.36 MESF),
2664 MESF (£875.33 MESF), and 449 MESF (£116.41 MESF), respectively.
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: Analysis of effect of PRDM16 variants on mitochondrial quantity. There were
no statistically significant differences in mitochondrial quantity when comparing
the PRDM16 variants and PRDM16 W'T to the control. Error bars represent the

standard deviation (SD). n = 20, N = 3. Kruskal-Wallis Test. (GraphPad Prism
version 10.0).

4.1.5 Quantification of reactive oxygen species (ROS) levels in
PRDM16 variants

Figure 4.21 illustrates the results of flow cytometry measurements, where cells were sorted
based on GFP signal for cardiomyocytes and red fluorescent protein (RFP) signal for
ROS detection. The quantification of ROS levels relied on the mean fluorescence intensity

of the CellROX channel within the GFP+ population, serving as the cardiomyocyte
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marker. Statistical analysis, as displayed in figure 4.22, showed that at 48 hpf, there
were no significant differences in ROS levels among the PRDM16 variants and PRDM16
WT compared to the control group. The average mean intensity in control hearts was
709 MESF (£188.07 MESF). In hearts overexpressing PRDM16 WT and the respective
variants (PRDM16-A259V, PRDM16-D628N, PRDM16-P889L, and PRDM16-S1059L),
the percentages were 667.66 MESF (4+305.13 MESF), 556.33 MESF (4242.06 MESF),
655.66 MESF (£96.86 MESF), 752 MESF (4+209.01 MESF), 711.66 MESF (+196.75
MESF), respectively.
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Figure 4.21: Fluorescence-activated cell sorting (FACS) analysis was conducted to assess reactive
ozygen species levels in four ARVC variants and PRDM16 WT, with Tg(myl7:GFP)

serving as the control. Cell sorting was performed based on GFP signal for
cardiomyocytes and red fluorescent protein (RFP) signal for ROS detection.
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Figure 4.22: Analysis of effect of PRDM16 variants on ROS levels in four ARVC variants
and PRDM16 WT, with Tg(myl7:GFP) serving as the control. There were no
statistically significant differences in ROS level when comparing the PRDM16
variants and PRDM16 WT to the control. Error bars represent the standard
deviation (SD). n = 20, N = 3. Statistical analysis was conducted using one-way
ANOVA one-way ANOVA with Dunnett’s post-test (GraphPad Prism version 10.0).

4.1.6 Analysis of effect of PRDM16 variants on superoxide levels

Further analysis of the mitochondrial superoxide levels (Figure 4.23) and subsequent
statistical analysis (Figure 4.24) was conducted using the mean fluorescence intensity
of the MitoSOX Red channel within the GFP+ population and Mitotracker Deep Red
FM channel positive, which also served as the cardiomyocyte marker and mitochondrial
number. The analysis demonstrated a significant reduction in superoxide levels between
the PRDM16-P889L variant and the truncated variant compared to the control group. The
average mean intensity within the GFP+ population in control hearts was 11743 MESF
(£5100.58 MESF). In hearts overexpressing PRDM16 WT and the respective variants
(PRDM16-A259V, PRDM16-D628N, PRDM16-P889L, PRDM16-S1059L, and K702%*),
the percentages were 15333 MESF (£3570.20 MESF), 16134 MESF (£+10358.49 MESF),
12652 MESF (£3683.69 MESF), 10133 MESF (£+458.06 MESF), 11834 MESF (4+5917.75
MESF), and 6615 MESF (£306.09 MESF), respectively. Moreover, the average mean
intensity within the REP+ population in control hearts was 12683 MESF (+2080.05 MESF).
In hearts overexpressing PRDM16 WT and the respective variants (PRDM16-A259V,
PRDM16-D628N, PRDM16-P889L, PRDM16-S1059L, and K702*), the percentages were



4 Results

96

14287 MESF (£3820.36 MESF), 14282 MESF (+£9932.19 MESF), 12249 MESF (£3358.80
MESF), 19380 MESF (+793.86MESF), 11355 MESF (+5153.99 MESF), and 6570 MESF
(£341.07 MESF), respectively.

Figure 4.23:

Figure 4.24:
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Fluorescence-activated cell sorting (FACS) analysis was conducted to assess detect
mitochondrial Superozide using MitoSOX Red in four ARVC variants and PRDM16
WT, with Tg(myl7:GFP) serving as the control. Cell sorting was performed based
on GFP signal for cardiomyocytes and red fluorescent protein (RFP) signal for
matochondria detection.

(A) MitoSOX Red fluorescence intensity in cardiomyocytes (B) MitoSOX Red fluorescence intensity in mitochondria
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Analysis of effect of PRDM16 variants on Superoxide. (A) MitoSOX Red flu-
orescence intensity in cardiomyocytes. The analysis demonstrated a significant
reduction in superoxide levels between the two variants, PRDMI16-P889L and the
truncated variant in comparison to the control group. (B) MitoSOX Red fluores-
cence intensity in mitochondria. A significant reduction was evident at 48 hpf
when comparing PRDM16-P889L and the truncated variant in comparison to the
control group. Error bars represent the standard deviation (SD). n = 20, N = 3.
Statistical analysis was conducted using one-way ANOVA with Dunnett’s post-test
(GraphPad Prism version 10.0).
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4.1.7 Visualization of lipid deposits in PRDM16 ARVC variants

In the context of Arrhythmogenic Right Ventricular Cardiomyopathy (ARVC), another
distinctive hallmark is the substitution of cardiomyocytes with adipocytes [102]|. Therefore,
the hearts of 6-month-old zebrafish from the four PRDM16 ARVC transgenic zebrafish
models, PRDM16 wildtype, and PRDM16 truncation mutation (K702*), were subjected
to Oil Red O staining to facilitate the visualization of droplets (Figure 4.25). The
control group comprised the wild-type AB strain. Histological analysis of the trans-
genic zebrafish lines, including Tg(myl7:PRDM16 WT), Tg(myl7:PRDM16 A259V), and
Tg(myl7:PRDM16 P889L), revealed the absence of fat deposition, a feature consistent
with both the wild-type AB strain and the transgenic Tg(myl7:PRDM16 K702%) line.
Conversely, Tg(myl7:PRDM16 D628N) and Tg(myl7:PRDM16 S1059L) displayed the
presence of fat deposition, as indicated by the accumulation of Oil Red O (white arrowheads

in Figure 4.25), in the respective panels.

Visceral fat ot PRDM16WT PRTRE K702fm
g o 2 il ik PROM16 S1059L o
<

Figure 4.25: Oil Red O staining was performed on the hearts of 6-month-old adult zebrafish.
Histological sections from four distinct transgenic PRDM16 variant lines and
PRDM16 WT were sequentially stained with Oil Red O, which binds to lipids,
and hematoxylin was used to satin nuclei. The wild-type AB strain served as
the control group. Visceral fat tissue was employed as a positive control for lipid
binding. Among the transgenic lines, including Tg(myl7:PRDM16 WT) and two
variants, Tg(myl7:PRDM16 A259V) and Tq(myl7:PRDM16 P889L), no adipocytes
were observed, similar to the wild type and transgenic Tg(myl7:PRDM16 K702%).
However, adipocytes visible in the sections of myocardial wall in Tg(myl7:PRDM16
D628N) and Tg(myl7:PRDM16 S1059L) in contrast to the others. The white
arrowhead indicate adipocytes. (Scale bar = 50 um)
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4.2 Analysis of effects of PRDM16 on ventricular

compact myocardium

Genetic studies have shown that deletions and mutations in PRDM16 cause LVNC
[191], which may affect the growth of the heart muscle wall. To investigate the im-
pact of PRDM16 overexpression, including the truncation variant, on the compact my-
ocardium, adult zebrafish hearts from the transgenic lines T'g(drl:GFP;myl7:PRDM16-
K702%), Tq(drl:GFP,myl7: PRDM16-WT), and Tg(drl:GFP), which served as control,
were isolated at 6 months of age and subsequently Masson-Goldner-stained. In figure 4.26,
the compact myocardium layer in the control group appears with thin collagen layer in

the epicardium layer and an absence of intracellular space (n = 5).

Epicardium

100 pm

100 pm

Figure 4.26: Representative Masson-Goldner-stained section images of wildtype zebrafish,
PRDM16WT, the truncation variant heart are presented. In the wildtype
heart, the compact myocardium layer appears thinner with reduced collagen in
the epicardium layer and an absence of intracellular space (black arrowhead).
Tg(drl:GFP,myl7:PRDM16-WT) and Tg(drl:GFP;myl7:PRDM16-K702*) exhibited
a thicker layer of compact myocardium (bidirectional arrowhead), accompanied by
increased intercellular space (black arrowhead). Additionally, collagen was observed
in the epicardium layer of Tg(drl:GFP,myl7:PRDM16-WT). Scale bar = 100 pm).
tm = trabecular myocardium, cm = compact myocardium.
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In contrast to the control group, both Tg(drl:GFP;myl7:PRDM16-K702*) and Tg(drl:GFP,
myl7:PRDM16 WT) exhibited a thicker layer of compact myocardium, accompanied

by intercellular space. Additionally, collagen was observed in the epicardium layer of
Tg(drl:GFP,myl7:PRDM16-WT).

To quantitatively assess the thickening of the compact myocardial wall thickness in
Tg(drl:GFP,myl7:PRDM16-WT), Tq(drl:GFP;myl7:PRDM16-K702%*), and Tg(drl:GFP),
image analysis to measure the wall thickness was conducted using ImagelJ software.
Statistical analysis unveiled a significant increase in compact myocardium thickness in
both Tg(drl:GFP,myl7:PRDM16-WT) 22.17 pm (£8um) and Tg(drl:GFP;myl7:PRDM16-
K702*) 21.54 pm (£8.1um) compared to control hearts 9.81 pm (£2.39um) (Figure
4.27).
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Figure 4.27: Measurements of the compact myocardial wall were conducted on
Tg(drl:GFP,myl7:PRDM16-WT), Tg(drl:GFP;myl7:PRDM16-K702%), and
Tg(drl:GFP), which served as the control group. The analysis revealed a
significant increase in the thickness of the compact myocardium between
Tg(drl: GFP,myl7:PRDM16-WT) and Tg(drl:GFP;myl7:PRDM16-K702%) in
comparison to the control hearts. Statistical analysis was conducted with one-way
ANOVA with Dunnett’s post-test (GraphPad Prism version 10.0). (n = 5).



4 Results 100

4.3 Assessing cardiomyocyte regenerative capacity in

PRDM16 disease models following heart injury

Given the potential significance of PRDM16 in heart development, it is conceivable that
it also plays a pivotal role in cardiac remodeling and regeneration. Consequently, a
regeneration model, which is described in detail in subsection 3.8.2. was established for
humanized transgenic PRDM16 wildtype and PRDM16 truncation mutation (K702%)
models. The truncation model (K702*) was selected based on preliminary data indicating
its impact on cardiomyocyte proliferative capacity during cardiac development.

In these models, PRDM16 WT and PRDM16 truncation mutation (K702*) were precisely
overexpressed in cardiomyocytes, under the regulation of the tissue-specific promoter myl7.
Transgenic zebrafish carrying the wildtype PRDM16 as well as the truncation mutation
(K702*) were crossed with drl:GFP fish. Draculin (drl), identified as a marker exclusively
expressed in cells belonging to the first heart field (FHF), was used. Due to the draculin
promoter regulating GFP expression in FHF cells, the origin of the regenerating cells in
the zebrafish heart was determined. The identification of the carriers followed the same

procedure as described in subsection 4.1.1.

4.3.1 Assessment of regenerative response in PRDM16 variants

The hearts of transgenic zebrafish carrying Tg(drl:GFP;myl7:PRDM16 WT, Tg(drl:
GFP;myl7:PRDM16-(K702*), and dri:GFP (control) were isolated at 1, 3, and 5 days
post-amputation (dpa) following a 20% ventricular apex amputation.

