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Angiogenesis, the formation of new blood vessels from existing vasculature, is an essential process for
vascular growth and blood vessel development. However, defective regulation and abnormalities of
angiogenesis are present in multiple diseases, such as cancer, diabetes, arthritis, psoriasis and many
others. Angiogenesis utilizes multiple mechanisms, such as sprouting of new veins, vascular remodelling,
tumour mediated trans-differentiation and vascular mimicry. In this research project, we focus on
sprouting angiogenesis, filopodia and interacting proteins, which aid in the process of angiogenesis.

Talin rod domain-containing protein 1 (TLNRD1) is a small protein which shares homology with a major
cytoskeletal protein Talin. Especially the domains R7 and RS of Talin are most similar with TLNRDI.
However, when comparing the genes encoding these domains, the area encoding domains R7 and R8 has
11 exons, but the gene encoding TLNRD1 consists from one single exon. This indicates that #/nrd[-gene is
conserved in evolution, which is common for many important genes in cellular functions. TLNRD1 shares
also the ability to bind and bundle actin with regular Talin, which is necessary for filopodia formation and
linked with sprouting angiogenesis. The goal of this research project was to shed light on this role of
TLNRDI, by using a zebrafish model.

The common zebrafish (Danio rerio) is a vastly used animal model in vascular growth and cancer research.
For this project, a transgenic strain of TLNRD1 mutant fish was produced prior the project, and all of the
research was conducted with under 5-day old zebrafish embryos. First, embryos of TLNRD1-mutants were
produced and imaged with a stereomicroscope for observing structural differences in their vasculature. The
lengths and diameters of blood vessels were measured and analysed statistically. Genotyping was done with
PCR and gel electrophoresis. Within the first two groups of naturally spawned embryos, no significant
differences were observed between the control and mutant groups. Also, visual phenotype related
observations of abnormalities or vasculature changes were quite minuscule.

In the second phase of the experiment, a set of microinjections with CRISPR-CAS9 and single guide RNAs
were done, to find out how the gene edition of TLNRD1 effects on the phenotype. A new set of embryos
were injected within one hour of fertilization, and they were observed for 3 days, after which imaging and
data analysis was done again. Due to using CRISPR for gene editing, instead of regular genotyping a T7
endonuclease assay was conducted to measure the gene edition. In addition, a database search of RNA
expression patters of TLNRD1 was conducted with using the UCSC Cell Browser and a high-profile
transcriptional RNA dataset of zebrafish. The conclusion of this project was that although TLNRD1 has
previously been shown to affect vascular development, no major significance or visual phenotype
differences were observed among the target embryos. Possible reasons could be the somewhat low levels
of initial expression of TLNRDI or the actual significance of the protein being smaller in vascular
development than previously anticipated. More research about the thesis topic would be needed to develop
the knowledge about TLNRDI.
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1 Introduction

1.1 Vascular system

Vascular growth is one of the most essential processes during embryo development. The
vasculature system is among the first developing organ systems originating from the mesodermal
embryonic layer, developing from mesodermal stem cells, which mature further to
hemangioblasts. These cells will branch in development either in the direction of hematopoietic

stem cells (HSCs) or angioblasts. (Schmidt ef al. 2007, Risau 1997)

The role of vascular development is to form new blood vessels, and up keep the vasculature system.
The major role of the system itself is to deliver oxygen, nutrients and metabolite molecules for
different cells and tissues. The system also transports wastes away from tissues, delivering them

to their respective organs such as the liver, kidneys etc. (Tucker et al. 2021)

All blood vessels beside the cardiac veins, are a part of the peripheral vascular system. The blood
vessels within the circulatory system are divided further in arterioles, capillaries, venules and
veins. Generally, blood vessels have three distinct layers, tunica adventia (outer layer), tunica
media (middle layer) and tunica intima (inner layer). (Taylor & Bordoni 2022) The adventia is the
major structure and support provider for the vessels. The nerves that are connected to the outer
layer membrane cells, are also part of the adventia. With the aid of collagen junctions and elastic
fibres, vascular endothelial cadherin (VE-Cadherin) and tight junction protein 1 (ZO-1), the

adventia attaches the vessel in the surrounding tissue. (Welti et al. 2013)

The tunica media is the vascular smooth muscle cell layer below the adventia. It alters the size of
the lumen by contraction and relaxation. The layer also consists from elastin and collagen
(Cronenwett & Johnston 2014). In the arterioles, tunica media is thicker compared to the venules,
where it is rather thin. (Taylor & Bordoni 2022) This correlates with the arteries having higher

blood pressure in them compared to the venules. (Cronenwett & Johnston 2014)

The tunica intima is the last layer before the vessel lumen, and it consists from a simple squamous
endothelial cell layer. The layer is connected through the basal lamina to the extra cellular matrix
(ECM). The epithelial layer of tunica intima is interacting with the blood plasma and all the cells
circulating in the lumen. (Taylor & Bordoni 2022)



Arteries transport highly oxygenated blood from the heart and distribute it all around the body
delivering also nutrients to the tissues. The larger arteries (aorta, pulmonary veins, branchial, radial
and femoral arteries) have elastic and muscular layers to provide support and to hold the higher
blood pressure. When moving towards the target tissues, the arteries branch into smaller arterioles.
The arterioles play an important role in systemic vascular resistance which is regulated by the
autonomic nervous system. Thus, the blood pressure stays in balance when the supporting tunica

adventia and tunica media shrink in size towards the capillaries. (Tucker et al. 2021)

Capillaries are the smallest units of the vasculature system. They have a simple cellular wall
consisting from the basal lamina, single layer of flattened endothelial cells and pericytes. The
pericytes are neurologically active vascular signalling cells, which respond to changes in the blood
pressure. In the capillary level, exchange of oxygen and nutrition molecules is happening by

diffusion, and the flow of blood is regulated by the arteriolar lumen. (Taylor & Bordoni 2022)

Capillaries can also be divided into smaller subtypes, which are continuous capillaries, fenestrated
capillaries and discontinuous capillaries. The continuous capillaries are the most common type,
mainly present in muscle tissues, connective tissues, skin, lungs and the central nervous system
(CNS). They have a continuous basal lamina, which wraps around the endothelial layer, which has
small pores for transcytosis. Fenestrated capillaries have circular fenestrations in the endothelia
and their basal lamina is continuous. This feature is essential in the endocrinal organs and
absorptive tissues such as the intestinal tract, kidneys and the pancreas. The discontinuous
capillaries are present in tissues where large amounts of blood passes through. These tissues inclue
the liver, spleen and the bone marrow where hepatocytes are produced. Discontinuous capillaries
have large fenestrated epithelial layers with gaps both between the endothelial cells (ECs) but also
in the basal lamina. (Taylor & Bordoni 2022)

Venules are the continuation from capillaries on the way back to the heart, where low oxygenated
blood flows after the red blood cells and target tissues exchange oxygen to carbon dioxide. The
structure of the venules includes the basal lamina, endothelial cells and pericytes, but fewer
subendothelial fibres compared to capillaries. The tunica medina of venules consists from one to
two layers of vascular smooth muscle cells. (Taylor & Bordoni 2022) The other distinctive feature
of venules is the post-capillary sphincters which prevent the backwards flow of the blood. (Tucker
etal 2021)



Venules continue to widen into larger veins closer to the heart. Among the veins, the tunica media
and tunica adventia are much thinner than in arteries. The small to medium size veins have more
vascular smooth muscle cells in their tunica media, than the larger veins which replace the larger
muscle layer with connective tissue. Since the lumen in veins is wider, the majority of the blood
volume is residing in the veins, during the circulatory cycle. Veins also have generally lower blood

pressure, due to looser wall structure. (Pugsley & Tabrizchi 2000)

1.2 Vascular growth types

When considering vascular growth, there are two major types of development. Blood vessel
development from individual stem cells called vasculogenesis and branching growth of new
vessels from pre-existing vasculature called angiogenesis. Tumour mediated angiogenesis is also

committing to vascular development in e.g. cancers. (Udan ef al. 2012)

1.2.1 Vasculogenesis

In the embryonal state, blood vessel formation is progressing through vasculogenesis, where the
progenitor cells of the new blood vessel are derived from individual endothelial cells (ECs). The
ECs originate from angioblasts. The pericytes surrounding the blood vessels develop from
mesenchymal stem cells (MSCs). (Wong & Crawford 2013). The process occurs in three steps.
First the fibroblast growth factors (FGF) are introduced to the hemangioblasts. This initiates the
formation of the first chords of developing vessels. Next the vascular endothelial growth factor
(VEGF) mediates the merging and assembly of the progenitor vessels. The expression of receptor
proteins for FGF, VEGF and other angiogenic licands, profiles the vasculogenesis to proceed
towards angiogenesis (Wang & Zhao 2010). Multiple growth factors, morphogens and other

signalling molecules aid to modulate the vascular development further. (Adair & Montani 2010)

In adults the process of vasculogenesis is functioning differently. The pericytes originate from
fibroblasts, which reside in the bone marrow, and the ECs are derived from endothelial progenitor
cells (EPCs). The EPCs form structures called the blood islands, clusters of HSCs and angioblasts,
in the mesoderm. The HSCs develop further into hematopoietic blood cells and angioblasts
develop into endothelial cells which are migrating to compose a new blood vessel. (Lugano ef al.

2020)



The process of vasculogenesis in adults occurs mostly whenever the vascular tissue encounters
damage, such as in case of post ischemia (Asahara et al. 1997), hypoxia progressing to anoxia
(Krock et al. 2011) and would healing (Wong & Crawford 2013) where cytokines and other

hypoxia related signalling pathways activate and recruit EPCs to the damaged tissue site.

1.2.2 Angiogenesis

Angiogenesis occurs mainly in two ways, which are sprouting angiogenesis and intussusceptive
angiogenesis aka. vascular remodelling. Angiogenesis is present in normal vascular development
and also in tissue healing (Li et al. 2003), organ regeneration (Jahani et al. 2020) and tumour

genesis (Zhao et al. 2011).

Sprouting angiogenesis takes place in the blood vessel ECs, which are activated by proangiogenic
molecules such as VEGF, and together by alterations in the cell-cell junctions and interactions
with the basal lamina, the process of tip cell formation is initiated (Welti ez al. 2013). The outmost
vascular EC develops into the outward sprouting “tip cell” which begins to migrate away from the
vascular endothelia towards the surrounding ECM. The front of the tip cell forms the filopodia
structure, a cytoplasmic extension of the lamellipodium. The role of the filopodia is to aid the cell
in probing the surrounding ECM and directing the tip cell migration. The structure is composed
mostly from cytoskeletal proteins e.g. F-actin (Phng ef al. 2013). The following ECs behind the
tip cells develop into vastly proliferating stalk cells, which follow the migrating tip cell and
continue elongating the branching vessel’s body. Although the order of the migrating cells is tip
cells first, followed by the stalk cells, the phenotype of the vascular ECs is fluid, meaning the rates
of proangiogenic factors are regulating the profiling of cells either into tip cell or stalk cell
directions. (Welti ef al. 2013) Pathways that take part in this controlling include e.g. the Notch
signalling pathway (Potente et al. 2011) and the Wnt pathway (Olsen ef al. 2017).

