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1. Introduction 
1.1. The cardiovascular system 

The first description of the cardiovascular system (CVS) dated back to Aristotle 

(384 – 322 B.C.).  His model, so-called “of heart and veins” based on intense 

observations of chick embryos and human corpses, describes a vascular tree of 

two vessels extending throughout the entire body and connecting to the heart in 

the center of the body.  Although we now know that his model is not entirely 

correct, his descriptions set the basis of CVS development (Shoja et al. 2007).    

All the tissues depend on the nutrients and molecular oxygen (O2) delivered by the 

blood, therefore it is not surprising that the circulatory system is one of the first 

working systems and the heart is the first functional organ in the forming embryo 

(Baldwin 1996).  In the period of gastrulation during embryogenesis, the cells of 

the blastula undergo a combination of several types of movements: invagination, 

involution, ingression, delamination, and epiboly.  These movements result in the 

specification of the blastula cells into differentiated cells that will define the three 

germ layers: ectoderm, mesoderm, and endoderm.  From the mesodermal cells 

arise, among others, the cells composing the CVS (Solnica-Krezel and Sepich 

2012). 

The CVS consists of heart (four-chambered in mammals and birds, three-

chambered in amphibians and reptiles, and two-chambered in fish) and the blood 

vessels that are classified based on their size and function into arteries, veins, and 

capillaries.  Arteries carry oxygenated blood from the heart to the capillaries in the 

entire body.  Capillaries are the smallest blood vessels, and their function is to 

deliver nutrients and O2 to the tissues.  Furthermore, capillaries take away the 

waste and not oxygenated blood from the parenchyma and connect to the veins 

that carry the blood back to the heart (Udan, Culver, and Dickinson 2013).  The 

structure of these vessel types further distinguishes them.  Arteries and veins 

consist of three layers: tunica intima, tunica media, and tunica adventitia.  Tunica 

intima composed by a layer of endothelial cells (ECs), forming the endothelium, 

and a thin layer of connective tissue.  The tunica intima of the veins contains 

valves that prevent backflow.  Tunica media instead is enriched in vascular 

smooth muscle cells.  This middle layer is thicker in arteries and allows these 
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vessels to maintain and regulate blood flow.  Finally, tunica adventitia is made of 

connective tissue and contains nerves.  Instead, capillaries consist of a layer of 

ECs and a thin layer of connective tissue (Pugsley and Tabrizchi 2000).   

ECs cover different roles, as controlling vasoconstriction and vasodilatation, vessel 

permeability and blood clotting.  Moreover, they can modulate inflammation and 

coagulation state.  The endothelium is highly specialized and engages peculiar 

characteristics depending on the organs where it carries its function.  Continuous 

endothelium, observed in the central nervous system, is enriched in tight junctions, 

therefore is highly impermeable.  Fenestrated endothelium instead has pores 

necessary to allow small molecules and proteins to diffuse, being essential for 

example in the glomeruli of the kidney.  The endothelium can also be classified as 

sinusoidal, that shows larger openings and being present in organs, such as liver 

and bone marrow, where typically movements of bigger cells occur (Michiels 

2003). 

Endothelial dysfunction can contribute to several diseases, such as hypertension, 

diabetes, and atherosclerosis.  Tumors and inflammatory diseases are 

characterized by overgrowth of blood vessels.  On the contrary, impaired vessel 

function is involved in ischemic diseases (Deanfield, Halcox, and Rabelink 2007). 

 
1.2. Molecular mechanisms orchestrating vascular system 

development in zebrafish 
Zebrafish has been shown to be an excellent model organism for different 

reasons.  Interestingly, zebrafish shows a fast organogenesis; in the first 3 days 

post fertilization (dpf) embryos develop the primary organs, such as liver, heart 

and nervous system.  Moreover, zebrafish embryos and larvae appear 

transparent, allowing to visually observe the development of several tissues during 

the first stages of embryogenesis.  Among others, these two advantages make 

zebrafish a very suitable model to study vascular development.  Indeed, starting 

from the ‘90s, many studies performed in zebrafish have given a huge impact on 

understanding the molecular and cellular mechanisms involved in the vascular 

system formation. 
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1.2.1. Vasculogenesis  
During vasculogenesis, a network of new blood vessels is formed de novo.  This 

process starts with the formation of hemangioblasts, a bipotential precursor cell 

that can give rise to ECs and hematopoietic cells (HCs), that arise from the lateral 

plate mesoderm (Figure 1A,B).  A number of transcription factors have been 

described to be important for ECs and blood cells differentiation, such as etv2 and 

tal1 among others (Sumanas and Lin 2006) (Dooley, Davidson, and Zon 2005).  At 

the top of this molecular cascade lies npas4l.  Recently, npas4l has been 

described to be the gene responsible for the vascular phenotypes observed in the 

cloche mutants (Reischauer et al. 2016).  cloche mutants, discovered almost 

twenty years ago (Stainier et al. 1995), show the lack of most ECs and 

hematopoietic cells.  npas4l belongs to the bHLH-PAS protein family and how it is 

regulated and how it carries out its function are still fundamental open questions.  

The hemangioblasts migrate from the posterior lateral plate mesoderm (PLPM) 

towards the midline of the embryo where they coalesce to form the dorsal aorta 

(DA) and the posterior cardinal vein (PCV).  DA and PCV establish, with the heart, 

the primordial circulatory loop of the zebrafish embryo (from 14 to 23 hours post 

fertilization or hpf).  The acquisition of arterial-venous identity is critical for proper 

functioning of the vascular system (Figure 1C).  notch signaling has been 

described to induce ephrin B2 expression, a well-known arterial marker, 

suggesting that notch promotes arterial identity and inhibits venous differentiation 

(Lawson et al. 2001).  Moreover, sonic-hedgehog (shh) and vascular endothelial 

growth factor (vegf) have been shown with epistatic experiments to act upstream 

of notch in arterial differentiation.  shh, expressed in the notochord, induces vegf 

expression in the somites that in turn activates notch in the developing DA (from 

23 to 26 hpf) (Lawson, Vogel, and Weinstein 2002). 

 
1.2.2. Angiogenesis  

After the primitive vasculature is established, most of the vessels develop by 

angiogenesis, a termed used to describe the formation of vessels from pre-existing 

ones.  In zebrafish, the angiogenic process has been extensively studied, focusing 

mostly on the formation of intersegmental vessels (ISVs), the first vessels to form 
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by angiogenesis (Figure 1C).  ISVs sprout from the DA along the somite 

boundaries, and when they reach the dorsal roof of the neural tube they fuse by 

anastomosis, forming the dorsal anastomotic vessels (DLAVs) (from 22 to 32 hpf).  

About half of the ISVs will be maintained as arterial ISVs.  At later stages, sprouts 

also occur from the PCV leading to the formation of either venous ISVs fusing with 

pre-existing arterial ISVs or lymphatic vessels (from 32 to 40 hpf).  Both vegf and 

notch signaling pathways are actively involved in the process of angiogenesis 

(Gerhardt et al. 2003),(Siekmann and Lawson 2007).  Essential for initiating and 

guiding the sprouting is the specification of the so-called tip and stalk cells (Figure 
1D).  Tip cells are the leading cells in the sprouting.  The tip cell responds to vegf 

signal in the somites, which activates the vascular endothelial growth factor 

receptor-2 (vegfr-2), thus leading to the up-regulation of one of the notch ligand, 

delta-like-4 (dll4).  dll4 binds to notch receptor on the neighboring cells, activating 

the Notch signaling.  Increased notch activity promotes stalk cell behavior in the 

neighboring cells, which essentially becomes the following cell in the sprouting.  

Tip cell and stalk cell are different in many aspects.  Tip cells show dynamic 

filopodia and increased migratory capacity, while stalk cells produce fewer 

filopodia and are highly proliferative (Isogai et al. 2003).   
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Figure 1.  Different steps of cardiovascular system development. 
A) A drawing of a zebrafish embryo at around 6 hpf at shield stage.  Hemangioblasts arise from the 
ventral mesoderm, region highlighted in green.  B) A drawing and an image of a zebrafish embryo 
at around 16 hpf or 16-somite stage labeled with a green fluorescent protein under the control of an 
endothelial-specific promoter.  Arrows point to caudal angioblasts in the posterior lateral plate 
mesoderm.  Arrowhead indicates rostral angioblasts in the anterior lateral plate mesoderm.  C) 
Brightfield image showing DA and cardinal vein (CV).  Diagram of a zebrafish embryo at 36 hpf.  In 
red are labeled the DA and the arterial ISVs, in blue the CV.  D) Schematic drawing of tip and stalk 
cell differentiation. Dll4 is expressed in the tip cell and stimulate Notch signaling activation in the 
stalk cell.  Figure adapted from A.V. Gore et al., Cord Spring Harb Perspect Med, 2012 (Gore et al. 
2012). 
 
Many other angiogenic events occur during development at later stages.  DLAVs 

undergo a phenomenon called DLAV plexus morphogenesis, a process conserved 

throughout vertebrate evolution.  DLAV plexus morphogenesis is an angiogenic 

process, and in zebrafish, it begins at around 36 hpf.  The formation of this plexus 

has been described to be flow- and VEGF signaling- dependent, where both have 

an additive contribution in the process.  Moreover, DLAV angiogenesis leads to a 

plexus formed by three longitudinal vessels at around 58 hpf.  Next, these axial 

vessels become one single vessel by 120 hpf.  It has been proposed that this 

rearrangement is driven by vessel fusion, but it is still not clear (Zygmunt et al. 

2012). 

 
1.3. Hematopoietic cells 

Hematopoietic cells (HCs), or blood cells, are cells generated by a process called 

hematopoiesis.  HCs are divided into three different subgroups:  

• Erythrocytes or red blood cells; 

• Leukocytes or white blood cells; 

• Thrombocytes or platelets. 

Erythrocytes have an iron-containing protein called hemoglobin, which allows them 

to transport O2 in all the tissues and to collect carbon dioxide (CO2) from the cells 

as a waste.  Instead, the name leukocyte is a definition that describes many cell 

types engaged in protecting the body against infections, therefore in the immune 

defense.  White blood cells mainly are divided based on their appearance under 

the microscope: granulocytes, which are characterized by granules in their 

cytoplasm (neutrophils, eosinophil, basophils and mast cells) and agranulocytes, 

voided of granules in the cytoplasm (monocytes and lymphocytes).  Finally, 

thrombocytes prevent bleeding by clotting vessel injuries.  
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1.3.1. Hematopoiesis 
Mature blood cells show short lifespan; therefore hematopoietic stem cells (HSCs) 

are required for the whole life to form constantly new blood cells in a process 

called hematopoiesis.  Hematopoiesis occurs in two phases during development.  

The first wave of HCs production is defined as “primitive hematopoiesis”, and the 

following waves are “definitive hematopoiesis”.   

Primitive hematopoiesis in mammals occurs in the yolk sac where the first red 

blood cells and ECs are visible between embryonic stage 7 (E7) and E11.  The 

primitive wave is then replaced by the definitive hematopoiesis.  The first site of 

definitive hematopoiesis is in the aorta-gonad-mesonephros (AGM) region, where 

HSCs form from a specialized subset of ECs, or hemogenic endothelium (HE), 

through a process known as endothelial-to-hematopoietic transition (EHT).  The 

placenta in mammals also seems to show hematopoietic activity.  From E10.5, 

definitive hematopoiesis requires the colonization of the fetal liver, where the 

HSCs find a unique environment, a niche that supports further expansion and 

development.  Next, thymus (from E14) and bone marrow (from birth) are 

colonized by lymphocytes precursors and general HSCs, respectively.  In these 

organs, the progenitors stay in a quiescent form, undergo asymmetric division and 

differentiation when required (Dzierzak and Speck 2008). 

In zebrafish, the primitive wave occurs between 6 and 24 hpf in two spatially 

different regions: the anterior lateral plate mesoderm (ALPM), where myeloid cells 

and ECs appear and the posterior lateral plate mesoderm (PLPM), where the first 

red blood cells and ECs arise.  The primitive wave is followed by transient 

hematopoiesis for a short period between 24 and 30 hpf, in a region defined as 

posterior blood island (PBI), where myeloid cells and erythrocytes further expand 

(Figure 2A).  From 30 hpf, the definitive hematopoiesis takes place from the AGM 

region in the trunk of the embryo.  Next, HSCs colonize the caudal hematopoietic 

tissue (CHT), a tissue comparable to the mammalian fetal liver, where the cells 

undergo expansion.  From 72 hpf, the thymus starts to show lymphocytes 

precursors, and finally, from 96 hpf the kidney is colonized by HSCs, and it 

represents the site of hematopoiesis in the larvae and the adult fish (Figure 2B) 

(Paik and Zon 2010). 
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Figure 2. Hematopoietic waves in zebrafish development. 
A) Drawing of a 24 hpf embryo.  Primitive and transient hematopoietic sites are highlighted.  
Primitive hematopoiesis in zebrafish occurs in the ALPM, labeled in green, where the first ECs and 
myeloid cells arise and in the PLPM, labeled in red, where the first erythrocytes and ECs are visible 
between 6-24 hpf.  Transient hematopoiesis occurs in PBI, labeled in yellow, where myeloid cells 
and erythrocytes further expand between 24-30 hpf.  B) Drawing of a 36 hpf embryo where 
definitive hematopoietic sites are highlighted.  Definitive hematopoiesis in zebrafish starts in the 
AGM region, labeled in purple, where HSCs arise from 30 hpf. Next, HSCs colonize CHT, labeled 
in blue, to further expand between 48-56 hpf.  Further lymphocyte development occurs in the 
thymus, labeled in light blue, from 72 hpf.  Finally, definitive hematopoiesis in the larvae and adults 
occurs in the kidney marrow, labeled in dark green.  Images were taken from: zebrafish, 
http://www.imcb.a-star.edu.sg, myeloid cells,! http://www.sciencesource.com/, erythrocytes, 
http://www.eyeofscience.de/en/, blood cells, https://www.visualphotos.com/, ECs, 
http://www.esa.int.  Figure adapted from A.V. Chen and L.I. Zon, J. Cell. Biochem., 2009 (Chen 
and Zon 2009). 

1.3.2. Hemogenic endothelium  
Hemogenic endothelium (HE) is a specialized subset of ECs for a transient period 

during development, from where HSCs arise.  HE is localized on the ventral side 

of the developing dorsal aorta in mouse between E10-E11.5 and zebrafish from 30 

to 72 hpf.  Several pathways have been described to be important for HE 

specification.  runx1 has been described to be a master regulator of EHT, and its 

function is strongly conserved in vertebrates.  runx1 is expressed in the ventral 

region of the DA and the AGM region.  RUNX1 function consists in repressing 

endothelial program, in favor of hematopoietic program, with sequential increase in 

expression of CD41 and CD45.  Mutation in Runx1 in mice leads to embryonic 

A B 
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lethality and complete lack of definitive hematopoiesis.  In zebrafish, runx1 

expression is detectable in the HSCs and ECs in the AGM region from 24 hpf and 

runx1 mutants showed normal primitive hematopoiesis but impaired definitive 

hematopoiesis (Sood et al. 2010).  Also, the transcription factor cMyb is expressed 

in HSCs before differentiation.  Studies in mouse mutants demonstrated that cMyb 

plays a major role in HSCs maintenance and differentiation.  A mutant for cmyb 

has been found and isolated from an N-ethyl-N-nitrosourea (ENU) screening in 

zebrafish.  cmyb mutants show a normal initiation of definitive hematopoiesis, but 

HSCs accumulate in the AGM region and fail to egress and colonize other 

hematopoietic organs (Zhang et al. 2011).  Other transcription factors, such as 

LMO2 and SCL/TAL-1 and GATA-binding proteins, have been shown to be 

involved in the regulation of hematopoietic genes.  Knockout of Scl/Tal-1, Lmo2, 

and Gata1/2 in mouse leads to embryonic lethality and defects in definitive 

hematopoiesis.  A recent study has suggested, combining expression pattern and 

knockdown analyses, that scl genes in zebrafish underwent sub-functionalization, 

where scl-β acts at early steps of HE specification, upstream of runx1, while scl-α 

is essential for native HSCs maintenance regulated by runx1 and acting upstream 

of cmyb (Zhen et al. 2013).  Notch signaling also appears to be involved in 

definitive hematopoiesis.  Notch1-/- mouse mutants show a decrease number of 

HSCs.  This observation is corroborated by knockdown analysis in zebrafish, 

where notch1a and notch1b morphants show a reduced number of runx1-positive 

cells (Gritz and Hirschi 2016; Butko et al. 2015).  The molecular link between 

Notch1 and Runx1 has been recently identified.  Mice lacking Gata2, a zinc-finger 

transcription factor directly regulated by Notch1 (Robert-Moreno et al. 2005), show 

strong defects in hematopoiesis associated with early embryonic lethality (Gao et 

al. 2013).  Interestingly, Runx1 regulatory regions include an enhancer bound by 

GATA2 that is essential for definitive hematopoiesis (Nottingham et al. 2007).  

Notch1-Gata2-Runx1 axis is conserved in zebrafish as well, specifically both 

notch1a and notch1b genes have been shown to regulate gata2b expression, 

thus, in turn, influencing runx1 transcript level (Butko et al. 2015). 
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1.3.3. Macrophages in vascular development 
Macrophages, which in Greek mean “big eaters”, play an essential role in innate 

immunity as phagocytes.  Macrophages were described for the first time in 1882 

by Élie Mechnikov, a Russian zoologist that established his laboratory in Messina 

(Sicily-Italy).  Mechnikov injured starfish larvae with small spines from a tangerine 

tree and observed that large cells accumulate around the lesion, thus 

hypothesizing that these cells were involved in killing the pathogens.  Mechnikov’s 

observation was correct, in fact, now it has been extensively described that 

macrophages are sentinels that respond to pathogens and tissue injury through 

PAMP (pathogen-associated molecular patterns) or DAMP (damage-associated 

molecular patterns) receptors.  Macrophages phagocyte and digest pathogens, 

and present the antigen to helper T cells, thus in this way playing an essential role 

in adaptive immunity.  Besides their phagocytosis ability, macrophages play a 

pivotal role also in tissue homeostasis, where they continuously remove dead cells 

and debris.  On the other hand, macrophages are also involved in the formation of 

disease state, where the balance between tissue damage and tissue homeostasis 

is lost (Lavin et al. 2015).   

Macrophages are known not only for their important roles as immune cells, but 

macrophages have been described to influence the activity of other cell types, 

especially ECs.  In guinea pig retina, macrophages have been shown to promote 

EC proliferation (Polverini et al. 1977).  Mouse mutants for Pu.1, Csf-1 die during 

early embryogenesis and show a complete lack of tissue macrophages, data 

supported by zebrafish mutants for pu.1 and csf-1.  Interestingly, these mutants 

show reduced vascularization of the central nervous system (CNS) with a 

decrease in blood vessel branching.  More recently, experiments in mouse and 

zebrafish have shown that macrophages act as chaperones for ECs, thus 

promoting tip cell fusion.  Macrophages, in fact, can secrete not only both pro-

angiogenic factors, such as VEGF-A, but also membrane-bound and soluble 

proteases to remodel the extracellular matrix (ECM) and in this way guiding blood 

vessels.  On the contrary, macrophages have also been shown to be required for 

blood vessel regression in developing retina, thus suggesting that macrophages 

can both be pro- and anti-angiogenic in a context-specific manner (Epelman, 
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Lavine, and Randolph 2014).  In pathological settings, it has been extensively 

described the angiogenic potential of macrophages.  Inflammatory contexts, like 

psoriasis, Chron’s disease, atherosclerosis, are characterized by high activation of 

TNF pathway, through high TNF-α production and TNF receptor signaling, and 

aberrant macrophage accumulation.  Indeed, TNF-α is highly expressed in 

macrophages, which are actively responsive to such cytokine, thus creating a 

condition of chronic inflammation.  In tumors, TNF-α appears to act as a double-

edged sword, being both pro- and anti-angiogenic (Parameswaran and Patial 

2010). 

 

1.4. HIF pathway 
The presence of “something” in the air essential for life was first proved by an 

experiment performed in the 18th century by Joseph Priestley.  Priestley observed 

that a mouse under a glass bell along with a burning candle eventually perishes.  

But if along with a burning candle he put the mouse together with a plant, the 

mouse lives happily.  This simple experiment indicated that in the air there is a 

component important for life, that is burned away by the candle, and that is then 

restored by the plant.  It was Antoine Lavoisier to decide then to define this 

component as “oxygen”, that from the Greek means “acid producer” because at 

the time it was thought that oxygen was required to generate acids. 

The mitochondrial respiration was important for the evolution of multicellular 

organisms that for their energy necessity they could not only rely on glycolysis.  

Molecular oxygen, O2, in the oxidative phosphorylation has a central role in the 

generation of energy, in the form of adenosine triphosphate (ATP), being the final 

electron acceptor in the electron transport chain.  For this reason, changes in O2 

concentration in the cell might be dangerous for its survival.  Hypoxia-inducible 

factors (HIFs) are transcription factors that sense decrease in O2 concentration 

and induce a broad respond toward cell adaptation to the hypoxic environment 

(Kumar and Choi 2015).  
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1.4.1. Core pathway 
HIF is an obligate heterodimer, composed of two subunits: an oxygen-labile α 

subunit and an oxygen-insensitive β subunit.  While the latter is a quite stable 

protein, the former is target of many post-transcriptional and post-translational 

regulations.  Indeed, HIF-α is constitutively transcribed, but after translation, under 

normoxic conditions, it undergoes a quick degradation with a half-life of around 5 

minutes.  HIF-α contains two prolines located in the oxygen-dependent 

degradation (ODD) domain, which is hydroxylated by the prolyl-4-hydroxylases 

enzymes (PHDs).  PHDs are 2-oxoglutarate-dependent dioxygenases that require 

O2 and co-factors, such as iron and ascorbate, to perform the hydroxylation 

process.  Subsequently, the hydroxylated prolines are recognized by the von 

Hippel-Lindau tumor suppressor protein (pVHL), which is an E3 ubiquitin-protein 

ligase.  This leads to rapid ubiquitination and proteasomal degradation of HIF-α 

subunit.  Also, in normoxia, HIF-α transactivation is inhibited by the factor inhibiting 

HIF (FIH).  FIH is an asparaginyl hydroxylase, which targets an asparagine in the 

C-terminal transactivating domain (C-TAD).  This post-translational modification 

leads to the inhibition of the interaction between the C-TAD and its co-activator 

CBP/p300.  In hypoxic conditions, instead, PHDs and FIH activity are strongly 

reduced by the absence of their substrate, O2, therefore HIF-α can translocate into 

the nucleus and dimerize with the β subunit, thus forming the HIF transcriptional 

complex.  The HIF complex with its co-activator, CBP/p300, binds to hypoxia 

responsive elements (HREs) in the promoter of different target genes, promoting 

their expression (Figure 3A) (Schofield and Ratcliffe 2004).  HIF-α and HIF-β 

belong to the protein family of the bHLH/PAS (basic helix-loop-helix/Per-Arnt-Sim) 

protein.  The bHLH (helix-loop-helix) domain is important for binding the DNA.  

The two PAS domains, PAS-A and PAS-B, are essential for heterodimerization 

and contribute to binding the DNA.  TAD, or transactivating domain, is required for 

interacting with CBP/p300, thus being fundamental to induce target gene 

expression.  HIF-α subunit has the ODD (oxygen-dependent degradation) domain, 

which contains the two proline residues target of pVHL and the asparagine target 

of FIH (Figure 3B) (Simon and Keith 2008). 
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Figure 3.  HIF signaling pathway. 
A) Regulation of the HIF-!.  a. Under normoxic conditions, HIF-! subunit is hydroxylated on two 
proline residues by PHD family enzymes.  This post-translational modification recruits pVHL, which 
leads to polyubiquitination and proteasomal degradation of HIF-! subunit.  Moreover, FIH 
hydroxylates an asparagine residue, inhibiting interactions between HIF-! and p300/CBP.  b. In 
hypoxia, HIF-! subunit is not hydroxylated and translocates into the nucleus, where it can bind HIF-
" subunit (also known as aryl hydrocarbon receptor nuclear translocator 1, ARNT1) and interact 
with p300/CBP.  The HIF complex recognizes HREs on the promoter of target genes, thus 
promoting their expression.  Figure from M.S. Nakazawa et al., Nature Reviews Cancer, 2016 
(Nakazawa, Keith, and Simon 2016). B) Protein domains of HIF-1! and HIF-1". Both HIF-1! and 
HIF-1" (also known as ARNT or ARNT1) are bHLH-PAS transcription factors.  They contain 
various domains: bHLH, PAS-A, PAS-B, ODD, and TAD (description in the text).  Figure from C.M. 
Simon and B. Keith, Nature Reviews Molecular Cell Biology, 2008 (Simon and Keith 2008). 

There are three genes encoding for the HIF-! subunit.  HIF-1! and HIF-2! show a 

conserved protein structure and are similarly regulated.  HIF-3! is less studied, 

and its regulation is less understood.  Until recently, HIF-3! has been thought to 

be a negative regulator of the HIF pathway.  The first described isoforms for HIF-

3! did not contain a TAD and showed ability to dimerize with the other HIF-! 

subunits and with the HIF-", thus preventing the formation of the HIF 

transcriptional complex.  More recently, a study reported that HIF-3! also has a 

transcriptional activity in hypoxia (Zhang et al. 2014).   