Sham-operated zebrafish, which only underwent an incision of the chest without further ma-
nipulation, were utilized as controls for the procedure. Proliferating Cell Nuclear Antigen
(PCNA) staining was conducted on isolated zebrafish adult hearts at 1, 3, and 5 dpa. PCNA
staining was applied to sagittal sections of adult transgenic Tg(drl:GFP;myl7:PRDM16
WT), Tg(drl:GFP;myl7:PRDM16-(K702%*) and Tg(drl:GFP) (control) hearts that had
undergone a 20% ventricular apex amputation (Figure 4.28). The plane of amputation is
marked with a dashed line. In Figure 4.28, the presence of proliferating cells, identified
through PCNA staining, was notably observed at the amputation edge. In contrast, sham-
operated specimens did not exhibit proliferating cells at the same level as the amputation

site. Cell nuclei were labeled using DAPI staining.
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Figure 4.28: Proliferating Cell Nuclear Antigen (PCNA) staining. Staining was conducted
on isolated zebrafish adult hearts at 1, 3, and 5 dpa. PCNA staining was ap-
plied to sagittal sections of adult transgenic Tg(drl:GFP;myl7:PRDM16 WT),
Tg(drl: GFP;myl7:PRDM16-(K702%), and Tg(drl:GFP) (control) hearts, which
were subjected to a 20% ventricular apex amputation. The plane of amputation is
indicated with a dashed line. Proliferating cells, indicated by PCNA (red), were
detected at the amputation edge. In contrast to the amputation area, proliferating
cells were not observed in the sham-operated specimens. DAPI was used to label
cell nuclei (blue). (Scale bars = 50 pm).

Hematoxylin-eosin staining was performed on sagittal sections of adult transgenic hearts
from Tg(drl:GEP;myl7:PRDM16 WT, Tg(drl:GFP;myl7:PRDM16-(K702*) and Tg(drl:GFP)

(control) fish following a 20% ventricular apex amputation (Figure 4.29). This staining

aimed to elucidate the structural characteristics, cell distribution, and morphological
alterations within the amputated zebrafish hearts. Zebrafish adult hearts at 1, 3, and

5 dpa were isolated and fixed in formalin for subsequent processing. In H&E staining,

Hematoxylin stains cell nuclei blue, and FEosin, which stains the extracellular matrix,

cytoplasm, and other structures, imparts varying shades of pink (Figure 4.29).
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Figure 4.29: Hematoxylin-eosin staining (HEE). The staining was performed on isolated zebrafish
adult hearts at 1, 3, and 5 dpa. Staining was applied to sagittal sections of adult
transgenic Tg(drl:GFP;myl7:PRDM16 WT), Tg(drl:GFP;myl7: PRDM16-(K702%)
and Tg(drl:GFP) (control) hearts that had undergone a 20% ventricular apex
amputation. The plane of amputation is indicated with a dashed line. (Scale bars
= 200 pm).

Masson-Goldner staining was conducted on isolated zebrafish adult hearts at 1, 3 and 5 dpa.
Sagittal sections of adult transgenic Tq(drl:GFP;myl7:PRDM16 WT), Tg(drl:GFP;myl7:PR-
DM16-(K702%), and drl:GFP (control) hearts, which underwent a 20% ventricular apex
amputation, were stained using the Masson-Goldner-Trichrome method. These sections
were processed at specified time intervals following the surgical procedure. The staining
highlights connective tissue deposition and fibrotic areas in green, while healthy myocardial
tissue is depicted in red. Sham-operated fish, which only underwent a chest incision, were
used as controls for the procedure (Figure 4.30).

These sections were processed at specified time intervals following the surgical procedure.
The staining highlights connective tissue deposition and fibrotic areas in green, while
healthy myocardial tissue is depicted in red. For the procedure’s controls, sham-operated
fish, which only underwent an incision of the chest, were utilized (Figure 4.30).

At 1 dpa, erythrocytes accumulate at the injured area (IA), and collagen-rich regions are
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distinctly stained in blue. Notably, extensive fibrosis is visible at the IA at 3 dpa. At 5

days dpa, there is a reduction in the fibrotic areas, which are depicted in green.
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Figure 4.30: Masson-Goldner staining was performed on isolated zebrafish adult hearts at 1, 3,
and 5 dpa. Masson-Goldner-Trichrome staining was applied to sagittal sections
of adult transgenic Tq(drl:GFP;myl7:PRDM16-WT, Tqg(drl: GFP;myl7:PRDM16-
(K702%) and Tg(drl:GFP) (control) hearts that had undergone a 20% ventricular
aper amputation. The plane of amputation is indicated with a dashed line. These
sections were prepared at specific time intervals following the surgical procedure.
The staining highlights the deposition of connective tissue and fibrotic regions in
(green), while the healthy myocardial tissue appears in (red). Sham-operated fish
that only undergo incision of the chest were used as controls for the procedure. At
1 dpa, there is an accumulation of erythrocytes at the IA, and collagen-rich regions
are visibly stained in green. Extensive fibrosis is evident at the IA at 8 dpa. At 5
dpa, there is a reduction in the fibrotic areas, which are depicted in (green). (Scale
bars = 200 pm,).

To evaluate the replacement of zebrafish heart muscle, the surface area of longitudinal
ventricular sections from injured hearts at 5 dpa was quantified through digital imaging,
employing ImageJ software. The regeneration rate was determined by measuring the whole
ventricle area over the injured area [198]. The average percentage of regenerative area in
control hearts at 5 dpi was 6% (£1.37%). In hearts overexpressing PRDM16 WT and
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the PRDM16 truncation variant, the percentages were 6% (£1.49%) and 13% (+2.67%),
respectively. The statistical analysis, as illustrated in figure 4.31, revealed a significant
difference in regeneration capacity at 5 dpa. Specifically, there were notable distinctions

between the truncation variant when compared to the control group and the overexpression
of PRDM16 WT.
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Figure 4.31: The quantification involved the assessment of the normalized injury area in the
PRDM16 WT, PRDM16 truncation variant, and control group. The analysis
unveiled a noteworthy difference in regeneration capacity at 5 dpa, particularly
between the PRDM16 truncation variant and the control group. Error bars represent
the standard deviation (SD). Statistical analysis was conducted with using one-way
ANOVA with Dunnett’s post-test (GraphPad Prism version 10.0).

To examine ultrastructural changes in cardiac muscle, focusing on sarcomere structure,
Z-lines, and mitochondria, Transmission electron microscopy (TEM) was utilized. The
examination aimed to provide insights into the changes in the subcellular ultrastructure
occurring during the regeneration of zebrafish hearts. Zebrafish adult hearts at 1, 3, and 5
dpa as well as control hearts (sham-operated) were isolated and fixed in 3% Glutaraldehyde
(GA) for further prepration for TEM. As depicted in figure 4.32, in uninjured hearts,
cardiomyocytes displayed a well-organized arrangement of sarcomeres and mitochondria,

characterized by clearly defined Z-lines. In the control injured hearts, the sarcomeres
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appeared longer than in uninjured hearts. In the case of PRDM16 W'T, the sarcomeres
in the injured hearts appeared unorganized. To quantify sarcomere length in the cardiac
muscles of adult zebrafis with PRDM16-K702*, PRDM16 WT, and a control group,
measurements ( N = 3, n = 3) were taken for individual sarcomere using ImagelJ’s length

measurement tool.
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Figure 4.32: Transmission electron microscopy of sections of sections of control hearts (sham-
operated) and regenerating hearts at 5 dpa. TEM was conducted on sagit-
tal sections of adult transgenic hearts from Tg(drl:GFP,myl7:PRDM16 WT),
Tg(drl: GFP,myl7:PRDM16-K702%), and Tq(drl:GFP) (control) fish following a
20% ventricular apex amputation. Cardiomyocytes in unamputated control samples
show a tightly organized sarcomeric structure and the Z-lines are clearly visible.
(Scale bar = 100 pm).

At 5 days post-amputation (dpa), the sarcomere length in Tg(drl:GFP) zebrafish was
notably increased, averaging 1.94 pm (41.73 pm), compared to the sham-operated group,
which averaged 1.76 pm (£0.91 pum). Hence, sarcomere lengths were specifically mea-
sured at this time point (Figure 4.33). Interestingly, hearts undergoing a 20% ventric-
ular apex amputation showed a significant increase in sarcomere length compared to

sham-operated hearts. However, no statistically significant differences were observed
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between operated and sham-operated hearts in both Tg(drl:GFP,myl7:PRDM16 WT) and
Tg(drl:GFP,myl7:PRDM16 K702%). In these groups, the sarcomere length averaged 1.82
pm (£1.40 pm) for PRDM16 WT and 1.80 pm (£1.38 pm) for PRDM16 K702*, while in
sham-operated hearts, it averaged 1.92 pym (£1.79 pm) for PRDM16 WT and 1.85 um
(£1.42 pm) for PRDM16 K702*.
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Sarcomere length analysis was performed on cardiac muscle from
Tg(drl: GFP;myl7:PRDM16-K702%),  Tg(drl:GFP,myl7:PRDM16-WT), and
Tg(drl:GFP) specimens at & dpa, alongside control hearts from sham-operated
individuals. The study included adult hearts (n = 3) from each group, with all
measurements conducted at a scale of 1 micrometer per image. Results revealed a
noteworthy increase in sarcomere length in Tg(drl:GFP) at 5 dpa compared to the
control hearts (sham-operated) group. However, the Tqg(drl:GFP,myl7:PRDM16-
K702%) and Tg(drl:GFP,myl7:PRDM16-WT) exhibited no statistically significant
differences at 5 dpa in comparison to the control hearts (sham-operated). Statistical
analysis was conducted with one-way ANOVA with Dunnett’s post-test (GraphPad
Prism version 10.0).

Overview of PRDM16 variants, and their functional associations

A comprehensive table (Figure 4.34) succinctly summarize the roles of PRDM16 and

its genetic variants in biological functions and elucidating their correlations. During

embryonic heart development, significant alterations in cardiac function were observed
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in cases of PRDM16 WT, variant PRDM16-A259V, and PRDM16-P889L overexpression.
Preliminary data also indicated significant alterations in cardiac function, changes in cardiac
cell number and proliferation, and metabolic changes for PRDM16-K702* [139]. Variants
PRDM16-D628N, PRDM16-P889L, and PRDM16-S1059L exhibited significant changes in
cardiac cell number and proliferation. Additionally, PRDM16-P889L displayed significant
modifications in metabolism. In adulthood, variants D628N and S1059L demonstrated
lipid deposition in the heart.

variant clinical cardiac function | cell number metabolism lipid deposit (Adults)
presentation /proliferation

change

M/ne A259V change

m—D628N w change change
'PRDM16-P889L. "ARVC change change change

[PRDM16-51059L. ARVC change change
'PRDM16-K702¢ LVNC/DCM change change change

Figure 4.34: Overview of PRDM16 WT, PRDM16 variants and their functional associations.
During embryonic heart development, significant changes in cardiac function were
observed both with PRDM16 WT, PRDM16-A259V, PRDM16-P889L overexpres-
sion. Variants PRDM16-D628N, PRDM16-P889L, and PRDM16-51059L showed
significant changes in cardiac cell number and proliferation. Additionally, PRDM16-
P889L demonstrated significant metabolic changes. In the case of PRDM16-K702%,
significant alterations in cardiac function, changes in cardiac cell number and
proliferation [139], and metabolic changes were indicated. Variants D628N and
S1059L demonstrated lipid deposition in the adult heart.