Migration of tip cells is following the extracellular VEGF gradient. The direction of the cell
adhesion is also mediated by integrins (Arvaamides ef al. 2008), and signalling molecules like
ephrins (Kujiper ef al. 2007) and semaphorins (Basile ef al. 2004). When two different migrating
tip cells encounter, they merge together in a process called anastomosis, which is aided by
macrophages and myeloid cells. The macrophages interact with the opposing tip cell filopodia and

clump in the site of anastomosis. The merging forms a connection between the sprouting vessels.



The proliferating stalk cells are simultaneously elongating the sprouting vein. The formation of
basal lamina and recruiting pericyte precursor cells by platelet derived growth factor (PDGF)
establishes the base for the new stabile lumen. The stabilization of the new vein is further aided by
Ve-cadherin, ZO-1 with EC junctions, pericyte maturation and finally the presence of blood flow

in the new lumen. (Carmeliet & Jain 2011)

Intussusceptive angiogenesis forms new veins by dividing existing vessels into two separate
lumens and remodelling them into new entities. The exact mechanism of intussusception is not
entirely known, so some of the mechanisms explained below are presumptive. The first phase of
intussusception includes the development of various infoldings and protrusions in the vascular
endothelia wall. This process is considered to be faster and less reliable on direct EC proliferation

than sprouting angiogenesis. (Burri et al. 2004)

In sites of intussusception, often the most common noticeable feature are transluminal pillars,
which extend into the lumen of the blood vessel. They are interacting with firmly packed collagen
fibres, which are clothed by ECs. These structures, are shown to have a lack of any other types of
cells, like pericytes, and the ECs surrounding the collagen fibres lack also the basal lamina.
However, the ECs of the pillars contain high electron density areas which indicate adhesion sites
being present between the collagens and the ECs. These sites also show to contain certain
attachment points, rich in vinculin, which aids the collagen to bundle and pull the pillar into the

existing vessel lumen. (Paku et al. 2011)

Integrins are also noticed to be present in these transluminal pillars, e.g. integrin a-1 and -2,
especially in more maturated pillars. The role of the integrins may be debatable, demonstrated in
the case of Paku er al. 2011, because of the low levels of integrin expression. However, integrins
have been proven to aid cell adhesion and have an effect on the contractive properties of the
actomyosin cytoskeleton (Meshel ef al. 2005) which is linked with angiogenesis. The maturation
of transluminal pillars leads to vessel separation and it can happen by one or multiple simultaneous

pillars migrating and changing the vascular morphology. (Makanya et al. 2009)

The transluminal pillars grow by time, affecting on vascular remodelling and at least three
outcomes in vascular morphology and function of intussusception are proposed. These are
microvascular growth, arborization and branching remodelling. The microvascular growth is

necessary for the capillary plexus’s expansion, which is essential in capillary bed formation of
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various organs. Intussusceptive arborization is needed for development of supplying blood vessels
for the capillary plexus. This happens by transforming regions of the capillaries to arterioles or by
collecting vessels and altering their size and orientation. The branching remodelling is a process
to optimize the vascular three and the effective blood flow within pre-and postcapillary vessels.

(Dojov et al. 2003)

1.2.3 Vasculogenic mimicry

One of the mechanisms of angiogenesis related to cancers is the vascular channel formation by
tumour cells aka. vasculogenic mimicry. The blood vessels are formed from tumour tissue instead
of proliferating EPCs and the cancer mimics the vascular structure (Maniotis et al. 1999).
Vasculogenic mimicry is often associated with aggressive invasive cancers with high grades of
tumours, quick metastasis and poor prognosis among patients with malignant tumours. The process
of angiogenesis by tumours is complex and multiple effector proteins and cells such as VEGF,
FGF, matrix metalloproteinases (MMPs), macrophages and fibroblasts aid the tumour-controlled
angiogenesis (Luo et al. 2020). In order to vasculogenic mimicry to happen, highly malignant
tumours, adaptor molecules and growth factors are needed to degrade or remodel the ECM, leading
to the formation of vessel-like structures which are connected to existing blood vessels (Maniotis
et al. 2002). Vasculogenic mimicry can occur by two mechanisms, which are either tubular type

of vessel formation or patterned matrix type of vessel formation.

In the tubular type, blood vessels are formed from tumour cells which assemble in tubular
structures connected to glycoproteins. The tubular formation can be initiated by inadequate blood
flow present in tumours. The development of tumour cells to mimic ECs is reinforced by pro-
angiogenic factors essential for cancer proliferation. In glioblastoma cells, such factors include
epidermal growth factor receptors (EGFR) and gene expression of endothelium related genes
including ephrin type-A receptor 2 (EphA2), Laminin subunit gamma-2 (LAMC?2) and Neuropilin
2 (NRP2) (El Hallani et al. 2010). The patterned matrix type of vasculogenic mimicry requires
tumour cells and different ECM associated proteins like laminin, proteoglycans and collagens
(type IV and type VI), which help to wrap the cells and the proteins together forming a matrix
pattern. (Ayala-Dominguez et al. 2019) Specifically this type of vessel formation does not

correspond neither to tubular nor common structural formations of blood vessels.
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1.2.4 Tumour mediated trans-differentiation

The neovascularization caused by tumours may occur also in the form of trans-differentiation, in
which cancer cells differentiate into ECs or endothelial smooth muscle cells. This way of blood
vessel formation has been reported to be present in various cancer types and cells e.g. glioblastoma
cells (Ricci-Vitiani et al. 2010), human breast (Bussolati et al. 2009) and ovarian cancer cells
(Alvero et al. 2009). One of the major suggested reasons for tumour mediated endothelia trans
differentiation is the expression of the Twist Family BHLH Transcription Factor 1 (Twistl). The
phosphorylation of the Ser42 residue of Twistl, results in promotion of the expression of
angiopoietin-1 receptor (TIE2), which has an important role between the ECs and the surrounding
ECM. (Mammoto et al. 2016). Twistl also regulates the expression of other prior listed pro-
angiogenic factors such as the PDGF and the receptor complex type 2 of VEGF (VEGFR2).
However, in some cases the trans-differentiation of tumour cells is considered to be debatable,
since in clinical data, the genetic alterations of ECs in patients with glioblastoma tumours, do not
seem to match with the genetic profile of the other metastatic cancer cells. (Rodriguez et al. 2012

& Kulla et al. 2003)

The emerged forms of abnormalities in tumour related angiogenesis has also promoted the research
of therapeutically potential targets for anti-angiogenetic and antitumoral treatments related to

blood vessel formations. (Ge & Luo 2018)
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Figure 1. — A simplified image of the different mechanisms of vascular growth. A) Vasculogenesis,

the development of ECs from stem cells, B) Sprouting angiogenesis, the formation of new blood

vessels by cell proliferation and migration, C) intussusceptive angiogenesis, morphological

changes in pre-existing veins, D) Vasculogenic mimicry of tumour cells (tubular type formation),

E) Vascular mimicry of tumour cells (with a patterned protein matrix structure) and F) Tumour

mediated trans differentiation of tumour cells turning into blood vessel ECs. (Berki 2022, Image

created with Biorender.com)
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1.3 Major effectors of vascular growth and development

As previously stated, angiogenesis is a complex process that is possible via multiple mechanisms
and various different effectors and pathways that are related to vascular development. In this

section we break down more the individual roles of these effectors and pathways.

1.3.1 VEGF

Vascular endothelial growth factor (VEGF) is a family of mitogen proteins, which have the key
role in embryonal and postnatal angiogenesis. The protein is encoded by one gene, but due to
alternative splicing, the protein has multiple isoforms. (Neufeld et al. 1999) The first discovered
isoform was the VEGF¢s (Ferrara & Henzel 1989), which has been later classified in the group of
VEGF-A proteins. VEGF has been conserved through evolution for quite a long time, although
species like fish and mammals have been separated from their common ancestors over 450 million
years ago. Still, roughly 60-69% of the amino acid sequences of the VEGF proteins for respective
species share identical similarity (Gong et al. 2004). In total by this date seven members of the
VEGF family have been discovered: VEGF-A, VEGF-B, VEGF-C and VEGF-D which appear in
human cells and are responsible in lymphatic development, placental growth factor (PIGF)
(Ferrara 2004), Orf virus-derived VEGF-E (Ogawa et al. 1998) and snake venom derived VEGF-
F (Yamazaki et al. 2009).

Among these types of VEGF, VEGF-A emerges as the most prevalent effector on angiogenesis,
and thus it is among the most studied proteins of the family. All of the VEGF proteins are secreted
proteins and they appear mainly in endothelial tissues, fibroblasts, alongside tumours,

macrophages, platelets and keratinocytes and smooth muscle cells. (Peach et al. 2018)

The vascular endothelial growth factor receptors (VEGFRs) are a type IV receptor tyrosine kinases
(RTK), which have three subtypes of VEGFRs. VEGFR1 which is encoded by the gene Flt/
orthologue, VEGFR2 encoded by the gene kdr, and VEGFR3 which is encoded by the gene Fit4
orthologue. (Koch et al. 2011)

VEGFR1 is roughly 180-185 kDa size transmembrane glycoprotein, which is most expressed in

ECs, monocytes, macrophages, vascular smooth muscle cells and renal mesangial cells. In
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addition, a soluble subtype for VEGFR1 has been characterised, called sVEGFR1, which lacks the

subcellular tyrosine kinase domain of the receptor. (Barleon et al. 2001)

Primarily the binding ligand for VEGFR1 is VEGF-B, but the receptor has affinity towards VEGF-
A and PIGF as well. The binding of these ligands causes two monomers of VEGFR1 to form a
dimeric structure, through the Ig-like D7 membrane proximal domain (Yang ef al. 2010). The
dimerisation initiates trans- and autophosphorylation of the tyrosine kinase domains leading to
downstream cell signalling. The effects of these signalling pathways include multiple suggested
processes. One is the activation of JAK/STAT partially in hypoxic conditions, which is associated
with cell proliferation (Bellik et al. 2005). The regulation of chemotaxis in monocytes via
downstream tyrosine kinase receptors such as ERK, MAPK, PI3K and NFAT1 has been associated
with cell migration and angiogenesis (Ding et al. 2010 & Tchaikovski et al. 2008). Also, the
VEGFRI1 related initiation of PI3K/Akt activation has been linked with the EC differentiation and

development into vascular tubes (Cai ef al. 2003)

VEGFR?2 is a 210-230 kDa glycoprotein, the primary receptor binding VEGF-A, but it also has
the ability to bind proteolytically edited variations of VEGF-C and VEGF-D. Like VEGFRI1, it
has soluble version of the receptor, but VEGFR2 also can form trans membranal heterodimers with
VEGFRI1 and VEGFR3 in vitro. (Huang et al. 2001 & Dixelius et al. 2003) VEGFR2 is endemic
in the vascular ECs with strong expression in other cells like the retinal progenitor cells and HSCs.
The expression of VEGFR2 is conjoined with angiogenesis and tumour related neovascularization.
(Koch et al. 2011) The activation of the VEGFR2 takes place after VEGF-A binding to the extra
cellular domains, which initiates the phosphorylation of several tyrosine sites resulting in

activation of the vast network of downstream cell signalling pathways.

