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Abstract

Primitive and definitive haematopoiesis were studied during embryonic and larval
development in three zebrafish models of human haematological diseases: TEL-
AML1 expressing acute lymphoblastic leukaemia (ALL), GATAZ2 haploinsufficient
disorders, and MDS with isolated del(5q) (MDS5q).

The t(12;21)(p13;922) chromosomal translocation resulting in the TEL-AML1
fusion gene is the most common translocation in childhood ALL. The translocation
arises in utero and can be found in approximately 1% of new-born infants.
However, less than 1% of these children develop leukaemia and this translocation
is not observed in adult ALL. This suggests that the cell of origin resulting in the
eventual transformation to BCP-ALL is present and disrupted early during
development. Early developmental haematopoiesis was studied in transgenic
zebrafish expressing the human TEL-AML1 fusion protein. The numbers of
granulocytes are transiently increased by the expression of TEL-AML1 fusion

protein in these animals.

The GATA2 gene encodes a transcription factor that plays a major role in
haematopoiesis. Recently, germline GATA2 mutations have been identified as the
cause of a range of haemato-vascular disorders including Emberger syndrome,
Monomac and DCML deficiency all with predisposition to MDS. We took advantage
of the presence of two GATAZ2 paralogs (gata2a and gata2b) in zebrafish to dissect
the role of GATAZ in early haematopoietic and vascular development. Gata2a and
Gata2b were shown to have different functions in haematopoiesis. Gata2a
regulates primitive myeloid cell development and vascular morphogenesis. The
first wave of lymphocytes and haematopoietic progenitors derived from the dorsal
aorta are also affected. A novel role for the Gata2b was identified, in the
development of myeloid cells in the caudal haematopoietic tissue. Double
heterozygous fish carrying mutations in both gata2a and gata2b were used to

model germinal mutations in GATAZ2 found in patients.

Ribosomal protein gene 14 (RPS14), located on 5q, has been shown to be the
likely genetic determinant of anaemia in patients with MDS5q. Our group has used
TALENS to generate an rpsl4 mutant zebrafish. Fish carrying a heterozygous

mutation in rps14 gene show defects in erythropoiesis and granulopoiesis, and the
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severity of these defects is enhanced by haemolytic or cold stress. The rescuing
effects of a TLR7/8 agonist, imiquimod, identified previously in a small molecule
screen for modifiers of the anaemia phenotype associated with Rps14 loss, were
studied in rps14 mutant fish. Pharmacological evidence suggests a role for TLR7
in erythroid development, as exposure to a TLR7 agonist partially rescues the

phenotype of heterozygous rps14 mutant fish, while treatment with a TLR8 agonist
has no effect.
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Impact Statement

In this work, developmental haematopoiesis was studied in zebrafish models of
haematopoietic malignancies. The findings presented in this thesis contribute to
the understanding of the role of gata2a, gata2b, and rps14 genes in developmental
haematopoiesis.

Through the analysis of developmental haematopoiesis in fish carrying mutations
in gata2a and gata2b genes, distinctive functions for both zebrafish paralogs of the
human GATAZ2 gene were defined. These findings show that the gata2a gene has
a role in the differentiation of primitive macrophages during primitive
haematopoiesis, in addition to its role in vascular morphogenesis. On the other
hand, gata2b is shown to have a role in the development of granulocytes at the
start of definitive haematopoiesis. Additionally, new stable zebrafish lines carrying
mutations in the gata2b gene were produced, which will serve as a tool to both
study the function of the zebrafish gata2b gene and to model GATA2
haploinsufficiency in zebrafish.

The characterization of developmental haematopoiesis in rpsl4 mutant fish
showed subtle perturbations elicited by haploinsufficient levels of Rps14. However,
heterozygous mutant larvae show anaemia under conditions of stress. Low
temperature elicits poor haemoglobinization of erythrocytes. Similarly, recovery
after haemolytic stress is also reduced in heterozygotes. Further experiments
building on previous work in our group allowed the identification of TLR7 activation
as an important pathway that regulates the development of erythroid cells. These
findings validate the use of heterozygous rps14 mutant fish as a model of MDS
with loss of 5q. The combined use of CRISPR applications and NGS will allow the
development of zebrafish models of increasing complexity to study the genetic

interactions of rps14 with other genes affected by this chromosomal alteration.

A complete understanding of the early events that precede overt disease is key to
the development of new tools for diagnosis and treatment. Although the scope of
this work does not include work with human samples, the examples of conservation
of the molecular mechanisms between experimental animal models and human
patients are numerous. The findings presented in chapter 6 (Modelling MDS with

loss of 5q using rps14 mutants) are a good example of the discovery of candidate
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pathways for the future development of strategies of treatment. Additional work
with samples derived from patients has allowed the validation of these findings.
However, extensive research on the underlying mechanisms of the rescue of
anaemia induced by rps14 haploinsufficiency by TLR7 activation will be necessary

to develop a treatment based on these findings.
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Introduction

1.1 Developmental haematopoiesis in zebrafish

1.1.1 Primitive haematopoiesis in zebrafish embryos

Haematopoietic and endothelial cells in zebrafish (Danio rerio) have a common
origin, haemato-vascular progenitors derived from the mesoderm during early
development (Gering et al., 2003). During somitogenesis, haemato-vascular
progenitors can be observed as two anterolateral pairs of stripes of cells
expressing markers like Imo2 (LIM domain only 2) and runxl (Runt-related
transcription factor 1) genes (Gering et al.,, 2003; Kalev-Zylinska et al., 2002;
Patterson et al., 2007). Haemato-vascular progenitors in the pair of stripes located
in the anterior part of the embryo form the anterior lateral plate mesoderm (ALPM),
that generates primitive myeloid cells (Herbomel et al., 1999; Lieschke et al.,
2002). Similarly, the haemato-vascular progenitors located in the posterior pair of
stripes form the posterior lateral plate mesoderm (PLPM), and their cells generate
primarily primitive erythroid cells and some myeloid cells (Detrich et al., 1995;
Lieschke et al., 2002).

The first myeloid cells in the zebrafish embryo differentiate directly from haemato-
vascular progenitors in the ALPM (Herbomel et al., 1999), forming two anterolateral
groups of cells that express markers like spilb (Spi-1 proto-oncogene b, previously
known as pu.l) (Lieschke et al., 2001) and cebpa (Thisse et al., 2001).
Differentiation of these groups of myeloid cells is followed by their ventral migration
over the yolk. As a result, by 18 ss (somite stage) the primitive macrophages are
found laterally over the surface of the yolk (Herbomel et al., 1999; Lieschke et al.,
2002). Independently from primitive macrophages derived from the ALPM,
primitive erythroid cells originate from progenitors in the PLPM (Detrich et al., 1995;
Lieschke et al., 2002). The stripes of cells of the PLPM converge in the
intermediate cellular mass (ICM) during embryogenesis (Detrich et al., 1995).
These first erythroid cells in the ICM later enter the blood circulation between 24
and 26 hpf (Long et al., 1997).
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1.1.2 Second wave of primitive haematopoiesis

In the first wave of primitive haematopoiesis, myeloid and erythroid cells are
produced by direct differentiation of cells from the ALPM and PLPM (Detrich et al.,
1995; Herbomel et al., 1999; Lieschke et al., 2002).Bertrand and colleagues (2007)
showed the presence of transient erythromyeloid progenitors (EMP) that co-
express gatala and Imo2 in the PBI (posterior blood island). EMPs arise
autonomously from Imo2" mesoderm in the PBI and can be detected by 30 hpf as
a Imo2* gatala® cell population. This Imo2* gatala® population of cells was shown
to express both myeloid and erythroid markers, and in vitro experiments
demonstrate that EMPs have both erythroid and myeloid potential, but they do not
exhibit lymphoid potential (Bertrand et al., 2007). EMPs are transient, as they
cannot be found in the PBI after 72 hpf, and they do not colonize the kidney marrow
(Bertrand et al., 2007; Carroll and North, 2014), where definitive haematopoiesis
proceeds until adulthood (Traver et al., 2003).

The first granulocytes, detected by peroxidase activity, are observed in the PBI by
31 hpf (Lieschke et al., 2001). Similarly, granulocytes that accumulate Sudan
Black, presumably neutrophils, are found in the PBI between 33 hpf and 35 hpf (Le
Guyader et al., 2008), suggesting that they derive from the EMPs. Other myeloid
cells, the mast cells, have been shown to be derived from the EMPs (Da’as et al.,
2012; Dobson et al., 2008).

1.1.3 Onset of definitive haematopoiesis

Definitive haematopoiesis generates mature blood cells from multi-potent
progenitor cells which will ultimately result in the establishment of haematopoietic
stem cells that persist during the entire life of the organism (Bertrand et al., 2010,
2008; Kissa et al., 2007; Kissa and Herbomel, 2010; Murayama et al., 2006).
Definitive haematopoiesis is initiated from haematopoietic stem cells (HSC) that
differentiate from the endothelium of the dorsal aorta in a process known as
endothelial to haematopoietic transition (EHT). HSCs derive from the haemogenic
endothelium in the ventral wall of the dorsal aorta (DA) (Bertrand et al., 2010; Kissa
and Herbomel, 2010), in a process dependent of blood flow (North et al., 2009).

Once the HSCs emerge, they enter the blood circulation through the caudal vein
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(CV) (Kissa et al., 2007), and later they seed the caudal haematopoietic tissue
(CHT) (Murayama et al., 2006). The CHT seeded by HSCs then becomes a
transient niche of definitive haematopoiesis, where erythroid and myeloid cells are
produced transiently (Kissa et al., 2007; Murayama et al., 2006) widely accepted
as similar to the fetal liver in mammals. At a later stage, some of the HSCs in the
CHT enter the blood circulation and seed the pronephros, the precursor of the
kidney which becomes the site of definitive haematopoiesis until adulthood
(Bertrand et al., 2008; Langenau et al., 2004; Murayama et al., 2006), like the bone

marrow in mammals.

In zebrafish, the development of T lymphocytes occurs through two different
mechanisms. Tian and colleagues (2017) show that the first wave of lymphocytes
is derived from progenitors that emerge from the haemogenic endothelium of the
DA, which later enter the blood circulation in the AGM region and exit the
vasculature in the head and migrate interstitially and colonize the thymic rudiments
(Hess and Boehm, 2012; Kissa et al., 2007). From 5 dpf, another mechanism
slowly takes over, where HSCs colonize both thymi and originate T lymphocytes
(Tian et al., 2017).
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1.2 TEL-AML1 fusion protein and childhood acute

lymphoblastic leukaemia

1.2.1 A chromosomal translocation generates the TEL-AML1 fusion

gene

B-cell precursor acute lymphoblastic leukaemia (BCP-ALL) is a heterogeneous
disease characterized by the acquisition of mutations and other genetic lesions,
followed by the clonal expansion of transformed haematopoietic cells whose
differentiation is arrested (Ghazavi et al., 2015). In approximately 75% of BCP-ALL
patients a chromosomal alteration is found, which include abnormal chromosome
number, chromosomal translocations and deletions (Ghazavi et al., 2015; Jaffe et
al., 2011).

The t(12;21)(p13;922) chromosomal translocation is the most common
translocation in BCP-ALL and is found in approximately 25% of paediatric BCP-
ALL cases (Ghazavi et al., 2015; Jaffe et al., 2011). This translocation fuses TEL
(translocation, ETS, leukaemia), also known as ETV6 (ETS variant 6), and AML1
(acute myeloid leukaemia 1 protein), also known as RUNX1 (Romana et al., 1995).
The t(12;21)(p13;922) chromosomal translocation generates a chimeric protein
named TEL-AML1 (also known as ETV6-RUNX1) (Romana et al., 1995). TEL-
AML1-positive patients have a good prognosis and their 5-year survival rates
exceed 85%, although late relapse is possible (De Braekeleer et al., 2012; Ghazavi
et al., 2015). However, cancer therapy applied at an early age has late effects that
become apparent years later. Many different sequelae of treatment have been
reported, such as neurocognitive deficits, cardiotoxicity and secondary

malignancies (Jaffe et al., 2011).

The TEL and AML1 genes are involved in several chromosomal translocations that
are found in different myeloid and lymphoid leukaemias (De Braekeleer et al.,
2012; Ichikawa et al., 2013). Indeed, both TEL and AML1 genes were first identified
in fusions to other genes. The first described translocation involving the TEL gene
was identified in its fusion to PDGFRQ (beta-type platelet-derived growth factor
receptor) in the t(5;12)(q33;p13) chromosomal translocation in a patient with
chronic myelomonocytic leukaemia (CMML) (Golub et al., 1994). Similarly,

translocations involving AML1 fused to the ETO (eight twenty-one) gene
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(RUNX1T1, RUNX1 translocation partner 1) were identified in an AML patient with
the t(8;21)(q22;922) chromosomal translocation (Miyoshi et al., 1991). TEL and
AML1 genes encode transcription factors that are critical for definitive
haematopoiesis. TEL encodes a nuclear protein that belongs to the ETS (E-
Twenty-Six) family and plays an important role in haematopoiesis. TEL contains
two major domains, an amino-terminal basic helix-loop-helix (bHLH) domain and
an ETS domain, located in its C-terminus. The bHLH domain allows TEL to
homodimerize while the ETS binding domain is responsible for binding to specific
DNA sequences. Functional studies show that TEL acts as a strong transcriptional
repressor by recruitment of proteins involved in the histone-deacetylase pathway
although deacetylase-independent repression has also been reported (De
Braekeleer et al., 2012). AML1 encodes a transcription factor that is critical for
definitive haematopoiesis and for the generation of haematopoietic stem cells
(HSC). AML1 contains a highly conserved Runt domain near its N-terminus
responsible for AML1 heterodimerization with CBF@ (core binding factor ().
Binding to CBFB enhances AML1’s affinity to DNA and protects AML1 from

ubiquitination and proteasomal degradation (Ichikawa et al., 2013).

The TEL-AML1 fusion protein contains domains of TEL amino-terminal to the ETS
DNA binding domain, including the bHLH domain, typical in transcription factors
that dimerise, and all known functional domains of AML1, including the RUNT DNA
binding domain (Zelent et al., 2004). This makes TEL-AML1 chimeric protein
different from other AML1 fusion proteins, like AML1-ETO and AML1-EVI1 (EVI1,
ecotropic virus integration site 1 protein homolog), which contain the Runt DNA
binding domain but lack the C-terminal domains that mediate interactions with
other proteins (Ichikawa et al., 2013; Zelent et al., 2004). Given that the TEL-AML1
gene fuses the sequences encoding bHLH and repression domains of TEL protein
with those encoding the RUNT DNA binding domain of AML1, TEL-AML1 is
thought to act by repressing AML1’s transcriptional targets, and also by interfering
with normal TEL functions through heterodimerization (De Braekeleer et al., 2012;
Ghazavi et al., 2015; Zelent et al., 2004).
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1.2.2 TEL-AML1 fusion protein arises in utero

The TEL-AML1 fusion gene arises in utero (Wiemels et al., 1999), and evidence
shows that TEL-AML1-positive cells are present at birth (Greaves, 2009; Zelent et
al., 2004). Although the precise position of the breakpoint is different in each
patient’s cells, making them all unique, most of the breakpoints are scattered
throughout intron 5 (12 kb) of the TEL gene and intron 1 (100 kb, approximately)
of the AML1 gene (Greaves and Wiemels, 2003; Romana et al., 1995). Twins
sharing the same TEL-AML1 breakpoint indicate that the t(12;21)(p13;922)
translocation originates in a single cell. Therefore leukaemia is presumed to arise
only from an in utero event, when either the conditions are permissive to leukaemia

onset, or a cell type prone to leukaemia is present.

Interestingly, although a TEL-AML1 fusion gene can be found in approximately 1%
of new-born infants, less than 1% of these children eventually develop leukaemia.
Similarly, the rate of concordance in TEL-AML1-positive twins is approximately
10% (Greaves, 2009), indicating that additional events are necessary for
leukaemia onset, and that the fitness of TEL-AML1 expressing cells must in the
majority of cases be outcompeted by wild-type cells. Consistent with this idea, TEL-
AML1-positive clones generated in utero can still be found in individuals up to the
age of 15 without leukaemia (Zelent et al., 2004). Additional evidence is provided
by animal models where TEL-AML1 expression alone is not enough to trigger overt
ALL (Fischer et al., 2005; Schindler et al., 2009; van der Weyden et al., 2011).
However, most of these animal models fail to recapitulate the genetic effects of
t(12;21)(p13;922) translocation, particularly the expression pattern of TEL-AML1
(Fischer et al., 2005; Morrow et al., 2004; Sabaawy et al., 2006; Tsuzuki et al.,
2004), where TEL-AML1 expression is controlled by the TEL gene promoter. In
addition these maodels do not include the effect of the loss of the translocated copy
of the TEL gene (Fischer et al., 2005; Morrow et al., 2004; Sabaawy et al., 2006;
Tsuzuki et al., 2004; van der Weyden et al., 2011), which could be crucial, given

the tumour suppressor function attributed to TEL (Rompaey et al., 2000).
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1.2.3 Additional genetic lesions

Additional recurrent genetic lesions have been found in TEL-AML1-positive
patients, such as deletions of TEL, PAX5 (paired box 5), EBF1 (early B cell factor
1) and CDKN2A (cyclin dependent kinase inhibitor 2A), among other genes
(Ghazavi et al., 2015). The loss of the non-translocated copy of the TEL gene is
the most common deletion in TEL-AML1-positive patients (Attarbaschi et al.,
2004). Studies in twins show that TEL gene deletions are subclonal to TEL-AML1-
positive clones and their boundaries are different in twins, which suggest loss of
TEL is a secondary event occurring after chromosomal translocation. The loss of
the TEL gene is thought to promote leukaemogenesis by a direct tumour
suppressor function of TEL (Rompaey et al., 2000) or indirect, via
heterodimerization with TEL-AML1 that could reduce its transforming activity
(Zelent et al., 2004).

A two-step model has been proposed according to these data, where the chimeric
fusion gene constitutes a first hit that initiates subtle changes in haematopoietic
compartments, a covert pre-leukaemic state, but is not sufficient to trigger
leukaemia. During the covert pre-leukaemic state period, additional genetic lesions
are acquired by the clone that eventually starts overt ALL (Zelent et al., 2004).

1.2.4 Animal models expressing TEL-AMLL1 fusion protein

TEL-AML1 fusion protein expression has been shown to have effects on
haematopoiesis in vivo (Fischer et al., 2005; Schindler et al., 2009; Tsuzuki et al.,
2004) and differentiation in vitro (Boiers et al., 2018; Fuka et al., 2012; Morrow et
al., 2004), mainly increasing the numbers of progenitors, without complete block
of B-cell differentiation, and with variable effects on myeloid cells. Although TEL-
AML1 expression alone is not sufficient to initiate ALL (Schindler et al., 2009; van
der Weyden et al., 2011), animal models have shown TEL-AML1’s leukaemogenic
potential in combination with additional genetic lesions (Bernardin et al., 2002;
Swaminathan et al., 2015; van der Weyden et al., 2011). TEL-AML1 seems to act
in the earliest B-cell progenitor cells, because TEL-AML1 expression controlled by
rag2 (recombination activating 2) and IGH (immunoglobulin heavy locus) gene

promoters fails to induce leukaemia (Sabaawy et al., 2006; Zelent et al., 2004).
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Therefore, it has been proposed that TEL-AML1 affects a primitive, as yet
undefined B or pre-B cell progenitor during development, which may be the cellular
origin of leukaemia. Consistent with this hypothesis, expression of TEL-AMLL1 in
early haematopoietic compartments increases the number of HSCs and maintains
them quiescent in mice (Schindler et al., 2009), presumably giving them the
opportunity to accumulate further mutations. Similarly, embryonic stem cells
engineered to express TEL-AMLL1 fusion protein from the endogenous locus exhibit
a partial block in B-cell differentiation in vitro, and show instead a myeloid gene
expression profile indicating a propensity to aberrant B-cell differentiation
associated with TEL-AML1 (Bdiers et al., 2018). Although there is convincing
evidence supporting a TEL-AML1 role in the establishment of a pre-leukaemic
clone, there is conflicting evidence about the role of TEL-AMLL1 in leukaemic cells.
Some studies have failed to find a significant impact of TEL-AML1 knockdown on
cell cycle, survival or transcriptional profile of cell lines expressing TEL-AML1
(Andreasson et al., 2001; Zaliova et al., 2011), suggesting that TEL-AML1 may be
dispensable for survival of leukaemic cells once leukaemia has been established.
In contrast, other groups have reported that knockdown of TEL-AMLL1 in cell lines
impairs cell engraftment in mice (Fuka et al., 2012; Mangolini et al., 2013), and
affects cell cycle and survival, and causes major transcriptional changes in cell
lines (Diakos et al., 2007; Fuka et al., 2012, 2011; Mangolini et al., 2013). These
data suggest that TEL-AML1 expression is required for maintenance of REH cells
in vitro, a cell line that expresses TEL-AML1 fusion protein (Uphoff et al., 1997),
but none of these studies shows evidence of TEL-AML1 dependency in leukaemic

cells in an animal model.

1.2.5 Zebrafish model expressing TEL-AML1 fusion protein

A transgenic zebrafish expressing hTEL-AML1 (human TEL-AML1) chimeric
protein fused to GFP, and under the control of zebrafish S-actin gene promoter
(Sabaawy et al., 2006) ZBA-EGFP-TA provides an interesting animal model for
TEL-AML1 leukaemia, because approximately 3% of these fish develop B-cell
leukaemia without the need to experimentally induce additional genetic lesions
(Sabaawy et al., 2006). Additionally, a zebrafish model of disease provides the

advantage of its external development and small size, which make it possible to
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carry out chemical screens. Given that the disease is initiated in utero (Wiemels et

al., 1999), the use of zebrafish allows study of the earliest phases of development.

Although the ZBA-EGFP-TA model recapitulates some aspects of TEL-AML1
leukaemia (Sabaawy et al., 2006), it has some drawbacks. Most of these
drawbacks involve its differences at the molecular level with the t(12;21)(p13;q22)

chromosomal translocation.

In contrast to patients carrying the t(12;21)(p13;922) chromosomal translocation,
where hTEL-AML1 fusion protein expression is controlled by the TEL gene
promoter, in Tg(ZBA:EGFP-hTEL-AML1"") transgenic fish the expression of hTEL-
AML1 is controlled by a fragment of the zebrafish B-actin gene promoter
(Higashijima et al., 1997; Sabaawy et al., 2006). However, the zebrafish B-actin
promoter used in Tg(ZBA:EGFP-hTEL-AML1) transgenic fish drives expression
mainly in the skin (Higashijima et al., 1997; Traver et al., 2003) and at low levels in

blood cells (Mosimann et al., 2011).

Finally, although the reported low incidence of overt leukaemia in ZBA-EGFP-TA
fish (3%) (Sabaawy et al., 2006) is in close agreement with the low percentage of
patients carrying hTEL-AML1 fusion gene that develop overt leukaemia (Zelent et
al., 2004), a model with higher penetrance of leukaemia and shorter latency

periods would be much more useful for research.
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1.3 GATAZ2 transcription factor and GATAZ2 deficiency

1.3.1 The GATA family of transcription factors

GATA is a family of highly conserved transcription factors, with important roles in
cell growth and differentiation of different cell lineages (Charron and Nemer, 1999;
Gillis et al., 2009). The GATA transcription factors bind the consensus DNA
sequence (A/T)GATA(A/G) through two highly conserved zinc finger domains (Ko
and Engel, 1993). Transcription factors from the GATA family have been found in
the genomes of vertebrates, invertebrates, fungi and plants (Lowry and Atchley,
2000). The genomes of mammals encode six different GATA genes, evolutionarily
related, that have been divided into two different classes based on phylogenetic
evidence: GATA-1, -2, -3 class (GATA123), and GATA-4, -5, -6 (GATA456) (Gillis
et al., 2009). Interestingly, these groups are also similar in terms of expression.
Mammalian GATAL, GATA2, and GATA3 are mainly expressed by haematopoietic
cells (Orkin, 1995; Simon, 1995), while GATA4, GATAS and GATAG are expressed
in tissues derived from the mesoderm and endoderm, such as liver, heart and gut
(Charron and Nemer, 1999; Molkentin, 2000). Phylogenetic analysis shows that
the GATA genes found in current vertebrates have evolved through a series of
events of genome duplication and the loss and retention of some of the resulting
genes (Gillis et al., 2009; Liu et al., 2016).

Phylogenetic analysis suggests that the GATA123 family was generated by
consecutive events of duplication, retention and loss of genes during the evolution
of vertebrates (Gillis et al., 2009). Analysis of modern genomes suggests that the
GATA123 paralogon in the ancestor of chordates underwent two different events
of genome duplication. The first genome duplication originated the GATA-1 and
the GATA-2/3 paralogons, and a second genome duplication generated GATA-1
and GATA-1b, and GATA-2 and GATA-3 (Gillis et al., 2009). The paralogon GATA-
1 was retained and it is found in modern vertebrates, while the paralogon GATA-
1b (also referred in literature as -ogm, ohnolog-gone-missing) was lost (Liu et al.,
2016). According to this model, both GATA-2 and GATA-3 derived from the
duplication of the GATA-2/3 paralogon (Gillis et al., 2009; Liu et al., 2016). Gillis
and colleagues propose a similar mechanism for the evolution of GATA456
paralogon into the GATA-4, GATA-5, and GATA-6 genes found in modern
vertebrates (Gillis et al., 2009).
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Once the amniotes and teleosts diverged, an event of genome duplication early in
the teleost fish lineage had a major importance in their later evolution (Amores et
al., 1998; Glasauer and Neuhauss, 2014; Postlethwait et al., 1998). Phylogenetic
evidence suggests that this genome duplication originated from two GATA-2
paralogons found in the genomes of teleost fish, GATA-2a and GATA2b (Gillis et
al., 2009; Liu et al., 2016). Both paralogs are also found in the zebrafish genome,
gata2a and gata2b (Postlethwait et al., 1998). The rate of mutations calculated in
GATA-2a and GATA-2b of different teleost fish suggest that the ancestral GATA-
2 gene was more similar to modern GATA-2a genes, although the sequences of
both zinc finger domains is extremely conserved (Liu et al., 2016).

1.3.2 Structure of GATA2

In the human genome, the GATA2 gene (ENSG00000179348) is located in
chromosome 3 and has 6 exons. Two different mMRNAs have been described, of
3484 bp and 3263 bp (Vicente et al., 2012). Interestingly, all GATA-1 (lto et al.,
1993), GATA-2 (Minegishi et al., 1998), and GATA-3 (Asnagli et al., 2002) genes
contain two first exons that encode tissue specific 5’-untranslated regions (UTR),
and that are used differentially. In the case of GATAZ2, the transcription of GATA2
MRNAs starts from two different exons. Transcription of GATAZ2 starting in the first
exon, also known as distal or IS exon, is limited to haematopoietic and neuronal
cells; while GATAZ2 transcription starting in the second exon, also known as
proximal or IG exon, occurs in all cell types expressing GATA2 (Minegishi et al.,
1998; Pan et al., 2000).

GATAZ2, as other transcription factors of the GATA family, binds DNA through two
highly conserved zinc finger domains (Vicente et al., 2012). Additionally, to zinc
finger domains, other domains have been described in GATA2. Two
transactivation domains, one negative regulatory domain, a nuclear localization
signal, and regions that are thought to be involved in GATA2 protein degradation,
have been described (Minegishi et al., 2003; Vicente et al., 2012; Viger et al.,
2008).
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1.3.3 GATAZ2 has a pivotal role in definitive haematopoiesis

GATAZ2 has a key role in haematopoiesis in mammals. Diverse studies in mutant
animals, chimaeras, and in vitro experiments show that GATA2 is crucial for
definitive haematopoiesis. Homozygous Gata2” knockout mice die of severe
anaemia by E11.5. Close morphological examination of the embryos suggested
normal development of the heart and endothelial cells (Tsai et al., 1994). However,
experiments in chimeric mice showed that Gata2™ cells are able to contribute to
primitive haematopoietic cells, but not to haematopoietic lineages derived from the
foetal liver (Tsai et al., 1994). These results suggest that while GATA2 is
dispensable for primitive haematopoiesis, the transient wave of definitive
haematopoiesis in the foetal liver of embryos requires GATA2 activity. In
agreement with these findings, after birth, chimeric mice contained no Gata2™
haematopoietic cells, although Gata2™ cells did contribute to other organs (Tsai et
al., 1994). Further in vitro experiments show that Gata2” cells fail to produce
haematopoietic lineages, although GATA2 is dispensable for in vitro terminal
differentiation of erythrocytes and macrophages (Tsai et al., 1994; Tsai and Orkin,
1997).

Given that Gata2™” knockout mice display a lethal phenotype by E11.5 (Tsai et al.,
1994), later studies used conditional mutants to study the role of GATAZ in different
cell types during development. De Pater and colleagues (2013) used conditional
GATAZ2 mutant mice in which the fifth coding exon is excised by Cre, to show that
GATAZ activity is required for EHT, and therefore the production of the first HSCs.
Consistently, zebrafish gata2b morphants display a severe disruption in EHT
(Butko et al., 2015). Experiments in mice with conditional Gata2 mutation in their
HSCs show that GATAZ2 is also required for the survival of HSCs after EHT (de
Pater et al., 2013). A series of in vitro experiments with GATA2” human embryonic
stem cells (hESC) show a partially impaired EHT and a decreased generation of
HSPCs (haematopoietic stem and progenitor cells) (Huang et al., 2015), confirming

the previous findings in conditional mutant mice (de Pater et al., 2013).

The role in haematopoiesis and development of zebrafish gata2a and gata2b

genes is described in the sections 4.1.3 and 5.1.3, respectively.
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1.3.4 GATAZ2 mutations and disease

In 2011, a series of research articles reported the discovery of mutations in the
GATAZ2 gene in cohorts of patients of different diseases with a wide variety of
manifestations (Dickinson et al., 2011; Hahn et al.,, 2011; Hsu et al., 2011;
Ostergaard et al., 2011), all of them sharing defects in the haematopoietic
compartment (Bigley et al., 2011; Emberger et al., 1979; Vinh et al., 2010).
Ostergaard and colleagues (2011) recruited unrelated patients of Emberger
syndrome (Emberger et al., 1979) and found underlying heterozygous GATA2
mutations. In patients with DCML (dendritic cell, monocyte, B, and natural killer
lymphoid deficiency) (Bigley et al., 2011), exome sequencing identified mutations
in the GATA2 gene (Dickinson et al., 2011). Similarly, Hsu and colleagues (2011)
identified GATA2 mutations in a cohort of monoMAC patients (monocytopenia and
mycobacterial infections syndrome) (Vinh et al., 2010). In the same year, GATA2
mutations were also found in patients with familial predisposition to
myelodysplastic syndrome (MDS) and acute myeloid leukaemia (AML) (Hahn et
al., 2011).