4.4 Functional analysis of identified CAPZB variants in

zebrafish

To identify novel human variants within the CAPZB gene, the Variant Effect Prediction
(VEP) tool was used. Four missense variants, which do not appear in more than 4000
control samples were detected. In this study, four patients with congenital heart defects
were evaluated, presenting with both non-syndromic and syndromic CHD. The two patients
with non-syndromic CHD harbored variants p.Thr179Ser and p.Ser192Asn. The patient
with the p. Thr179Ser variant presented with hypoplastic left heart syndrome, while the
patient with the p.Ser192Asn variant exhibited pulmonary atresia with a ventricular

septal defect. In contrast, the patients with syndromic CHD had more complex clinical
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presentations. The patient with the p.Arg215Cys variant exhibited a range of symptoms
including an atrial septal defect, global developmental delay, sparse hair, abnormal pinna,
and postnatal growth retardation. Meanwhile, the patient with the p.Lys181Arg variant
presented with a ventricular septal defect, trigonocephaly, optic nerve hypoplasia, agenesis
of the corpus callosum, and hypoplasia of the cerebellar vermis. It is noteworthy, that
three of these novel mutations, p. Thr179Ser, p.Lys181Arg and p.Ser192Asn were located
in exon 6, whereas p.Arg215Cys was observed in exon 7 (Figure 4.35).
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Figure 4.35: Identification of four variants in CAPZB protein. Lolliplot showing four missense
mutations within the protein sequence of CAPZB. FEach lollipop represents a
mutation identified in this study. The CAPP protein domain is colored blue.
Variants p. Thr179Ser and p.Ser192Asn were detected in two patients with non-
syndromic CHD and p.Lys181Arg and p.Arg215Cys were identified in two patients
with syndromic CHD. Hypoplastic left heart syndrome was found in the de novo
p. Thr179Ser. The septal defects were found in p.Lysi81Arg and p.Arg215Cys.
Right ventricular outflow tract obstruction (RVOTO) only found in p.Ser192Asn.
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4.4.1 Phenotypic characterization of CAPZB transgenic disease

models

Analysis of cardiac morphology in CAPZB variant disease models

To assess the impact of overexpressing CAPZB variants and CAPZS WT on the embryonic
heart development, the images of developing heart labeled with GFP were captured at
two time points, 48 and 72 hpf respectively. The overexpression of CAPZB variants and
CAPZB WT was accomplished in Tg(myl7:EGFP) zebrafish, aiding in heart visualization
through the expression of GFP within the embryonic heart, as depicted in Figure 4.36.
The Tg(myl7:GFP) group served as the control in these experiments.
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Figure 4.36: Cardiac morphology of CAPZB variants, CAPZB WT, and myl7:EGFP at 48 hpf.
Images of all embryo lines were captured using a fluorescence stereomiscroscope
with a single-frame exposure time. The ventricles (V) and atria (A) are clearly
visible through the GFP signal. (A) visualization of the embryonic Tg(myl7: GFP).
(B) CAPZB WT. (C) CAPZB Thr179Ser. (D) CAPZB Lys181Arg. (E) CAPZB
Ser192Asn. (F) CAPZB Arg215Cys. No discernible distinctions were observed
between the embryos expressing human CAPZB variants, CAPZB WT, and the
control. (Scale bar = 100 pm)

The selected images represent the typical characteristics observed in the majority of

individuals from the respective transgenic lines. It is worth noting that some individual
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hearts displayed structural differences from the norm. Comparing the ventricles of the
embryos at 48 hpf, no discernible distinctions were noted between those with human
CAPZB variants and CAPZB WT and the Tg(myl7:GFP) control. The atria also exhibited
normal shapes. After 72 hpf (Figure 4.37), distinct phenotypic differences were observed in
the Tg(myl7:GFP;myl7:CAPZB Thr179Ser) and Tg(myl7:GFP;myl7:CAPZB Ser192Asn)
embryos. These individuals displayed slight distortions in atrial morphology and reduced
ventricular size compared to the control group. Conversely, no discernible distinctions

from the control group were observed in the other transgenic lines.

Figure 4.37: Fluorescence images of embryonic hearts with various CAPZB variants and CAPZB
WT at 72 hpf. All images were captured using a fluorescence stereomiscroscope
with an exposure time of 1 frame. The ventricle (V) and atrium (A) are discernible
through the GFP signal. (A) visualization of the embryonic Tg(myl7:GFP). (B)
CAPZB -WT. (C) CAPZB Thr179Ser. (D) CAPZB Lysi81Arg. (E) CAPZB
Ser192Asn. The notable phenotype of the heart includes slight deformations in the
atria of most individuals. (F) CAPZB Arg215Cys. (Scale bar = 100 pm)

Analysis of sarcomeric structure in cardiac muscle

The sarcomere, positioned between two Z-lines, constitutes the fundamental contractile

unit in muscle tissue [159]. To explore the function of CAPZB, a critical capping protein



4 Results 111

responsible for anchoring actin filaments to the Z-line in cardiac muscle sarcomeres,
transmission electron microscopy was utilized to examine structural alterations in the
sarcomeres of adult zebrafish hearts at one year of age. This analysis encompassed adult
hearts (n=3) from each of the CAPZB variants, CAPZB WT, and the wildtype as control.
Transmission electron microscopy images offer a longitudinal perspective of cardiac muscle,
facilitating the scrutiny of sarcomere structure and Z-lines. In wildtype zebrafish (n = 3),

normal I bands, Z lines, and mitochondria were observed, as depicted in Figure 4.38.

(A) Wildtype : (B) CAPZBWT

]Sarcomeré 2

Figure 4.38: Transmission electron microscopy (TEM) of longitudinal sections of cardiac muscle
allows for the observation of the sarcomere structure and Z-lines. In wildtype (WT)
zebrafish (A), normal I bands, Z lines, and mitochondria were observed. For CAPZB
WT (B), both I bands and Z lines were normal. However, CAPZB Thr179Ser
(C) showed abnormal Z lines and enlarged mitochondria. CAPZB Lys181Arg
(D) displayed thick Z lines. CAPZB Ser192Asn (E) lacked I bands and had thin,
disorganized Z lines. Lastly, CAPZB Arg215Cys (F) exhibited smaller mitochondria,
thin Z lines, and widened perinuclear spaces. "mt" indicating mitochondria and
white arrows indicating Z lines and double-headed arrow indicating sarcomere.
(Scale bar = 100 pm)

For CAPZB WT (n = 3), both I bands and Z lines displayed a normal structure, but there
was an increased number of mitochondria. In the case of CAPZB Thr179Ser (n = 3), an

abnormal appearance of 7 lines and enlarged mitochondria was noted. CAPZf3 Lys181Arg
(n = 3) showed thick Z lines. CAPZ{ Ser192Asn (n = 3) exhibited the disappearance of I



4 Results 112

bands, thin Z lines with an unorganized sarcomeric structure, and small-sized mitochondria.
Finally, in CAPZB Arg215Cys (n = 3), decreased mitochondrial size, thin Z lines, and
broadened perinuclear spaces were observed (Figure 4.38). To quantify sarcomere length
in the cardiac muscles of adult zebrafis with CAPZp variants, CAPZB WT, and a control
group, measurements ( N = 3, n = 3) were taken for individual sarcomere using ImagelJ’s

length measurement tool.
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Figure 4.39: Analysis of sarcomere length in cardiac muscle. The analysis involved adult hearts
(n=38) from each of the CAPZB variants, CAPZB WT, and wildtype. All measure-
ments were conducted at a scale of 1 micrometer per image. Analysis of sarcomere
length revealed a significant increase in sarcomere length in CAPZB Ser192Asn
compared to the control group. In contrast, the other three variants and CAPZB
WT exhibited no statistically significant differences in comparison to the control
group. Statistical analysis was conducted with one-way ANOVA with Dunnett’s
post-test (GraphPad Prism version 10.0).

The mean sarcomere length in control hearts was 1.64 pm (£0.11 pm). Hearts overex-
pressing CAPZ WT and its variants (CAPZ@ Thr179Ser, CAPZB Lys181Arg, CAPZ{
Ser192Asn, and CAPZB Arg215Cys) showed mean lengths of 1.65 ym (£0.31 pm), 1.88
pm (£0.10 pgm), 1.83 pm (£0.22 pm), 1.98 pm (£0.09 pm), and 1.91 pm (£0.09 pm),
respectively. Analysis revealed a significant increase in sarcomere length specifically in
CAPZp Ser192Asn compared to the control group (Figure 4.39). Conversely, the other
three variants and CAPZ WT did not exhibit statistically significant differences relative
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to the control group.

Analysis of cardiac output in CAPZB variant disease models

Cardiac function in zebrafish embryos at 48 and 72 hpf was assessed in vivo using fluorescent
microscopy and high-speed imaging. Parameters such as cardiac output, heart rate, and

stroke volume were quantified using an established algorithm (outlined in section 3.5).

(A) Heart rate 48 hpf (B) Stroke volume 48 hpf
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Figure 4.40: Cardiac output was evaluated in the context of CAPZB variants, CAPZB WT, and
Tg(myl7:GFP) at 48 hpf. The impact of CAPZB variants, including CAPZB WT,
on heart rate (A) showed no statistically significant differences between the groups.
Analysis of stroke volume (B) revealed no significant reduction in stroke volume
in CAPZB variants compared to the control group. By 48 hpf (C), there were
no statistically significant differences in cardiac output (CO) among the CAPZB
variants, including CAPZB WT, and the control groups. n = 15 ,N = 3. Statistical
analysis was conducted with one-way ANOVA with Dunnett’s post-test (GraphPad
Prism version 10.0).

At 48 hpf, the influence of CAPZB variants and CAPZS WT on heart rate did not reveal

any statistically significant differences among the groups. Control hearts exhibited an
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average heart rate of 139.55 bpm (+20.06 bpm), while hearts overexpressing CAPZ3 WT
and its variants (CAPZP Thr179Ser, CAPZB Lys181Arg, CAPZB Ser192Asn, and CAPZ{
Arg215Cys) showed averages of 148.51 bpm (4+16.60 bpm), 132.12 bpm (£22.73 bpm),
150.18 bpm (£23.56 bpm), 142.46 bpm (+18.57 bpm), and 139.64 bpm (£14.58 bpm),
respectively.

Similarly, the assessment of stroke volume did not reveal any statistically significant
distinctions among the groups. Control hearts exhibited an average stroke volume of
52,5%10% pm? (£16%10% pm?) Hearts overexpressing CAPZB WT and its variants (CAPZp
Thr179Ser, CAPZB Lys181Arg, CAPZB Ser192Asn, and CAPZB Arg215Cys) showed
averages of 42.9%10* pum? (£10.6*10* pm?) | 46.9%10* pum? (£10.5*10* pm?) , 54.3*10*
pm? (£13.1%10* pm3) | 46.4*10* um? (£12.2%10* pm3), and 50*10% pm? (13,3¥10% um?),
respectively.

There were no statistically significant variations in cardiac output (CO) among the
CAPZB variants (CAPZB Thr179Ser, CAPZB Lys181Arg, CAPZp Ser192Asn, and CAPZ{
Arg215Cys), with averages of 61.67 nl\min (£15.28 nl\min), 83.38 nl\min (+27.52 nl\min),
65.61 nl\min (£18.16 nl\min), 71.63 nl\min (+22.38 nl\min), and CAPZE WT 64.20
nl\min (£18.48 nl\min), compared to the control groups at 48 hpf 73.84 nl\min (£27.31
nl\min). Figure 4.40 displays the measurements collected at 48 hpf.

Figure 4.41 illustrates the measurements obtained at 72 hpf. By this time point, overex-
pression of CAPZf3 variants, as well as CAPZ3 WT, did not result in statistically significant
differences in heart rate compared to the control group. Control hearts exhibited an average
heart rate of 160.52 bpm (421.29 bpm), while hearts overexpressing CAPZ3 WT and
the respective variants (CAPZB Thr179Ser, CAPZ{ Lys181Arg, CAPZB Ser192Asn, and
CAPZp Arg215Cys) showed averages of 158.28 bpm (£14.26 bpm), 160.84 bpm (+14.73
bpm), 161.63 bpm (£18.08 bpm), 157.30 bpm (£19.04 bpm), and 149.31 bpm (£19.52
bpm), respectively.

It’s noteworthy that CAPZS3 Ser192Asn 29.4*10* um? (£9.8%10* um?) displayed a signifi-
cant reduction in stroke volume compared to the control group 42.3*10* pum? (£10.8*10*
pm?). Conversely, overexpression of CAPZB WT showed an average stroke volume of
33.3%10% um? (£15.4*10* um?) , while CAPZS Thr179Ser, CAPZS Lys181Arg, and CAPZS3
Arg215Cys exhibited averages of 30.6¥10% pum? (£15.8%10* um?), 34.2¥10* pm? (£10.5%¥10%
pm?), and 40.7¥10% pm? (£13.3¥10* um?), respectively.