Phosphorylation of Tyr951 results in the activation of T-cell specific adaptor protein (TSAd),
which activates the proto-oncogene tyrosine protein kinase (SRC) pathway. This leads to the
regression of VE-cadherin bound endothelial junctions (Sun et al. 2012). The phosphorylation of
Tyr1175 effects on activation of phospholipase Cy (PLCy) mediated ERK1/2 signalling, which is
necessary in EC proliferation and development (Takahashi et al. 2001). The same residue effects
also on the recruitment of SH2 domain containing adaptor protein B (SHB), which is needed
together with focal adhesion kinase (FAK) to initiate filopodia formation and cell migration (Abu-

Ghazaleh ef al. 2001). The Tyr1175 activation also effects on the signal transducer IQ-motif-
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containing GTPase activating protein 1 (IQGAP1) which is required for binding actin filaments,
which are essential in cell-cell junctions, proliferation and cell adhesion. (Yamaoka-Tojo et al.
2006) It has been also suggested, that VEGFR2 dependent activation of scaffold adapter Gabl,
results to the downstream signalling via PI3K in the phosphorylation of protein kinase B (Akt)
which also phosphorylates apoptosis affiliated proteins like BAD and caspase 9, resulting in

inhibition of apoptosis and prolonging cell survival. (Shimotake et al. 2010)

VEGFR3 is the final known VEGF receptor type. The protein is secreted as a 195 kDa precursor
protein, which is proteolytically cleaved from the 5" extracellular domain, creating a disulphide
bonded N-terminal peptide. The receptor can form homodimer structures by itself and
heterodimeric structures with VEGRF2. The receptor is primarily expressed during embryogenesis
in vein ECs but also in the direction of embryonal lymph genesis. (Kaipainen et al. 1995 &
Tammela et al. 2008) The activation of VEGFR3’s tyrosine residues Tyr1230 and Tyr 1231 is
affecting on similar signalling pathways discussed previously, ERK1/2 and Akt via PI3K which
are needed both in lymph genesis and angiogenesis. (Mékinen et al. 2001) The phosphorylation of
multiple tyrosine residues (especially Tyr830, Tyr833, Tyr853, Tyr1063, Tyr1333 and Tyr1337)
has been linked with independent activation of VEGRF3 signalling pathways by different
integrins. The interaction with ECM collagen I binding with integrin 1, recruits the cellular
adaptor protein SRC to phosphorylate the respective tyrosine residues. This activates other
downward signalling adaptors like CRKI/IT and SHC which regulate the Jun N-terminal kinase
pathway (JNK). JNK is a commonly mitogen associated signalling pathway, which is related to

cellular proliferation, adhesion and cell survival. (Galvagni et al. 2010)

1.3.2 PDGF

The platelet derived growth factors are a group of mesenchymal originating adaptor proteins,
which have important functions related to cellular growth, survival and adhesion. The PDGF
family consists from 4 isoforms A-D, which form homodimers and one heterodimer AB via
disulphide bonding. The respective tyrosine kinase receptors for these polypeptides are either
PDGFR-a or PDGFR-J or the intermediate heterodimer PDGFR-af} containing both monomers of
the receptor type. The activation of ligand binding initiates phosphorylation of tyrosine sites of the
receptors effecting on multiple cellular signalling pathways already mentioned such as SRC, ERK,

PI3K, PLCy and JAK/STAT. (Heldin 2013)
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In angiogenesis, PDGF has a role in stabilization of vessel maturation, by vascular ECs releasing
PDGF-B chemo gradient, which lures pericytes with PDGFR-J to strengthen the blood vessels,
vascular tubes and also activating mural cells. In cases of PDGFR inhibition, tumour related
vascular growth is supressed and the lack of detached pericytes creates vessel leakages and vessel
deformation. (Bergers et al. 2003) The blocking of PDGF-B therapeutically has been suggested to
be one way of treating pulmonary hypertension and malformations in the vasculature. (Lebrin et

al. 2010)

1.3.3 FGF

The fibroblast growth factor superfamily (FGF) is a group of mitogenic growth factors. There are
18 in total of them, ranging from FGF1-FGF10 to FGF16-FGF23. These paracrine factors have
been linked with embryonal tissue development, organ and tissue patterning and cell growth,
especially among the five first subfamilies of FGF (Itoh & Ornitz 2004). The excluded family
including FGF19, FGF21 and FGF23 have been shown to work more as endocrines in the
regulation of bile acids, cholesterol, glucose and vitamin D with the aid of klotho proteins

associated with diseases such as diabetes type two (Kharitonenkov et al. 2005).

FGF1, FGF2 and FGF4 have been associated with angiogenesis and cardiac events. Similarly, to
VEGFR, the genes encoding FGFRs are spliced alternatively in their mRNA stage, which results
in four types of FGFR, from FGFR1 to FGFR4. FGFR1 is showcasing the broadest range of
expression patterns among the four receptors and it has seven known tyrosine sites that lead to

down stream cell signal activation (Klint & Claesson-Welsh 1999).

It has been noticed that in rats, FGF1 and FGF2 lower blood pressure when administered and this
results in normalisation of hypertension and increased amount of nitric oxide synthase enzymes in
vascular ECs (Cuevas ef al. 1996). The downstream signalling by the autophosphorylation of
FGFRI1 includes SHC (Klint et al.1999), CRK (Larsson et al. 1999), PLCy (Mohammadi et al.
1991) and MAPK (Larsson ef al. 1999). The expression of protein kinase C (PKC) is also essential
for achieving the complete response of FGF2 in ECs (Kanno et al. 2000). The signalling of these
pathways is connected to EC proliferation, adhesion, maturation and cellular survival, which all

are needed for angiogenetic development.
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1.3.4 TGF-B

Transforming growth factor beta (TGF-p) is a group of cytokines part of a protein family affecting
on various cellular functions such as growth, proliferation and cellular differentiation. The

cytokine is also associated with different cancers. (Kubiczkova et al. 2012)

TGF- effects are driven by the ligands, from which three isoforms have been characterised (TGF-
B1, TGF-B2 and TGF-B3) which bind to two types of transmembrane receptors TGF-fR1 and TGF-
BR2. The ligand binds to TGF-BR2, which leads to heterodimerisation of TGF-BR1 and TGF-BR2,
initiating the downstream cell signalling. (Massagué 1998) This signalling can happen via small
Mothers against Decapentaplegic (SMAD) pathway or via non-SMAD related pathways like
P13K, Ras/Raf activated ERK1/2 (Liu et al. 2018) or MMP regulated epithelial mesenchymal
transition (EMT) (Yu & Stamencovic 2000).

When looking into the angiogenic properties of TGF-B, the cytokine is considered to be a
proangiogenic factor, due to increased protein levels in tumour vasculature in non-small lung
carcinomas (Hasegawa et al. 2001). In breast cancer, the possibility to form osteolytic metastasis
is strongly related to overexpression of interleukin-11 and connective tissue growth factor (CTGF).
The expression of these factors is also enhanced by TGF-f, resulting in multiple functions essential
for metastasis, one of them being tumour angiogenesis (Kang et al. 2003). It has been also reported
that together with the hypoxia-inducible factor (HIF-1), TGF- B is contributing positively to
angiogenesis promotion via VEGF related gene expression with presence of SMADs and HIF-1

(Sanchez-Elsner et al. 2001).

However, Geng et al. proves that the TGF-3 and HIF-1 related pathway also supresses VEGF-A
expression and thus angiogenesis in certain cancers, trough ubiquitination and protein degradation.
The suggested pathway for this is the SMAD3/PKA pathway (Geng et al. 2013). The role of TGF-
B as an angiogenetic promoter is also debated in the study by Jarad et al. where the cytokine seemed
to have both pro and anti-angiogenic properties simultaneously. Which direction the mediator
leans, depends on the dominantly expressed pathway being either ALKS5/SMAD2 mediated or
TGF-B/ALK1 mediated. The inhibition with TFG-f resulted in promoted expression of endoglin
and reduced signalling via Notchl and VEGFR2 reducing sprouting angiogenesis. (Jarad et al.
2017)
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1.3.5 HIF-1

When tissues undergo high stress or oxygen depletion, which is enhanced with disrupted
oxygenation, the physiological state of hypoxia is created. Hypoxia is associated often with
cardiovascular diseases, pulmonary events, different cancers and the expression of hypoxia
mediated transcription factors contribute to neovascularisation and angiogenesis (Bardos &

Ashcroft 2005).

The heterodimeric transcription factor hypoxia-inducible factor 1 (HIF-1) is the key mediator in
hypoxia response and oxygen balance regulation. The two subunits making up HIF-1, HIF1-a and
HIF-1p, share both structural similarities with their basic helix loop helix (PHLH) domain and the
Per-Amt-Sim (PAS) domain (Wang et al. 1995). The HIF1-a subunit has in addition an oxygen
dependent degradation (ODD) domain, which is hydroxylated by proline-hydroxylase-2 (PHD?2)
and recognized by von Hippel-Lindau (VHL) ubiquitin ligase complexes. In normal conditions
when oxygen is available, HIF1-a is prone to degradation by proteasomes (Huang ef al. 1998).
In hypoxic conditions however, the lack of oxygen reduces both PHD2 and VHL functions,
allowing HIF1-a to dimerize with the HIF1-f subunit. The transactivation domain of the c-terminal
(TADC) of HIF1-a acts as binding region for two co-activators called CREB binding protein
(CBP) and p300 (Lando et al. 2002). These co-activators aid in HIF-1 mediated gene expression
leading to upregulation of various factors such as erythropoietin, glucose transporters, glycolytic
enzymes and VEGF (Pagé et al. 2002). The increase of VEGF expression initiates
neovascularisation in hypoxic tissues and commits positively to vascular EC proliferation as well

(Carmeliet et al. 1998).

Since HIF-1 expression promotes angiogenesis and circulation, it has been a target for treatment
in ischemic conditions. Especially the increase of HIF1-a levels in blood have been noticed to
decrease ischemic cell damage in cardiomyocytes and the reaction level of myocardial infarction
in murine hearts is diminished when HIF 1 -a is overexpressed (Date et al. 2005 & Kido et al. 2005).
Although HIF-1 is associated with neovascularization, and in cardiovascular events and ischemia,
they may provide therapeutically aid, the relation of HIF-1 with cancers is somewhat problematic.
This is due to neovascularisation and tumour angiogenesis being present also in several cancers

and HIF-1 is strongly related with poor prognosis in e.g. colorectal cancer. (Baba et al. 2010)
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1.3.6 Angiopoietins and integrins

Tyrosine kinases with immunoglobulin and EGF like domains 1 and 2 (TIE1 and TIE2) are
members of the tyrosine kinase receptor proteins, which act as angiopoietin receptors in
endothelial cells. The most researched angiopoietins type 1 and 2 (ANG1 and ANG?2) are required
in vascular maturation and remodelling and their role is tied with vascular endothelial homeostasis,

inflammation and angiogenesis (Eklund & Saharinen 2013).