HIF-1! is ubiquitously expressed; HIF-2!, instead, has first been described as 

EPAS1, endothelial PAS domain protein, but more recently several reports 

showed that HIF-2! is expressed in other organs, such as brain, heart, lung, thus 

suggesting that HIF-2! might not just have a role in ECs.  HIF-1! and HIF-2! 

recognize the same HRE consensus sequence, but binding to the HRE is not 

A B 
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sufficient to induce target gene expression; other and distinct mechanisms are 

required for transactivation.  HIF-1α and HIF-2α share some common target 

genes, but they also have specific activity.  The shared target genes that have 

been described are VEGF-A and glucose transporter 1 (GLUT1).  HIF-1α 

preferentially promotes gene involved in the glycolytic pathway, such as lactate 

dehydrogenase A (LDHA) and phosphofructokinase (PFK).  Moreover, HIF-1α is 

involved in regulating apoptosis, targeting genes like BCL2/adenovirus E1B 19 

kDa-interacting protein 3 (BNIP3).  HIF-2α regulates matrix metalloproteinases 

(MMP), and the stem cell factor 3/4 (OCT3/4).  In some cases, it has been 

described that in the absence of HIF-1α, HIF-2α can induce glycolytic gene 

expression, and HIF-1α can promote MMP expression when HIF-2α is not present, 

thus suggesting that these two proteins can compensate for each other in some 

contexts (Koh and Powis 2012). 

 

1.4.2. Role of HIF pathway in vascular development  
One of the first hints that HIF pathway is involved in vascular development was in 

1998, when Celeste M. Simon’s group described the phenotype of HIF-1β (or 

ARNT1) mouse mutant.  HIF-1β deletion in mouse results in embryonic lethality at 

E10.5 stage with abnormal vasculature in the yolk sac and in the embryos itself.  

Similarly, HIF-1α mouse mutants show a strongly impaired vascular development 

and die at E11.5 stage (Maltepe et al. 1997) (Carmeliet et al. 1998) (Ryan, Lo, and 

Johnson 1998) (Iyer et al. 1998).  Inactivation of HIF-2α instead leads to 

discordant phenotypes, reported by three different groups, most likely because 

they used three different mouse backgrounds.  One group showed defects in 

vascular remodeling, with capillaries developing fenestrae and therefore leading to 

local hemorrhage (Peng et al. 2000).  Another study demonstrated that HIF-2α 

mutants die embryonically due to defects in fetal catecholamine production (Tian 

et al. 1998).  The last group, instead, observed that HIF-2α mutants perish after 

birth due to defect in lung maturation with surfactant deficiency (Compernolle et al. 

2002) (Simon and Keith 2008).   
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1.4.3. Role of HIF pathway in hematopoietic cells 
It has been extensively described that HIF plays a central role in myeloid cells.  

Specific deletion of HIF-1α in macrophages and neutrophils, using lysozyme M 

promoter, leads to reduction of motility, migration, and invasiveness in isolated 

peritoneal macrophages.  The HIF-1α-deficient myeloid cells showed lower level of 

ATP and a significant increase in lactate levels, suggesting that HIF-1α plays a 

critical role in energy generation through glycolysis in immune cells.  The mutant 

mice show no obvious phenotypic defects under normal conditions, but in 

experimental models of acute inflammation they showed strong defects, 

specifically joint swelling, cartilage destruction and edema (Cramer et al. 2003).  In 

addition, specific knockout of HIF-1α in HSCs, results in impairment in 

transplantation capacity and HSCs lose their cell cycle quiescence (Takubo et al. 

2010).  On the contrary, HIF-2α deletion in HSCs does not affect HSC number and 

hematopoiesis and does not affect transplantation capacity (Guitart et al. 2013).  

During embryogenesis, deletion of HIF-1α in Vascular-cadherin-positive cells led 

to a decrease of HSCs originated from the hemogenic endothelium (Imanirad et al. 

2014).  In zebrafish, a recent work showed that Hif-1α signaling is also involved in 

HSC formation.  Using hif-1ab morpholino (MO) they observed less runx1/cmyb-

positive cells, whereas using vhl MO and after hypoxia induction, with chemicals 

as CoCl2 and DMOG, runx1/cmyb-positive cells were increased (Harris et al. 

2013). 

 

1.5. Notch signaling pathway 
The first description of a mutant in the Notch signaling pathway was in 1913 in the 

laboratory of Thomas Hunt Morgan using Drosophila melanogaster.  Notch 

mutants in fly showed the wing with notches in the margin (Yamamoto, Schulze, 

and Bellen 2014).  The Notch signaling pathway plays important functions in 

developmental and physiological processes that are in general divided into three 

categories: 

• Lateral inhibition: Notch signaling through cell-cell contact establish 

heterogeneity within a population of cells; 
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• Lineage decisions: Notch signaling between two daughter cells leads to an 

asymmetrical inheritance of the Notch regulators, thus resulting in the 

formation of two different daughter cells with opposite fate; 

• Boundaries/inductive signaling: Notch signaling occurs between two 

populations of cells and this segregates the two groups (Bray 2006). 

 

1.5.1. Core pathway 
The core Notch signaling pathway consists of Notch receptors that are activated 

by the Notch ligands of the DSL (Delta, Serrate, LAG-2) family.  There are five 

Notch ligands in mammals divided into two classes: Delta-like (DLL1, DLL3, DLL4) 

and Serrate/Jagged (JAG1, JAG2).  The ligands are cell-surface proteins that, with 

their DLS domain and two EGF repeats at the N-terminal domain, can bind to the 

Notch receptor.  In mammals, there are four Notch receptors: NOTCH1 to 

NOTCH4.  Three domains constitute the receptors: N-terminal extracellular 

domain (NECD) and a C-terminal portion divided into the transmembrane (NTM) 

and the intracellular domain (NICD).  The interaction between the Notch receptor 

and ligand leads to two proteolytic events on the Notch receptor, the first catalyzed 

by ADAM-family metalloproteases and the second by γ-secretase.  These 

cleavages result in the release of the NICD into the cytoplasm.  Next, NICD 

translocates into the nucleus, where it promotes different gene expression.  NICD 

does not bind to DNA, but it forms a ternary complex with transcriptional effector 

RBPJ (recombination signal sequence-binding protein Jk) also known as CSL, and 

transcriptional co-activator MAM (Mastermind). When Notch signaling is not 

activated, RBPJ acts as a repressor recruiting a co-repressor complex.  When 

NICD binds to RBPJ the co-repressor complex is displaced, in turn, RBPJ is 

converted into a co-activator and recruits MAM (Figure 4) (Bray 2006).  
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Figure 4. The core Notch pathway. 
Binding of the Delta ligand to the Notch receptor on another cell results in two proteolytic cleavages 
of the receptor.  The ADAM10 catalyzes the S2 cleavage, generating a substrate for S3 cleavage 
by #-secretase.  This mediates the release of NICD, which translocates to the nucleus and 
interacts with the DNA-binding CSL protein.  The co-activator Mastermind (Mam) is recruited, while 
co-repressors are released.  Figure from S.J. Bray, Nature Reviews Molecular Cell Biology, 2006 
(Bray 2006). 
 

1.5.2. Role of Notch signaling in vascular development  
In mammals, Notch receptors are expressed in the vascular system.  Both Notch1

and Notch4 are more expressed in ECs than Notch2 and Notch3, which are 

restricted to vascular smooth muscle cells.  Notch1 is highly expressed in many 

tissues, including ECs, while Notch4 is only expressed in ECs (Hofmann and 

Iruela-Arispe 2007).  Notch1-/- mouse mutants die during embryogenesis due to 

severe problems in the vascular, neuronal system and display defects in the 

somite formation.  Notch4-/- mouse mutants are viable and do not show any 

vascular defects.  The double knockout mouse for Notch1 and Notch4 show a 

more pronounced vascular phenotype, suggesting a possible overlapping role for 

the two receptors in ECs (Krebs et al. 2000).  It has been extensively described 

that Notch plays a role at different steps of vascular development.  Notch, together 
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with VEGF-A, is a key player in tip-stalk cells selection.  Both in mouse retina and 

in the trunk of a zebrafish embryo, a gradient of VEGF-A is formed.  ECs respond 

to this cue, extending filopodia.  Interestingly, not all the ECs respond to VEGF-A, 

this is due to the downstream activation of Dll4/Notch pathway.  The expression of 

the transmembrane ligand Dll4 is induced in the tip/responsive cells and exposed 

to the ECM.  Dll4 interacts with Notch1 on the adjacent cells, thus inducing this cell 

to acquire a stalk cell fate (Gerhardt et al. 2003) (Siekmann and Lawson 2007; 

Isogai et al. 2003).  Notch is also involved in arterio-venous differentiation, 

vascular maturation and vascular homeostasis (Gridley 2010).  

 
1.5.3. Role of Notch signaling in hemogenic endothelium 

Notch1-/- stem cells fail to differentiate into HSCs (Gritz and Hirschi 2016).  

Similarly, knockdown experiment in zebrafish for notch1a and notch1b showed a 

substantial reduction of runx1- and cmyb-positive cells (Butko et al. 2015).  From 

recent reports, it appears that Notch does not directly regulate Runx1 expression.  

Mutant mice for Gata2 display strong hematopoietic defects that are associated 

with embryonic lethality (Gao et al. 2013) (Robert-Moreno et al. 2005).  Another 

report showed that GATA2 binds a regulatory region, including an enhancer, of 

Runx1.  Moreover, in this work, they showed that this enhancer is important for 

early expression of Runx1 (Nottingham et al. 2007).  The axis Notch-Gata2-Runx1 

is conserved also in zebrafish.  The two paralogs of Gata2 in zebrafish underwent 

subfunctionalization.  Gata2a seems to have a broad function in vascular 

development.  In fact, gata2a mutants show defects in vascular morphogenesis 

and circulation (Zhu et al. 2011).  In contrast, gata2b is expressed in HE before 

runx1.  With knockdown experiment, gata2b has been shown to be essential to 

promote runx1 expression (Butko, Pouget, and Traver 2016). 

 

 

 



Aim of the project 

	 29 

 

2. Aim of the project 
The aim of this PhD thesis is to describe the role of hypoxia and Hif pathway in 

vascular development in zebrafish.   

As mentioned previously, HIF mouse mutants display severe vascular defects and 

die during early embryogenesis.  This embryonic lethality hinders a deep analysis 

of the phenotypes incurring in the mutant embryos.  Interestingly, zebrafish shows 

two key advantages for this specific study: 

1) Zebrafish embryos have been shown to be tolerant to hypoxia at very early 

stages of development, between zygote stage and 24 hpf.  Additionally, they 

can survive without vasculature for up to 5 dpf.  These features make 

zebrafish an ideal model to study how hypoxia and Hif transcription factors 

affect vertebrate vascular development; 

2) Zebrafish embryos develop externally and this allows me to finely regulate the 

environment where they grow.  Therefore, by using either hypoxia chamber 

incubation or chemicals that mimic hypoxia, I can study the impact of low O2 

conditions on vascular processes occurring after 30 hpf, when zebrafish 

embryos become hypoxia-sensitive. 

 

• AIM1. Hypoxia in vessel stability and hematopoiesis in zebrafish embryos 
I will examine the impact of hypoxia on zebrafish vascular development.  

Specifically, I will show that hypoxia can lead to blood vessel ruptures and potently 

induce endothelial-to-hematopoietic transition. 
 

• AIM2. Role of Hif-1α in vascular development and repair 
I will examine the impact of Hif-1α signaling in zebrafish vascular development.  

Combining high-resolution imaging, cell-specific ablation, and transcriptome 

analysis I will describe the role of Hif-1α in regulating macrophage-endothelial 

interactions in zebrafish.  Specifically, I will show that Hif-1α is required in 

macrophages to promote vessel repair and angiogenesis.   

 

• AIM3. Roles of Hif-1α and Hif-2α in endothelial-to-hematopoietic transition 



Aim of the project 

	 30 

I will show that Hif signaling is involved in endothelial-to-hematopoietic transition 

(EHT).  I will describe redundant functions for hif-1α and hif-2α in EHT, where both 

are required.  Furthermore, I will present experimental evidence indicating that Hif 

and Notch work in the same pathway during EHT. 
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3 Material and Methods  
3.1 Material 
3.1.1 Antibiotics 
Table 1: List of antibiotics used in the thesis with their respective working 
concentration. 

Antibody Working concentration 
Ampicillin 100 µg/ml 
Spectinomycin 50 µg/ml 
Tetracyclin 10 µg/ml  
	

3.1.2 Antibodies 
Table 2: List of antibodies used in the thesis with their respective dilution 
and supplier. 

Antibody Dilution Supplier 
Anti-DIG-AP, Fab 
fragments 

1:10,000 Roche 

	

3.1.3 Bacterial strains 
Table 3: List of bacterial strains used in the thesis with their purpose. 

Bacterial strain Purpose 
DH5α  Competent cells 
	

3.1.4 Buffers and solutions 
Table 4: List of buffers and solutions along with their composition. 

Buffer/Solution Composition 
Egg water 3g Instant Ocean  

0.75g Calcium sulfate  
dissolved in 10 liters of distilled water	 

Ginzburg Fish Ringer solution 55 mM NaCl, 1.8 mM KCl, 1.25 mM 
NaHCO3 

HM – (in situ) 50% Formamide  
5X SSC  
0.1% Tween 20  
Adjust to pH 6 with 1M Citric Acid  

HM + (in situ) HM- 
Heparin 50µg/ml 
tRNA 500µg/ml 

10x TBE 121g Tris  
62g Boric Acid  
7.4g EDTA  
Dissolve in 1000 ml distilled water  

20x SSC 175.3g NaCl  
88.2g Sodium Citrate  
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Dissolve in 800 ml distilled water. 
Adjust pH to 7.  
Make up volume to 1000 ml with 
distilled water 

Blocking buffer (in situ) 2mg/ml BSA  
2% Sheep Serum  
Dissolved in PBT  

Alkaline Tris buffer 100mM Tris HCl pH 9.5  
100mM NaCl  
0.1% Tween 20  
Dissolved in distilled water   

PBT 0.1% Tween 20 in PBS  
4% PFA Add 4 g of PFA in 70 ml of PBS, heat 

the solution up to 60ºC until PFA gets 
dissolved.  Cool and adjust to pH 7, 
make up volume to 100 ml.  Filter the 
solution. 

RIPA buffer 150 mM NaCl 
1.0% IGEPAL CA-630 
0.5% sodium deoxycholate 
0.1% SDS 
50 mM Tris pH 8.0 

TBST Tris-buffered saline 
0.1% Tween 20 

Sample buffer 3.9 ml deionized water 
1.0 ml 0.5 M Tris, pH 6.8 
0.8 ml Glycerol 
1.6 ml 10% SDS 
0.4 ml 2-mercaptoethanol 
0.4 ml 1% bromophenol blue 

PBS 8g NaCl  
0.2g KCl  
1.44g Na2HPO4  
0.24g KH2PO4  
dissolved in 900 ml of distilled water, 
adjust pH 7.4, makeup volume to 
1000 ml with distilled water. 

	

3.1.5 Centrifuges 
Table 5: List of centrifuges used in the thesis with their respective supplier. 

Centrifuge Supplier 
Centrifuge (1.5-2ml tubes) 5418 Eppendorf 
Centrifuge (200 µl tubes) 5417 R Eppendorf 
Centrifuge (15-50 ml tubes) 5810 R Eppendorf 
Centrifuge (1.5-2ml tubes) 5415D Eppendorf 
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3.1.6 Chemicals 
Table 6: List of chemicals used in the thesis with their respective supplier. 

Chemical Supplier 
Mineral oil Sigma 
SOC medium Thermo Scientific 
LB agar Roth 
Clarity western ECL substrate Bio Rad 
DIG RNA labeling mix (Sp6/T7) Roche 
Bovine serum albumin (BSA) Sigma 
Chloroform Merck 
Citric acid Sigma 
DNA ladder (1kb and 100bp) Thermo Scientific 
Precision Plus Protein Standard Bio Rad 
Ethanol Roth 
Methanol Roth 
Lipofectamine 2000 Invitrogen 
Paraformaldehyde Sigma 
Gel loading dye Thermo scientific 
Heparin Sigma 
Isopropanol  Roth 
Phenylmethylsulfonyl fluoride Applichem 
EDTA-free complete protease 
inhibitor cocktail 

Roche 

RIPA buffer Sigma 
Methylene blue Sigma 
NBT/BCIP stock solution  Roche 
Tricaine Pharmaq 
Phosphate-buffered saline (PBS) Sigma 
Dimethyloxalylglycine (DMOG) Sigma 
Dimethylsulfoxide (DMSO) Sigma 
Rhodamin-dextran 150 kDa Sigma 
Sheep serum Sigma 
Tris Sigma 
Tween-20 Sigma 
tRNA Sigma 
CutSmart buffer NEB 
Agarose, low gelling temperature Sigma 
LB medium Roth 
Nuclease-free water Ambion 
Trizol Ambion 
Glycerol Sigma 
Pronase Roche 
Agarose Peqlab 
Milk  Sigma 
SYBR safe Invitrogen 
1-Phenyl-2-thiourea (PTU) Sigma 
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3.1.7 Enzymes 
Table 7: List of enzymes used in the thesis with their respective supplier. 

Enzyme Supplier 
RQ1 RNase-free DNase Promega 
KAPA 2G fast DNA polymrase Kapa Biosystem 
PrimeSTAR max DNA polymerase Takara 
T4 DNA ligase Takara 
Plasmid-safe DNase with ATP Epicentre 
Proteinase K Roche 
BsmbI NEB 
NotI-HF NEB 
XbaI NEB 
BamHI-HF NEB 
BsaI NEB 
T7 RNA polymerase  Promega  
RNasin ribonuclease inhibitor Promega 
SYBR green PCR master mix Thermo scientific 
	

3.1.8 Growth media 
Table 8: List of growth media used in the thesis along with their 
composition. 

Growth medium Composition 
SOC medium  Tryptone 2% 

Yeast extract 0.5% 
NaCl 0.05% 
KCl 0.0186% 
dissolve in distilled water and adjust 
pH 7 and then add 
MgCl2 10 mM 
D-glucose 20 mM 
then autoclave. 

LB agar Roth 
LB medium Roth 
	

3.1.9 Kits 
Table 9: List of kits used in the thesis with their respective supplier. 

Kit Supplier 
RNA clean and concentrator  Zymo Research 
mMESSAGE mMACHINE kit (T3) Ambion 
MEGA short script T7 kit Ambion 
mMESSAGE mMACHINE kit (Sp6) Ambion 
Super Script III Reverse 
Transcriptase 

Invitrogen 

GeneJET PCR purification kit Thermo Scientific 
GeneJET gel extraction kit Thermo Scientific 
pGEM-T-easy vector kit Promega 



Material and Methods 
	

	 35 

10X Tris/Glycine/SDS buffer Bio Rad 
Trans Turbo Blot Bio Rad 
RotiQuant 5X  Roth 
Criterion TGX Stain Free Bio Rad 
GeneJET plasmid miniprep kit Thermo Scientific 
	

3.1.10 Laboratory supplies 
Table 10: List of laboratory supplies used in the thesis with their respective 
supplier. 

Laboratory supply Supplier 
Bacterial culture tube Sarstedt 
Latex gloves Roth 
Nitrile gloves VWR 
Beakers (100 ml, 600 ml, 1000 ml) VWR 
Centrifuge tubes (1.5 ml, 2 ml) Sarstedt 
Falcons (15 ml, 50 ml)  Greiner bio-one 
Glass bottom dish MatTek 
Microloader pipette tips Eppendorf 
PCR tubes (200 µl) Sarstedt 
Scalpel Braun 
Serum pipette Greiner bio-one 
Petri dish (90 mm, 60 mm, 35 mm) Greiner bio-one 
Forceps Dumont 
Glass bottles (100 ml, 250 ml, 500 ml, 
1000 ml, 2000 ml) 

Duran 

Laboratory film Parafilm 
Pipettes (2 µl, 20 µl, 100 µl, 200 µl, 
1000 µl) 

Gilson 

Pipetboy Integra 
Pipette filter tips Greiner bio-one 
Pipette tips Greiner bio-one 
Conical flasks (100 ml, 500 ml) VWR 
	

3.1.11 Microscopes 
Table 11: List of microscopes used in the thesis with their respective 
supplier. 

Microscope Supplier 
Stereomicroscope Stemi 2000 Zeiss 
Stereomicroscope SMZ18 Nikon 
Stereomicroscope SMZ25 Nikon 
Confocal microscope LSM700 Zeiss 
Confocal microscope LSM780 Zeiss 
Confocal microscope LSM800 Zeiss 
Spinning disk miscroscope, cell 
observer SD 

Zeiss 
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3.1.12 Miscellaneous laboratory equipment 
Table 12: List of miscellaneous laboratory equipment used in the thesis with 
their respective supplier. 

Equipment Supplier 
NanoDrop 2000 c Thermo scientific 
Injection micromanipulator World precision instruments 
ChemiDoc MP Bio Rad 
Trans Blot Turbo Bio Rad 
Criterion SDS PAGE Chamber Bio Rad 
Picospritzer III Parker 
PCR mastercycler Pro Eppendorf 
CFX connect real time PCR detection 
system 

Bio Rad 

Dark reader transilluminator Clare chemical 
Gel Doc EZ System Bio Rad 
Electrophoresis power supply Bio Rad 
Microscale  Novex 
Weighing balance Sartorius 
Micropipette puller P-1000 Sutter Instrument 
Bacterial incubator shaker Infors HAT 
Bacterial incubator Heraeus 
Heating block VWR 
Microwave Bosch 
Hypoxia Chamber, C-Chamber, 
ProOX 110, ProCO2 

Biospherix 

Zebrafish breeding tanks Tecniplast 
Zebrafish aqua culture system Tecniplast 
Zebrafish incubator Binder 
	

3.1.13 Morpholinos 
Table 13: List of morpholinos used in the thesis with their sequence. 

Morpholino Sequence 
hif-1aa TTTTCCCAGGTGCGACTGCCTCCAT 
hif-1ab ACCCTACAAAAGAAAGAAGGAGAGC 
hif-2aa ATGATGCTGAAGAACCTTGTCCTGC 
hif-2ab TCATCGCGCCGTTCTCGCGTAATTC 
control CCTCTTACCTCAGTTACAATTTATA 
	

3.1.14 Oligonucleotides 
Table 14: List of oligonucleotides used in the thesis with their purpose. 

Oligonucleotide Purpose 
hif-1aa-ISH forward: TCAGAGAAATGCTGGCACAC  
hif-1aa-ISH reverse: 
TAATACGACTCACTATAGAACCCACTCCCTGTGTCTTG 

For cloning 
and 
amplification 
hif-1aa WISH 
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probe 
hif1ab-ISH forward: CCAGTGGAACCAGACATCAG hif1ab-
ISH reverse: 
TAATACGACTCACTATAGGACTTGGTCCAGAGCACGC 

For cloning 
and 
amplification 
hif-1ab WISH 
probe 

hif-1aa forward: GGTGCTCATCTGCGAGTCTA  
hif-1aa reverse: GCTGAGGAACGTTCTGGAAT 

For 
identification of 
hif-1aa mutant 
alleles 

hif1ab forward: CTCATCTGTGAGCCCATTCC  
hif1ab reverse: GCTGAGGAAGGTCTTGCTGT 

For 
identification of 
hif-1ab mutant 
alleles 

AGCCTCAATGTTCGCCGGAT hif-1aa guide 
RNA 

18S rRNA forward: TCGCTAGTTGGCATCGTTTATG  
18S rRNA reverse: CGGAGGTTCGAAGACGATCA 

qPCR primers 

hif1aa forward: AGCCGCCACACTTTAGACAT  
hif1aa reverse: CCTCTGGATCAAAACCCAAG 

qPCR primers 

hif1ab forward: GCCACACTCTGGACATGAAG  
hif1ab reverse: TCAAGAGGTCATCTGGCTCA 

qPCR primers 

rpl13 forward: AATTGTGGTGGTGAGGTG 
rpl13 reverse: GGTTGGTGTTCATTCTCTTG 

qPCR primers 

phd3 forward: CCTGGAAATGGAGCTGGATA  
phd3 reverse: CCGGTCAAATAAAGGCTCAA 

qPCR primers 

hbbe3 forward: CTCAGCGAGCTTCACTCAGA  
hbbe3 reverse: GACAGGAACTTCTGCCAAGC 

qPCR primers 

pfkfb3 forward: GCAAACCCTCCAACAGTGAT  
pfkfb3 reverse: GTTTCACTGCTTCACGACGA 

qPCR primers 

lcp1 forward: CGGAAGGCCATCAATAAGAA  
lcp1 reverse: CCTTCTCCAGAGCCTTGTTG 

qPCR primers 

mfap4 forward: TGCTCTCAGATGGGAAAGATG  
mfap4 reverse: GCCAGTATTCTCCCTCCACA 

qPCR primers 

mfap4-ISH forward: TGTTCTTGGCGACGCTTCT  
mfap4-ISH reverse: 
TAATACGACTCACTATAGGGTGATGGGTGGCATCTTCTC 

For cloning 
and 
amplification 
mfap4 WISH 
probe 

hif-1ab forward: ATGGATACTGGAGTTGTCACT  
hif-1ab reverse: TCAGTTGACTTGGTCCAGAGC 

For cloning WT 
hif-1ab 

spi1b forward: ATGTGGAGTCCAGCCATTTC  
spi1b reverse: TGGACGTTGTGAGGGTAACA 

qPCR primers 

csf1a forward: AAAAACCAGCTGCAAAATGG  
csf1a reverse: ATTGTCGGAATCCTTTGCAT 

qPCR primers 

tek forward: AGCTCCAGGAACACTGAGGA  
tek reverse ATGTGGAGCTGCTGTGTCTG 

qPCR primers 
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Hif2aa 300 bp forward: 
TTTTAACTTAACAACCAAGACCTTTT 
Hif2aa 300 bp reverse: TGAAACACAAGGACAGTGTAAGG 

For 
identification of 
hif-2aa mutant 
alleles 

hif2ab forward: TTTGTGCTGTATTGCAGGCTA,  
hif2ab reverse: CCATGAGTCTGTCTGCATCTG. 

