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ABSTRACT

In vertebrates, h aematopoiesis is maintained by self -renewing
multipotent  haematopoietic stem cells (HSCs) in the adult bone
marrow. HSCs ar e speciyed and gearlgmrembryend dur i ng
development from arterial endothelial cells in the ventral wall of the
dorsal aorta (vDA) that beco me haemogenic . Examination of mib
mutantsand rbpja/b morphants zebrafish embryos, that have defects

in Notch signalling show that both arterial specification and HSCs
development require an intact Notch signalling pathway . Utilizing in -
house generated zebrafish Notch reporter lines, we show that Notch
signalling initiates in the  migrating hEC progenitors before their
arrival to the midline to form the DA . Following arterial specification,
Notch activity rapidly increases in the DA cells and persists at  high
level s until the time point of HSC emergence from the vDA, then
sharply fall s to hardly detectable levels. Embryos treated with the 0%
secretase inhibitor DAPT or DAPM lose HSC development but retain
arterial specification. Q  uantif ication of the residu al Notch activity in

our reporter lines by RT -PCR, revealed that low levels of Notch

signalling retained in treated embryos are sufficient for arterial gene
expression, while high levels of Notch signalling are required for hEC S
induction.  Additional to th ese loss of function experiments, o ur

endothelial specific  gain of function studies suggest ed that continuous
expression of nicd in the ECs in stable transgenic lines prevent cells

from differentiati on into mature HSCs that can leave the vDA to seed

3| Page



the CHT. By contrast, transient expression of nicd in ECs appeared to
expand HSC fate and allow cells to seed the CHT, suggesting that

down -regulation of Notch signalling is essential to enable cells
committed to the blood lineage to leave the vDA and seed the CHT.
These data represent the first demonstration, to our knowledge, that

cell autonomous Notch induction in ECs in vivo is sufficient to expand

HSC formation in vertebrates.

Ten-Eleven - Translocation (Tet) proteins are a family of enzymes
known to be actively involved in DNA de -methylation by 5 -mC
oxidation. This process is essential for prop er development and cell
lineage specific ation . Here, we use d zebrafish tetl/2/3 morpholinos
to study the r ole of Tet enzymes in zebrafish development and
organoge nesis. Our results show ed that individual depletion of Tetl

or Tet3 enzymes is sufficient to arrest zebrafish development at the

onset of somitogenesis, whereas tet2 morphants appear normal.
Moreover, analysis of mildly affected morphants show s that Tetl
knockdown leads to atypical neurogenesis in zebrafish embryos.

Global 5hmC levels are  dramatically reduced in both tetl and tet3
morphants , indicat ing the importance of Tet proteins in vertebrate

organogenesis.
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CHAPTER 1
1 Introduction

1.1 Haematopoiesis

Blood is among the tissues that have the highest cell turnover in the

body. Every day, it is estimated that one trillion blood cells are
produced in the bone marrow to replenish old ones. More than a
century ago, it was proposed that all blood cells derive from one
common precursor, the haematopoietic stem cells (HSC), and that

the cells derived from these precursors are organized in a hierarchy
(Maximow, 1908)

This hypothesis was supported by establishing that the lethal
conseqguences following radiation were due to bone marrow failure,
and that those patients could actually be rescued by injection of

spleen or marrow from non -irradiated donors  (Lorenz et al.,, 1951) .
Remarkably, lymphoh aematopoietic cells from donor bone marrow
were also shown to  repopulate the recipient haematopoietic tissues
(Ford et al., 1956, Makinodan, 1956, Nowell et al., 1956) . Despite
the establishment of bone marrow transplantation in the early 1950 S,
it was still not known whether blood is derived from multiple lineage

restricted stem cells or single multipotent stem cells that have the

ability to give rise to all blood lineages (HSC).

In the early 1960s , Till and McCulloch (1961) injected bone marrow

into irradiated mice and noticed the presence of gross nodules in their
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spleens that are proportional to number of bone mar row cells
injected. To demonstrate that each colony was truly derived from a
single bone marrow cell, they further exposed bo ne marrow recipient
mice to sub -lethal doses of radiation sufficient to induce karyotipic
variation among the injected cells. They then noticed that each colony
has a unique Kkaryotipic pattern compared to other n eighbour ing
nodules , and so provided the first evidence for the existence of
single multipotent stem cells in the bone marrow, the
haematopoietic stem cells (HSCs) tha t have the potential for
proliferation, diff erentiation and self -renewal. This definition was
then updated when  Jones et al. (1989)  discovered that cells forming
colonies in the spleen were in fact progenitor cells  with only short -
term repopulating ability  while the haematopoietic cells seeding the
bone marrow are the cells that provide long -term  repopulation

(Figure 1.1 shows the classical haematopoiet ic hierarchy).
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Figure 1.1: Lineage Hierarchy of blood cell progenitors.

Diagram showing the classical model for the haematopoietic
development. HSCs develop from haemogenic endothelial
progenitors derived from mesodermal cells that have the potential to

give rise to primitive blood cells and the haemogenic endothelial
progenit ors that form the axial vessels' endothelium. HSCs reside
at the top of the haematopoietic hierarchy, where they
asymmetrically divide to give rise to committed progenitor cells that

pass through several levels of differentiation to finally give rise to all
mature cells of all blood lineages

Soon after their discovery, HSCs were used in bone marrow
transplantation for patients with blood system failure to restore
normal blood formation and their use is now established as a standard

therapy for sever al malignant and non -malignant diseases (Cambier

et al., 2015) . However , HSC transplantation has not achieved its full
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potentialdueto the scarcity of HSCs in bone marrow and the shortage
of suitable donors. The use of improperly matched donor HSCs can

lead to graft rejection or graft -versus -host disease, common serious
comp lications in the clinic ~ (Slukvin, 2013) . Despite substantial efforts
by the research community, HSC derivation from human pluripotent

stem cells or from reprogrammed somitic cells has not been fully
accomplished yet. Knowledge about the molecular programming of

HSCs during embryogenesis is an important prerequisite for achieving

this goal. We study HSC formation in the zebrafish embryo to reveal

the molecular programming HSC precurso rs undergo as they develop
from haemogenic endothelium in the ventral wall of the dorsal aorta,

one of the major arteries in the vertebrate embryo.

1. 2 Embryonic Haematopoiesis in Vertebrates

In vertebrates, ha ematopoiesis occurs in two major waves. T he first
transient  (embryonic) wave, which takes place during early

development to provide oxygen and innate immunity to the rapidly

growing tissue , occurs in the mammalian and avian embryos in the
extra -embryonic yolk sac . The second permanent (definitive) wave,
which follows the embryonic wave, and provides allbloo d celllineages

from multipotent self  -renewing HSCs that maintain the blood system

throughout life.
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1.2.1 Embryonic Haematopoiesis

Embryonic haematopoiesis is the process that leads to the pro duction
of all primitive blood cells in early embryogenesis, as well as some of
definitive -like blood cells. Primitive blood cells are the erythrocytes,
macrophages and megakaryocytes that form during the transient
wave of haematopoiesis. These blood cells are required to provide
nutrient, oxygen and innate immunity to the rapidly growing tissues
during early development.

Primitive blood cells are termed primitive due to the fact that they

are closer in shape and characteristics to lower vertebrate s' blood
cells than their adult type counterparts. For instance, primitive
erythrocytes are generally large in size, nucleated and they express
embryonic haemoglobins (Palis and Yoder, 2001) . Primitive
macrophages are also functionally immature and have less

phagocytic activity compared to their adult counterpart, and they lack

certain markers such as F40/80 antigen and Lysozyme M (Lichanska
and Hume, 2000) . On the other hand primitive m egakaryocytes are
indistinguishable from their adult types, as they are both

morphologically similar, express the same surface markers and both

have the ability to produce platelets (Xuetal,,200 1).