Furthermore, overexpression of CAPZB Thr179Ser 48.86 nl\min (423.69) variants and
CAPZp Ser192Asn 46.30 nl\min (£17.16 nl\min) resulted in a notable reduction in car-
diac output at 72 hpf compared to the transgenic Tg(myl7:GFP) control 67.97 nl\min
(£19.54 nl\min). In contrast, overexpression of CAPZB WT showed an average cardiac
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output of 52.51 nl\min (£24.63 nl\min), while CAPZ{ Lys181Arg and CAPZ@ Arg215Cys
exhibited averages of 54.15 nl\min (4+14.61 nl\min) and 59.50 nl\min (+18.58 nl\min),
respectively.
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Figure 4.41: Cardiac output was evaluated for CAPZB variants, CAPZB WT, and Tg(myl7:GFP)
at 72 hpf. (A) Heart rate measurements for CAPZB variants and CAPZB WT did
not reveal any significant changes in heart rate. (B) Analysis of stroke volume
revealed a significant reduction in stroke volume in CAPZB Ser192Asn compared
to the control group, while CAPZB WT showed no significant difference when
compared to the control. (C) Overexpression of CAPZB Ser192Asn and CAPZB
SThr179Ser resulted in a significant reduction in CO compared to Tq(myl7:GFP).
However, there were no statistically significant differences in CO between the other
CAPZB variants and CAPZB WT. n = 15, N = 3. Error bars represent the
standard deviation (SD), and asterisks indicate statistical significance at * p> 0.05
and ** p> 0.01. Statistical analysis was conducted with one-way ANOVA with
Dunnett’s post-test (GraphPad Prism version 10.0).

Overview of CAPZB, CAPZB variants, and their functional associations

A comprehensive table (Figure 4.42) succinctly summarize the roles of CAPZB and its

genetic variants in biological functions and elucidating their correlations. During embryonic
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heart development, significant alterations in cardiac function were observed in cases of
CAPZB Thr179Ser and CAPZB Ser192Asn. In adulthood, the variant CAPZ{ Ser192Asn

variant exhibited alterations in sarcomere length.

clinical presentation cardiac function sarcomere remodeling

mnWSer m change
mrg mal defect,

Atrial septal dialatation

mrHZAsn mgyof Fallot and change change

variants

MCys ml septal

defect

Figure 4.42: Overview of CAPZB WT and CAPZPB variants and Their functional associations.
During embryonic heart development, significant changes in cardiac function were
observed both CAPZB Thr179Ser and CAPZB Ser192Asn. In adulthood, the CAPZp
Ser192Asn variant exhibited alterations in sarcomere length.

Differential expression analysis of capzb~/~ and capzb™/~

To identify genes with statistically significant differences in expression between capzb=/~
and capzb™/~ embryos at 48 and 72 hpf, bulk RNA sequencing (RNA-seq) analysis was
conducted on a sample size of 20 embryos, with N = 3 replicates. Wildtype embryos
served as the control group. DESeq2 was employed to model the read count data and
assess differential expression using appropriate statistical tests. At 48 hpf, the analysis
identified differential expression of protein-coding genes in capzb=/~ and capzbt/~ embryos.
In capzb~/~ embryos, 605 genes were downregulated and 378 genes were upregulated.
Conversely, in capzbt/~ embryos, 550 genes were downregulated and 389 genes were

upregulated.

By 72 hpf, the differential expression pattern shifted. In capzb=/~ embryos, 299 genes
were downregulated and 731 genes were upregulated. In contrast, capzbt/~ embryos
exhibited differential expression with 294 genes downregulated and 304 genes upregulated.
In Figure 4.43, a volcano plot was utilized to visually represent the association between
statistical significance and the magnitude of gene expression alterations at 48 and 72 hpf
in capzb~/~ embryos. The X-axis denotes the log, fold change (FC) in gene expression

between conditions. Genes exhibiting increased expression in capzb~/~ compared to
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another condition are positioned on the right side, whereas those with decreased expression
are positioned on the left side. The Y-axis illustrates the statistical significance of the
observed changes, depicted as -log,;, (p-value). Genes with greater statistical significance
(lower p-values) are positioned towards the top of the plot. Each gene was depicted as a
point on the plot, and its position was determined by both its fold change and statistical
significance. Genes with higher fold changes and greater statistical significance were
positioned farther away from the center of the plot, reflecting their increased importance

in the analysis.

capzp =/~ 48 hpf capzfp =/~ 72hpf

NS Log2 FC P ® P&Llog2FC > NS Log2 FC P ©® P&log2FC
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Logio P
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Figure 4.43: Visualization of RNA-seq data depicting differentially expressed genes in capzb=/~
embryos at 48 and 72 hpf. Genes with a p-value of 0.05 and a fold change of
logy 1 were included. In the plot, red dots on the left indicate down-regulated gene
expression, red dots on the right indicate up-regulated gene expression, and blue
dots represent gene expression without marked differences.

In Figure 4.44, a volcano plot was utilized to visually illustrate the relationship between
statistical significance and the magnitude of gene expression variations at 48 and 72 hpf in
capzbt/~ embryos. The X-axis represents the log, fold change in gene expression between
conditions, positioning genes with increased expression in capzb®/~ to the right and those

with decreased expression to the left.
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Figure 4.44: Visualization of RNA-seq data depicting differentially expressed genes in capzb™/~
embryos at 48 and 72 hours post-fertilization (hpf) was conducted. Genes with a
p-value of 0.05 and a fold change of loge 5 were included. In the plot, red dots on
the left indicate down-regqulated gene expression, red dots on the right indicate up-
requlated gene expression, and blue dots represent gene expression without marked
differences.

Gene ontology analysis reveals functional roles of differentially expressed genes in
capzb~/~ and capzbt/~ embryos

Gene Ontology (GO) analysis was performed to elucidate the biological processes associated
with the differentially expressed genes identified from RNA-seq data comparing capzb™/~
and capzbt/~ embryos. GO analysis categorizes genes into biological process, molecular
function, and cellular component based on structured ontological classifications, with a

focus on biological processes in this study.

The differentially expressed genes in capzb=/~ and capzbt/~ embryos at 48 and 72 hpf were
subjected to GO analysis using Enrichr to identify enriched GO terms for downregulation
and upregulation. This analysis compared the gene list against a background set (control)
to determine statistically significant enrichment of GO terms. As illustrated in figure

4.45, the GO analysis of downregulated genes in capzb~/~ embryos at 48 hpf revealed
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significant enrichment of several biological processes. Notably, terms associated with ex-
tracellular matrix organization (G0O:0030198) and notochord morphogenesis (GO:0048570)
emerged as top enriched categories. Additionally, terms such as response to light stimulus
(GO:0009416), cellular response to radiation (GO:0071478), skeletal system development
(GO:0001501), and cellular response to light stimulus (GO:0071482) were also identified
as significantly associated with the downregulated genes. Interestingly, no significant
enrichment was observed among the upregulated genes in capzb=/~ at 48 hpf. At 72
hpf, the GO analysis of downregulated genes in capzb~/~ embryos unveiled substantial
enrichment in the biological process of oxidoreductase activity, specifically encompassing
the incorporation of molecular oxygen and two atoms of oxygen (GO:0016702). Conversely,
upregulated genes in capzb~/~ embryos exhibited significant enrichment in the inactivation
of MAPK activity (GO:0000188), as depicted in figure 4.45.

In the case of capzb®/~ at 48 hpf, the GO analysis of downregulated genes revealed signifi-
cant enrichment of extracellular matrix organization (GO:0030198), similar to capzb/~.
Conversely, upregulated genes in capzb*/~ embryos exhibited significant enrichment in
the regulation of JAK-STAT cascade (GO:0046425), drug catabolic process (GO:0042737),
exogenous drug catabolic process (GO:0042738), and nucleosome assembly (GO:0006334
(Figure 4.45). Furthermore, at 72 hpf, as depicted in figure 4.45, the GO analysis of
downregulated genes in capzb*/~ revealed substantial enrichment in the biological process
of cellular response to xenobiotic stimulus (GO:0071466). Conversely, upregulated genes
in capzb™/~ embryos exhibited significant enrichment in proteolysis (GO:0006508) and
drug catabolic process (GO:0042737).
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Figure 4.45: Gene Ontology Analysis of Differentially Expressed Genes. The GO analysis

depicts the enrichment of biological processes associated with downregulated and
upregulated genes in capzb~/~ and capzb™/~ embryos at 48 hpf and 72 hpf. At 48
hpf, downregulated genes in capzb=/= embryos are enriched in extracellular matriz
organization and notochord morphogenesis, while upregulated genes show significant
enrichment in several processes, which are presented in dark green. No significant
enrichment is observed among upregulated genes. At 72 hpf, downregulated genes in
capzb=/= embryos are enriched in ozxidoreductase activity (depicted in dark blue),
whereas upregulated genes show enrichment in MAPK activity inactivation (depicted
in purple). In capzbt/~ embryos, downregulated genes at 48 hpf are enriched in
extracellular matrix organization, while uprequlated genes exhibit enrichment in
the regulation of JAK-STAT cascade, drug catabolic processes, erogemous drug
catabolic processes, and nucleosome assembly (depicted in light blue). At 72 hpf,
downregulated genes in capzbt/~ embryos are enriched in cellular response to
zenobiotic stimulus (depicted in gray), while upregulated genes show enrichment in
proteolysis and drug catabolic processes (depicted in yellow).



Chapter

Discussion

The zebrafish has emerged as a prominent organism for investigating human diseases
such as cancer, hematopoietic disorders, and cardiovascular disease [199,200]. The trans-
parency of the embryos and the capacity for efficient genetic manipulations, including
gene downregulation and overexpression, have made zebrafish a widely adopted model
for in-depth explorations of vertebrate gene function [163,201|. Moreover, zebrafish are
increasingly utilized in modeling human genetic diseases [200]. To enhance the modeling
of human genetic diseases, it is imperative to ascertain the extent of similarity between
zebrafish genes and their orthologous counterparts in humans. This understanding not only
facilitates the generation of accurate disease models, but also holds potential implications
for the identification of therapeutic strategies. Zebrafish are particularly valuable for
studying both acquired and congenital heart diseases. Furthermore, the development
of genomic technologies, such as ES, has greatly improved our capacity to explore the
etiology, underlying mechanisms, potential treatments, and prognostic outcomes of a wide
range of diseases. By utilizing from ES data and CGH, two genes that are subject of this
study, CAPZB and PRDM16, were identified.

Experimental evidence has highlighted the crucial role of PRDM16 in the determination
of brown adipose tissue [147], hematopoietic processes [202], and cardiac development,
thus underscoring its significant contributions to developmental processes across diverse
tissues. Animal models, particularly murine models with targeted Prdm16 knockdown, have

exhibited phenotypes associated with cardiomyopathy and cardiac conduction abnormalities
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[151]. In parallel, zebrafish models with PRDM16 knockdown, as well as those expressing
a human truncation of PRDM16, have demonstrated a spectrum of physiological and
morphological cardiac anomalies [139]. Additionally, these models have revealed metabolic
alterations and an escalated oxidative stress response during cardiac development [139].
Causal variants in or showing a deletion of the gene PRDM16 have been implicated in
various non-syndromic human myocardial disorders, including LVNC and DCM [191], as
well as in individuals diagnosed with 1p36 deletion syndrome [139]. This study aimed to
generate disease models of PRDM16 variants in zebrafish to assess the effects of four novel
missense variants found in patients with ARVC. Given PRDM16’s role in determining
muscle and brown fat cell fate [147], these models will enable the investigation of its impact

on cardiac function.

Among the four CAPZp variants identified in patients with CHD, all were present in the
gnomAD database at very low frequencies, indicating their rarity in the general population.
Notably, no individuals were homozygous for any of these variants in gnomAD, reinforcing
the likelihood that these variants are deleterious. One variant, p. Thr179Ser, was identified
as a de novo mutation, while the inheritance status of the remaining variants is unclear
due to the unavailability of parental samples. Despite their presence in gnomAD, the rarity
and absence of homozygosity suggest that these variants may have pathogenic potential,
particularly in the context of CHD. The observed number of missense variants in CAPZB
(117) is significantly lower than expected (250.9), with a Z score of 3.09. This indicates that
CAPZB is intolerant to missense variation, supporting the idea that these rare variants
could have functional consequences. Furthermore, the pLI index for loss-of-function (LoF)
mutations is 1.0, signifying that LOF variants in CAPZB are highly deleterious and likely

result in non-viability, underscoring the essential role of CAPZB in cellular function.