For 
identification of 
hif-2ab mutant 
alleles 

CAAAAATGGAGGCTACGTTT hif2aa guide 
RNA 

runx1-ISH forward: GGACGCCAAATACGAACCT 
runx1-ISH reverse: 
TAATACGACTCACTATAG  AGCCACTTGGTTCTTGATGG 

For cloning 
and 
amplification 
runx1 WISH 
probe 

cmyb-ISH forward: GCTGCTAAAGTCAGCCCAAC 
cmyb-ISH reverse: 
TAATACGACTCACTATAG  GTTTAATCGTGCCGACCACT 

For cloning 
and 
amplification 
cmyb WISH 
probe 

notch1a forward: AGCCCTTGTCATTATGGTGTG 
notch1a reverse: ACACAAGCGTCCGGTGTATC 
 

For 
identification of 
notch1a 
mutant alleles 

notch1b forward: AGAACGGAGCAACTTGCA 
notch1b reverse: CCAACTTCCAGATCCTCTTGAC 
 
 

For 
identification of 
notch1b 
mutant alleles 

NICD forward: CATCGCGTCTCAGCCTCAC  

NICD reverse: CGGAATCGTTTATTGGTGTCG  

For genotyping 
of UAS:NICD 
line 

fli forward: CCTACAGCTCCTGGGCAACG 
gal4 reverse: TTAGTTACCCGGGAGCATATCGAG 

For genotyping 
of fli:gal4 
line 

T7 primer: TAATACGACTCACTATAGGG For 
sequencing 

Sp6 primer: ATTTAGGTGACACTATAG For 
sequencing 

M13 primer: GTAAAACGACGGCCAGT For 
sequencing 

	

3.1.15 Plasmids 
Table 15: List of plasmids used in the thesis with their respective resistance, 
source and purpose. 

Plasmid Resistance Source Purpose 
pCS2_TAL3DD Ampicillin Grunwald 

Lab 
Vector for TALEN 
cloning  
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pCS2_TAL3RR Ampicillin Grunwald 
Lab 

Vector for TALEN 
cloning 

pHD (1-10), pNG 
(1-10), pNI (1-10), 
pNN (1-10) 

Tetracyclin Addgene TALEN RVDs 

pLR-HD, pLR-NG, 
pLR-NI, pLR-NN 

Spectinomycin Addgene Last half repeat used for 
TALEN cloning 

pFUS_A Spectinomycin Addgene Vector for TALEN 
cloning 

pT3TS-nlsCas9nls 
vector 

Ampicillin Addgene Vector for zebrafish  
nlsCas9nls 

pFUS_B Spectinomycin Addgene Vector for TALEN 
cloning 

pT7-gRNA vector Ampicillin Addgene Vector for gRNA cloning 
pGEM-T Ampicillin Promega Vector for sequencing 

cloning 
mpeg1 promoter 
plasmid 

Ampicillin Lieschke Lab Vector to overexpress 
WT- and dn-hif-1ab in 
macrophages 

dn-hif1-ab Ampicillin Meijer Lab Dn-hif-1ab used for 
overexpression 

Plasmid with P2A Ampicillin Stainier lab Backbone used for the 
overxpression 

tagBFP Ampicillin Evrogen Fluorescent protein 
used in overexpression 
experiment for WT- and 
dn-hif-1ab 

	

3.1.16 Software 
Table 16: List of software used in the thesis with their respective purpose. 

Software Purpose 
Primer3 Primer design 
Adobe photoshop, illustrator Image formatting 
GraphPad Prism Data analysis 
Image J, Imaris, Zen, Aviris Image processing 
Microsoft Office Writing, data analysis, image 

formatting 
ApE  Sequence analysis 
	

3.1.17 Zebrafish food 
Table 17: List of zebrafish food used at different developmental stage. 

Food Developmental stage 
Brine Shrimp 5 dpf – 12 dpf 
SDS 100 > 12 dpf – 1 month 
SDS 200 > 1 month – 2 months 
SDS 300 > 2 months – 3 months 
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Tropical Breeder Mix and SDS 400 Adult fish  
	

3.1.18 Zebrafish lines 
Table 18: List of zebrafish lines used in this thesis along with the 
publications where they were first described. 

Lines Details Publication 
AB Wild type  
Tg(kdrl:EGFP)s843 Vascular-specific 

reporter 
(Jin et al. 2005) 

Tg(gata1a:DsRed)sd2 Red blood cell-specific 
reporter 

(Traver et al. 2003) 

Tg(kdrl:ras-
mcherry)s896  

Vascular-specific 
reporter 

(Chi et al. 2008) 

Tg(mpeg1:mCherry-
F)ump2 
 

Macrophage-specific 
reporter 

(Elks et al. 2013) 

Tg(mpeg1:Gal4-
VP16)gl24 

Tg(UAS-E1b:NTR-
mCherry)c264 

Macrophage-ablation 
line 
 

(Ellett et al. 2011) 
(Davison et al. 2007)  

Tg(tnfa:EGFP-F)ump5 Macrophage subset 
reporter line 

(Nguyen-Chi et al. 2015) 

Tg(-1.5hsp70l:GAL4) 
kca4 
(5xUAS-E1b:6xMYC-
notch1a)kca3 

NICD overexpression 
globally with heat shock 

(Scheer et al. 2001) 

Tg(fli1a:Gal4FF)ubs4 
 

NICD overexpression in 
ECs 

(Herwig et al. 2011) 

 
3.2 Methods 
3.2.1 Zebrafish maintenance 
Zebrafish adults were kept and maintained as described in “The zebrafish book. A 

guide for the laboratory use of zebrafish (Danio rerio), 4th edition, 2000, 

Westerfield M.” in a fish aqua culture system (Tecniplast).  Zebrafish adults were 

kept at 28ºC water tank temperature and 29ºC fish room temperature with a light-

dark cycle of 14 hours of light and 10 hours of dark.  The Tecniplast aqua culture 

system consists of fish tanks in racks connected to a fresh water reservoir and a 

water recycling system.  The biological filters of the recycling system are made of 

sponge-like material, which allows growth of aerobic denitrifying bacteria, as 

Nitrosomonas and Nitrobacter.  The water is UV light-sterilized before entering the 

fresh water reservoir.   
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Zebrafish emrbyos were kept in egg water in 90 mm Petri dish in a incubator set at 

28ºC.  At 24 hpf, PTU was added in the medium to avoid pigment formation in the 

embryos.  To remove chorion of the embryos two methods were applied, based on 

the need of the experiment: mechanical removal of the chorion by hand using two 

forceps, or using adding 1mg/ml of pronase to 50 in egg water at 28ºC (10 minutes 

for 24 hpf embryos), finishing dechorionation by gentling using a Pasteur pipette 

and then remove pronase by changing the egg water. 

 

3.2.2 Zebrafish breeding 
A female and male were bred in special mating tanks with egg permeable insets in 

late afternoon, separated by a transparent divider.  On the next morning the 

divider was removed.  After 15/20 minutes, the female, after being chased by the 

male for a while, laid eggs that were fertilized by the 

male.  Fertilized eggs accumulate at the bottom of the breeding tank and were 

collected by filtering the water through a sieve.  The eggs were washed with egg 

water and collected in a 90 mm Petri dish with around 40 ml of egg water.  The 

same day in the later afternoon the eggs were checked under the 

stereomicroscope, and the dead eggs were discarded.

 
3.2.3 Preparation of injection plates  
2% agarose solution was prepared in egg water and was heated with a 

microwave.  After the agarose was dissolved, the solution was kept shortly at room 

temperature to allow the agarose solution to cool a little.  Around 20/30 ml of the 

agarose solution was poured in 90 mm Petri dish and a special mold with lanes 

was gently put on top of the solution until it got solidified.  The mold was removed 

and the injection plate with lanes was kept at 4ºC, and warmed up at 28ºC 30 

minutes before injection. 

 

3.2.4 Preparation of injection needles 
The injection needles were prepared using glass capillaries and a micropipette 

puller.  The glass capillary was placed into the needle puller under tension.  The 

center of the capillary was heated and melted with a platinum heater filament and 
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two part of the capillary were pulled apart.  In this way, two needles with thin tips 

were obtained and used for injection purpose. 

 

3.2.5 Microinjection 
The injection needle was loaded with 6 µl of injection mix using a special thin and 

long tip and was fixed on a micromanipulator.  A small part of the needle tip was 

broken using a forceps and pressure conditions for injection, like the duration of 

the pulse, were calibrated to allow a small droplet to come out the needle.  The 

droplet size was measured using a microscale and mineral oil and adjust to inject 

the requisite amount of injection mix.  Then, the fertilized eggs were placed in the 

lanes of the injection plate.  1-cell stage embryos were aligned with the cell 

towards the needle.  Plasmids, TALENs, gRNAs and Cas9 RNAs were always 

injected into the cell; morpholinos and mRNA used for overexpression were 

injected into the yolk.   

 

3.2.6 Microangiography 
Microangiography was performed to assess vessel integrity and permeability.  

Rhodamin-dextran 150 kDa was injected into the common cardinal vein in 53 hpf 

embryos anesthetized with tricaine (0.04%) and immobilized in glycerol.  After 30 

minutes, embryos were imaged under a confocal microscope. 

 

3.2.7 RNA isolation 
RNA extraction was performed from around 30 zebrafish embryos at a specific 

development stage using Trizol reagent according to manufacture’s instructions.  

The RNA was eluted in 20 µl of nuclease-free water.  DNase treatment was 

performed for 30 minutes at 37ºC and the RNA was purified using RNA clean and 

concentration kit. 

 

3.2.8 cDNA synthesis 
cDNA was synthetized from RNA using a cDNA synthesis kit.  500 ng of RNA was 

mixed with oligo(dT) and dNTP mix and kept at 65ºC for 5 minutes.  cDNA 
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synthesis mix was prepared following manufacturer’s instructions and added to the 

RNA mix and then incubate as follows: 

 
 

Table 19. PCR conditions used for cDNA synthesis. 
 

To the cDNA obtained 60 µl nuclease-free water was added and then stored at -

20ºC before using it for further downstream applications. 

 

3.2.9 Real-time PCR 
Primers for the Real-time PCR (or quantitative PCR, qPCR) were designed with 

Primer3 software following specific criteria: the amplicon size was not bigger than 

200 bp, and the primers were designed to amplify an exon-exon junction.  These 

two criteria respectively allow reliable duplication of the template in each cycle, 

and prevent to amplify genomic DNA, that might still be present in the cDNA 

samples after RNA isolation.  PCR reactions were assembled in reaction mix that 

contains, besides all the components for the reaction (DNA polymerase, buffer, 

primers and cDNA), a fluorescent-dye that intercalates in the dsDNA, allowing a 

real-time quantification of the PCR products at each cycle using a specific PCR 

cycler.  The incubation steps were: 

 

Table 20.  Standard real-time PCR conditions used. 
 
3.2.10 PCR amplification from cDNA 
PCR primers were designed using Primer3 online software and provided by 

Sigma-Aldrich.  PCR reactions were assembled using either a high fidelity DNA 

Step Temperature Time 
1 50ºC 50 minutes 
2 85ºC 5 minutes 

Step Temperature Time Cycle 
description 

1 95ºC 7 minutes Initial 
denaturation 

2 
(repeated 
40 times) 

95ºC 10 seconds Denaturation 
60ºC 30 seconds Annealing 
72ºC 10 seconds Extension 

3 60ºC 5 seconds Final extension 
  92ºC 1 minute  

4 4ºC Indefinite time  Hold 
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polymerase or a not high fidelity polymerase (according to the experiment 

purpose) following manufacturer’s instructions and incubated as follows: 

 

Table 21.  Standard PCR conditions used. 
 

3.2.11 Agarose gel eletrophoresis 
The PCR reactions along with an appropriate DNA ladder were loaded on 1% 

agarose gel where a reagent was added to label the DNA.  The time for 

electrophoresis was around 30-45 minutes depending on the size of DNA.  After 

an adequate time, the gel was analyzed with a blue light transilluminator and a 

picture of the gel was taken using a UV light in a gel imager system. 

 

3.2.12 PCR product purification from agarose gel 
The band of interest resolved from the PCR loaded on the gel was purified using a 

gel extraction kit following manufacturer’s instructions.  The DNA was eluted with 

nuclease free water. 

 

3.2.13 Measurement of nucleic acid concentrations 
The concentration of RNA and DNA was measured using a spectrophotometer by 

using 1 µl of the sample.  Absorption at 230 nm, 260 nm and 280 nm was 

measured and the program calculated the concentration according to the Lambert-

Beer law.  The quality of RNA and DNA was evaluated based on the 260/280 ratio 

Step Temperature Time Cycle 
description 

1 95ºC 1-2 minutes 
according to the 
polymerase used 

Initial 
denaturation 

2 
(repeated 

35-40 
times) 

95ºC 10/20 seconds Denaturation 
58-65ºC 

depending on 
primer melting 
temperature 

X minutes  
according to the 

polymerase used and 
amplicon size 

Annealing 

72ºC 10/20 seconds Extension 
3 72ºC 1-2 minutes  

according to the 
polymerase used 

Final extension 

4 4ºC Indefinite time  Hold 
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(>2.0 for RNA, >1.8 for DNA) and 260/230 ratio (around 2.0-2.2 for both RNA and 

DNA). 

 

3.2.14 DNA sequencing 
To verify that the vectors or PCR products were correct, they were sequenced by 

either using Seqlab (Göttingen) or GATC Biotech (Constance), according to the 

Sanger chain termination method. 

 

3.2.15 TA cloning 
TA cloning was performed using pGEM-T-easy vector mainly for the sequencing of 

TALEN- and CRISPR/Cas9-induced mutations.  The reaction was assembled as 

follows: 

 

3 µl purified PCR product 
1 µl of pGEM-T-easy vector 
1 µl pf T4 DNA ligase 
5 µl 2X Rapid ligation buffer 

 
The ligation mix was kept at room temperature for 1 hour or overnight at 4ºC.  

Next, the ligation mix was transformed into competent cells.   

 

3.2.16 DNA digestion 
DNA restriction digestion was performed mixing together the desired restriction 

enzymes with a buffer and at a temperature that depend on the characteristic of 

the enzyme in use.  The reaction mix was prepared as follows: 

 

1 µg-2 µg  of DNA 
2 U/µl  of restriction enzyme 
3 µl  of buffer 
X µl up to 30 µl  of water 

	
3.2.17 DNA ligation 
Ligation of insert and plasmid digested with the same restriction enzymes that 

originate 3’ and 5’ overhangs (sticky ends) were ligated using T4 DNA ligase 

following manufacturer’s instructions.   
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3.2.18 E. Coli competent cell preparation 
A DH5α colony from a sterile culture was inoculated in 6 ml of LB medium at 37ºC 

overnight.  The following morning, 1 ml of the overnight culture was added to 200 

ml of LB medium and left in the shaker incubator at 37ºC for 4 hours.  Next, the 

bacterial culture was put on ice for 20 minutes followed by centrifugation at 4ºC at 

4000 rpm for 10 minutes.  The supernatant was discarded and the pellet was left 

to dry.  The pellet was resuspended with 5 ml of ice-cold 0.1 M CaCl2 and kept on 

ice for 5 minutes.  Then, the culture was centrifuged at 4ºC at 4000 rpm for 5 

minutes.  Again, the pellet was resuspended in 0.1 M CaCl2 and the above steps 

were repeated until getting the cell pellet and the supernatant was discarded.  The 

pellet this time was resuspended with a solution made of 0.1 M CaCl2 and 15% 

Glycerol.  20 µl of the culture was aliquoted in ice-cold 1.5 ml centrifuge tubes and 

stored at -80ºC. 

 

3.2.19 E. Coli competent cell transformation 
Competent E. Coli cells were thawed on ice for few minutes.  5 µl of the ligation 

mix was added to the competent cells and delicately mixed and left on ice for 30 

minutes.  Next, the tube was heat shocked at 42ºC for 40 seconds, followed by 

incubation on ice for 2 minutes.  250 µl of SOC medium was added to the tube 

and put on shaking for 1 hour at 37ºC.  The cells were spinned down by a brief 

centrifugation (until the centrifuge reaches 11000 rpm).  200 µl of the supernatant 

were discarded and the cells were resuspended in the remaining 50 µl and plate 

with the glass beads on LB-agar plate made using the desired antibiotic. 

	

3.2.20 Cloning hif-1ab construct 
A dominant-negative form of hif-1ab (dn-hif-1ab) was generated using primers 

amplifying DNA corresponding to amino acids 1-330 of human HIF-1α (Elks et al. 

2011).  WT form of hif-1ab was cloned using the following primers: hif-1ab forward: 

ATGGATACTGGAGTTGTCACT and hif-1ab reverse: 

TCAGTTGACTTGGTCCAGAGC.  mpeg1 promoter was generated from genomic 

DNA using the following Gateway primers: mpeg1-AttB1R: 

GGGGACTGCTTTTTTGTACAAACTTGTTTTGCTGTCTCCTGCAC; mpeg1-attB4: 
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GGGGACAACTTTGTATAGAAAAGTTGTTGGAGCACATCTGAC (Ellett et al. 

2011).  Expressing cells were visualized by fusing the dn-hif-1ab or WT-hif-1ab 

coding sequence to TagBFP (Evrogen) by a “self-cleaving” viral 2A peptide 

sequence.  Transient mosaic overexpression was obtained by co-injecting 50 pg of 

Tol2 transposase mRNA and 75 pg of the pTol2-mpeg:TagBFP-2A-dn-hif-1ab or 

pTol2-mpeg:TagBFP-2A-WT-hif-1ab plasmid DNA. 

!

3.2.21 Plasmid DNA isolation 
Mini-prep DNA isolation was performed to obtain purified DNA for various 

downstream approaches.  One bacterial colony was inoculated in a culture tube 

with 3 ml of LB medium with the appropriate antibiotic and placed in a bacterial 

shaker overnight at 37ºC.  The following morning, the bacterial culture was 

centrifuged for 10 minutes at 4000 rpm.  Next, the DNA was isolated from the 

bacterial pellet with a kit following manufacturer’s instructions.  The plasmid was 

eluted in 20 µl. 

!
3.2.22 In situ hybridization: antisense probe synthesis 
The PCR product of the gene of interest for the probe synthesis was amplified with 

a reverse primer, where the T7 promoter sequence was added in front of the 

primer as shown below. 
 

 
 

 

 
 
The PCR product was run on gel and purified as described 

above. 

The probe synthesis was performed as follows: 

 
Component Amount for 

reaction 
Template DNA (100-200 ng) 3 µl 

10x Transcription buffer 2 µl 
10x DIG-RNA labeling mix 1 µl 

Forward primer 

Reverse primer 

Gene of interest 

T7 promoter 
sequence 

Forward primer5’ 

5’ 3’ 

Forward primer 3’ 

Reverse primer3’ 5’ 

3’ 5’ 
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RNAsin (40 U/µl) 2 µl 
T7 RNA polymerase (20 U/µl) 2 µl 

Water up to 20 µl 
Table 22.  Reaction for antisense probe synthesis. 

 

The mix was incubated at 37ºC for 2 hours.  Next, 1 µl of DNAse was added and 

incubate at 37ºC for 30 minutes.  Finally, the probe was purified using RNA clean 

and concentrator kit according to manufacturer’s instructions.  The RNA probe was 

eluted in 6 µl of nuclease-free water and stored at -20ºC. 

 

3.2.23 In situ hybridization: embryo preparation 
Embryos were treated with PTU and the chorion was removed as explained in 

chapter 3.2.1.  At the desired stage, the embryos were fixed with 4% PFA 

overnight at 4ºC.  The following morning, the fixed embryos were washed two 

times with 1x PBS for 5 minutes and then dehydrated with 100% methanol for 15 

minutes at room temperature and then kept for at least 2 hours at -20ºC.   

 

3.2.24 In situ hybridization day 1: probe hybridization 
The embryos were rehydrated with dilution of methanol in 1x PBS: 5 minutes in 75 

% methanol, 50 % methanol and 25 % methanol.  Then, they were washed for 4 

times for 5 minutes in 1x PBT.  Next, permeabilization of the embryos were 

performed by digestion with proteinase K (10 µg/ml) diluted in PBT at room 

temperature for the time appropriated for the developmental stage, as summarized 

in the table below. 

 
Developmental stage Duration of proteinase K 

treatment 
1 cell stage-1 somite stage 30 seconds 

1-8 somite stage 1 minute 
9-18 somite stage 3 minutes 

18 somite stage-24 hpf 10 minutes 
36 hpf-5 dpf 30 minutes 

Table 23.  Time of proteinase K treatment with the respective developmental stage. 
 
The digestion was stopped with incubation for 20 minutes with 4% PFA, followed 

by 4 washes in 1x PBT for 5 minutes.  The embryos were then prehybridize with 

700 µl of HM+ for 2-5 hours at 70ºC.  Finally the HM was discarded and replaced 
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with 200 µl of HM+ containing 50 ng of antisense RNA probe and left at 70ºC 

overnight. 

 

3.2.25 In situ hybridization day 2: antibody incubation 
The HM containing the probes was removed and collected in a 2 ml eppendorf and 

kept at -20ºC for further use.  Then, the HM was gradually changed to 2x SSC 

through a series of washes of 15 minutes at 70ºC with the following solutions: 75% 

HM-, 50% HM-, 25% HM- and 100% 2x SSC.  Next, the embryos were washed 

twice with 0.2 x SSC.  This was followed by replacing the 0.2 x SSC with PBT 

through a series of washes of 10 minutes at room temperature in slow agitation 

with the following solutions: 75% 0.2 x SSC, 50% 0.2 x SSC, 25% 0.2 x SSC and 

100% PBT.  Next, the embryos were incubated for 3-4 hours at room temperature 

in slow agitation with blocking buffer.  Finally, the solution was replaced with 

blocking buffer containing anti-DIG antibody diluted 1/10,000 and placed in slow 

agitation at 4ºC. 

 

3.2.26 In situ hybridization day 3: staining 
The antibody solution was discarded and the embryos were washed 6 times with 

1x PBT for 15 minutes at room temperature in slow agitation.  Next, the embryos 

were incubated at room temperature in alkaline Tris buffer.  The solution was then 

replaced with 1 ml of staining solution and kept in the dark at room temperature at 

slow agitation.  When the desired staining intensity is reached (15 minutes for 

highly expressed genes, up to 1 day for weakly expressed genes) the reaction was 

stopped with 1x PBS with pH 5.  The embryos were then washed 3 times with 1x 

PBT and imaged. 

 

3.2.27 In situ hybridization: imaging 
The embryos were mounted on a 60 mm Petri dish coated with 1% agarose with 

1x PBT. 
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3.2.28 TALEN (Transcription Activator-Like Effector Nuclease)-induced 
mutagenesis: TALEN design 

hif-1ab and hif-2ab TALEN were designed to target the PAS domains.  To design 

the TALEN, the genomic region of hif-1ab and hif-2ab was taken from Ensembl 

genome browser 87 (http://www.ensembl.org/index.html) and pasted in the TAL 

effector nucleotide targeter 2.0 website of Cornell University (https://tale-

nt.cac.cornell.edu/node/add/talen).  Next, the TALENs were assembled following 

the protocol below. 

 

3.2.29 TALEN-induced mutagenesis: TALEN assembly day 1 
The first 10 TALEN RVDs for both left and right arm were cloned in pFUS_A 

vector and the remaining RVDs from number 11 to N-1 (N is the total number of 

RVDs in a TALEN arm) were cloned in pFUS_B vector.  20 µl of reaction ligation 

was prepared as follows (in total 4 reactions): 

 
150 ng of each RVD 
150 ng of each destination vector (pFUS_A or pFUS_B) 
1 µl of BsaI 
1 µl of T4 DNA ligase 
2 µl of 10x T4 DNA ligase buffer 
Nuclease-free water up to 20 µl 
 

The ligation mix was kept in a PCR cycle as follows: 
 

Step Temperature Time 
1 37ºC 5 minutes 
2 16ºC 10 minutes 

Repeat steps 1-2 for 10 times 
3 50ºC 5 minutes 
4 80ºC 5 minutes 

Table 24.  PCR cycles for TALEN assembly day 1. 
 