Primitive blood cells originate in the extra -embryonic yolk sac directly
from mesodermal precursors that form blood islands, and are
detectable in mouse embryos by embryonic day (E) 7 -7.5 (reviewed

in Medvinsky et al., 2011) . This is at least half a day earlier than the
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establishment of the yolk sac circulation , and one day earlier than
the embryonic circulation initiat ing at E8 and E8.5 respectively  (Walls
et al., 2008) . Towards the end of the embryonic wave, it is also now
accepted that some definitive -like blood cells also being produced in

the murine yolksac (Palis and Yoder,2001) and in the zebrafish CHT
(Bertrand et al., 2010b) . These cells develop under a different genetic
control than that of primitive and true definitive blood cells , as
discussed later in this chapter. Even though produced blood cells are
morphologically and functionally similar to the blood cells generated

in the definitive wave. Because the progenitor that these cells arise

from does not have the full characteristics of the HSCs , including the
ability to re constitute haematopoiesis of irradiated mouse, and due

to their disappearance later in development, they are still classified

under embryonic haematopoietic stem cells.

1. 2.2 Definitive Ha ematopoiesis

A short time after the establishment of blood circulation in the yolk

sac and before its connection to the embryo proper (around ES8),
another wave of haematopoiesis is detected intra -embryonically. The
intra -embryonic origin was first confirmed experimenta lly by
(Dieterlen -Lievre, 1975) to correctthe previous theory of the yolk sac
being the origin of HSCs  (Moore and Metcalf, 1970) , which was based
on culturing murine embryo bodies harvested on day 7 in the

presence or absence of their yolk sac , and then dissecting theirf  oetal

23| Page



liver to explore colony formation. Even though only embryos cultured

in presence of their yolk sac produce f oetal liver colonies, this
experiment does not exclude possible cell migration and the
repopulating capability of the later identified AGM region. Unlike the

first wave , which is only transient and mainly forms primitive blood
cells, this wave leads to formation of all blood lineages throughout

the life of the organism , and so itis called the definitive wave. In this

wave, haematopoietic progenitors developinanareacal ledthe para-
aorta splanchnopleura (P  -Sp/PAS), which later forms the aorta,

gonads, and mesonephros (AGM) (reviewed in Golub and Cumano,
2013) . These progenitors are the founders of the first long term
haematopoietic stem cells. They gain their full self  -renewal activity
and autonomous ability to reconstitute h aematopoiesis of adult
recipient (HSCs characteristics) two days after their first appearance

in the AGM with a potency like those found in the adult HSCs
(Medvinsky and Dzierzak, 1996 ).

In the mouse embryo proper, hemangioblasts differentiate from
mesodermal origin during early development and are found dispersed
throughout the head mesenchyme and other areas of the embryo
(Herbertetal., 2009) . Based on molecular signals coming from other
cellsand from the microenvironment , they aggregate to form arterial
and venous angioblasts , including the dorsal aorta DA and cardinal
vein CV (Coultas et al., 2005) . They then slowly remodel and refine

into endothelial cells (ECs). A subset of the DA endothelium
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i hae mo g eeamdothelium 0 in the AGM region then further
differentiate to  generate the definitive haematopoietic stem cells that
were found to form clusters that contain progenitors with the ability

to reconstitute  the HSC system from E10  (Medvinsky and Dzierzak,
1996) .

Several other vascular tissues were also found to produce blood
progenitor clusters at the same time point , including placenta, yolk
sac, vetelline and umbilical arteries (Alvarez -Silvaet al., 2003, Gekas
et al., 2005, Ottersbach and Dzierzak, 2005, de Bruijn et al., 2002)
however, only the AGM derived progenitors have the ability to
reconstitute adult blood system by day 10.5 (Kumaravelu et al.,
2002) . A few days later, blood progenitors derived from these
vascular t issues also gain the ability to reconstitute haematopoiesis
in irradiated mouse, but as blood circulation has already established
in the embryo at this time point , itis difficult to exclude the possibility
that the se cells were originating from the AGM re gion. As all current
lines of evidence point  to the AGM region as the firstand major site
for HSC development , in this study we  are mainly focusing on
definitive h aematopoiesis originating in this area and the molecular

programming involved in AGM derived haematopoiesis.
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1.3 HSCs are derived from a sub population of
endothelial cells (haemogenic endothelium) in the

AGM region

Soon after the chick quil chimera experiment by Dieterlen -Lievre
(1975) that provided evidencefor thei ntra -embryonic origin of HSCs
intensive morphological  and lineage tracing  studies were carried out

to determine the origin and nature of cells that give rise to HSCs.

These studies led to identification of intra -aortic h aematopoietic
clusters (IAHC s) associated with the aorta in the AGM region that
contain cells capable of engrafting adult recipients . The close

association between these clusters and the endothelial cells lining of

the DA also suggest ed that HSCs might be derived from endothelial
origin , giving rise to the theory of h aemogenic endothelium . To
investigate this theory , Jaffredo et al. (1998) injected the endothelial
and macrophage  specific marker  Dil -labelled AcLDL into chick
embryo s and noticed that the HSCs clusters buddin g from ventral wall

of the DA w ere positive for the injected endothelial marker , thus
demonstrating f or the first time that HSCs are derived from

endothelial origin

The other confirmation came from the use of inducible Cre/ loxP
system , in which the promoter of the endothelial gene VE-cadherin
was used to initiate recombination of a Cre reporter gene , and so

label endothelial cells at E9  of mouse embryogenesis . Because the
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indu ction is only done for a short period of time , it only label s cells
positive for VE-Cadhirin at that time point. The labelled cells and their
progenies were then traced throughout development and into
adult hood, and r esult was that at least 10% of adult HS Cs were
labelled, and so were derived from cells expressing VE- cadherin
during early embryogenesis (Zovein et al., 2008, Oberlin et al.,
2002) . Additional evidence also emerged from the experiment of
Chen et al. (2009) in which they used the Cre/loxP system to
specifically delete the runxl gene flanked by two loxPs with a cre
expressed under the control of the VE-cadherin gene promoter . This
resulted in the absence of intra -aortic cluster formation and of HSCs,
which confirm ed that all adult HSCs  were derived from endothelial

cells .

In vitro experiments carried outby two indep endent research groups
also show ed the formation of endothelial cells from hemangioblasts.
Likewise, both groups showed expression of the endothelial specific
markers tie-2 and c-kit, but not CD41, VE-cadherin expression and
Dil -Ac-LDL uptake. S ubsequently these cells differentiated into blood
cells expressing c-kit, CD41 and then CD45, but not tie -2 (Lancrin et

al., 2009, Eilken et al., 2009)
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1.4 Zebrafish  as a model to study h aematopoiesis

Historically several  vertebrate models ha ve been used to study the
development of haematopoietic stem cells , including mouse, chick,
frog and fish . This has been possible because of  the high genetic and
phenotypic conservation of this system across vertebrates (Amatruda
and Zon, 1999) . Today, the mouse is still considered the gold
standard model for studying haematopoietic development , however
exploring the early haematopoietic events in mice are hampered by
the small size of embryos and intra uterine development, added to

the high costs of main  taining and breeding the animal s themselves
In contrast, invertebrate models such as the fruit fly and C. elegans
lack number of blood and vascular structures and organ s found in
vertebrates such as the multi  -chambered heart and the multi -lineage

haematopo ietic system (Haffter et al., 1996)