The ANG-TIE pathway functions as a unique pathway for both allocating TIE receptors in EC-EC
junctions or interacting with EC-ECM contacts. Primarily the binding of ANG1 mediates the
formation of TIE1-TIE2 receptor complex which results in trans activation of two receptor
complexes in an EC-EC junction. The activation also effects on further downstream cell signalling
by activation of Akt and Dok-R docking protein pathways present in cellular migration (Saharinen

et al. 2008).

The role of ANG2 is much dependent on the vascular microenvironment, due to the simultaneous
antagonist / agonist nature for TIE2. The excess amount of ANG2 can reduce cell-cell
phosphorylation in the EC-junctions and thus promoting vasculature stability and EC permeability,

while ANG1 activation does the opposite (Saharinen ef al. 2008).

However, it has been noticed that different types of integrins act also receptors for angiopoietins,
both in ECs but also in other cells, such as ovary, adrenal medulla, astrocytes and retinal cells. The
presence of ANG1 promotes focal adhesion kinase (FAK) signalling via binding to integrin o,

which promotes the recruitment of fibronectin for filopodia formation and branching angiogenesis

(Lee et al. 2013).

ANG?2 activates f1-integrin, which is needed in EC cellular junctions and ECM connections. This
indicates that ANG-TIE related signalling is needed also in promoting of cellular adhesion in
angiogenesis, both for tip cell migration and filopodia formation. The localization of TIE2
receptors in cellular junctions seemingly promoted cytoskeletal changes, ECM adhesion and

reduction of cell to cell junction integrity in ANG?2 transgenic mice (Hakanpai et al. 2015).
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1.4 Talin and cell adhesion

In order for branching angiogenesis to happen, the filopodia in focal adhesion sites is needed to
direct the cells migration in the ECM. Talin, a 270 kDa sized cell adhesion protein, plays an
important role in the formation of filopodia and how it is connected to the cytoskeleton. The protein
consists of two distinct main domains, the 47 kDa head domain and the 210 kDa Talin rod domain.
The two domains are interlinked together with a 9 kDa linker region which elongates the protein

by 20 nm and includes a site for protease cleavage. (Bate et al. 2012)

The head domain of talin consists from a common subcellular plasma membrane linking FERM-
domain (four-point-one, ezrin, radixin, moesin), which has the typical F1, F2 and F3 subdomains.
Compared to regular FERM-proteins, the talin head also has a specific FO domain. The F3 domain
has a direct site for f-integrin binding, and the other domains F1 and F2 have positively charged
amino acid residues, which interact with the negatively charged membrane phospholipids. The
process is needed for integrin activation and integrin clustering. (Elliot ef al. 2010) The FO-domain
role is still researched, but it is suggested that it acts as a helper and stabilizing factor for the

FERM-domain in order to link talin with integrins (Gingras et al. 2019).

Talin rod domain is made up from 13 subdomains (R1-R13), which are all groups of alpha helixes.
The domains consist from 4-5 helixes, which form tight bundles with hydrophobic centres. Most
of the domains are positioned in a line, but the R8 helix bundle is positioned into a loop between
the helixes of the R7 domain. This differently positioned R7R8 bundle is the main link between
talin, the cytoskeleton and integrins (Goult et al. 2018).

The rod subdomains have multiple binding cites for different cell adhesion and cytoskeletal
proteins, like vinculin, F-actin, Rap-1-GTP-interacting adaptor protein (RIAM) and Rho GTPase
activating protein 7. The sites for binding vinculin especially are interestingly cryptic, which
means that they become available only when the subdomains of talin rod encounter unfolding.
This happens whenever cell adhesion takes place or as a response of gradual force. The binding of
vinculin has been seen to induce downstream signalling pathways which mechanically strengthen

the cellular adhesion (del Rio et al. 2009).

Regularly in cells with no signal for adhesion, talin is folded in the inactive form. Talin is activated

together by the phosphoinositol-4,5-bisphosphate (PIP2) and GTPase-Rapl/RIAM pathways.
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PIP2 attracts the talin head domain to connect with the plasma membrane, with a push-pull
technique and the RIAM-RAP1 protein complex binds to the talin rod subdomains specifically the
domains R2 and R3 but also R8 and R11. The difference compared to vinculin however is that
RIAM binds only to folded R2 and R3 talin domains, while vinculin binds only to unfolded R-
domains (Goult et al. 2013). The R7 domain of talin has been reported to also bind KANKI
protein, in formation of cortical microtubule formations related to focal adhesions (Bouchet et al.

2016).

The force induced unfolding of talin rod subdomains results, in possible vinculin and integrin
interactions. When talin is actively bound to transmembrane integrins, and activated by RIAM, the
binding of vinculin leads to actin filament recruitment in the focal adhesions. Vinculin acts as a
bridge between plasma membrane bound talin via integrins, and actin filaments are bound to
vinculin, forming a connection to the cytoskeleton. The stronger talin activation is expressed, the
higher adhesion turnover rate occurs, and the stronger cellular adhesion is taking place (Yang et

al. 2014 & Rahikainen et al. 2017).

1.5 Talin rod domain-containing protein 1

In 2021, Cowell et al. published a paper about the small protein called talin rod domain containing
protein 1 (TLNRD1) and how it is related to the cytoplasm adaptor protein talin and filopodia
formation. The gene encoding TLNRDI was originally discovered in the human chromosome 15
within the mesd locus, and due to this it was named to mesoderm development candidate 1

(MESDCT1), which is used at times when referring to TLNRD1 (Cowell ef al. 2021).

TLNRDI is a small (approx. 37 kDa) helical protein, consisting of two helical domains, with 9
alpha helixes in total, 5 helixes housing both the N- and C-terminus and a distinguished 4 helix
domain. The 4-helix domain is placed between the helixes a3 and 08 of the 1% domain, and they
are connected via a loop structure. In the crystal structure of TLNRDI, the protein forms an
antiparallel dimer structure. TLNRD1 shares homology with talin domains R7 and RS, with 22 %

identical amino acid sequence (Cowell et al. 2021).

Interestingly enough, the gene encoding TLNRD1 consists from one singular exon region, while
the talin domains R7 and R8 are encoded by a gene that has 11 exons. Singular exon genes are

often associated with features that are conserved in evolution, meaning the genes do not under go
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as much changes as other regions of the genome. Upon conducting a phylogenetic evolutive
analysis, TLNRD1 seems to be present in vertebrates and other animal phyla including
Echinoderms, Lophotrochozoa, Sponges and Choanoflagellates. The gene is not present in
Nematodes, Arthropods and Cnidaria. This indicates that TLNRD1 has some important role in
cellular functions through different groups of Animalia, which is supporting the importance of

evolutive conservation (Cowell ef al. 2021).

TLNRDI1 has both structural and functional similarity with the R7 and R8 domains of talin. They
both can bind actin and LD-motif including adaptor proteins such as RIAM and KANK. Although
TLNRDI1 does not have the vinculin binding sites, the role of TLNRD1 has been associated with
talin modulation, through a dominant negative regulator which may detach talin R7R8 domains

from integrins (Cowell et al. 2021).

It is also reported that TLNRDI1 has a potential oncogenic function within bladder cancer cell lines,
and the tumour suppressor microRNA miR-574-3p bounds to the t/nrdl-gene inhibiting cell

proliferation and tumour invasion (Tatarano et al. 2012).

The dimerization of TLNRD1 has been shown to promote actin localization and bundling, and
thus because actin binding proteins have been shown to promote filopodia formation (Khurana &
George 2011), TLNRDI1 has been associated with it as well. And as earlier established, filopodia
being an important structure in several cell adhesive processes, and it is present in cancer and
branching angiogenesis, the exact function of TLNRD1 in filopodia formation could provide new

information and aspects for angiogenesis and cell adhesion research.

1.6 Zebrafish and angiogenesis

Zebrafish (Danio rerio) have been emerged as a promising in vivo model organism for vasculature
research (Chavez et al. 2016), due to their relative fast development larval stage, large number of
offspring and relatively cohesive profile of molecularly similar pathways with vertebrates. The
translation of zebrafish vascular biology with human vascular biology is backed up with both

pharmacological and genetic evidence (Coultas et al. 2005).

Due to the transparent tissues of zebrafish embryos, the biomedical imagining of targets has been

proven to be much convenient than for example murine models, with opaque and unavailable
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vascular tissues without surgical procedures. Observations such as direct blood flow, live imaging
of cardiac functions and overall embryonal development are possible to follow with mere

microscopy (Chavez et al. 2016).

The genetic profile of zebrafish is also well known and characterized, which makes it also easy to
edit with molecular biology tools like CRIPS-CAS9 and TALEN (Bendell ef al. 2012). By the vast
possibilities to edit transgenic zebrafish strains and develop different disease models, there are
over 20 000 different transgenic strains available (Ruzicka et al. 2015). One of the most commonly
applied transgenic feature for zebrafish embryos is the insertion of a fluorescent protein, which
aids imaging various tissues and organs. Zebrafish can be also utilized as a xerographic cancer

model. (Chavez et al. 2016)

One of the stand out features in zebrafish embryos and vascular development is the passive
diffusion of oxygen in the embryonic stage, which allows the embryos to continue development
even through with greater vascular malformations. With this, the observation of vascular
deformations in late phenotypes makes it possible to research vasculature effects on certain genes.
In mammals the deformed vasculature leads to lethal conditions in early embryonal stages. (Isogai

et al. 2003)

Zebrafish models related to angiogenesis are most often focusing of vascular regeneration and
sprouting angiogenesis. The areas where these processes are examined include the dorsal inter
segmental vessels (ISV) and the dorsal aorta. The angiogenesis assays often include also dose
dependent drug interactions, because the model makes it easy to culture embryos in different drug
dilutions ad libitum. The application of drugs in the zebrafish models is present also in high
throughput screening (HTS), which is essential in early stage drug development. With testing new
components within zebrafish embryo cultures, the toxicity and possible effects on vasculature can
be detected easily by phenotypical data. With this quick method, possible new drug molecules can

be screened out early, if they result in increased numbers of deformations. (Chavez et al. 2016)

1.7 Summary

In conclusion, angiogenesis is a very complex and multiple factor mediated process, which is
related to several different diseases. Multiple growth factors such as VEGF, PDGF, FGF, TGF-§,

HIF-1, angiopoietins and cell adhesion mediators take a part in angiogenesis. The most often
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utilized downstream signalling in angiogenesis is mediated by autophosphorylation of several
receptor tyrosine kinases. Multiple other non-angiogenic cell processes also utilize these same

pathways.

The research and further investigation of TLNRD1 may bring new perspectives and information
related to cell adhesion research alongside with angiogenesis. The role of the small protein is still
rather unclear. The evolutive conservation of TLNRD1 supports the theory that it is essential in

neovascularisation and it is present in multiple distinct animal groups.