Given the predominance of missense variants, it is plausible that these mutations exert
a dominant negative effect, particularly because CAPZB forms a dimer with CAPZaq,
crucial for capping actin filaments at the Z-disk of the sarcomere [203-205]. Alterations in
the -subunit’s structure due to missense variants may disrupt dimerization and impair
protein function. To explore this hypothesis, we conducted overexpression studies of the
human variants in a transgenic zebrafish model specifically targeting cardiomyocytes,
aiming to evaluate their potential dominant negative effect. In conclusion, while these
missense variants are present in gnomAD), their low frequency, absence of homozygosity,
and potential dominant-negative effects strongly suggest a role in the pathogenesis of CHD.

These findings underscore the importance of detailed genetic and functional analyses to
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fully understand the impact of rare CAPZpB variants on heart development and disease.

Missense variants in the same gene can lead to diverse disease phenotypes due to different
underlying mechanisms, primarily haploinsufficiency and dominant negative effects. These
mechanisms determine how the altered gene product interacts with cellular structures
and functions, often resulting in distinct pathological outcomes. The LMNA gene, en-
coding lamin A/C, provides a compelling example of how different missense variants
can cause distinct diseases through these mechanisms. For instance, in a mouse model
(LmnaAK32/+), the cardiac-specific phenotype is attributed to haploinsufficiency. In
this case, the degradation of the mutant lamin A /C protein via the ubiquitin-proteasome
system leads to insufficient lamin A /C levels, adversely affecting cardiac function [206].
Conversely, the p.R482W mutation, where arginine is replaced by tryptophan at position
482, is associated with familial partial lipodystrophy (FPLD). The mutant lamin A /C
protein disrupts the nuclear envelope structure and function even in the presence of the
normal protein, exemplifying a dominant negative effect. This disruption leads to the
clinical manifestations of FPLD [207|. These examples from the LMNA gene illustrate
how missense variants can lead to diverse phenotypes through different mechanisms,
highlighting the importance of understanding specific molecular pathologies for tailored
therapeutic approaches [208]. Similarly, in the case of CAPZp, different missense variants
might also lead to diverse phenotypes through mechanisms such as haploinsufficiency or
dominant negative effects. For example, a loss-of-function mutation in CAPZB could result
in insufficient CAPZJ protein levels, leading to abnormalities in cellular structures and
functions, similar to the haploinsufficiency observed in (LmnaAK32/+) mice. On the
other hand, certain missense variants in CAPZB might produce a mutant protein that
interferes with the function of the normal protein, thereby exerting a dominant negative
effect, as seen with the p.R482W mutation in LMNA.

These hypothetical scenarios for CAPZp variants underscore the potential for different
pathogenic mechanisms to produce distinct phenotypes, likely indicating a dominant-
negative effect. This is supported by the detection of a protein product, which would not
be expected in the case of LoF or haploinsufficiency. Consequently, it emphasizes the need
for detailed molecular and functional analyses to understand the specific consequences
of each variant. My findings presented in this study suggest that the absence of CAPZB
leads to physiological and morphological abnormalities during cardiogenesis. However,
whether CAPZB variants induce pathogenic mechanisms by dominant negative effects or

by haploinsufficiency still need to be determined. Nevertheless, my data demonstrate that
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the identified CAPZB variants in patients are of functional significance.

Varied response in cardiac morphology and output in PRDM16 variants models

Arrhythmogenic right ventricular dysplasia/cardiomyopathy (ARVD/C) is characterized
by malignant ventricular arrhythmias and the presence of fibrofatty infiltration, with a
higher occurrence in the right ventricle [209]. Animal models, including mice and zebrafish,
offer the advantage of standardized and controlled conditions, facilitating the elucidation
of gene mutations roles in ARVC while mitigating confounding variables like environmental
factors and genetic background [209]. Studies have demonstrated correlations between
Prdm16 and QRS duration as well as cardiomyopathy phenotypes in murine models [151].
Causal variants in Prdm16 disrupt ion homeostasis, notably affecting calcium (Ca*"),
potassium (K1), and sodium (Na™) ions [151].

Zebrafish, with cardiac electrophysiology similar to humans and an average heart rate
of ~ 100 bpm [209], represent a valuable model for investigating ARVC. In a study by
Asimaki et al., a zebrafish ARVC model was created using the GAL4/UAS transactivation
system, resulting in a cardiac-specific transgenic zebrafish line overexpressing the human
2057del2 mutation in junction Plakoglobin, JUP. These transgenic zebrafish exhibited
mild bradycardia, decreased stroke volume, and reduced cardiac output within 2 days
post-fertilization, with cardiomyopathy fully manifesting at 4-6 weeks, characterized
by cardiomegaly, cachexia, and peripheral edema [210]. Furthermore, in a zebrafish
knockdown model for PRDM16 achieved through translation-blocking morpholinos, and in
transgenic zebrafish models harboring the human PRDM16 nonsense mutation (c.2104A>T
[p.Lys702*|) in the heart expressed under the myl7 promoter, a marked decrease in cardiac

output and heart rate was observed compared to control groups [139].

In this study, both the PRDM16-A259V and PRDM16-P889L variants at 48 hpf exhibited
a noticeable decrease in ventricle size and cardiac output. This observation coincides with
critical stages of heart development in wildtype embryos, where heart looping, ventricle
formation and AV valve formation typically occur at around 30 hpf, 36 hpf, and 48 hpf,
respectively [169]. The observed reductions in ventricle size and cardiac output at 48 hpf

indicate potential impairment of critical developmental processes mediated by PRDM16.
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At 72 hpf, both PRDM16 WT and PRDM16-P889L exhibited a significant increase in heart
rate. As mentioned earlier, ventricular arrhythmias are a symptom of ARVC. An elevated
heart rate can impede the complete filling of the heart chambers between contractions,
potentially compromising blood flow throughout the body [211]. Moreover, the correlation
between PRDM16 variants and increased heart rate underscores the involvement of

PRDM16 in regulating cardiac rhythm, potentially contributing to the development of
ARVC.

These findings deepen our understanding of the molecular mechanisms underlying ARVC
and highlight PRDM16 as a potential therapeutic target for addressing this cardiac

disorder.

Effect of PRDM16 variants on cell proliferation

Cell proliferation, quiescence, and differentiation are crucial processes for organismal
growth and tissue homeostasis [212]|. Perturbations in these mechanisms are implicated
in various diseases, including cardiomyopathy. PRDM16 functions as a transcription
factor, characterized by zinc finger DNA-binding domains and distinct positive regulatory
(PR), repressor, and acidic domains. Its regulatory activities extend across various
biological processes, including leukemogenesis, palatogenesis, neurogenesis, and brown fat
development [144,148]. Chromosomal translocations leading to upregulated expression
of PRDM16 isoforms lacking the PR domain are frequently observed in myelodysplastic
syndrome and acute myeloid leukemias [213]. PRDM16 plays a pivotal role in orchestrating
brown fat determination and differentiation [147] by forming a transcriptional complex
with the active form of C/EBP-f. This complex serves as a critical regulator in directing

the cell fate switch from myoblastic precursors to brown fat cells [147].

PRDM16 is implicated in regulating transforming growth factor (TGF)-f signaling. Studies
have shown that PRDM16 exerts a negative effect on TGF-$ signaling in vitro [214].
Dysregulated levels of TGF-B signaling activity, influenced by PRDM16, could disrupt the

delicate balance between cell proliferation and differentiation in vivo [214].

Variants in the PRDM16 gene have the potential to perturb its normal regulatory role,

thereby inducing modifications in the cell cycle dynamics and consequent reduction in



5 Discussion 126

the proliferation of cardiac cells [139]. In this study, two specific PRDM16 variants,
PRDM16-D628N and P889L, were identified to reduce the overall number of cardiac cells.
In my investigation, it was observed that cells with mutated PRDM16, specifically the
P88IL and S1059L variants, were unable to sustain the normal proliferation rate observed
in this developmental phase. In the atria, where the proliferation rate is generally low [215],
an exception is observed in the case of Tg(myl7:GFP; myl7:PRDM16-D628N), where a
higher number of proliferative cells is present in the atrium at 96 hpf. This decrease in cell
number appears to result from reduced proliferation, potentially influenced by alterations
in TGF-p signaling or interactions with C/EBP-f [148].

The overexpression PRDM16 variants and PRDM16 WT does not influence cell
death

Inhibition of PRDM16 has been shown to reduce cell viability of DU145, a human prostate
cancer cell line, primarily due to an elevation in the apoptotic rate [216]. In mouse
models, deletion of Prdm16 leads to mitochondrial defects and increased apoptosis, with
notable effects observed particularly at the 12-month time point [217]. However, this
study demonstrated that neither the overexpression of PRDM16 in cardiomyocytes nor the
ARVC variants of PRDM16 had a significant impact on cell death at various time points.
These findings suggest that PRDM16’s regulatory influence on pathways related to cell
survival may not extend to direct modulation of apoptotic pathways in the specific context
of this study. Additionally, the chosen time points for observation may not adequately
capture potential delayed or gradual effects of PRDM16 overexpression on cell death.
Since ARVC symptoms typically appear in adulthood, it is plausible that apoptotic cells
may manifest in adult zebrafish. Therefore, future studies should consider examining
apoptosis at later stages of zebrafish development to comprehensively assess the impact of
PRDM16 variants on cell death.

Effect of overexpression PRDM16 variants and PRDM16 WT on gap junctional
protein Connexin43

ARVC is attributed to mutations in genes responsible for encoding proteins within the

desmosome, a specialized intercellular-junction complex [107]. The desmosomes are integral
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components located within the intercalated disc, alongside fascia adherens junctions and
gap junctions [218]. These structures serve to connect cardiac myocytes, facilitating the
synchronization of mechanical and electrical functions in the heart [210]. In patients with
ARVC and experimental disease models, aberrations in the localization of intercalated
disc proteins have been noted. This includes the junction plakoglobin (y-catenin), the gap
junction protein connexin 43, and the sodium channel protein Nav1.5. Such observations
highlight the significance of proper intercalated disc protein and composition in maintaining
cardiac function and underscore the role of desmosomal mutations in ACM pathogenesis.
[219-223]. In the context of the PRDM16 ARVC variants, the expression level of connexin
43 remains statistically unchanged. However, a mild reduction was observed in PRDM16
K702*. Further research is necessary to explore regional differences in connexin 43
expression, particularly distinguishing between membrane-localized and cytoplasmic Cx43.
The unaffected level of connexin 43 in the presence of the identified PRDM16 ARVC
variant may be influenced by various factors, with the specific mechanism dependent on
the molecular and cellular context. Furthermore, it is possible that the PRDM16 ARVC

variant does not directly impact the synthesis, stability, or degradation of connexin 43.

Mitochondria number is not affected in the PRDM16 variants models

The necessity for chemical energy in the form of ATP to support both systolic and diastolic
functions of the heart is imperative [224]. Mitochondria, recognized as the powerhouse
of the cell, play a pivotal role in active tissues like the heart, where they are chiefly
responsible for generating the majority of ATP [225]. Mitochondrial dysfunction is linked
to anomalies in electron transport chain activity, diminished ATP production, abnormal
shifts in metabolic substrates, excessive ROS production, and impaired mitochondrial
dynamics [226]. The investigation of animal models, such as mice, has demonstrated that
Prdm16 deficiency induces alterations in reactive oxygen species levels, heightened cell
death, perturbed cell cycle distribution, and stem cell depletion within the hematopoietic
and nervous systems [227|. In zebrafish, the preliminary data suggest a reduced number of
mitochondria and an enrichment of glycogen granules in the adult PRDM16 truncation
model (K702*). In contrast, in embryonic hearts at 48 hpf, there were no significant
alterations observed in mitochondrial quantity in the overexpression of PRDM16 W'T, the
identified PRDM16 ARVC variants, or the truncation model (K702*). Considering the
potential delayed onset of ARVC and the average age of symptom manifestation at the age
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of 29 in human [106], it is pertinent to evaluate mitochondrial number in the adult heart
of the ARVC model. Regarding the truncation model (K702*), discrepancies between the
preliminary data and this thesis may arise from the utilization of different methodologies.
The preliminary data analysis was conducted using immunofluorescence, while in this

study, fluorescence-activated cell sorting (FACS) was employed.