In this context, the zebrafish has emerged during the last two

decades as one of the preeminent complement s to the study of
haematopoietic stem cells development . Apart from zebrafish
similarity to mammalian cardiovascular system , the zebrafish also

has multi -lineage blood cells that are regulated by vascular and
haematopoietic markers homolog ous to their m ammalian
counterparts suchas G ata, Lmo2, Scl, c-Myb, Ikaros, Lck, c-Fms,c -

Kit, Globins, Tiel, Tek, Flkl and Flt (Paw and Zon, 2000)
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These added to their external fertilization, embryo transparency

during development , which makes it easy to manipulate and monitor

in real time. Moreover, the short generation time and high number
of embryos produced even in weekly crosses, mak es it possible to get
strong statistical data from experiments. Another advantage of

zebrafis histhe ease of introducing germ -line mutations, which make
them suitable for forw ard genetics (Paw and Zon, 2000)
Additional ly, one of the unique feature s of the zebrafish embryo is
that blood circulation is not essential for oxygen delivery :
consequently, it can live on oxygen diffusion from water for days with
no blood circulation  (Pelster and Burggren, 1996) . This feature allows
tolerating and assessing conditions that compromise cardiovascular
function, which open s the door for a wide range of experimen ts that
are impossible to carryoutin mice due to complica tions resulting from

cardiovascular abnormalities under such conditions

1. 5 Haematopoietic Development in Zebrafish

In zebrafish , as in mammals , haematopoiesis occurs through two
major waves , the embryonic and the definitive waves; however,
unlike in mammals, both waves occur intra -embryonically in zebrafish
(Detrich et al., 1995, Gering et al., 1998, Thompson et al., 1998)

During the embryonic wave, haematopoiesis occur s in two places:

the anterior lateral mesoderm (ALM) in which primitive myeloid cells
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and head ECs form, and the posterior lateral mesoderm (PLM) in
which sub-population s of cells are specified as blood and endothelial
progenitors. These specified cells then migrate to the midline to form

the intermediate cell mass ( ICM) (Detrich et al., 1995, Gering et al.,
1998, Fouquet et al., 1997, Sumoy et al., 1997) . By 18h pf all these
migrating cells will have arrived in the ICM and start ed to further

differentiate into arterial angioblasts that form the dorsal aorta (DA),

venous angioblasts that form the posterior cardinal vein (PCV) , and
erythroblasts that form primitive red blood cells. Soon after the
formation of major axial vessels, primary inter -somitic vessels start

to sprout from the DA, followed by similar sprouting from the PCV
that then connect s to half of the ISV sprouting from the DA to form
a functional circulatory loop (Isogai et al., 2003)

Before the ons et of blood circulation , a sub population of the arterial
angioblasts present in the ventral wall of the DA are specif ied to form
the first HSCs indicated by the consecutive exp ression of the
transcription factor s such as Runxl and c-Myb (Lam et al., 2010,
Kissa et al., 2008, Murayama et al., 2006) . These markers are
homolog ous to the markers expressed in the ventral wall of the DA
inthe mous e AGM. However, confocal time  -lapse studies in zebrafish
have shown that , unlike mammalian HSCs that bud into the lumen of
the DA an d eventually join circulation, zebrafish HSCs leave the DA
lining and join the mesenchyme underneath the ventral wall of the

DA. Theythen squeeze through in between the venous ECs and leave
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through the cardinal vein  (Bertrand et al., 2010a, Lam et al., 2010,
Kissa and Herbomel, 2010) . They are then carried by the circulation

to an area in the ventral tail mesenchyme that develops into the

caudal haematopoietic tissue (CHT) , Which is an intermediate
haematopoietic organ equivalent to the f oetal liver in mammals
(Murayama et al., 2006) . At this stage , some of these cells further
differentiate into erythrocytes and myeloid cells , Whereas others
proliferate and then the T cells migrate through the circulation to seed

the thymus , whereas HSCs seed the kidney , to provide all blood cell
types throughout life (Murayama et al., 2006, Jin et al., 2007) (Figure

1.2).

1 1 7L 1 1 ]
day5 daye 77 day30 adulthood

definitive wave

¢

> »
day70/ % Birth {(T

Figure 1.2: Comparison of the spatiotemporal haematopoietic
ontogeny in different vertebrates
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Diagram showing the haematopoietic development and migratory

root in zebrafish, compared to human and mouse. Embryonic wave
that takes place in zebrafish ICM and in human and mouse yolk sac.

HSCs in the three vertebrates emerge from DA endothelium in the
AGM region. They then migrate to the haematopoietic intermediate

tissue, which is the CHT in zebrafish and f oetal liver in human and
mouse. After several rounds of proliferation and differentiation, HSCs
migrate to the adult site of haematopoiesis, which is the kidney and
thymus in zebrafish or the bone marrow in human and mouse
(Adapted from Detrich et al., 2011, Orkin and Zon, 2008, Baron et
al., 2012) .

Studies on runxl mutants and runxl morphant s have shown that
Runx1l protein depletion completely block s definitive haematopoiesis

indicated by absence of c¢-Myb positive haematopoietic progenitors in

all haematopoietic tissues , whereas embryonic haematopoiesis is
completely unaffected. The loss of HSC formation in Runx1 depleted
cells great ly support the theory that the Runx1 positiv e cells present

in the AGM region contain HSCs (Gering and Patient, 2005, Bur ns et

al., 2005, Jin et al., 2009)

1.6 Notch signalling  distinguishes Erythroid/myeloid

progenitors (EMPs) from true HSCs

In zebrafish, as in the mouse , the emergence of HSCs is preceded by
specification of definitive  -like progenitor cells  with limited multi -
lineage  differentiation  potential , termed Erythroid /myeloid
progenitors (EMPs) . These cells arise in the posterior blood island

between 24 -30 hpf and are first identified by co-expression of

fluorescent transgenes driven by the Imo2 and gatala promoters
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(Bertrand et al., 2007) . In vitro assays and cellular transplantation
experiments showed that these cells are only capable of
differentiation into erythroid and and myeloid cells (Bertrand et al.,
2007) . Interestingly, it was also shown that blocking Notch signalling
chemically or with mind bomb  mutation ( mib) does not affect the
specification and differentiation of these cells while block ing
expression of HSCs markers such as Runxl and ¢ -Myb i n the vDA
(Bertrand et al., 2010b) . Fate mapping and transplantation assays
also showed that EMPs remain in the CHT and do not have the ability

to migrate and seed the thymus or kidney (Bertrand et al.,,  2007) .

1.7 Notch signalling in definitive HSC

Three signalling molecules  were found to work in a cascade required

for proper vascular and HSC formation : Hedgehog (H h), Vascular
endothelial growth factor a (Vegf a) and Notch (Gering and Patient,
2005) . This cascade is initiated by the release of H h from the
notochord and floor plate into the ne arby somites. Upon receiving the
signal, som itic cells start expressing and secreting Ve gfa. The
secreted VegfA protein then diffuses to the DA angioblasts in the

mid line, where it interacts with the Vegfa receptor Flkl1. This
interaction induces these cell s to express Notch receptors and
ligands, leading to subsequent activation of the Notch pathway

(Gering and Patient, 2005) . Activation of the Notch pathway involves
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interaction of the Notch ligands delta and jagged with the Notch
receptor extracellular domain (NECD) on adjacent cell s (Figure 1.3).
Upon binding, the NECD  is cleaved and endocytosed by the signal
sending cell in  the presence of functioning ubiquitin ligase (Itoh et

al.,, 2003) . The remaining part of Notch receptor in signal receiving

cell then becomes susceptible to J-secretase , which cleaves it and
releases the Notch intracellular domain ( Nicd). Nicd then enter the
nucleus where it forms a complex with Rbpj (Csl) and co -activators.