Zebrafish (Danio rerio) are a common model organism to research angiogenesis. The fast
development cycle, large offspring numbers, transparency and easily editable genome are among
the several reasons, why the model is utilized. Zebrafish are also a good animal model in early
stage drug development, due to easy toxicity affirmations and easily translational genetic profile

of the model.

1.8 Aims of the research

The goal of this study was to identify and characterise the proper role of TLNRDI in regulation of
vascular morphogenesis and vascular integrity. Our hypothesis for the project was that TLNRDI1
affects angiogenesis in developing zebrafish embryos with a clearly visible phenotype. The
mutated allele of #/nrd] was used mainly as a tool to answer our hypothesis. Upon concluding the
thesis project, we hoped to have new insight of the function of TLNRDI in vascular
morphogenesis, vascular integrity and highlight the possible effect of gene edition on the gene
with the aid of Crispr-Cas9. Obtaining information on the preliminary therapeutic potential of
targeting TLNRD1 was also one of the goals of this study, although in the end it is only theorised
in the discussion. The experiment was done by using a knockout zebrafish model with a mutant
variation of #/nrdl. Genotypical and phenotypical data was compared between wild type embryos
and the mutant embryos. Microinjections were performed afterwards with embryos with a wild
type gene of tlnrdl, but the gene was edited using single guide RNAs and Crispr-Cas9 to see, if
the interference to the gene causes visible vasculature changes. Physical parameters of the

vasculature in the different sample groups were measured and satisficed.
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2 Results

2.1 Visual phenotypes
The results are based on comparative observation between the naturally spawn embryo group and

microinjected embryo group. Altogether 2 sets of normally recombined groups were spawned, and
at least 4 sets of microinjected embryos. Unfortunately, not all of the obtained data was usable due
to lack of clear phenotype or correct genotyping results. The overall data and results are based on
the 2" naturally spawned embryo group (mCherry-marked) and the 3™ and the 4" groups of

microinjected embryos (eGFP marked).

First in order to obtain the embryos, adult zebrafish were mated in the specific mating tank, from
which embryos were collected on a petri dish. The plates were screened post harvesting daily, to
remove undeveloped and infertile eggs to avoid contamination of the samples. Within 5 days of
fertilisation the embryos were imaged, using a fluorescence microscope. The transgenic
fluorescent mCherry and eGFP proteins aided the visualisation of the vasculature of the embryos.

The results of the naturally spawn embryos are presented below.

WT HZ Mutant

Figure 2. - A showcase of the 2™ normally produced embryo sample groups and the different
genotypes within the group. Altogether 59 samples were imaged and measured. A notable feature
is that there are no huge differences between the vasculature system of the genotypes. The only
mention worthy difference is the “hunchback” phenomenon (in the bottom left and middle). This
feature was present in at least 7/59 samples regardless of the genotype. However, the feature does
not seem to affect the overall anatomy of the vasculature.
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2.2 Genotyping

After imaging the fish, the embryos were placed in individual Eppendorf tubes for tissue lysis and
DNA extraction. This was done in preparation for the genotyping of the embryos, to match the
genotypic data, with the obtained visual phenotypic data from the fluorescence images. The end
goal of the genotyping was to determine whether the genotype is affecting on the visible phenotype
of the embryos, their vascular structure and integrity. Also, after the genotyping, the obtained rates
and distribution of the genotypes within the sample group, aid to reveal how the #/nrd1 is inherited
and is there a possibility for one genotype to result in early development lethality. The genotyping
was conducted with a two staged PCR assay, and the samples were analysed on an agarose gel
electrophoresis. In total 59 samples were genotyped and the results of the genotyping rates are
shown in Table 1 and the statistical analysis of the genotype distribution in Table 2. The genetic

distribution was analysed with a Hardy-Weinberg chi-square test, to showcase if the observed data

(genotypes) are equivalent to the expected data (Mendelian distribution meaning 1/4).

Figure 3. — Genotyping PCR and the resulting electrophoresis (in 2% agarose gel run in 100V for 1 hour). In
this gel both steps of the genotyping PCR are visible. The wells from 1 to 7 are the 1 round of the PCR
showing bands between 1500-1000 bp, and the following wells from 8 to 14 with bands near 500 bp are
from the 2™ round, where the product of the 1° round is used as template DNA. The final well 15 is a
negative water control. In the results 7 samples can be seen, from which 4 are Heterozygotes (double

band), 2 mutants (only the upper band) and one wild type (only the lower band).
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Table 1. - The distribution of the successfully genotyped samples in the 2" group of normally
spawn embryos

Sample size (N) Wild type (WT) Hetero Zygote (HZ) Mutant (M)
59 13 (22%) 31 (53%) 15 (25%)

Table 2. — Hardy-Weinberg chi-square test for checking the genetic distribution of the tinrd1-gene
against the traditional mendelian distribution (WT = 1/4, HZ = 2/4 and M = '4)

Hardy-Weinberg chi-square test for

genetic distribution Chi-square test
Observed N Expected N Residual Genotype
0 13 14,75 -1,7 Chi-Square 0,2882
1 31 29,50 1,5 df 2
2 15 14,75 0,3 Asymp. Sig. 0,866

Total 59 a. 0 cells (0,0%) have expected frequencies less

than 5. The minimum expected cell frequency is
14,8.

2.3 Physical parameters of the vasculature

From the data obtained from the fluorescence imaging, three distinct parameters were measured.
The overall body length of the embryos, width of the caudal vein (CV) which was the average of
3 measuring spots, and the widths of the dorsal inter segmental veins (ISV) which were the average
of 5 measuring points. As discussed in the introduction, the signs of angiogenesis and vascular

malformations are often observed best from these sites.

The measurements were done in the ImageJ processing software Fiji and are presented as pum.
After measurements the results were charted, quantified and analysed statistically. The visuals of
the statistical analysis from the 2" naturally spawn embryo group are presented in Figure 4 and
the statistical confirmation with a one-way-ANOVA test is shown in Table 3. Initially the sample
size was 59, but due to the lack of fluorescent indicator in few embryos, the statistical data for the
CV and ISV parameters is done with n = 46 samples. The body length was possible to measure

from the bright field images with the initial sample size.
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Figure 4. Statistical data of the regularly spawned embryos and the measured parameters. In the

top of the figure, histograms showcase the body length, caudal vein and intersegmental vein widths

in a normal distribution. Bottom row, the boxplots show the variation of these parameters

regarding of the genotype of the samples. The genotypes are marked as 0 = WT, 1 = HZ and 2 =

M.
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Table 3. — One-way ANOVA test for normally spawned embryos

Sum of
Squares df Mean Square F Sig.
Body length Between Groups 17413,985 2 8706,993 0,212 0,810
Within Groups 2300310,529 56 41076,974
Total 2317724,514 58
Caudal vein width Between Groups 26,992 2 13,496 0,292 0,748
Within Groups 1989,791 43 46,274
Total 2016,784 45
Intersegmental vein ~ Between Groups 7,910 2 3,955 0,730 0,488
width Within Groups 232,905 43 5,416
Total 240,815 45

2.4 DNA sequences and RNA expression data

Among the genotyped PCR products, a few bands were sent to sequencing analysis, using the
commercial sequencing services provided by Eurofins Scientific. This step of the project was done

for figuring out does the mutated variant have larger scale edition in the #/nrd1 gene.

All together 4 samples were sent for sequencing, two M-samples and two WT-samples of t/nrd]l.
After the sequencing the data was obtained online, and analysed with computational sequencing
tools, trimming and aligning the sequences with BLAST. The alignment result is visualised in

Figure 5.

As a part of the thesis project, for getting information of the genetic expression and how it is
present in the different tissues of zebrafish embryos, an online database search was also conducted.
By using the UCSC Cell Browser library from zebrafish (Farnsworth ez al. 2020), information of
the RNA expression rates of tinrd1 were obtained. For comparison, the gene encoding talin (¢/n1)
was also screened from the database. The results of visualising the expression patters are presented

in Figure 6.
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CLUSTAL 0(1.2.4) multiple sequence alignment (mutant contig 1 ja wt contig 2)

Contigl ----GAAGGTTCATGTTTTCGCAAACAAGCTGAATGGACTTTATTTTTCTTCTGAAGGAC 56
Contig2 GAGTGAAGTTTCATGTTTTCGCARAACAAGCTGAATGGACTTTATTTTTCTTCTGAAGGAC 68

T8 ORCORC RGO DG D0 JRC DAC DG DR JRC DG D80 DRC BT D D80 DRC D80 D8 DR G D80 D8RG D0 D0 J8C DRC D80 D80 J8C DG D80 DR 80 D0 D80 DRC D80 D8 D80 G D80 D8 DR D0 D80 D80 DRC D80 280 08 6

Contigl ATCATAGGCCAGTTTCACTCCGTGAGAAGCTGTGGAAGTCTTCTAATTTAATGAAGAAAA 116
Contig2 ATCATAGGCCAGTTTCACTCCOTGAGAAGCTGTGGAAGTCTTTTTATTTACTGAAGAAAA 128

Contigl TEACATGAGGCACATGTTACCACACAAGAGTGTGTGTTGCCATCTTTATTTTGAACATTA 176
Contig2 TGACATGAGGCACATGTTACCACACAAGAGTGT - - - - - -------- - - oo oo 153

Contigl GAGCGACCACACTAATATGGCTAGAGGCACATGTTACCACACAAGAGTGTGTGTTGCCAT 236
S GTGTTGCCAT 163

Contigl CTTTATTTTGAACATTAGAGCGACCACACTACTATGGCTAGTAGTGGCTCGGGAAAATCA 296
Contig2 CTTTATTTTGAACATTAGAGCGACCACACTACTATGGCTAGTAGTGGCTCGGGAAAATCA 223

Contigl GATAACGAGGTTCCTACCAACATCCTTAGCGGCAGCTTGCAACAAAGGALAALGACTTTTA 356
Contig2 GATAGCGAGGTTCCTACCAACATCCTTAGCGGCAGCTTGCAACAAAGGALAAAGACTTTTA 283

T8 JRC BB DR DT D0 DR DRC DG DR JRC DG D80 D8 BT D D80 DRC DB D DR RC D0 D80 DR D D0 D8 DRC THC DR JRC DG D80 D8 8 DG D0 0BG DB D0 D80 RC D80 D80 DR G D80 D8 DRC D0 D80 D8 DRC D80 28 R R

Contigl TCCATCTGCGACGCATGCAAGAGCAAAATGCAGCTGETGECCGACCTGCTCCTGLTETLL 416
Contig2 TCCGTCTGCGACGCATGCAAGAGCAARATGCAGCTGETGGCCGACCTGCTCCTGLTGTLL 343

Contigl AGCGAAACCAGGLCGATAATGAACACTRAAGGCCAGCCTOTORCTGAGACCTTCGAGARA 476
Contig2 AGCGAAACCAGGLCGATGATGAACACTGAAGGCCAGCCTGTOGRCTGAGACCTTCGAGAAA 483

Contigl el ool cl ] 483
Contig? TGCCGCGACACAGTGATCGCCAGAACCAAGAACNN 438

Figure 5. DNA sequence of the TLNRDI gene. A comparison and alignment of mutant (M =
Contigl) and wild type (WT = Contig 2) forms of TLNRDI. The results show 97% in sequence
similarity, with eight point-mutations (lack of *) and a 78 bp insertion in the mutated sequence
between nucleotides 148 and 226 (red arrow).
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Figure 6. RNA expression patterns of TLNRDI (top) and TLN1 (bottom). This figure visualizes
how much the different cells and tissues of a zebrafish embryo express the respective genes. As
shown, TLNRDI is rather poorly expressed within the database, and the regions with the highest
grades of expression are separated in boxes. In comparison TLNI is a far more commonly
expressed gene, with more variation of expression levels and tissues of expression. The area of

mainly neural tissues in the dashed oval region is marked in the lower picture with a red circle.
(Farnsworth et al. 2020)
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2.5 Microinjections with sgRNA and CRISPR-CAS9

After finishing the analysis of the naturally spawned embryo group, another way of obtaining
information about the role of TLNRD1 was planned and carried out. Because the previous embryo
sample group did not showcase statistically significant results, microinjection assay was

performed.