GATAZ2 deficiency, elicited by diverse mutant alleles, both as heterozygous
germinal mutations and as somatic mutations, has a wide spectrum of
manifestations, haematologic, infectious, pulmonary, dermatologic, neoplastic,
lymphatic, and other diverse symptoms such as hearing loss, miscarriage, and
hypothyroidism. Among the haematologic manifestations of GATA2 deficiency the
most common are profound B lymphocytopenia, natural Killer lymphocytopenia,
and monocytopenia, but neutropenia and CD4 lymphocytopenia are also observed
(Bigley et al., 2011; Emberger et al., 1979; Hahn et al., 2011; Spinner et al., 2014,
Vinh et al., 2010; Wlodarski et al., 2016).

Many of the GATA2 mutations found in patients are concentrated in the regions
encoding the two zinc finger domains, however, mutations in regions encoding
other domains closer to the amino terminal end of GATA2 have also been
described (Dickinson et al., 2011; Hahn et al., 2011; Hsu et al., 2011; Ostergaard
et al.,, 2011). Mutations in the enhancer region in intron 5 have also been found
(Hsu et al., 2011; Spinner et al., 2014). A wide variety of mutations has been
described, deletion and insertions, both in frame and leading to frameshifts,

together with missense mutations (Spinner et al., 2014). Additionally, Spinner and
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colleagues (2014) studied the correlation between genotype and phenotype
among patients and found that lymphedema has only been observed in patients

with null or regulatory mutations, but not in those that have missense mutations.
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1.4 Myelodysplastic syndrome with del(5q) and RPS14

deficiency

1.4.1 Myelodysplastic syndrome with del(5q)

MDS with loss of all or part of chromosome 5q (del(5q)), also known as 5g-
syndrome, is the only type of MDS defined cytogenetically (Komrokji et al., 2013).
Patients with a distinct haematological disorder, consisting in macrocytic anaemia,
megakaryocytic dysplasia and erythroid dysplasia were found to carry
heterozygous interstitial deletion in the long arm of chromosome 5 (Dana and
Wasmuth, 1982; Van Den Berghe et al., 1974).

The MDS clone carrying del(5q) is initiated in HSCs (Tehranchi et al., 2010), and
extensive work has been focused on defining the commonly deleted region (CDR)
(Boultwood et al., 1994; Jaju et al., 1998; Le Beau et al., 1996; Zhao et al., 1997).
Initially, work carried out in MDS and AML patients restricted the CDR to a 1.5Mb
(mega base pairs) region in chromosome 5 (Zhao et al., 1997). Other studies used
samples from 5g- syndrome patients exhibiting the symptoms described originally
to define the limits of the CDR (Boultwood et al., 1994; Jaju et al., 1998; Le Beau
et al., 1996). Currently, the accepted CDRs consist of a proximal CDR in 5q31 (Liu
et al., 2007), and a distal CDR of 1.5Mb in 5q32-33, between the marker D55413
and the gene GLRAL1 (glycine receptor alpha 1) (Boultwood et al., 2002). However,
this does not imply that chromosome 5 in 5g- patients has two deletions, on the
contrary, many 5g- patients have deletions that overlap with both described CDRs
(Komrokji et al., 2013).

Historically the proximal CDR has been associated with additional cytogenetic
alterations and progression towards AML, however recent studies suggest
paradoxically that both CDRs can be found in MDS del(5q) patients, while
progression to AML is linked to the distal CDRs, in 5932-33 (Douet-Guilbert et al.,
2012). The distal CDR in 5g32-33 also contains the ribosomal protein S-14
(RPS14) gene, and three microRNAs (miR-143, miR-145, and miR-146). Current
evidence shows that heterozygous deletion of RPS14 gene is crucial to the

anaemia that characterizes the 5g- syndrome.
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1.4.2 Role of RPS14 deficiency in MDS with del(5q)

The RPS14 gene in chromosome 5 encodes a structural component of the 40S
subunit of the ribosome (Dana and Wasmuth, 1982; Nakamichi et al., 1986;
Rhoads et al., 1986). Through an in vitro RNA interference screen, Ebert and
colleagues (2008) showed that decreased expression of RPS14 induced a
decreased survival of human CD34* umbilical cord blood cells, and a disrupted
erythroid proliferation. Interestingly, work carried out in animal models shows that
disruption of the biogenesis of ribosomes induces anaemic phenotypes similar to
the anaemia found in 5g- syndrome (Craven et al., 2005; McGowan et al., 2008;
Narla et al., 2014; Payne et al., 2012). For example, mice carrying mutations in
ribosomal protein S-19 (RPS19) and ribosomal protein S-20 (RPS20) genes,
identified in a large-scale chemical mutagenesis screen, show a phenotype of
erythroid hypoplasia (McGowan et al., 2008). Conditional Rps14 mutant mice
exhibit an age-dependent progressive anaemia and megakaryocyte dysplasia
(Schneider et al., 2016). Similarly, zebrafish embryos injected with rps14 and rps19
morpholinos display a phenotype of severe anaemia (Narla et al., 2014; Payne et
al., 2012).

Abundant evidence shows that the effects of disruption of ribosomal biogenesis on
the development of erythroid cells are dependent on Tp53 (Barlow et al., 2010;
McGowan et al., 2008; Momand et al., 1992; Narla et al., 2014; Schneider et al.,
2016). Findings reported by different groups suggest the activation of p53 by the
accumulation of free ribosomal proteins via a MDM2 (mouse double minute 2)
dependent mechanism. Haploinsufficiency for ribosomal proteins, such as RPS14,
interferes with ribosomal assembly, and induces an increase in the number of free
ribosomal proteins (Ferreira-Cerca and Hurt, 2009). It has been shown that
ribosomal proteins L5, L11, L23 and S7, are capable of binding the zinc finger
domain of MDM2 (Narla and Ebert, 2010). MDM2 is an important regulator of the
activity of p53. MDM2 is a E3-ubiquitin ligase with a zinc finger domain that allows
it to bind the DNA binding site of p53. In this way, MDM2 interferes with p53’s
transcriptional activity and induces its proteasomal degradation by ubiquitination
(Momand et al., 1992). Therefore, the liberation of free ribosomal proteins has two
effects: the binding of MDM2 to the ribosomal proteins, inducing auto-
ubiquitination; and the release of MDM2-dependent repression of p53 (Ferreira-
Cerca and Hurt, 2009; Narla and Ebert, 2010).
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The role of p53 activation has been shown in murine models of del(5q). Barlow
and her colleagues (2010) developed mice carrying a deletion in a region of
chromosome 11, a region with synteny to human chromosome 5, containing the
Rps14 gene. Mice haploinsufficient for this chromosomal region show a macrocytic
anaemia phenotype that could be rescued by crossing with p53-deficient mice
(Barlow et al., 2010). Similar results have been reported in a murine model of
del(5q) with conditional inactivation of Rps14 (Schneider et al., 2016). Schneider
and her colleagues show that Rps14 inactivation induces a defect in erythroid cell
differentiation that is dependent on p53, as Trp53 haploinsufficiency partially
rescues survival of Rps14 haploinsufficient mice and their erythroid differentiation
defect (Schneider et al., 2016).

In contrast, work carried out in zebrafish embryos using morpholinos targeting
rpsl4, and rps19, suggest involvement of other pathways in addition to p53. Payne
and her colleagues tested the effects of L-leucine, a known activator of mRNA
translation, on rps14 and rps19 morphant zebrafish embryos (Payne et al., 2012).
Treatment with L-leucine induced a rescue in the phenotype of both rps14 and
rps19 morphant embryos, suggesting that increased translation of these mRNAs
is sufficient to counteract the effects of haploinsufficiency. Further work on these
models of ribosomopathies shows that the effect of L-leucine is independent from
p53 (Narla et al., 2014). Importantly, p53 activation does not account for some of
the aspects of disease. In fact, rps14 or rps19 knock down using morpholinos in
p53 mutant zebrafish still show severe anaemia (Narla et al., 2014), demonstrating

that pathways other than p53 activation are involved in disease.
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2 Materials and Methods

2.1 Fish husbandry

2.1.1 Wild type, mutant and transgenic zebrafish lines used

Zebrafish (Danio rerio) larvae were obtained in UCL fish facility by natural
spawning according to standard procedures (Westerfield, 2000). Wild type
zebrafish strains used were AB and TL.

Transgenic strains used were: Tg(gatala:dsRed)sd2 (Traver et al., 2003),
Tg(itga2b:GFP)la2Tg (previously known as Tg(cd41:GFP)) (Lin et al., 2005).
Additionally, the transgenic fish line Tg(lyz:nfsB-mCherry)sh260 (data not
published), a kind gift from Dr Stephen Renshaw, was used. To produce it, a DNA
construct where lyz gene promoter (Hall et al., 2007; Wang et al., 2014) controls
the expression of nfsB and mCherry genes, lyz:nfsB-mCherry, was generated by
Gateway cloning. The transgenic line was produced using the Tol2kit as previously
described (Kwan et al., 2007; Nusslein-Volhard and Dahm, 2002).

The mutant strain casper (White et al., 2008), which is a double mutant of nacre
(mutation in mitfa gene, microphthalmia-associated transcription factor a) and roy

orbison (a mutant not mapped yet), was used due to its lack of pigmentation.

All embryos were collected by natural spawning and raised at 28.5 °C in E3
medium (see Table 2.1 for details) in Petri dishes.

Table 2.1 | E3 composition.

reagent Final concentration
NaCl 5 mM
KCI 0.17 mM
CaCls 0.33 mM
MgSO, 0.3 mM
Methylene blue 0.1% viv

pH 7.0 (at 25 °C) -
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Pigment formation was avoided by supplementing E3 medium with phenylthiourea
(PTU) (Sigma) 0.2 mM from 24 hpf. All animals used in this work were anesthetized
with ethyl 3-aminobenzoate methanesulfonate (E10521, Sigma) before each

experiment.

2.1.2 Staging of embryos and larvae

Embryos and larvae were staged according to Kimmel et al. (Kimmel et al., 1995),
and larval ages are expressed in somites (ss), hours post-fertilization (hpf), and
days post-fertilization (dpf).

2.2 Whole mount in situ hybridization (WISH)

2.2.1 Fixation, permeabilization, and dehydration of embryos and
larvae for WISH

Embryos and larvae were fixed by overnight incubation in 4% w/v PFA at 4 °C.
Embryos and larvae older than 18 hpf (18ss) were dechorionated with forceps prior
to incubation in PFA, while embryos at 18 ss stage (18 hpf) or younger were
dechorionated after the incubation in PFA. After washes with 1x PBST, samples
were treated with 10 pug/mL proteinase K during different periods of time according
to their developmental stage (see Table 2.2), and washed again with 1x PBST to
be then fixed overnight in 4% w/v PFA at 4 °C.

Table 2.2 | Proteinase K treatments used for each developmental stage.

Developmental stage Time of digestion [minutes]

10ss-18ss 3
18 ss — 24 hpf 5
2 dpf 15
3 dpf 25
4 dpf 35
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Following fixation, samples were dehydrated by incubating them in solutions of
PBST with increasing concentrations of methanol (75% v/iv PBST, 25% v/v
methanol; 50% v/v PBST, 50% v/v methanol; 25% v/v PBST, 75% v/v methanol),
to be then stored in 100% v/v methanol at -20 °C for at least one night, to inactivate

endogenous alkaline phosphatases.

2.2.2 In situ hybridization procedure

WISH procedure was started by rehydrating the samples through a series of 5
minutes washes with solutions of PBST with decreasing concentrations of
methanol (25% v/v PBST, 75% v/v methanol; 50% v/v PBST, 50% v/v methanol,
75% viv PBST, 25% v/v methanol). Samples were then washed 3 times with 1x
PBST for 5 minutes.

Following rehydration, samples were prepared for the hybridization step by
incubating them first in HM- (hybridization mix: 50% v/v deionized formamide, 5x
SSC (saline-sodium citrate), and 0.1% v/v Tween 20, adjusted to pH 6.0 by adding
citric acid) solution for 15 minutes at 65 °C. Then HM- solution was replaced by
HM+ (50% v/v deionized formamide, 5x SSC, 0.1% v/v Tween 20, 50 pg/ml of
heparin, 500 ug/ml of RNase-free tRNA adjusted to pH 6.0 by adding citric acid)

and the samples were incubated at 65 °C for 4 hours.

Hybridization with the probe was carried out by overnight incubation at 65 °C in
200 pL of HM+ solution with 50 — 100 ng of RNA probe labelled with digoxigenin.

After the hybridization, the probes were recovered and washed at 65 °C with
solutions with decreasing concentrations of SSCT (1x SSC, 0.1% v/v Tween 20).
First, samples were washed twice with a solution of 2x SSCT, 50% v/v formamide
for 30 minutes. Then the samples were washed with 2x SSCT for 15 minutes. This

wash was followed by 2 washes of 30 minutes with 0.2x SSCT.

To prepare the samples for the blocking process, the samples were washed three
times with MABT (100 mM maleic acid, 150 mM NacCl, Tris-HCI, 0.1% v/v Tween
20, pH 9.5) for 5 minutes at room temperature. Then the samples were blocked by
incubation with blocking solution (1x PBST, 2% v/v sheep serum, 2 mg/ml BSA)

for 1 to 4 hours at room temperature. After blocking, the samples were incubated
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overnight with anti-digoxigenin antibody (1333089001, Roche) (1:5000) diluted in

blocking solution at 4 °C with gentle rocking.

The samples were washed three times with MABT solution for 30 minutes at room
temperature. Then the samples were prepared for the detection phase.

2.2.3 Detection and preparation of samples for imaging

All probes used were labelled with digoxigenin, and the anti-digoxigenin antibody
used had alkaline phosphatase activity. The samples were washed 4 times in AP
buffer (100 mM Tris-HCI, 50 mM MgCl;, 100 mM NacCl, 0.1% v/v Tween 20, and
pH 9.5). For detection, samples were incubated in a reaction of 337.5 pg/mL NBT
(4-Nitro blue tetrazolium chloride) and 175 pg/mL BCIP (5-bromo-4-chloro-3-
indolyl-phosphate) in AP buffer in dark for variable periods of time. The detection
reaction was stopped by washing the samples three times in stop solution (1x PBS,
1 mM EDTA, 0.1% v/v Tween 20, pH 5.5) during 15 minutes at room temperature.

For imaging, the samples were transferred into 80% v/v glycerol in PBST through
a series of washes: 20% v/v Glycerol, 80% v/v PBST; 40% v/v Glycerol, 60% v/v
PBST; 60% v/v Glycerol, 40% v/v PBST; and 80% v/v Glycerol, 20% v/v PBST.

2.3 Sudan Black staining

Sudan Black staining was used to label granulocytes in zebrafish embryos and
larvae. Sudan black B (SB), is a lipid stain that labels granules in neutrophils,
eosinophils and monocytes (Sheehan and Storey, 1946). Zebrafish embryos and
larvae were stained as previously described (Le Guyader et al., 2008). Larvae were
fixed in 4% w/v PFA for 2 hours. Then larvae were incubated in Sudan Black
staining reagent (CAT 3801, Sigma) during 20 minutes with gentle rocking. After
the incubation, the Sudan Black staining reagent was discarded, and background
staining was removed by washing twice with 70% v/v ethanol for 5 minutes. Larvae
were then washed 3 times with 1x PBST to prevent staining loss, and pigments
were removed as described in section 2.5. All steps were carried out at room

temperature.
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2.4 o-dianisidine staining

O-dianisidine staining was used to label erythrocytes in zebrafish larvae. Larvae
were incubated in staining mix (0.7 mg/mL o-dianisidine (D9143, Sigma); 12 mM
sodium acetate; 0.7% v/v H2O;) during 20 minutes in dark with very gentle rocking.
Larvae were then washed three times with 1x PBST and fixed with 4% w/v PFA for
1 hour at room temperature. Finally, larvae were washed again three times with 1x
PBST.

2.5 Bleaching of embryos

Pigments in fixed embryos and larvae older than 24 hpf were removed by
incubation in (5% v/v deionised formamide, 0.5x SSC, 5% H.0,) at room
temperature. Incubation time varied according to the developmental stage of
embryos and larvae. After bleaching, the embryos and larvae were washed three

times during 5 minutes with 1x PBST.

2.6 Microinjection

Morpholinos, or mRNAs and sgRNAs were microinjected into 1-cell stage zebrafish
embryos to pull down the expression of specific genes (see section 6.2.4) or to edit
the genome and generate new zebrafish mutant lines (see section 5.2.5),

respectively.

To obtain large numbers of 1-cell stage embryos for microinjections, the couples
of adult fish were left overnight in breeding boxes with a divider to keep males and
females separated during the night. The next morning, as soon as the lights of the
facility turned on, the dividers were removed from a group of breeding boxes, and
the fish were allowed to breed. The dividers of other groups of breeding boxes
were removed during the morning to obtain 1-cell stage embryos during 2 to 3

hours.

Embryos were carefully aligned in an agarose mould made for microinjection. This
mould was made of 1% w/v agarose (50004, SLS) dissolved in E3 medium, poured

into a 10 cm plastic petri dish, then the injection mould was carefully placed on the
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agarose and it was allowed to solidify. Moulds for microinjection made in this way
were kept at 4 °C with E3, and wrapped in parafilm (PF002, Generon) to prevent

dehydration of the agarose.

2.7 Standard Polymerase Chain Reaction (PCR)

Standard polymerase chain reaction (PCR) was used as part of genotyping
protocols for gata2a“™’ (see section 4.2.2), gata2b mutants (see sections 5.2.8
and 5.2.9), and rps14%®* (see section 6.2.2) mutant fish, and as a part of
sequencing protocol to identify mutations generated by CRISPR (Clustered
Regularly Interspaced Short Palindromic Repeats, and CRISPR associated protein

9, respectively) (see section 5.2.6).

The DNA polymerase used for routine PCR was Taq DNA polymerase (M0273S,
NEB) together with Standard Taq Buffer (B9014S, NEB). The composition of the
Standard Taq Buffer is shown in Table 2.3:

Table 2.3 | 1x Standard Taq Reaction Buffer composition.

reagent Final concentration
KCI 50 mM
Tris-HCI 10 mM
MgCl, 1.5 mM

pH 8.3 (at 25 °C) -

Deoxynucleosides triphosphate (ANTP) were acquired separately as 100 mM
stocks: dATP (R0141, Thermo Scientific), dCTP (R0151, Thermo Scientific), dGTP
(RO161, Thermo Scientific), and dTTP (R0171, Thermo Scientific). A 10 mM

solution with all four INTPs was prepared and aliquoted.
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2.8 Design of primers

All  primers used were designed in Geneious version 7.1.9

(http://www.geneious.com) (Kearse et al.,, 2012), that uses Primer3 2.3.4

(http://primer3.sourceforge.net/releases.php/) for primer design.

2.9 DNA digestion with restriction enzymes

Digestion of DNA with restriction enzymes was carried out typically for genotyping
purposes (see sections 4.2.2, 5.2.8, and 6.2.2) but also as part of cloning and to
linearize plasmid DNA to be used as template for in vitro transcription reactions

(see section 5.2.4).

In the case of digestions of PCR products with restriction enzymes to genotype
fish, the typical reaction was carried out in a total volume of 20 pL, with 2 units of
restriction enzyme and variable concentrations of template DNA. Given that
genotyping of samples usually involved large number of samples (24 — 96), a large
master mix containing nuclease free water, the enzyme buffer, and the enzyme
was prepared first, and then aliquoted in the tubes for all the samples. In these
cases, the DNA to be digested was a PCR product, and was added last, followed
by a short spin in a microcentrifuge to mix the components of the digestion. The
Table 2.4 shows the volumes and concentrations of each component used in the

mix of a standard restriction digestion for genotyping:

Table 2.4 | Reaction mix of a standard restriction digestion for genotyping.

Reagent Volume per reaction [uL] Final concentration
10x enzyme buffer 2 1x
Enzyme 0.2 2 units
template DNA 10 variable
nuclease free water 7.8 -

In the case of genotyping protocols for gata2a"™’ (section 4.2.2) and gata2b“>°%®
(section 5.2.8) mutations, the enzymes used CutSmart buffer (B7204S, NEB):
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Table 2.5 | 1x CutSmart buffer composition.

Reagent Final concentration
Potassium Acetate 50 mM
Tris-acetate 20 mM
Magnesium Acetate 10 mM
BSA (bovine serum albumin) 100 pg/mL

pH 7.9 (at 25 °C) -

Incubations times and temperatures used for digestions with restriction enzymes
were those recommended by their manufacturers, including an incubation period

of 20 minutes at 65 °C to inactivate the restriction enzymes.

On the other hand, in the case of digestions carried out on plasmid DNA to be used
for cloning or in vitro transcription reactions, restriction digestion reactions were
carried out in a total volume of 50 pL, where 1 pg of DNA was digested using 10 —
20 units of restriction enzyme. In these cases, the restriction enzyme was the last
component added to the reaction. The Table 2.6 summarizes the components of

the restriction digestions of plasmid DNA and their concentrations:

Table 2.6 | Reaction mix of a restriction digestion of plasmid DNA.

Reagent Volume per reaction [uL] Final concentration
10x enzyme buffer 5 1x
Enzyme variable 10 - 20 units
plasmid DNA variable 1 pg/50 pL
nuclease free water variable -

As mentioned before, incubations times and temperatures used for digestions with

restriction enzymes were those recommended by their manufacturers.
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2.10 Gel electrophoresis in agarose gels

Electrophoresis in agarose gels was used to visualise both DNA and RNA, and the
concentration of the gels used varied between 0.8% w/v and 3% w/v depending on

the size of the nucleic acids to be resolved.

Agarose gels were prepared by dissolving agarose powder (50004, SLS) in TBE
(Tris-Borate-EDTA) under intense heat.

As molecular weight marker, HyperLadder 50bp (BIO-33040, Bioline) and
HypperLadder 1kb (BIO-33053, Bioline) were used for DNA fragments under and
over 1 kb, respectively.

2.11 Genotyping

In all experiments carried out with mutant fish or their cells, genotyping for the
mutations studied was carried out on each sample after data acquisition. The
overall strategy consisted in the extraction of genomic DNA from cells, fin clips, or
whole embryos and larvae; followed by the amplification by PCR of a region around
the mutation, and a digestion of the PCR products with a restriction enzyme; finally,
the genotypes are read from the digestion pattern observed by gel electrophoresis.
The details of each specific genotyping protocol are provided in their respective
chapters (see section 4.2.2 for gata2a"™’ genotyping; sections 5.2.8 and 5.2.9 for
genotyping of gata2b mutations; and section 6.2.2 for genotyping of rps14F8’

mutations).

In the following sections, the different methods used to extract genomic DNA from
fin clips from adult fish (section 2.11.2), embryos and larvae (section 2.11.3), and
cells (section 2.11.4) are described in detail.
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2.11.1 Fin clipping of adult fish

Adult fish were fin clipped to obtain genomic DNA for genotyping. Genomic DNA
was extracted from this tissue cells as described in section 2.11.2, and used as
template in genotyping protocols (details about genotyping protocols in sections
2.11.5,4.2.2,5.2.8,5.2.9, and 6.2.2).

Each fish was anesthetized by transfer into a small breeding box with 0.08 g/L 3-
aminobenzoate methanesulfonate, and after 1 to 2 minutes, the fish was taken
from the box with anaesthesia and placed on a piece of parafilm, lying on its side.
A piece of the fin was cut using scissors. The tissue of each adult fish was placed
in a separate PCR tube. After the procedure, each fish was put back into a tank
without anaesthesia for recovery, and later, in a separate compartment of a 24-

compartment tank designed for this purpose (DC-96, R&D Aquatics).

2.11.2 Extraction of genomic DNA from fin clips of adult fish

The protocol used for extraction of genomic DNA from fin clips obtained from adult
fish consisted in cell lysis, followed by a long step of digestion with a proteinase.
First, the cell lysis is carried out by incubation of each of fin clips, placed in PCR
tubes, in 40 uL of embryo lysis buffer (ELB, see Table 2.7 for details of its

composition) for 10 minutes at 98 °C.

Table 2.7 | Embryo lysis buffer composition.

reagent Final concentration
KCI 50 mM
Tris-HCI 10 mM
Tween 20 0.3% viv
NP40 0.3% viv

pH 8.3 (at 25 °C) -

After incubation of the fin clips with ELB, the digestion of the samples is started by

adding 10 pL of 10 mg/mL proteinase K to each fin clip. The samples were
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incubated 16 hours at 55 °C for digestion, followed by 10 minutes at 98 °C to
inactivate proteinase K. DNA obtained by this method was diluted to 1 — 10 ng/uL

and used directly for PCR without further purification.

2.11.3 Extraction of genomic DNA from embryos and larvae

Genomic DNA from embryos and larvae was obtained using a KOH based method.
Each time, a fresh 1:50 dilution was prepared from each 50x Base solution and
50x Neutralisation solution (see Table 2.8 for details on the composition of both
solutions). Embryos and larvae are placed in PCR tubes, liquid is removed and
replaced by 25 pL of 1x Base solution. Samples were incubated at 95 °C for 30
minutes, and then cooled down at 4 °C for 20 minutes. The solution is neutralised
by adding 25 uL of 1x Neutralisation solution. This solution was then diluted to 1 —

10 ng/pL and used for PCR without further purification.

Table 2.8 | Composition of 50x Base solution and 50x Neutralisation
solution used in genomic DNA extraction.

50x Base solution

reagent Final concentration
KOH 1.25M
EDTA 10 mM

50x Neutralisation solution

reagent Final concentration
Tris-HCI 2M
2.11.4 Extraction of genomic DNA from cells

Genomic DNA was extracted from cells to identify gata2b mutations in the gamete
cells of FO fish (see sections 5.2.6 and 5.2.7), and to genotype larvae after flow
cytometry experiments (see section 6.2.9), using a small remaining volume of cells

in suspension.
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The cell suspensions were centrifuged at 400 rcf for 5 minutes to precipitate cells,
and the supernatant was discarded. Then 10 pL of a 75 mM NaOH solution were
added to each sample, followed by a short incubation of 2 minutes at 95 °C in a
thermocycler. Then the samples were cooled down to 10 °C for 5 minutes, and 1.5
uL of Tris-HCI (pH 8.0) solution were added to each sample to neutralize the base.
Finally, the samples were centrifuged again at 400 rcf for 5 minutes, and the
supernatant was diluted to 1 — 10 ng/pL and used directly for PCR without further

purification.

2.11.5 Genotyping of Tg(itga2b:GFP) transgenic fish

In experiments where itga2b:GFP* cells were quantified or the presence/absence
of itga2b:GFP* cells was recorded, those fish showing no fluorescent cells were
later genotyped for the Tg(itga2b:GFP) transgene, to confirm that all fish in the
experiment were transgenic Tg(itga2b:GFP) fish. The genotyping strategy was
based on the amplification by PCR of a 126 bp fragment of DNA in the region

coding for GFP with the following primers:

Table 2.9 | Primers used for genotyping of Tg(itga2b:GFP) transgenic fish.

Primer name Sequence (5'to 3") Length  %GC Tm
gp009 AACTCCAGCAGGACCATGTG 20 55.0 60.0
op006 CTACCAGCAGAACACCCCCA 20 60.0 615

The primers in Table 2.9 were used in a PCR reaction to amplify a fragment of the
sequence encoding GFP from the genomic DNA of the fish. Table 2.10 shows the

components and concentrations of the PCR reaction used:
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Table 2.10 | Components and concentrations of PCR for genotyping of

Tg(itga2b:GFP) transgene.

Reagent r\églcliirgﬁ F:Lr] Final concentration

10x Standard Taq buffer 25 1x

10 mM dNTPs 0.5 200 uM

10 uM gp009 0.5 0.2 uM

10 pM op006 0.5 0.2 uM
Standard Taq Polymerase 0.125 0.625 units
genomic DNA 2 variable
nuclease free water 18.875 -

The PCR described in Table 2.10 to identify the presence of the GFP coding

sequence was carried out under the cycling conditions detailed in Table 2.11.:

Table 2.11 | Cycling conditions used in PCR for Tg(itga2b:GFP) transgene

genotyping.
phase temperature [°C] time [s]
initial denaturation 95 30
denaturation 95 15
34 cycles annealing 64 30
extension 68 30
final extension 68 5 minutes

The results of the PCR reaction were visualised by electrophoresis in 3% w/v
agarose gels. The presence of a 126 bp DNA band indicated the presence of the
GFP coding sequence in the genomic DNA, from Tg(itga2b:GFP) transgene, in this

case.
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2.12 Imaging and image processing

Live embryos and larvae were imaged in E3 medium with ethyl 3-aminobenzoate
methanesulfonate while fixed embryos and larvae were imaged either in 1x PBST
or 80% vl/v glycerol. All images were acquired using a Leica M205 FA fluorescent
dissecting stereoscope equipped with a Leica DFC 365 FX camera. Images were

processed using Fiji version v1.49u software (Schindelin et al., 2012).

2.13 Statistical analysis

Data are presented as boxplots and error bars show minimum and maximum data
points in each group. Additional statistical information is provided in Supplementary
Tables for quantitative data. Sample size, mean, standard deviation, standard error
of the mean and 95% confidence interval of the mean are shown in the
Supplementary Tables. In those cases where inferential statistics were used,
Supplementary Tables also provide p-values of tests used, including normality

tests, and post-hoc tests.

Statistical analysis was performed using GraphPad Prism version 5.00 for
Windows software (GraphPad Software, San Diego, CA, USA). The probability
level for statistical significance was p < 0.05 and all tests used were two-tailed.
When necessary, each group of data was tested using D’Agostino & Pearson
omnibus normality test to assess whether parametric analysis could be used.
Groups of data whose sample size was smaller than 8 were not checked for

normality and non-parametric analysis was carried out instead.