The P889L variant and the truncation model (K702*) exhibit a reduction in

superoxide levels while ROS level is unaffected

The observed reduction in superoxide levels in the PRDM16-P889L variant and the trunca-
tion model (K702*) compared to wild type suggests variant-specific influences on superoxide
regulation, underscoring the necessity of discerning which variant is truly disease-causing.
Possible explanations include variant-specific functions, altered mitochondrial function
affecting superoxide generation, differential handling of ROS, modulation of redox signaling
pathways, regulation of superoxide-related genes, and context-dependent effects. Eluci-
dating these mechanisms requires in-depth molecular studies involving investigation into
mitochondrial function, antioxidant pathways, and gene expression related to superoxide
regulation. One approach to comprehensively assess the impact of PRDMI16 variants
on mitochondrial function is by conducting a Seahorse assay on adult zebrafish hearts.
This assay allows for the real-time measurement of oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR), providing insights into mitochondrial respiration
and glycolysis, respectively. In contrast to superoxide levels, the ROS level remains
unaffected in the identified PRDM16 variants. Given that ARVC typically manifests
symptoms around the age of 29 in humans, it is plausible that the effects of the variants

may not be immediately evident and could potentially emerge later in life.

The D628N variant and S1059L variant demonstrate the presence of adipocytes

The prevalence of ARVC/D in the general population ranges from 1 in 2,500 to 1 in
5,000 [228]. Microscopic examination of the right ventricle in human ARVC patients
reveals several changes, with the dominant feature being the presence of fibrofatty or fat
replacement within the myocardial muscle [107]. Wnt /B-catenin signaling disruption is

a key factor in the adipogenesis and fibrosis observed in desmosomal Arrhythmogenic
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Cardiomyopathy [229-231]. In a mouse model expressing the TMEM43 p.S358L mutant
linked to ACM, sustained activation of GSK3f, a downstream regulator of Wnt/B-catenin,
triggers cardiomyocyte death and fibrofatty tissue replacement [232]. In a zebrafish model
of Dsp-deficiency-induced ARVC, Wnt/f3-catenin, TGF-3, and Hippo/YAP pathways are
significantly affected [229]. Notably, Wnt/B-catenin signaling is proposed as the final
common pathway in desmosomal gene mutation-based ARVC, supported by genetic and
pharmacological studies [229]. Zebrafish models, although successful in replicating key
clinical features of ARVC, including ventricular arrhythmia, myocardial chamber dilation,
and sudden cardiac death [233]), exhibit a notable limitation. Unlike human ARVC,
the replacement of myocardium with fibrofatty tissue, a characteristic hallmark of the
disease, is only infrequently observed in both zebrafish and mouse models [209]. Lipid
accumulation, though sporadically observed, remains a notable feature in specific zebrafish
models, such as those overexpressing the ILK H77Y and P70L variants [234], as well as
in the PLN R14del KI zebrafish model [235]. This observation further emphasizes the
challenge in recapitulating the full spectrum of pathological features seen in human ARVC
within zebrafish models. In consideration of the propensity of ARVC to manifest in adult
patients [106], our investigation focused on adult zebrafish hearts across various models
to scrutinize the presence of lipid droplets deposition in cardiac tissues. Notably, both
transgenic lines, Tg(myl7:PRDM16 D628N) and Tq(myl7:PRDM16 S1059L), displayed
the occurrence of lipid droplets. As controls, a wildtype fish and the overexpression
of PRDM16 were employed, implying that variants might contribute to the observed
presence of lipid droplets. Further investigations are warranted to elucidate the specific
mechanisms by which specifically these PRDM16 variants contribute to lipid droplets
presence in the context of ARVC. Exploring the molecular pathways and interactions
involved in adipogenesis within the cardiac tissues of zebrafish models could provide
valuable insights into the pathogenesis of ARVC and potentially uncover novel therapeutic
targets. Additionally, comparative studies with other established models and clinical
data may offer a broader understanding of the role of PRDM16 in adipocyte deposition,
enhancing our knowledge of ARVC pathology.

PRDM16 variants affect heart’s regenerative capacity

In contrast to human, zebrafish exhibits an extraordinary capacity to regenerate their

hearts following ventricular injury or amputation [180], therefore, it is an excellent model
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to study regeneration of the heart. Since PRDM16 might be a crucial factor during
heart development, it might play an important role in remodeling and regeneration. To
comprehensively explore the specific role of PRDM16 on zebrafish heart regeneration,
a regeneration model was developed, incorporating transgenic lines featuring PRDM16
wildtype and the PRDM16 truncation mutation (K702*). An effect on the proliferative
capacity of cardiomyocytes during development at 48 hpf has already been demonstrated
in the truncation model (K702*) [139]. Detailed examinations were conducted at 1, 3, and
5 dpa to elucidate the temporal dynamics and functional contributions of PRDM16 in the
context of cardiac tissue regeneration. The Masson-Goldner staining images at 1 dpa reveal
the formation of a blood clot, serving as a wound seal, which is later replaced by fibrin and
collagen at the injured area. This observed process is consistent across the control group,
as well as in the hearts of both the PRDM16 wildtype and PRDM16 truncated variant.
Numerous studies suggest that a few hours after injury, Fibroblast Growth Factors (FGFs)
stimulate the activation of epicardial cells. These activated epicardial cells undergoing
Epithelial-to-Mesenchymal Transition (EMT) exhibit the capability to proliferate and
migrate toward the injury site [236-238]. At 3 dpa, the control group and PRDM16
wildtype zebrafish exhibit the removal of the blood clot, whereas the blood clot persists in
the PRDM16 truncated variant. Given the known involvement of PRDM16 in TGF-
signaling and the inability of the truncated variant to produce the full-length PRDM16
protein, it is postulated that the disruption in TGF-f signaling may be a consequence of the
truncated variant’s inability to generate the complete PRDM16 protein. This disruption
could potentially result in an impaired wound healing response. Experimental validation,
including gene expression analysis, functional assays pertaining to TGF-{ signaling, and in-
depth examination of wound healing processes, is necessary to substantiate this hypothesis.
Furthermore, previous studies have underscored the significance of TGFpB/Activin-B
signaling in the regeneration of both the heart and fin [239]. These studies have identified
elevated expression of TGF(3/Activin-B ligands in wounded tissues of the heart and fin,
emphasizing the essential role of this pathway in the process of organ restoration [240,241|.
Various immunostaining techniques, including H&E, Masson-Goldner, and PCNA | indicate
an interruption in heart regeneration in the PRDM16 truncated variant. Co-staining with
cell specific markers, like Mef2c cardiomyocyte marker, is necessary to identify cell types
undergoing proliferation. The confirmation of my hypothesis through the quantification
of sarcomere length and measurement of the injured area after 5 dpa provides a solid
foundation for continued research into the underlying mechanisms and potential therapeutic
interventions. These findings highlight a potential impairment in proliferation associated

with the truncated variant, suggesting a deficiency in myocardial regenerative capacity.
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This underscores the importance of further investigation into the underlying mechanisms
governing cell proliferation and regeneration in this context, offering valuable insights
for the development of novel therapeutic strategies aimed at promoting heart repair and

regeneration.

Overexpression of PRDM16 and its truncated variant causes cardiac

hypertrophy

Recognized for their crucial role in promoting cardiomyocyte proliferation within the
compact myocardium, Hey2 [242] and Mycn [243] have been identified as direct targets of
PRDM16 through insights from prior studies [191|. The specific reduction in the expression
of Hey2 and Mycn in the left ventricle and interventricular septum of Prdm16°%€° mice
underscores the spatially restricted impact of PRDM16 on these target genes, influencing
cardiomyocyte proliferation in specific regions of the heart [191]. In this study, both the
overexpression of PRDM16 and the truncated variant (K702*) were observed to lead to an
increase in the thickness of the compact myocardium, indicative of hypertrophic response.
The possible reason for cardiac hypertrophy observed in our study could be linked to
mitochondrial dysfunction. Similar hypertrophy, adverse remodeling, and mitochondrial
dysfunction were also observed in a mice study involving conditional knockout Prdm16°%©
mice [217]. To gain a better understanding of the role of PRDM16 in mitochondrial

bioenergetics, it is essential to conduct experiments using an extracellular flux analyzer,

such as a Seahorse analyzer.

The overexpression of CAPZB WT and CAPZP variants in cardiomyocytes affects

cardiac morphology and cardiac output

CAPZ{ functions as an actin-capping protein, responsible for capping the growing end
of F-actin. It plays a pivotal role in modulating the cytoskeleton and in tethering actin
filaments to the Z-line of the sarcomere in muscles [162]. The loss of capzb in a zebrafish
model resulted in critical defects in cell morphology, differentiation, and neural crest
migration, highlighting its essential role during zebrafish embryogenesis [162]. As an actin
capping protein, CAPZB may also contribute to embryonic heart development. Preliminary

data indicate a noteworthy reduction in cardiac output in capzb~/~. Furthermore, aside
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from frequent pericardial edema, there was observable impairment in the looping of the
heart. The normal looping process typically initiates around 30 hpf and is completed
in wildtype controls between 48 hpf, as documented in the literature [169]. To evaluate
the influence of overexpressing CAPZp variants, including CAPZB WT and identified
CAPZB variants, on embryonic heart development, zebrafish was employed as a model
organism. Until 48 hpf, the different genotypes could hardly be distinguished based solely

on phenotypic characteristics.

A noticeable reduction in stroke volume was observed at 72 hpf in Tg(myl7:GFP;myl CAPZB
Ser192Asn). Additionally, at 72 hpf, two transgenic lines, namely T¢(myl7:GFP;myl
CAPZB Thr179Ser) and Tq(myl7:GFP; myl: CAPZB Ser192Asn), displayed a significant
reduction in cardiac output. Interestingly, these two variants were identified in patients
with CHDs. The patient carrying the p.Thr179Ser variant presented with hypoplastic left
heart syndrome, whereas the patient with the p.Ser192Asn variant exhibited pulmonary
atresia with a ventricular septal defect. Given that patients with pulmonary atresia with
a ventricular septal defect as well as hypoplastic left heart syndrome typically manifest
reduced systemic cardiac output [244, 245], it is plausible that the identified variants,
Thr179Ser and Ser192Asn, may contribute to the observed phenotypes in these cases.

The sarcomeric structure in cardiac muscle is affected by the CAPZB Ser192Asn

variant

CAPZp plays a crucial role in muscle cells and their functional units, the sarcomeres
[204,205|. Collaborating with its subunit, CAPZq, it facilitates the connection of actin
filaments to the Z-disc, thereby contributing to the structural organization of the myofibrils
[246-248]. This order governs the direction of contraction in cells, ensuring effective control
over the contraction process [249]. Moreover, CAP proteins associated with actin play a
vital role in regulating processes such as filament formation, stability maintenance, and
dynamic interactions within the cellular environment [250]. The elongation in sarcomere
length and the disorganized sarcomeric structure observed in CAPZB Ser192Asn strongly
suggest a potential reduction in contraction power. This structural alteration may impair
the coordinated contraction of cardiac muscle fibers, potentially leading to compromised
cardiac function, as evidenced by the observed reduction in cardiac output in this variant.

Further investigation into the functional consequences of these structural changes is crucial
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for understanding the pathological mechanisms underlying cardiac dysfunction associated
with the CAPZB Ser192Asn variant. Furthermore, small-sized mitochondria were also
observed in CAPZ{ Ser192Asn. Generally, CAPZp variants exhibit differences in the
shape, size, and number of mitochondria. It is well-established that mitochondria in
cardiomyocytes occupy approximately one-third of the cell volume, underscoring the
substantial energy demands inherent to these cells [226]. Additionally, mitochondria
play crucial roles in regulating redox status, calcium homeostasis, and lipid synthesis.
Consequently, it is not surprising that mitochondrial dysfunction has been robustly
associated with the development of cardiomyopathy and an elevated risk of heart failure
[225]. It is advisable to conduct a comprehensive mitochondrial count and quantification
through techniques such as FACS or immunohistochemistry on the CAPZB variants as
well as CAPZB WT. This analysis is warranted considering that TEM images may not

provide a thorough evaluation.