In order to observe how the #/nrdI-gene is functioning, a set of microinjections were conducted to
recently fertilized embryos. The injection mixture contained a solution of sgRNAs, Cas9 enzyme,
KCI and H20. The point of injecting the embryos with sgRNAs was to observe if genetic
modification of #nrdl with sgRNAs, produces visible phenotypes and malformations in the
vasculature of developing zebrafish embryos. The assay was done with using two different sgRNA

sample groups and one un-injected control group.

After the injections, the embryos were cultured and screened daily similarly to the previous embryo
group. They were also imaged, cells were lysed and DNA extraction was conducted again. The
image data of the microinjected embryos was analysed and collected for visualisation. First the
imaging data was compared visually between the groups (Figure 7) and the larger and more severe
deformations were highlighted (Figure 8). The differences in vasculature were further pinpointed

in comparative images (Figure 9).

Un-injected control control-sgRNA tinrd1-sgRNA

Figure 7. — Microinjected sample groups and visual differences presented. As seen the negative
control samples are presenting a more normal vasculature structure than the control sgRNA or
the tinrd1-sgRNA groups. The anatomical changes of the fish are more visible in the microinjected
sample group as seen from lower right from the tinrd1-sgRNA group.
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Figure 8. — Notable anatomical and vasculature deformations among the microinjected samples.
1. Excess space around the pericardium 2. Deformed body and vasculature, 3. A seriously
deformed embryo with only a partially developed head and vasculature, 4. Deformed heart with
even greater empty space around the pericardium, 5. Curved spine and irregular vasculature and
6. An upwards curving tail. Although these visible deformations look significant, due to the quality
of the images and lack of ability to measure the vasculature parameters, some were excluded from
the statistical data. (Samples like 2. 3. and 4.)

Figure 9. — The differences
of the not injected negative
control embryos (top) and
the microinjected tinrdl-
SgRNA embryos (bottom).

Hiriyeet o] The caudal vein (CV) of the
tlnrdl  group is more
Non-systematicisys \ : deformed and branching

than in the negative control.
Also, a slight disarray and
loss of integrity is seen in the
dorsal intersegmental veins
(ISV).

S R R

AR e Ol 3

\ Deformed CV

Tlord1-sgRNA
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2.6 Physical parameters of the vasculature (microinjections)

Like prior with section 2.3, the same physical parameters were measured among the fluorescent
image data. The measurement for embryo body length, CV width and ISV widths were done
similarly for the microinjected samples. The values were charted and visualised and the statistical
differences and significance were measured. This was conducted to find out if the microinjections
significantly altered the vasculature of the embryos. Comparative parameter data was visualised

(Figure 10) and the statistical significance was verified with one-way ANOVA (Table 4.) and

Dunnett’s Post Hoc tests (Table 5).
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Figure 10. The parameter data from microinjected embryos showcased as a boxplot. The measured
parameters are the same that were introduced in Figure 6. In total the sample numbers in
microinjected embryos were 33 from which 29 were successfully measured, due to the positive
inheritance of the eGFP fluorescent marker. In the statistical data the groups were marked as
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Table 4. - One-way ANOVA test for microinjected sample groups

Sum of
Squares df Mean Square F Sig.
Body length ~ Between Groups 207834,478 2 103917,239 1,777 0,186
Within Groups 1754151,179 30 58471,706
Total 1961985,657 32
IS vein width  Between Groups 95,316 2 47,658 8,881 0,001*
Within Groups 139,526 26 5,366
Total 234,842 28
Caudal vein width Between Groups 22,733 2 11,367 1,365 0,273
Within Groups 216,582 26 8,330
Total 239,315 28
Table S. Dunnett’s Post Hoc test between microinjected sample groups
95% Confidence
Interval
Mean
) Difference Lower Upper
Dependent Variable group (J) group  (I-)) Std. Error  Sig. Bound Bound
Body length  Dunnett t (2- 0 2 195,27354 113,3619 0,170 -68,9048 459,4519
sided)?
) 1 2 134,36015 94,84539 0,288 -86,6673 355,3876
IS vein width ~ Dunnett t (2- 0 2 4,42887° 1,10174 <0,001  1,8407 7,0170
sided)?
) 1 2 2,77724"  0,99189 0,018 0,4471 5,1073
Caudal vein  Dunnett t (2- 0 2 0,47240 1,37266 0,921 -2,7522 3,6970
width sided)?
1 2 -1,64783  1,23579 0,330  -4,5509 1,2552

*. The mean difference is significant at the 0.05 level.

a. Dunnett t-tests treat one group as a control, and compare all other groups against it.
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2.7 T7 endonuclease assay

Because of the genetic edition of the target gene #/nrdl, done with CRISPR-Cas9, the regular form
of PCR can’t be used to determine the “genotype” of these embryos. Instead a T7 endonuclease

assay was performed, to highlight the amount of genetic edition, within the embryos.

In the assay, the endonuclease cleaves all forms of mismatched dsDNA, resulting in multiple
bands, from which the genetic alteration and fraction of gene edition can be calculated. This was

performed in order to connect the data from the fluorescent image data set and the genetic data set.

The assay was conducted according to (Guschin ef al. 2010), and the visualisation was done with

the aid of a agarose gel electrophoresis. (Figure 11.)

Figure 11. T7 endonuclease assay results. Samples 1-15 are all from the tinrd1-sgRNA injected
embryos treated with the T7 endonuclease enzyme, and C is a negative water control. The ladder
used was MassRuler DNA Ladder Mix and the gel was 2% agarose gel run in 100V for I hours.
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3 Discussion

All together the results can be divided into three major categories. Genetic results (genotyping,
gene sequence and the RNA expression database), visible phenotype and vascular integrity results

(image comparison and analysis) and statistical analysis of measured physical parameters of veins.

3.1 Genetic data

Table 1. shows the occurrence of the different genotypes within the naturally spawn embryo group,
and based on the numbers, it was assumed that the genetic inheritance is most likely following the
Mendelian inheritance pattern (distribution approx. 25% per each genotype). This was confirmed
by performing a Hardy-Weinberg chi-square test (Table 2.), which was compared to the expected
distribution of the mendelian inheritance. And since the P-value exceeds 0,01 (p = 0,866) this
means no significant difference between the two distributions, meaning the genetic distribution of

the naturally spawn sample group complies with the mendelian inheritance values.

The method of PCR used for genotyping the TLNRD1 knockout embryos, was relatively standard,
but the two-phase operation made it quite resource consuming to genotype larger sample groups
than approx. 60 embryos. During the experimental part, multiple times the genotyping failed for
unclear reasons, resulting in partially empty agarose gels. The genotyping was continued
repetitively until the current sample size was reached. The main speculations of failure were errors
in lysing the embryonal DNA, pipetting errors or the low concentrations of template DNA. Some
editions of the PCR protocols could have affected the genotyping (changing the annealing
temperatures of the different PCR programs.). Initially there were more than 59 embryos to do
genotyping on, but upon inspecting the visual phenotypes, it was concluded that there is no use to
genotype embryos further, due to the lack of clear and visible phenotypes or notable changes in

the vasculature structures.

The genetic sequence data obtained from Eurofins Scientific was done for one WT and one M
samples, which were supposed to have the length of 445 bp, according to the PCR protocol. Among
the sequenced samples, the aligned results show a moderate insertion of 78 bp in-frame sequence
in the TLNRD1 mutant sample, presented in Figure 5. When the M-sample was aligned and

compared to the wild type, a total of eight singular point mutations was observed. The effect of
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the insertion is unclear, since in the microscopy images there is no that significant differences
between the mutant and wild type embryos, neither in their general anatomy or between their
vascular structures. In addition, the sequencing was done just for a total of 4 samples (2 M and 2
WT) and in few obtained results, the sequences were too short to be correspond to the tinrdl

sequence, as a result of incomplete polymerisation or poor PCR yield.

3.2 Cell browser data

As seen from Figure 6. when comparing the RNA expression patterns and levels between tlnrdl
and t/nl genes from the established database (Farnsworth et al. 2020), t/nrdl shows a much lower
rate of expression than #/n/. The tissues where our target gene is most visibly expressed (most
visible coloured spots in range of 1-3), is the epithelial area of blood vessels (cluster 79) and
mesodermal areas of blood vessels (clusters 88 and 213). As seen with other spots (any coloured
spot above range 1), the distribution of tissues and cells where t/nrdl is expressed, are quite
scattered around all of the clusters. Noticeably the few sites of relatively active tissues include the
pharyngeal endotherm (cluster 46), mesodermal HSCs (cluster 38) and the ectodermal neuroblasts

of the spinal cord (cluster 39).

In comparison, #/n! is a far wider expressed gene, and the range of expression is far wider than the
expression range of #/nrdl (¢tlnrdl has a range of 1 to 3 vs. tInl has the range of 1 to 27). The
tissues where t/nl 1s mostly expressed include the same tissues as t/nrd1, but in addition to these
tissues, significant expression (coloured spots above range 6) are visible in the ectodermal
integument basal cells (clusters 23, 47, 70, 118), ectodermal basal cells of the fins (clusters 108
and 145), mesodermal leucocyte neutrophils (cluster 150), mesodermal cephalic muscle cells
(cluster 154), the mesodermal notochord (cluster 158), mesodermal myeloid lineage macrophages
(cluster 184) and mesodermal spleen epithelial cells (cluster 210). In addition to these tissues and
cell types, t/nl is present in many of the clusters visible in the database. What is however common
for both genes, is that they are not strongly expressed in the dashed oval region (red circle) which
is mostly composed from the clusters that are related to neurons and the CNS. This indicates that
these two genes are not as strongly related to the functions and development of neural tissues as

they are in epithelial tissues.
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3.3 Vascular integrity and phenotypes

In Figure 2. the first sings of visual phenotypes for the naturally spawned embryos can be seen.
Each genotype at first glance shares overall quite similar vasculature structure and single
differences between the embryos are quite limited. Most of the embryos have relatively normal
vasculatures and they lack any specific kinds of morphological malformations, as seen later when
comparing the data among the sgRNA microinjected samples. One single noteworthy feature was
observed from the sample group, which was the deformed “hunched back” which was present in
total of 7/59 samples. Although this seems intriguing, all of the genotyped samples had at least
one embryo with the hunched back, so it is not considered to be a significant finding, that would

be relevant in the vascular anatomy or integrity of these embryos.