Next, the ligation mix was treated with Plasmid-safe nuclease to remove all the 

fragments of DNA not ligated: 1 µl of Plasmid-safe nuclease and 1 µl of 10 mM 

ATP was added to the ligation mix and incubated for 1 hour at 37ºC. 

5 µl of the ligation mix was then used for bacterial transformation.  The 

transformed bacteria were cultured on spectinomycin plated pre-treated with X-Gal 

overnight at 37ºC. 
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3.2.30 TALEN-induced mutagenesis: TALEN assembly day 2 
At least three colonies were screened for each reaction by colony PCR.  With a tip 

the bacterial colony was resuspended in 30 µl of water.  1 µl of this solution was 

used for a PCR using pCR8_F1 and pCR8_R1 primer as follows: 

 
Step Temperature Duration 

1 95ºC 5 minutes 
2 95ºC 15 seconds 
3 55ºC 30 seconds 
4 72ºC 30 seconds 

Repeat steps 2-4 for 35 times 
5 72ºC 5 minutes 

Table 25.  PCR cycles for TALEN assembly day 2. 
 
Then, PCR mixes were resolved on a 1% agarose gel.  On gel a destination vector 

with 10 RVDs should be big as 1.2 Kb.  The positive bacterial clone was then 

resuspended in 3 ml of LB medium with the correct antibiotics and left at 37ºC 

shaking overnight.   

 

3.2.31 TALEN-induced mutagenesis: TALEN assembly day 3 
Mini-prep plasmid isolation was performed on the following morning.  The pFUS_A 

and pFUS_B plasmids were then ligated into destination vectors: pTAL_DD for the 

left TALEN arm, pTAL_RR for the right TALEN arm along with the last repeat of 

each arm.  The reaction was assembled as follows: 

 
150 ng pFUS_A 
150 ng pFUS_B 
80 ng of pTAL_DD or pTAL_RR 
150 ng of pLR 
1 µl Esp3I 
1 µl T4 DNA ligase 
2 µl 10X T4 DNA ligase buffer 
Nuclease-free water up to 20 µl 

 
And following these PCR conditions: 
 

Step Temperature Time 
1 37ºC 5 minutes 
2 16ºC 10 minutes 

Repeat steps 1-2 for 10 times 
3 50ºC 5 minutes 
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4 80ºC 5 minutes 
Table 26.  PCR cycles for TALEN assembly day 3. 

 
5 µl of the PCR was used for bacterial transformation on ampicillin plates, pre-

treated with X-Gal. 

 

3.2.32 TALEN-induced mutagenesis: TALEN assembly day 4 
At least 3 bacterial colonies were screened by colony PCR.  The method follows 

the PCR conditions in the chapter 3.2.30, using this time TAL_F1 and TAL_R1 

primers.  A bacterial clone to be considered correct, it had to show a band around 

2-3 Kb.  The correct clones were cultured with 3 ml LB medium with the correct 

antibiotics in a shaker overnight at 37ºC. 

 

3.2.33 TALEN-induced mutagenesis: TALEN assembly day 5 
Mini prep plasmid isolation was performed. 

 

3.2.34 TALEN-induced mutagenesis: TALEN mRNA synthesis 
The TALEN vectors were first linearized as follows: 

 
3 µg of TALEN plasmid 
3 µl of 10X CutSmart Buffer 
1 µl of NotI-HF 
Nuclease free-water up to 30 µl 

 
The ligation mix was kept at 37ºC for 4 hours.  The linearized vector was then 

purified using PCR purification kit according to manufacturer’s instructions.  The 

mRNA was linearized using mMESSAGE mMACHINE Sp6 kit and the reaction 

was assembled as follows: 

 
Nuclease-free water up to 20 µl 
10 µl 2X NTP/CAP 
2 µl 10X reaction buffer 
0.1-1 µg linearized TALEN vector 
2 µl Sp6 enzyme vector 

 
This reaction mix was kept at 37ºC for 2 hours.  The mix was then treated with 1 µl 

of DNase for 15 minute at 37ºC.  Finally, the TALEN mRNA was purified using 

RNA clean and concentrator kit following manufacturer’s instructions. 
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3.2.35 CRISPR (Clustered Regularly Interspaced Short Palindromic 
Repeats)/Cas9-mediated mutagenesis: guide RNA design 

hif-1aa and hif-2aa guide RNAs (gRNAs) were designed with CRISPR design tool 

(http://crispr.mit.edu/).  In front of the two primers overhang sequence were added, 

in order to facilitate the insertion of the annealed primers in the destination vector: 

TAGG for the forward primer and AAAC for the reverse primer.  

 

3.2.36 CRISPR/Cas9-mediated mutagenesis: guide RNA assembly 
The oligos were annealed by mixing the same amount of the oligos in a eppendorf 

tube and placing it at 95ºC for 3 minutes.  After the oligos were placed at room 

temperature until they cooled down.  The destination vector pT7-gRNA was 

linearized as follows: 

 
5 µg of pT7-gRNA vector  
4 µl of BsmBI  
4 µl of Tango buffer 
Nuclease-free water up to 40 µl 

 
The linearized vector was resolved on 1% agarose gel and the correct band was 

purified using GeneJET gel extraction kit.  The annealed oligos were ligated into 

the linearized pT7-gRNA as follows: 

 
50 ng/µl of pT7-gRNA vector  
7 µl of annealed oligos 
1 µl of 10x T4 ligase buffer 
1 µl of T4 ligase 

 
The ligation mix was kept at room temperature for 1 hour.  Next, 5 µl of the ligation 

mix was used for bacterial transformation on ampicillin plates overnight at 37ºC.  2 

colonies were grown in LB-medium with ampicillin and mini-prep DNA isolation 

was performed.  To determine that the oligos were inserted into the vector, the 

plasmid was sent for sequencing using M13 forward primer. 

 

3.2.37 CRISPR/Cas9-mediated mutagenesis: guide RNA synthesis 
The gRNA plasmid was first linearized as follows: 

 
3 µg of gRNA plasmid 
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3 µl of 10X CutSmart Buffer 
1 µl of BamHI-HF 
Nuclease free-water up to 30 µl 

 
The ligation mix was kept at 37ºC for 3 hours.  The linearized vector was purified 

using PCR purification kit according to manufacturer’s instructions.  The mRNA 

was linearized using mMESSAGE mMACHINE T7 kit and the reaction was 

assembled as follows: 

 
1 µl of ATP solution 
1 µl of CTP solution 
1 µl of GTP solution 
1 µl of UTP solution 
Nuclease-free water up to 10 µl  
1 µl of T7 enzyme mix 
300-500 ng of linearized gRNA vecor 
1 µl of 10x reaction buffer 

 
The reaction mix was incubated for 4 hours at 37ºC.  Then, 1 µl of Turbo DNase 

was added and incubated for 15 minutes at 37ºC.  The mRNA was purified using 

RNA clean and concentrator kit following manufacturer’s instructions. 

 

3.2.38 CRISPR/Cas9-mediated mutagenesis: Cas9 RNA synthesis 
The Cas9 plasmid was linearized as follows: 

	
5 µg of gRNA plasmid 
3 µl of 10X CutSmart Buffer 
1 µl of XbaI 
Nuclease free-water up to 30 µl 

 

The reaction mix was incubated for 3 hours at 37ºC.  The linearized vector was 

resolved on 1% agarose gel and the correct band was purified using GeneJET gel 

extraction kit.  Next, the mRNA was linearized using mMESSAGE mMACHINE T3 

kit and the reaction was assembled as follows: 

 

Nuclease-free water up to 20 µl 
10 µl 2X NTP/CAP 
2 µl 10X reaction buffer 
0.3-1 µg linearized pT3TS-nlsCasnls vector 
2 µl T3 enzyme vector 
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The reaction mix was incubated for 3 hours at 37ºC.  Then, 1 µl of Turbo DNase 

was added and incubated for 15 minutes at 37ºC.  The mRNA was purified using 

RNA clean and concentrator kit following manufacturer’s instructions. 

 

3.2.39 Screening of founders and mutants with High Resolution Melt (HRM) 
analysis 

To genotype founders genomic DNA (gDNA) was isolated from individual embryos 

using Proteinase K in water with a final concentration of 2 mg/ml.  The samples 

were incubated at 55ºC for two hours and then heated at 95ºC for 10 minutes, in 

order to inactivate the proteinase K.  The resulting solution was used for HRM 

analysis that was assembled as follows: 

5 µl of Sybr Green 
1 µl of 10 µM forward primer 
1 µl of 10 µM reverse primer 
1 µl of gDNA 
2 µl of nuclease free water 

 
After PCR, the machine performed also a HRM analysis in order to segregate the 

PCR products based on their melting temperature and thus allowing the 

identification of different genotypes.  The PCR and HRM analysis steps are 

showed below: 

 
Step Temperature Time Step description 

1 95ºC 10 minutes Polymerase 
activation 

2 95ºC 10 seconds PCR cycling, 35 
cycles  60ºC 15 seconds 

3 95ºC 15 seconds HRM analysis 
 55ºC 15 seconds 
 95ºC 15 seconds 

Table 27.  Temperature and time conditions used for PCR followed by HRM analysis. 

3.2.40 Hypoxia treatment: hypoxia chamber incubation 
Hypoxia chamber was flushed with nitrogen gas and set at 5% O2 concentration 

within an incubator set at 28ºC.  60mm Petri dish containing 4 ml of egg water was 

pre-equilibrated in the chamber overnight.  The next morning embryos were 

quickly placed in the egg water.  Treatments started at 24 or 48 hpf were 6 hours 

long, while when started at 58 hpf were 14 hours long. 
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3.2.41 Hypoxia treatment: dimethyloxalylglycine (DMOG) treatment 
Embryos were treated with 100 µM of DMOG or with 0.5% of DMSO in 4 ml of egg 

water in a 60mm Petri dish and placed at 28ºC.  Treatments started at 48 hpf were 

6 hours long.  When performing a time-lapse imaging, the treatment started at 48 

hpf up to 18 hours. 

3.2.42 Heat shock treatment 
90 mm Petri dish with egg water was placed in the incubator at 37ºC to allow the 

water to reach temperature.  WT and Tg(-1.5hsp70l:GAL4) kca4 

(5xUAS-E1b:6xMYC-notch1a)kca3 were then placed in the dishes at 37ºC at 14 hpf 

for 50 minutes.   

3.2.43 Imaging with confocal microscope LSM 700/780/800 
Confocal imaging was performed to assess the phenotype in most of the 

experiments.  Confocal images were acquired using LSM700, LSM780, LSM800 

confocal laser scanning microscopes after embryos anesthesia with a low dose of 

tricaine (0.04%) and immobilization in 1% low-melting agarose in glass bottom 

Petri dish.  Time-lapse videos were recorded every 30-45 minutes for a maximum 

period of 16 hours.  The embryos were kept in a temperature-controlled chamber 

at 28ºC.  

3.2.44 Imaging processing and analysis 
The images obtained were processed using several softwares: Zen, ImageJ, 

Imaris and Aviris. 

3.2.45 Microarray analysis 
RNA was extracted as in the paragraph above “3.2.7. RNA isolation”.  Two 

different conditions were isolated (one sample for each condition with a pool of 30 

embryos): 50 hpf WT and hif-1α mutants in normoxia and after hypoxia chamber 

treatment (2 hours in 3% O2). A 8 x 60K zebrafish expression array (XS-5090; 

Agilent 60-mer SurePrint technology) analysis was performed according to 

manufacturer's protocol.  Microarray data have been deposited in the GEO 

database under accession code GSE89117. 
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3.2.46 Statistical analysis 
Statistical analysis was performed using GraphPad software.  Data presented in 

bar graphs represent mean (SEM or SD). P-values were calculated by Student's t-

test for single comparisons of normally distributed data (*P < 0.05; **P < 0.01; ***P 

<0.001; ****P < 0.0001; ns: no significant changes observed). 
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4. Results 
Part of chapter “4. Results” has been published as an article in the journal Nature 

Communications (Gerri et al., Nat. Commun. 2017; 19;8:15492) (Gerri et al. 2017).  

The author contribution was described in the paper as follows: 

C.G., R.M.J., M.M., D.Y.R.S designed experiments, analyzed data; C.G, M.M., 

A.M., H.M.M. conducted experiments; C.G., R.M.J., D.Y.R.S. wrote the manuscript 

with feedback from all authors.  
 

4.1. Role of hif-1α in macrophages and its impact on 
vascular development and repair in zebrafish embryos 

 
4.1.1. hif-1aa and hif-1ab show a similar expression pattern, but 

different expression levels during embryogenesis and larval 
stages  

Whole-genome duplications are events that had a strong impact on evolution.  The 

genome of teleost fish, among them zebrafish (Danio rerio), underwent an 

additional whole-genome duplication 300 million years ago (Glasauer and 

Neuhauss 2014).  This resulted in the formation of duplicated genes, also known 

as ohnolog genes, in their genomes.  In zebrafish, hif-1aa is located on 

chromosome 13, and it consists of 15 exons, encoding a 717 amino acid-long 

protein (from Ensembl genome browser).  hif-1ab is located on chromosome 20, 

and it consists of 15 exons and gives a protein of 777 amino acids (from Ensembl 

genome browser).  

A previous study has shown that zebrafish embryos before 48 hpf can survive in 

anoxia (0% O2) for 24 hours, undergoing a phenomenon called “suspended 

animation”, where the embryos shut down their metabolism and arrest their 

development.  When the embryos are placed back to normoxia, they are able to 

continue embryogenesis.  Instead, 48 hpf is considered a critical stage, where 

zebrafish cannot survive such treatment anymore and they become hypoxia-

sensitive (Padilla and Roth 2001).  In this work I will often challenge the embryos 

with hypoxic conditions at 48 hpf for 6 hours, using a hypoxia chamber with 5% O2  

or using dimethyloxalylglycine (DMOG).  DMOG is an analogue of 2-oxoglutarate, 
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the substrate needed for the reactions performed by PHDs and FIH.  DMOG 

blocks their enzymatic activity, thus stabilizing Hif-! proteins and activating 

downstream effectors of the HIF pathway (Jaakkola et al. 2001; van Rooijen et al. 

2009). 

I performed whole mount in situ hybridization (WISH) on zebrafish embryos to 

detect the spatial expression of hif-1aa and hif-1ab at the critical stage of 48 hpf.  

hif-1aa and hif-1ab show a similar expression pattern, although hif-1ab was 

express at higher level than hif-1aa (Figure 5A,D), as previously described (Elks 

et al. 2011; Rytkonen et al. 2014).  hif-1aa and hif-1ab are expressed in the 

pronephric region and the neural tube, as seen before (Figure 5A,D) (Lin et al. 

2014).  After hypoxia chamber incubation or DMOG treatment, only hif-1ab 

showed an increase in expression levels, being detectable also in the notochord 

and neuromasts (Figure 5B,C and 5E,F).  (Certain lines in this section 4.1.1 have 

been quoted verbatim from Gerri et al., Nat. Commun. 2017; 19;8:15492). 
 

 

Figure 5. Expression pattern of hif-1aa and hif-1ab. 
A-F) WISH for hif-1aa and hif-1ab WT embryos in normoxia, after hypoxia chamber or DMOG 
treatment at 54 hpf. Scale bar, 50 µm.  Figure adapted and reprinted with permission from Gerri et 
al., Nat. Commun. 2017; 19;8:15492. 
 
 

4.1.2. hif-1aa and hif-1ab mutant generation 
To study the role of hif-1! pathway in zebrafish, I generated mutants for hif-1aa 

and hif-1ab.  For hif-1aa, I used CRISPR/Cas9 technology (Hwang et al. 2013) 

and I targeted a region in exon 6, which encodes for the second PAS domain 

A B C 
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(Figure 6A).  For hif-1ab, instead, I used TALEN technology (Cermak et al. 2011) 

that targeted a region in exon 6, which in this case encodes for the first PAS 

domain (Figure 6B).  To verify if the CRISPR/Cas9 or the TALEN technologies 

were able to induce a genomic lesion, I used high-resolution melt (HRM) analysis.  

I designed primers to amplify a 100 bp region around the gRNA and TALEN target 

sites and analyzed the melt profiles of at least 16 injected embryos (F0 animals).  

When the F0 animals showed an altered melting profile the gRNA or TALEN was 

considered efficient, and the embryos were raised. After three months, I screened 

for the F1 generation to identify if the animals carried the mutation in their germ 

line and to determine the recovered mutant allele I sent the samples for 

sequencing.  HRM analysis was further used to distinguish WT siblings from 

heterozygous and homozygous mutants in F2 and F3 generation (Figure 6C).  For 

hif-1aa, I recovered an allele with a deletion of 4 base pair (bp), thus leading to a 

premature stop codon after 13 amino acid-long missense segments following the 

lesion (Figure 6D,F).  Instead, for hif-1ab the lesion recovered was a deletion of 8 

bp, which leads to premature stop codon after 23 amino acid-long missense 

segments following the target site (Figure 6E,G).   
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Figure 6. hif-1aa and hif-1ab mutant alleles. 
A) hif-1aa gRNA highlighted in green, while the PAM sequence is shown red.  B) TALEN for hif-
1ab.  The spacer sequence is shown in grey and the right and the left TAL repeats are highlighted 
in colors (each type of TAL repeats in one color).  C) High-resolution melt analysis was used to 
distinguish WT siblings from heterozygous and homozygous mutants, in this case for hif-1aa.  D) 
The hif-1aabns89 allele contains a 4 bp deletion and 3 mismatches, with a premature stop codon 
after 13 amino acids.  E) The hif-1abbns90 allele contains a 8 bp deletion, with a premature stop 
codon after 23 amino acids.  F,G) Representation of WT and mutant (bns89 allele) Hif-1aa, WT 
and mutant (bns90 allele) Hif-1ab.  bHLH: basic helix-loop-helix domain.  PAS-A/B: PAS domains.  
ODD: oxygen degradation dependent domain.  N-TAD: N-terminal transactivation domain.  C-TAD: 
C-terminal transactivation domain.  Figure adapted and reprinted with permission from Gerri et al., 
Nat. Commun. 2017; 19;8:15492. 
 
To check the severity of the mutant alleles I recovered, I examined hif-1aa and hif-

1ab transcript levels by qPCR analysis.  Both hif-1aa and hif-1ab mutants showed 

a significant decrease in the transcript levels of the mutated gene of approximately 

50% (Figure 7A,B).  Next, to explore if these mutants display vascular defects, hif-

1aabns89 and hif-1abbns90 were crossed into the 

Tg(kdrl:EGFP)s843;Tg(gata1a:DsRed)sd2 lines, hereafter 

Tg(kdrl:EGFP);Tg(gata1:DsRed), which allows visualization of ECs and erythroid 

cells, respectively.  Confocal imaging confirmed no gross morphological defects or 

vascular anomalies in 72 hours post fertilization (hpf) hif-1aabns89 or hif-1abbns90 

mutants (Figure 7C), which develop into fertile adults. (Certain lines in this section 

4.1.2 have been quoted verbatim from Gerri et al., Nat. Commun. 2017; 

19;8:15492).   
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Figure 7. hif-1aa and hif-1ab mutants do not show any obvious morphological defects or 
vascular anomalies. 
A) hif-1aa transcript levels in WT and hif-1aabns89 mutant embryos at 48 hpf detected by qPCR.  B) 
hif-1ab transcript levels in WT and hif-1abbns90 mutant embryos at 48 hpf detected by qPCR.  
Values represent mean (SD), (*P < 0.05; **P < 0.01; t-test).  C) Brightfield images and confocal z-
stacks of Tg(kdrl:EGFP);Tg(gata1:DsRed) WT, hif-1aa and hif-1ab mutant larvae at 72 hpf.  DA: 
dorsal aorta.  PCV: posterior cardinal vein.  ISV: intersegmental vessel.  CA: caudal artery.  CV: 
caudal vein.  DLAV: dorsal longitudinal anastomotic vessel.  Scale bar, 200 µm.  Modified figure 
reprinted with permission from Gerri et al., Nat. Commun. 2017; 19;8:15492. 
 

4.1.3. hif-1! mutants show impaired DLAV angiogenesis and blood 
vessel ruptures 

To avoid possible compensation (Rossi et al. 2015), I generated hif-1aabns89;hif-

1abbns90 double mutants, hereafter abbreviated as hif-1! mutants (hif-1!-/-).  I 

detected that hif-1aa and hif-1ab transcript levels were down-regulated in hif-1!-/- 

compared to WT siblings by qPCR analysis (Figure 8A).  Next, to understand the 

regulatory molecules and pathways affected in these mutants, I performed 

microarray analysis of WT sibling and mutant embryos at 50 hpf in both normoxic 

conditions and after hypoxic insult.  These results show that, after hypoxic insult, 

well-known Hif-1! target genes such as phd3, hbbe3 and pfkfb3 were down-

regulated in hif-1! mutants compared to WT animals (Figure 8B), thus suggesting 

that Hif-1! signaling is affected in hif-1! mutants, as also confirmed by qPCR 

analysis (Figure 8C-E).  

 

 

 

 

 

 

Figure 8. Hif-1! pathway is efficiently blocked in hif-1! mutants.
A) hif-1aa and hif-1ab transcript levels in WT siblings and hif-1! mutants at 48 hpf detected by 
qPCR.  B) Summary table of microarray expression profiling, showing the fold change of known 
HIF-1! target genes between WT sibling and hif-1! mutant embryos after hypoxia chamber 
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treatment.  C-E) phd3, pfkfb3, hbbe3 transcript levels in WT sibling and hif-1! mutant embryos after 
hypoxia chamber treatment at 50 hpf detected by qPCR.  Values represent mean (SD), (*P < 0.05; 
**P < 0.01; ***P < 0.001; t-test).  Modified figure reprinted with permission Gerri et al., Nat. 
Commun. 2017; 19;8:15492). 
 

Next, I analyzed the vascular development in hif-1! mutants at different stages: 

24, 48 and 72 hpf in normoxia and after hypoxia chamber incubation or DMOG 

treatment.  At 24 hpf, hif-1! mutant embryos both in normoxia and after 6 hours at 

5% O2 do not show any morphological or vascular defects (Figure 9A,B). 

 

 

 

 

 

 

 
 
 
 
Figure 9.  hif-1! mutant embryos do not show any defects at 30 hpf after 6 hours of hypoxia 
chamber incubation. 
A) Schematic representation of the hypoxia treatment performed for the experiment shown in B.  
B) Brightfield images and confocal z-stacks of 30 hpf Tg(kdrl:EGFP) WT and hif-1! mutant 
embryos after hypoxia chamber incubation.  Modified figure reprinted with permission from Gerri et 
al., Nat. Commun. 2017; 19;8:15492. 
 
When I analyzed the vasculature of hif-1! mutant at 48 hpf in normoxia, I 

observed defects in the perfusion of the trunk ISVs and a complete absence of 

DLAV plexus formation in the mutants (Figure 10A,B,D,E).  I then performed 

microangiography.  This technique consists in the injection of a red fluorescent dye 

in the blood flow of the embryos. The microangiography experiment supported the 

previous observations, showing ISVs with a small lumen size and in some cases 

also with no flow in the hif-1! mutants.  Moreover, the analysis confirmed the 

complete lack of the DLAV plexus formation in these mutants compared to WT 

siblings (Figure 10C,F).  As mentioned in the paragraph 4.1.1., 48 hpf is a very 

critical stage for zebrafish embryos, where the embryos undergo a transition from 

a hypoxia-tolerant to a hypoxia-sensitive state (Padilla and Roth 2001).  Therefore, 

I challenged the embryos with hypoxic insults, by either using hypoxia chamber 
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incubation or DMOG treatment (Figure 10G).  I could observe that hif-1!-/- show 

blood vessel ruptures in both ISVs and DLAVs, while WT siblings appeared 

unaffected (Figure 10H,K,N).  I followed a vessel rupture from 54 hpf.  

Interestingly, I observed that the broken vessel disappeared at 72 hpf, most likely 

due to vascular regression (Figure 10K,L).  Microangiography showed an 

exacerbation of the perfusion defects in the hif-1! mutant after hypoxia or DMOG 

treatment, where also the DLAVs appeared not perfused (Figure 10J,M).  I 

quantified the DLAV plexus formation and the vessel ruptures.  The quantification 

clearly showed that these defects are due to the lack of hif-1! activity, and 

moreover that the DLAV plexus defects are hypoxia-independent, while the blood 

vessel ruptures are hypoxia-dependent (Figure 10O,P).  
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Figure 10. hif-1!-/- show absence of DLAV plexus formation and blood vessel ruptures after 
hypoxia treatment. 
A-F) Confocal z-stacks of Tg(kdrl:EGFP) WT and hif-1!-/- embryos in normoxia.  G) Schematic 
representation of the experiment performed in H-P.  H-M) Confocal z-stacks of Tg(kdrl:EGFP) WT 
and hif-1!-/- embryos after hypoxia chamber treatment, and after microangiography at 54 hpf.  
Symbols represent: white dots, approximate lumen size; white arrows, DLAV plexus in WT; yellow 
arrows, absence of DLAV plexus in hif-1!-/-; arrowheads, non-perfused ISVs; asterisks, vessel 
ruptures; dotted lines, regressed blood vessel.  N) Confocal z-stacks of Tg(kdrl:EGFP) WT and hif-
1!-/- embryos after DMOG treatment.  O) Quantification of embryos with normal or absent DLAV 
plexus in WT siblings and hif-1!-/- in normoxia, and after hypoxia chamber or DMOG treatment at 
54 hpf.  P) Quantification of blood vessel ruptures in WT siblings and hif-1!-/- in normoxia, and after 
hypoxia chamber or DMOG treatment at 54 hpf.  Bars represent mean (SEM), (***P < 0.001; ****P 
<0.0001; t-test).  Scale bar, 50 µm.  Modified figure reprinted with permission from Gerri et al., Nat. 
Commun. 2017; 19;8:15492. 
 