2.14 Nomenclature used for genes, proteins, transgenics and

mutants

GRCz10 (Genome Reference Consortium Zebrafish Build 10), INSDC
(International Nucleotide Sequence Database Collaboration) Assembly
GCA 000002035.3, released in September 2014, was used as reference zebrafish

genome, and all genomic coordinates shown refer to GRCz10. The reference

sequence for zebrafish gata2b gene throughout this work is the Ensembl sequence
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ENSDARGO00000009094.7. Similarly, the sequence for zebrafish rps14 gene used
as a reference throughout this work is the sequence ENSDARG00000036629.5,

from the Ensembl database.

Zebrafish genes, proteins, and mutations, and also transgenic and mutant
zebrafish lines are referred to following the updated homenclature conventions for
zebrafish found at ZFIN'’s (Zebrafish Information Network) website (http://zfin.org/).
The new mutant lines generated in this work were designated according to

previously published guidelines (den Dunnen et al., 2016).

Human genes and proteins are referred to following the guidelines of the HUGO
Gene Nomenclature Committee (HGNC) (Wain et al.,, 2002), also available in

https://www.genenames.org/about/gquidelines.

Mouse genes and proteins are referred to following the updated guidelines

available in http://www.informatics.jax.org/mgihome/nomen/gene.shtml, of the

previously published guidelines (Eppig, 2007).
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3 Effect of the expression of human TEL-
AML1 fusion protein in zebrafish

haematopoiesis

3.1 Introduction

3.1.1 Expression of TEL-AMLL1 is not sufficient to initiate leukaemia

TEL-AML1 fusion protein results from the t(12;21)(p13;9q22) chromosomal
translocation, which is the most common translocation found in paediatric BCP-
ALL patients (Ghazavi et al., 2015; Jaffe et al., 2011). Both TEL and AML1 are
transcription factors that have major roles in haematopoiesis The resulting
chimeric protein contains the amino-terminal domains of TEL, and all known
functional domains of AML1 (Zelent et al., 2004), and it is thought to act as a
transcriptional repressor of both AML1’s and TEL’s transcriptional targets (Ghazavi
et al., 2015; Zelent et al., 2004).

A range of animal models have been developed to study the effects of TEL-AML1
expression on haematopoiesis, recapitulating some of the observations made in
patients carrying the t(12;21)(p13;922) translocation (Andreasson et al., 2001;
Bernardin et al., 2002; Fischer et al., 2005; Morrow et al., 2004; Sabaawy et al.,
2006; Schindler et al., 2009; Tsuzuki et al., 2004; van der Weyden et al., 2011). In
most of these animal models the expression of TEL-AML1 fusion protein is not
sufficient to induce overt BCP-ALL, and no gross changes in haematopoietic
compartments are observed (Andreasson et al., 2001; Fischer et al., 2005; Morrow
et al., 2004; Schindler et al., 2009; Tsuzuki et al., 2004; van der Weyden et al.,
2011), in agreement with the low frequency of overt leukaemia observed in patients
carrying the TEL-AML1 fusion (Greaves and Wiemels, 2003).

The low rate of concordance found in TEL-AMLL1 twins, and the long latency of the
disease have suggested that additional genetic changes are necessary for onset
of leukaemia (Greaves and Wiemels, 2003; Zelent et al., 2004). Such genetic
lesions have been observed in TEL-AML1-positive patients, the deletion of the
other copy of TEL gene being the most frequent (Attarbaschi et al., 2004).

Consistent with this, overt BCP-ALL, and other types of leukaemias, have been
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reported in a mouse model where TEL-AML1 expression is combined with the
expression of a Sleeping Beauty transposon array, that was used to carry out
insertional mutagenesis, thus inducing additional hits in other genes (van der
Weyden et al., 2011). Similarly, lymphoid malignancies have been reported in a
murine model of TEL-AML1 expression after ENU mutagenesis (Schindler et al.,
2009), which shows the necessity for a secondary genetic lesion. Additionally, in
the same study it was found that expression of TEL-AMLL1 in the HSCs is required
to induce its oncogenic activity, supporting the idea of a pre-leukaemic state
induced by TEL-AML1.

It is important to note that the deletions of the wild type copy of the TEL gene
observed in patients, which are linked to poorer prognosis (Romana et al., 1995),
are subclonal to the TEL-AML1-positive clones (Romana et al., 1996), suggesting
that the non-translocated copy of the TEL gene is lost after the chromosomal
translocation. These data have led to the proposal of a two-step model, where the
expression of TEL-AML1 chimeric protein induces subtle changes in
haematopoietic cells, and an additional genetic lesion elicits overt leukaemia
(Zelent et al., 2004).

3.1.2 TEL-AML1 induces subtle changes in haematopoiesis

Studies carried out using animal models expressing TEL-AML1 fusion protein
(Schindler et al., 2009; van der Weyden et al., 2011), or transplanted with cells
expressing it (Andreasson et al., 2001; Bernardin et al., 2002; Fischer et al., 2005;
Morrow et al., 2004; Tsuzuki et al., 2004), show that the expression of TEL-AML1

fusion protein causes subtle changes in different haematopoietic compartments.

The B-cell compartment is affected by TEL-AML1 expression in most animal
models studied. There is evidence supporting the notion that the expression of
TEL-AML1 leads to an impaired differentiation in the pro-B-cell compartment
(Fischer et al., 2005; Morrow et al., 2004; Schindler et al., 2009; Tsuzuki et al.,
2004), however, no blockage of B-cell differentiation has been observed, and some
studies have reported no effects on the B-cell compartment (Bernardin et al., 2002;
van der Weyden et al., 2011).
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The expression of TEL-AML1 has been shown to increase the number of HSCs
and to maintain them in a quiescent state (Schindler et al., 2009). However, there
is conflicting evidence regarding whether TEL-AML1 confers on HSCs a
competitive advantage over wild type HSCs (Morrow et al., 2004) or not (Schindler
et al., 2009).

Animal models also provide evidence of an effect of TEL-AML1 expression on the
myeloid compartment. Two reports have shown increased myeloid potential
induced by TEL-AML1 expression, without observable defects in differentiation
(Morrow et al., 2004; Tsuzuki et al., 2004). Despite the conflicting evidence
provided by animal models, it is important to point out that there are no records of
TEL-AML1-positive patients developing AML (De Braekeleer et al., 2012).

3.1.3 Rationale for the study of early haematopoiesis in a zebrafish

model expressing the human TEL-AML1 fusion protein

A transgenic zebrafish model that expresses human TEL-AML1 fusion protein
under the control of a ubiquitous promoter, ZBA-EGFP-TA, has been shown to
lead to B-lineage ALL in 3% of the transgenic fish (Sabaawy et al., 2006),
consistent with the low frequency of leukaemia found in TEL-AML1-positive
patients (Greaves and Wiemels, 2003). In the same study, the researchers report
that expression of TEL-AML1 under the control of the rag2 gene promoter, leading
to expression in B and T-cell progenitors, fails to induce leukaemia (Sabaawy et
al., 2006), in keeping with what has been reported in a murine model where TEL-
AML1 expression is under the control of the IGH promoter (Andreasson et al.,
2001). Additionally, ZBA-EGFP-TA transgenic fish show signs of B-cell
differentiation arrest (Sabaawy et al., 2006), as has been observed in other animal
models (Fischer et al., 2005; Morrow et al., 2004; Schindler et al., 2009; Tsuzuki
et al., 2004).

These similarities between the zebrafish model and murine models, together with
the fact that adult zebrafish develop overt leukaemia, strongly suggest that human
TEL-AML1 fusion protein is active in zebrafish. Therefore, it was reasoned that the
advantages of zebrafish to study early development could be used to investigate

the early effects of TEL-AML1 expression on haematopoiesis, using Tg(ZBA:GFP-
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hTEL-AML1) transgenic fish. Importantly, such a study would not only shed light
on the early events that precede the onset of leukaemia, but it would also allow the
identification of haematopoietic phenotypes suitable for the design of a chemical

screen in a next phase.

3.1.4 Aims of the experiments described in this chapter

1. To determine the effect of hTEL-AML1 expression on primitive
haematopoiesis in zebrafish.

2. To determine the effect of hTEL-AML1 expression on definitive
haematopoiesis in zebrafish.

3.2 Methods

3.2.1 Fish Husbandry

Transgenic fish carrying the sequence encoding human TEL-AML1 fusion protein
under the control of the zebrafish B-actin gene promoter, Tg(ZBA:GFP-hTEL-
AML1), were kindly provided by Dr Hatem Sabaawy. Experiments were carried out
using embryos and larvae obtained by outcrossing adult hemizygous Tg(ZBA:GFP-
hTEL-AML1)"" fish to wild type, other transgenic lines, or casper mutant fish (see
section 2.1 for details). The hemizygous Tg(ZBA:GFP-hTEL-AML1)"" embryos and
larvae (herein named - / TA) obtained in this way were identified by the expression
of GFP and were raised in Petri dishes together with wild type siblings (herein

named - / -), which were used as controls.
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3.3 Results

3.3.1 Expression of GFP-hTEL-AML1 in Tg(ZBA:GFP-hTEL-AML1)
fish

In the transgenic zebrafish line used to model the effects of t(12;21)(p13;q22)
chromosomal translocation in early haematopoiesis, Tg(ZBA:GFP-hTEL-AML1),
the expression of the human TEL-AMLL1 fusion protein is controlled by the promoter
of the zebrafish B-actin gene, while in the patients the t(12;21)(p13;922)
chromosomal translocation results in the expression of the TEL-AML1 fusion
protein under the control of the TEL gene promoter. Taking advantage of the fact
that in the Tg(ZBA:GFP-hTEL-AML1) transgenic fish hTEL-AML1 fusion protein is
fused to GFP, the expression pattern of hTEL-AML1 was studied during embryonic
and larval development by fluorescence microscopy of live transgenic fish. To
perform imaging on hemizygous Tg(ZBA:GFP-hTEL-AML1)*"fish and wild type fish
at equivalent developmental stages, adult hemizygous Tg(ZBA:GFP-hTEL-
AML1)* fish were crossed to wild type AB fish. The embryos obtained were raised
in Petri dishes and separated only before imaging. Figure 3.1 shows in vivo
imaging of representative Tg(ZBA:GFP-hTEL-AML1)"" fish at 24, 48 and 72 hpf.
Hemizygous Tg(ZBA:GFP-hTEL-AML1)"" fish display normal morphology and
embryonic development (see Figure 3.1 a, ¢c and e), and are indistinguishable from
their wild type siblings. hTEL-AML1 expression, revealed by the accumulation of
GFP, changes through larval development. At 24 hpf, GFP-hTEL-AML1
expression can be seen in skin cells (Figure 3.1 @’) and in a small number of cells
in the intermediate cellular mass (ICM) and in the posterior blood island (PBI)
(Figure 3.1 b’, white arrowhead). Interestingly, from this stage GFP* cells can be
observed occasionally circulating through the dorsal aorta and the caudal vein (CV)
(data not shown). This suggests that some haematopoietic cells express GFP-
hTEL-AML1. Later, at 48 hpf, the number of GFP* cells in the caudal
haematopoietic tissue (CHT) increases (see Figure 3.1 d’). However, at 72 hpf the
number of GFP* cells found in the CHT of Tg(ZBA:GFP-hTEL-AML1)"" larvae is
significantly reduced when compared to that of 48 hpf embryos (compare Figure
3.1d andf).
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Figure 3.1 | Expression of GFP-hTEL-AML1 in Tg(ZBA:GFP-hTEL-AML1)"
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fish during development.

Bright field (a-f) and GFP fluorescence (a’-f’) images of 24 hpf (a, b,
a’, b’), 48 hpf (c, d, ¢’, d’), and 72 hpf (e, f, e’, f) fish. Notice the
GFP-hTEL-AMLL1" cells in the PBI at 24 hpf (b’, white arrowhead)
whose number increases in the CHT by 48 hpf (d’, white
arrowheads). By 72 hpf most of fluorescence in the CHT comes from
pigmented cells (f, white arrows) which can be seen also in the

bright field image (f, black arrows). Scale bars: (a and a’) 500 um;



(b and b’) 200 um; (¢ and ¢’) 500 um; (d and d’) 200 um; (e and e’)
500 um; (f and f’) 200 um.

3.3.2 Emergence of haematopoietic stem cells in hemizygous
Tg(ZBA:GFP-hTEL-AML1)*- embryos

To study the effect of GFP-hTEL-AML1 expression on the start of definitive
haematopoiesis, the emergence of haematopoietic stem cells (HSC) was
analysed. HSCs develop from the ventral wall of the dorsal aorta in a process
dependent on Runx1 (Bertrand et al., 2010; Kissa and Herbomel, 2010). HSCs in
Tg(ZBA:GFP-hTEL-AML1)"" embryos were labelled by WISH for runxl gene
expression at 24 hpf. Figure 3.2 shows images of wild type (Figure 3.2 a-b) and
Tg(ZBA:GFP-hTEL-AML1)"" (Figure 3.2 c-d) embryos. The expression of runxl
can be observed in cranial ganglia (Figure 3.2 a and c) as previously described
(Gau et al., 2017), and also along the dorsal aorta (Figure 3.2 b and d).
T9(ZBA:GFP-hTEL-AML1)"" embryos show normal runx1 expression, suggesting
that the expression of hTEL-AML1 fusion protein does not interfere in their
emergence from endothelial cells.
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Figure 3.2 | Emergence of haematopoietic stem cells in the dorsal aorta of
Tg(ZBA:GFP-hTEL-AML1)"" embryos.

The expression of runxl gene was studied by WISH to label newly
generated HSCs along the dorsal aorta in 24 hpf embryos. Whole
mount (a and c), and lateral views of the trunk (b and d) are shown
for both wild type (a-b) and Tg(ZBA:GFP-hTEL-AML1)"" (b-d)
embryos. Scale bars: (a-c), 400 um; (b-d), 100 pm.

3.3.3 Primitive erythroid cells develop normally in embryos
expressing GFP-hTEL-AML1

The development of primitive erythroid cells in Tg(ZBA:GFP-hTEL-AML1) fish was
studied by WISH. The expression of the gatala gene was used as a marker for the
specification of early erythroid cells in the intermediate cellular mass (ICM) that are
derived from the posterior lateral plate mesoderm (PLPM) (Detrich et al., 1995;
Lieschke et al., 2002) and produce the first circulating erythroid cells (Long et al.,
1997). Figure 3.3 shows the expression of gatala in 18 hpf (18ss) Tg(ZBA:GFP-
hTEL-AML1)""embryos (Figure 3.3 ¢ and d) and their wild type siblings (Figure 3.3
a and b). In wild type embryos, gatala is expressed in the ICM, from the yolk sac
to the PBI (Figure 3.3 b). Hemizygous Tg(ZBA:GFP-hTEL-AML1)""embryos exhibit
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the same expression pattern (Figure 3.3 d), suggesting that primitive erythroid cell
development is undisturbed by the expression of GFP-hTEL-AML1. Consistent
with the results shown in the Figure 3.3, by 24 - 28 hpf Tg(ZBA:GFP-hTEL-AML1)*"

embryos display normal blood circulation (data not shown).

gataia

-/ TA

Figure 3.3 | Early erythroid development in Tg(ZBA:GFP-hTEL-AML1)*" fish.

Early erythroid development was studied by WISH for gatala gene
expression. The expression pattern of the gatala gene at 18 hpf is
shown in wild type (a-b) and Tg(ZBA:GFP-hTEL-AML1)*" (c-d)
embryos. All images are lateral views with anterior to the left. Scale
bars: (a and c), 200 um; (b and d), 100 pum.

3.3.4 Development of definitive erythroid cells in Tg(ZBA:GFP-hTEL-
AML1) fish

The development of definitive erythroid cells was monitored using a transgenic
reporter line Tg(gatala:dsRed), that expresses dsRed fluorescent protein under
the control of the gatala gene promoter, labelling almost exclusively erythroid cells
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(Traver et al., 2003). Compound transgenic fish were obtained by outcrossing adult
transgenic  Tg(ZBA:GFP-hTEL-AML1)"" fish to homozygous transgenic
Tg(gatala:dsRed)*" fish. Both - / - and -/ TA larvae obtained were imaged under
identical conditions. Figure 3.4 shows that larvae expressing hTEL-AML1 fusion
protein (Figure 3.4 a’-f’) develop erythroid cells that perfuse the heart, dorsal aorta
(DA), CV, the intersegmental vessels (Se) and other vessels in the head, in the
same way as observed in wild type larvae (Figure 3.4 a-f). Also, both -/ - and -/
TA larvae exhibit a population of stationary dsRed* cells in the CHT, between the
dorsal aorta and the CV. No noticeable differences were found between transgenic
T9(ZBA:GFP-hTEL-AML1)"" fish and their wild type siblings. Similarly, imaging at
72 hpf shows no significant difference between both groups (see Supplementary
Figure 9.1), supporting the idea that hTEL-AML1 expression does not affect
erythroid development in Tg(ZBA:GFP-hTEL-AML1)"" fish.
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Figure 3.4 | Definitive erythroid cells develop normally in Tg(ZBA:GFP-hTEL-
AML1)* fish.

The transgenic reporter line Tg(gatala:dsRed) was used to study
erythroid cells in transgenic Tg(ZBA:GFP-hTEL-AML1)*" larvae. Wild
type (a-f) and Tg(ZBA:GFP-hTEL-AML1)"" (a’-f) fish were imaged at
4 dpf. Images of the anterior (a-¢c and a’-¢’) and posterior (d-f and
d’-f’) halves of larvae are shown. GFP (a, a’, d, d’) and dsRed (b, b’,
e, e’) channels are shown in addition to images of both channels
merged (¢, ¢’, f, ). Scale bars: (a-¢ and a’-¢’), 500 um; (d-f and d’-
), 500 pm.

Imaging of larvae carrying the transgenic reporter Tg(gatala:dsRed) shows that
definitive erythrocytes develop normally in Tg(ZBA:GFP-hTEL-AML1)"" larvae

(Figure 3.4 and Supplementary Figure 9.1). Therefore, a histological technique, o-
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dianisidine (see section 2.4 for more details), was used to detect haemoglobin in
erythrocytes of Tg(ZBA:GFP-hTEL-AML1)"" fish at 5 dpf. Figure 3.5 shows images
of 5 dpf wild type and Tg(ZBA:GFP-hTEL-AML1)"" larvae that have been stained
with o-dianisidine. Haemoglobinization pattern in larvae expressing GFP-hTEL-
AML1 (Figure 3.5 b, d, f, h, and j) is normal compared to that of wild type larvae
(Figure 3.5 a, ¢, e, g, and i). T9(ZBA:GFP-hTEL-AML1)*" larvae exhibit normal
haemoglobinization in erythroid cells in heart, and major vessels of the head, like
the primary head synus (PHS), ventral aorta (VA), branchial arches (AA), and
hypobranchial artery (HA) (compare Figure 3.5 ¢ and d). Erythroid cells containing
haemoglobin can also be observed in the caudal artery (CA), CV, and
intersegmental vessel (Se) (see Figure 3.5 g-j).
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Figure 3.5 | Haemoglobinization in Tg(ZBA:GFP-hTEL-AML1)"" fish at 5 dpf.

O-dianisidine staining was used to label haemoglobin in erythrocytes
in 5 dpf Tg(ZBA:GFP-hTEL-AML1)*" fish. Images of wild type (a, c, e,
g, and i) and Tg(ZBA:GFP-hTEL-AML1)"" (b, d, f, h, and j) larvae
are shown. (a-b) Whole mount images of larvae. (c-f) Heads of larvae
are shown in lateral (c-d) and ventral (e-f) views. Lateral views of the
trunk (g-h) and the tail (i-j) are shown. All images show anterior to
the left. Scale bars: (a-b), 500 um; (c-j), 200 um.
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3.3.5 Myeloid cell development is transiently affected by hTEL-AML1

expression

Primitive myeloid development was studied using WISH for the ikaros gene. At
early stages the ikaros gene is expressed in two different cell types: in primitive
myeloid cells in the yolk sac, and in erythroid cells in the haematopoietic tissue of
the ICM (Willett et al., 2001). Figure 3.6 shows the expression of the ikaros gene
in embryos expressing GFP-hTEL-AML1 at 18 hpf. At 18 hpf (18ss), ikaros
expression can be observed along the ICM until the PBI (Figure 3.6 a-b and d-e).
Embryos carrying 2 copies of GFP-hTEL-AML1 transgene show a normal
expression pattern of ikaros in the ICM, suggesting that primitive haematopoiesis

is not affected by hTEL-AML1 expression at this stage.

lateral dorsal

b

18hpf

TA/TA

Figure 3.6 | Expression of ikaros gene in Tg(ZBA:GFP-hTEL-AML1) embryos
at 18 hpf.

Expression analysis of ikaros by WISH in 18 hpf (a-f) transgenic
embryos. Images of wild type (a-c), and Tg(ZBA:GFP-hTEL-AML1)"*
(d-f) embryos are shown. Lateral (a, b, d, and e) and dorsal (c, and
f) views are shown with anterior to the left. Scale bars: (a and d), 200
pum; (b and e), 100 um; (c and f), 200 pum.
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Later, by 22 hpf, ikaros expression is found in the ICM (Figure 3.7 a and b) and in
myeloid cells over the yolk sac (Figure 3.7 c). Tg(ZBA:GFP-hTEL-AML1)""
embryos show normal expression of the ikaros gene by 22 hpf in both the ICM
(Figure 3.7 @ and b’) and the cells in the yolk (Figure 3.7 c¢’). Myeloid cells
expressing ikaros over the yolk sac were quantified in 22 hpf Tg(ZBA:GFP-hTEL-
AML1)*" and wild type embryos, and no statistically significant difference was
found (Figure 3.7 d). These results suggest that primitive myeloid cells derived
from the rostral blood island (RBI) are not affected by the expression of GFP-hTEL-
AML1. Similarly, results show that Tg(ZBA:GFP-hTEL-AML1)"" embryos have
normal ikaros expression in the ICM, suggesting that haematopoietic cells derived
from the posterior lateral plate mesoderm (PLPM) are not perturbed by GFP-hTEL-
AML1 expression.
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Figure 3.7 | Expression of ikaros in 22 hpf embryos suggests normal
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development of myeloid cells in Tg(ZBA:GFP-hTEL-AML1)
embryos.

Expression analysis of ikaros by WISH in 22 hpf transgenic embryos.
Images of wild type (a-c), and Tg(ZBA:GFP-hTEL-AML1)"" (a’-c’)
embryos are shown. Lateral (a, b, a’, and b’) and dorsal (c and ¢’)
views are shown with anterior to the left. Scale bars: (a and a’), 200
pum; (b and b’), 100 um; (¢ and c’), 200 um. (d) Quantification of the
number of ikaros™ cells in the yolk of 22 hpf wild type and
T9(ZBA:GFP-hTEL-AML1)"" embryos. Statistical comparison was
carried out by unpaired parametric t test. See Supplementary Table
9.1 for more details.



To study granulopoiesis in zebrafish embryos expressing GFP-hTEL-AML1, a
histological technique was used, Sudan Black (see section 2.3 for more details),
that stains primary granules in the granulocytes (Sheehan and Storey, 1946),
mainly neutrophils in zebrafish embryos (Le Guyader et al., 2008). Embryos
obtained from outcrosses of Tg(ZBA:GFP-hTEL-AML1)"" adult fish and wild type
fish were raised together in Petri dishes, and separated in groups according to their
expression of GFP before Sudan Black staining. Figure 3.8 a-I shows images of
24-72 hpf embryos stained with Sudan Black, where neutrophils appear as black
dots (Le Guyader et al., 2008). From 24 hpf to 72 hpf, most of neutrophils reside
in the ventral side of the tail, first called the posterior blood island (PBI) and later
called the caudal haematopoietic tissue (CHT), where definitive haematopoiesis
transiently takes place (Murayama et al., 2006). However, by 24 hpf most
neutrophils are not visible by Sudan Black staining (Le Guyader et al., 2008),
probably due to low accumulation of primary granules and therefore low levels of
Sudan Black stain being retained. Consistently, only a few Sudan Black”
neutrophils were observed at 24 hpf, even at high magnification (see Figure 3.8 a-
d). However, no statistical difference was found in the numbers of Sudan Black*
neutrophils in the PBI of 24 hpf embryos expressing GFP-hTEL-AML1 when
compared to wild types (Figure 3.9 a). This is consistent with previous results
showing normal expression pattern of the gene ikaros, and normal numbers of
ikaros* cells on the yolk sac in Tg(ZBA:GFP-hTEL-AML1)*" embryos (Figure 3.7 c,
¢ and d).
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Figure 3.8 | Sudan Black® granulocytes in the CHT of Tg(ZBA:GFP-hTEL-
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AML1)*" larvae at 24 hpf, 48 hpf and 72 hpf.

Sudan Black was used to label the granulocytes of Tg(ZBA:GFP-
hTEL-AML1)"" fish between 24 hpf and 7 dpf. Images of wild type (a,
b, e, f, i, and j) and Tg(ZBA:GFP-hTEL-AML1)"" fish (c, d, g, h, k,
and |) at 24 hpf (a-d), 48 hpf (e-h), and 72 hpf (i-I) are shown with
anterior to the left. Scale bars: (a and c), 400 um; (b and d), 100 pum;
(e and g), 500 pum; (f and h), 200 pm; (i and k), 500 pum; (j and 1),
200 pm.



Later, by 48 hpf, images of stained embryos (Figure 3.8 e-h) suggest the presence
of increased numbers of neutrophils in the CHT of embryos expressing GFP-hTEL-
AML1. Quantifications of Sudan Black* granulocytes in the CHT of 48 hpf embryos
(Figure 3.9 b) show this increase is statistically significant. Similarly, images of 72
hpf larvae stained with Sudan Black suggest that there is a higher number of
neutrophils in the CHT of Tg(ZBA:GFP-hTEL-AML1)*" fish (Figure 3.8 h) than in
the CHT of wild type larvae (Figure 3.8 f). Quantifications carried out in 72 hpf
larvae confirm this observation (Figure 3.9 c), supporting a role for GFP-hTEL-
AML1 expression affecting granulopoiesis in the CHT.

Interestingly, quantification of Sudan Black* neutrophils in the CHT of 4 dpf larvae
(Figure 3.9 d) shows no significant difference between Tg(ZBA:GFP-hTEL-
AML1)*" larvae and their wild type siblings. Similar results were obtained from
quantifications carried out in 7 dpf larvae (Figure 3.9 e), suggesting that the effect
of GFP-hTEL-AML1 on granulopoiesis in the CHT of Tg(ZBA:GFP-hTEL-AML1)""

larvae is transient.
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Figure 3.9 | Expression of GFP-hTEL-AML1 induces a transient increase in

the number of granulocytes in the CHT.

In (a-e), quantifications of the number of Sudan Black* granulocytes
in the CHT in Tg(ZBA:GFP-hTEL-AML1)"" fish at 24 hpf (a), 48 hpf
(b), 72 hpf (c), 4 dpf (d), and 7 dpf (e) are shown. Statistical
comparisons in (a-e) were carried out by unpaired t test. See

Supplementary Table 9.2 — 9.6 for more details.

3.3.6 T-Lymphoid development is unaffected in fish expressing
hTEL-AML1 protein

The development of thymocytes and lymphoid cells in Tg(ZBA:GFP-hTEL-AML1)""
fish was studied using three different markers: gata3 (GATA binding protein 3),
ragl (recombination activating gene 1) and Ick (T-cell specific tyrosine kinase). To

avoid the interference of developmental differences other than those elicited by
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hTEL-AML1 expression, Tg(ZBA:GFP-hTEL-AML1)*" fish were outcrossed to wild
type AB fish, and their embryos were raised together in Petri dishes until 4 dpf,
when larvae were split in groups according to the expression, or lack of, GFP, and

fixed for WISH as described in section 2.3.

The development of early thymocytes in Tg(ZBA:GFP-hTEL-AML1)"" fish was
studied using the expression of gata3, a zinc-finger transcription factor that is
expressed in haematopoietic cells, the kidney and nervous system (Neave et al.,
1995). In haematopoietic cells, gata3 expression is restricted to thymocytes and T
lymphocytes, and it has been shown to be required in early development of T cells
(Ma et al., 2013; Ting et al., 1996). The expression of gata3 in 4 dpf Tg(ZBA:GFP-
hTEL-AML1)"" larvae is compared to that of their wild type siblings in Figure 3.10
a-f. At 4 dpf, zebrafish larvae express gata3 in early thymocytes, anterior branchial
arches and structures in the midbrain (Thisse et al., 2001). Expression of gata3 is
normal in Tg(ZBA:GFP-hTEL-AML1)"" larvae (Figure 3.10 d) compared to that of
wild type larvae (Figure 3.10 a). Lateral views of the heads of larvae show normal
expression of gata3 in the midbrain and anterior branchial arches (Figure 3.10 b
compared to Figure 3.10 e). In Figure 3.10 c¢ (black arrowheads) the expression of
gata3 in thymocytes can be observed in both thymi. Transgenic larvae expressing
hTEL-AML1 exhibit normal gata3 expression (Figure 3.10 f, black arrowheads),
suggesting normal development of thymocytes in both thymi.

The expression of ragl and Ick were used as markers of immature T-cells in 4 dpf
larvae. Although ragl is expressed from 4 hpf in zebrafish (Thisse et al., 2001), its
expression in the thymi can be observed from 72 hpf (Ma et al., 2013; Thisse et
al., 2001). Similarly, Ick expression is observable in the thymi from 4 dpf (Jones et
al., 2015; Ma et al., 2013). Figure 3.10 shows the expression patterns of ragl
(Figure 3.10 g-l) and Ick (Figure 3.10 m-r) in 4 dpf larvae expressing hTEL-AML1
and their wild type siblings. In both cases, the expression is found in immature T
cells in the bilateral thymic lobes at this stage. Larvae expressing hTEL-AML1
display normal expression patterns for both thymic markers (Figure 3.10 j-l and p-
r), suggesting that colonization of thymi by haematopoietic progenitors and further
T cell development are not disrupted by hTEL-AML1 expression in transgenic

larvae.
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Figure 3.10 | Normal development of thymocytes and T lymphocytes in
Tg(ZBA:GFP-hTEL-AML1)* fish.