The loss of capzb~/~ has profound effects on heart development

The CAPZB gene is known to play a crucial role in actin dynamics and cytoskeletal
organization [156], and its disruption has been implicated in various developmental
abnormalities [162]. At 48 hpf in capzb~/~ embryos, the differential expression analysis
revealed a higher number of downregulated genes (605) compared to upregulated genes
(378). This suggests that the loss of the capzb gene may primarily lead to a decrease
in the expression of protein-coding genes at this developmental stage. Heterozygous
capzbt/~ embryos exhibited a similar pattern, with more downregulated genes (550) than
upregulated genes (389). This indicates that even heterozygous knockout of the capzb
gene can significantly impact gene expression at 48 hpf. Analysis at 72 hpf showed a shift
in the differential expression pattern compared to 48 hpf. In capzb~/~ embryos, there was
a notable increase in the number of upregulated genes (731) and a decrease in the number
of downregulated genes (299). This suggests a dynamic regulation of gene expression in
response to the loss of the capzb gene over time. Similarly, capzb™~ embryos also exhibited
changes in gene expression, with a comparable number of downregulated genes (294) and
upregulated genes (304). This indicates that even heterozygous knockout of the capzb gene
continues to influence gene expression patterns at 72 hpf. The observed changes could
also be attributed to a switch in gene expression between 48 and 72 hpf [251], reflecting

temporal regulation of gene expression in the developing embryos.



5 Discussion 134

The GO analysis of differentially expressed genes in capzb=/~ and capzbt/~ embryos at 48
hpf and 72 hpf provides valuable insights into the molecular mechanisms underlying the
phenotypic differences observed in these genetic backgrounds. At 48 hpf, downregulated
genes in capzb~/~ embryos are significantly enriched in biological processes associated with
extracellular matrix organization and notochord morphogenesis. This enrichment suggests
potential disruptions in the structural integrity [252,253] and developmental patterning
of tissues, which could contribute to the observed phenotypic abnormalities in capzb—/~
embryos. Interestingly, upregulated genes show significant enrichment in various processes,
indicating a complex transcriptional response to the loss of capzb. Further investigation
is warranted to elucidate the specific regulatory pathways driving these transcriptional

changes.

At 48 hpfin capzbt/~ embryos, downregulated genes are also enriched in extracellular matrix
organization, suggesting a shared molecular phenotype with capzb~/~ embryos. However,
the upregulated genes exhibit enrichment in distinct processes, including the regulation
of JAK-STAT cascade, drug catabolic processes, exogenous drug catabolic processes,
and nucleosome assembly. These findings suggest that capzbt/~ embryos may undergo
compensatory transcriptional changes to maintain cellular homeostasis in response to the
heterozygous deletion of capzb. By 72 hpf, the transcriptional landscape undergoes further
remodeling in both capzb=/~ and capzb*/~ embryos. In capzb~/~ embryos, downregulated
genes are enriched in oxidoreductase activity, potentially reflecting alterations in metabolic
processes or cellular redox balance. Conversely, upregulated genes exhibit enrichment in
the inactivation of MAPK activity, suggesting a regulatory response to perturbations in

signaling pathways associated with cell proliferation and differentiation [254].

Similarly, in capzbt/~ embryos at 72 hpf, downregulated genes are enriched in the cellular
response to xenobiotic stimulus, indicating potential disruptions in cellular homeostasis
or stress response mechanisms. Upregulated genes, on the other hand, show enrichment
in proteolysis and drug catabolic processes, suggesting an adaptive cellular response to
metabolic challenges or environmental cues. Overall, the GO analysis highlights the
dynamic transcriptional changes occurring during embryonic development in capzb=/~ and
capzb™/~ embryos. These findings provide a foundation for further investigation into the
molecular pathways driving developmental defects and may inform potential therapeutic

strategies for addressing congenital abnormalities associated with capzb deficiency.

This study highlights the efficiency of zebrafish as a model for testing genetic pathogenicity,
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with embryos offering advantages in early-stage analysis and high-throughput screening,
and adults providing insights into long-term and regenerative processes. The differential
utility of zebrafish embryos and adults allowed for a comprehensive analysis of CAPZpB
and PRDM16 variants, providing a nuanced understanding of their roles in cardiovascular
diseases. Additionally, it was shown that metabolic-like processes and chronic conditions
such as fibrosis and lipid deposition are better modelled in adults, whereas embryos are

more suitable for studying cellular processes relevant to CHD.

Future research should explore the complementary use of zebrafish embryos and adult
fish to maximize the strengths of each model. Additional studies could investigate
additional genetic variants using this dual approach to enhance our understanding of their

pathogenicity and potential to inform therapeutic strategies for CHD and ARVC.
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Appendix

1 Oligonucleotides (primers)

All primers were validated for specificity against the genome references GRCh37, zv9, and

GRCz11 using Primer3Plus following primer design. Oligonucleotides for sequencing PCR

products, creating point mutations, and genotyping were obtained as lyophilized products

from Biomers (Ulm, Germany) and dissolved in ddH2O to a final concentration of 100

pmol/pl. Table 1 presents the primers used for sequencing, while Table 2 illustrates the

primers used for creating point mutations and genotyping.

Description Primers Sequence (5’ — 37) TM(°C)
Sequencing primers

attB1 CAAGTTTGTACAAAA 60.3
AAGCAGGCTCAA

attB2 ACCCAGCTTTCTTGT 63.6
ACAAAGTGG

attB4 CAACTTTGTATAGAA 51.7
AAGTTG

M13-F GTAAAACGACGGCCA
GT

T7 TAATACGACTCACTA
TAGGG

Lenti-CAPZB_Seq_ F TTTGCTGGAGTGATC
CTCAT

Table 1: List of Sequencing Primers: The sequencing primer attB1 was used in Gateway cloning
to detect point mutations in CAPZB and PRDM16 (as the middle element), attBj for
promoter detection (as the 5 element), and attB2 for poly A (as the 3’ element) as
described in section 3.3.1. Additionally, M13 and T'7 were utilized for the pDONRTM 221
vector (for BP reaction as described in section 3.3.1).
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Description Primers Sequence (5’ — 37) TM(°C)
Primers for site directed mutations

PRDM16 PRDM16_attBl1_F GGGGACAAGTTTGTA 68.0
CAAAAAAGCAGGCTT
CACCATGCGATCCAA
GGCGAGGGCG

PRDM16 PRDM16_attBl1 R GGGGACCACTTTGTA 68.0
CAAGAAAGCTGGGTT
CTAGAGGTGGTTGAT

PRDM16 PRDM16_A259V _F TGGGGGCTGTGCTCT 68.0
ACGAG

PRDM16 PRDM16 _A259V_R CTCGTAGAGCACAGC 68.0
CCCA

PRDM16 PRDM16_D628N_F3 AACGTGGACAGCGAC 60.0
CAAGGACA

PRDM16 PRDM16 D628N_R3 GCTGTCCAGGTCCGA 60.0
GCCCGT

PRDM16 PRDM16_P889L. F4 TGTCCCCGCTGCTCT 60.0
TCCAC

PRDM16 PRDM16_P889L_ R4 GCCGCAGGTACTTCT 60.0
CCTTC

PRDM16 PRDM16_S1059L F CTCAGAGTTGGACAA 68.0
CCAC

PRDM16 PRDM16_S1059L R GTGGTTGTCCAACTC 68.0
TGAG

PRDM16 CAPZBcb36g F TGCTGTGGCTGCAGA 68.0
GCAACAAATCTGGCTC

CAPZB CAPZBcb36g R GAGCCAGATTTGTTG 68.0
CTCTGCAGCCACAGCA

CAPZB CAPZBa542g F GGCTGCAGACCAACA 68.0
GATCTGGCTCTGGCAC

CAPZB CAPZBab542¢g R GTGCCAGAGCCAGAT 68.0
CTGTTGGTCTGCAGCC

Primers for detection of pointmutations and genotyping

PRDM16 PRDM16 Screen F TGTGAGGTCTGCCAC 60.0
AAGT

PRDM16 PRDM16 Screen R GCTCTCGAACTTCTC 60.0
CTCGG

PRDM16 PRDM16 Screen F P889LL. GCCTTCTTCATGGAC 63.6
CCCA

PRDM16 PRDM16 Screen R P889L CGCTCCTTGCCCTTC 63.6
CTGAG

CAPZB CAPZB-Hum-F-new CGCCCATTACAAGTT 60.0
GACCT

CAPZB CAPZB-Hum-R-new GATCTCAGCCCATTG
ACGAT

capzb Hi1858b-3E03 GGTGGATTAGTGTTT 62.0
GTTTTGGTG

capzb Hi1858b-3E04 CAAGGACCTGAAATG 61.2
ACCCTG

capzb capzf} -WT-F-new-2 CACCACCATCTGAAA 59.5
CACTGA3

Table 2: List of Primers for Nested PCR, Standard PCR, and Genotyping.
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2 Transgenic construct sequence

Sequence of construct for overexpression of CAPZB and identified variants in
CHD patients

Four novel human variants within the CAPZB gene were identified, as described in Section
4.4. Nested PCR was used to create each point mutation. As depicted in Figure 1, each

red nucleotide is substituted with an orange nucleotide.
1. p.Thr179Ser: aCc/aCic
2. p.Lysl181Arg: aAa/aCa
3. p-Ser192Asn: aGe/al\c
4. p.Arg215Cys Cgc/'I'ge

The two patients with non-syndromic CHD harbored variants p. Thr179Ser and p.Ser192Asn.
The patient with the p.Thr179Ser variant presented with hypoplastic left heart syndrome,
while the patient with the p.Ser192Asn variant exhibited pulmonary atresia with a ventric-
ular septal defect. In contrast, the patients with syndromic CHD had more complex clinical
presentations. The patient with the p.Arg215Cys variant exhibited a range of symptoms
including an atrial septal defect, global developmental delay, sparse hair, abnormal pinna,
and postnatal growth retardation. Meanwhile, the patient with the p.Lys181Arg variant
presented with a ventricular septal defect, trigonocephaly, optic nerve hypoplasia, agenesis

of the corpus callosum, and hypoplasia of the cerebellar vermis.
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CAPZB (NM_001206540)Human Tagged ORF Clone
CAT#: RG232359

Sequence of CAPZS wt

TTGGCCGCGAGCTGGCGGCGTGEGEGGCGEGCCCEEECCGEGCCEEGECGEGGAAGGAAGGTGGCGGCGE
CCCGGCGCGGGEGGAGGEEGGTGCTGACCCGGATGTT CACTCC TGGGCACCCGGGGAAGT GGAAGC GCCG
GGCCCTGC TGCGGGGGGGAGAGCCAC TGACGCCGGGACCGGGA CCGCCGCCGCCGCCGCCACCATGAGTG
ATCAGCAGCTGGAC TGTGCC TTGGACCTAAT GAGGCGCCTGCC TCCCCAGCAAATCGAGAAAAACCTCAG
CGACCTGATCGACC TGGTCCCCAGTC TATGT GAGGAT CTCCTGTCTTCT GTTGACCAGCCACTGAAAATT
GCCAGAGACAAGGT GGTGGGAAAGGA TTACC TTTTGT GTGACTACAACAGAGAT GGGGAC TCCTATAGGT
CACCATGGAGTAACAAGTAT GACCCT CCCTT GGAGGA TGGGGC CATGCC GTCAGCTCGGC TGAGAAAGCT
GGAGGTGGAAGCCAACAATGCCTTTGACCAGTATCGAGACCTGTATTTT GAAGG TGGCGTCTCATC TGTC
TACCTCTGGGATCT GGATCATGGCTT TGCTGGAGTGATCCTCATAAAGAAGGCT GGAGAT GGATCAAAGA
AGATCAAAGGCTGC TGGGAT TCCATC CACGT GGTAGAAGTGCAGGAGAAATCCAGCGGTC GCAGCGCCCA|