Finally, when I treated 58 hpf hif-1!-/- embryos in hypoxia for 14 hours, I did not 

observe an exacerbation of the vascular phenotypes observed in 54 hpf hif-1!-/- 

embryos (Figure 11A,B). 

 

 

 

 

 

Figure 11.  hif-1!-/- embryos do not show exacerbation of the vascular phenotypes at 72 hpf. 
A) Schematic representation of the experiment performed in B.  B) Brightfield images and confocal 
z-stacks of Tg(kdrl:EGFP) WT sibling and hif-1! mutant embryos after hypoxia chamber treatment.  
Figure reprinted with permission from Gerri et al., Nat. Commun. 2017; 19;8:15492. 
 
 
Altogether, these observations report that the lack of hif-1! function causes 

impairment in DLAV plexus formation as well as blood vessel ruptures induced by 

hypoxic stress.  (Certain lines in this section 4.1.3 have been quoted verbatim from 

Gerri et al., Nat. Commun. 2017; 19;8:15492). 
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4.1.4. hif-1! plays a role in macrophage mobilization from the AGM 
region 

As discussed in the introduction, hif-1! has a role in the regulation of myeloid cell 

metabolism and function (Cramer et al. 2003; Semba et al. 2016).  I looked for 

macrophage markers in the microarray analysis.  It was interesting to observe that 

macrophage markers, such as lcp1 and mfap4, were reduced in hif-1!-/- compared 

to WT sibling embryos (Figure 12A).  I confirmed these data by qPCR analysis 

(Figure 12B,C). 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 12.  Macrophage markers are down-regulated in hif-1! mutants. 
A) Summary table of microarray expression profiling, showing the fold change of known 
macrophage markers between WT sibling and hif-1! mutant embryos after hypoxia chamber 
treatment.  B,C) lcp1 and mfap4 transcript levels in WT siblings and hif-1! mutants after hypoxia 
chamber treatment at 50 hpf.  Values represent mean (SD), (*P < 0.05; t-test).  Modified figure 
reprinted with permission from Gerri et al., Nat. Commun. 2017; 19;8:15492. 
 
To understand if macrophages were affected in hif-1! mutants, I performed WISH 

for mfap4, a macrophage marker gene.  It was interesting to notice that in WT 

embryos, macrophages were located both outside (area A) and inside (area B) the 

AGM region, both in normoxic conditions and after hypoxia chamber or DMOG 

treatment (Figure 13A-C).  On the contrary, in hif-1! mutants in all the three 

conditions macrophages were mainly found inside the AGM region (Figure 13D-
F,I).  Then, I counted the number of macrophages in area A and area B.  

Quantifications showed that WT embryos had significantly more macrophages 
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outside the AGM region than the mutants (Figure 13G), while hif-1! mutants 

showed more macrophages inside the AGM region (Figure 13H).  However, I 

could not observe a difference in the total macrophage numbers between WT and 

hif-1!-/- embryos (Figure 13J).  These data suggest that the discrepancy in 

macrophage distribution between WT and hif-1!-/- embryos can be explained by 

defects in macrophage localization rather than other reasons, like different survival 

and/or proliferation rate between the two populations.  Consistently, animals 

injected with hif-1aa and hif-1ab morpholinos (MOs), hereafter referred to as hif-1! 

morphants, recapitulate the results observed in hif-1!-/- embryos (Figure 13K-Q). 

Figure 13.  hif-1! mutants and morphants show impaired macrophage mobilization from the 
AGM region by WISH analysis. 
A-F) Micrographs of WISH for mfap4 expression in WT and hif-1!-/- embryos in normoxia, and after 
hypoxia chamber or DMOG treatment at 54 hpf.  G-J) Quantification of macrophage mobilization 
from the AGM based on mfap4 WISH experiments in WT and hif-1!-/- embryos.  K-P) Micrographs 
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of WISH for mfap4 expression in control and hif-1! morphants in normoxia, after hypoxia chamber 
or DMOG treatment at 54 hpf.  Area A: region outside the AGM.  Area B: AGM region.  Scale bar, 
100 µm.  Q) Quantification of macrophage mobilization from the AGM based on mfap4 WISH 
experiments in control and hif-1! morphants.  Modified figure reprinted with permission from Gerri 
et al., Nat. Commun. 2017; 19;8:15492. 
 
  
Next, I crossed hif-1! mutants with the macrophage reporter line 

Tg(mpeg1:mCherry-F)ump2, hereafter Tg(mpeg:mCherry).  I observed a decrease 

in macrophage mobilization in hif-1! mutants (Figure 14B,C) and hif-1! 

morphants (Figure 14A) compared to WT siblings.  At last, I wanted to understand 

if hif-1! expression in ECs has an impact in macrophage mobilization from the 

AGM region.  To answer this question, genetically chimeric DAs and PCVs were 

generated by transplanting at mid-blastula stages WT Tg(kdrl:Hsa.HRAS-

mCherry)s896, hereafter Tg(kdrl:ras-mCherry), cells into hif-1!-/- Tg(kdrl:EGFP) 

animals.  The results showed that the lack of hif-1! in ECs in the vessels 

surrounding the AGM region did not rescue macrophage mobilization defects in 

the mutants (Figure 14D,E), thus suggesting that the expression of hif-1! in ECs 

does not influence macrophage mobilization from the AGM region.   

Figure 14. hif-1! in ECs does not influence macrophage mobilization from the AGM region.   
A-C) Quantification of macrophage mobilization from the AGM of 
Tg(kdrl:EGFP);Tg(mpeg:mCherry) control morphants and hif-1! morphants, and of WT and hif-1!-/- 
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embryos at 54 hpf.  D) Chimeric vessels from transplantation of WT Tg(kdrl:ras-mCherry) donor 
cells into hif-1!-/- Tg(kdrl:EGFP) host blastulae.  E) Quantification of macrophage mobilization from 
the AGM in control Tg(kdrl:EGFP);Tg(mpeg:mCherry) hif-1!-/-  and WT EC-transplanted hif-1!-/-  

embryos at 54 hpf.  Arrowheads: macrophages in the AGM.  Bars represent mean (SEM), (*P < 
0.05; **P < 0.01; ***P < 0.001; ****P <0.0001; ns: no significant changes observed; t-test).  Scale 
bars, 50 µm.  Modified figure reprinted with permission from Gerri et al., Nat. Commun. 2017; 
19;8:15492. 
 

Moreover, I mosaically expressed WT Hif-1ab in hif-1!-/- or a dominant negative 

version of Hif-1ab (dn-Hif-1ab) (Elks et al. 2011) in WT embryos specifically in 

macrophages using the mpeg promoter. These transgenes were tagged with the 

fluorescent protein TagBFP (Figure 15A).  I observed that WT 

Tg(mpeg:mCherry)+ macrophage show filopodial extensions and were highly 

motile (Figure 15B).  Instead, macrophages positive for both Tg(mpeg:mCherry) 

and TagBFP expression, display complete absence of cytoplasmic extensions 

(Figure 15C,D).  The expression of these transgenes in macrophages appears to 

be toxic, and thus additional tools are needed to investigate the cell-autonomous 

function of Hif-1! in macrophages.  Altogether, these data suggest that hif-1! has 

a role in macrophage mobilization from the AGM region, and that this function is 

required in macrophages themselves, and not in ECs. (Certain lines in this section 

4.1.4 have been quoted verbatim from Gerri et al., Nat. Commun. 2017; 

19;8:15492). 

 

 
 
 
 
 
 
 
 
 
Figure 15.  Constructs for the overexpression of WT Hif-1ab and dn-Hif-1ab appear to be 
toxic in macrophages. 

A 

B C D 



Results 
	

	 70 

A) Constructs used for the overexpression of WT Hif-1ab and dn-Hif-1ab under the mpeg 
promoter.  B) Confocal z-stacks of Tg(mpeg:mCherry) WT macrophage at 54 hpf.  C,D) Confocal 
z-stacks of a TagBFP_2A_WT-hif-1ab+;Tg(mpeg:mCherry)+ hif-1α mutant macrophage and of a 
TagBFP_2A_dn-hif-1ab+;Tg(mpeg:mCherry)+ WT macrophage at 54 hpf.  Scale bar, 5 µm.  Figure 
reprinted with permission from Gerri et al., Nat. Commun. 2017; 19;8:15492. 
 

4.1.5. Ablation of macrophages leads to the same vascular 
phenotypes observed in hif-1α mutant 

Next, I decided to investigate if macrophages play a role in the vascular defects 

seen in hif-1α mutants.  To test this possibility, I used a genetic ablation method 

that relies on the bacterial enzyme nitroreductase (NTR).  NTR induces cell death 

when metronidazole (Mtz), its substrate, is added to the water where the embryos 

develop (Curado et al. 2007; Pisharath et al. 2007; Curado, Stainier, and 

Anderson 2008).  Here, for the purpose to specifically deplete macrophages, I 

used the Tg(mpeg1:Gal4-VP16)gl24;Tg(UAS-E1b:NTR-mCherry)c264 lines, hereafter 

Tg(mpeg:NTR-mCherry).  First, I focused on the DLAV plexus formation and 

performed time-lapse confocal imaging starting at 30 hpf of control and 

macrophage-ablated embryos (Figure 16A).  Interestingly, the DLAV plexus 

formation is a process that appears to require macrophages; in control animals 

macrophages were observed to be closely associated with several DLAV sprouts 

(Figure 16B,D), whereas in ablated embryos the DLAV plexus formation was 

severely impaired.  This phenotype resembles the defects observed in hif-1α 

mutants (Figure 16C,D).  Moreover, to understand if macrophages are also 

involved in the onset of the vascular ruptures observed in hif-1α-/-, along with the 

ablation treatment starting at 30 hpf, I performed hypoxia chamber incubation or 

DMOG treatment for 6 hours starting at 48 hpf.  The embryos were imaged at 54 

hpf (Figure 16E).  In control embryos, macrophages were observed to interact 

closely with blood vessels (Figure 16F-H).  On the contrary, in ablated embryos 

after hypoxia chamber or DMOG treatment, I could observe blood vessel ruptures 

(Figure 16J-L), recapitulating the hif-1α mutant phenotype.  To further corroborate 

these results, I quantified the number of macrophages in contact with ECs in the 

different conditions.  I observed a significantly higher number of macrophages 

close to blood vessels in control animals than in the macrophage-depleted 

embryos (Figure 16M).  Microarray analysis supported these data and showed 
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that genes, like tek, spi1b and csf1a, essential for EC-macrophage interaction are 

reduced in hif-1! mutants compared to WT siblings (Figure 16N).  I confirmed 

these data by qPCR analysis (Figure 16O-Q) (Certain lines in this section 4.1.5 

have been quoted verbatim from Gerri et al., Nat. Commun. 2017; 19;8:15492). 
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Figure 16.  Macrophage ablation recapitulates the vascular defects observed in hif-1α 
mutants. 
A) Schematic representation of the experiment performed in B-D.  B,C) Confocal images of control 
Tg(kdrl:EGFP);Tg(mpeg:NTR-mCherry) and macrophage-ablated embryos in normoxia.  
Arrowheads show macrophage close to EC sprouts.  D) Quantification of embryos showing normal 
or absent DLAV plexus formation in control and macrophage-ablated embryos at 54 hpf.  E) 
Schematic representation of the experiment performed in F-M.  F-K) Confocal z-stacks of control 
Tg(kdrl:EGFP);Tg(mpeg:NTR-mCherry) and macrophage-ablated embryos in normoxia, after 
hypoxia chamber or DMOG treatment at 54 hpf.  Arrowheads highlight macrophages close to blood 
vessels; arrows show vessel ruptures.  L) Quantification of blood vessel ruptures in control and 
macrophage-ablated embryos in normoxia, after hypoxia chamber or DMOG treatment at 54 hpf.  
M) Quantification of macrophages close to blood vessels in control and macrophage-ablated 
embryos in normoxia, after hypoxia chamber or DMOG treatment at 54 hpf.  N) Summary table of 
microarray expression profiling, showing the fold change of known EC-macrophage interaction 
markers between WT sibling and hif-1α -/- embryos after hypoxia chamber treatment. O-Q) spi1b, 
csf1a and tek transcript levels in WT siblings and hif-1α mutants after hypoxia chamber treatment 
at 50 hpf detected by qPCR.  Values represent mean (SD), (*P < 0.05; t-test).  Modified figure 
reprinted with permission from Gerri et al., Nat. Commun. 2017; 19;8:15492. 
 
 

4.1.6. hif-1α does not play a cell-autonomous role in ECs in the onset 
of DLAV plexus defects and blood vessel ruptures 

The next step was to understand if hif-1α plays a cell-autonomous role in the 

DLAV plexus formation and in the repair blood vessel ruptures.  As already shown 

in Figure 5 both hif-1aa and hif-1ab do not seem to be expressed in ECs at the 

considered developmental stages.  Next, I performed macrophage ablation 

experiments in Tg(mpeg:NTR-mCherry) hif-1α mutants.  Interestingly, the DLAV 

plexus (Figure 17A) or blood vessel rupture (Figure 17B) phenotypes were not 

exacerbated by the macrophage ablation experiment in hif-1α-/-, corroborating the 

hypothesis that macrophages are the major player responsible for the vascular 

defects observed in hif-1α-/-.  To further test this hypothesis, genetically chimeric 

DLAVs were generated by cell transplantation at mid-blastula stages (Figure 
17C).  I assessed the number of DLAV sprouts at 48 hpf, and found that when hif-

1α-/- Tg(kdrl:EGFP) ECs were transplanted into WT Tg(kdrl:ras-mCherry) embryos, 

WT and hif-1α-/- ECs showed a comparable number of sprouts from the DLAVs 

(Figure 17D,F).  On the contrary, when WT Tg(kdrl:ras-mCherry) ECs were 

transplanted into hif-1α-/- Tg(kdrl:EGFP) embryos, no DLAV EC sprouts were 

detected (Figure 17E,F).  Moreover, genetically chimeric ISVs and DLAVs were 

generated, and I assessed the number of vascular ruptures after hypoxia chamber 

incubation (Figure 17G).  When hif-1α-/- Tg(kdrl:EGFP) ECs were transplanted 

into WT Tg(kdrl:ras-mCherry) embryos, no vessel ruptures were detected (Figure 



Results 
!

! 73 

17H,K).  In contrast, when WT Tg(kdrl:ras-mCherry) ECs were transplanted into 

hif-1!-/- Tg(kdrl:EGFP) embryos, blood vessel ruptures were observed affecting 

equally WT and mutant ECs (Figure 17I-K).  Altogether, these data further support 

the hypothesis that both DLAV plexus formation and vessel disconnections are not 

influenced by hif-1! expression in ECs.  (Certain lines in this section 4.1.6 have 

been quoted verbatim from Gerri et al., Nat. Commun. 2017; 19;8:15492). 

 

 

 

 

 

 

 

 

 

 
Figure 17.  hif-1! does not play a cell-autonomous role in ECs in DLAV plexus 
morphogenesis and in preventing hypoxia-induced vascular ruptures. 
A) Quantification of embryos showing normal or absent DLAV plexus formation in control and 
macrophage-ablated hif-1!-/- embryos at 54 hpf.  B) Quantification of blood vessel ruptures in 
control and macrophage-ablated hif-1!-/- embryos in normoxia, after hypoxia chamber or DMOG 
treatment at 54 hpf.  C) Schematic representation of the experiment performed in D-F.  D,E) 
Transplantation of hif-1!-/- Tg(kdrl:EGFP) donor cells into WT Tg(kdrl:ras-mCherry) host blastulae, 
and of WT Tg(kdrl:ras-mCherry) donor cells into hif-1!-/- Tg(kdrl:EGFP) host blastulae shown at 48 
hpf.  Symbols represent: white arrowheads, sprouts from WT DLAV ECs; yellow arrowheads, 
sprouts from hif-1!-/- DLAV ECs; white asterisk, missing sprout from a WT EC; yellow asterisk, 
missing sprout from a hif-1!-/- EC.  F) Quantification of DLAV sprouts from WT and hif-1!-/- DLAV 
ECs in the two different EC transplantation conditions at 48 hpf.  G) Schematic representation of 
the experiment performed in H-K.  H-J) Transplantation of hif-1!-/- Tg(kdrl:EGFP) donor cells into 
WT Tg(kdrl:ras-mCherry) host blastulae, and of WT Tg(kdrl:ras-mCherry) donor cells into hif-1!-/- 
Tg(kdrl:EGFP) host blastulae shown after hypoxia chamber or DMOG treatment.  White arrow 
shows vessel rupture affecting WT EC, and yellow arrow highlights vessel rupture affecting hif-1!-/- 
EC.  K) Quantification of blood vessel ruptures affecting WT and hif-1!-/- ECs in the two different 
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EC transplantation conditions after hypoxia chamber treatment at 54 hpf.  Bars represent mean 
(SEM), (**P < 0.01; ***P < 0.001; ns: no significant changes observed; t-test).  Scale bars, 50 µm.  
Modified figure reprinted with permission from Gerri et al., Nat. Commun. 2017; 19;8:15492. 
 
 

4.1.7. DLAV plexus morphogenesis is a process that requires 
macrophages 

To better characterize DLAV plexus formation, I performed time-lapse confocal 

imaging on WT animals.  DLAV plexus morphogenesis is an angiogenic event that 

in zebrafish starts around 36 hpf forming three longitudinal vessels at 60 hpf, that 

then finally rearrange into a single longitudinal vessel at 96 hpf (Zygmunt et al. 

2012).  I started observing WT embryos at 30 hpf and found that the filopodial and 

blunt-ended extensions from the DLAV were closely associated with macrophages 

(Figure 18A).   Moreover, I decided to investigate how the three vessels of the 

plexus remodel into one single vessel.  I performed in vivo imaging between 60 

and 72 hpf and observed that the DLAV vessel showing blood flow was retained, 

whereas a vessel lacking perfusion underwent regression.  It was very interesting 

to notice a macrophage contacted the vessel just before its regression (Figure 
18B).  Next, I better investigated the ECs activity at the DLAVs in hif-1α mutants 

and I imaged them from 30 hpf.  hif-1α-/- embryos do not show EC sprouting from 

the DLAVs, and these vessels are not populated by macrophages as seen in WT 

siblings (Figure 18C,D).  These data were also confirmed in hif-1α morphants 

(Figure 18E).  These results were confirmed by quantifications, which showed that 

most of the DLAV sprouts in WT were associated with macrophages (Figure 18F).  

In contrast, I observed still few sprouts in the mutants that were not associated 

with macrophages (Figure 18F).  In addition, a quantification of DLAV 

interconnections between 36 and 48 hpf in WT and hif-1α mutant embryos was 

performed, and the mutants showed a significant reduction compared to WT 

embryos (Figure 18G-K).  Importantly, I did not observe a significant difference in 

the number of ECs at the DLAV at 36 hpf between these two population (Figure 
18L), suggesting that the defects found in the DLAV plexus formation in hif-1α-/- 

embryos is not due to a reduced number of ECs at the DLAVs.  Altogether, 

confocal microscopy observations showed that DLAV plexus formation is a 

macrophage-dependent angiogenic process, which is strongly impaired in hif-1α 
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mutants and morphants.  (Certain lines in this section 4.1.7 have been quoted 

verbatim from Gerri et al., Nat. Commun. 2017; 19;8:15492). 

 

 

 
Figure 18. DLAV plexus morphogenesis is a macrophage-dependent process and it fails to 
happen in hif-1! mutants.
A) Time-lapse confocal images of Tg(kdrl:EGFP);Tg(mpeg:mCherry) WT sibling embryo.  Symbols 
represent: white arrowheads, macrophages; yellow arrows, endothelial filopodial extensions; white 
arrows, blunt-ended endothelial protrusions.  B) Time-lapse confocal images of 
Tg(kdrl:EGFP);Tg(mpeg:mCherry) WT sibling embryo.  Symbols represent: white arrowheads, 
segment of a stable and perfused DLAV vessel; yellow arrowheads, non-perfused and regressing 
DLAV vessel; white arrows, a macrophage in contact with the regressing vessel.  C,D) Time-lapse 
confocal images of Tg(kdrl:EGFP);Tg(mpeg:mCherry) hif-1! mutants.  E) Time-lapse confocal 
images of Tg(kdrl:EGFP);Tg(mpeg:mCherry) hif-1! morphant.  F) Quantification of sprouts 
physically associated (w/) or not (w/o) to macrophages in WT and hif-1!-/- embryos between 36 and 
48 hpf.  G-J) Confocal z-stacks of Tg(kdrl:EGFP) WT sibling and hif-1!-/- embryos at 36 and 48 hpf.  
Yellow arrows show nuclei.  K) Quantification of DLAV interconnections in WT and hif-1!-/- 
embryos occurring between 36 and 48 hpf.  L) Quantification of EC numbers in the DLAVs in WT 
and hif-1!-/- embryos at 36 hpf.  Bars represent mean (SEM), (****p<0.0001; ns: no significant 
changes observed; t-test).  Scale bars, 50 µm.  Modified figure reprinted with permission from Gerri 
et al., Nat. Commun. 2017; 19;8:15492. 
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4.1.8. Macrophages assist vessel repair in WT embryos but not in hif-
1α mutants 

I then analyzed whether macrophages are actively involved in vessel rupture 

resolution, and performed time-lapse imaging on WT and hif-1α mutants treated 

with DMOG starting at 54 hpf (Figure 19A).  In WT embryos, I observed that when 

a vessel rupture was induced, several macrophages moved towards the broken 

vessel and interacted with it as the vessel grows back to reconnect with the main 

vessel (Figure 19B).  With Tg(kdrl:EGFP);Tg(gata1:DsRed) line, I could observe 

that when a blood vessel in WT animals reconnect with the main vessel it also 

regained blood flow (Figure 20).  Instead, in hif-1α mutants, macrophages were 

not recruited and did not interact with the broken extremities of vessels and 

therefore the injury was not repaired, thus resulting in a disconnection from the 

main vessel (Figure 19C).  These data were also observed in hif-1α morphants 

(Figure 19D).  Quantification further confirmed that in WT embryos most of the 

ruptured vessels were repaired and interacted with macrophages, but in hif-1α 

mutants most of the blood vessels were not repaired and macrophages were not 

observed (Figure 19E).   
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Figure 19.  Macrophages assist blood vessel repair in WT embryos but not hif-1! mutants. 
A) Schematic representation of the experiment performed in B-E.  B-D) Time-lapse confocal 
images of a Tg(kdrl:EGFP);Tg(mpeg:mCherry) WT sibling, hif-1! mutant and hif-1! morphant 
treated with DMOG.  Yellow arrowheads show vessel ruptures and white arrowheads point to 
macrophages.  E) Quantification of blood vessel ruptures repaired in the presence (w/) or absence 
(w/o) of macrophages, and the ones not repaired in WT and hif-1!-/- embryos at 65 hpf.  Bars 
represent mean (SEM), (*P < 0.05; ns: no significant changes observed; t-test).  Scale bar, 50 µm.  
Modified figure reprinted with permission from Gerri et al., Nat. Commun. 2017; 19;8:15492. 
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Figure 20.  Blood vessels repaired in WT siblings regain blood flow. 
A) Confocal z-stacks of a blood vessel rupture in a Tg(kdrl:EGFP);Tg(gata1:DsRed) WT embryo 
after DMOG treatment at 54 hpf.  B) Confocal z-stacks of Tg(kdrl:EGFP);Tg(gata1:DsRed) WT 
embryo at 75 hpf.  White arrow shows a ruptured vessel with erythrocyte leakage, white arrowhead 
points to a repaired vessel that has regained flow.  C) Quantification of ruptured vessels repaired 
and showing presence (w/) or absence (w/o) of flow as well as those not repaired.  (*P < 0.05; **P 
< 0.01; t-test).  Scale bar, 50 µm.  Figure reprinted with permission from Gerri et al., Nat. Commun. 
2017; 19;8:15492. 
 