The expression of thymic markers was analysed by WISH in 4 dpf
T9(ZBA:GFP-hTEL-AML1)"" fish. The expression of gata3 (a-f), ragl
(g-1) and Ick (m-r) genes is compared in Tg(ZBA:GFP-hTEL-AML1)""
fish (-/ TA, in d-f, j-1, and p-r) and their wild type siblings (- / -, in a-c,
g-l, and m-0). All images show anterior to the left. Left and middle

columns show lateral views of larvae, and right column pictures show
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larvae from ventral view, making both thymi visible. Scale bars: left

column, 500 um; middle and right columns, 200 um.
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3.4 Discussion

The Table 3.1 summarizes the main results of section 3.3, that are discussed in

this section.

Table 3.1 | Summary of haematopoietic phenotype of Tg(ZBA:GFP-hTEL-

AML1)* fish.
Lineage Phenotype observed
HSCs Normal levels of expression of runx1 at 24 hpf.

Normal levels of expression of gatala at 18 hpf.
Erythroid cells  Normal levels of Tg(gatala:dsRed)+ cells at 4 dpf.

Normal levels of o-dianisidine staining at 5 dpf.

) Normal numbers of ikaros+ cells in the yolk at 22 hpf.
Myeloid cells
Increased numbers of Sudan Black+ cells at 48 and 72 hpf.

Lymphoid cells Normal levels of expression of gata3, ragl, and Ick at 4 dpf.

3.4.1 Effects of human TEL-AML1 expression in primitive

haematopoiesis in zebrafish

The first haematopoietic cells in vertebrates differentiate directly from haemato-
vascular progenitors derived from the mesoderm (Carroll and North, 2014).
Haemato-vascular progenitors in the lateral plate mesoderm (LPM) generate both
the primitive myeloid and erythroid cells, from the anterior and posterior lateral
plate mesoderm, respectively (Carroll and North, 2014; Lieschke et al., 2002).
Although the establishment of haemato-vascular mesoderm (previously known as
haemangioblasts) was not assessed directly in embryos expressing GFP-hTEL-
AML1, it is possible to infer that haemato-vascular mesoderm in Tg(ZBA:GFP-
hTEL-AML1) embryos is correctly established from experiments that show no
perturbations in primitive haematopoietic cells derived from it. Experiments carried
out at between 18 hpf and 24 hpf stages suggest normal development of
haematopoietic cells derived from the primitive wave of haematopoiesis (Figure
3.3, Figure 3.6, and Figure 3.7).
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By 10 ss, the haemato-vascular progenitors form two pairs of stripes of cells that
express early haematopoietic markers, including Imo2 and runx1l genes (Kalev-
Zylinska et al., 2002; Patterson et al., 2007). The progenitors located in the anterior
part of the embryo form the anterior lateral plate mesoderm (ALPM) and generate
primitive myeloid cells (Herbomel et al., 1999). In contrast, primitive erythroid cells,
are generated from the posterior lateral plate mesoderm (PLPM) (Detrich et al.,
1995; Lieschke et al., 2002). Results obtained regarding both primitive erythroid
and myeloid cells strongly suggest normal primitive haematopoiesis in
T9(ZBA:GFP-hTEL-AML1) embryos. Expression of ikaros in cells on the yolk sac
(Figure 3.7) and Sudan Black stainings (Figure 3.8 and Figure 3.9) show no
difference in the number of primitive myeloid cells in embryos expressing GFP-
hTEL-AML1. Similarly, results of expression analysis of the haematopoietic
markers ikaros (Figure 3.6 and Figure 3.7) and gatala (Figure 3.3) in the ICM show
normal development of haematopoietic cells derived from the posterior lateral plate
mesoderm (PLPM) in embryos expressing GFP-hTEL-AML1.

A transient wave of primitive haematopoiesis has been described in the caudal
haematopoietic tissue, before the emergence of haematopoietic stem cells. These
cells, termed erythromyeloid progenitors (EMP), demonstrate erythroid and
myeloid potential in vitro (Bertrand et al., 2007). However, EMPs do not have
lymphoid potential, and cells derived from them have not been observed to
colonise the kidney (Bertrand et al., 2007; Carroll and North, 2014). This wave of
haematopoiesis is followed by the emergence of haematopoietic stem cells (HSC)
from endothelial cells in the ventral wall of the dorsal aorta (Bertrand et al., 2010;
Kissa and Herbomel, 2010). HSCs then migrate to the caudal haematopoietic
tissue (CHT), where they generate myeloid and erythroid cells (Le Guyader et al.,
2008; Murayama et al., 2006). The development of EMPs in Tg(ZBA:GFP-hTEL-
AML1) embryos was not studied. Zebrafish EMPs have been shown to reside in
the PBI and to express gatala and Imo2 genes (Bertrand et al., 2007), therefore,
although gatala expression in the PBI of Tg(ZBA:GFP-hTEL-AML1) embryos is
normal at 18 hpf (Figure 3.3), it is not possible to rule out the possibility that EMPs

number or function is affected by hTEL-AML1 expression.
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3.4.2 Expression of hTEL-AML1 induces a transient increase in the

number of granulocytes

Both EMPs and HSCs transiently produce myeloid and erythroid cells in the CHT
(Bertrand et al.,, 2007; Murayama et al., 2006). Experiments on transgenic
T9(ZBA:GFP-hTEL-AML1) larvae show normal development of erythroid cells by
72 hpf (Supplementary Figure 9.1) and 4 dpf (Figure 3.4). In contrast, myeloid cells
are affected in larvae expressing the Tg(ZBA:GFP-hTEL-AML1) transgene (Figure
3.8 and Figure 3.9). Sudan Black experiments on Tg(ZBA:GFP-hTEL-AML1)""
larvae show a transient increase in the number of granulocytes in the CHT at 48
hpf and 72 hpf, however, by 4 dpf, their number is indistinguishable from that of
wild type larvae (Figure 3.9). Given that myeloid cells found in the CHT between
48 hpf and 72 hpf potentially arise from different progenitors, including myeloid
cells produced during the primitive wave of haematopoiesis, it is difficult to
definitively determine the origin of the increased number of Sudan Black* cells.
Further experiments are necessary to dissect whether GFP-hTEL-AML1
expression affects haemato-vascular progenitors, EMPs, or HSCs in Tg(ZBA:GFP-
hTEL-AML1) transgenic fish.

The increased number of granulocytes found in the CHT of Tg(ZBA:GFP-hTEL-
AML1)transgenic larvae at 48 hpf and 72 hpf show that the degree of conservation
between human and zebrafish allows the human TEL-AML1 fusion protein to
regulate gene transcription, and to induce changes in the haematopoietic
compartment. Given that Sabaawy and colleagues did not investigate early
haematopoiesis in ZBA-EGFP-TA transgenic fish (Sabaawy et al., 2006), it is not
known whether the overt leukaemia in adult fish that they report was preceded by

increased numbers of myeloid cells during larval development.

It is interesting to note that the transient increase in the number of Sudan Black*
granulocytes in the CHT (Figure 3.9) is observed almost concomitantly with an also
transient presence of cells expressing GFP-hTEL-AML1 in the CHT (Figure 3.1).
These observations suggest that the levels of expression of human TEL-AML1
fused to GFP could be directly correlated with the changes observed in the
haematopoietic compartment. Previous reports in zebrafish and murine models
expressing TEL-AML1 have shown that the levels of expression, and the promoter

controlling the expression of TEL-AML1 fusion protein have a major impact on the
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effects observed in the haematopoietic compartments (Andreasson et al., 2001;
Sabaawy et al., 2006). Interestingly, Sabaawy and colleagues report that while the
expression of human TEL-AML1 fusion protein under the control of the B-actin
gene leads to overt leukaemia in zebrafish, the expression of the same transgene
under the control of the rag2 gene promoter does not induce leukaemia (Sabaawy
et al., 2006). These findings suggest that the effects of TEL-AML1 expression are
cell autonomous and that they are restricted to a delimited time window during

haematopoietic development.

It is important to consider that the quantifications of Sudan Black* cells carried out
in Tg(ZBA:GFP-hTEL-AML1) transgenic fish (Figure 3.9) include only those cells
residing in the CHT, while the granulocytes infiltrating other tissues and those in
the blood stream were not quantified. However, imaging of Tg(ZBA:GFP-hTEL-
AML1)*" fish at 48 hpf and 72 hpf shows normal distribution of Sudan Black-
labelled granulocytes and no abnormal accumulations of granulocytes were found.
All these data together show that there is robust evidence supporting that there is
an increased number of granulocytes residing in the CHT of Tg(ZBA:GFP-hTEL-
AML1)*" fish at 48 hpf and 72 hpf. It would be interesting to carry out quantifications
of total numbers of granulocytes (i. e. using flow cytometry in transgenic embryos)
to determine whether this difference is due to differences in total numbers of
granulocytes or caused by differences in their location. If the quantifications show
that there is an increment in the total number of granulocytes in Tg(ZBA:GFP-
hTEL-AML1)"" larvae, further experiments will be necessary to assess the
possibility of increased number of progenitors, increased differentiation of
progenitors into granulocytes, or decreased cell death in the granulocytes. On the
other hand, if the total numbers of granulocytes are not changed in Tg(ZBA:GFP-
hTEL-AML1)"" larvae, the increased number of granulocytes in the CHT could be
caused by a defective mobilization of granulocytes into the blood circulation,
defective differentiation of granulocytes, or abnormal localization of their

progenitors.

Similar experiments would be necessary to determine whether by 4 dpf the
numbers of granulocytes return to those observed in the wild type fish or the
developmental changes, entry into the blood stream, and granulopoiesis in the
kidney, are responsible for masking the differences between wild type and
Tg(ZBA:GFP-hTEL-AML1)*" transgenic fish.
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The observed transient increase in the number of granulocytes in the CHT of
Tg(ZBA:GFP-hTEL-AML1)*" transgenic fish at 48 hpf and 72 hpf (Figure 3.8 and
Figure 3.9) raises additional questions. Given that Sudan Black staining in
zebrafish larvae labels mostly neutrophils (Le Guyader et al., 2008), it is still
unknown whether expression of GFP-hTEL-AML1 also affects other myeloid cells
present at this developmental stage, like macrophages (Herbomel et al., 1999) and
mast cells (Dobson et al., 2008). Further experiments would be needed to
determine whether GFP-hTEL-AML1 expression also affects other myeloid cells,
their progenitors, or it biases the fate of the cells produced. Additionally, it is
possible that the number or function of either progenitor cells or HSCs are affected
in Tg(ZBA:GFP-hTEL-AML1)"" transgenic fish.

3.4.3 Lymphoid development in fish expressing hTEL-AML1

Lymphoid markers like ragl and Ick have been used in the past as an indirect way
to determine whether HSCs are affected by an experimental condition (Jones et
al., 2015; Kwan et al., 2016). This has been done under the assumption that all
lymphoid cells in the thymi are derived from the definitive wave of haematopoiesis
and therefore, from HSCs, given that it has been shown that EMPs do not have
lymphoid potential (Bertrand et al., 2007). However, a recent report shows that
lymphoid cells found in the zebrafish thymi at 4 dpf stage come entirely from the
cells from the hemogenic endothelium in a transient wave of lymphopoiesis
independent of HSCs (Tian et al., 2017), and that lymphoid cells derived from
HSCs do not appear in the thymi until 8 dpf. Similarly, studies carried out in mice
show that HSCs do not initiate the seeding of the thymic rudiment (Luis et al.,
2016). Experiments shown in Figure 3.10 were designed to indirectly assess HSC
function, but considering these new findings, the interpretation of their results is
now very different. Given that all lymphoid cells at this stage come from progenitors
generated in the hemogenic endothelium that enter the blood circulation and seed
the developing thymus (Hess and Boehm, 2012; Kissa et al., 2007; Tian et al.,
2017), results in Figure 3.10 show that these processes are normal in
Tg(ZBA:GFP-hTEL-AML1)"" transgenic larvae, suggesting as well that hemogenic
endothelium is functional. It does not specifically assess the output from AGM
derived HSC.
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We were not able to assess the development of B cells in Tg(ZBA:GFP-hTEL-
AML1)*" larvae because zebrafish B cells are not clearly distinguishable prior to 3
weeks of development (Page et al., 2013). However, VDJ rearrangements are
detectable by 4 dpf suggesting B cell precursors are present during early
development without clear surface markers to delineate expression (Danilova and
Steiner, 2002). In mice, early lympho-myeloid progenitors have been described
arising in the foetal liver at E11.5. These progenitors arise independently from
HSCs and are defined by the expression of Lin"Kit*FIt3*IL7Ra* (Boiers et al.,
2013). Consistently, progenitors with lymphoid potential independent of HSCs
have been also described in zebrafish (Tian et al., 2017). To determine if these
lympho-myeloid progenitors were present in zebrafish, the expression of il7r was
analysed during development by WISH. However, we were unable to detect il7r
transcripts before its expression in T cells at 4 dpf (data not shown). The presence
of such cells cannot be excluded due to the sensitivity limitations of the WISH
technique.
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4 Defining the role of Gata2a in

developmental haematopoiesis

4.1 Introduction

4.1.1 Mammalian GATA2 plays a critical role in haematopoiesis

GATAZ2 belongs to the GATA family of nuclear proteins, that bind a consensus
DNA sequence due to the presence of two highly conserved zinc finger domains
(Trainor et al., 1996). In mammals, the GATA family is composed of six members,
GATAL-6, which are divided into two different subfamilies (Lowry and Atchley,
2000), that are expressed in different cell types (Vicente et al., 2012). While the
proteins GATAL, GATA2, and GATA3 are mainly expressed in haematopoietic
cells (Orkin, 1995; Simon, 1995); GATA4, GATAS and GATAG are expressed in
cells derived from the endoderm and mesoderm (Charron and Nemer, 1999;
Molkentin, 2000). Gata2 is expressed in a broad range of tissues, including the
central nervous system, foetal liver, endothelial cells, the heart, and
haematopoietic cells (Simon, 1995). Expression of Gata2 in haematopoietic cells
has been found mainly in early haematopoietic progenitors, mast cells, and
megakaryocytes (Tsai et al., 1994; Tsai and Orkin, 1997), consistent with its critical

role in haematopoiesis.

Studies using Gata2 knockout mice showed that homozygous Gata2” mice died
before the foetal liver stage (E11.5) as a consequence of severe anaemia caused
by failure of definitive haematopoiesis (Tsai et al., 1994). In contrast, heterozygous
knockout Gata2 mice are born healthy (Tsai et al.,, 1994), and display normal
numbers of cells in the major haematopoietic compartments (Rodrigues et al.,
2005). Interestingly, double Gatal”; Gata2” knockout mice show an almost
complete lack of primitive erythroid cells, while loss of either gene alone has lesser
impact on primitive erythroid cells, suggesting functional redundancy between
GATA1 and GATAZ2, and a role for GATAZ2 in primitive haematopoiesis (Fujiwara
et al., 2004).

Due to the lethal phenotype of homozygous Gata2 knockout mice, the role of
GATA2 in haematopoiesis has been studied using chimaeras carrying Gata2™
cells (Tsai et al., 1994), conditional mutants (de Pater et al., 2013; Lim et al., 2012)
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and transplantation assays (Ling et al., 2004; Rodrigues et al.,, 2008, 2005).
Chimaeras obtained by injection of homozygous Gata2” embryonic stem cells into
wild type blastocysts show that Gata™ cells contribute to primitive haematopoietic
lineages, but fail to contribute to any of the lineages derived from definitive
haematopoiesis (Tsai et al., 1994). Additionally, Gata2*" bone marrow cells exhibit
a decreased capacity to engraft in wild type irradiated hosts (Rodrigues et al.,
2008, 2005). Closer examination of haematopoiesis in wild type recipients
transplanted with heterozygous Gata2*" cells shows that production of HSCs in the
AGM is reduced, while the numbers of HSCs in the yolk sac, foetal liver and adult
bone marrow remain unaffected (Ling et al., 2004), suggesting a requirement for
GATA2 activity during HSC emergence. Further experiments using conditional
knockout mice dissected a dual role for GATAZ2: conditional deletion of the Gata2
gene in vascular cells showed that GATAZ2 activity is required for the emergence
of HSCs via EHT; and deletion of the Gata2 gene in HSCs demonstrates that
GATAZ2 is necessary for the survival of HSCs (de Pater et al., 2013).

4.1.2 GATAZ2 gene is duplicated in teleost fish

The zebrafish genome encodes two gata2 ohnologs, gata2a and gata2b, which
have also been found in other teleost fish (Gillis et al., 2009; Liu et al., 2016).
Phylogenetic analysis and the presence of syntenic regions strongly suggests that
gata2a and gata2b were originated via a chromosomal duplication event (Gillis et
al., 2009).

Phylogenetic analysis suggests that the evolutionary rate of gata2b has been faster
than that of gata2a, suggesting that the current gata2a gene is more similar to the
common ancestor of both genes (Liu et al., 2016). Consistent with this, alignments
of the protein sequences of Gata2a and Gata2b together with human and murine
GATAZ protein sequences show that the sequence of the C-terminal zinc finger of
Gata2a is more similar to that of both mammals, which are identical (Butko et al.,
2015).

Analysis of the expression patterns of gata2a and gata2b genes shows that gata2b
is expressed in branchiomotor neurons (20 hpf), in the DA (from 16 hpf), and later
in haematopoietic cells in the CHT (50 hpf and 72 hpf) (Butko et al., 2015). In
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contrast, gata2a expression is found in a wide range of cell lineages from earlier
developmental stages: by 8 ss, gata2a is expressed in the PLPM (Brown et al.,
2000; Butko et al., 2015; Detrich et al., 1995); in ventral neurons of the spinal cord
by 24 hpf (Andrzejczuk et al., 2018); in the central nervous system and the pituitary
gland (Quiroz et al., 2012); the DA, the CV, and primitive erythrocytes (25 hpf)
(Butko et al.,, 2015); and in adults, gata2a expression has been detected in
eosinophils found in the kidney marrow (Balla et al., 2010; Traver et al., 2003).
These data suggest that gata2a retains the wide expression pattern observed in
Gata2 in mice, supporting the idea that gata2a has conserved some of the
functions in haematopoiesis observed in mammalian GATAZ2.

4.1.3 Role of Gata2a in vascular and haematopoietic development

The zebrafish gata2a gene is expressed in different tissues, and in addition to its
role in vascular and haematopoietic development, it has been shown to have
important roles in the development of the nervous system. By using gata2a“m’
mutant fish (Zhu et al., 2011), Andrzejczuk and colleagues show that gata2a is
required for the development of particular groups of ventral spinal cord neurons
(Andrzejczuk et al., 2018). Additionally, gata2a morphants display loss of
thyrotrope cells in the pituitary gland, demonstrating the critical role of Gata2a in

pituitary development (Quiroz et al., 2012).

Expression analysis of gata2a suggested a role in embryonic haematopoiesis
(Detrich et al., 1995), and studies in gata2a morphants showed that, although no
alteration of the expression of key myeloid and erythroid genes was detected,
gata2a morphants exhibit decreased numbers of blood cells (Galloway et al.,
2005). Later work showed that gata?a downregulation is critical for erythroid
maturation (Pase et al., 2009).

um27

The generation of the zebrafish gata2a mutant line uncovered the role of

Gata2a in vascular development (Zhu et al., 2011). Zhu and colleagues showed

that homozygous gata2a“™"m?’

mutants have defects in the DA leading to lack of
blood circulation in the trunk of most (94%) homozygous mutants by 48 hpf (Zhu

et al., 2011). These suggest a role for Gata2a in definitive haematopoiesis through
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its action on endothelial cells, as it has been shown in mice with conditional
mutants (de Pater et al., 2013; Lim et al., 2012).

4.1.4 Aims of the experiments described in this chapter

1. To determine the role of Gata2a in primitive haematopoiesis in zebrafish.

2. To determine the role of Gata2a in definitive haematopoiesis in zebrafish.
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4.2 Methods

4.2.1 Mutant and transgenic zebrafish lines used

To study the role of Gata2a in developmental haematopoiesis, a mutant fish line
carrying a 10 bp deletion in the gata2a gene was used (Zhu et al., 2011). This 10
bp deletion causes a frameshift and a premature stop codon, and the gata2a“™’
mutant allele encodes a 297aa protein without the two zinc-finger domains of

Gata2a (Zhu et al., 2011).

Additionally, the transgenic zebrafish line Tg(kdrl:GFP)lal16, originally published
as Tg(flk1:GFP)"® (Choi et al., 2007), was used to visualise the development of

um27

the vasculature in gata2a mutant fish. This line was a kind gift from Nathan

Lawson.

4.2.2 Genotyping of gata2a'™?’ mutant fish

The genotyping strategy for gata2a"™’ mutants is based on the amplification by
PCR of a 409 bp DNA fragment of gata2a gene around the region of the deletion.
The PCR product obtained this way was then digested with MspAll enzyme, and
the digestion pattern was analysed by gel electrophoresis. Wild type PCR products
are cut, generating two fragments (151 bp and 258 bp), and mutant PCR products
are not cut, as the 11 bp deletion removes the restriction site, giving one DNA band
(409 bp).

Genomic DNA obtained from embryos or fin clips from adult fish (see section

2.11.3) was used as a template for a PCR with the primers shown in the Table 4.1:

Table 4.1 | Primers used for genotyping of gata2a“™?’ mutants.

Primer name Sequence (5'to 3" Length %GC Tm

gatazg‘:}’r:c?'ge“ GGCCAGAACGTGGCTTTTCCG 21 619 64.6

gataZ2 rev digest
geno

GGGGATCACCAGGGGGTGAG 20 70 63.8
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The Table 4.2 shows the components and concentrations of the PCR for
gata2a'™*’ genotyping. Volumes shown are calculated for one 25 pL reaction and
were scaled up for large numbers of samples. Details about dNTPs, the DNA

polymerase used, and its reaction buffer are available in section 2.7.

Table 4.2 | Components of PCR for gata2a“™?’ genotyping.

Reagent Volume F;Lr]reaction conclzzir?tar!e\tion

10x Standard Taq buffer 2.5 1x

10 mM dNTPs 0.5 200 pM

10 uM gata2 for digest geno 0.5 0.2 uM

10 uM gata2 rev digest geno 0.5 0.2 uM
Standard Taq Polymerase 0.125 0.625 units
genomic DNA 2 variable
nuclease free water 18.875 -

As controls, additional samples with genomic DNA from wild type embryos as DNA
template and nuclease free water instead of DNA template were used in each
experiment. The PCR described above was ran under the cycling conditions
described in the Table 4.3.

Table 4.3 | Cycling conditions used in PCR for gata2a“™?’ genotyping.

Phase temperature [°C] time [s]
initial denaturation 95 30
denaturation 95 15
35 cycles annealing 64 30
extension 68 30
final extension 68 5 minutes

Page | 97



The results from this PCR reactions were checked by electrophoresis in agarose
gels. 5uL of the PCR products were run in a 3% (w/v) agarose gel. A single 409
bp band is expected, but a double band was observed in heterozygous DNA
samples (see Figure 4.1 and text for details). A possible explanation is that one of
the double bands correspond to homodimers of both wild type and mutant PCR
products, that have similar electrophoretic migration, given their similar size; and
the other corresponds to heterodimers of wild type and mutant PCR product, that
migrate in the gel as a larger DNA fragment would do, due to the mismatch caused
by the gata2a“™’ deletion.

The PCR products were then digested using the restriction enzyme MspAll (Cat.
R0O577S, NEB). The Table 4.4 shows the components and concentrations for the
digestion of the PCR products with MspAll enzyme:

Table 4.4 | Reaction mix for MspALll digestion.

Reagent r\ég(l:l:in;ﬁ |[oueLr] Final concentration
10x CutSmart buffer 2 1x
MspA1l enzyme 0.2 2 units
PCR product 10 variable
nuclease free water 7.8 -

The MspALll digestion mix were incubated 2 hours at 37 °C and 20 minutes at 65
°C for restriction enzyme inactivation. The DNA digestions were then analysed by
electrophoresis in agarose gels. 10 pL of the digested DNA were ran in a 3% (w/v)
agarose gel. The genotypes were read from the digestion pattern as explained in
the Table 4.5.
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Table 4.5 | gata2a“m?’ genotypes and MspALll digestion patterns.

um27 Number of .
gata2a genotype bands Band sizes [bp]

wild (+/+) 2 258

ild type (+/+
P 151
398

Heterozygote
(+/um27) € A
151

Homozygote
(um27/um27) 1 SEL

An example of this genotyping protocol is shown in the Figure 4.1, where the
genotyping of a group of 8 embryos after WISH at 22 hpf is shown. In Figure 4.1
a, the image of the gel electrophoresis of the PCR for genotyping is shown. As
explained before, PCR products from wild type DNA have an expected size of 409
bp, while the PCR products amplified from mutant DNA are expected to be 398 bp.
Given the difference between these two amplicons is only 11 bp, they are not
expected to be resolved in this gel. Interestingly, in lanes 1, 2, 4, 5, and 8, an
additional band is observed under 500 bp. Then in Figure 4.1 b, the MspALll
digestion of the same embryos is shown. Digestion patterns observed are
consistent with the expected patterns in Table 4.5. Notice that the digestion shows

that embryo in lane 7 is a homozygous gata2a“m*"um?’

mutant, and that gel
electrophoresis of the PCR shows a single band, as expected. It is also interesting
to notice that all embryos that exhibited an additional band in the PCR (1, 2, 4, 5,
and 8) in Figure 4.1 a, are heterozygous gata2a*™™?’ mutants according to the

digestion (Figure 4.1 b).
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Figure 4.1 | Example of gata2a"™?’ genotyping.
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Images of gel electrophoresis of the PCR (a) and the MspALll
digestion (b) done to genotype 22 hpf gata2a'™’ mutant embryos
after WISH. In (a), PCR products obtained from the genomic DNA of
8 different embryos are shown in lanes 1 — 8. Amplicons from wild
type DNA are expected to be 409 bp, and those from mutant DNA are
expected to be 398 bp. Notice the double bands in lanes 1, 2, 4, 5,
and 8. In (b), the digestion patterns of the same embryos shown in
(a) can be observed. Digestion patterns show that embryos in lanes
3, and 6 are wild types, while those in lanes 1, 2, 4, 5, and 8 are

heterozygous gata2a*’'™*’

mutants. The embryo in lane 7 is a
homozygous gata2a"™"™*” mutant. Notice that all embryos
displaying a double band in the PCR, in (a), are heterozygous, as
shown by the digestions, in (b). L, HypperLadder 50bp. The numbers
in the column in the centre of the figure show the size in bp of relevant

bands of the molecular weight marker.



4.3 Results

4.3.1 Haemato-vascular progenitors develop normally in gata2a“m?’

mutant embryos

The development of the haemato-vascular progenitors, from which the first
haematopoietic cells derive (Vogeli et al., 2006), was studied in gata2a"™’ mutant
embryos by WISH. Haemato-vascular progenitors were studied by using the
expression of Imo2 and runx1 as markers. Figure 4.2 shows images of WISH for
these genes carried out in 10ss gata2a“™*’ mutant embryos. In wild type embryos,
Imo2 is expressed in the haemato-vascular progenitors in both the ALPM (Figure
4.2 a) and the PLPM (Figure 4.2 d) (Patterson et al., 2007), which later generate
primitive myeloid and erythroid cells, respectively (Detrich et al., 1995; Lieschke et
al., 2002). In the case of the haemato-vascular progenitors in the ALPM, the
expression patterns show a degree of variability that was observed among wild

+/um27

type embryos, and also among both heterozygous gata2a and homozygous

ga.tazaum27/um27

embryos (Figure 4.2 a-c), suggesting normal development of
progenitors in the ALPM. In the case of the haemato-vascular progenitors in the
PLPM, the expression of runx1 (Figure 4.2 g-i) was used as a marker (Patterson
et al., 2007), in addition to that of Imo2 (Figure 4.2 d-f). Both Imo2 and runx1
expression patterns are normal in both heterozygous gata2a™™™?’ and

um27/um27

homozygous gata2a embryos, suggesting that haemato-vascular

progenitors in the PLPM develop normally in the mutant embryos.
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Figure 4.2 | Expression patterns of Imo2 and runxl show normal
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specification of haemato-vascular progenitors in gata2a“m?’
mutant embryos.

Images of Imo2 (a-f) and runxl (g-i) WISH on 10 ss gata2a“™’
mutant embryos showing haemato-vascular progenitors in the
anterior (a-c) and posterior (d-i) side of the embryos. All images show
dorsal to the top.



4.3.2 Primitive erythroid development in gata2™?’ mutant embryos

The development of the erythroid cells from the primitive wave of haematopoiesis
was studied using WISH with a probe for gatala gene. Gatala is a transcription
factor that plays a critical role in primitive haematopoiesis by directing lineage fate
decisions in myeloid and erythroid cells (Galloway et al., 2005). The primitive
erythroid cells are derived from the PLPM (Detrich et al., 1995; Lieschke et al.,
2002), whose two stripes of cells converge during embryogenesis in the ICM
(Detrich et al., 1995). Figure 4.3 shows the expression of gatala in 18 hpf
gata2a“"™*’ mutant embryos. At this stage, gatala is normally expressed in cells in
the ICM over the yolk sac and in the PBI (Detrich et al., 1995). Both heterozygous
gata2a*"™?” (Figure 4.3 b) and homozygous gata2a“™*""™?" (Figure 4.3 ¢) mutant
embryos exhibit normal gatala expression in the ICM and PBI, suggesting that
gata2a"™*’ mutant embryos have a normal erythroid development at this stage.

+/+ +/ um27 um27 / um27

lateral

Figure 4.3 | Expression of gatala shows normal development of primitive
erythroid cells.

Lateral views of gatala WISH on 18 hpf gata2a"™’ embryos. Wild
type (+/+) (a), heterozygous (+/ um27) (b), and homozygous mutant

(um27 / um27) (c) embryos are displayed with anterior to the left.