To confirm whether the different genotypes have an effect on the vasculature of these embryos,
three physical parameters were measured among the samples. The overall body length of the
embryos, and the widths of both the posterior caudal vein (averages from 3 measuring points) and
the dorsal inter segmental veins (averages of 5 measuring points) which are among the structures

that develop via branching angiogenesis as established in the introduction.

As seen from figure 4. the box plots are more or less close to the same line, and the histograms
align relatively similarly to the normal distribution curve. To confirm the statistical significance
between the genotype and the measured parameters, one-way ANOVA test was performed, results
visualised in Table 3. As seen from the Sig. column, none of the obtained P-values were significant
(P < 0,05), which indicates that there is no clear link between the physical parameters and the

different genotype.

The total sample size for these embryos and measured parameters was in the end N = 46, since 13
of the genotyped samples lacked the mCherry fluorescent marker, thus measuring the vessel
structures was impossible. The body length measurement was unaffected by this, since the overall
body of the fish was still visible, although the vasculature was not. It could be possible that a larger

sample size would present more significant results.
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3.4 Vascular integrity and phenotypes (microinjection)

Upon inspecting Figure 7, the sample groups of sgRNA-injected embryos, the vascular differences
are more apparent and visibly noticeable. When compared with the un-injected control, it is seen
that both the control-sgRNA and tlnrd1 groups have changes in their vasculature, especially in the
areas of interest, the caudal vein (CV) and the inter segmental veins (ISV). These differences are
highlighted more in Figure 9. Mainly the integrity of the CV is less systematic and in some samples
the vein is crooked and there seems to be some forms of separate vascular pillars and off branching
veins similarly to branching angiogenesis or intussusceptive vascular remodelling. The
morphological differences of the ISVs are less visible but as highlighted in Fig. 9, the sample
presented shows that some of the ISV are placed irregularly compared to the clear dorsal patters
of the negative control samples. In addition, the showcased ISV affected by the sgRNA injections

are more morphologically deformed and crooked than the un-injected control ISVs.

Figure 8. showcases some of the most extreme documented deformations in both the general
anatomy and the vasculature among the injected embryos. Samples 2 and 3 have clearly interrupted
development at some earlier stage, while sample 2 has developed a tail of some shorts, embryo 3
does not have any other development beside the head, eyes, the yolk sac. However, both of these
severely malformed embryos showcase the expression of eGFP, meaning vascular development

was still present at some degrees.

Samples 1 and 4 are more developed but they noticeably have deformed vasculature around their
heart. In sample 1 the area surrounding the pericardium is much larger than in the negative control
embryos. In sample 4, the heart is severely deformed to a thin myocardial fibre, with a large excess
space around the pericardium. And among the examined embryos sample 4 is one of the most
outstanding, since the vascular deformations are present also in many other areas, such as the
dorsal ISVs and the posterior CV and dorsal aorta. However, the scale of deformations present in
the entire system of the embryo are probably not singularly linked to the sgRNA-injection. For the
recently fertilized embryo, the injection is a rough process, and nearly half of the injected embryos
die during the culturing process. And one singular deformed embryo, surviving to the stage of
imaging, is probably too little proof of the significance of TLNRD1 in vascular development, since

as previously established multiple other proteins and cells partake in angiogenetic development.
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Samples 5 and 6 are the embryos in Figure 8 closest to normally developed vasculature. Slight
disarray can be seen in their ISV region, but the bigger malformations in these samples are the
anatomical structures. Sample 5 is rather small in body size with a clearly curved spine. Sample 6

on the other hand has an upward curved tail and slightly altered ISVs.

In Figure 10. The boxplots for the microinjected samples are shown. Compared to the naturally
spawn embryo group, slightly more variation is visible in the positions of the plots. Especially in
the graph showcasing ISV widths. Tables 4 and 5 show the statistical analysis for the physical
parameters measured from the vasculature. The used tests are One-way ANOVA and the Dunnett’s
Post Hoc test between the groups. Here we notice that the width of ISVs is the only parameter that
showcases statistical significance, with a (P =0,001). The significance is also confirmed with the
Dunnett’s Post Hoc test, to calculate the rate of significance between the groups, and the results
show that between the negative control and the tinrd1 group the significance is great (P < 0,001)
and between the tlnrd1 and control-sgRNA groups the significance is P = 0,018, which is still
considered to be significant. None of the other parameters however display statistical significance

among the microinjected samples.

3.5 T7 endonuclease assay data

The last piece of data is in Figure 11. The agarose gel from the T7 endonuclease assay. However,
as seen from this gel, the T7 endonuclease assay lacks any separate bands. Upon analysing the
image of the gel, with inverted colours, the samples would shown contrast spikes, upon measuring
them with ImageJ’s Fiji software. This did not happen, so the lack of clear bands in the T7 gel
indicates that the microinjected samples lack any mismatched DNA. And this means then, that
either the Crispr-Cas9 injection did not work as intended or the T7 endonuclease assay failed.
Although in band number 5 it is seen, that it does not align with the other samples, indicating
something happened to that sample, and the PCR product was indeed shorter than the other
samples, obtained from the injected embryos. It could have been possible to cut the band and send
it for sequencing to confirm this, but we did not think it was necessary overall, since the T7 assay

did not provide positive results.
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4 Conclusion

What can we conclude based on our data? At first it could be argued that the vast amount of
insignificant statistics and lack of noticeable phenotypical changes would indicate that the
mutations within #/nrdl do not showcase huge alterations in the vasculature system and vein
integrity. Within the microinjected samples of tlnrdl showcasing statistical significance in the
widths of the ISVs, it could be argued that the gene could play into this difference. It has been
already hinted by Tatarano et al. that the miRNA binding to specific genes may decrease cell
proliferation and other functions, so it could be debated that the microinjected sgRNA samples for
TLNRDI1 had a similar effect, but on the entire vasculature. As pointed out in Figure 9, the tinrd1
injected samples have more visible vascular deformations and lack of vessel integrity than the
negative controls and partially the control-sgRNA samples. Although this is not similarly seen in

naturally recombined embryos.

However, the RNA expression patterns of TLNRDI point out how little the expression of t/nrdl
is compared to the homologue protein talin, which has a much distinguished and better-established
role related to cell proliferation, angiogenesis and adhesion. Plus, the sheer size of TLNRDI is just

rising gestions, is such a small protein really as significant in angiogenesis as previously thought?

To achieve a certain and exact conclusion based on these results, it is quite difficult to pinpoint
one singular fact. The sgRNA effected embryos do showcase alterations in vasculature, but the
significance is seen only in the ISV region and parameters. Other parameters measured do not
showcase statistical difference, not in the naturally spawn embryos or in the microinjections
regarding to body length and CV widths. The mutant #/nrdl-zebrafish line develops seemingly
normally in the naturally spawn embryos, and the microinjected embryos showcase malformations

due to effects of CRISPR-Cas9 and the sgRNAs.

Since the embryos were only #/nrdl mutants, it could be possible regular ¢/n/ functioned without
issues, and thus the seen vascular development in the naturally spawn fish line did not include
huge deformations. It would be intriguing to see what would happen, if the ¢/n/ gene is knocked
out, and the t/nrdl gene still being functional and how this would be affecting on the vasculature
development. Since multiple different growth factors take part in angiogenesis, it is a possibility

that the vascular development is mediated with alternative pathways, if one is blocked or deleted.
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What comes to drugs and targeting angiogenesis, it might be that TLNRDI is not the most
prominent target for antiangiogenic drug, based on the reasons listed earlier. Although
angiogenesis is affecting multiple diseases like malignant cancers, ischemia, inflammatory
conditions, infections and immune disorders, the primary developed drugs are related to anti-

inflammatory and growth factor inhibitors than direct cell adhesion blockers. (Teleanu et al. 2019)

The most prominent drugs for angiogenesis, are used to tackle various cancers. According to the
report of National Institute of Health’s Cancer Institute, the FDA has approved altogether 14
antiangiogenic drugs by 2018 in the USA. (NIH 2018) Out of these drugs 11 are small molecule
receptor tyrosine kinase inhibitors, two are monoclonal antibodies acting as VEGF and VEGFR2
inhibitors and one drug (Ziv-Aflibercept) is a recombinant protein drug, which acts as a decoy

receptor for extracellular VEGF. (Drugbank 2022)

The topic and exact function of TLNRD1 remains still unrevealed, but as discussed in this thesis,
the protein seems to effect slightly vascular development, and more research on the topic would

be needed.

5 Materials and methods

Multiple different types of methods were used during this project, mainly consisting of molecular
biology methods (PCR, electrophoresis, oligonuclease-7 assay and CRISPR-Cas9) and different
imaging and microscopy techniques and statistical analyses. Other methods include online
database searches, zebrafish handling and embryo culturing. In this section, more detailed

information is provided.

5.1 Embryo production

The first step of the project was the mating of zebrafish (Danio rerio) and embryo collecting. This
was repeated each time prior creating a new group of samples. Maximum of 5 male and 5 female
fish were selected in the specific mating tank. The fish lines used in this experiment were a either
LS109 (TLNRDI1 knockout line #/nrd1""’ with a mCherry fluorescent marker), LS111 or LS112
(kdrl line with eGFP marker with unedited gene of t/nrd1). The tanks were left in 26°C overnight
and the next morning the eggs were harvested. Upon inspection of the recently fertilized eggs, they
were screened and separated from unfertilized ones and placed on a petri dish maximum 50 eggs

on each. The embryos were cultured in 28,5°C incubator in E3-medium (34.8 g NaCl, 1.6 g KCl,
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5.8 g CaClz-2 H20 and 9.78 g MgCl>-6HO filled up with 2 I of Milli Q-H20) with added 1-phenyl
2-thiourea (PTU, Sigma-Aldrich P7629) to inhibit cellular melanin production. The embryos were
cultured for 3-4 days and each day the plates were screened for sorting out unfertilized or
contaminated eggs. After the first overnight incubation, additional pronase (10 mg/ml, Roche Cat.

No. 10 165 921 001) solution was added to fasten embryo hatching.

The procedure for obtaining embryos for microinjections specifically, was done quite similarly,
except upon placing fish in the mating tank the females and males were separated by a wall for
overnight, which was removed on the following morning, to control the mating time and harvest

the eggs before their first cell division.