To deeply characterize the molecular signature of macrophages assisting vessel 

repair, I relied on the recently published line Tg(tnfa:EGFP-F)ump5, hereafter 

Tg(tnfa:EGFPF) (Nguyen-Chi et al. 2015), and performed time-lapse on WT 

embryos treated with DMOG (Figure 21A).  Firstly, I checked if DMOG treatment 

could influence the Tg(tnfa:EGFPF) expression.  I quantified the number of 

tnfa:EGFPF+ and tnfa:EGFPF- macrophages and observed that DMOG treatment 

did not change the number of macrophages expressing tnf! (Figure 21B).  Next, I 

observed that most macrophages associated with unstable vessels were 

tnfa:EGFPF+ (Figure 21C-D).  Along with the macrophage ablation experiment, 

these data show that macrophages assist vessel repair in WT embryos.  In a 

condition where hif-1! signaling is impaired, the hypoxia-induced blood vessel 

ruptures are not repaired.  Moreover, I observed that most of the macrophages 

involved in the vessel repair are expressing tnfa.  (Certain lines in this section 

4.1.8 have been quoted verbatim from Gerri et al., Nat. Commun. 2017; 

19;8:15492). 
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Figure 21.  Most macrophages involved in the vessel repair express tnf!. 
A) Schematic representation of the experiment performed in B-D.  B) Quantification of 
tnf!:EGFPF+ and tnf!:EGFPF- macrophages in normoxia and after DMOG treatment.  C) Time-
lapse confocal images of Tg(mpeg:mCherry);Tg(tnfa:EGFPF);Tg(kdrl:mCherry) WT embryo treated 
with DMOG.  Yellow arrowhead shows an unstable vessel, white arrowheads point to recruited 
macrophages.  D) Quantification of tnf!:EGFPF+ and tnf!:EGFPF- macrophages associated with 
15 unstable vessels after DMOG treatment at 66 hpf.  Bars represent mean (SEM), (*P < 0.05; ns: 
no significant changes observed; t-test).  Scale bar, 50 µm.  Figure reprinted with permission from 
Gerri et al., Nat. Commun. 2017; 19;8:15492. 
 
 

4.1.9. Proposed model 
In this work, I propose that hif-1! regulates macrophage interactions with ECs, 

which affects the following processes (Figure 22): 

(1) macrophage mobilization from the AGM region.  In absence of hif-1!, a 

reduced mobilization from the AGM region was observed. 

(2) macrophage-dependent angiogenesis.  DLAV plexus formation is a 

macrophage-dependent angiogenic process.  hif-1! mutants and macrophage-

ablated embryos show no DLAV plexus development. 

(3) macrophage-mediated vessel repair.  Hypoxic treatments induce vessel 

ruptures.  In WT embryos, macrophages assist the repair of blood vessel ruptures, 

thus supporting its regeneration.  In hif-1! mutants and in macrophage-ablated 

animals, macrophages do not associate with broken vessel and the damage is not 

repaired.  (Certain lines in this section 4.1.9 have been quoted verbatim from Gerri 

et al., Nat. Commun. 2017; 19;8:15492). 
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Figure 22. Proposed model (see text). 
ECs are shown in green, macrophages in red.  Figure reprinted with permission from Gerri et al., 
Nat. Commun. 2017; 19;8:15492. 
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4.2. Hypoxia regulates endothelial-to-hematopoietic 
transition via hif-1! and hif-2! upstream of Notch signaling  

 
4.2.1. hif-2aa and hif-2ab mutant generation 

To study the role of HIF pathway in endothelial-to-hematopoietic transition (EHT), I 

generated hif-2aa and hif-2ab zebrafish mutants.  For hif-2aa, I targeted its exon 8 

by CRISPR/Cas9 technology (Figure 23A).  I recovered an allele with a deletion of 

4 bp, thus leading to a premature stop codon after 26 amino acid-long missense 

segments following the lesion site (Figure 23C).  Instead, for hif-2ab the lesion 

was induced by TALEN technology in exon 3 (Figure 23B) and I recovered an 

allele with a 2 bp deletion and a change in 2 nucleotides, which leads to premature 

stop codon after 1 missense amino acid (Figure 23D).  The predicted mutant 

protein for hif-2aa is supposed to be truncated in the second PAS domain (Figure 
23E), whereas for hif-2ab is truncated at the beginning of the first PAS domain 

(Figure 23F). 

 

 

 

 

 

 

 

 

 

 

 
Figure 23. hif-2aa and hif-2ab mutant alleles. 
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A) The protospacer/target sequence of the hif-2aa gRNA was designed to target exon 8 and is 
highlighted in green, while the PAM sequence in red. B) The TALEN for hif-2ab was designed to 
target exon 3. The spacer sequence is in grey and in different colors (each type of TAL repeat one 
color) the right and the left TAL repeats.  C) The hif-2aabns231 allele contains an indel mutation (−4) 
leading to a premature stop codon after a 26 amino acid-long missense segment.  D) The hif-
2abbns232 allele contains an indel mutation (−2) and mismatch of 2 bp leading to a premature stop 
codon after 1 missense amino acid.  D,E) Schematic representation of the following proteins: WT 
and mutant (bns231 allele) Hif-2aa, WT and mutant (bns232 allele) Hif-2ab.  bHLH: basic helix-
loop-helix domain.  PAS-A/B: PAS domains.  ODD: oxygen degradation dependent domain.  N-
TAD: N-terminal transactivation domain.  C-TAD: C-terminal transactivation domain.  
 

4.2.2. hif-1α and hif-2α show reduced runx1 and cmyb expression  
To investigate whether hif-1α and hif-2α are involved in EHT, I performed WISH 

for important HSC markers, runx1 and cmyb.  I started with hif-1α mutants, since 

previous MO studies suggested the requirement of this factor during EHT (Harris 

et al. 2013).  I performed WISH using both runx1 and cmyb antisense probes at 36 

hpf; it is widely-used to combine two probes together, especially when the cells 

stained are not so many and very small; in this way, it is easier to evaluate the 

phenotype.  hif-1α-/- show reduced number of runx1- and cmyb-positive cells when 

compared to WT siblings at 36 hpf (Figure 24 A,D).  Then, I performed the WISH 

with the single probe to better understand if both genes were affected in the 

mutants.  WISH for runx1 was performed at 30 hpf and for cmyb at 36 hpf.  Both 

genes showed a decreased expression in hif-1α-/- compared to WT embryos 

(Figure 24 B,E and C,F).  Interestingly, hif-1α and hif-2α have been described to 

share common target genes, but also they have their unique targets (Loboda, 

Jozkowicz, and Dulak 2010).  To understand if hif-2α is involved in EHT as well, I 

performed again WISH following the same procedure done for hif-1α-/-.  In hif-2α 

mutants, I could observe a strong reduction in runx1 and cmyb expression in all 

the three experiments I performed (Figure 24 G-L). 
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Figure 24.  hif-1! and hif-2! mutants show a reduction in runx1 and cmyb expression. 
A-C) Brightfield images of WISH for runx1/cmyb, runx1, and cmyb expression in WT sibling 
embryos.  D-F) Brightfield images of WISH for runx1/cmyb, runx1, and cmyb expression in hif-1!-/- 
embryos.  G-I) Brightfield images of WISH for runx1/cmyb, runx1, and cmyb expression in WT 
sibling embryos.  J-L) Brightfield images of WISH for runx1/cmyb, runx1, and cmyb expression hif-
2!-/- embryos.  The stages of the embryos used are shown in the figure.  AGM region is outlined 
and shown in bigger magnification in panels A, D, G, J.  Scale bar, 100 µm.   
 
To test if runx1 expression was affected also in the primitive hematopoietic wave, I 

analyzed runx1 expression at 16 hpf.  In this case, hif-1!-/- and hif-2!-/- show a 

similar runx1 expression pattern compared to WT siblings (Figure 25A-C), 

suggesting that Hif pathway is involved in regulating runx1 expression only in 

definitive hematopoiesis.   
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Figure 25. Primitive hematopoiesis appears unaffected in hif-1!-/- and hif-2!-/-. 
A-C) Brightfield images of WISH for runx1 expression in 16 hpf WT, hif-1! and hif-2! mutant 
embryos.  White arrowheads indicate anterior lateral plate mesoderm, while yellow arrowheads 
point to posterior lateral plate mesoderm.  Scale bar, 200 µm.   
 

Furthermore, I observed a decrease in runx1 and cmyb expression in embryos co-

injected with either hif-1aa and hif-1ab morpholinos (MOs) or hif-2aa and hif-2ab 

MOs, hereafter referred as hif-1! and hif-2! morphants, respectively (Figure 26A-
I). 

Figure 26.  hif-1! and hif-2! morphants phenocopy the defects in EHT observed in hif-1! 
and hif-2! mutants. 
A-C) Brightfield images of WISH for runx1/cmyb expression in 36 hpf control, hif-1! and hif-2! 
morphant embryos.  D-F) Brightfield images of WISH for runx1 expression in 30 hpf control, hif-1! 
and hif-2! morphant embryos.  G-I) Brightfield images of WISH for cmyb expression in 36 hpf 
control, hif-1! and hif-2! morphant embryos.  Scale bar, 100 µm.   
 

To further confirm these data, I used a reporter line 

Tg(cmyb:EGFP)zf169;Tg(kdrl:Hsa.HRAS-mCherry)s896, hereafter 

Tg(cmyb:EGFP);(kdrl:mCherry), that labels HSCs in green and blood vessels in 

red.  I counted the number of both cmyb-positive and kdrl-positive cells, which 

appear to extrude from the ventral wall of the DA in control and in embryos 

injected with either hif1aa;hif1ab or hif2aa;hif2ab MOs (Figure 27A-C).  I observed 

that hif-1! and hif-2! morphants show a significant reduction of cmyb-positive and 

kdrl-positive “budding” from the DA (Figure 27D).   
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Figure 27.  Tg(cmyb:EGFP);(kdrl:mCherry) line confirms the reduction in HSCs when hif-1! 
and hif-2! functions are impaired. 
A-C) Maximal intensity projections of confocal z-stacks of Tg(cmyb:EGFP);Tg(kdrl:mCherry) 
control, hif-1! and hif-2! morphant embryos at 36 hpf.  D) Quantification of cmyb- and kdrl- positive 
cells extruding from the ventral wall of DA in 36 hpf Tg(cmyb:EGFP);Tg(kdrl:mCherry) control, hif-
1! and hif-2! morphant embryos.  Bars represent mean ± s.e.m., n = 10 embryos from 3 different 
clutches, (**P < 0.01; t-test).  Scale bar, 50 µm.   
 

Altogether, these data suggest that hif-1! and hif-2! mutants and morphants show 

impaired runx1 and cmyb expression, suggesting that they are implicated in 

regulating EHT. 

 
4.2.3. Hypoxia strongly induces HSC formation 

Mimicking hypoxia with chemicals, like DMOG or CoCl2, has been shown to 

influence HSC formation in zebrafish (Harris et al. 2013).  To better investigate the 

impact of hypoxia on EHT, I treated WT zebrafish embryos for 8 hours in hypoxia, 

using a hypoxia chamber set at the value of 3% O2.  After this incubation, the 

embryos were processed for WISH (Figure 28A).  I first performed WISH for 

runx1/cmyb probes together.  Embryos in hypoxic conditions showed a strong 

induction of runx1/cmyb expression in the AGM region, compared to their siblings 

kept in normoxia (Figure 28B,C).  To understand the expression of both HSC 

markers taken in consideration, I performed WISH for runx1 and cmyb 

independently.  The data corroborate the previous results, where hypoxia 

treatment greatly induced runx1 (Figure 28D,E) and cmyb expression (Figure 
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28F-G).  To further confirm these data, I performed transcriptomic analysis of WT 

embryos at 36 hpf in both normoxic and hypoxic conditions.  The qPCR data show 

that runx1 and cmyb transcripts were strongly up-regulated in WT animals after 

hypoxia chamber incubation compared to the siblings in normoxia (Figure 28H).  

Altogether, these data suggest that hypoxia is a potent inducer of EHT, through 

strong induction of runx1 and cmyb expression. 

 
Figure 28. Hypoxia is a potent inducer of HSC formation. 
A) Schematic representation of the experiment shown in B-H.  B,C) Brightfield images of WISH for 
runx1/cmyb expression in 36 hpf WT embryos in normoxia and after hypoxia chamber treatment for 
8 hours starting at 28 hpf.  D,E) Brightfield images of WISH for runx1 expression in 36 hpf WT 
embryos in normoxia and after hypoxia chamber treatment for 8 hours starting at 28 hpf.  F,G) 
Brightfield images of WISH for cmyb expression in 36 hpf WT embryos in normoxia and after 
hypoxia chamber treatment for 8 hours starting at 28 hpf.  Scale bar, 100 µm.  H) qPCR analysis of 
runx1 and cmyb transcripts in 36 hpf WT embryos in normoxia and after hypoxia chamber 
treatment for 8 hours starting at 28 hpf.  Values represent mean (SD), (*P < 0.05; t-test).   
 

4.2.4. hif-1! and hif-2! play redundant roles in EHT 
hif-1! and hif-2! mutants and morphants show a similar phenotypes, suggesting a 

possible redundancy for hif-1! and hif-2! in EHT.  To investigate this possibility, I 

first analyzed the transcript levels of runx1 and cmyb in hif-1!-/- and hif-2!-/- by 

qPCR.  Expression levels of runx1 and cmyb were reduced to a similar extent in 
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both hif-1α-/- and hif-2α-/- when compared to WT embryos (Figure 29A).  To further 

test this hypothesis, I knocked-down hif-2α signaling in hif-1α-/- and analyzed runx1 

and cmyb expression levels.  hif-1α mutants injected with hif-2aa;hif-2ab MOs 

show a greater decrease in runx1 and cmyb compared to control hif-1α-/- and hif-

2α-/- (Figure 29A).  This result suggests that hif-1α and hif-2α might have 

redundant activities in EHT.  To further validate this result, I exposed hif-1α-/- to 

hypoxia and assessed runx1/cmyb expression by WISH.  runx1 and cmyb 

expression in control hif-1α-/- in normoxia were low (Figure 29B) as already 

described before (Figure 24D), but after hypoxia chamber incubation (3% O2 for 8 

hours from 28 hpf) runx1/cmyb expression was partially reestablished in control 

hif-1α-/- (Figure 29C).  This result suggests that hypoxia induction can rescue, at 

least in part, the EHT phenotype in hif-1α mutants, most likely signaling through 

hif-2α.  To investigate whether this was the case, I treated hif-1α-/- embryos 

injected with hif-2aa;hif-2ab MOs in normoxic and hypoxic conditions.  In 

normoxia, these embryos showed further decrease of runx1/cmyb expression 

compared to control hif-1α-/- (Figure 29D).  Interestingly, when these embryos 

were exposed to hypoxia, I did not observe an increase, even partial, in 

runx1/cmyb expression (Figure 29E), thus indicating that hif-2α is responsible for 

the rescue in runx1/cmyb expression observed in hif-1α-/- (Figure 29C) after 

hypoxia chamber treatment.  Altogether, these data suggest that hif-1α and hif-2α 

have redundant roles in EHT, downstream to hypoxia. 
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Figure 29.  hif-1! and hif-2! play redundant roles in EHT. 
A) qPCR analysis of runx1 and cmyb transcripts in 36 hpf WT, hif-1!-/-, hif-2!-/- and hif-1!-/- injected 
with hif-2! MOs embryos.  Values represent mean (SD), (*P < 0.05; **P < 0.01; ns: no significant 
changes observed; t-test).  B-C) Brightfield images of WISH for runx1/cmyb expression in 36 hpf 
control hif-1!-/- embryos in normoxia and after hypoxia chamber treatment for 8 hours starting at 28 
hpf.  D-E) Brightfield images of WISH for runx1/cmyb expression in 36 hpf hif-1!-/- embryos injected 
with hif-2! MOs in normoxia and after hypoxia chamber treatment for 8 hours starting at 28 hpf.  n 
= 30 embryos from 3 different clutches.  Scale bar, 100 µm.   
 

4.2.5. notch1a and notch1b mutants show EHT defects that are not 
rescued by hypoxia treatment 

One important EHT regulator is the Notch signaling pathway.  Specifically, it has 

been described that Notch1a and Notch1b regulate runx1 via gata2b activation 

(Kumano et al. 2003; Butko et al. 2015; Robert-Moreno et al. 2005; Gao et al. 

2013).  I first analyzed if notch1a, notch1b, and gata2b transcripts can be 

influenced by hypoxia incubation.  Therefore, I treated WT embryos in normoxia 
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and in hypoxia chamber as mentioned before (Figure 28A) and assessed 

transcript levels by qPCR.  WT embryos after hypoxia chamber showed a 

significant increase of notch1a, notch1b and gata2b expression (Figure 30A).  

Moreover, I tested if the opposite would happen when Hif pathway is impaired.  

Therefore, I checked notch1a, notch1b and gata2b expression levels in hif-1!-/- 

and hif-2!-/-.  In both mutants, I observed a significant reduction of all the three 

transcripts compared to WT animals (Figure 30B).  These results gave me the 

first hint, that Notch signaling might act downstream of Hif pathway in EHT.   

 
Figure 30.  notch1a, notch1b and gata2b are induced upon hypoxia treatment and repressed 
in hif-1!-/- and hif-2!-/-.   
A) qPCR analysis of notch1a, notch1b, and gata2b transcripts in 36 hpf WT embryos in normoxia 
and after hypoxia chamber treatment for 8 hours starting at 28 hpf.  B) qPCR analysis of notch1a, 
notch1b and gata2b transcripts in 36 hpf WT, hif-1!-/- and hif-2!-/- embryos.  Values represent 
mean (SD), n%=%3 biological replicates, (*P < 0.05; ns: no significant changes observed; t-test).   
 
Next, I took advantage of notch1a mutants generated in our lab and notch1b

mutants ordered from the European Zebrafish Resource Center.  notch1a mutants 

were generated targeting a region in exon 11, which encodes for a EGF-like 

repeat in the extracellular portion of Notch receptor (Figure 31A).  I recovered a 

frame-shift mutant allele, notch1abns135, which show premature stop codons after 

19 amino acid-long missense segment (Figure 31B,C).  notch1b mutant allele 

contains a transversion from T to A (Figure 31D), which leads to a premature stop 

codon in the extracellular part of the protein (Figure 31E).   

 



Results 
!

! 90 

 
Figure 31. notch1a mutant generation and notch1b mutation. 
A) A TALEN guide was designed to target the extracellular part (exon 11) of notch1a.  The spacer 
sequence is highlighted in grey surrounded by the left and right TAL repeats.  B) The panel shows 
the sequence alignment of the WT and notch1abns135 alleles.  The notch1abns135 allele contains an 
indel mutation ($16) leading to a premature stop codon after 19 missense amino acid.  C) 
Schematic representation of WT and mutant (bns135 allele) Notch1a.  D) The panel shows the 
sequence alignment of the WT and notch1bsa11236.  notch1bsa11236 contains a T to A transversion 
leading to a premature stop codon.  E) Schematic representation of WT and mutant (sa11236 
allele) Notch1b.  SP, signal peptide; EGF-like repeats, epidermal growth factor-like repeats; RAM, 
RBPj& association module; Ank repeats, ankyrin repeats; TAD, transactivation domain; Pest, 
proline/glutamic acid/serine/threonine-rich motifs. 
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I first tested if these mutants recapitulate the published data showing a decrease 

in runx/cmyb and gata2b expression in notch1a and notch1b morphants (Butko et 

al. 2015).  Consistently, I observed a reduction of runx1/cmyb and gata2b 

expression in notch1a-/- (Figure 32A-D), and notch1b-/- (Figure 32E-H).  

Therefore, I reasoned that these mutants are reliable tools to further understand 

the molecular hierarchy between Hif pathway and Notch signaling.   

 
Figure 32.  notch1a and notch1b mutants show decreased runx1/cmyb and gata2b 
expression. 
A-B) Brightfield images of WISH for runx1/cmyb and gata2b expression in 36 hpf WT sibling 
embryos.  C-D) Brightfield images of WISH for runx1/cmyb and gata2b expression in 36 hpf 
notch1a mutant embryos.  E-F) Brightfield images of WISH for runx1/cmyb and gata2b expression 
in 36 hpf WT sibling embryos.  G-H) Brightfield images of WISH for runx1/cmyb and gata2b 
expression in 36 hpf notch1b mutant embryos.   n = 20 embryos from 3 different clutches.  Scale 
bar, 100 µm.   
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Next, I assessed runx1/cmyb levels after incubation of notch1a-/- and notch1b-/- 

embryos in normoxia and hypoxia. I did not detect any increase of runx1/cmyb 

expression in notch1a-/- (Figure 33C-D), or notch1b-/- after hypoxia chamber 

(Figure 33G-H), as detected in their respective WT siblings (Figure 33A,B and 
33E,F).  These data show that hypoxia treatment cannot rescue notch1a and 

notch1b EHT phenotype.  Altogether, these observations suggest that Notch 

signaling might act downstream of Hif pathway in EHT. 

 
Figure 33.  notch1a and notch1b mutant phenotypes are not rescued by hypoxia induction. 
A-B) Brightfield images of WISH for runx1/cmyb expression in 36 hpf WT sibling embryos in 
normoxia and after hypoxia chamber treatment for 8 hours starting at 28 hpf.  C-D) Brightfield 
images of WISH for runx1/cmyb expression in 36 hpf notch1a-/- embryos in normoxia and after 
hypoxia chamber treatment for 8 hours starting at 28 hpf.  E-F) Brightfield images of WISH for 
runx1/cmyb expression in 36 hpf WT sibling embryos in normoxia and after hypoxia chamber 
treatment for 8 hours starting at 28 hpf.  G-H) Brightfield images of WISH for runx1/cmyb 
expression in 36 hpf notch1b-/- embryos in normoxia and after hypoxia chamber treatment for 8 
hours starting at 28 hpf.  n = 20 embryos from 3 different clutches.  Scale bars, 100 µm.   
 

4.2.6. NICD overexpression in ECs rescues hif-1! and hif-2! 
phenotypes 

To further evaluate the hierarchy between Hif and Notch signaling, I took 

advantage of a line available in the lab that allow me to temporally regulate NICD 
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activation based on Gal4/UAS system.   Firstly, using Tg(-1.5hsp70l:GAL4) 
kca4;(5xUAS-E1b:6xMYC-notch1a)kca3, hereafter hsp70:gal4;UAS:NICD, I could 

induce NICD overexpression after subjecting the embryos to heat shock at 37°C at 

14 hpf for 50 minutes (Burns et al. 2005).  I performed a WISH for runx1/cmyb on 

WT embryos and in parallel on hsp70:gal4;UAS:NICD animals in different 

conditions.  runx1/cmyb expression in WT and hsp70:gal4;UAS:NICD kept at 28°C 

was similar (Figure 34A,B), but after heat shock at 37°C, in hsp70:gal4;UAS:NICD 

embryos I observed an evident increase in runx1/cmyb expression in the AGM 

region compared to WT embryos (Figure 34C,D).  Next, I performed the same 

experiment in WT and hsp70:gal4;UAS:NICD embryos injected with either hif-

1aa;hif-1ab or hif-2aa;hif-2ab MOs.  In hif-1α and hif-2α morphants in a WT 

background, I could observe a decrease in runx1/cmyb expression, independently 

of the heat shock treatment (Figure 34E,G).  On the contrary, in hif-1α and hif-2α 

morphants in a hsp70:gal4;UAS:NICD background, after heat shock I could 

observe a strong induction of runx1/cmyb expression (Figure 34F,H), completely 

rescuing the hif-1α and hif-2α morphants phenotypes.  To understand if this 

phenotype is specific to ECs, I performed the experiment using 

Tg(fli1a:Gal4FF)ubs4;(5xUAS-E1b:6xMYC-notch1a)kca3, hereafter 

fli:gal4;UAS:NICD, where NICD is overexpressed only in ECs.  I performed again 

runx1/cmyb WISH on WT and fli:gal4;UAS:NICD, and observed that in 

fli:gal4;UAS:NICD there is a strong induction of runx1/cmyb expression compared 

to WT embryos (Figure 34I,J), suggesting that Notch activation in ECs is sufficient 

to promote EHT.  When I injected hif-1aa;hif-1ab and hif-2aa;hif-2ab MOs in WT, I 

could observe a reduction in runx1/cmyb expression similar to the reduction 

observed in the mutants (Figure 34K,M).  In contrast, when hif-1aa;hif-1ab and 

hif-2aa;hif-2ab MOs were injected into fli:gal4;UAS:NICD line, I observed a strong 

induction of runx1/cmyb expression that could rescue the hif-1α and hif-2α 

morphant phenotypes (Figure 34L,N).  Altogether, these data using 

overexpression and knockdown approaches suggest that Notch signaling acts 

downstream of hypoxia and Hif pathway in EHT.  



Results 
!

! 94 

Figure 34. NICD overexpression in ECs rescues hif-1! and hif-2! morphants phenotypes. 
A-B) Brightfield images of WISH for runx1/cmyb expression in 36 hpf control WT and 
Tg(hsp70:gal4;UAS:NICD) embryos not subjected to heat shock.  C-D) Brightfield images of WISH 
for runx1/cmyb expression in 36 hpf control WT and Tg(hsp70:gal4;UAS:NICD) embryos after heat 
shock at 37°C for 50 minutes at 14 hpf.  E-F) Brightfield images of WISH for runx1/cmyb 
expression in 36 hpf WT and Tg(hsp70:gal4;UAS:NICD) embryos injected with hif-1! MOs after 
heat shock at 37°C for 50 minutes at 14 hpf.  G-H) Brightfield images of WISH for runx1/cmyb 
expression in 36 hpf WT and Tg(hsp70:gal4;UAS:NICD) embryos injected with hif-2! MOs after 
heat shock at 37°C for 50 minutes at 14 hpf.  I-J) Brightfield images of WISH for runx1/cmyb 
expression in 36 hpf control WT and Tg(fli:gal4;UAS:NICD) embryos.  K-L) Brightfield images of 
WISH for runx1/cmyb expression in 36 hpf WT and Tg(fli:gal4;UAS:NICD) embryos injected with 
hif-1! MOs.  M-N) Brightfield images of WISH for runx1/cmyb expression in 36 hpf WT and 
Tg(fli:gal4;UAS:NICD) embryos injected with hif-2! MOs.  n = 20 embryos from 3 different clutches.   
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4.2.7. Proposed model 
In this second work, I propose that Hif pathway acts upstream of Notch signaling in 

EHT (Figure 35). 