The progenitors in the PLPM produce the first primitive erythroid cells, that later
enter into the blood circulation, which starts between 24 — 26 hpf (Long et al.,
1997). A histochemical technique, o-dianisidine staining, was used to label the

haemoglobin in the maturing erythroid cells of gata2a"™’ mutant embryos at 28
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hpf (Figure 4.4). In wild type embryos, o-dianisidine* cells are abundant in the heart
and the duct of Cuvier (Figure 4.4 a), and some cells can be found scattered in the
PBI (Figure 4.4 a@’). Images in Figure 4.4 b and b’ show that haemoglobinization in
erythroid cells of heterozygous gata2a*“™?’ embryos is normal compared to that of

wild type embryos. However, homozygous gata2a“™"m?

embryos display an
abnormal distribution of o-dianisidine® cells (Figure 4.4 c¢ and ).
Haemoglobinization of erythroid cells is not disturbed in homozygous mutant
embryos, suggesting that Gata2a is not necessary for this process (Figure 4.4 c
and c’). Although haemoglobinization is not affected, the erythroid cells are
abnormally distributed. The heart and duct of Cuvier have decreased numbers of
labelled cells (Figure 4.4 c), while a big accumulation of o-dianisidine™ cells is found
in the PBI (Figure 4.4 ¢’ arrowhead), suggesting that the blood circulation problems

previously reported at 48 hpf (Zhu et al., 2011) are already present by 28 hpf.
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Figure 4.4 | Haemoglobinization of erythroid cells in 28 hpf gata2a“m?’
embryos.

o-dianisidine was used to label haemoglobin in erythroid cells of 28
hpf gata2a'™*’ embryos. Images of ventral views of the heads (a-c)
and lateral views of the tails (a’-¢’) of wild type (a and a’),
heterozygous (b and b’), and homozygous mutant (¢ and c¢’)
embryos are shown. Notice the accumulation of erythroid cells in the
PBI of the homozygous mutant embryo (c¢’, black arrowhead). All
embryos are displayed with anterior to the left. Scale bar in (a-c), 200

um.

4.3.3 Role of Gata2a in myeloid cell development

The first myeloid cells differentiate directly from the haemato-vascular progenitors
in the ALPM (Herbomel et al., 1999; Lieschke et al., 2002). It has been shown that
these first myeloid cells start expressing spilb transcripts at 6 ss (12 hpf) (Lieschke
et al., 2002). Therefore, the expression of spilb was used to label the myeloid cells
derived from progenitors in the ALPM in 10 ss (14 hpf) gata2a“™’ mutant embryos
(Figure 4.5). Wild type embryos at this stage express spilb in two anterolateral
groups of cells in the ALPM (Figure 4.5 a), and both heterozygous gata2a*“™?’

(Figure 4.5 b) and homozygous gata2a'™""™2” (Figure 4.5 c¢) mutant embryos
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exhibit normal spilb expression pattern, suggesting normal development of

primitive myeloid cells at this stage.

+/+ + / um27 um27 / um27

anterior

Figure 4.5 | WISH analysis of spilb gene shows normal development of
primitive myeloid cells.

um27

Images of spilb WISH on gata2a mutants at 10 ss (a, b, and ¢)
stage. All the images show the anterior part of the embryos with

dorsal to the top.

After the differentiation of the first myeloid cells from the ALPM, the two groups of
spilb® cells produced (see Figure 4.5 a) coalesce and migrate ventrally scattering
on both sides of the surface of the yolk (Lieschke et al., 2002). Figure 4.6 shows

um27

the expression of spilb gene in 18 hpf (18ss) gata2a mutant embryos. In wild
type embryos, the expression of spilb is found in two different territories (Lieschke
et al., 2002): myeloid cells scattered on the yolk sac (Figure 4.6 a), and in lower

UM27 mutant allele show

levels in the PBI (Figure 4.6 e). Embryos carrying the gata2a
normal expression pattern in cells in both the yolk (Figure 4.6 b and c¢) and the PBI
(Figure 4.6 f and g). The caudal expression of spilb observed in the embryos was
variable regardless of their gata?a genotype, and it could reflect subtle
developmental differences, as it has been shown that the expression of spilb
decreases until it is not observable in the PBI by 22 — 24 hpf (Bennett et al., 2001;

Lieschke et al., 2002).
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The migration of the primitive myeloid cells scatters them and thus allows their
guantification. Figure 4.6 d shows the results, the numbers of spilb® cells on the
yolk of 18 hpf gata2a"™’ mutant embryos. No statistically significant differences
were found (Figure 4.6 and Supplementary Table 9.7), suggesting that the

development of primitive myeloid cells is not affected by gata2a"™’ mutation.
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Figure 4.6 | Expression of spilb gene at 18 hpf shows normal numbers of

primitive myeloid cells in the yolk.

Images of spilb WISH on gata2a"™*’ mutants at 18 hpf (a-c, and e-
g) stages. Rostral views (a-c) and lateral views (e-g) of wild type (a
and e), heterozygous (b and f), and homozygous mutant (c and Q)
embryos are shown. In (d), quantification of spilb® cells in the yolk of
18 hpf gata2a'™’ mutant embryos. Statistical comparison was
carried out by one-way ANOVA. See Supplementary Table 9.7 for
more details.

After the 18 hpf stage, the level of expression of spilb decreases both in the cells
in the yolk and in the PBI, and only a few labelled cells are visible by 24 hpf
(Lieschke et al., 2002). In further experiments, the levels of expression of both
ikaros and spilb in the PBI in 22 hpf gata2a“™’ embryos (Figure 4.7 a-f) show a
great variability with poor correlation with their gata2a genotype. Quantifications of

spilb® cells were carried out to overcome these difficulties (Figure 4.7 g-j).
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Interestingly, despite the variability observed, the total number of spilb® cells in
gata2a'™*’ mutant embryos is not significantly different from that of their wild type
siblings (Figure 4.7 g). No significant differences were found in the humbers of
spilb* cells in the yolk, the AGM, or the PBI of gata2a“™’ mutant embryos (Figure
4.7 h-j), suggesting that the total number of myeloid cells and their distribution are

um27

not affected in gata2a mutants.
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Figure 4.7 | Normal numbers of myeloid cells in the PBI of gata2a“™?’ mutant

embryos by 22 hpf.

Lateral views of the tails of ikaros (a, ¢, and €) and spilb (b, d, and
f) WISH on gata2a“™?’ mutants at 22 hpf stage. Wild type (+ / +) (a
and b), heterozygous (+ / um27) (c and d), and homozygous (um27
/ um27) (e and f) mutant embryos are displayed with anterior to the
left. Notice that ikaros and spilb expression patterns suggest a
decreased amount in myeloid cells in the PBI of the embryos. In (g-
i), quantifications of spilb* cells in 22 hpf gata2a"™’ embryos in the
entire body (g), the yolk (h), the AGM (i), and the PBI (j). Statistical

comparisons in (g-i) were carried out by Kruskal-Wallis test, and their
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p-values are shown in each graph. See Supplementary Table 9.8 —

9.15 for more details.

Later during development, the expression of the spilb gene appears again in
myeloid cells in the PBI (Lieschke et al., 2002), possibly derived from EMPs or
HSCs (Bertrand et al., 2007; Murayama et al., 2006). WISH with a spilb probe was
carried out in 32 hpf gata2a"™’ embryos, and results are shown in the Figure 4.8.

um27 mutants suggests a dose

The expression of spilb in the 32 hpf gata2a
dependent decrease in the expression of spilb in cells in the PBI (Figure 4.8 a-c).
Notice the decrease in the intensity of staining in the heterozygous embryos
displayed in Figure 4.8 b, compared to that of the representative wild type embryo

shown in Figure 4.8 a.

The spilb® cells were quantified along the AGM and in the PBI, the results are
shown in Figure 4.8 d and Figure 4.8 e. As the images in Figure 4.8 a-c suggest,
the quantifications carried out in the AGM show that homozygous gata2a'™?"um27
mutants have a significantly lower number of spilb® cells in their AGM than
heterozygous gata2a*“™?’ embryos (p-value = 0.015, Figure 4.8 d). The p-value

+/+

for the comparison between wild type gata2a™ embryos and homozygous
gata2a"™*"'™2” mutant embryos is 0.060 (Supplementary Table 9.12), suggesting
that further experiments are necessary to determine whether this difference is a

significant difference or not.

In contrast to what the imaging of spilb WISH suggests (Figure 4.8 a-c),
quantification of spilb* cells in the PBI of 32 hpf gata2a“™’ mutant embryos shows
that there are no significant differences across all genotypes (Figure 4.8 e and

Supplementary Table 9.13).
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Figure 4.8 | Expression of spilb in 32 hpf gata2a“™?” embryos.

In (a-c), lateral views of the tails of spilb WISH on 32 hpf gata2a“™?’
embryos. In (d), quantification of spilb* cells in the AGM region of
embryos. In (e), quantification of spilb® cells in the PBI of embryos.
Statistical comparisons in (d and e) were carried out by Kruskal-
Wallis test followed by Dunn’s multiple comparison test. See
Supplementary Table 9.12 and Supplementary Table 9.13 for more
details about (d) and (e), respectively.

Previous results suggest that Gata2a has a role in the development of myeloid
cells (Figure 4.8). Therefore, the expression of cebpa was studied by WISH in
gata2a“™’ mutant embryos, given that cebpa is a myeloid transcription factor
crucial for granulopoiesis (Dai et al., 2016) and that it has been suggested that
Cebpa is a transcriptional target of Gata2 (Cooper et al., 2015). In the figure below,

images of cebpa WISH on 22 hpf gata2a"™’ mutant embryos are shown (Figure
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4.9). As previously described (Lyons et al., 2001; Thisse et al., 2001), wild type
embryos have cebpa expression along the pronephric duct (Figure 4.9 a) and also
in a group of cells in the PBI (Figure 4.9 a’), presumably myeloid cells (Dobson et
al., 2008). Images of the PBI of gata2a"™’ embryos suggest decreased numbers
of cebpa+ cells in the PBI of both heterozygous and homozygous mutant embryos
(Figure 4.9 b’ and ¢’). Cells expressing cebpa in the PBI of 22 hpf embryos were
guantified, and the results show a dose dependent decrease in the number of
labelled cells in heterozygous gata2a*™*” and homozygous gata2a“™"™2” mutant
embryos (Figure 4.9 d and Supplementary Table 9.14). These results suggest that
Gata2a has a role in the development of these cells or in the control of cebpa

expression in them.
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Figure 4.9 | Decreased numbers of cebpa* cells in the PBI of 22 hpf gata2a“m?’

embryos.

Images of cebpa WISH on gata2a"™’ mutants at 22 hpf stage. Lateral
views of the tail (a-c), and the PBI (a’-¢’) of the embryos are
displayed. In (d), a quantification of cebpa” cells in the PBI of 22 hpf

gata2a“™*’

embryos. Statistical comparison in (d) was carried out by
one-way ANOVA (p < 0.0001) followed by Tukey's multiple

comparisons test. See Supplementary Table 9.14 for more details.

Page | 112



The expression of cebpa in gata2a"™’ mutant embryos was studied further at
earlier developmental stages to determine whether mutations in gata2a gene affect
cebpa expression in the rostral primitive myeloid cells or in the PLPM. The images
in Figure 4.10 show cebpa WISH in 10 ss gata2a'™’ mutant embryos. At this
stage, cebpa is expressed in two groups of primitive myeloid cells derived from the
ALPM (Figure 4.10 a) and in the PLPM (Figure 4.10 d) (Jing et al., 2013; Thisse et

+lum27 and

al., 2001). Images of cebpa WISH show that both heterozygous gata2a
homozygous gata2a“™?"“™2” mutant embryos have normal expression of cebpa in
both the rostral primitive myeloid cells (Figure 4.10 b and c), and in the PLPM
(Figure 4.10 e and f). This suggests that gata2a"™’ mutation has no effect on

cebpa expression at this developmental stage.

+/um27 um27 / um27
8 ___________________ |

| d e ‘ f

Figure 4.10 | Expression pattern of cebpa shows normal development of

anterior

10ss

posterior

haemato-vascular progenitors in both ALPM and PLPM of

gata2a'™?’ mutants.

Um27 mutants at 10 ss stage. Dorsal

Images of cebpa WISH on gata2a
images of anterior (a-c) and posterior (d-f) part of the embryos are

displayed. Images of wild type (a and d), heterozygous mutants (+ /
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um27, shown in (b and e), and homozygous mutants (um27 / um27,

shown in (c and f) are shown.

The study of the expression of cebpa in gata2a"™*’

was continued in 18 hpf
embryos. As mentioned previously, the primitive myeloid cells derived from the
ALPM migrate over the yolk sac ventrally, and during this process, they scatter
themselves over the yolk (Lieschke et al., 2002). The expression of cebpa was
analysed by WISH in 18 hpf gata2a"™’ mutant embryos (Figure 4.11), and the
cebpa” cells in the yolk sac were quantified (Figure 4.11 d). The normal expression
of cebpa, as that of spilb (Lieschke et al., 2002), includes expression in rostral
primitive myeloid cells (Figure 4.11 a) and also caudal expression in the ICM
(Figure 4.11 e) (Jing et al., 2013; Thisse et al., 2001). Imaging of cebpa WISH in

um27

gata2a mutants shows that both heterozygotes (Figure 4.11 b and f) and

um27

homozygotes (Figure 4.11 ¢ and g) for gata2a mutation have normal cebpa
expression in both territories. Consistently, the quantification of cebpa® cells in the
yolk of gata2a"™’ mutant embryos shows no statistically significant differences
across genotypes (Figure 4.11 d, and Supplementary Table 9.15), suggesting that

gata2a'™*’

mutation does not affect rostral primitive myeloid cells and
haematopoietic cells in the ICM at this developmental stage. Additionally, this
suggests that the phenotype observed in cebpa® cells in the PBI of 22 hpf
gata2a“"™*’ mutant embryos (Figure 4.9) arises between this time point, 18 hpf, and
22 hpf, while in the haemato-vascular progenitors labelled at 10 ss no differences

were detected (Figure 4.10).
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Figure 4.11 | Expression of cebpa at 18 hpf shows normal development of
primitive myeloid cells and haemato-vascular progenitors in the
PLPM of gata2a"™?” mutants.

Images of cebpa WISH on gata2a“™’ mutants at 18 hpf stage. Dorsal
views of the anterior (a-c) part of the embryos are displayed. In (d), a
quantification of cebpa* cells in the yolk of 18 hpf gata2a"™’ embryos.
In (e-g), lateral views of 18 hpf embryos with anterior to the left are
shown. Statistical comparison in (d) was carried out by Kruskal-Wallis
test (p = 0.5044) (see Supplementary Table 9.15 for more details).

The results depicted in Figure 4.9 show that the number of cebpa® cells in the PBI
at 22 hpf depends on Gata2a. It was hypothesized that these cells correspond to
myeloid cells, therefore the expression of the I-plastin gene was monitored by
WISH in 22 hpf gata2a"™’ mutant embryos. L-plastin, the actin-bundling protein
leukocyte plastin, is a cytosolic protein involved in cell motility and its transcripts
have been shown to be expressed in early embryonic macrophages at this stage
(Herbomel et al., 2001, 1999), both in the macrophages in the yolk sac and in those
residing in the PBI. Figure 4.12 shows quantifications of I-plastin® cells in 22 hpf
gata2a"™*’ mutant embryos. Quantifications show that the total number of I-plastin®

um27/um27

cells is significantly reduced in homozygous gata2a mutant embryos

Page | 115



compared to that of their heterozygous gata2a™™™*’ siblings (Figure 4.12 a).
Similarly, quantifications of I-plastin® cells in the yolk show the same results (Figure
4.12 b). Considering that most of I-plastin® cells of the embryos at this stage reside
in the yolk (86% in the case of heterozygous gata2a*™?’ embryos and 91% in the
wild type embryos, Supplementary Table 9.16 and Supplementary Table 9.17),
these results suggest that the rostral primitive macrophages are severely affected

um27

by gata2a mutations. The I-plastin® macrophages (Herbomel et al., 1999) were

also quantified along the AGM (Figure 4.12 c) and in the PBI (Figure 4.12 d) in

gata2a“™*’

mutants. In the case of the quantifications carried out in the AGM
(Figure 4.12 c), the Kruskal-Wallis test shows that there is at least one group with
a significantly different median to the others, however, the post-hoc tests do not
have enough statistical power to determine which one (Supplementary Table 9.18).
Interestingly, the number of I-plastin* cells in the PBI of 22 hpf gata2a"™’ shows
no significant changes across genotypes (Figure 4.12 d). In contrast to the results
found for rostral primitive macrophages, the numbers of macrophages found in the

PBI are not affected by gata2a“™’ mutation.

total yolk AGM PBI

—
a b p=0.050
p=0014

200 30 30 p=0.121

(¢}
o

20

I-plastin” cells / PBI

total I-plastin” cells
s a N
S o o
8 8 8
I-plastin” cells / yolk
3 @
o o
I-plastin” cells / AGM
- n
o o

& i A 50 a:_

A x ’0 x x (i\
& & & &

<

Figure 4.12 | Quantification of I-plastin® cells in 22 hpf gata2a“™?’ mutant

embryos.

Expression of |-plastin was analysed by WISH in 22 hpf gata2a"™’
mutant embryos. The number of |-plastin® cells was quantified in the
entire embryo (a), the yolk (b), AGM (c), and the PBI (d). Statistical
comparisons were carried out by Kruskal-Wallis test followed by the
Dunn’s multiple comparisons test. In (a and b), Kruskal-Wallis test
showed significant differences among the medians of the groups (p-
values 0.017 and 0.030, respectively) so the p-values of post-hoc

tests are shown. In (c), Kruskal-Wallis test shows statistically
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significant difference among the groups (p-value shown), but the
post-hoc tests show no significant difference. In (d), medians of the
groups showed no statistically significant difference, so p-value of the
Kruskal-Wallis test is shown instead. See Supplementary Table 9.16

—9.19 for more details.

In addition to macrophages, the primitive wave haematopoiesis also generates
neutrophils. However, experiments using cell-tracing techniques have shown that
neutrophils originate from the ventral gastrula, whose cells populate the ICM, in
contrast to macrophages, which originate from cells in the dorsal gastrula that
populate the RBI (Warga et al., 2009). Zebrafish embryonic neutrophils have been
shown to express mpx, myeloperoxidase gene (also known as mpo,
myeloperoxidase), gene (Bennett et al., 2001; Lieschke et al., 2001). The
expression of mpx is first detectable at 18 ss, as a diffuse labelling in cells in the
ICM, and it becomes visible in individual cells by 22 hpf (Bennett et al., 2001).
However, peroxidase activity is not detectable by histochemical techniques until
33 hpf (Lieschke et al., 2001). The development of neutrophils was studied by
WISH for mpx, in 32 hpf gata2a™*’ mutant embryos. As shown previously for |-
plastin (Figure 4.12) and spilb (Figure 4.7) -positive cells, the number of mpx* cells

was quantified in the entire embryos, the yolk, AGM, and in the PBI (Figure 4.13).

Figure 4.13 a shows that gata2a“™’ mutant embryos have normal numbers of total
mpx" cells, neutrophils, in contrast to what has been observed in primitive
macrophages (Figure 4.12 a). Similarly, quantifications of mpx* neutrophils in the
yolk (Figure 4.13 b) and the AGM (Figure 4.13 c) show no statistically significant
differences among genotypes. However, it is important to notice that a closer
analysis to the quantifications carried out in the yolk (Figure 4.13 b) suggests that
it is possible that homozygous gata2a"™"“™2” mutant embryos have significantly
more mpx" cells in the yolk than their wild type siblings, but further experiments
are needed to clarify this point due to low statistical power (see Supplementary

Table 9.21). In contrast, quantifications of mpx"™ cells carried out in the PBI of

um27 um27/um27

gata2a mutant embryos show that homozygous gata2a mutant
embryos have a significantly decreased number of neutrophils in the PBI (Figure

4.13 d).
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Figure 4.13 | Quantification of mpx* cells in 32 hpf gata2a'™?’ mutant

embryos.

Expression of mpx was analysed by WISH in 32 hpf gata2a"™’
mutant embryos. The number of mpx® cells was quantified in the
entire embryos (a), the yolk (b), AGM (c), and the PBI (d). Statistical
comparisons in (a, b, and c) were carried out by Kruskal-Wallis test
followed by the Dunn’s multiple comparisons test, while in (d) one-
way ANOVA followed by Tukey’s multiple comparisons test was
used. See Supplementary Table 9.20 — 9.23 for more details.

It has been shown that by 31 hpf, peroxidase activity can be detected in embryonic
neutrophils (Lieschke et al., 2001). Later, Sudan Black accumulation in
granulocytes has been reported between 33 and 35 hpf (Le Guyader et al., 2008),
although Figure 3.8 shows Sudan Black* cells at 24 hpf. Neutrophils were studied
in 48 hpf gata2a“™’ mutant embryos by using Sudan Black staining (Figure 4.14).
Images of 48 hpf gata2a“"™’ mutant embryos stained with Sudan Black are shown
in Figure 4.14 a-f. In wild type embryos, some of Sudan Black* neutrophils are
scattered in tissue in the head, but not in the brain or retina, (Figure 4.14 a) as
previously described (Le Guyader et al., 2008). However, most of neutrophils
labelled with Sudan Black reside in the CHT at this stage (Figure 4.14 b). Images
of heterozygous gata2a™™* mutant embryos show that they have normal
distribution of Sudan Black® neutrophils, both in the head (Figure 4.14 c) and their
CHT (Figure 4.14 d). In contrast, while homozygous gata2a'™"™?" mutant
embryos have normal distribution of labelled neutrophils in the head (Figure 4.14

e), their CHT lacks almost entirely of Sudan Black® neutrophils (Figure 4.14 f).
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The number of Sudan Black* neutrophils in the CHT of 48 hpf gata2a“™’ mutant
embryos was quantified, and the results are shown in Figure 4.14 g. The
homozygous gata2a’™""™2” mutant embryos show severely decreased numbers
of labelled neutrophils in the CHT (Figure 4.14 g, and Supplementary Table 9.24),
consistently with data shown in Figure 4.13 d.
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Figure 4.14 | Granulocytes in gata2a“™?’ mutant embryos at 48 hpf.

Granulocytes were labelled with Sudan Black in 48 hpf gata2a"™’
embryos. Images of the heads (a, ¢, and e) and the tails (b, d, and f)
of wild type (a-b), heterozygous mutant (c-d), and homozygous
mutant (e-f) embryos stained with Sudan Black are shown. (g)
Quantification of Sudan Black® granulocytes in the CHT of 48 hpf
gata2a"™*’ embryos. Statistical comparison was carried out by
Kruskal-Wallis test (p < 0.0001) followed by the Dunn’s multiple
comparisons test. No statistically significant difference between wild
type (+ / +) and heterozygous (+ / um27) embryos was found (p >
0.999). See Supplementary Table 9.24 for more details.

4.3.4 Vascular development in gata2a“™?’ mutants

The primitive wave of haematopoiesis generates myeloid and erythroid cells
(Detrich et al., 1995; Lieschke et al., 2002), and it is followed by a transient wave
of definitive haematopoiesis. This wave consists of Imo2* gatal® double positive
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progenitors of erythromyeloid potential residing in the PBI (Bertrand et al., 2007).
In a third wave of haematopoiesis, HSCs arise from the ventral wall of the dorsal
aorta in the AGM region (Bertrand et al., 2010; Kissa and Herbomel, 2010), enter
the blood circulation through the CV (Kissa et al., 2007) and migrate to the CHT
(Murayama et al., 2006), where they establish a transient niche of haematopoiesis,
that is seen as the teleost equivalent to mammalian foetal liver (Ciau-Uitz et al.,
2014). Later in development, HSCs residing in the CHT migrate and seed the
definitive haematopoietic organs, both the thymus and the kidney (Murayama et
al., 2006).

um27/um27 mutant

A previous report shows that by 48 hpf, 94% of homozygous gata2a
embryos display a phenotype of blood circulation in the head but no blood
circulation in the trunk, consistent with abnormal gaps observed in the dorsal aorta,
labelled by the expression of the Tg(kdrl:GFP)lal16 transgene (Zhu et al., 2011).
Consistently, Butko and colleagues report abnormal accumulations of o-
dianisidine™ erythroid cells and also extravascular erythrocytes (labelled by the
Tg(gatala:dsRed) expression) in the trunk and the head of 48 hpf homozygous

gata2a“™?"'™2” mytant embryos (Butko et al., 2015).

These reports are consistent with the results shown in the Figure 4.4, supporting
arole for Gata2a in vascular development. Additionally, given that HSCs arise from
haemogenic endothelium in the ventral wall of the dorsal aorta (Bertrand et al.,
2010; Kissa and Herbomel, 2010), it was hypothesized that definitive
haematopoiesis dependent on HSCs is perturbed in gata2a“™’ mutant fish.

UM27 mutants, the

To study the time of the onset of the vascular defect in gata2a
expression of kdrl gene (kinase insert domain receptor like) was studied by WISH
in 18 hpf gata2a"™*’ mutant embryos. Figure 4.15 shows that the expression of kdrl
in gata2a“™’ mutants, both heterozygous (Figure 4.15 b) and homozygous (Figure
4.15 c), is indistinguishable from that of their wild type siblings (Figure 4.15 a).
These results suggest that vascular development is affected by gata2a"™’

mutation at a later developmental stage.
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Figure 4.15 | Expression of kdrl at 18 hpf shows normal vascular

development in gata2a“™?’ mutants.

Images of kdrl WISH on gata2a“™’ mutants at 18 hpf stage. Lateral
views of the tails (a-c) of the embryos are displayed with anterior to
the left.

In order to define the vascular phenotype observed in homozygous gata2a!™2"um27
mutant embryos, it is relevant to mention that previous research carried out in our
laboratory shows delayed development of the intersegmental vessels as early as
24 hpf (Umamahesan, 2014)%. At 24 hpf gata2a"™*’ mutant embryos carrying the
Tg(kdrl:GFP)lal116 transgenic insertion, that expresses GFP in vascular cells, were
imaged (Figure 4.16). Imaging of gata2a"™’; Tg(kdrl:GFP) transgenic mutant
embryos at 24 hpf (Umamahesan, 2014) showed normal development of
vasculature in the tail and the CV plexus in embryos of all genotypes (Figure 4.16
a-i), suggesting that the major blood vessels in the trunk, whose structure is
disrupted in homozygous gata2a"™""m2" mutant embryos by 48 hpf (Zhu et al.,
2011), are not affected at the 24 hpf stage.

Additionally, Umamahesan (2014) reports a delayed development of Se vessels in
homozygous gata2a'™>""™2” mutant embryos by 24 hpf. Figure 4.16 j shows the
number of completely developed Se, those that have elongated dorsally and
connected to the dorsal longitudinal anastomotic vessels (DLAV), in each embryo.

1 Data represented in Figure 4.16 are part of Chianna Umamahesan MSc’s work under the
supervision of Dr Elspeth Payne at the UCL Cancer Institute, and are reproduced here with
permission of the author.
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Homozygous gata2a"™""™*” mutant embryos have a significantly decreased

number of completely developed Se vessels, suggesting that gata2a"™’ mutation

has an impact on vasculature development as early as 24 hpf, and therefore

highlighting the possibility of an effect on the emergence of HSCs and early
lymphocytes.
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Figure 4.16 | Vasculature in 24 hpf gata2a"™?’ mutant embryos expressing the
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Tg(kdrl:GFP) transgene, modified from Umamahesan, 2014.

Imaging of transgenic mutant embryos gata2a“™’; Tg(kdrl:GFP) at
24 hpf (a-i). Laterals views of the tails of wild type (a, d, and @),
heterozygous gata2a”™™* (b, e, and h), and homozygous
gata2a"™?""™2” mutant embryos (c, f, and i) are shown in bright field
(a-c), and Tg(kdrl:GFP) (d-f) channels. Additionally, (g-i) shows both
channels merged. In all images, anterior is shown to the left. In (j),
quantification of completely developed Se vessels at 24 hpf.
Statistical comparison was carried out by Kruskal-Wallis test (p <
0.0020) followed by the Dunn’s multiple comparisons test. See
Supplementary Table 9.25 for more details. Modified from
(Umamahesan, 2014).



Further imaging of gata2a"™*’ mutant embryos carrying the Tg(kdrl:GFP)
transgenic reporter was performed to determine the time window where the first
defects in the development of the DA happen in the homozygous gata2a"™?"um2?
mutant embryos (Figure 4.17). Heterozygous gata2a*™?” adult fish were crossed
with gata2a*™?’; Tg(kdrl:GFP)*" adult fish, and the embryos obtained were
screened for GFP expression. Hemizygous Tg(kdrl:GFP)* embryos were imaged
at 30 hpf, and genotyped for gata2a"™’ mutation. Figure 4.17 shows
representative embryos of each genotype. Similarly to what was observed in 24
hpf embryos in Figure 4.16 (Umamahesan, 2014), by 30 hpf heterozygous
gata2a*™’ mutant embryos have a normal development of their vasculature
++

(Figure 4.17 d-f), without noticeable differences from the wild type gata2a
embryos (Figure 4.17 a-c).

In contrast, homozygous gata2a“™?"“™2’ mutant embryos exhibit a wide range of
phenotypes that combine different defects (Figure 4.17 g-0). At this stage, some
homozygotes gata2a"™"m27 with apparently normal development of the
vasculature were found (Figure 4.17 g-i). Figure 4.17 j-I shows a homozygous
gata2a"m’M™2" mutant embryo that has pericardial oedema (Figure 4.17 j,
arrowhead) together with a severe defect in its antero-posterior axis, that is bent
ventrally at a point near the end of the extension of the yolk (Figure 4.17 j, arrow).
Fluorescence imaging shows there are absent Se, and a gap in the DLAV around
the point where the axis of the embryo is angled (Figure 4.17 k, arrowhead). In

Figure 4.17 m-o, another homozygous gata2a“™*"™’

mutant embryo is shown,
with pericardial oedema (Figure 4.17 m, arrowhead) and a defect in the tail (Figure
4.17 m, arrow). The tip of the tail of this embryo is ventrally curved, and its caudal
fin (Figure 4.17 m) is smaller than in wild type (Figure 4.17 a), and heterozygous
(Figure 4.17 d) embryos. In this embryo the CV plexus is abnormally developed
(Figure 4.17 n, arrowhead), with dense vasculature and less gaps than the wild

um27/um27

type embryos (Figure 4.17 b). All three homozygous gata2a mutant

embryos lacked blood circulation in the trunk and tail.

These results show that the defects in the development of the vasculature reported
previously (Zhu et al., 2011), arise between 24 hpf and 30 hpf, concomitantly with
the emergence of the first HSCs from the DA (Bertrand et al., 2010; Kissa and
Herbomel, 2010).
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Figure 4.17 | Diverse defects in the development of the vasculature of 30 hpf
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homozygous gata2a“m?"'m2” mutants.