The complex then binds Rbpj binding sites in enhancer and promoter

sequences of Notch target genes.

Sending Cell Receiving Cell

Mib
Ubiquitin ligase

Figure 1. 3: Representation of the Notch signalling pathway.

Activation of the Notch pathway is triggered by the interaction of the

Notch ligands (blue) with the NECD (red) on an adjacent cell. Upon
binding, the NECD ge tcleaved and endocytosed by the signal sending

cell in presence of functioning ubiquitin ligase (the blue circle on the

left). The stump of Notch receptor in signal receiving cell then
becomes susceptible to J-secretase , which cleaves the stump and
releases the Nicd. Nicd then enter s the nucleus where it forms a
complex with Rbpj and co  -activators. The complex binds Rbpj (C sl)
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binding sites in enhancer and promoter sequences and so activates

Notch target genes.

Notch is anevolutionary conserved pathway that plays essential roles

in normal embryonic development in most multicellular organisms
including vertebrates. It perf orms this role through regulating cell
fate decisions during development through a process called lateral
inhibition. In th is process, Notch signal s to neighbouring cells to
prevent them from adopting equivalent identity (Kop an and llagan,
2009) . The pathway was first discovered in Drosophila, where
mutations were found to be linked with indentations (Notches) in the

fly wings (Morgan, 1917) . Soon after its discovery , the pathway
became a target for extensive studies. | t is now known that the
pathway is involved in a wide variety  of cell fate deci sions during
development , including neurogenesis, somitogenesis, angiogenesis

and haematopoiesis. In haematopoiesis Notch was shown to be
involved in the regulation of HSC differentiation, proliferation,
survival and apoptosis  (Penton et al., 2012)

The link between  Notch signalling and haematopoiesis was first
discovered inthe early 1990s, when def ected Notchl signalling was
linked with certain types of chromosomal translocation lymphoid
leukaemia (Ellisenetal.,1991) . Cloning the truncated human Notchl
from this translocation leuk aemia into retrovirus constructs, then
injecting the construct to mice , was also shown to lead to similar

lymphoid leukaemia in 50% of injected mice . Abnormal Notch
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signalling was also found in myeloid leukaemia , and several studies
suggested a  Notch -induced suppression in myeloid progenitors

differentiation  (reviewed in Weber and Calvi, 2010)

Additionally , in vivo and in vitro studies in the mouse that involved
blocking and over -activating the Notch pathway also confirmed the
requirement for Notch in endothelial and HSCs development. For
instance, when Varnum -Finney et al. (2000) infected murine bone
marrow cells with a retrovirus containing a constitutive active form of

notchl gene, they succeeded in establish ing immortalized cell lines
that ge nerate progeny with either lymphoid or myeloid characteristics

both in vitro and in vivo . Kawamata et al. (2002) also reported that
over -activat ing Notch with  constitutively active Nicd in mouse
embryos, suppresses the B cell lineage development and increases
development of thymus cells T -cells. On the other hand when
(Kumano et al.,, 200 3) surgically removed the AGM region from
notchl /- mutant mice and gr ew it in culture they showed that the
AGM-derived cells from notchl /- mutants were unable to produce
colony forming cell (CFC) units in vitro or reconstitut e the blood
system of irradiated adult mice. In consistence with these early
studies, Notch involvement in HSCs specification during early
embryogenesis was confirmed in all stu died vertebrate models
including chick, frog and fish (Drevon and Jaffredo, 2014, Clements

and Traver, 2013, Medvinsky et al., 2011)
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In zebrafish, some of the earliest evidence on Notch involvement in
HSC development came with the identification of the zebrafish mib
mutants. These mutants were first identified in large scale zebrafish
mutagenesis projects due to their neurological and somitogenic
abnormalities  (Jiang et al., 1996, Schier et al., 1996) . Apart from
th eir neurological and somitogenic defects, these mutants were also

found to lack both arterial ECs and definitive haematopoiesis (Lawson
et al., 2001, Gering and Patient, 2005) . Itoh et al. (2003) then
showed that these mutants lack functioning Notch due to mutations

in the enzyme E3 ubiquitin ligase , required for the ubiquitination of

the Notch ligand s, and eventually the relea  se of Nicd.

In zebrafish there are four Notch receptor genes thatare homologou s
to Drosophila notch and nine Notch ligands genes, five deltas and 4
jaggeds that are homolog ous to Drosophila delta and serrate genes
respectively  (Espin -Palazon et al., 2014, Janicke et al., 2007)
Tablel .1 shows the zebrafish Notch receptor and ligand genes and

their ortholog in ~ Drosophila and mammals.
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Tablel.1: Notch ligand and receptor genes
their homologu es in mammals and zebrafish

Drosophila  and

Homologous
Drosophila - References
P Mammals Zebrafish
delta -likel dla (deltaA) (Haddon et al., 1998)
did (deltaD)
Ligands delta delta -like3 dib (deltaB) (Haddon et al., 1998)
dic (deltaC)
delta -like4 dil4 (delta -like4) (Leslie et al., 2007)
jaggedl jagla (jagged1A) (Zecchin et al., 2005)
serrate jaglb (jaggediB)
jagged2 jag2a (jagged2A) (Zecchin et al., 2005)
jag2b (Jagged2B) (Janicke et al., 2007)
notch notchl notchla (Bierkamp and Campos
Receptors Ortega, 1993)
notch2 notch2 (notch6 ) (Westin and Lardelli, 1997)
notch3 notch3 (notch5 ) (Westin and Lardelli, 1997)
notch4 notchlb (Westin and Lardelli, 1997)

In support of mib mutant data,

Notch whole embryo

and loss of function studies in zebrafish embryos

gain of function

as well as

expression of Notch ligands and receptors in the AGM region at the

time of HSCs formation, further confirmed the

in embryonic haematopoiesis

essential role for Notch

. Notch whole embryo los s of function

experiments involved blocking the O-secretase enzyme with DAPT and

DAPM, the use of rbpja/b morpholinos that prevent formation of Nicd -

containin g transcription complex, or the expression of the dominant

negative formof  rbpj gene (dnrbpj) to compete with the endogenous

Rbpj protein (see Figure 1.4).
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Figure 1.4: A pproaches used to block Notch pathway.
(@) Deletion of the ubiquitin ligase enzyme in mib mutants, (B)
inhibition of J-secretase by O-secretase inhibitors, (c) blocking Rbpj
protein production with rbpja/b  morpholinos, (D) blocking Rbpj
function by occupying the binding site by the non -functioning Rbpj
(D nRbpj ).