CACGG TGATGC TGTGGCTGCAGACCAACAAATCT GGCTC TGGCACCATGAACCTC
GGAGGCAGCCTTAC CAGACA GATGGAGAAGGATGAAACTGTGA GTGACT GCTCCCCACACATAGCCAACA
TCGGGCGCCTGGTAGAGGACATGGAAAATAAAATCAGAAGTAC GCTGAACGAGATCTACT TTGGAAARAC
ARAGGATATCGTCAATGGGC TGAGATCIFATT GATGCTATCCCT GACAACCAAAAGTTTAAGCAGTTGCAG
AGGGAGCTCTCTCAAGTGCT GACCCAGCGCCAGATCTACATCCAGCCTGATAAT TAAGCCGATCCAGGTC
TGTGCAGACTTTTGCAGACAAATCAAAACAAGAAGCT CTGAAGAATGACCTGGT GGAGGC TTTGAAGAGA
AAGCAGCAATGCTAAACCTC TGTTTCATGCTAACCAGACACGCCGTGCACTCGT TAGATTCCTTTC TTAG

Sequence of CAPZf with point mutation

TTGGCCGC GAGCTGGCGGCG TGGGGGGCGEGCCCGEECCGEEC CGGGGC GEGGGAAGGAAGGTGGCGGCGE
CCCGGCGC GGGGGGAGGGGGGTGCTGACCCGGATGTT CACTCC TGGGCACCCGGGGAAGT GGAAGC GCCG
GGCCCTGC TGCGGGGGGGAGAGCCAC TGACGCCGGGACCGGGACCGCCGCCGCC GCCGCCACCATGAGTG
ATCAGCAGCTGGAC TGTGCC TTGGAC CTAAT GAGGCGCCTGCC TCCCCAGCAAATCGAGAAAAACC TCAG
CGACCTGATCGACC TGGTCCCCAGTC TATGT GAGGATCTCCTG TCTTCT GTTGACCAGCCACTGAAAATT
GCCAGAGACAAGGT GGTGGGAAAGGATTACC TTTTGT GTGACTACAACAGAGAT GGGGAC TCCTATAGGT
CACCATGGAGTAACAAGTAT GACCCTCCCTT GGAGGA TGGGGC CATGCC GTCAGCTCGGC TGAGAAAGCT
GGAGGTGGAAGCCAACAATGCCTTTGACCAGTATCGAGACCTGTATTTT GAAGG TGGCGTCTCATC TGTC
TACCTCTGGGATCT GGATCATGGCTT TGCTGGAGTGATCCTCA TAAAGAAGGCT GGAGAT GGATCAAAGA
AGATCAAAGGCTGC TGGGAT TCCATC CACGT GGTAGAAGTGCAGGAGAAATCCAGCGGTC GCACICGCCCA |
[TTACAAGT TGACCTICCACGG TGATGC TGTGGCTGCAGAGCAACAGATCT GGCTC TGGCAC CATGAACCTC
GGAGGCAACCTTAC CAGACAGATGGAGAAGGATGAAACTGTGAGTGACT GCTCCCCACACATAGCCAACA
TCGGGTGC CTGGTAGAGGACATGGAAAATAAAATCAGAAGTAC GCTGAACGAGATCTACT TTGGAAAAAC
AAAGGATATCGTCAATGGGC TGAGAT CITATT GATGCTATCCCT GACAACCAAAAGTTTAAGCAGTTGCAG
AGGGAGCTCTCTCAAGTGCT GACCCAGCGCCAGATCTACATCCAGCCTGATAAT TAAGCCGATCCAGGTC
TGTGCAGACTTTTGCAGACAAATCAAAACAAGAAGCT CTGAAGAATGACCTGGT GGAGGC TTTGAAGAGA
AAGCAGCAATGCTAAACCTC TGTTTCATGCTAACCAGACACGCCGTGCACTCGT TAGATTCCTTTC TTAG

175

Figure 1:

Sequence of construct for overexpression of CAPZB and variants. The nucleotides
marked in red represent substitutions found in CHD patients. The sequences below
highlight the nucleotide substitutions in orange.
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Sequence of construct for overexpression of PRDM16 and identified variants in
ARVC patients

Four novel human variants within the PRDM16 gene were identified in ARVC patients.
Nested PCR and satndard PCR were used to create each point mutation. As depicted in

Figure 2, each red nucleotide is substituted with an orange nucleotide.

1. ARVC Mutation 1: A259V, c.776C>

2. ARVC Mutation 2: D628N, ¢.1882G>

3. ARVC Mutation 3: P889L, ¢.2666C>

4. ARVC Mutation 4: S1059L, ¢.3176C>
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PRDM16 cDNA Human NM 022114.

ATGCGATCCAAGGCGAGGGCGAGGAAGCTAGCCAAAAGTGACGGTGACGTTGTAAATAAT
ATGTATGAGCCCAACCGGGACCTGCTGGCCAGCCACAGCGCGGAGGACGAGGCCGAGGAC
AGTGCCATGTCGCCCATCCCCGTGGGGCCACCGTCCCCCTTCCCCACCAGCGAGGALCTTC
ACCCCCAAGGAGGGCTCGCCGTACGAGGCCCCTGTCTACATTCCTGAAGACATTCCGATC
CCAGCAGACTTCGAGCTCCGAGAGTCCTCCATCCCAGGGGCTGGCCTGGGGGTCTGGGLC
AAGAGGAAGATGGAAGCCGGGGAGAGGCTGGGCCCCTGCGTGGTGGTGCCCCGGGLGGLG
GCAAAGGAGACAGACTTCGGATGGGAGCAAATACTGACGGACGTGGAAGTGTCGCCCCAG
GAAGGCTGCATCACAAAGATCTCCGAAGACCTGGGCAGTGAGAAGTTCTGCGTGGATGCA
AATCAGGCGGGGGCTGGCAGCTGGCTCAAGTACATCCGTGTGGCGTGCTCCTGCGATGAC
CAGAACCTCACCATGTGTCAGATCAGTGAGCAGATTTACTATAAAGTCATTAAGGACATT
GAGCCAGGTGAGGAGCTGCTGGTGCACGTGAAGGAAGGCGTCTACCCCCTGGGCACAGTG
CCGCCCGGCCTGGACGAGGAGCCCACGTTCCGCTGTGACGAGTGTGACGAACTCTTCCAG
TCCAAGCTGGACCTGCGGCGCCATAAGAAGTACACGTGTGGCTCAGTGGGGGCTGCGCTC
TACGAGGGCCTGGCTGAGGAGCTCAAGCCCGAGGGCCTTGGCGGTGGCAGCGGCCAAGLCC
CACGAGTGCAAGGACTGCGAGCGGATGTTCCCCAACAAGTACAGCCTGGAGCAGCACATG
GTCATCCACACGGAGGAGCGCGAGTACAAATGCGACCAGTGTCCCAAGGCCTTCAACTGG
AAGTCCAACCTCATCCGCCACCAGATGTCCCACGACAGCGGCAAACGCTTCGAATGTGAA
AACTGCGTGAAGGTGTTCACGGACCCCAGCAACCTTCAGCGGCACATCCGCTCGCAGCAC
GTGGGCGCTCGGGCCCACGCCTGCCCCGACTGCGGGAAGACCTTCGCCACGTCCTCCGGL
CTCAAGCAGCACAAGCATATCCACAGCACGGTGAAGCCTTTCATATGTGAGGTCTGCCAC
AAGTCCTACACGCAGTTCTCCAACCTGTGCCGGCACAAGCGGATGCACGCCGALCTGCCGC
ACGCAGATCAAGTGCAAGGACTGTGGCCAGATGTTCAGCACTACCTCCTCCCTCAACAAG
CACCGGCGCTTCTGCGAGGGCAAGAACCATTACACGCCGGGCGGCATCTTTGCCCCGGGL
CTGCCCTTGACCCCCAGCCCCATGATGGACAAGGCAAAACCCTCCCCCAGCCTCAATCAC
GCCAGCCTGGGCTTCAACGAGTACTTTCCCTCCAGGCCGCACCCGGGGAGCCTGCCCTTC
TCCACGGCGCCTCCCACGTTCCCCGCACTCACCCCCGGCTTCCCGGGCATCTTCCCTCCA
TCCTTGTACCCCCGGCCGCCTCTGCTACCTCCCACATCGCTGCTCAAGAGCCCCCTGAAC
CACACCCAGGACGCCAAGCTCCCCAGTCCCCTGGGGAACCCAGCCCTGCCCCTGGTCTCC
GCCGTCAGCAACAGCAGCCAGGGCACGACGGCAGCTGCGGGGCCCGAGGAGAAGTTCGAG
AGCCGCCTGGAGGACTCCTGTGTGGAGAAGCTGAAGACCAGGAGCAGCGACATGTCGGAC
GGCAGTGACTTTGAGGACGTCAACACCACCACGGGGACCGACCTGGACACGACCALCGGGG
ACGGGCTCGGACCTGGACAGCGACGTGGACAGCGACCCTGACAAGGACAAGGGCAAGGGC
AAGTCCGCCGAGGGCCAGCCCAAGTTTGGGGGCGGCTTGGCGCCCCCGGGGGCCCCGAALC
AGCGTGGCCGAGGTGCCTGTCTTCTATTCCCAGCACTCATTCTTCCCGCCACCCGACGAG
CAGCTGCTGACTGCAACGGGCGCCGCCGGGGACTCCATCAAGGCCATCGCATCCATTGCC
GAGAAGTACTTTGGCCCCGGCTTCATGGGGATGCAGGAGAAGAAGCTGGGCTCGLCTCCCC
TACCACTCGGCGTTCCCCTTCCAGTTCCTGCCCAACTTCCCCCACTCCCTTTACCCCTTC
ACGGACCGAGCCCTCGCCCACAACTTGCTGGTCAAGGCCGAGCCAAAGTCACCCCGGGAC
GCCCTCAAGGTGGGCGGCCCCAGTGCCGAGTGCCCCTTTGATCTCACCACCAAGCCCARAA
GACGTGAAGCCCATCCTGCCCATGCCCAAGGGCCCCTCGGCCCCCGCATCCGGCGAGGAG
CAGCCGCTGGACCTGAGCATCGGCAGCCGGGCCCGTGCCAGCCAAAACGGCGGCGGGCGE
GAGCCCCGCAAGAACCACGTCTATGGGGAACGCAAGCTGGGCGCCGGCGAGGGGLTGCCC
CAGGTGTGCCCGGCGCGGATGCCCCAGCAGCCCCCGCTCCACTACGCCAAGCCCTCGCCC
TTCTTCATGGACCCCATCTACAGCAGGGTAGAAAAGCGGAAGGTCACAGACCCCGTGGGA
GCCCTGAAGGAGAAGTACCTGCGGCCGTCCCCGCTGCTCTTCCACCCCCAGATGTCAGCC
ATAGAGACCATGACAGAGAAGCTGGAGAGCTTTGCAGCCATGAAGGCGGACTCGGGCAGC
TCCCTGCAGCCCCTCCCCCACCACCCCTTCAACTTCCGGTCCCCACCCCCAACGCTCTCC
GACCCCATCCTCAGGAAGGGCAAGGAGCGATACACGTGCAGGTACTGTGGGAAGATCTTC
CCCAGATCAGCCAATCTCACCAGACACCTGAGGACGCACACTGGGGAGCAGCCGTACAGG
TGTAAGTACTGCGACCGCTCCTTCAGCATCTCTTCGAACCTCCAGCGGCACGTCCGGAAC
ATCCACAACAAGGAGAAGCCTTTCAAGTGCCACCTGTGCAACCGCTGCTTCGGGCAGCAG

Figure 2: Sequence of construct for overexpression of PRDM16 and variants. The nucleotides
marked in red represent substitutions found in ARVC patients.
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3 Vector maps
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Figure 3: Cloning Vector Maps for A: CAPZB and B: PRDM16. Vector RC210480 served as the
template for nested PCR to introduce point mutations in CAPZB. Vector pENTR223.1
was employed as the template for both nested PCR and standard PCR to introduce

point mutations in PRDM16
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Figure 4: Cloning Vector Maps for BP and LR Reactions. A: Myl7 vector, utilized as the 5’
element (promoter). B: Poly A vector, used as the 3’ element as described in section
3.3.1. C: pDONRTM 221 vector, employed in the BP reaction. D: PCM326 pDestTol2

crystallin-YFP, serving as the destination vector after the LR reaction.
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Figure 5: A: Cloning Vector Map for Transposase. This vector served as the template for
transposase mRNA synthesis as described in subsection 3.4.3
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