Hemizygous transgenic Tg(kdrl:GFP)*" embryos carrying the
gata2a'™?’
Tg(kdrl:GFP)*- and gata2a™™?’ adult fish. (a-0) Imaging of GFP*
embryos was carried out at 30 hpf on the bright field (a, d, g, j, and
m) and the GFP (b, e, h, k, and n) channels. In (c, f, I, I, and 0),

images of bright field and GFP channels merged are shown.

mutation were obtained by outcross of gata2a*™;

Development of vasculature in heterozygous gata2a*™™™?’ embryos
(d-f) shows no differences from that of their wild type siblings (a-b).
In contrast, homozygous gata2a"™"“™27 mutant embryos (g-0) exhibit
different phenotypes, ranging from normal vasculature (g-i), to
defective development of the DA and some of the Se in the trunk (j-
1), and severe abnormalities in the CV plexus (m-0). See the text for

more details.



4.3.5 Onset of definitive haematopoiesis in gata2a™?’ mutants

Inflammatory signalling derived from primitive myeloid cells has been shown to
have arole in the emergence of HSCs both in zebrafish and mouse (Espin-Palazén
et al., 2014; He et al., 2015; Li et al., 2014; Sawamiphak et al., 2014). Given that

um27

the findings presented in section 4.3.3 suggest that gata2a mutation induces

changes in the primitive myeloid compartment, it was hypothesized that abnormal

um27

development of myeloid cells in gata2a mutant embryos may affect the

posterior emergence of HSCs.

Quantifications of myeloid cells, and HSCs and progenitors were carried out at
different developmental stages in heterozygous gata2a*“™?’ mutant embryos and
their wild type siblings in order to determine whether HSCs, and progenitors,
emergence is affected in gata2a*"™*’ heterozygotes, and whether this phenotype
correlates with an abnormal number of myeloid cells in the CHT (Figure 4.18). The
transgenic reporter Tg(lyz:nfsB-mCherry) labels myeloid cells, while in the
transgenic line Tg(itga2b:GFP), where HSPC express low levels of GFP (GFP')
and thrombocytes express high levels of GFP (GFP"") (Lin et al., 2005).
Compound double transgenic gata2a'™’ mutant embryos expressing both
Tg(lyz:nfsB-mCherry) and Tg(itga2b:GFP) transgenes were obtained by outcross,
and were kept in individual wells. Fish were imaged at 28 hpf, 52 hpf and 72 hpf
(Figure 4.18 a-f). The number of lyz:nfsB-mCherry* cells in the PBI or CHT of each
fish was recorded at 28 hpf, 52 hpf and 72 hpf (Figure 4.18 g). Additionally, the
number of itga2b:GFP"" cells in the CHT was quantified in each larva at 52 hpf
and 72 hpf (Figure 4.18 h).

+/lum27

Figure 4.18 a-f shows lateral views of the tails of a heterozygous gata2a
mutant larva (Figure 4.18 d-f) and one of its wild type siblings (Figure 4.18 a-c).
The images show no major differences between wild type and heterozygous fish,
and only a big increase in the number of lyz:nfsB-mCherry* cells is noticeable from
28 hpf to 52 hpf in both wild type and heterozygous fish. Quantification of lyz:nfsB-
mCherry* cells in the PBlI and CHT of these fish confirms that there is no
statistically significant difference between wild type and heterozygous gata2a™™?’
mutant fish at the developmental stages studied (Figure 4.18 g and Supplementary
Table 9.26).
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Additionally, the number of itga2b:GFP'"" cells in the CHT was quantified at 52 hpf
and 72 hpf in the same embryos analysed in Figure 4.18 g (Figure 4.18 h).
Interestingly, heterozygous gata2a”"™*” mutant larvae exhibit a decreased number
of itga2b:GFP"" cells in the CHT at 52 hpf, and later, at 72 hpf, no significant
difference is found (Figure 4.18 h and Supplementary Table 9.27).

These results show that Gata2a haploinsufficiency is sufficient to induce a transient
decrease in the number of HSCs and progenitors in the CHT without a concomitant

decrease in the number of myeloid cells found in the CHT.
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Figure 4.18 | Quantification of lyz:nfsB-mCherry* and itga2b:GFP* cells in the

CHT of gata2a'™?’ embryos.

Compound transgenic mutant embryos gata2a"™’; Tg(lyz:nfsB-
mCherry); Tg(itga2b:GFP) were imaged at 28 hpf (a and d), 52 hpf
(b and e), and 72 hpf (c and f) stages. In (a-f), lateral views of the
tails of wild type (a-c) and heterozygous (d-f) mutant embryos are
shown. Tg(lyz:nfsB-mCherry), displayed in magenta, and bright field
channels are shown merged with anterior to the left. Scale bars in (a
and d), 200 um; (b, ¢, e, and f), 200 um. In (g), Tg(lyz:nfsB-
mCherry)* cells were quantified in the PBI / CHT of a group of
gata2a'™*” embryos at 28 hpf, 52 hpf, and 72 hpf. In (h), itga2b:GFP'*"
cells were quantified in the CHT of the same group of gata2a"™’
embryos analysed in (g), at 52 hpf and 72 hpf. Statistical comparisons
in (g and h) were carried out by repeated measures two-way ANOVA,
followed by Bonferroni’'s multiple comparisons test. See
Supplementary Table 9.26 and Supplementary Table 9.27 for more

details.
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The development of HSCs was studied later during larval development by using 4
um27

dpf gata2a mutant larvae carrying the Tg(itga2b:GFP) transgenic insertion (Lin
et al., 2005). Figure 4.19 shows lateral views of the trunks and tails of
representative 4 dpf transgenic mutant gata2a™?’; Tg(itga2b:GFP) larvae. In wild
type larvae, both labelled thrombocytes (GFP"9"), and labelled HSCs and
progenitors in the CHT (GFP'%%), can be observed (Figure 4.19 a). Thrombocytes,
characterized by the expression of high levels of GFP, are found both in the CHT
and in the blood stream, and can be seen in Figure 4.19 a as GFP* lines due to
their fast movement. The Tg(itga2b:GFP) transgene also drives the expression of
GFP to HSCs and progenitors that reside in the CHT, and can be observed in
Figure 4.19 a as GFP" cells. Heterozygous gata2a*“™?’ mutant larvae (Figure
4.19 b) exhibit a similar phenotype to that of wild type larvae (Figure 4.19 a), with
GFP"9h cells in the blood circulation and residing in the CHT, in addition to GFP'*"

cells in the CHT.

In contrast, two different phenotypes with similar penetrance were found in

homozygous gatazaum27/um27

um27/um27

mutant larvae (Figure 4.19 c¢ and d). Some of
gata2a mutant larvae (54%) completely lack GFP* cells (Figure 4.19 c),
suggesting complete absence of thrombocytes, HSCs and other haematopoietic
progenitors. These larvae were later genotyped for the Tg(itga2b:GFP) transgene,
to confirm that they were transgenic (see section 2.11.5). Interestingly, 46% of
homozygous gata2a'™™m?" mutant larvae have GFP"9" cells in their blood
circulation and GFP'" cells residing in the CHT (Figure 4.19 d), although their
numbers seem to be lower than that observed in wild type larvae. These results
show that emergence of HSCs is not completely impeded in homozygous
gata2a'™?"'™2" mutant larvae, suggesting the possibility that Gata2a function could
be dispensable for HSC emergence, or its lack rescued by a redundant
mechanism, such as Gata2b and other GATA factors. Additionally, the known fact
that the emergence of HSCs from the haemogenic endothelium depends on blood
flow (North et al., 2009), together with the reported lack of blood circulation in the

trunk and tail of gata2a“™?"m2?

mutant embryos (Zhu et al., 2011), suggest that
decreased or absent HSCs could be, at least in part, a secondary consequence of

the effect of lack of blood flow on HSCs emergence.
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Figure 4.19 | Imaging of 4 dpf gata2a'™?’; Tg(itga2b:GFP) transgenic mutant
larvae.

In (a-d), lateral views of the trunk and tail of gata2a"™’ mutant larvae
carrying the Tg(itga2b:GFP) transgenic insertion, that labels HSCs
and progenitors, and thrombocytes (Lin et al., 2005). GFP and bright
field channels are shown merged in all images. Representative wild
type (a), heterozygous gata2a”™™’ (b), and homozygous
gata2a“™?""™2" mytant larvae (c and d), are shown. Notice that in the
case of homozygous gata2a'™*""™>" mutant larvae, two
representative images are shown with examples of the two different
phenotypes observed in homozygous mutant larvae. All images show

anterior to the left and dorsal to the top.
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Imaging of homozygous mutant gata2a“™ ™M’ Tqg(itga2b:GFP) larvae at 4 dpf
(Figure 4.19 c and d) suggests that the previously reported phenotype of lack of
blood circulation in the trunk and tail of gata2a"™*""™? |arvae (Zhu et al., 2011)

could affect the emergence of HSCs, as previously shown (North et al., 2009).

In Table 4.6, the presence of blood circulation and the presence of GFP* cells of 4
dpf gata2a"™’; Tg(itga2b:GFP) transgenic mutant larvae were recorded to
determine whether there is a correlation between the phenotype of lack of blood
circulation and the phenotype of lack of GFP* cells in homozygous mutant
gata2a'™*"'™2" |arvae. Results in Table 4.6 are color-coded to facilitate their
reading, so presence of blood circulation or GFP* cells is marked with a + sign,
and the cell is coloured green, and absence of blood circulation or GFP* cells is

marked with a — sign, and the cell is coloured red.

Table 4.6 shows that all wild type and heterozygous gata2a”"™?’ mutant larvae
analysed had blood circulation both in the trunk and the tail, and that they
possessed GFP* cells, consistently with results shown in Figure 4.19, a and b. In

contrast, homozygous gata2a"™m*""*’

mutant larvae exhibit three phenotypes,
ranging from apparently normal blood circulation with presence of GFP* cells
(Table 4.6, larvae b1, b4, c2, and c3) to complete absence of blood circulation and
no GFP* cells found (Table 4.6, larvae b7 and b10). An intermediate phenotype
was also observed, where larvae have blood circulation in the trunk and the head,
but not in the tail, with complete absence of GFP* cells (Table 4.6, larvae b2 and
c5). All those larvae with absent GFP* cells were later genotyped as described in
section 2.11.5, and were confirmed to carry the Tg(itga2b:GFP) transgenic
insertion. Interestingly, there is a complete correlation between the lack of blood
circulation in the tail and the absence of GFP* cells, suggesting that the presence

um27/um27

or absence of HSCs in homozygous gata2a mutant larvae is linked to their

vascular phenotype. It is important to notice that the penetrance reported for the
phenotype of lack of blood circulation in the tail is 94% at 48 hpf (Zhu et al., 2011),

um27/um27

however, Table 4.6 shows that only 50% of homozygous gata2a mutant

larvae exhibit this phenotype. Given that the mortality of gata2a“™’

is negligible
until 5 dpf (data not shown), these results suggest that some of homozygous

mutant larvae acquire blood circulation in the tail later during larval development.
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Table 4.6 | Presence of blood circulation and circulating itga2b:GFP* cells

in 4 dpf gata2a"™?’ larvae.

blood circulation

genotype embryo anywhere trunk tail GFP* cells
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Homozygous gata2a'm?7um27

mutant embryos have been shown to have a
phenotype of lack of blood circulation (Zhu et al., 2011), however, there is a
discrepancy between the reported penetrance of this phenotype at 48 hpf (94%),
and the penetrance found by 4 dpf (50%, Table 4.6). These results suggest that

um27lum27 mutant fish that do not have blood

some of the homozygous gata2a
circulation in their tails by 48 hpf, acquire blood circulation later during

development.

Figure 4.20 shows the progression of the presence of blood circulation in the tail

of a group of gata2a“™’

mutant fish that were checked every day until 5 dpf. For
each fish, the presence or absence of blood circulation was recorded every day
and the lines in Figure 4.20 represent its progression over time. Data from fish
were coloured according to their genotype (see caption of Figure 4.20). The
progression of wild type (purple) and heterozygous gata2a*“™*’ (blue) mutant fish
seem similar: some embryos already display blood circulation in the tail by 1 dpf
(24 hpf); by 2 dpf all embryos have blood circulation in the tail; and no changes are

observed until 5 dpf.

um27/um27

In contrast, none of homozygous gata2a mutant embryos has blood

circulation in the tail by 2 dpf, consistently with a previous report (Zhu et al., 2011).
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However, by 3 dpf one larva has blood circulation in the tail, and by 5 dpf, another
larva acquires it. It is important to notice that although both fish had blood
circulation in their tails, in both the blood flow was interrupted at some point in the
dorsal aorta, and the blood continued flowing towards the tail through the Se
vessels to the DLAV. In both fish the blood flow reached the CV or the dorsal aorta
through another Se, and went back to the heart through the CV.
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Figure 4.20 | Onset of blood circulation in gata2a™?’ mutant fish.

The presence or absence of blood circulation in the tail of a group of
gata2a"™*’ mutant fish was recorded each day until 5 dpf. Wild type
(+/+) fish are shown in purple, heterozygous gata2a™ ™’ fish are
shown in blue, and homozygous gata2a"™"“™?’" mutant fish are
shown in green.

4.3.6 T-Lymphoid development in gata2a'™?’ mutant larvae

The development of lymphoid cells in gata2a"™’ mutant larvae was studied by
WISH by using Ick marker. The expression of Ick has been reported in zebrafish
larvae by 4 dpf in immature T-cells in the thymi (Jones et al., 2015; Ma et al., 2013).
Figure 4.21 a-c shows images of Ick WISH on 4 dpf gata2a“™’ larvae. The ventral

views displayed make visible both bilateral thymic lobes. Given that at least three
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phenotypes were found, their frequency was recorded, and the results are shown
in Figure 4.21 d.

At 4 dpf stage, symmetric Ick expression in both thymi was found in most of the

+/um27 mutant

wild type larvae analysed (75%) (Figure 4.21 a). Heterozygous gata2a
larvae show a wide range of phenotypes, ranging from normal Ick expression in
both thymi, comparable to that displayed by wild type embryos (Figure 4.21 a), to
a complete absence of Ick expression in both thymi, as observed in homozygous

gatazaumﬂ/umZ?

mutant larvae (Figure 4.21 c). In the Figure 4.21 b, the image of a
larvae with an intermediate phenotype is shown. These larvae exhibit asymmetric
Ick expression, where one thymic lobe has normal expression of Ick gene, and the
other thymic lobe has decreased or no detectable Ick expression (Figure 4.21 b).
This phenotype was observed in 44% of the heterozygous gata2a*“™?’ mutant

um27/um27 mutant

larvae analysed (Figure 4.21 d). In the case of homozygous gata2a
larvae, all larvae analysed showed severely decreased Ick expression in both

thymic lobes or no detectable expression of Ick (Figure 4.21 c).

um27

These results show abnormal T-cell development in gata2a mutant embryos,

and the severity and penetrance of these phenotypes suggest a dose dependent

effect of gata2a“™?’

mutations in T-lymphoid development. Given that it has been
shown that all the T-cells found at this stage are generated by a transient wave of
lymphopoiesis, independently of HSCs (Luis et al., 2016; Tian et al., 2017), these
results suggest a dose dependent effect of Gata2a on the colonization of thymi by

haematopoietic progenitors.
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Figure 4.21 | Expression of Ick in larval thymi shows deficient colonization

by haematopoietic progenitors.

Immature T-cells were labelled by Ick WISH on gata2a“™’ WISH at 4
dpf stage. In (a-c), ventral views of representative larva are shown
with anterior to the left. At this stage, Ick expression is normally found
in immature T-cells in both thymi (a, arrowheads). Notice asymmetric
labelling in the thymi of heterozygous mutant larvae (b, arrow and
arrowhead). Homozygous mutant larvae exhibit severely decreased
expression of Ick, (c). In (d), observed frequency of different

phenotypes in Ick WISH for each genotype.
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4.4 Discussion

The Table 4.7 summarizes the main phenotypes of gata2a

UM27 mutants shown in

the section 4.3, that are discussed in this section.

Table 4.7 | Summary of haematopoietic phenotype of gata2a“™?’ mutants.

Lineage Phenotype observed
Haemato- Normal levels of expression of Imo2 at 10 ss.
vascular

progenitors

HSCs

Erythroid cells

Myeloid cells

Lymphoid cells

Normal levels of expression of runx1 at 10 ss.

Transient decrease of Tg(itga2b:GFP)+ cells in heterozygotes at 52
hpf.

Decreased number of Tg(itga2b:GFP)+ cells in homozygotes at 4
dpf.

Normal expression levels of gatala at 18 hpf.

Abnormal distribution of o-dianisidine+ cells in homozygotes at
28 hpf.

Normal expression levels of spilb from 10 ss to 22 hpf.

Decreased number of spilb+ cells in the PBI of homozygotes at 32
hpf.

Normal expression levels of cebpa at 10 ss and 18 hpf.

Dosis dependent decrease of cebpa+ cells in the PBI at 22 hpf.
Decreased /-plastin+ cells in the yolk of homozygotes at 32 hpf.
Decreased mpx+ cells in the PBI of homozygotes at 32 hpf.

Decreased Sudan Black+ cells in the PBI of homozygotes at 48 hpf.

Asymmetric levels of expression of Ick in heterozygotes at 4 dpf.

Decreased or absent expression of Ick in homozygotes at 4 dpf.

4.4.1 Primitive erythroid cell development in gata2a mutants

In zebrafish, the first primitive erythroid cells differentiate from haemato-vascular
progenitors in the PLPM (Detrich et al., 1995; Lieschke et al., 2002). In gata2a“™’

mutant embryos, the establishment of the caudal haemato-vascular progenitors is

normal, as shown by the expression pattern of Imo2 and runxl genes at 10 ss

(Figure 4.2). At later developmental stages, expression analysis of gatala by

WISH and histochemical detection of haemoglobin show that primitive erythroid
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cells differentiate normally in homozygous gata2a"™?"'m

mutant embryos (Figure
4.3 and Figure 4.4), in close agreement with findings reported in gata2a morphants
(Galloway et al., 2005). These results suggest that Gata2a is dispensable for the
development of primitive erythroid cells. Consistent with this, Tsai and colleagues
carried out in vivo experiments that showed that primitive erythroid cells can be
found in homozygous Gata2” knockout mice, however, despite their normal
maturation, their number was significantly decreased. Furthermore, wild type
chimaeras injected with homozygous Gata2”~ knockout cells contained primitive
erythrocytes that were homozygous Gata2” mutant, although in lower numbers
than what was expected from their degree of chimerism (Tsai et al., 1994).
Similarly, homozygous Gata2” mutant cells were shown to have erythroid potential
in vitro, however the numbers of colonies produced were significantly reduced

(Tsai et al., 1994; Tsai and Orkin, 1997).

This difference between Gata2” mice and gata2a'™""™?’ zebrafish suggests the
possibility that the effects of the lack of Gata2a activity in primitive erythroid cell
development are rescued by a redundant mechanism in zebrafish embryos.
Gata2b and Gatal could be good candidates for that function, given that functional
redundancy has been already observed between GATA proteins 1 and 2 during
primitive haematopoiesis in mice (Fujiwara et al., 2004). In the case of Gata2a and
Gatazb, although their complete sequences have only 57% identity and 67%
similarity, closer examination of the sequences encoding the zinc finger domains
shows that their N-terminal zinc finger domains have identical aminoacid
sequences, and their C-terminal zinc finger domains differ in only 3 out 20aa,
supporting the idea of possible functional redundancy between Gata2a and
Gata2b (Butko et al., 2015). However, it should be mentioned that there is no
available expression data of gata2b gene in zebrafish at these stages to provide

additional support for this hypothesis.

It could also be hypothesized that during zebrafish embryonic development the
observed robustness of primitive haematopoiesis against mutations in transcription
factors known to be key for haematopoietic development (Galloway et al., 2005;
Tsai et al., 1994), is based on a network of transcription factors that share some

degree of functional redundancy (Fujiwara et al., 2004).
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4.4.2 A possible role for Gata2a in the differentiation of primitive

macrophages from primitive myeloid cells

Primitive myeloid cells are generated from haemato-vascular progenitors in the
ALPM through direct differentiation (Herbomel et al., 1999), independently of the
primitive erythroid cells, originated from caudal progenitors (Lieschke et al., 2002).
The expression patterns of spilb (Figure 4.5) and cebpa (Figure 4.10) in 10 ss

um27

gata2a mutant embryos show that the heterozygous and homozygous mutant

embryos have normal numbers of primitive myeloid cells. These results suggest
that the early differentiation of myeloid cells from haemato-vascular progenitors is

um27

not affected by gata2al mutations.

Differentiation of primitive myeloid cells from progenitors in the ALPM is followed
by their ventral migration at both sides of the yolk sac (Herbomel et al., 1999). By
18 ss, the primitive myeloid cells are still migrating on the yolk sac, as shown by
the scattered expression of the myeloid markers spilb (Lieschke et al., 2002),
cebpa and I-plastin (Thisse et al., 2001). Expression analysis at this stage showed

um27

that gata2a mutant embryos have normal expression of spilb and cebpa, and

guantifications showed in both cases that the number of spilb® or cebpa® cells in

um27

the yolk sac is normal in all gata2a mutant embryos (Figure 4.6 and Figure

4.11). These results show that gata2a"™*’

mutation does not affect the migration
of primitive myeloid cells, in contrast to what is observed in homozygous cebpa
mutant embryos, in which primitive myeloid cells do not migrate and fail to

differentiate into macrophages and neutrophils (Dai et al., 2016).

In contrast, at 22 hpf, the development of myeloid cells in both the yolk sac and

um27/um27

the PBI is affected in homozygous gata2a mutant embryos (Figure 4.9 and

um27

Figure 4.12). Interestingly, gata2a mutation seems to affect myeloid cells both

in the rostral and in the caudal regions.

In the case of the myeloid cells in the yolk sac, homozygous mutant embryos show
decreased numbers of I-plastin® cells at 22 hpf (Figure 4.12). The possibility that
these differences have been produced by differences in the location of I-plastin
cells was ruled out by quantifications of labelled cells in the whole embryo and in
the AGM and the PBI. While the numbers of I-plastin® cells in the AGM and the PBI

um27/um27

of homozygous gata2a mutants are normal, the total number of labelled

cells in the whole embryos was significantly reduced (Figure 4.12).
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In contrast to |-plastin® cells, quantifications of the number of spilb* cells in the yolk

um27

sac of gata2a mutant at this stage show no significant differences (Figure 4.7),

um27 mutant

suggesting that the number of myeloid cells is not affected in gata2a
embryos. Previous studies show that I-plastin® cells correspond to primitive
macrophages that start as primitive myeloid progenitors derived from the ALPM
expressing spilb, and that as they migrate in the yolk sac mature into primitive
macrophages and express I-plastin by 18 ss (Bennett et al., 2001; Herbomel et al.,
2001, 1999). Other studies have shown that at 22-24 hpf |-plastin® cells co-express
csflr (macrophage colony-stimulating factor receptor, also known as c-fms), a
macrophage marker, and that they are ablated in spilb morphants, in contrast to
mpx* lyz" (lysozyme C) neutrophils (Su et al., 2007). All together, these results
suggest that primitive myeloid cells develop normally from ALPM progenitors in

homozygous gata2a'm?7um27

mutant embryos, but their maturation into
macrophages is perturbed. Further analysis of the expression of other
macrophage-specific markers, like csflr, and mpegl.1 (macrophage expressed 1,
tandem duplicate 1), would be necessary to determine whether Gata2a regulates
the expression of I-plastin, or it has a wider role controlling the maturation of

primitive macrophages.

Interestingly, mice lacking L-plastin (also known as leukocyte-plastin, LPL) display
a defective response to bacteria, and impaired motility of immune cells (Todd et
al., 2011; Wang et al., 2010). Consistent with studies in mice, Kell and colleagues
reported that homozygous I-plastin” mutant zebrafish show increased mortality,
particularly during the 4 to 6 weeks after fertilisation (Kell et al., 2018). The authors
hypothesize that the lack of L-plastin in the immune cells of mutant fish makes
them more sensitive to opportunistic infections, explaining their increased mortality
(Kell et al., 2018). Recurrent viral, bacterial and fungal infections are one of the
most common manifestations of GATA2 deficiency (Spinner et al., 2014). Thus,
the observed reduction in I|-plastin expression in the primitive macrophages of

homozyg()us gatazaum27/um27

mutant embryos is interesting for the understanding
of human GATAZ2 deficiency, as it connects zebrafish gata2a mutations with a

decreased capacity of immune cells to respond to pathogens.
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4.4.3 Caudal effects of gata2am™?’ mutation in myeloid cell

development

The study of the myeloid cells that develop in the caudal region showed additional

abnormalities in gata2a"™’

mutant embryos. Expression analysis of cebpa by
WISH in 22 hpf embryos showed that gata2a"™’ mutants exhibit a dose dependent
decrease in the number of cebpa® cells found in the PBI (Figure 4.9). In a similar
way to what has been discussed before (see section 4.4.2), quantification of the
spilb* cells in the PBI (and AGM) of 22 hpf gata2a“™’ mutant embryos shows no
significant differences across genotypes (Figure 4.7), suggesting again that the
number of primitive myeloid progenitor cells found in the PBI is not disturbed in

um27

gata2a mutants, but their differentiation into other lineages is affected.

Dobson and colleagues showed in 2008 that mast cells develop in the PBI, and
that mast cells can be detected as cpa5* (carboxypeptidase A5) cells in the PBI of
zebrafish embryos since 24 hpf (Dobson et al.,, 2008). Importantly, the
development of mast cells was shown to be dependent on Gata2a, as gata2a
morphants lack completely cpa5* cells (Dobson et al., 2008); and mast cells were
shown to originate first from EMPs, and later, from HSCs (Da’as et al., 2012). The
possibility that the cebpa® cells affected by gata2a"™’ mutations are mast cells,
was ruled out because it has been shown that cpa5" mast cells in the PBI do not
co-express cebpa (Dobson et al., 2008). However, the fact that both cpa5™ mast
cells and cebpa® cells arise simultaneously in the same tissue, and that the
development of both cell types depends on Gata2a activity, suggests that both
mast cells and cebpa® cells arise from the same progenitors, the EMPs (Da’as et
al., 2012).

The transcription factor CEBPA is a key transcription factor in granulopoiesis in
both mice (Arinobu et al., 2005; Zhang et al., 1997) and zebrafish (Dai et al., 2016),
which suggests the possibility that the cebpa™ cells observed in the PBI of 22 hpf
embryos (Figure 4.9) could be granulocytes. Consistent with this, at a later

developmental stage, 32 hpf homozygous gata2a“™"“m?’

mutant embryos exhibit
a significant decrease in the number of mpx* cells in the PBI (Figure 4.13 d), which
is apparently consistent with the results in Figure 4.9. However, quantifications in
Figure 4.13 a show that the total number of mpx* cells in 32 hpf embryos is not
um27

affected by gata2a mutation, suggesting that the observed decrease in mpx*
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cells is caused by a difference in the distribution of mpx* neutrophils in different
tissues. Therefore, these results suggest that cebpa™ cells found in the PBI, whose
number depends on Gata2a (Figure 4.9 d), are not neutrophils. It has been shown
in mice that two transcription factors, CEBPA and MITF (melanogenesis
associated transcription factor), control mast cell and basophil cell fates in an
antagonistic fashion by directly repressing each other’'s expression (Qi et al.,
2013). While MITF transcriptional activity induces mast cell fate, CEBPA elicits
basophil cell fate (Huang et al., 2016; Qi et al., 2013). The data suggest that the
cebpa® cells found in the PBI of 22 hpf embryos are granulocytes, and it could be
hypothesized that they correspond to basophils.

4.4.4 Gata2a is necessary for the development of the vasculature

um27/um27 mutant

The most conspicuous characteristic of homozygous gata2al
embryos is the phenotype of lack of blood circulation in the trunk and the tail, which
by 48 hpf is detectable in 94% of the gata2a"™""™” embryos (Zhu et al., 2011).
Zhu and colleagues report, using transgenic reporter lines, that cranial vessels

um27/um27

develop normally in the homozygous gata2al mutant embryos. Additionally,

using quantum dots they showed that lumenization is not affected by gata2a“™’
mutation in these vessels (Zhu et al., 2011). In contrast, they show that lateral

dorsal aortae in homozygous gata2a“™"/um2?

mutant embryos are more dilated than
in their wild type siblings, and the DA is discontinuous at points in the trunk of the
embryos, probably causing the observed disruptions in blood circulation in the

trunk and the tail (Zhu et al., 2011).

Imaging of gata2a"™*""™" mutant embryos carrying the Tg(kdrl:GFP) transgenic
reporter showed that abnormalities in vasculature arise earlier than previously
reported (Zhu et al., 2011), as soon as 24 hpf, when a transient delay in the
development of Se vessels was found in homozygous gata2a"™”'™?" mutant
embryos (Umamahesan, 2014), revealing that Gata2a is required for the
development of Se by angiogenesis (Isogai et al., 2001). However, despite this
delay, the development of Se in the trunk and the tail proceeds and it is completed

um27/um27

in most homozygous gata2al mutant embryos and in all heterozygotes by

48 hpf, as shown in Figure 4.17. Additional morphological abnormalities in

um27/um27

vasculature were found in homozygous gata2a mutant embryos by 30 hpf,
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such as pericardial oedema and a variety of defects in the DA, the Se, and the CV
plexus (Figure 4.17). Similarly, Gata2 knockout mice were reported to exhibit
enlarged pericardial sac, and the sections of the heart of E9.5 embryos show

normal endothelium (Tsai et al., 1994).

A proportion of patients carrying GATA2 mutations exhibit chronic lymphedema
(Emberger et al., 1979; Ostergaard et al., 2011; Spinner et al., 2014). The
development of lymphatic vasculature was not analysed in this study, and no major
signs of oedema were found in heterozygous gata2a*“™?’ mutant juvenile or adult
fish were found. There is a strong correlation of lymphoedemas with GATA2
mutations predicted to elicit nonsense-mediated decay of mMRNA and with those in
the enhancer region of intron 5 (Kazenwadel et al., 2015; Ostergaard et al., 2011,
Spinner et al., 2014). Lymphoedema has not been observed in patients carrying
GATAZ2 missense mutations and in-frame deletions in the C-terminal zinc finger
domain that are predicted to result in the production of a stable mRNA product
translated into a mutant protein (Spinner et al., 2014).