1) I confirm previous studies that showed a positive role for hif-1! in EHT.  

Moreover, I suggest a novel role for hif-2!, which positively regulates EHT.   

2) Hypoxia chamber treatment can induce EHT strongly in WT embryos and partly 

in hif-1! mutants.  Hypoxia-induced EHT is completely abrogated when both hif-1! 

and hif-2! signaling are impaired, thus suggesting that hif-1! and hif-2! play 

redundant roles in EHT.  

3) notch1a and notch1b mutants show reduced EHT, that cannot be rescued by 

hypoxia treatment.  Moreover, notch1a and notch1b are transcriptionally up-

regulated upon hypoxia treatment and are down-regulated in hif-1! and hif-2! 

mutants. 

4) NICD overexpression globally and specifically in ECs leads to a strong EHT 

induction in WT and rescues hif-1! and hif-2! mutant phenotypes. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 35. Proposed model (see text).
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5 Discussion 
5.1 Role of hif-1α in macrophages and its impact on vascular 

development and repair in zebrafish embryos 
Hypoxic areas and abnormal induction of the HIF pathway characterize pathological 

conditions, such as inflammation, wounds, and tumors.  Macrophages have been 

shown to be able to respond to hypoxia and have been implicated in such 

pathological settings.  Interestingly, the first macrophages appear during 

embryogenesis, and differentiate into tissue macrophages in adulthood (Sorokin et 

al. 1992).  The role of early macrophages in vascular development is still unclear.  

In particular, whether Hif1-α influences macrophage behavior during embryogenesis 

has not been reported yet.  Here, I present experimental evidence for a role for hif-

1α in the interactions between macrophages and ECs, which affects three 

processes in zebrafish vascular development: macrophage mobilization from the 

AGM, developmental angiogenesis, and vessel repair (Figure 22).  (Certain lines 

have been quoted verbatim from Gerri et al., Nat. Commun. 2017; 19;8:15492). 

 
5.1.1 hif-1α regulates macrophage mobilization from AGM region 
Hif-1α has been previously associated to be a key molecular regulator of myeloid 

cell function, being extremely important in the cell-mediated inflammation process 

(Cramer et al. 2003).  During acute and chronic inflammation, damage of vessels 

can cause a rapid drop of the O2 level in neighboring tissues, promoting the release 

of cytokines such as TNFα, IL-6, and Leptin.  These cytokines play a pleiotropic role 

in the chemoattraction and function of myeloid cells, like neutrophils and 

macrophages (Lin and Simon 2016).  The role of Hif-1α in determining the behavior 

of myeloid cells has also been reported in an oncogenic setting.  In the tumor 

microenvironment, in fact, hypoxic conditions can alter the state of myeloid-derived 

suppressor cells (MDSC) promoting their transition to macrophages via Hif-1α 

(Corzo et al. 2010).  During development, the role of Hif-1α and the effect of 

hypoxia on macrophage function have not yet been described.   

 

Here, I show that the mobilization of macrophages from the AGM in early zebrafish 

embryos is a process that requires hif-1α function in both normoxia and hypoxia 
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conditions.  Macrophage mobilization is an active and fine regulated process, where 

myeloid cells contact ECs and they mobilize into the extracellular matrix (ECM), 

attracted by chemokines, towards their destination.  The role of Hif-1α on 

endothelial function has been previously described in mice, where specifically Hif-

1α is a master regulator of VEGF, a growth factor implicated in ECs growth, 

migration and differentiation (Hu et al. 2003).  Interestingly, it has been shown that 

Hif-1α expressed in vascular smooth muscle cells is a key regulator of macrophage 

chemoattractants, such as MIF (Fu et al. 2010).   

 

Importantly, these data suggest a cell-autonomous role of Hif-1α in macrophages, 

and cell transplantation experiment ruled out a possible implication of ECs in 

macrophage mobilization from AGM region.  The lack of Hif-1α may result in defects 

on microtubules and actin cytoskeleton, which are essential for macrophage 

migration and adhesion (Yoon, Shin, and Mercurio 2005).  Moreover, Zhou et al. 

showed that Cdc42, a protein involved in cell cycle, but fundamental for the 

formation of lamellipodia, and Rac1, a GtPase driving stress fibers formation, are 

transcriptional targets of the HIF-1α pathway in macrophages (Zhou, Dehne, and 

Brune 2009).  Additionally, myeloid cells are known secretor of matrix 

metalloproteases (MMP), which are very important to facilitate the ingression and 

the movements of macrophages in the ECM (Elkington, Green, and Friedland 

2009).  In cancerous cells, Hif-1α was described to be a major modulator of 

metastasis and tissue infiltration by targeting MMP-2 and MMP-9 (Choi et al. 2011).  

Hif-1α may act on these two cellular processes, promoting cytoskeleton 

rearrangement and secretion of proteases, in stimulating macrophage tissue 

invasion and migration from the AGM region.  (Certain lines have been quoted 

verbatim from Gerri et al., Nat. Commun. 2017; 19;8:15492). 

 
5.1.2 hif-1α role in a macrophage-dependent angiogenic process 
Macrophages can promote EC proliferation and migration, inducing angiogenesis 

upon the secretion of angiogenic factors.  VEGF-A and proteases, released by 

macrophages act respectively on endothelium and on the ECM state, which may 

become less stiff and allow filopodia of tip cells to move through the extracellular 
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space (Baer et al. 2013).  Interestingly, not only macrophages can promote ECs 

proliferation but are also responsible for modulating vessel growth, by negatively 

regulating expansion of the vasculature, through Wnt and Flt1 (Stefater et al. 

2013).  Recently, also a non-ligand mediated role of macrophages has been 

described.  These myeloid cells can physically contact sprouting ECs, supporting 

anastomosis between two vessels (Fantin et al. 2010).  Most of the observations 

regarding the role of macrophages in regulating the vasculature have been done 

on pathological processes, such as inflammation and tumor growth.   

 

Here, I report an indispensable role for macrophages in DLAV plexus 

morphogenesis during development.  Interestingly, the DLAV plexus has been 

described to form through an angiogenic process, which requires flow and Vegf-a 

stimulation (Zygmunt et al. 2012).  Specifically, macrophages migrate towards the 

dorsal part of the zebrafish embryo, where they associate with DLAV sprouts, but 

hif-1α mutants and macrophage-ablated embryos completely lack this process.  

HIF-1α has been shown to be able to induce VEGF-A expression in macrophages 

(Stockmann et al. 2008).  I speculate that during zebrafish development, 

macrophages lacking hif-1α release lower level of Vegf-a, thus resulting in an 

impaired DLAV plexus formation.   

A macrophage-assisted angiogenic process defines a novel concept of vascular 

growth in development.  It is striking how the ISVs form without defects in hif-1α 

mutants or macrophage-ablated embryos, suggesting that the trunk ISVs sprout in 

a macrophage- and Hif- independent manner.   

 

Moreover, DLAV angiogenesis leads to a transient plexus formed by three axial 

vessels at around 58 hpf, which rearrange into a single vessel by 120 hpf.  

According to these observations, this transition from a three- to one-vessel plexus 

occurs through vessel regression.  Interestingly, macrophages physically interact 

with vessels prior regression, and they might be involved in the pruning event.  In 

this light, in previous studies in mice, it has been reported that macrophages are 

involved in negative modulation of vascular branching (Lobov et al. 2005; Stefater 

et al. 2013).  Understanding the molecular cues that induce these two different 
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types of macrophage behavior would be extremely interesting.  Indeed, answering 

this question will improve our knowledge about how macrophages can both 

positively and negatively regulate angiogenesis.  These studies would have an 

impact on studies in cancer biology, where tumor-associated macrophages 

(TAMs) play a dual role in tumor growth (Mantovani and Locati 2013).  (Certain 

lines have been quoted verbatim from Gerri et al., Nat. Commun. 2017; 

19;8:15492). 

 
5.1.3 hif-1α role in macrophage-mediated vessel repair 
Liu et al. showed that macrophages facilitate the repair of brain vascular ruptures 

induced by laser-assisted cell ablation, by physically supporting the damaged 

vessels (Liu et al. 2016).  Interestingly, they sorted the macrophages associated 

with broken vessels involved in the vessel repair and by transcriptomic analysis 

they identified up-regulated genes belonging to several signaling pathways, 

including MAPK, TNF, PI3K-Akt and interestingly Hif1.  My data show indeed that 

Hif pathway is indispensable in the vessel repair induced by hypoxia, and this 

process is mediated by macrophages.  An important aspect often underestimated 

is the heterogeneity of the macrophage population.  After activation, macrophages 

can acquire different features.  The common view to subdivide active 

macrophages is mainly based on the presence of M1 markers, such as Tnfα, Ap-1 

and Stat1, which describe macrophages with pro-inflammatory and anti-

angiogenic potential. On the contrary, M2 macrophages, also known as 

alternatively activated macrophages, express Tlr, Il-1, and are mostly described as 

anti-inflammatory and pro-angiogenic.  This subdivision was done mainly relying 

on inflammation or tumor settings.  Interestingly, I could observe tnfa-positive 

macrophages driving vessel repair, thus suggesting that this classification often 

excludes a possible intermediate state of macrophages during development.  

Myeloid cells not only have the role of facing exogenous threats to protect the 

developing embryo, but are also involved in a plethora of developmental events.  

Macrophages are very plastic in order to adapt and respond to the highly dynamic 

developmental microenvironment (Jones and Ricardo 2013).   
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In tumor milieu, macrophages have been previously described to migrate towards 

cancer cells, where hypoxia is very elevated (Schioppa et al. 2003; Riboldi et al. 

2013; Levesque et al. 2007).  Intriguingly, during human development, several 

cases have been reported where hypoxia may induce severe hemorrhages 

following vessel ruptures in fetuses and newborns, especially when resuscitation 

measures are prolonged. These events may cause ischemia with permanent 

damage to the affected tissues (Baburamani et al. 2012).  The role of 

macrophages in this condition has yet to be explored, but understanding the 

involvement of myeloid cells in ischemic damages during development could help 

in studying novel strategies to limit the negative outcomes resulted from vessel 

ruptures in newborn patients. (Certain lines have been quoted verbatim from Gerri 

et al., Nat. Commun. 2017; 19;8:15492). 

 

5.2 Hypoxia regulates endothelial-to-hematopoietic transition via 
hif-1α and hif-2α upstream of Notch signaling 

The differentiation of multiple cell lineages from pluripotent stem cells has been 

possible in vitro by inducing the expression of specific transcription factors or by 

exposing pluripotent cells to morphogens that have been shown to be important 

during embryonic development.  Many groups have been trying to develop HSC-

like cells in vitro, but did not obtain successful long-term engraftments in mouse 

recipients (Riddell et al. ; Sandler et al. 2014; Doulatov et al. ; Pereira et al. ; 

Szabo et al. 2010; Batta et al. 2014).  A recent work showed progress in the 

robustness of HSC engraftment into mouse hosts, but there is still a margin of 

improvement (Sugimura et al. 2017).  To better understand all the players involved 

in hematopoiesis, their timing in expression, and how intrinsic and extrinsic factors 

are coordinated to function together, would have a considerable impact on the 

generation of cells ready to be used in therapy.  Here, I describe a novel role for 

hif-2α in HE formation and confirm previous reports on hif-1α using TALEN and 

CRISPR/Cas9-induced mutants.  Moreover, I suggest that Hif and Notch signaling 

are part of the same pathway in EHT (Figure 35). 
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5.2.1 Hypoxia: a potent inducer of EHT 
Pimonidazole, a hypoxyprobe, has been extensively used to detect hypoxic 

regions in murine models.  Pimonidazole hydrochloride is a 2-nitroimidazole that is 

reduced in hypoxic environments and form stable adducts with thiol groups in 

proteins and amino acids, and it can be easily detected with 

immunohistochemistry (Varia et al. 1998).  Through the use of this technique, it 

has been shown that hematopoietic tissues in midgestation mouse embryos are 

hypoxic.   In the AGM region, hypoxic aortic ECs and hypoxic cells in the 

hematopoietic clusters emerge from the DA.  Moreover, placenta and fetal liver, 

two other important hematopoietic organs, were shown to be hypoxic (Imanirad et 

al. 2014).  Pimonidazole, or other hypoxyprobes, do not work in the zebrafish 

embryo.  This limitation does not allow me to use the same technique to 

understand if the AGM region in zebrafish is hypoxic, but using another approach 

it is possible to detect how arterial ECs in the DA respond to the change of O2 

availability.  Chemicals, like CoCl2 and DMOG, which both stabilize Hif-α subunits 

mimicking in this way the effects of hypoxia, have been shown to strongly induce 

runx1 and cmyb expression in EHT.  These experiments suggest a role for 

hypoxia in this process, but do not exclude a possible hypoxia-independent role of 

Hif-α (Harris et al. 2013).  In this study, I took advantage of a hypoxia chamber in 

order to subject the zebrafish embryos to hypoxia, where the O2 was set to 3%.  

With this approach, I observed a strong up-regulation of runx1 and cmyb in the 

zebrafish embryos, thus confirming that hypoxia is a potent inducer of EHT in the 

zebrafish embryo. 

  

5.2.2 Redundant roles for hif-1α and hif-2α in EHT 
Hif pathway has been suggested to be involved in EHT.  Previous works in 

zebrafish and mouse showed that Hif-1α positively regulate HSC formation (Harris 

et al. 2013; Imanirad et al. 2014).  In this study, I generated zebrafish hif-1α and 

hif-2α mutants.  Published reports showed a substantial reduction of runx1 and 

cmyb expression in hif-1α morphants (Harris et al. 2013).  Here, I used hif-1α 

mutants to convincingly confirm this observation.  Whether Hif2-α may regulate the 

generation of HSCs has never been described.  Therefore, I report a novel role for 
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hif-2α in EHT, where hif-2α mutants show a similar reduction in runx1 and cmyb 

expression as hif-1α-/-.  Moreover, when I knockdown hif-2α function in hif-1α-/-, I 

observed an even greater reduction in runx1 and cmyb expression.  In addition, 

hypoxia induction partly rescues hif-1α-/- phenotype, and this effect is completely 

abrogated when also hif-2α function is impaired in hif-1α mutants.  These data 

suggest that hif-1α and hif-2α play redundant roles in EHT.  Hif-1α and Hif-2α are 

known to share common target genes, like Vegf-A and glucose transporter 1 

(Glut1), but also have their unique features.  HIF-1α preferentially regulates genes 

involved in the glycolytic pathway, like lactate dehydrogenase A (Ldha) and 

phosphofructokinase (Pfk), and HIF-2α induces genes involved in invasion, like 

matrix metalloproteinases (Mmp), and stem cell factors, like Oct-3/4.  In addition, 

HIF-2α has been shown to be able to regulate glycolytic enzyme expression under 

certain circumstances (Keith, Johnson, and Simon 2011; Koh and Powis 2012).  

Interestingly, regarding EHT a previous report has shown that hif-1α regulates 

glucose metabolism in HSCs, having an impact on EHT induction (Harris et al. 

2013).  Based on all these evidence, I speculate that hif-2α may play a similar role 

in HSC induction in vivo. 

 

5.2.3 Hif pathway acts upstream of Notch signaling in EHT 
HIF complex is mainly involved in the transcriptional activation of hypoxia-

responsive genes, but recent studies have suggested that the HIF transcriptional 

complex may interact with other signaling pathways, Notch amongst them.  

Studies carried in vitro have shown that HIF-1α can bind to NICD, and this 

interaction seems to increase NICD stability and transcriptional activation of Notch 

target genes, such as Hes1 and Hey2 (Gustafsson et al. 2005).  These studies 

suggest that Notch signaling might be positively regulated during development by 

hypoxia.  Another possible link between these two pathways involved FIH and 

Notch receptor.  FIH targets and hydroxylates HIF-1α at an asparagine in the C-

terminal transactivation domain (Hewitson et al. 2002).  Affinity studies have 

shown that FIH has a greater binding affinity for Notch than for HIF-1α, suggesting 

that Notch might reduce the hydroxylation of FIH on HIF-1α (Zheng et al. 2008) 

(Coleman et al. 2007).  Moreover, some genes, such as Hey1, Hey2, and Dll4, 
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contain both CSL- and HRE-binding sites at their regulatory elements, suggesting 

that HIF and Notch signaling might have an additive role in their transcription 

(Dunwoodie 2009; Poellinger and Lendahl 2008).   

 

Mukherjee et al. have suggested that Notch and HIF pathway interact in vivo.  

They reported that in crystal cells, a blood cell type in Drosophila, sima, the 

ortholog gene of Hif-1α, is highly expressed.  In fly, Sima activates Notch receptor 

both in normoxic and hypoxic cells, independently of Tango, ortholog of HIF-1β.  

These interactions do not lead to activation of hypoxia response targets, but seem 

to be essential to promote crystal cell survival (Mukherjee et al. 2011).  In my 

study, I describe that Hif pathway and Notch signaling are part of the same 

regulatory axis in HSC formation.  Hypoxia induction, as mentioned previously, 

can strongly induce EHT but this induction is completely abrogated when Notch 

signaling is impaired, suggesting that indeed hypoxia is acting through notch1a 

and notch1b.  Moreover, NICD overexpression can rescue the phenotype 

observed in hif-1α and hif-2α morphants, indicating that NICD can function without 

Hif factors being active.  Altogether, these data suggest that Notch acts 

downstream of Hif pathway in EHT.  The molecular link between Hif and Notch 

remains unclear.  Interestingly, after hypoxia, I see an induction of notch1a and 

notch1b expression levels, which are down-regulated in hif-1α and hif-2α mutants.  

A study performed in T-cell acute lymphoblastic leukemia (T-ALL)-derived cells 

show that hypoxia through Hif-1α increases Notch1 expression, and in turn 

activates Notch signaling, thus suggesting a direct link between Hif pathway and 

Notch signaling (Zou et al. 2013).
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Conclusion 
In conclusion, I described the role of hypoxia and Hif pathway in zebrafish vascular 

development. 

 

AIM1. Hypoxia in vessel stability and hematopoiesis in zebrafish 
embryos 
I observed a pleiotropic effect of hypoxia on several cellular processes, such as 

vessel stability and definitive hematopoiesis.  Specifically, low O2 tension can have 

a dramatic effect on blood vessels, causing severe ruptures.  In addition, hypoxic 

conditions are sufficient to boost the EHT, a fundamental process for the 

generation of HSCs.  Importantly, by using genome-editing techniques to target 

specific candidate genes, I improved our understanding in the molecular players 

and tissues involved in the onset of the phenotypes observed in hypoxic conditions 

(addressed in the next two aims). 

 

AIM2. Role of Hif-1α in vascular development and repair  
In hif-1α mutants, I could observe blood vessel ruptures induced by hypoxia, and I 

showed how Hif-1α is required in macrophages to mediate the vessel repair of 

such damages.  Moreover, in normoxic conditions, I described a macrophage-

assisted angiogenic event that was severely affected by deletion of hif-1α.  In 

addition, hif-1α mutants show defective macrophage mobilization from the AGM 

region.  These data were strongly supported by macrophage-specific ablation 

experiments that recapitulate the phenotypes observed in the hif-1α mutants, and 

by high-resolution time-lapse imaging that allowed me to document and analyze 

these phenomena in WT and mutant conditions. 

 

AIM3. Roles of Hif-1α and Hif-2α in endothelial-to-hematopoietic 
transition 
I demonstrated that hypoxia can strongly induce EHT.  hif-1α and hif-2α mutants 

showed defective EHT also in normoxic conditions.  Indeed, hif-1α and hif-2α 

mutants displayed a significant reduction in runx1 and cmyb, well-known markers 
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for HSC formation.  Importantly, the lack of both hif-1α and hif-2α caused an even 

greater down-regulation of runx1 and cmyb expression, suggesting that hif-1α and 

hif-2α play redundant roles in EHT.  In addition, we found notch1a and notch1b to 

be downstream effectors of Hif pathway, being regulated by hif-1α and hif-2α.  

Notably, endothelial-specific overexpression of NICD was sufficient to rescue the 

phenotypes observed when hif-1α and hif-2α signaling were impaired. 

 

These studies performed in vivo, provide new insights into the interactions 

between myeloid cells and ECs in both normoxic and hypoxic conditions, possibly 

improving our understanding of pathological conditions where hypoxia is involved, 

such as ischemic damages and cancer where macrophages are highly active.  

Moreover, this evidence will help in the optimization of protocols for in vitro 

generation of therapeutic HSCs. 
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I. Zusammenfassung  
 
Rolle von Hypoxie und der Hif-Signalweg in der 
Gefäßentwicklung von Zebrafischen 
 
Einleitung 
Das kardiovaskuläre System (KVS) besteht aus dem Herzen und den Blutgefäßen 

und bildet ein geschlossen zirkulierendes System. Nahezu alle Gewebe sind auf 

Nährstoffe und molekularen Sauerstoff (O2) angewiesen und beides wird durch 

das Blut geliefert, daher ist es nicht überraschend, dass das KVS das erste 

arbeitende System und das Herz das erste funktionelle Organ im sich 

entwickelnden Embryo sind (Baldwin 1996).  

 

Die Bausteine der Blutgefäße sind Endothelzellen (EZs), welche das Endothelium 

bilden, ein spezialisiertes Epithelium, welches die luminale Oberfläche der Gefäße 

definiert (Pugsley and Tabrizchi 2000).  Der Prozess der Blutgefäßentwicklung 

beinhaltet verschiedene Schritte. Während des ersten Schritts, der 

Vaskulogenese, entstehen neue Gefäße, um die primäre vaskuläre Schlinge zu 

bilden. Während der Vaskulogenese, migrieren und verschmelzen die 

Gefäßvorläufer, die Angioblasten, um das axiale Gefäß zu bilden. Darauffolgend 

durchlaufen die Hauptgefäße einen spezifischen Schritt, bei welchem sie entweder 

eine arterielle oder venöse Identität erlangen. Wenn der Embryo an Größe 

zunimmt, muss die Hauptgefäßschlinge an Komplexität gewinnen. Um alle 

verschiedenen Teile der Organe zu erreichen, werden bei der sogenannten 

Angiogenese neue Blutgefäße aus bereits existierenden geformt (Gore et al. 

2012).  

 

Reife Blutzellen weisen eine geringe Lebensspanne auf. Daher werden 

hämatopoetische Stammzellen (HSZs) während der gesamten Lebenszeit eines 

Organismus benötigt, um durch die Hämatopoese einen konstanten Nachschub 

an neuen Blutzellen zu garantieren. Interessanterweise wurde in verschiedenen 
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Fällen gezeigt, dass EZ- und Immunzellentwicklung eng miteinander verknüpft 

sind, beispielsweise während der  Entwicklungshämatopoese. Während der 

Embryogenese findet die definitive Hämatopoese im hämatogenen Endothelium 

(HE) statt, einer spezialisierten Unterform von EZs in der ventralen Wand der 

dorsalen Aorta (DA). HE besitzt hämatopoetisches Potential und bildet HSZs, 

durch einen Prozess der als Endothel-zu-Hämatopoese-Übergang (EHÜ) 

bezeichnet wird. Während dem EHÜ werden diese spezialisierten EZs von der DA 

ausgestoßen und anschließend in der sogenannte Aorta-Keimdrüsen-Urnieren-

Region (AKU) kolonisiert, womit sie die nativen HSZs formen (Paik and Zon 2010).  

 

Da die Gefäßentwicklung verschiedene Schritte benötigt, sind viele molekulare 

Signalwege involviert. Es wurde demonstriert, dass der Notch-Signalweg einer der 

Hauptakteure in der Gefäßentwicklung ist. Unter anderem ist der Notch-Signalweg 

wichtig während dem EHÜ. Im Mausmodell wurde gezeigt dass Runx1, einer der 

Hauptregulatoren der HSZ-Bildung, durch NOTCH1 über die Aktivierung von 

GATA2 transkriptionell reguliert wird. Diese Beobachtung wurde später durch 

knockdown-Studien für notch1a und notch1b im Zebrafisch bestätigt (Butko, 

Pouget, and Traver 2016). Ein weiterer essentieller Signalweg für die 

Gefäßentwicklung ist der HIF-Signalweg. Hif-1β-, Hif-1α- und Hif-2α-

Mausmutanten weisen schwerwiegende vaskuläre Defekte auf, welche in einer 

frühen Embryonensterblichkeit resultieren (Simon and Keith 2008), was eine 

tiefere Analyse der in den Mutantenembryos auftretenden Phänotypen behindert. 