Blocking Notch signalling in the whole zebrafish embryo with any of
these approaches leads to phenotypes that are generally similar to

those in mib mutants (Rowlinson and Gering, 2010) . The common
phenotypes observed in these embryos were somite defects,
neuronal defects , and absence of HSCs. From data generated in the

lab, we also showed tha t blocking Notch signalling with different
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approaches leads to  loss of the haematopoietic marker runxl1 mRNA

(Figure 1.5).
Non functioning ubiquitin ligase Blocking y-secretase Blocking Rbpj

A B C runx1

wt (Neg.Control) DMSO from tailbud (Neg.Control)  uninjected (Neg.Control)

mib (- liblq. ligase) 26h D -Sec. inhibitor) 26h rbpja/b

Figure 1.5: blocking the Notch pathway with different
approaches  block s HSCs formation

The Figure shows great reduction or absence of HSCs in the three
approaches indicated by absence of runxl expression in the AGM
region (the darkness in rbpj a/b morphants in C is a stain deposition
resulting from over -staining) . Adapted from (Rowlinson, 2010,
Rowlinson and Gering, 2010)

28h

We also previously produced g  ain of function data showing that using
the Gal4-Uas system to over -express the zebrafish notchla intra -
cellular domain ( nicd) over -activate s Notch pathway in the whole
embryo, leadingto  ectopic expression of  both arterial endothelial and

HSCs markers inthe cardinal vein (see Figures 1.6 and 1.7).
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Figure 1.6: Diagram  showing the heat shock over - activation
of Notch pathway with the Gal4 -Uas system.
Crossing the tg( hsp:gal4 ) with the tg( uas: nicd) lead to generation of
double transgenic embryos , which when heat shocked initiated

expression of the gal4 gene. The Gal4 protein then interact s with the
UAS and so activate expression of the nicd in the whole embryo.

runx1 i efnb2a
Ilnduood Uninduced

23h

NICD induced
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Figure 1.7:The effects of Notch over - activation on arterial and
HSCs specification.
Embryos from crossing  tg( hsp:gal4 ) withthe tg( uas: nicd) transgenic

fish were heat shocked at 17hpf for 30 min. the r esult s showed
increased expression of both arterial ECs and HSCs indicated by
elevated expression of the endothelial marker efnb2a and HSCs

marker runxl . The figure also shows that with forced activation of
Notch pathway even veins become positive for these markers.
Adapted from (Rowlinson and Gering, 2010, Rowlinson, 2010)

1.8 Is the requirement for Notch in definitive HSC S

formation cell autonomous ?

Establishment of the essential role for Notch signalling in definitive
haematopoiesis by whole embryo Notch gain/loss of function studies
opened up a new question, which is whether this requirement was
cell autonomous or non  -cell-autonomous. A first indication that the
requirement was cell autonomous came from studies on chimeras

that showed thein  -ability ofthe notchl -/- mouse ES cells to contribute
to definitive haematopoiesis in chimeric animals, which suggests a

cell autonomous requirement for Notch in definitive haematopoiesis.
However, this study does not identify thetime point or developmental

window at which Not  ch is required.

Other efforts to study the cell autonomous requirements for Notch in

HSCs development, like those utilizating endothelial promoters to

mis -express Notch signalling either directly or with the help of Cre -
loxP recombinase system were also e xplored in  mice, but these
experiments were hampered by the severe impairment in the  foetal

vascular system and embryonic arrest shortly after E9 (Krebs et al.,
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2004, Venkatesh et al., 2008, Uyttendaele et al., 2001, Kim et al.,

2008) , which is well  before the time point when HSCs can be reliably
detected. On the oth  er hand, zebrafish provide an attractive animal
model to study the cell autonomous requirements for Notch in
definitive haematopoiesis  due to their ability to survive in the absence
of intact blood circulation by diffusion of oxygen and nutrients from

water. However , atthe time of starting this project, no published data

were available about the cell autonomous requirements for Notch in
zebrafish definitive haematopoiesis. Th is was mainly due to lack of
several molecular manipulation and lineage tracing tools homologous
to those available in the mouse, such as the lack of a reliable
ubiquitous transgene promoter like the rosa26 promoter which leads
to ubiquitous and efficient expression of downstream genes both in

embryonic and adult mouse tissues (Mosimann et al., 2011)

1.9 Recently reported non -cell  autonomous

requirements for N otch in definitive h aematopoiesis

Despite the fact that Notch signalling was known to be active in the
muscular and neural tissues in close association to the developing

AGM, until recently Notch was assumed to be only required cell
autonomously in HSCs formation. This assumption was base d mainly
on the mouse chimera experiments conducted by Hadland et al.

(2004) , which demonstrated failure of notchl /- cells in contribution
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to haematopoiesis. Recently , an additional non -cell autonomous
Notch requirement for Notch in HSC specification was also reported
(Clements et al., 2011) . The reported requirement for Notch involves
Wwnt16/Dlc/DIld in the developing sclerotomal somites . The
requirement  for Notch through this pathway seems to occur earlier
and in a form distinct from the previously described H h/Vegf/Notch

pathway .

Targeted deletion of  wntl6 gene with morpholinos was shown to
cause severe reduction in the number of Runx1 positive cells without
affecting Notch  ligands and receptors in the DA (Clements et al.,
2011) . wntl6 knock down was also shown to ha ve no effect on
expression of Notch componentsin  the DA (Figure 1.8). The fact that
blocking this non -cell autonomous signalling only blocks HSCs
specification without affecting arterial identity, added to the early

timing of signalling , raises the possibility that this signalling may
interact with other signalling pathways to initiate HSC formation

(Figure 1.8 ). Interestingly, B mp4 signalling from the mesenchyme
below the DA was also shown to be required non -cell autonomously,
to polariz e HSC formation in the vDA (Wilk inson etal., 2009) . Similar
to the Wnt16/Dlc/DId pathway, loss of Bmp4 protein was shown to
block HSC emergence without affecting the arterial fate. However,

initially it was not known whether there is an interaction between the

non-cell autonomous Notch and Bmp pathways to initiate

haematopoiesis.
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Figure 1.8: Dia gram showing signalling  pathways involved in
HSC formation.

The diagram shows the established Hh/Vegf/Notch signalling and the
non -cell autonomous signalling  from the sclerotomal somites
surrounding the DA, and the Bmp 4 signal from the mesenchyme
below the DA.

Complementary to Clements et al. (2011) work, in an efforts to
understand how an earl y Notch signalling in the somites contributes
toHSCs, Kimetal.(2014) provided datashowing thatthisearlynon -
cell autonomous Notch signalling is mediated by the Notch3 receptor ,
to promote HSCs specification. They also showed that early somite -
specific Notch induction is sufficient to rescue runxl and c-myb
expressionin notch3 morphants. The fact that dic/dld were expressed

normally in notch3 morphants, and also the fact that dic/did mRNA
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injection to the  notch3 morphants did not rescue runxl expression,
were also used to postulate that the somitic Notch3 act downstream

of the wntl6/dic/dld (Kim et al., 2014)

The other addit iontothis Notchnon  -cell autonomous signalling came
fromthe studyof Leeetal. (2014) , which showed early involvement
for FGF signalling in HSCs specification downstream of the Wnt16,

and demonstrate d that the FGF receptor 4 (Fgfr4) mediates a signal
between Wntl6 and Dlc, but not Dld,toreqgulate HSC speciycati on.
It also appears from their findings  that the somitic D Ic/ DId can also
interact with Notch receptors expressed on the surface of the HSC
progenitors, while they are migrating to the midline along the ventral
face of the somite , in a proce ss facilitated by adhesion of the somitic
Jam2a, with the HSCs progenitors’ Jamla (Kobayashi et al., 2014)
This early somitic haemogenic Notch signalling is possibly required to
prime these progenitor cells in a process that involves activation of

the recently identified Gata2b (Butko et al., 2015)

Unlike gata2a, which is expressed throughout the endothelium,
gata2b expression is restricted to t he h aemogenic subpopulation of
the endotheliumformingthe D A, and this expression initiates in these
cells as early as 18hpf in a Notch dependent manner (Butko et al.,
2015) . In birds, a later somitic contribution to haematopoiesis was

also described (Pardanaud et al., 1996) . In this process, the

endothelial cells forming the roof of the DA were shown to originate

46| Page



from a somitic mesodermal origin , then they migrate to the DA in a
process regulated by Notch signalling (Pardanaud et al., 1996) . Even
though these cells do not appear to directly contribute to the HSCs
population, their Notch activity may be essential in regulating the DA

floor endothelial to haematopoietic transition. Somitic derived

endothelium was also shown to restrict endothe lial to haematopoietic
transition to a limited developmental window by replacing the DA
floor splanchnic endothelium , giving rise to h aematopoietic cells

(Pouget et al., 2006) .