Together with the morphological defects observed in the DA, Se, and CV plexus

Of gatazaum27/um27

mutant embryos (Figure 4.17), it was observed that the blood
circulation in the trunk and tail of homozygotes is already interrupted by 30 hpf,
and o-dianisidine stainings suggest that blood circulation is interrupted even
earlier, by 28 hpf (Figure 4.4). Zhu and colleagues hypothesized that, given that all
the defects in vascular development found in their study occur after the onset of
blood circulation, it is possible that they are caused by a disruption in the
mechanisms regulating mechanosensation in the endothelial cells (Zhu et al.,

2011).

Previous studies have shown that mechanosensation plays an important role in
vascular and lymphatic morphogenesis. Through in vitro studies on human cell
lines, Mammoto and colleagues showed a link between mechanosensation
mechanisms and transcriptional regulation of angiogenesis through GTF2I
(general transcription factor Ili, also known as TFII-1) and GATA2 (Mammoto et al.,
2009). External mechanical stress has been shown to regulate Rho activity through
the regulation of the upstream inhibitor, p190RhoGAP (Rho GTPase activating
proteins, also known as ARHGAPSs) in vitro (Mammoto et al., 2007). p190RhoGAP
integrates mechanical stimuli by regulating the balance of two transcription factors

with antagonistic effects on angiogenesis, GTF2l and GATA2 (Mammoto et al.,
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2009), both capable of regulating VEGFR2 (vascular endothelial growth factor
receptor 2) expression (Jackson et al., 2005; Minami et al., 2004, 2001) in

response to different levels of stiffness of the extracellular matrix.

As suggested by Zhu and colleagues (Zhu et al., 2011), the results obtained by in
vitro experiments that link mechanosensation, expression of GATA2, and
angiogenesis (Mammoto et al., 2009, 2007), could provide a working hypothesis

to explain the vascular phenotype of homozygous gata2a“™""m’

mutant embryos,
based on a defective mechanosensation in endothelial cells. Zhu and colleagues
support their hypothesis about mechanosensation by the observation that the
vascular phenotypes found in their study occur by 48 hpf (Zhu et al., 2011), after
the onset of blood circulation 24 — 26 hpf (Long et al., 1997). Although they do not
elaborate and only mention a possible connection between mechanosensation and
vascular development, it could be hypothesized that blood circulation provides a
mechanical stimulus that acts as a developmental cue for the morphogenesis of
vasculature, thus affecting its final architecture. Consistently with this idea, tnnt2a
(troponin T type 2a) morphants, which do not have blood circulation, exhibit
disruptions in DA development (Wang et al., 2011). Similarly, in kif2a (Kruppel-like
factor 2a) morphants, which also lack blood circulation, defective development of
the DA and other blood vessels has also been reported (Nicoli et al., 2010; Wang

etal., 2011).

Despite the strong evidence supporting the role of KLF2 in human cell lines
(Dekker et al., 2002; Huddleson et al., 2005; Parmar et al., 2006), studies carried
out in zebrafish present contradictory evidence. In contrast to the phenotypes
reported in klf2a morphants (Nicoli et al., 2010; Wang et al., 2011), homozygous
kif2as"17sh317 mytant embryos generated by TALEN (transcription activator-like
effector nucleases) exhibit normal blood circulation, development of HSCs, and
angiogenesis (Novodvorsky et al., 2015). Poor correlation between phenotypes
observed in zebrafish morphants and mutants has already been shown in a large
screening (Kok et al., 2015). This makes results in kif2a morphants (Nicoli et al.,
2010; Wang et al., 2011) difficult to interpret, and suggests the presence of genetic

compensation mechanisms (El-Brolosy and Stainier, 2017; Rossi et al., 2015).

However, the earliest effects of gata2a"™’

mutation on the development of
vasculature can be observed before 48 hpf, by 24 hpf, as decreased expression of

the kdrl gene in Se in the trunk (Zhu et al., 2011), and delayed formation of Se in
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um27/um27

the trunk can be found in homozygous gata2a mutant embryos

(Umamahesan, 2014). These results suggest that the first defects in the

development of vasculature in homozygous gata2a“™"/'m2’

mutant embryos are
concomitant with the onset of blood circulation rather than posterior to it. In this
case, it could also be hypothesized that Gata2a deficiency disrupts
mechanosensation in the endothelial cells, but it could be possible that the
mechanical stimulus that endothelial cells fail to sense is not blood circulation, but
the stiffness of the extracellular matrix around the endothelial cells, as suggested
by in vitro studies (Mammoto et al., 2009). In this way, the interruption of the blood
circulation could be a secondary consequence of the abnormal morphology of
blood vessels, that results from the disruption of mechanosensation. It is worth
mentioning that the phenotypes of tnnt2a and kif2a morphants do not include
defective development of Se (Nicoli et al., 2010; Wang et al., 2011), as observed
in homozygous gata2a"™"“™2” mutant embryos (Figure 4.16 and Figure 4.17),
which suggests that the mere lack of blood circulation, or the lack of sensing of
blood circulation, is not sufficient to phenocopy the abnormalities in vasculature’s

development observed in gata2a“'™?"“™2’ homozygotes.

Finally, it is important to comment on the apparent uncoupling of endothelial
differentiation and vascular morphogenesis that different observations in
gata2a"™’ mutant embryos suggest. Together with the defects in vascular
morphology shown here (Figure 4.17) and in previous studies (Umamahesan,
2014; Zhu et al., 2011), analysis of the expression of diverse artery markers (Zhu
et al., 2011) suggests that endothelial differentiation is not affected by Gata2a
deficiency. Consistent with this, cells in the DA are able to undergo EHT and to
produce HSCs in homozygous gata2a"™"“™m2" mutant embryos and larvae (Figure
4.19 and Table 4.6), suggesting that endothelial differentiation and vascular

morphology are uncoupled, as hypothesized previously (Zhu et al., 2011).

4.4.5 Emergence of HSC in gata2a™?’ mutant fish

Definitive haematopoiesis is carried out during adulthood by HSCs that reside in
the bone marrow of mammals, and in the kidney of teleost fish (Ciau-Uitz et al.,
2014; Traver et al., 2003). HSCs emerge from the ventral wall of the haemogenic

endothelium of the dorsal aorta through EHT (Bertrand et al., 2010; Kissa and
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Herbomel, 2010). After their emergence from the DA, HSCs enter the blood
circulation in the CV and eventually seed the CHT, where HSCs carry out a
transient wave of haematopoiesis (Kissa et al., 2007; Murayama et al., 2006).
Later, some HSCs leave the CHT and seed the kidney, where definitive
haematopoiesis proceeds throughout life (Bertrand et al., 2008; Langenau et al.,
2004; Murayama et al., 2006).

Given their critical role in definitive haematopoiesis, the numbers of HSCs were
studied in gata2a'™’ mutant larvae. Imaging of mutant larvae carrying the
transgenic reporter Tg(itga2b:GFP) shows a significant decrease in the number of

um27/um27

HSCs in the CHT of homozygous gata2a mutants (Figure 4.19). This is
consistent with the reported phenotype of lack of blood circulation in the trunk and
tail of gata2a"™*"""™2” homozygotes (Zhu et al., 2011), given that blood flow has
been shown to affect the emergence of HSCs from the DA (North et al., 2009).
These results suggest that homozygous gata2a"™“m2’ mutants are unable to
produce HSCs, however, it is important to distinguish between the different
possibilities that could explain the role of Gata2a in the emergence of HSCs. One
possibility is that Gata2a is directly required for the EHT, as shown for GATAZ2 in
mice (de Pater et al., 2013) and human cells (Huang et al., 2015), or for the survival
of HSCs, which has also been shown as another function of GATAZ2 in mice (de
Pater et al., 2013). Another possible explanation is that the emergence of HSCs is
merely affected by the lack of blood circulation caused by the vascular defects

observed in gata2a"™?""™?” mutants (Zhu et al., 2011).

In this sense, it is important to notice that ~50% of the homozygous gata2a™m?""um27
mutant larvae have itga2b:GFP* cells in the CHT by 4 dpf (Figure 4.19), and also,
a similar proportion (~50%) of gata2a"™"“™2” homozygotes have blood circulation
in the trunk and tail. Close examination of larvae at 4 dpf shows a strong correlation
between the presence of blood circulation, and itga2b:GFP* cells in the CHT of

gatazaum27/um27

mutant larvae (Table 4.6). These results support the idea that the
decreased numbers of HSCs in gata2a"™*""™2" homozygous mutants are at least

partly a secondary effect of their lack of blood circulation or the delayed start of it.

In contrast to the phenotype observed in homozygous mutants, all the
heterozygous gata2a™"™’ mutant larvae analysed had normal blood circulation in
the entire body. Itis interesting to note that despite having normal blood circulation,

+/lum27

heterozygous gata2a embryos transiently exhibit a significant decrease in the
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number of itga2b:GFP* cells in the CHT (Figure 4.18). This defect in the production
of HSCs can be observed as soon as 36 hpf (Figure 5.14), as a decrease in the
number of cmyb* cells along the AGM of heterozygous gata2a*“™?’ embryos.
These findings in heterozygous embryos show that Gata2a has a role in the

um27/um27 on the

production of HSCs independent of the effects of gata2a
development of vasculature. Furthermore, the decrease in the number of cmyb*
cells in the AGM region strongly suggest that gata2a haploinsufficiency results in
defective emergence of HSCs from the DA. Thus, it could be hypothesized that
Gata2a plays a role in the EHT, as previously shown in mice with conditional
GATA2 mutations (de Pater et al., 2013) and in human GATA2" embryonic stem

cells (Huang et al., 2015).

The fact that the observed decrease in the number of HSCs in heterozygous

gata2 a+/u m27

embryos is transient, suggests that other redundant mechanisms
rescue the phenotype of gata2a™™™?’ heterozygotes. This could explain the
observations that show that by 72 hpf, gata2a**™*’ heterozygous larvae have
normal numbers of itga2b:GFP* cells in the CHT. As discussed previously
regarding primitive erythroid cell development (section 4.4.1), the high degree of
conservation between Gata2a and Gata2b amino acid sequences, and in this case,
the expression of gata2b in the ventral wall of the DA from 18 ss (Butko et al.,
2015), suggest that Gata2b is likely to have this role. This possibility is discussed

in detail later, in the section 5.4.4.

4.4.6 Defective lymphopoiesis in gata2a“™?’ mutant fish

As discussed earlier, lymphopoiesis is affected in both heterozygous gata2a*™%’

um27/um27

and homozygous gata2a mutant larvae, in a dose dependent manner

(Figure 4.21). The expression of Ick, analysed by WISH in 4 dpf larvae, shows that

all homozygous gata2a'm?7um?’7

mutant larvae have significantly decreased
numbers of Ick® lymphocytes, while heterozygotes exhibit a range of phenotypes.
Interestingly, 44% of heterozygotes analysed have asymmetric expression of Ick,

suggesting a defective colonization of thymi by haematopoietic progenitors.

The lymphoid cells found in zebrafish larvae at this developmental stage (4 dpf),

have been shown to be produced by haematopoietic progenitors that emerge from
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the endothelium and enter the blood circulation, independently from HSCs (Tian et
al., 2017). These progenitors exit the blood circulation in different points near the
head, and migrate towards both developing thymi (Hess and Boehm, 2012; Kissa
et al., 2007).

The observed defect in lymphopoiesis is consistent with a decreased
haematopoietic potential of endothelial cells as a consequence of gata2a
haploinsufficiency. It could be hypothesized that gata2a deficiency in endothelial
cells affects the emergence of haematopoietic progenitors from them, either by
decreasing their number, disrupting their function, or both. In keeping with this
hypothesis, heterozygous gata2a™™* embryos exhibit transiently decreased
numbers of HSCs in the CHT (Figure 4.18).

It is interesting to mention that the wide range of phenotypes observed in
heterozygous gata2a”"™?’ larvae, and the apparent stochasticity of the colonization
of each thymus, together with the reported normal colonization of thymi in 50% of
silent heart mutants, that carry a mutation in tnnt2a gene (Hess and Boehm, 2012),
which lack blood circulation, suggest that normal lymphopoiesis depends on the
successful arrival of a critical number of haematopoietic progenitors to both thymi,

independently.

The possibility that lack of blood circulation could cause the observed defects in
lymphopoiesis was ruled out for two main reasons. First, the penetrance of the
lymphoid phenotype and the frequency of defects in blood circulation are not
consistent. While none of the heterozygous gata2a*“™?’ embryos analysed lacked
blood circulation, defective lymphopoiesis was found in 89% of heterozygotes
(Figure 4.21). Conversely, by 4 dpf approximately 50% of homozygous
gata2a"m?"'™27 |arvae lacked blood circulation in the trunk and tail, but 100% of
homozygous mutants displayed defective lymphopoiesis. Thus, defects in blood

circulation in the tail of gata2a"™*’

mutants do not correlate with the penetrance of
their defects in lymphoid cell development. An additional argument comes from the
reports that show that occlusion of the PHS by laser-mediated ablation of cells,
does not delay the colonization of thymus by haematopoietic progenitors (Kissa et
al., 2007). Also, it has been shown using silent heart mutants, that colonization of
the thymus by haematopoietic progenitors occurs even in the absence of blood

circulation (Hess and Boehm, 2012).
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*um2” mutant larvae, decreased numbers

Similarly to the phenotype found in gata2a
of B (in 86% of patients) and T (in 51% of patients) lymphocytes have been
observed in patients carrying GATA2 mutations (Spinner et al., 2014). However, it
has been shown in zebrafish that transient lymphopoiesis, independent from
HSCs, is followed by the production of lymphocytes in a HSC-dependent manner
(Tian et al., 2017). Therefore, it is likely that the initial defective lymphopoiesis
found in heterozygous gata2a*“™?’ mutant fish is only transient and that the
posterior production of lymphocytes depends on the presence of HSCs (Tian et
al., 2017). On the other hand, the defective lymphopoiesis observed in
heterozygous gata2a*"™*’ mutant larvae supports the idea of a role for Gata2a in
the differentiation of endothelial cells, also discussed in the section 4.4.4. Based
on this, it could be hypothesized that Gata2a heterozygosity causes a defective
differentiation in the endothelial cells that disrupts the emergence of the first wave
of lymphocyte progenitors, described by Tian and colleagues (2017).
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5 Refining a zebrafish model of GATA2

deficiency in humans

5.1 Introduction

5.1.1 Heterozygous GATA2 mutations underlie different syndromes

with haematological manifestations

Heterozygous mutations in the GATA2 gene have been independently found in
patients with different clinical syndromes. Hsu and colleagues identified both
somatic and acquired GATA2 mutations in monoMAC patients (Hsu et al., 2011).
Another study identified GATA2 mutations by exome sequencing in DCML
deficiency patients (Dickinson et al., 2011). Later, other studies found GATA2
mutations in Emberger syndrome patients (Ostergaard et al., 2011) and within
cohorts of familial MDS/AML (Hahn et al., 2011).

The spectrum of manifestations was reported by Spinner and colleagues, who
examined 57 patients carrying GATA2 mutations from 40 different families
(Spinner et al., 2014). Patients carrying GATA2 mutations exhibit a wide range of
symptoms, including haematological disorders like MDS and AML,; viral, fungal and
mycobacterial infections; pulmonary abnormalities and ventilatory defects;
dermatologic symptoms like warts and panniculitis; and lymphoedemas, among

many others (Spinner et al., 2014).

Among the haematological manifestations of GATA2 mutations reported by
Spinner and colleagues, the most frequent are B lymphocytopenia, NK
lymphocytopenia, and monocytopenia (Spinner et al.,, 2014). The authors also
reported CD4 lymphocytopenia and neutropenia, which were slightly less frequent
and had less severity. Other less frequent haematological abnormalities have been
found, like atypical megakaryocytes, hypocellular bone marrow, and some patients
also met the criteria for MDS, AML or CMML (Ding et al., 2017; Hahn et al., 2011,
Spinner et al., 2014).
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5.1.2 Heterozygous gata2a*“™m2’ mutation is not sufficient to replicate

the symptoms of GATAZ2 deficiency

um27 mutations showed that

The study of haematopoiesis in fish carrying gata2a
GataZ2a plays important roles in primitive haematopoiesis, however, the phenotype
of heterozygous gata2a™™™?’ mutant fish does not resemble the symptoms
observed in GATA2 deficiency patients. Interestingly, Gata2a is necessary for the
morphogenesis of vasculature (discussed in section 4.4.4), and current evidence
also suggests a role for Gata2a in the differentiation of endothelial cells (discussed
in section 4.4.6). It is possible that these vascular phenotypes are related to the
defects in lymphatic development observed in murine models of GATA2 deficiency
(Lim et al., 2012) and in patients with Emberger syndrome (Emberger et al., 1979;

Ostergaard et al., 2011).

The results presented in section 4.3.3 support a role for zebrafish Gata2a in the
development of primitive macrophages, and other myeloid lineages. Consistently
with these results, it has been shown that Gata2a is required for the development
of mast cells from EMPs (Da’as et al.,, 2012; Dobson et al.,, 2008). Further
experiments show that Gata2a is transiently required for the emergence of HSCs,
however, by 72 hpf heterozygous gata2a”™™’ mutant larvae display normal
numbers of haematopoietic progenitors in the CHT (see section 4.3.4), suggesting
that gata2a heterozygosity is not sufficient to induce long-lasting effects on
definitive haematopoiesis. Therefore, it was hypothesized that some of the
functions of mammalian GATA2 in definitive haematopoiesis, such as in the
survival of HSCs (de Pater et al., 2013), could be carried out by the ohnolog,
gata2b.

5.1.3 Requirement of gata2b mutations to develop a model of GATA2

deficiency in zebrafish

The findings in section 4.3 suggest that Gata2a has only some of all the functions
in haematopoiesis found in murine GATA2, and that other functions could be
carried out by the gata2a ohnolog, gata2b. Both gata2a and gata2b genes share
a common ancestor, from which they originated by a genome duplication event

(Gillis et al., 2009; Glasauer and Neuhauss, 2014). However, the expression
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patterns of gata2a and gata2b show important differences (Butko et al., 2015).
During embryonic development, the transcripts of gata2a are found in the PLPM
(Brown et al., 2000; Butko et al., 2015; Detrich et al., 1995), neurons in the spinal
cord (Andrzejczuk et al., 2018), pituitary gland (Quiroz et al., 2012), and blood
vessels (Butko et al., 2015).

In contrast, the expression pattern of gata2b is restricted to branchiomotor neurons
and the DA (Butko et al., 2015). Further experiments of lineage tracing using a
Gal4 transgenic line with a gata2b promoter show that gata2b expression in the
DA labels haemogenic endothelium, which give rise to adult haematopoietic cells
during adulthood (Butko et al., 2015). Butko and colleagues (2015) also studied
the function of Gata2b in developmental haematopoiesis by using morpholinos
targeting gata2b. They showed that gata2b is required for the specification and
emergence of HSCs from the ventral wall of the DA, without any detectable effect

on the vasculature (Butko et al., 2015), in contrast to gata2a (Zhu et al., 2011).

It has been reported that GATA2 deficiency elicits a wide variety of symptoms that
affect many cell types beyond the haematopoietic lineages (Bigley et al., 2011,
Emberger et al., 1979; Spinner et al.,, 2014; Vinh et al., 2010). Current data
suggests that while the function of Gata2b is restricted to definitive haematopoiesis
(Butko et al., 2015), Gata2a plays different roles in the central nervous system
(Andrzejczuk et al., 2018), endocrine signalling (Quiroz et al., 2012), vasculature
(Zhu et al.,, 2011), and haematopoiesis (see section 4). Therefore, it was
hypothesized that to develop a zebrafish model of GATA2 deficiency that replicates
the symptoms observed in the patients, mutations in both gata2a and gata2b
genes are required in heterozygosity.

5.1.4 Aims of the experiments described in this chapter

1. To generate a stable gata2b mutant line in zebrafish.
2. To study the role of Gata2b in developmental haematopoiesis in zebrafish.

3. To assess haematopoiesis in fish carrying mutations in gata2a and gata2b.
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5.2 Methods

5.2.1 Transgenic and mutant zebrafish lines used

The transgenic zebrafish line Tg(-9.0spilb:EGFP)zdf11, published under the name
TG(zpu.1:EGFP)® (Hsu et al., 2004), was used as a reporter of myeloid cells, and
in the text is referred as Tg(spilb:EGFP) for simplicity.

Two zebrafish lines carrying mutations in the gata2b gene, gata2b“*°°® and
gata2b®°VN were used to study the role of Gata2b in developmental
haematopoiesis. The generation of these mutant lines by CRISPR/Cas9
technology is described in detail in the sections 5.2.2, 5.2.3, 5.2.5, and 5.2.6; and

the resulting mutant lines are described in detail in the section 5.3.1.

5.2.2 Design of small guide RNAs targeting zebrafish gata2b gene

To generate a stable gata2b mutant zebrafish line, sgRNAs (small guide RNA)
were designed targeting exons 3 and 4 in gata2b gene. To find suitable target sites
for sgRNAs in zebrafish gata2b gene, the web tool CHOPCHOP v2
(http://chopchop.cbu.uib.no/) was used (Labun et al., 2016). The Ensembl identifier
of zebrafish gata2b gene (ENSDARGO00000009094.7) was used as query, and

options were adjusted so the 5’ ends of the target sites would be GG, and PAM

(protospacer adjacent motif) motif “NGG”.

From the list of sites obtained, four sites with no predicted off-targets were
selected, 3 of them in exon 3, and one targeting exon 4. Table 5.1 shows details
about the four sgRNAs selected. The guides were named gata2b_1 to 4, and their
target sequences are shown in Table 5.1, with the PAM underlined. The locations

of the target sequences are shown in genomic coordinates.
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Table 5.1 | sgRNAs targeting gata2b gene designed with CHOPCHOP v2.

SgRNA target sequence (5’ to 3’) genomic exon strand %GC
name location
gata2b_1 GGCTGACGGTCCATGAGCCGIGG chr6:40798318 3 = 70
gata2b 2 GGACACATCTTTGGGCGGGGIGG chr6:40798482 3 = 65
gata2b 3 GGTGAGTTCAGATTTCATAGCGG chr6:40798754 3 + 40
gata2b 4 GGACGTGAATGTGTAAATTGIGG chr6:40799561 4 + 40

The location of the sites targeted by the sgRNAs in Table 5.1 are shown in Figure
5.1. sgRNAs gata2b_1, gata2b_1, and gata2b_1 and were design targeting
different sites along exon 3 (Figure 5.1 b), and sgRNA gata2b_4 bind the 5’ end of
exon 4 (Figure 5.1 c).
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Figure 5.1 | Schematic representation of sites targeted by gata2b sgRNAs.

Diagrams in (a-c) represent the genomic structure of zebrafish
gata2b gene, and the sites targeted by sgRNAs in Table 5.1. In all
diagrams, exons are depicted as dark grey boxes, introns as light
grey boxes, sgRNA binding sites as red rectangles. Numbering of the
sequences in (a-c) is relative to the first base pair of exon 1. In (a),
the sites targeted by sgRNAs in Table 5.1 in the exons 3 and 4 of
gata2b gene are shown. The region inside the blue box is shown in
more detail in (b), and the region in the green box is shown in (c). In
(b), the binding sites of sgRNAs gata2b_1, gata2b 2, and gata2b_3

Page | 152



in exon 3 are shown. In (c), the binding site of sgRNA gata2b 4 in

exon 4 is shown.

5.2.3 Synthesis of CRISPR small guide RNAs

The synthesis of sgRNAs targeting zebrafish gata2b gene was carried out following
a previously published cloning-free method (Gagnon et al., 2014). This strategy
consists in the generation of a SgDNA, that later is used as a DNA template for an
in vitro transcription reaction that produces the sgRNAs. The sgDNAs are
generated by annealing of a gene-specific oligonucleotide and a constant
oligonucleotide to generate ssDNAs (single-stranded DNA) that is then used as
template in a T4 DNA polymerase reaction to obtain dsDNA (double-stranded
DNA). The gene-specific oligonucleotides used carry the sequence of a DNA-
dependent RNA polymerase, followed by the sequence of the binding site (without
PAM), and followed by a constant sequence that anneals with the constant
oligonucleotide. The constant oligonucleotide encodes the reverse-complement of
the tracrRNA (trans-activating crRNA) tail (Gagnon et al., 2014).

In order to synthesize sgRNA targeting the sites in Table 5.1, the four gene-
specific oligonucleotides and the constant oligonucleotide were purchased (IDT
Technologies), as previously described (Gagnon et al., 2014). The sequences of
the oligonucleotides used are shown in Table 5.2. The oligonucleotides used
include the sequence of the T7 promoter (5-TAATACGACTCACTATA-3’). Notice
that the gene-specific region of the oligonucleotides (underlined in Table 5.2) does
not include the PAM.
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Table 5.2 | Gene-specific oligonucleotides used for sgDNA synthesis.

sgRNA name gene-specific oligonucleotide used for sgDNA synthesis (5' to 3)
gata2b 1 TAATACGACTCACTATAGGCTGACGGTCCATGAGCCGGTTTTAGAGCTAGAAATAGCAAG
gata2b 2 TAATACGACTCACTATAGGACACATCTTTGGGCGGGGGTTTTAGAGCTAGAAATAGCAAG
gata2b_3 TAATACGACTCACTATAGGTGAGTTCAGATTTCATAGGTTTTAGAGCTAGAAATAGCAAG
gata2b_4 TAATACGACTCACTATAGGACGTGAATGTGTAAATTGGTTTTAGAGCTAGAAATAGCAAG

constant oligonucleotide used for sgDNA synthesis (5' to 3")

AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAAC
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The oligonucleotides were resuspended in nuclease free water to a final
concentration of 100 uM, and then each of the gene-specific oligonucleotides in
Table 5.2 was combined with the constant oligonucleotide in the annealing reaction

shown in Table 5.3;

Table 5.3 | Components of the annealing reaction.

Reagent Volume per Final
9 reaction [uL] concentration
100 uM gene-specific oligonucleotide 1 10 uM
100 pM constant oligonucleotide 1 10 uM
nuclease free water 8 -

The annealing reactions described in Table 5.3 were then cooled down slowly in

a thermocycler using the program described in the Table 5.4.

Table 5.4 | Annealing program.

temperature cooling

phase range [°C] rate [°C/s] time [s]
initial denaturation 95 - 5 minutes
first cooling phase 95 -85 -2 5

second cooling 85-25 -0.1 10 minutes
phase
final extension 4 - hold

The ssDNA products obtained after the annealing reaction were then used in a T4
DNA polymerase reaction (M0203S, NEB) to get dsDNA that could be used as
templates for in vitro transcription. All 10 pL of the annealing reaction described in
Table 5.3 were used as template for the T4 DNA polymerase. The Table 5.5 shows
the volumes and final concentrations of all the components in the reaction, that

was incubated at 12 °C for 1 hour in a thermocycler.
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Table 5.5 | Components of T4 DNA polymerase reaction.

reagent r\e/Z:;Ltjircr)]rel ﬁfl_r] Final concentration
10x NEB buffer 2.1 2 1x
10 mM dNTPs 2.5 1.25 mM
100x BSA NEB 0.2 1x
T4 DNA polymerase 0.5 1.5 units
annealed ssDNA 10 variable
nuclease free water 4.8 -

The 100x BSA used has a concentration of 20 mg/mL (B9000S, NEB). The
components and concentrations of 10x NEB buffer 2.1 (B7202S, NEB) are shown
in Table 5.6.

Table 5.6 | 10x NEB buffer 2.1 composition.

Reagent Final .
concentration
Sodium chloride 50 mM
Tris-HCI 10 mM
Magnesium chloride 10 mM
BSA 100 pg/mL

pH 7.9 (at 25 °C) -

After the T4 DNA polymerase reaction described in Table 5.5, the sgDNAs were
purified using MinElute PCR purification kit (28004, QIAgen) following
manufacturer’s instructions. In the last step, the sgDNAs were eluted in 20 pL of
nuclease free water, and their DNA concentrations were measured in a nano

spectrophotometer (see Table 5.7).
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Table 5.7 | Nano spectrophotometer measurements of sgDNAs.

sgDNA concentration [ng/uL]  Azsonm/Azgonm  Az6onm/A230nm

gatazb 1 288.14 1.87 2.44
gata2b 2 287.87 1.85 2.26
gata2b_3 238.71 1.87 2.48
gata2b_4 330.46 1.85 2.48

To confirm that the sgDNAs generated had the correct length, each of them was
analysed by electrophoresis in 3% w/v agarose gels. In each case, 1 pL of sgDNA
or 0.5 pL of the corresponding gene-specific oligonucleotide, was loaded together
with 4 pL of 5x loading dye. HyperLadder 50bp (see section 2.10 for details) was
used as molecular weight marker. Figure 5.2 shows photographs of the agarose
gels. For each sgRNA being synthesized, its corresponding gene-specific
oligonucleotide, labelled “oligo” in the images; and its corresponding sgDNA
(labelled “sgDNA”) were ran in parallel. The images in Figure 5.2 show a single
band near 50 bp in all gene-specific oligonucleotides, in agreement with their
length, 60 bp (Table 5.2). In the case of the sgDNAs, a 120 bp was expected, and
two bands were found in all of them: one over 100 bp and another one over 200
bp. However, the most intense band was the one near 100 bp in all four sgDNAs,
suggesting that the DNA fragments with the correct length were dominant in all

cases.

Page | 157



gata2b_1 gata2b_2 gata2b_3 gata2b_4

[bp]
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Figure 5.2 | Images of electrophoresis gels showing sgDNAs synthesized to
generate sgRNAs targeting zebrafish gata2b gene.

Images of electrophoresis gels loaded with purified sgDNAs. The
gene-specific oligonucleotide (oligo) and the purified sgDNA
(sgDNA) of each sgRNA being synthesized were ran in parallel. See
the text for more details. Expected sizes: all oligonucleotides, 60 bp;
all sgDNAs, 120 bp. L, HypperLadder 50bp. The numbers in the
column in the centre of the figure show the size in bp of relevant

bands of the molecular weight marker.