5.2 Microinjections

Table 6. — The sequences of the used sgRNAs in the microinjection assay

sgRNA Sequence
Control -sgRNA TTCTAATACGACTCACTATAGGTTTGGGAACCGGTCT
(Slc45a2-1) GATGTTTTAGAGCTAGA
Control -sgRNA TTCTAATACGACTCACTATAGTTCTCATCGGGATAAA
(Slc45a2-2) GAGGTTTTAGAGCTAGA
TLNRD1-sgRNA9 TTCTAATACGACTCACTATAGCTCGGGGAAATCAGAT
AGCGGTTTTAGAGCTAGA
TLNRDI1-sgRNA14 TTCTAATACGACTCACTATAGTTAGCGGCAGCTTGCA
ACAAGTTTTAGAGCTAGA
TLNRDI1-sgRNA24 TTCTAATACGACTCACTATAGCTATGGCTAGTAGTGG
CTCGGTTTTAGAGCTAGA
TLNRD1-sgRNA25 TTCTAATACGACTCACTATAGCACACTACTATGGCTA
GTAGGTTTTAGAGCTAGA

Microinjections were used to edit the genome of the fertilized eggs with the aid of single guide
RNA’s and CRISPR-Cas9 targeting the TLNRD1 gene. The general protocol of performing the
injections was done by following a publication by Hoshijama (et al. 2019), with slight alterations
with the different buffers and reagents. Within 1 hour after egg harvesting, the eggs were collected
on an injection plate, where they were injected with a 2,3 nl of sample solution, using Nanoject II
Auto-Nanoliter Injector (by Drummond scientific company). The injection solutions consisted
from different volumes of sgRNAs, CAS9-enzyme (EnGen™ Spy Cas9 NLS NEB #M0646), KCI

and H»O. The process was repeated for two sample groups, control-sgRNA (mixture of two
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Slc45a2-sgRNAs 1 and 2) and TLNRD1-sgRNA (mixture of different sg-RNAs 9, 14, 24 and 25).
Sequences of the used RNAs are presented in Table 6.

These two groups were compared to the un-injected embryo group (negative control). After
injecting all the eggs, they were put on a petri dish with E3-PTU medium and 100 pl of Penicillin-
Streptomycin mixture (ThermoFisher Scientific 15140122). After the injections, the plates were
incubated at 28,5°C for 3 days, similarly screening and removing the unfertilized and contaminated
eggs, changing the medium and counting each day how many embryos survived the injection and

how many of them developed further.
5.3 Imaging

The following step of the project was to image the embryos and their vasculature system. Prior
imaging the embryos (max. 5 days old) were anesthetized using tricaine methane sulfonate MS222
with 167mg/I on the plate (Sigma-Aldrich E10521-50G). Then a separate smaller imaging petri
dish was made filling it with E3 medium and MS222. The imaging device used was the

fluorescence microscope Zeiss AxioZoom.V16.

The embryos were placed one at the time to the imagining plate carefully with a pipette and full
body images were taken from them using two to three channels, bright field, GFP or TEX-R,
depending on the used fish line and their fluorescent marker. The images were taken with the
Hamamatsu camera, using 32x — 40x zoom and 3.8 um resolution. The focus of the images was
on the blood vessels in the posterior and dorsal sides of the embryo. Also, the overall anatomy of

the embryo was inspected during imaging.

Upon completing the imaging for each embryo, they were placed carefully in an Eppendorf tube
labelled correctly one at the time and the excess liquid was removed with a pipette. After this the

samples were frozen in - 20°C for further analysis.
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5.4 Genotyping

Table 7. — The sequences of the used primers in the genotyping assay

Primer Sequence
Tinrdl L3 | TCATTTACATGGCACGAAGA | Tlnrdl | GGTGAGGTTCTTCAGGATGT
AC R4 TC
Tlnrdl R3 | ATAGACAGCTCCTTGGTTCT | Tlnrdl | CGAGTGAAGTTTCATGTTTT
GG L4 CG

Genotyping a sample group was done with PCR and agarose gel electrophoresis. The samples were
prepared for PCR using a single embryo DNA extraction protocol Hotshot method (Meeker et al.
2007) Carrying out the genotyping PCR for the project needed two consecutive PCR reactions,
with two sets of different primers (Sequences can be found in Table 7). The first reaction is
targeting a 1165 bp sequence with the primers marked L3 and R4 (annealing temperature 67,1°C),
and the second approx. 445 bp sequence with the primers L4 and R3 (annealing temperature
66,8°C). The reaction mix was composed of RNA free water, Phusion Hot Start II DNA
Polymerase (2 U/uL Thermofischer F549S) buffer and enzyme, primers, dNTP-mixture and the
template DNA. In the first reaction the template DNA was extracted from the embryo samples and
the first reaction PCR product was used as a template for the second reaction. Both reactions were

run for 30 cycles.

For visualizing the genotype differences, the second PCR product was run on agarose gel
electrophoresis (Sigma-Aldrich A4718-100G), using a 2% gel made in 100 ml of 1x Tris Acetate-
EDTA buffer (TAE, Sigma-Aldrich T6025). Midori Green DNA dye 5ul (Fisher Scientific
NC0434746) was added to the gel before pouring it in the gel mould. For electrophoresis
GeneRuler DNA Ladder Mix 6x (Thermofischer Scientific SM0331) was used and the samples
were mixed with the DNA Gel Loading Due 6x (Thermofischer Scientific R0O611). Depending on
the sample group the wells were loaded with 10 to 20 pl of PCR product. The gel was run using
100V for 1 hour. The ready gel was then imaged with the Biorad Gel Doc XR+ Gel Documentation
System.
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5.5 Genetic sequencing

After the gel electrophoresis some bands were selected for sequencing analysis, which was done
by using the commercial services provided by Eurofins Scientific. The selected DNA bands were
cut from the gel under a UV-light and then purified and prepared with a Macherey-Nagel™
NucleoSpin Gel and PCR Clean-Up Kit (Macherey-Nagel™ 740609.50). The sequencing samples
were mixed with their respective primers in barcode labelled Eppendorf tubes, which were sent to
Eurofins Scientific. After sequencing the data was sent from Eurofins Scientific online and the
sequences were analysed with computational BLAST and alignment tools. The obtained sequences

were compared with known sequences of the TLNRDI gene.

5.6 T7 endonuclease assay

When considering the microinjections and the CRISPR gene edition, T7 endonuclease assay was
used as a tool before the agarose gel electrophoresis, to observe the concrete effects of the genetic
modifications. The PCR product was purified using the Macherey-Nagel™ NucleoSpin Gel and
PCR Clean-Up Kit (Macherey-Nagel™ 740609.50), after which the T7 endonuclease assay
(EnGen® sgRNA Synthesis Kit, S. pyogenes, E33225) was performed to the samples. The samples
were hybridized first before adding the T7 Endonuclease I enzyme to the samples, then incubation
for 15 minutes at 37 °C and after that the reaction was stopped with adding EDTA to the samples.
Then a similar agarose gel electrophoresis was run with same protocol as in the genotyping and
the gel was imaged. In the end the gene edition was analysed by using Imagel’s Fiji-image
processing package. The analysis focused on contrast measurement tools and using the obtained
values to a given equation. The point of conducting this assay was to measure how much the
Crispr-Cas9 affected the edition of the #/nrdI-gene. The T7 endonuclease assay is used for cutting

any mismatch from the dsDNA.

The fragmented PCR products should show in the gel with multiple bands, from which the fraction
of cleavage should be calculated using the following equation provided by (Guschin et al. 2010).

1
Presentage of gene modification = 100 X (1 — (1 — fraction cleaved)?)

When comparing the contrast spikes between the bands on the gel, we could establish the

percentage of gene editions for each sample. (Guschin ef al. 2010)
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5.7 Database search

Online database search was also performed as a part of the project by using the Single cell
transcriptome atlas for zebrafish embryo development (Farnsworth ez.al 2020). The data was
obtained from the UCSC Cell Browser library. This section was done to find out information of
the TLNRD1 gene and in which tissues and in what quantities the gene is expressed. As a
comparison value, the expression of talin encoding gene TLN1 was also observed from the

database.

5.8 Image analysis

Upon image analysis, the bands of the gels were counted and documented in a table, showing in
which ratios the genotypes were occurring in the sample group. Also, analysing and editing the
full body microscopy photos of the embryos was a part of image analysis. During this, several
parameters were measured from the photos, such as cardinal vein widths, dorsal aorta width and
body length of the embryos. The measurements were done with Fiji and documented with IBM

SPSS software for statistical analysis.

5.9 Statistics

And finally, statistical analysis and data visualization was performed using IMB SPSS 28 Statistics
software. For the successfully genotyped embryos, the Hardy-Weinberg chi-square test was done
to confirm the inheritance pattern of the t/nrdl-gene against traditional Mendelian distribution.
The frequencies of the measured blood vessel parameters among the normally spawned embryos
are showcased in a histogram, and the differences between parameters and sample groups are
shown as boxplots. The statistical tests between the variable groups are Dunnett’s post-hoc and
one-way ANOVA tests. The P-values between the groups were obtained and shown in charts

where the statistical significance was highlighted, whenever the result was significant.
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6 Ethical and confidentiality considerations

As this thesis included working with an animal model (Danio rerio) ethical considerations were
included to the thesis, and the respective project plan. In this study, we used only newly spawned
zebrafish embryos, which were always less than 5 days old. According to the legislation, these
embryos are not considered as animals yet, and therefore separate license or a project plan for
animal testing is not necessary. However, adult zebrafish were used to spawn new embryos,
which in this case, were generated and kept under the licenses ESAV1/9339/04.10.07/2016,
ESAVI/37571/2019 and ESAV1/31414/2020 (National Animal Experimentation Board, Regional
State Administrative Agency for Southern Finland). The adult fish were taken care according to
the regulations and rules of the Central Animal Laboratory of the University of Turku by
respectively trained professional personnel. The conductor of this project has also completed
animal model specific training for handling zebrafish adults (when producing embryos) prior of
making this study and the respective document of proof about the training was submitted for the

supervisor of this project.

The only procedure which could be interpreted as “invasive” for the embryos, was the
microinjection, but as stated prior, since the experiments are always done with under 5-day old

fish embryos, this was not a major concern.

Due the nature of this study of being a Master’s Thesis project in the field of basic research,
there are no confidentiality issues regarding this study, neither does it have any commercial

availability.
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8 Abbreviations

TLNRDI1 - Talin rod domain-containing protein 1

tinrd1 — Talin rod domain-containing protein 1 gene
eGFP — enhanced Green fluorescent protein

mCherry — monomeric Red fluorescent protein

EPC — Endothelial progenitor cell

EC — Endothelial cell

HSC — Hematopoietic stem cell

ECM - Extra cellular matrix

MSC — Mesenchymal stem cell

FGF — Fibroblast growth factor

VEGF — Vascular endothelial growth factor

RIAM — Rap1-GTP—interacting adaptor molecule

kdrl — kinase insert domain receptor like

Z0-1 — Zonula occludens-1 aka. Tight junction protein 1
PDGF - Platelet derived growth factor

MMP — Matrix metalloproteinase

TGFp — Transforming growth factor beta

HIF-1 — Hypoxia inducible factor 1

ANG — Angiopoietin

TIE — Tyrosine kinase with immunoglobulin and EGF like domain

KANK - Kidney Ankyrin Repeat-Containing Protein
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