A similar somitic contribution to the DA was also recently proposed in
zebrafish ; as Nguyen et al. (2014) also showed that the  zebrafish
meox1l mutants have an expansion in HSCs markers, and showed

that this expansion resulted from an increase in somitic cells
contribution to the DA in these mutants. Even though the authors

were not be able to estab  lish a link between these migrating cells and

the somitic Wntl6/Dlc ;DId/Notch3 pathway, it appears from their in
situ data that these migrating cells were Notch3 active, as indicated

by the increase in the DA Notch3 activity in these meox1l mutants.
There is also now evidence in the zebrafish model that early Notch
signalling in t he somites also contributes to  the polarization of HSC
emergence . This is p articularly true because appropriate Notch
signalling is essential for somite formation a nd patterning, which is a
prerequisite for somitic FGF signalling. In addition to FGF involvement

in the Wntl6/Dlc ;DIld Notch3 pathway discussed earlier (Lee et al.,
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2014) , the Patient lab recently reported a late FGF requirement
(Pouget et al., 2014) . In this newly reported signalling pathway, it

was revealed that FGF acts upstream of the BMP4 localized in the
sub -aortic mesenchyme, and was shown to be responsible for
polarizing HSCs formation to the ventral wall of the DA (Wilkinson et

al., 2009) .

1. 10 Reporting Notch activity in zebrafish

Notch signalling pathway is among the most widely studied pathways

in most animal models. This is due to Notch involvement in various
developmental roles such as neurogenesis, somitogenesis,
vasculogenisis and h aematopoiesis. Consequently, it is essential to
precisely determine cells and tissues with Notch activity at given time
point to study it s involvement in these tissues development . These
studies can be achieved with Notch reporter genes that highlight
tissues with reporter gene activity in the experimental model of

interest. However,  the generation of such reporter lines for Notch

signalling was hampered by the fact that Notch signalling is mediated
by several Notch receptors and ligands that have vari ous degree s of
overlap in their expressi on pattern and redundant functions (Espin -

Palazon et al., 2014)
Notch signalling als o involves several other intracellular and
extracellular proteins in the process of pathway activation such as

Mindbomb, Tace and O-secretase (Itohetal., 2003) . Notch signalling
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is also modulated by other pathways such as Wnt, FGF and Bmp

(Bigas et al., 2013) . Moreover, Notch target genes are also large
families with complex expression patterns such as the Her gene
family (Takke and Campos -Ortega, 1999, Takke et al., 1999) .As a
result, itis impossible to simply report Notch activity through utilizing

the regulatory elements of any of its components or downstream

targets. However , activation of the  Notch pathway only occ urs when
Notch intra cellular domain makes a complex with Csl/Rbpj , that then
bind s specific DNA sequence s called csl/rbpj binding sites. This makes
using reporter lines with this binding sequence an optimal alternative.

Several Notch reporter lines were g enerated in mice in recent years
(Souilhol et al., 2006, Nowotschin et al., 2013) . Despite the
difference in the reporting proteins and the methodologies used to
generate these lines, all these lines were similar in their utilization of

the Epstein Barr Virus terminal protein 1 tpl promoter. This promoter
due to its containment of two Csl/Rbpj -like binding sites with the
binding sequence "GTGGGAAA", which enables expression of the
reporting proteins in cel  Is with Notch activity. Despite the difference

in origins of the Epstein -Barr virus and  Notch cellular components
the similarity in their sequences , both were found to be
interchangeable  (Henkel et al., 1994) . For instance the EBV tpl
promoter natively contains two binding sites for the complex of

Epstein Barr Virus C -promoter binding factor 1 (CBF1) and the

Epstein -Barr virus nuclear antigen 2 (EBNA2). As CBF1 and Csl/ Rbpj
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binding sites  are identical, these binding sites also actas b inding sites

for Csl/ Rbpj (see Figure 1.9).

EBV component Notch signalling counterpart
Ebna2 ) Nicd
Cbfl e —— Csl/Rbpj
EBMp1 binding Sites ¢ csi/tbpj binding sites

Figure 1.9 EBV components and their cellular counterparts

The firstrow shows the Epstein -Barr virus nuclear antigen 2 (EBNA2)

that share s great similarity and interchangeability with Notch
Intracellular Domain (Nicd). The s econd row shows the Epstein Barr
Virus C -promoter binding factor 1 (CBF1) that was shown to be
identical to the cellular Csl/Rbpj. The t hird row shows the Epstein -
Barr virus EBV TP1 binding sites that were also shown to serve as

binding sites for the cellular Csl/Rbpj (Henkel et al., 1994, Hsieh et

al., 1996) .

Henkel et al. (1994) showed that Epstein Barr Virus CBF1 is identical

to Rbpj , and due to the great similarity between EBNA2 and Notch

intra cellular domain ( Nicd), both have the ability to bin d Rbpj to
activate Notch target genes (Hsieh et al., 1996)

Utilizing Csl protein binding ability to tpl promoter, Kato etal. (1997)
generated a Notch reporter cell line using six repeats of the EVB  tpl
promoter sequence and a minimal promoter upstream of fluorescent

protein gene ( luciferase ), and showed that that they reliably report

Notch activity
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1.10.1 Notch reporter transgenic lines as tools to

monitor and lineage trace cells with Notch activity

Several mammalian Notch reporter lines were established exvivoand
in vivo in the last few years (Gupta -Rossi et al., 2001, Joutel et al.,
2004, Kohyama et al., 2005, Souilhol etal.,2006) .Allgenerated lines
utilized repeats of the well characterized  tpl promoter , to drive the
rep orter genes expression in Notch -active tissues. Due to the u n-
availability of similar lines in zebrafish at the time of starting this

work, t he decision was taken in our lab to establish in -house zebrafish
Notch reporter line s utilizing the same  promoter . To achieve this, the
former technicians in our lab. ( A. Haase and K. McMahon) used the
tp 1-luc construct PGa981 -6 (Katoetal.,1997) togetthe csl/rbpj like
cassette and the minimal aglobin promoter. They then cloned this
cassette and promoter sequence (we will refer to this fragment as csl
for short) upstream of the venus gene. The csl.cerulean and
csl:m Cherry constructs were also generated by former PhD students

in the lab (R. Thambyrajah and S.  Modh ara) by replacing the venus
gene with either  cerulean or mCherry within tol2 backbone plasmids
(Appendix 1). These plasmids were then co -injected with transposase
MRNA to zebrafish embryos at one cell stage , as previously published
(Kawakami et al.,, 2004) , and embryos with mosaic fluorescent
expression were grown to adulthood. Progenies of these fish were

then screen ed for inheritance of the fluorescent protein, and positive

embryos with decent expression were grown to establish stable Notch
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reporter lines. Thi s has led to establishment of three stable transgenic
lines for reporting Notch activity , each with different fluorescent
protein , the  Tg(csl:venus) 9mc6l — Tg(csl:cerulean) 9m¢63  and the

Tg(csl:mCherry) — amed7

1.1 1 flkl promoter drives endothelial specific gene

expression during early zebrafish development

Tissue -specific promoters are powerful tools, commonly used for

tissue specific genetic manipulation in mice and zebrafish animal
models. To enable studying the cell a utonomous requirements for
Notch in definitive haematopoiesis we decided to use the flk1

promoter to specifically manipulate the Notch pathway in the
endothelial cells, which include s the endothelial cells from which HSCs
first emerge in the vDA. The follo wing is an introduction about the
expression pattern of the endogenous flkk1 gene and identification and
utilization of its promoter to label, lineage trace and also to

specifically genetically manipulate flkl active tissues.