Zusätzlich führte die Deletion von Hif-1a spezifisch in Myeloidzellen zu 

Unregelmäßigkeiten in der Motilität, sowie der Fähigkeit zur Invasion und 

Adhäsion von Makrophagen (Cramer et al. 2003). Faszinierenderweise führt die 

Deletion von Hif-1a in vaskulären, cadherinproduzierenden Endothelzellen zu 

einer signifikanten, aber partiellen Reduktion der HSZ-Anzahl, was zu der 

Vermutung führt, dass weitere Akteure in diesen Signalweg involviert sein könnten 

(Imanirad et al. 2014).  

 

Es wurde gezeigt, dass Zebrafischembryonen in sehr frühen Entwicklungsstadien 

tolerant gegenüber Hypoxie sind (Padilla and Roth 2001). Außerdem entwickeln 
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sich Zebrafischembryonen extern, was es ermöglicht, dass die Umgebung, in 

welchem sie heranwachsen, manipuliert werden kann. (Lieschke and Currie 

2007). Diese Eigenschaften machen den Zebrafisch zu einem idealen Modell, um 

zu studieren, wie Hypoxie und Hif-Transkriptionsfaktoren die Gefäßentwicklung 

von Wirbeltieren beeinflussen. In dieser Studie werde ich den Einfluss von 

Hypoxie auf die Gefäßentwicklung von Zebrafischen prüfen. Spezifisch werde ich 

die Rolle von hif-1α in der Interaktion von Makrophagen mit EZs während der 

Entwicklung und Reparatur von Gefäßen analysieren. Weiterhin zeige ich die 

redundanten Funktionen für hif-1α und hif-2α in der HSZ-Entwicklung 

stromaufwärts des Notch-Signalweges.  

 

Ergebnisse und Diskussion 
1.1 Rolle von hif-1α in Makrophagen und sein Einfluss auf die 

Gefäßentwicklung und –reparatur in Zebrafischembryonen 

Um zu verstehen, welche Rolle hif-1α in der Gefäßentwicklung spielt, habe ich hif-

1aa und hif-1ab-Mutanten jeweils mithilfe der CRISPR/Cas9- und der TALEN-

Technologien generiert. Die Einzelmutanten haben keine größeren 

morphologischen Defekte oder vaskulären Unregelmäßigkeiten gezeigt (Abbildung 

7). Da eine Redundanz oder Kompensierung vermutet wurde, haben wir hif-

1aa;hif-1ab (hif-1α-/-)-Mutanten generiert. 54 Stunden nach der Befruchtung 

wiesen die hif-1α-/--Mutanten eine komplette Abwesenheit von DLAV-Plexus-

Formierungen auf. Weiterhin habe ich die Embryonen mit einer Hypoxie-

Behandlung herausgefordert, entweder mithilfe einer Hypoxiekammer mit 5% O2 

oder mit DMOG, einem Pan-Hydroxylase-Inhibitor. Nach der Hypoxiebehandlung 

zeigten hif-1α-/--Mutanten Blutgefäßrupturen, welche sowohl ISVs als auch DLAVs 

beeinflussten (Abbildung 10). Zusätzlich wiesen die hif-1α-/--Mutanten eine 

verringerte Makrophagenmobilität in der AKU-Region auf (Abbildung 13 und 14). 

 

Um herauszufinden, ob Makrophagen eine Rolle in den Gefäßdefekten spielen, 

welche in hif-1α-/--Mutanten gesehen wurden, habe ich spezifisch Makrophagen 

aus den Zebrafischembryonen entfernt mithilfe des bakteriellen Enzyms 
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Nitroreduktase (NTR). NTR induziert Apoptose nach Administration seines 

Substrates, Metronidazol, Mtz. Nach der Entfernung der Makrophagen durch die 

Tg(mpeg:NTR-mCherry)-Linie zeigten die Embryonen eine starke Inhibition der 

DLAV-Plexus-Formierung und der Blutgefäßrupturen nach der Behandlung mit 

Hypoxie oder DMOG, was einen Phänotypen hervorruft, welcher ebenso in hif-1α-/-

-Mutanten beobachtet wurde (Abbildung 16). 

Der nächste Schritt wurde vollzogen, um zu verstehen ob hif-1α eine zellautonome 

Rolle in diesen zwei vaskulären Phänotypen in EZs spielt, dazu habe ich mehrere 

EZ-Transplantationsexperimente durchgeführt. Zuerst habe ich genetisch 

chimärische DLAVs durch Zelltransplantation während der Mittblastulaphase 

generiert. Als die EZs der Mutanten in  einen Wildtyphintergrund transplantiert 

wurden, waren die Anzahl von Wildtyp- und hif-1α-/--DLAV-Keimen vergleichbar. 

Als jedoch die Wildtyp-EZs in einen Mutantenhintergrund transplantiert wurden, 

konnte ich keine DLAV-Keime sehen (Abbildung 17).  Weiterhin wurden genetisch 

chimärische ISVs und DLAVs generiert und ich habe die Anzahl an Gefäßrupturen 

nach der Inkubation in einer Hypoxiekammer ermittelt.  Als die EZs der Mutanten 

in einen Wildtyphintergrund transplantiert wurden, konnte ich keine 

Blutgefäßrupturen feststellen. Auf der anderen Seite führte die Transplantation von 

Wildtyp-EZs in einen hif-1α-/--Hintergrund zu Blutgefäßrupturen, welche Wildtyp- 

und Mutantenfische gleichermaßen beeinflusst haben (Abbildung 17). Die Daten 

der Transplantation, zusammen mit denen der Ablation, weisen stark darauf hin, 

dass hif-1α keine zellautonome Rolle in EZs spielt, aber höchstwahrscheinlich in 

Makrophagen benötigt wird.  

 

Als nächstes habe ich die zwei beobachteten Phänotypen genau charakterisiert. 

Zunächst wurde die DLAV-Plexus-Morphogenese mit Zeitrafferfilmen in 

Wildtypembryonen analysiert, beginnend bei 30 Stunden nach der Befruchtung. 

Ich habe beobachtet, dass die DLAV-Plexus-Formierung sowohl mit 

Pseudopodien als auch mit stupfendigen Trieben beginnt, welche sich in Richtung 

der Makrophagen bewegen, die zwischen den beiden DLAVs lokalisiert sind. Auf 

der anderen Seite zeigen hif-1α-/--Embryonen eine starke Reduzierung der DLAV-

Triebe und einen Mangel and Makrophagen bei den DLAVs (Abbildung 18). 
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Zusätzlich habe ich die Blutgefäßrupturen, welche durch Hypoxie induziert wurden 

über Zeitrafferanalyse analysiert. In Wildtypgeschwisterembryonen induzierten die 

Bedingungen einer Hypoxie Blutgefäßrupturen, aber Makrophagen interagieren 

eng mit den beschädigten Gefäßen sobald diese wachsen, um sich mit dem 

Hauptgefäß wieder zu verbinden. Konträr dazu habe ich in hif-1α-/- -Embryonen 

keine Makrophagen gesehen, welche verletzte Gefäße unterstützen, woraufhin die 

Ruptur nicht repariert wurde (Abbildung 19). Um die in diesem Prozess 

involvierten Makrophagen im molekularen Sinne besser zu charakterisieren,  habe 

ich die Vorteile der Tg(tnfa:EGFPF)-Linie genutzt und sie durch Zeitrafferabbildung 

nach DMOG-Behandlung analysiert. Dieses Experiment zeigte, dass die meisten 

Makrophagen, welche mit den instabilen oder beschädigten Gefäßen interagieren, 

tnfa:EGFPF+ sind (Abbildung 21). 

 

In dieser Arbeit schlagen wir ein Modell vor, in welchem hif-1α die Makrophagen-

Endothel-Interaktionen während der Gefäßentwicklung und –reparatur moduliert 

hat (Abbildung 22). 

 

1.2 Hypoxie reguliert den Endothel-zu-Hämatopoese-Übergang 
durch hif-1α und hif-2α stromaufwärts des Notch-Signalweges 

Zusätzlich zu hif-1α-/- habe ich ein hif-2α-Funktionsverlustmodell generiert. Ich 

habe Rastermutationen in den hif-2aa- und hif-2ab-Loci eingeführt, jeweils mit den 

Technologien CRISPR/Cas9 und TALEN (Abbildung 23). Das Ziel dieses zweiten 

Projektes ist es, die Rolle von Hypoxie und dem Hif-Signalweg in der definitiven 

Hämatopoese und dem EHÜ besser zu verstehen.  

 

Zuerst habe ich die Expression von wichtigen HSZ-Markern wie runx1 und cmyb in 

hif-1α-/--Mutanten mit WISH analysiert, was die vorherigen Beobachtungen 

bestätigte und eine partielle Rolle für hif-1α in der Induktion während dem EHÜ 

aufzeigte (Abbildung 24). 

Um eine mögliche Redundanz zwischen hif-1α und hif-2α zu untersuchen, habe 

ich WISH durchgeführt um die Expression von runx1 und cmyb in den hif-2aa;hif-
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2ab (hif-2α-/-)-Mutanten zu analysieren. Auffällig war, dass eine signifikante 

Reduktion dieser HSZ-Marker auch in hif-2α-/--Mutanten beobachtet wurde 

(Abbildung 24). Noch wichtiger war die Tatsache, dass ich, als ich den knockdown 

für hif-2α in den hif-1α-/--Mutanten durchgeführt habe,  eine noch größere 

Reduktion der Expression von runx1 und cmyb mit WISH- und qPCR-Analysen 

detektieren konnte (Abbildung 29). Als nächstes habe ich festgestellt, dass die 

Inkubation in einer Hypoxiekammer die Expression von runx1 und cmyb in 

Wildtypembryonen auf potente Weise induziert (Abbildung 28), allerdings wurde 

dieser Effekt komplett aufgehoben, sobald die Funktion von Hif-1α und Hif-2α 

vermindert war (Abbildung 29). Diese Experimente weisen deutlich darauf hin, 

dass Hypoxie die Bildung von HSZs mithilfe von hif-1α und hif-2α induzieren kann, 

welche beide eine redundante Rolle in dem EHÜ spielen.  

 

Durch Transkriptomanalysen habe ich beobachtet, dass die Expressionslevel von 

notch1a, notch1b und gata2b durch Hypoxiebedingungen stark erhöht wurden, 

allerdings waren diese signifikant reduziert in hif-1α-/-- und hif-2α-/--Mutanten 

(Abbildung 30).  

Um die genetische Interaktion zwischen dem Hif-Signalweg und dem Notch-

Signalweg besser zu definieren, habe ich notch1a-Mutanten mit der TALEN-

Technologie generiert und notch1b-Mutanten genutzt, welche von dem European 

Zebrafish Resource Center bestellt wurden (Abbildung 31). Die notch1a- und 

notch1b-Mutanten bestätigten die publizierten Daten, welche MOs genutzt haben 

und eine starke Reduktion von der runx1/cmyb- und der gata2b-Expression 

zeigten (Abbildung 32). Als nächstes habe ich die Expressionslevel von 

runx1/cmyb in notch1a-/- und notch1b-/--Embryonen unter Normoxie- und Hypoxie-

Bedingungen geprüft. Ich habe keinen Anstieg einer HSZ-Markerexpression in 

notch1a-/- oder notch1b-/- nach der Inkubation in der Hypoxiekammer gefunden, 

was zeigt, dass ein solche Behandlung nicht in der Lage ist, den notch1a-/- und 

notch1b-/--Phänotypen zu retten (Abbildung 33). Diese Beobachtungen weisen 

darauf hin, dass der Notch-Signalweg stromabwärts des Hif-Signalweges während 

dem EHÜ agieren könnte. Um diese Hypothese weiter zu belegen, habe ich die 

Anwendung von MO sowohl für hif-1α als auch für hif-2α kombiniert mit einer 
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Linie, welche mir erlaubt, spezifisch die intrazelluläre Notch-Domäne (IZND) in 

EZs einzuführen. Morpholino-knockdowns von hif-1α und hif-1β bewirkten eine 

starke Reduktion der Expression von runx1/cmyb, wie es bereits in hif-1α-/- and hif-

2α-/--Mutanten beobachtet wurde. Bemerkenswerterweise war die 

endothelspezifische Überexpression der IZND ausreichend, um die Phänotypen 

zu retten, welche in hif-1α- und hif-2α-knockdown-Zebrafischen beobachtet 

wurden (Abbildung 34), was zu der Vermutung führt, dass der Notch-Signalweg 

stromabwärts von Hypoxie und dem Hif-Signalweg während dem EHÜ agiert.  

 

Alles in allem weisen diese Daten darauf hin, dass Hypoxie durch hif-1α und hif-2α 

den EHÜ stromaufwärts des Notch-Signalweges stark induzieren kann (Abbildung 

35).  

 

Fazit 
Abschießend zusammengefasst habe ich den Effekt von Hypoxie und die Rolle 

des Hif-Signalweges im Zebrafisch während frühen Stadien der Gefäßentwicklung 

beschrieben. Ich habe einen pleiotropen  Effekt der Hypoxie bei der Beeinflussung 

zellulärer Prozesse beobachtet, so beispielsweise bei der Hämatopoese oder der 

Gefäßreparatur. Ich konnte die molekularen Akteure und die Gewebe, welche in 

die Bildung der Phänotypen der generierten Mutanten involviert waren verstehen, 

indem ich genomverändernde Technologien wie TALEN und CRISPR/Cas9 

benutzt habe. Hif-1α wird in Makrophagen benötigt, um Gefäßreparatur und 

Angiogenese zu fördern. Zusätzlich habe ich eine neue Rolle für Hif-2α in der 

definitiven Hämatopoese gezeigt. Zuletzt habe ich beschrieben, dass Hif-1α und 

Hif-2α Schlüsselregulatoren des EHÜ stromaufwärts des Notch-Signalweges sind.  
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II. English Summary 
 

Role of hypoxia and Hif pathway in vascular development in 
zebrafish 
 
Introduction 
The cardiovascular system (CVS) consists of heart and blood vessels, forming a 

close circulatory loop.  All tissues depend on the nutrients and molecular oxygen 

(O2) delivered by the blood.  Therefore, it is not surprising that the CVS is one of 

the first working systems and the heart is the first functional organ in the forming 

embryo (Baldwin 1996).   

 

The building blocks of blood vessels are endothelial cells (ECs), which form the 

endothelium, a specialized epithelium that defines the luminal surface of the 

vessels (Pugsley and Tabrizchi 2000).  The process of blood vessel development 

comprises several steps.  The first events occurring are the formation of new 

vessels de novo to constitute the primary vascular loop known as vasculogenesis.  

During vasculogenesis the vascular precursors, known as angioblasts, migrate 

and coalesce to form the axial vessels.  Subsequently, the main vessels undergo a 

specification step where they acquire either arterial or venous identity.  As the 

embryo increases in size, the main vascular loop needs to increase in complexity.  

In order to reach all the different parts of the developing organs, new blood 

vessels are formed from pre-existing ones, a phenomenon known as angiogenesis 

(Gore et al. 2012). 

 

Mature blood cells have a short lifespan.  Therefore, hematopoietic stem cells 

(HSCs) are required throughout lifetime to constantly form new blood cells in a 

process called hematopoiesis.  Interestingly, endothelial and immune cells 

development have been shown to converge at different points during their 

development, one of which is developmental hematopoiesis.  During 

embryogenesis, definitive hematopoiesis occurs in a tissue called hemogenic 
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endothelium (HE), a specialized subset of ECs at the ventral wall of the dorsal 

aorta (DA).  HE acquires hematopoietic potentials and gives rise to HSCs, through 

a process known as endothelial-to-hematopoietic transition (EHT).  During EHT, 

these specialized ECs extrude from DA and colonize the so-called aorta-gonad-

mesonephros (AGM) region, forming the native HSCs (Paik and Zon 2010). 

 

As vascular development requires different steps, the molecular pathways 

involved are many.  The Notch signaling pathway has been demonstrated to be 

one of the main players in vascular development.  Among other functions, Notch 

signaling has been shown to be important during EHT.  In the murine model, 

Runx1, a master regulator of HSC formation, has been shown to be 

transcriptionally regulated by NOTCH1 through GATA2 activation.  This 

observation was later corroborated by knockdown studies for notch1a and notch1b 

in zebrafish (Butko, Pouget, and Traver 2016).  Another essential pathway for 

vascular development is the HIF pathway.  Hif-1α, Hif-1β and Hif-2α mouse 

mutants show severe vascular defects that result in early embryonic lethality 

(Simon and Keith 2008), which hinders a deep analysis of the phenotypes 

incurring in the mutant embryos.  In addition, deletion of Hif-1α specifically in 

myeloid cells showed abnormalities in the motility, invasiveness, and adhesion of 

macrophages (Cramer et al. 2003).  Intriguingly, Hif-1α deletion in vascular 

endothelial cadherin-expressing cells led to a significant but partial reduction of 

HSC number, suggesting that other players may be involved in this pathway 

(Imanirad et al. 2014). 

 

Zebrafish embryos have been shown to be tolerant to hypoxia at very early stages 

of development (Padilla and Roth 2001).  Also, zebrafish embryos develop 

externally and this allows to finely manipulate the environment where they grow 

(Lieschke and Currie 2007).  These features make zebrafish an ideal model to 

investigate how hypoxia and Hif transcription factors affect vertebrate vascular 

development.  In this study, I will examine the impact of hypoxia on zebrafish 

vascular development.  Specifically, I will dissect the role of hif-1α in macrophage-

EC interactions during vascular development and repair.  Moreover, I show 
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redundant functions for hif-1α and hif-2α in HSC development upstream of Notch 

signaling. 

 

Results and discussion 
1.1 Role of hif-1α in macrophages and its impact on vascular 
development and repair in zebrafish embryos 
To understand the role of hif-1α in vascular development, I generated hif-1aa and 

hif-1ab mutants using CRISPR/Cas9 and TALEN technologies, respectively.  

Single mutants do not show any gross morphological defects or vascular 

anomalies (Figure 7).  Suspecting redundancy or compensation, we generated hif-

1aa;hif-1ab (hif-1α-/-) mutants.  At 54 hpf, hif-1α-/- show a complete lack of DLAV 

plexus formation.  Moreover, I challenged the embryos with hypoxic insult, by 

using either a hypoxia chamber with 5% O2 or DMOG, a pan-hydroxylase inhibitor.  

After hypoxia, hif-1α-/- display blood vessel ruptures affecting both ISVs and 

DLAVs (Figure 10).  In addition, hif-1α-/- show decreased macrophage mobilization 

from the AGM region (Figure 13 and 14).  

 

To investigate whether macrophages play a role in the vascular defects seen in 

hif-1α-/-, I specifically ablated macrophages in the zebrafish embryos using the 

bacterial enzyme nitroreductase (NTR).  NTR specifically induces apoptosis upon 

administration of its substrate, Metronidazole, Mtz.  After macrophage depletion 

using the Tg(mpeg:NTR-mCherry) line, the embryos showed a strong inhibition of 

DLAV plexus formation and blood vessels ruptures after exposure to hypoxia or 

DMOG, recapitulating the phenotype observed in hif-1α-/- (Figure 16).   

Next, to understand whether hif-1α plays a cell-autonomous role in ECs in these 

two vascular phenotypes, I performed several EC-transplantation experiments.  

Firstly, I generated genetically chimeric DLAVs by cell transplantation at mid-

blastula stage.  When mutant ECs were transplanted into a WT background, the 

number of WT and hif-1α-/- DLAV sprouts formed were comparable.  However, 

when WT ECs were transplanted into a mutant background, I could not observe 

sprouts from the DLAVs (Figure 17).  Furthermore, genetically chimeric ISVs and 

DLAVs were generated, and I assessed the number of vascular ruptures after 
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hypoxia chamber incubation. When mutant ECs were transplanted into a WT 

background, I could not detect blood vessel ruptures.  On the contrary, when WT 

ECs were transplanted in hif-1α-/- background, I observed blood vessel ruptures 

affecting WT and mutant ECs equally (Figure 17).  These transplantation data 

together with the ablation data strongly suggest that hif-1α does not play a cell-

autonomous role in ECs, but is most likely required in macrophages.   

 

Next, I deeply characterized the two observed phenotypes.  At first, DLAV plexus 

morphogenesis was analyzed with time-lapse movies on WT embryos starting at 

30 hpf.  I observed that DLAV plexus formation begins with both filopodial and 

blunt-ended sprouts, which move towards macrophages located between the two 

DLAVs.  On the contrary, hif-1α-/- embryos show a strong reduction of DLAV 

sprouts and a lack of macrophages at the DLAVs (Figure 18).   

 

In addition, I analyzed the blood vessel ruptures induced by hypoxia by time-lapse 

analysis.  In WT sibling embryos, hypoxia treatment induced blood vessel 

ruptures, but macrophages closely interact with the broken vessel as it sprouts to 

reconnect with the main vessel.  In contrast, in hif-1α-/- embryos I did not observe 

macrophages supporting the injured vessels, and subsequently the rupture was 

not repaired (Figure 19).  To better characterize molecularly the macrophages 

involved in this process, I took advantage of Tg(tnfa:EGFPF) line, and analyzed it 

by time-lapse imaging after DMOG treatment.  This experiment showed that most 

of the macrophages interacting with the unstable or broken vessels are 

tnfa:EGFPF+ (Figure 21). 

 

In this work, we propose a model where hif-1α modulated macrophage-endothelial 

interactions during vascular development and repair (Figure 22). 

 

1.2. Hypoxia regulates endothelial-to-hematopoietic transition via hif-
1α and hif-2α upstream of Notch signaling  
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In addition to hif-1α-/-, I generated a hif-2α loss of function model.  I induced 

frameshift mutations in the hif-2aa and the hif-2ab loci using CRISPR/Cas9 and 

TALEN technologies, respectively (Figure 23).  The aim of this second project is to 

better understand the role of hypoxia and Hif pathway in definitive hematopoiesis 

and EHT. 

 

Firstly, I analyzed the expression of important HSC markers, such as runx1 and 

cmyb, in hif-1α-/- by WISH, which confirmed the previous observations indicating a 

partial role of hif-1α in the induction in EHT (Figure 24). 

To investigate a possible redundancy between hif-1α and hif-2α, I performed 

WISH to analyze runx1 and cmyb expression in the hif-2aa;hif-2ab (hif-2α-/-) 

mutants.  Strikingly, a significant reduction of these HSC markers was detected 

also in the hif-2α-/- (Figure 24).  More importantly, when I performed knockdown for 

hif-2α in hif-1α-/-, I could observe an even greater reduction of runx1 and cmyb 

expression using both WISH and qPCR analyses (Figure 29).  Next, I noticed that 

hypoxia chamber incubation potently induces runx1 and cmyb expression in WT 

embryos (Figure 28), but this effect was completely abrogated when Hif-1α and 

Hif-2α functions were impaired (Figure 29).  These experiments strongly suggest 

that hypoxia can induce HSC formation via hif-1α and hif-2α, which play redundant 

roles in EHT. 

 

By transcriptomic analysis, I observed that notch1a, notch1b, and gata2b 

expression levels were strongly induced by hypoxic insult, but, on the contrary, 

they were significantly reduced in hif-1α-/- and hif-2α-/- (Figure 30).   

To better define the genetic interaction between Hif pathway and Notch signaling, I 

generated notch1a mutants using TALEN technology, and took advantage of 

notch1b mutants ordered from the European Zebrafish Resource Center (Figure 

31).  notch1a and notch1b mutants confirmed the published data using MOs, 

showing a strong reduction in runx1/cmyb and gata2b expression (Figure 32).  

Next, I assessed runx1/cmyb expression levels in notch1a-/- and notch1b-/- 

embryos in normoxic and hypoxic conditions.  I did not detect any increase of HSC 

markers expression in notch1a-/- and notch1b-/- after hypoxia chamber, showing 
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that such treatment is not able to rescue the notch1a-/- and notch1b-/- phenotype 

(Figure 33).  These observations suggest that Notch signaling might act 

downstream of Hif pathway in EHT.  To further confirm this hypothesis, I combined 

the use of MO for both hif-1α, and hif-2α with a line that allows me to induce the 

expression of the Notch intracellular domain (NICD) specifically in ECs.  hif-1α, 

and hif-2α morphants displayed a strong reduction of runx1/cmyb expression, as 

seen in hif-1α-/- and hif-2α-/-.  Notably, endothelial-specific overexpression of NICD 

was sufficient to rescue the phenotypes observed in hif-1α and hif-2α morphants, 

(Figure 34), thus suggesting that Notch signaling acts downstream of hypoxia and 

Hif pathway in EHT.  

 

Taken together, these data indicate that hypoxia, through hif-1α and hif-2α, can 

strongly induce EHT upstream of Notch signaling (Figure 35). 

 

Conclusions 
In conclusion, I described the effect of hypoxia and the role of the Hif pathway in 

zebrafish during early stages of vascular development.  I observed a pleiotropic 

effect of hypoxia in affecting cellular processes, such as hematopoiesis and vessel 

repair.  Importantly, by using genome-editing techniques, such as TALEN and 

CRISPR/Cas9 technologies, I could understand the molecular players and tissues 

involved in the onset of the phenotypes observed in the generated mutants.  

Specifically, Hif-1α is required in macrophages to promote vessel repair and 

angiogenesis.  Additionally, I showed a novel role for Hif-2α in definitive 

hematopoiesis.  Lastly, I described that Hif-1α and Hif-2α are together key 

regulator of EHT upstream of Notch signaling.	
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