The mammalian receptor tyrosin e kinase FIkl (also known as
Kdr,Nyk, Vegfr2) is a receptor for the vascular endothelial growth
factor receptor 2 Vegfr2 . flkl is first expressed in the early lateral
mesoderm on the surface of cellscommittedto form both the vascular
and h aematopoietic systems, then during later stages of embryonic

development . flkl expression then persist s in the endothelial cells,
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while is lost in most cells committed to the haematopoietic lineage
(Yamaguchi et al., 1993) . Genetic studies showed that Flk1 plays an
essential role in the establishment of the vascular and
haematopoietic systems, and its deletion in the flkl -/ mutant mice
leads to failure in vascular and haematopoietic development and

mice death by E 9.5, (Shalaby et al., 1995) . Moreover, flkl /- ESCs
were shown to be in  -capable of contribution to the chimeric mouse

endothelial or haematopoietic system (Shalaby et al., 1995)

The e arly expression and specificity of flkl makes it an ideal marker
for the vascular and blood progenitors and endothelium through
detection of its MRNA (Yamaguchietal., 1993) as well as protein with
antibodies that specifically b ind and label these population s of cells
(Kataoka et al., 1997) . flk1 promoter was also use d to follow
expression of reporter genes in live embryo s through lacz or gfp
knock -in down -stream of the flkl1 promoter (Shalaby et al., 1995,
Ishitobi et al., 2010) . flk1 promoter was also used to specifically mis -
express other genes , specifically in the  flkl active cells and their
progenies, such as expression of activated Notch directly under the

flkl promoter by Uyttendaele et al. (2001) . flkkl promoter was also
integrated with the recombinase system to enable conditional
knockout , and also for genetic switching (Motoike et al., 2003) . This
system was shown to be useful in the mouse model to drive

expression of recombinase genes such as the cre recombinase, with
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presence of floxed genes to enable conditional knockout of target

genes, specifically in flkl active cells.

Soon after identification of the mouse flk1 gene, three independent
groups simultaneously identified a DNA sequence with close
homology in zebrafish ~ (Fouquet et al., 1997, Sumoy et al., 1997, Liao

et al.,, 1997) . The identified zebrafish gene w as found to share an
overall of 60% cDNA sequence identity with the mouse flkl. The
identified gene was initially named flkkl/kdr by the zebrafish
community. However and due to identification of a duplicate gene
(discussed in  flk1 knockout) with high simila rity in structure and
function to the initially identified flkk1 gene (Bahary etal., 2007) ,the
flk1 name was chan ged initially to kdra and thento kdrl (Bussmann
etal., 2008) . This thesiss tilluse stheterm flkl to refer to the firstly
identified zebrafish flk1 on chromosome 4 due to the wide use of this

term in the literature and the great similarity in its expression pattern

to the mouse flkl gene.

Although the zebrafish flkl is expressed in the axial and ISV during
early development, its knockdown was shown to be milder than that

seen in mouse and it does not affect vasculogenesis or
haematopoiesis (Habeck et al., 2002) . Other cytoplasmic or kinase
domain mutations identified in the same gene were shown to cause
vascular development defects (Covassin et al., 2006) but still milder

than that seen with the deletion of the V egf signalling mediator  plcgl
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(Lawson et al. , 2003) or treatment with the Vegf receptors inhibitor

(SU5416), suggesting a compensation from other genes.

To resolve this issue,  Covassin et al. (2006) searched the zebrafish

genome for a gene with homology to the previously identified flk1l
gene, and found an orthologues gene ( kdrb/kdr ) on chromosome 20
that ha s a marked overlap with the previously identified flkl. Over -

expression of the newly identified gene was found to partially rescue

flkkl1, and the combined knockdown of the two genes with
morpholinos, lead ing to more severe vascular defects, including
partial loss of the main axial vessels and complete loss of ISV, but
with apparently un -affected haematopoiesis (Bahary et al., 2007)
Because newly identified flk1 homologue ( kdrb/kdr ) was found to
exhibit a pan mesodermal expression pattern (Bussmann et al.,
2008) , which makes it un  -suitable for endothelial specific gene mis -
expression or lineage tracing, in this thesis | am only focusing on the

firstly identified  flk1 gene and its promoter.

In situ hybridization was performed by the three labs in which
zebrafish flkl1 gene was first identified t o analyse its expression
pattern (Fouquet et al., 1997, Sumoy et al., 1997, Liao et al., 1997)

All three studies showed that flkl specifically marks cells that follow

the distribution and  migration of the endothelial cells , as previously
described by Al-Adhami and Kunz (1977) . flkl expression was
detectable in zebrafish embryos between 5 -7 somites (about 12hpf)
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inthe form of two  bilateral lines located in the lateral mesoderm both

in the trunk and the head regions. These cells then migrate medially

to form the main trunk and head vasculature, including the
haemogenic endothelium in the vDA that initiates the haematopoietic

system (Figure 1.10 , A-C). At 15 somites two waves of migrating flkl
expressing cells become evident, the medial flkl high expressing cells
that mainly form the DA angioblasts followed by the flkl low
expressing cells that mainly form the CV angioblasts (Sumoy et al.,
1997, Kohli et al., 2013) . At the 24 somites stage (20hpf) all
migrating cells reach the midline to form the DA and the CV. Some

flkl positive cells are now also visible between the somites and they

are the early ISV forming endothelium. At 24hpf flk1 mRNA become
visible in all vascular tissues, with arterial preferability of flk1 , unlike
what is observed with the other tyrosine kinase receptor flt4 that
becomes restricted to the veins (Thompson et al., 1998, Fouquet et

al., 1997) . The developing vascular tissues continue to express flk1l
until at least 36hpf , then FIk1 activity is greatly reduced and becomes
hardly detectable. Apart from blood and endothelial progenitors and
endothelial expression of flkl , both Liao et al. (1997) and Sumoy et
al. (1997) also reported flkl expression in the hindbrain and the
endocardium (Figure 1.10 A), however flkl expression in these non -
endothelial tissues only exists for a short period of time then become S

undetectable.
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24 hpf

48 hpf

Figure 1.10: flkl expression pattern du ring zebrafish early
development.

Whole mount insitu hybridization of flkl expression at the six somite
(A), 15 somite (B -C), 22 somite (D), 21 hpf (E), 24hpf (F), 48hpf (G),

4 days (H). (A) flkl is expressed in two lateral lines along the

int ermediate ce Il mass (icm) and  other bilateral lines of endothelial
precurs or cells anteriorly (arrowhead). A weak expression of  flkl is
also seen in the lower part of the central nervous system (CNS). (B -
C) flkl expression expand both anteriorly and posteriorly. (C) Two

waves of migrating cells become distinguishable (1° and 2° waves
cells). (D) At22 somites , all migrating cells in the trunk and tail arrive

to the midline and the head and trunk positive cells co nnect at the
leve | of the root of the aorta (ra); flk1 positive cells also become
detectable at the position of the ducts of Cuvier (dc). (D -H) Lateral
view with (D) showing 21 hpf old embryo ; atthis stage the developing
axial vessels, DA and CV become di  stinguishable with a higher level

of expression in the DA (a) compared to that of the CV (v). (F) At

24hpf flkl expression is visible in all head and trunk vasculature ,
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including the DA, CV and ISV. (G) At 48hpf flk1 expression is down -
regulated after the vasculature is established and by 4 days it is
barely detectable by  in situ hybridization (H). Source s: (images A -D
adapted from (Sumoy et al., 1997) ,image E ad apted from (Fouquet
et al.,, 1997) , images F -G adapted from (Bertrand et al., 2010a) :
image H adapted from (Bahary et al., 2007)

Until recently, itw  as not easily possible to knock reporter genes into
endogenous genes, which created the need to identify the flk1l

promoter and utilize s it in generating endothelial specific fluorescent

reporter or recombinase lines. To achieve this, Cross et al. (2003)
used a 6.5kb genome fragment 5' to the zebrafish flkl gene start
codon to drive the green-r ed <cor al buor e $&-RCGFP)
expression specifi cally in zebrafish blood vessels . With this approach
they acquired an expression pattern almost identical to that of the

endogenous flkl gene. Following the findings of Cross et al. (2003)
similar transgenic lines were independently generated in several labs
with the same fragment. All labs reported expression pattern
recapitulating endogenous flkl expression (see Appendix 2) (Beis et

al., 2005, Jin et al., 2005, Choi et al., 2007, Bertrand et al., 2010a)

To enable lineage tracing of ECs,  Bertrand et al. (2010a) have also
generated a transgenic line with the same promoter driving
expression of cre recombinase gene  Tg(kdrl:cre) 89 and showed a
tight restriction ~ of cre gen e expression to the endothelium (appendix
3). With this approach, they were able to permanently label the ECs

and show that the ECs can give rise to HSCs that seeded the adult
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kidney. However, it was also found by the same group that the used
flk 1 promoter also label s the primitive blood cells (Bertrand et al.,

2009) .

To further characteri  se the original 6.5 kb flkl promoter fragment,
Choietal. (2007) generated a series of deletion variants of the 6.5kb
fragment. These were cloned upstream of a gfp reporter gene and
injected in zebrafish embryos. Analysis of transient gfp expression in
the injected FO embryos showed that a 0.8kb ( T 4. 3, 1) é&bhabcer
and a 1.5kb minimal promoter ( T 1 .)5%vere sufficient to drive afp
expression specifically in the endothelium of injected embryos (see
Appendix 4).

Based on Choi et al. (2007) findings, we cloned the ( 1T 4. 3, 1)3. 5
enhancer and 1.5kb minimal promoter ( T 1 .)bpstream of gfp into
a tol2 plasmid backbone, then co -injected the construct with
transposase mMRNA into WT emb ryos at one cell stage , as previously
described (Kawakamietal., 2004) . Theinjected embryos  were raised

to adulthood, and then screened for potential founders. This led to

identification of founders whose progeny express gfp in a spatial and
temporal expression pattern indistinguishable from the previously
published line with the full 6.5kb flk1 promoter fragment  (Jin et al.,

2005) , (see Appendix5 ) . Identified embryos were grown to establish

our in -house generated line  Tg(flk 1:gfp) ames7
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Figure 1.11: Minimal and flkl1 promoter drive cre expression
in the endothelium.

Whole mount in situ hybridization for cre mRNA. (A) cre mRNA was
undetectable at 8 somite stage. (B) at 18s cre mRNA become
detectable in the endothelial progenitors in the A LM (black
arrowheads) and the PLM (black arrows) . (C-D) at 24hpf, cre mRNA
is expressed in the developing DA (black arrow) , and also in the
posterior e nd of the ICM (blue arrowhead). cre mRNA is also present
in the posterior blood island (PBI; black arrowhead) and the
endocardium (red arrowhead). (E) cre mRNA persists in the  dorsal
aorta (black arrow), CHT (black arrowhead) and the branchial arteries

(red arrow) (adapted from Drew, 2010)
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To enable endothelial specific mis -expression of other genes, we then
modified the flkl:gf p construct used to generate the Tg(flkl:gfp) ames’
line by replacing the ofp gene with the cre gene. The generated
construct was then co -injected with transposase mRNA into WT
embryos at one cell stage as previously described by Kawakami et al.
(2004) . The injected embryos were then raised to adulthood, and
screened for potential founders by PCR w ith the primers DB143 and
DB144, which recognis e and amplify a 592 bp fragment of an area
made of part of the  flk1 promoter and part of the cre gene. This has
led to the identification of founders whose progeny have the cre gene
integrated  into their genome, and establishment of the flk1l:cre
transgenic line  Tg(flkl:cre) 9m¢191  To analyse the expression pattern

of the cre gene in this line, in situ hybridization analysis was
performed by the former student in our lab (Drew, 2010) , and the
result s showed an endothelial specific expression of the cre gene (as
shown in Figure 1.11).

As in situ analysis confirmed presence of the cre mRNA in the
endothelial tissu es, we wanted to know if this mRNA leads to
production of an active Cre protein, that is able to induce endothelial

specific Cre recombination. To achieve this, we utilized the Cre
reporter line  Tg(efl UloxP -gfp -loxP-dsRed2) , which was a kind gift
from Dr. Bally -Cui f 6 qSinhaaebal.,, 2010) . In the Cre reporter

transgenic line, dsRed gene was cloned downstream a floxed ofp -pA
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cassette under the  efl U promoter (Figure 1.12 B). This leads to
ubiquit ous expression of the floxed ofp gene, howeverin the presence
of the Cre protein, the loxP sites get recombined and the gfp-pA
cassette get deleted. This then makes the dsRed gene fall directly
downstream of the  efl U promoter in the tissues were cre gene is
expressed (Figure 1.12 A -C).

With this genetic reporting tool, we were able to label all cells that

were flkl active or derived from flkl active progenitor, through
detection of the DsRed protein with fluorescent microscopy by
crossing the flkl:cre transgenic, Tg(flk1:Cre) amclol  to t he Cre

reporter line  Tg(efl UloxP -gfp -loxP-dsRed2) . This led to endothelial

specific cre induced recombination and expression of dsRed, that was
detectable starting from day 4. At this time point dsRed gene was
expressed in the vascular endothelium as well as cells that are located

in the CHT in the area where the HSCs are located (Figure 1.12 D),
whereas un -recombined tissues were negative for dsRed, and still
expressing gfp under the control of the efl U promoter (Figure 1.12
E). Unlike in situ results that showed the presence of flkI mMRNA

starting from 18 somite stage, DsRed fluorescent protein was only

detectable on day 4. This might be resulting from the slow maturation

of the DsRed protein or the low level of produced DsRed due to down
regulation of efl U promoter activity, as previously reported (Hans et
al., 2009)
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Figure 1.12: Cre -mediated endothelial specific deletion of the

flox ed gfp and expression of dsRed in recombined cells.

(A) Schematic diagram showing the flkl activator line with the
minimal flkl promoter, Tg(flkl:cre) 9m¢10l that drive s cre expression
specifically in the endothelium. (B) Crossing the Cre reporter line
Tg(efl UloxP -gfp -loxP-dsRed2) to the activator line enable s reporting
the cre active tissues through Cre induced removal of the floxed ofp
and allow expression ofthe dsRed gene underthe efl Upromoter . (D)
Fluorescent microscopy showing an example of progeni es resulting
from crossing the  flkl activator line  Tg(flkl:cre) amc19l to the Cre
reporter line  Tg(efl UloxP -gfp -loxP-dsRed2 ), imaged on day 5 with
(D) showing DsRed fluorescent protein expression restricted to the
vascular endothelial tissues (blue arrows) and the caudal
haematopoietic tissues CHT (yellow arrow). DsRed is also seen in the
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