The sgDNAs obtained were used as DNA template for an in vitro transcription
reaction. The reaction was carried out using MEGAshortscript T7 transcription kit
(AM1354, Ambion) following manufacturer’s instructions. The reactions were
incubated overnight at 37 °C. Then the DNA template were degraded by incubation
with TURBO DNase for 15 minutes at 37 °C according to the manufacturer’s
instructions. sgRNAs obtained from the in vitro transcription were then purified
using RNA Clean and Concentration-25 (R1017, Zymo), following the instructions
of the manufacturer, with the exception that in the last step the sgRNAs were eluted
in 30 pL of nuclease free water (instead of 50 pL). The sgRNAs produced were

measured in a nano spectrophotometer, and the results are shown in Table 5.8.
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Table 5.8 | Nano spectrophotometer measurements of sgRNAs.

sgRNA concentration [ng/uL]  Azeonm/Azsonm  Azeonm/Az3onm

gata2b_1 1498.19 2.05 2.42
gata2b_2 2281.42 2.08 2.46
gata2b_3 379.49 2.00 2.44
gata2b_4 2364.02 2.14 2.67

The purified sgRNAs for gata2b gene were analysed by gel electrophoresis. For
each sgRNA, 1 pL of sgRNA was loaded together with 4 pL of gel loader I
(AM8546G, Ambion) into a 3% w/v agarose gel. Figure 5.3 shows an image of the
electrophoresis gel, where two different bands can be distinguished for sgRNAs 1,
2, and 4. As observed in the gel electrophoresis of sgDNAs in Figure 5.2, the band
near 100 bp is the most intense band, for all three sgRNAs. Consistently with the
lower concentration of RNA detected by the nano spectrophotometer (see Table

5.8), the sgRNA gata2b_3 was not detected by gel electrophoresis.

gata2b sgRNAs
1 2 3 4 L
[bp]
— 300
— 200
—100
— 50

Figure 5.3 | Image of electrophoresis gel showing purified sgRNAs targeting

zebrafish gata2b gene.

Image of an electrophoresis gel loaded with purified sgRNAs for
gata2b gene. L, HypperLadder 50bp. The numbers in the column in
the centre of the figure show the size in bp of relevant bands of the

molecular weight marker.
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5.2.4 Synthesis of nCas9n mRNA

nCas9n (NLS-Cas9-NLS) mRNA was synthesized from the pT3TS-nCas9n
plasmid, a gift from Wenbiao Chen (Addgene plasmid #46757) (Jao et al., 2013).
The full sequence of this plasmid can be found in Plasmid Sequence 9.1 and a
map of the plasmid in Plasmid Map 9.1. This plasmid encodes Cas9 flanked by
two nuclear localization signals under a T3 promoter in a plasmid encoding

resistance to Ampicillin (Jao et al., 2013).

The pT3TS-nCas9n plasmid was transformed into TOP10 chemically competent
cells using the One Shot TOP10 kit (C404010, Invitrogen) following the
manufacturer’s instructions. Lysogeny broth (LB) (Bertani, 1951) was inoculated
with two different transformed colonies, and incubated overnight at 37 °C in a
shaker. pT3TS-nCas9n plasmid was purified by miniprep, using PureYield Plasmid
Miniprep System (A1222, Promega) according to manufacturer’s instructions
(clones 48 and 49). The plasmid DNA from clone 48 was then linearized using the
restriction enzyme Xbal (R0145S, NEB). Four different 50 pL reactions were set
up as described in Table 5.9:

Table 5.9 | Reaction mix for pT3TS-nCas9n linearization with Xbal enzyme.

reagent Volu_me per Final _
reaction [uL] concentration
10x CutSmart buffer 5 1x
Xbal enzyme 1 20 units
pT3TS-nCas9n (clone 48) 2.5 (2 pg) 40 ng/pL
nuclease free water 41.5 -

The digestion reactions were incubated for 2 hours at 37 °C and then 20 minutes
at 65 °C to inactivate the restriction enzyme. The linearization was confirmed by
gel electrophoresis. For each of 4 restriction digestions carried out, 2.5 pL of the
reactions were loaded into a 0.8% w/v agarose gel. Figure 5.4 shows that in all 4
reaction the linearization is complete, with a single band under 8 kb (expected size,
7330 bp).
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pT3TS-nCas9n

Figure 5.4 | Electrophoresis gel showing linearized pT3TS-nCas9n plasmid.

Image of an electrophoresis gel loaded with pT3TS-nCas9n plasmid
digested with Xbal. Lanes 1-4 correspond to the 4 digestions carried
out in parallel of pT3TS-nCas9n plasmid. L, HypperLadder 1kb. The
numbers in both columns at the sides of the gel show the size in bp
of relevant bands of the molecular weight marker.

All four digestions were put together and the linearized pT3TS-nCas9n plasmid
was purified using QIAquick nucleotide removal kit (28304, QlAgen) following the
manufacturer’s instructions, and the obtained purified Xbal-digested pT3TS-

nCas9n was measured in a hano spectrophotometer (see Table 5.10):

Table 5.10 | Nano spectrophotometer measurements of Xbal linearized
pT3TS-nCas9n plasmid after purification.

concentration
[ng/l.ll_] Az60nm/ Azgonm  Azeonm/ Az30nm

Xbal digested pT3TS-nCas9n 161.93 1.82 2.24

Approximately 1 pg of Xbal-digested pT3TS-nCas9n was used as DNA template
for an in vitro transcription reaction carried out using T3 mMMESSAGE mMACHINE
kit (AM1348, Ambion), following the manufacturer’s instructions. The in vitro
transcription reaction was incubated 2 hours at 37 °C. The removal of template

DNA and the purification of nCas9n mRNA were carried out using RNA Clean and
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Concentration-5 (R1015, Zymo) following the instructions of the manufacturer. In
the final step, the RNA was eluted with 26 pL of nuclease free water, and the
purified mRNA of nCas9n was measured in a nano spectrophotometer (see Table
5.11):

Table 5.11 | Nano spectrophotometer measurements of nCas9n mRNA.

concentration [n g/}J.L] Acsonm/Azsonm  Azeonm/A230nm

nCas9n mRNA 386.72 2.15 2.40

5.2.5 Microinjection of gata2b sgRNAs and nCas9n mRNA into
zebrafish embryos

Microinjections of sgRNAs targeting gata2b gene (see section 5.2.3) together with
nCas9n mRNA (see section 5.2.4) were carried out as described in section 2.6,
with changes. The details of the injection mix used for each of the four sgRNAs

injected are shown in Table 5.12.
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Table 5.12 | Injection mix used for each gata2b sgRNA.

gata2b_1 sgRNA injection mix

Final concentration

reagent Volume [puL] [ng/uL]
gata2b_1 sgRNA 1 299.60
nCas9n mRNA 1.36 105.19
phenol red 0.5 10% v/v
nuclease free water 2.14 -

gata2b_2 sgRNA injection mix

reagent Volume [uL] Final concentration

[ng/uL]
gata2b 2 sgRNA 0.5 380.17
nCas9n mRNA 0.5 64.45
phenol red 0.3 10% v/v
nuclease free water 1.7 -

gata2b_3 sgRNA injection mix

Final concentration

reagent Volume [pL

g [IJ- ] [ng/uL]
gata2b 3 sgRNA 2 252.99
nCas9n mRNA 0.7 90.23
phenol red 0.3 10% v/v

gata2b_4 sgRNA injection mix

Final concentration

reagent Volume [uL] [ng/uL]
gata2b_4 sgRNA 0.5 394.00
nCas9n mRNA 0.5 64.45
phenol red 0.3 10% v/v
nuclease free water 1.7 -

In all cases, injections were carried out directly into the blastodisc of 1-cell stage
AB wild type embryos. Immediately after injection, all embryos were screened for
phenol red and only positive embryos were kept. The Petri dishes were screened

twice a day to remove dead embryos and non-fertilized eggs.
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5.2.6 ldentification of gata2b mutations by NGS?

NGS (next-generation sequencing) was used to assess the efficacy of sgRNAs
injected into zebrafish embryos, to identify FO adult fish carrying gata2b mutations
in their germinal cells, and to determine the mutations carried by heterozygous F1

adult fish, as previously described by (Gagnon et al., 2014).

Regions of genomic DNA around the binding sites of the sgRNAs to zebrafish
gata2b gene were amplified by PCR, and the amplicons were purified and then
sequenced by a massive parallel sequencing method, using an lllumina MiSeq

Next-Generation sequencer.

Primers were designed to amplify a region around the binding site of each of the
four sgRNASs targeting zebrafish gata2b gene. As described in section 2.8, primers
were designed using Primer3, to amplify a region of an optimal length of 230 bp.
Figure 5.5 shows the binding sites of the MiSeq primers in the genomic sequence
of gata2b gene. Both forward (dark green boxes) and reverse (light green boxes)
primers of each amplicon are shown connected by a green line. When possible,
primers were designed so the binding site of the corresponding sgRNA is in the
middle of the amplicon, to increase the chances of any occurring mutation to be

found by both forward and reverse reads.

2 PCR primers and PCR conditions were designed and optimized, and then NGS was
carried out by technicians in the NGS facility.
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Figure 5.5 | Design of MiSeq PCR products for each sgRNA binding site.

Diagrams in (a-c) represent the genomic structure of zebrafish
gata2b gene, the sites targeted by sgRNAs in Table 5.1, and the PCR
products designed for MiSeq. In (a), a diagram of the entire gata2b
gene shows within boxes the two sites targeted by sgRNAs in Table
5.1, in the exons 3 and 4. The region inside the blue box,
corresponding to exon 3, is shown in (b), and the region in the green
box, corresponding to exon 4, is shown in (c). In (b), the binding sites
of sgRNAs gata2b 1, gata2b 2, and gata2b_3 in exon 3 are shown,
together with the binding sites of the primers designed around them
for MiSeq (green boxes). In (c), the binding site of sgRNA gata2b_4
in exon 4 is shown flanked by the binding sites of MiSeq primers
designed to amplify the region. In all diagrams, exons are depicted
as dark grey boxes, introns as light grey boxes, sgRNA binding sites
as red rectangles. Binding sites of forward primers are depicted as
dark green boxes, and those of reverse primers are shown as light
green boxes. The binding sites of forward and reverse primers of
each amplicon are connected by a green line. Numbering of the

sequences in (a-c) is relative to the first base pair of exon 1.
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The Table 5.13 shows the sequences of the binding sites in gata2b gene of the

primers designed for MiSeq.

Table 5.13 | Binding sites of primers designed for MiSeq.

sgRNA Pnr;rruir Binding site sequence (5' to 3') Length %GC Tm
I op30 CCTTATCAACACTCACGGTCTTCC 24 50.0 61.2
8 - op31 GTTGCGTCATCGACAGGCAC 20 60.0 62.2
T & op24 GATGCCGTGCCTGTCGATGA 20 60.0 62.9
ata
8 - op25 TTGTCGTTTGCGCCAGATGC 20 55.0 62.5
T op26 CTCCAGAAATCTGCTCGGAAACA 23 47.8 60.9
ata
8 - op27 TGCGTCTTCTCATGCTTTGCA 21 476 61.1
op28 AGCTGTTTTCTTTACCACCCCC 22 50.0 60.8
gata2b_4

op29 TGGGTCTGATGAGAGGTCTGTT 22 50.0 60.5

The final primers have lllumina Nextera overhangs, that were added to the 5’ end
of each sequence in Table 5.13. The sequences of both forward and reverse

universal tags are shown in Table 5.14:

Table 5.14 | Sequence of universal tags for MiSeq primers.

Universal tag Sequence (5'to 3"
Forward TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG
Reverse GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG

The Forward and Reverse universal tag sequences shown in Table 5.14 were
added to the 5 end of forward and reverse binding sequences shown in Table
5.13. The resulting long primers with overhangs are shown in Table 5.15 with
binding sites underlined and were used to amplify regions of genomic DNA to be

sequenced in search for mutations induced by CRISPR.
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The designed MiSeq primers, shown in Table 5.15, were checked for the possibility
that they could form secondary structures or homodimers and heterodimers, using

the web tool (http://eu.idtdna.com/calc/analyzer).

The primers shown in Table 5.15 were used to amplify the genomic regions in
gata2b gene surrounding the binding sites of the sgRNAs designed (see diagrams
in Figure 5.5). A DNA polymerase of high fidelity, 50 times higher than standard
Taq polymerases, was used: Phusion High-Fidelity DNA polymerase (M0530S,
NEB). The components and concentrations of the PCR to generate amplicons for
MiSeq is shown in the Table 5.16.

Table 5.16 | Components of PCR for MiSeq.

reagent Volu_me per Final _
reaction [uL] concentration

5x Phusion HF buffer (B0518S, NEB) 5 1x
10 mM dNTPs 0.5 200 pM
10 pM forward primer 0.5 0.2 uM
10 uM reverse primer 0.5 0.2 uM
Phusion High-Fidelity DNA polymerase 0.25 0.5 units
genomic DNA 2 variable
nuclease free water 16.25 -

The Table 5.17 shows the cycling program used for this PCR:

Table 5.17 | Cycling conditions used in PCR for MiSeq PCR.

Phase temperature [°C] time [s]
initial denaturation 98 30
denaturation 98 10
34 cycles annealing variable (see Table 5.18) 10
extension 72 15
final extension 72 5 minutes
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The annealing temperatures for each pair of MiSeq primers in Table 5.15 were

determined by gradient PCR, and are shown in Table 5.18:

Table 5.18 | Annealing temperatures of each pair of primers for MiSeq PCR.

Annealing

sgRNA primers temperature used

op30

gata2b_1 65 °C
op31
op24

gata2b_2 68 °C
op25
op26

gata2b_3 65 °C
op27

b a P28 64 °C

ata

g - op29

The results of the MiSeq PCRs were analysed by gel electrophoresis, to check for
the presence of a single amplicon of an expected size of 267 bp. The entire volume
of each MiSeq PCR was run in a 2% w/v agarose gel, and the band with the PCR
product of the expected size was cut out of the gel and purified using the QIAquick
gel extraction kit (28704, QlAgen) following the manufacturer’s instructions. The
DNA concentration of the purified PCR products was measured in a nano

spectrophotometer and dilutions to 15 — 20 ng/uL were made when necessary.

The purified PCR products for MiSeq were submitted for sequencing by the UCL
zebrafish sequencing consortium using MiSeq, and the results were analysed

using the software Geneious, version 7.1.9 (http://www.geneious.com) (Kearse et

al., 2012). Using Geneious software, the MiSeq reads from each amplicon were

mapped to the wild type gata2b gene sequence to identify fish carrying mutations.
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5.2.7 Extraction of gamete cells from adult fish

Once FO fish reached adulthood (~ 2 months), gamete cells were extracted from
them to identify those adult fish that carried mutations in their germinal cells. Then,
genomic DNA was extracted from these cells as described in section 2.11.4, and
used as template for MiSeq PCR (see details in section 5.2.6), and analysed using
Geneious to identify those FO fish carrying mutations in their germinal cells, that

were then used as parents for a F1 generation.

In the case of female adults, one fish was anesthetized by transfer into a small
breeding box with 0.08 g/L 3-aminobenzoate methanesulfonate. After a period of
1 to 2 minutes, the fish was taken from the box with anaesthesia and placed on a
piece of parafilm, lying on its side. The oocytes were extracted from the fish by
carefully pressing the abdomen of the fish from anterior to posterior repeated
times. The eggs expelled through the cloaca were collected and placed in a PCR
tube. After the procedure, the fish were put back into a tank without anaesthesia

for recovery.

In the case of male adults, fish were anesthetized one by one in the same way it
was done with the female fish. Once a fish was anesthetized, it was placed on a
parafilm under a dissecting stereoscope, lying on its dorsal side. Then, with the
end of a glass capillary, a steady but soft pressure is exerted on the area
immediately posterior to the cloaca on the ventral side of the fish. The gametes
enter by capillarity into the glass capillary. Once the gamete cells were collected,
the fish was put back in a tank without anaesthesia for its recovery, and the gamete
cells are put into a PCR tube by blowing air through the other end of the capillary
with a micropipette.

After the procedure of collection of gamete cells, each fish was assigned an
identifier and was put in a separate compartment of a 24-compartment tank (DC-
96, R&D Aquatics).
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5.2.8 Genotyping of gata2b“°%% mutant fish

The gata2b“*°®® zebrafish mutant line was used in most of the experiments shown
in this chapter and was one of the gata2b mutant lines generated by CRISPR/Cas9
technology. The  gata2b“5%%
ENSDARGO00000009094.7:9.2011_2014del: a 4 bp deletion in exon 3, causing a

frameshift that encodes a premature stop codon (see section 5.3.1 for more

mutant  fish carry the  mutation

details). The strategy developed to genotype gata2b“>°*® mutant fish was a method
based on PCR amplification and restriction digest of the amplicons, similar to that

used to genotype gata2a“™’

mutants (see section 4.2.2). The protocol starts with
the amplification by PCR of a 398 bp DNA fragment of the exon 3 of gata2b gene
containing the region of the 4 bp deletion. The PCR product was then digested with
Faul enzyme, and the digestion pattern was analysed by gel electrophoresis. Wild
type PCR products are cut, generating 2 fragments (289 bp and 112 bp), and
mutant PCR products are not cut, as the 4 bp deletion removes the Faul restriction

site, leaving one DNA fragment (395 bp).

Genomic DNA obtained from cells and gametes (section 2.11.4), embryos and
larvae (section 2.11.3), or fin clips from adult fish (see section 2.11.2) was used as
a template for a PCR with the primers shown in the Table 5.19:

Table 5.19 | Primers used for genotyping of gata2b*°%® mutants.

Primer name Sequence (5'to 3") Length %GC Tm
op44 TTTTTGCCAGCACGCCTTAC 20 50 60.0
op45 GGGTTGCTACGGATTGGACT 20 55 59.7

The Table 5.20 shows the components and concentrations of the PCR for

gata2b!50%

genotyping. The volumes shown are calculated for one 25 L reaction
and were scaled up for large numbers of samples. Details about dNTPs, the DNA

polymerase used, and its reaction buffer are available in section 2.7.
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Table 5.20 | Components of PCR for gata2b“*%%® genotyping.

Reagent

Volume per
reaction [uL]

Final concentration

10x Standard Taq buffer

10 mM dNTPs

10 uM op44

10 uM op45

Standard Taq Polymerase
genomic DNA

nuclease free water

2.5

0.5
0.5
0.5
0.125
2
18.875

1x
200 pM
0.2 uM
0.2 yM

0.625 units

variable

As controls, additional samples with genomic DNA from wild type embryos as DNA

template and nuclease free water instead of DNA template were used in each

experiment. The PCR described above was ran under the cycling conditions

described in the Table 5.21.

Table 5.21 | Cycling conditions used in PCR for gata2b“°®® genotyping.

Phase temperature [°C]  time [s]
initial denaturation 95 30
denaturation 95 15
34 cycles annealing 56 30
extension 68 30
final extension 68 5 minutes

The results from the PCR reaction were checked by electrophoresis in agarose

gels. 5 pL of the PCR products were run in a 3% (w/v) agarose gel. A single 398

bp band is expected, but a double band was observed in heterozygous DNA

samples, as observed during the genotyping of gata2a

um27

mutants (see section

4.2.2). Given that these double bands were only observed in PCRs whose template

DNA came from heterozygous gata2b“>°%® fish, the formation of heterodimers
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between copies of DNA amplified from wild type DNA and those copied from

mutant DNA seems to be a likely explanation.

The PCR products were then digested using the restriction enzyme Faul (R0O651S,
NEB). The Table 5.22 shows the components and concentrations for the digestion
of the PCR products with Faul enzyme:

Table 5.22 | Reaction mix for Faul digestion.

Reagent r\égg{gﬁ F;Lr] Final concentration
10x CutSmart buffer 2 1x
Faul enzyme 0.2 2 units
PCR product 10 variable
nuclease free water 7.8 -

The Faul digestion mix was incubated 2 hours at 55 °C and 20 minutes at 65 °C
for restriction enzyme inactivation. The DNA digestions were then analysed by
electrophoresis in agarose gels. 10 pL of the digested DNA were ran in a 3% (w/v)
agarose gel. The genotypes were read from the digestion pattern as explained in
the Table 5.23.

Table 5.23 | gata2b“5°®® genotypes and Faul digestion patterns.

Genotype Number of bands Band sizes [bp]
_ 289
Wild type (+/+) 2
112
395
Heterozygote
(+/u5008) € A
112
Homozygote
(U5008/u5008) . SR
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5.2.9 Genotyping of gata2b“VN mutant fish

A further gata2b mutant line generated by CRISPR/Cas9 technology was used in
some experiments: fish carrying the ENSDARGO00000009094.7:9.3096_3104del
mutation, called gata2b®“™ for brevity. The gata2b®°“N mutation is a 9 bp
deletion in exon 4 of gata2b gene that encodes an in-frame deletion of cysteine
265, valine 266, and asparagine 267, p.(Cys265_Asn267del) (see section 5.3.1 for
more details). In order to genotype fish carrying the gata2b®c"™ mutation, a
protocol based on amplification by PCR and restriction digestion was developed,
in a similar way to those develop to genotype gata2a"™’ (section 4.2.2) and
gata2b"***® (section 5.2.8) mutants.

Genomic DNA obtained either from gametes (section 2.11.4), embryos and larvae
(section 2.11.3), or fin clips from adult fish (see section 2.11.2) was used as
template for a PCR to amplify a 430 bp region of gata2b gene spanning from intron
3 to intron 4 by using the primers shown in Table 5.24:

Table 5.24 | Primers used for genotyping of gata2b®'°"N mutants.

Primer Sequence (5'to 3" Length %GC Tm
name
op42 ATGGCACTTGTAGAAATGACCGA 23 43,5 60.3

op43  AACTGATCATAACTGCTTGAACACAAT 27 33.3 60.0

The components and concentrations of the PCR mix for genotyping of gata2b?c'N
mutation are shown in the Table 5.25. The volumes shown are calculated for one
25 pL reaction and were scaled up for large numbers of samples. Details about
dNTPs, the DNA polymerase used, and its reaction buffer are available in section
2.7.
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Table 5.25 | Components of PCR for gata2b®!'“VN genotyping.

reagent r\églcliirgﬁ F:Lr] Final concentration

10x Standard Taq buffer 2.5 1x

10 mM dNTPs 0.5 200 uM

10 uM op42 0.5 0.2 uM

10 puM op43 0.5 0.2 uM
Standard Taq Polymerase 0.125 0.625 units
genomic DNA 2 variable
nuclease free water 18.875 -

The cycling conditions used for the PCR reaction to genotype gata2b?c'N
mutations are shown in Table 5.26. The samples to be genotyped were ran in

parallel with control tubes with wild type DNA and without DNA template.

Table 5.26 | Cycling conditions used in PCR for gata2b®!®YN genotyping.

phase temperature [°C] time [s]
initial denaturation 95 30
denaturation 95 15
34 cycles annealing 60 30
extension 68 30
final extension 68 5 minutes

The PCR products obtained were analysed by gel electrophoresis. For each
sample, 5 pL of the PCR product were run in a 3% (w/v) agarose gel. From wild
type genomic DNA, the amplification of a single 430 bp band is expected; while
from gata2b®™““N DNA, a 421 bp band is expected. As observed before, in the case

um27 mutants, a double band was observed in

of the genotyping of gata2a
heterozygous DNA samples. As discussed in the section 4.2.2, the comparison of
PCR results with those of restriction digestions showed that all fish exhibiting the

double bands were heterozygous gata2b™®®“VN mutants. Probably this is due to
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the formation of heterodimers between copies of DNA amplified from wild type
DNA and those copied from mutant gata2b®“Y™ DNA. The heterodimers exhibit a
different electrophoretic migration because of the mismatch between their two DNA

strands.

Then the PCR products obtained were digested with the restriction enzyme
Tsp5091 (RO576, NEB), that cuts once the wild type sequence. The components
and concentrations of the restriction digestion of the PCR products with the

Tsp5091 enzyme are shown in Table 5.27:

Table 5.27 | Reaction mix for Tsp509I digestion of PCR products.

reagent r\(;gl:liirgﬁ ﬁfl_r] conclt:elr?ta;!ation
10x NEB buffer 1 2 1x
Tsp509I1 enzyme 0.2 2 units
PCR product 10 variable
nuclease free water 7.8 -

The composition of the NEB buffer 1 used in the digestion with the Tsp509I

restriction enzyme is shown in Table 5.28:

Table 5.28 | 1x NEB buffer 1 composition.

Reagent conc';lr?;!ation
Bis-Tris-propane-HCI 10 mM
MgCl, 10 mM
1,4-dithiothreitol 1 mM

pH 7.0 (at 25 °C) -
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The digestions of PCR products with the Tsp509I restriction enzyme (see Table
5.27) were incubated for 2 hours at 65 °C. The digestion pattern of each sample
was then analysed by electrophoresis in 3% w/v agarose gels. The Table 5.29

shows the digestion patterns expected for each gata2b®'“'N genotype:

Table 5.29 | gata2b®!°VN genotypes and Tsp509I digestion patterns

Genotype Number of bands Ba“[?)ps]'zes

Wild type (+/+) 5 265

ild type (+/+
169
430

Heterozygote
(+/delCVN) 3 265
169

Homozygote
(delCVN/delCVN) 1 421
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5.3 Results

5.3.1 Generation of zebrafish gata2b mutant lines

CRISPR/Cas9 technology was used to generate stable gata2b mutant lines, and
detailed descriptions of the method can be found in section 3. The general strategy
consisted of the design and synthesis of sgRNAs targeting gata2b gene coding
sequences, the injection of the sgRNAs in combination with Cas9 mRNA, and the

screening of injected fish for gata2b mutations using NGS.

Four different sgRNAs were designed targeting exons 3 and 4 of the gata2b gene
using CHOPCHOP v2 web tool (Labun et al., 2016) (see section 5.2.2 for more
details about sgRNA design). sgRNAs were synthesized using a cloning-free
method, based on the annealing of a gene-specific oligonucleotide to a constant
oligonucleotide to make a ssDNA that is then filled-in in a T4 polymerase reaction
to generate a double-stranded sgDNA. The sgDNAs generated are then used as
a template for the synthesis of the final sgRNAs by in vitro transcription (Gagnon
et al., 2014) (see section 5.2.3 for more details on sgRNA synthesis).

Wild type embryos were injected at the 1-cell stage with a mix of sgRNA and
nCas9n mRNA, as described in section 5.2.5. The efficiency of each sgRNA was
assessed by NGS analysis of genomic DNA extracted at 48 hpf from groups of 50
embryos injected with each sgRNA. Figure 5.6 shows graphs of the coverage of
sequencing, and the percentage of identity of the reads mapped to wild type gata2b
gene, along gata2b gene sequence for each of the sgRNAs injected (see the
caption of Figure 5.6 for details). Graphs of percentage of identity of the reads to
the gata2b gene show a significant decrease near the binding sites of the sgRNAs
in the cases of sgRNAs gata2b_1 (Figure 5.6 a), gata2b_2 (Figure 5.6 b), and
gata2b_4 (Figure 5.6 d). These results suggest that the injection of the sgRNAs
gata2b_1, gata2b_2, and gata2b_4 induced high rates of indels in the embryos. In
contrast, the reads obtained from embryos injected with gata2b_3 sgRNA exhibit

high levels of identity to gata2b gene (Figure 5.6 c), suggesting low rates of indels.

Based on results shown in Figure 5.6, the embryos injected with the sgRNAs
gata2b_2 and gata2b_4 were chosen to be grown until adulthood. At this point it
was reasoned that embryos injected with sgRNA gata2b_2 were likely to carry

mutations encoding mutant versions of Gata2b protein lacking both zinc finger
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domains. And, on the other hand, it was hypothesized that the embryos injected
with sgRNA gata2b_4 would allow the isolation of mutant lines encoding in-frame
mutations in the N-zinc finger domain of Gata2b, which could be valuable as
models of GATA2 deficiency (Greif et al., 2012).
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Figure 5.6 | (in previous page) Analysis of the efficiency of gata2b sgRNAs.

Reads obtained by NGS were mapped to wild type gata2b genomic
sequence, and coverage of sequencing and percentage of identity of
the reads were graphed along gata2b. Both graphs are shown over a
diagram representing gata2b exons (dark grey) and introns (light
grey) together with the binding site of each sgRNA (red), and MiSeq
forward (dark green) and reverse (light green) primers for each
SgRNA gata2b 1 — 4 in (a-d), respectively. For each sgRNA, the graph
at the top shows the coverage of sequencing, in number of reads, as
a blue histogram over gata2b sequence. The graph below shows the
percentage of identity for the reads to gata2b sequence. Notice the
significant reduction in the percentage of identity of the reads to
gata2b sequence near the binding sites of sgRNAs 1, 2, and 4 (a, b,
and d). In contrast, the high percentage of identity in (c) shows low
rate of indels induced by sgRNA gata2b_3 injection. Identity
histograms are also colour coded: green, 100% identity; brown, over
30% to under 100% identity; and red, under 30% identity. The
numbering of the sequences in (a-d) is relative to the first base pair

of exon 1.

Given that FO fish are mosaics, once they reached adulthood, FO fish were
screened for the presence of gata2b mutations in their germ cells. Gamete cells
were extracted from each FO fish as described in section 5.2.7, and their genomic
DNA was analysed by NGS (see section 5.2.6). Only those adult FO fish that were
shown by NGS analysis to carry gata2b indels in more than the 20% of reads
obtained from their germ cells were selected to serve as parents of the F1
generation. Selected FO fish were then outcrossed to TL wild type fish, and F1 fish

were grown until adulthood.

Once F1 fish reached adulthood, genomic DNA from fin clips was extracted and
analysed by NGS, to identify the different gata2b mutations present in the F1

generation and to exclude those fish without gata2b mutations.

Analysis of NGS data with Geneious software allowed the identification of 52 adult

fish carrying 13 different heterozygous mutations in the gata2b gene. Table 5.30
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summarizes the genomic details of the mutations identified in the F1 generation.
To avoid ambiguities, mutations were named following published guidelines (den
Dunnen et al.,, 2016), by using as a reference gata2b Ensembl sequence
ENSDARGO00000009094.7. The genomic coordinates of each mutation are shown
relative to chromosome 6, from version GRCz10 of the zebrafish genome. The

sequences deleted or inserted are shown (5’ to 3’) together with their length in bp.

The gata2b mutations identified were predominantly deletions, and only one
insertion (g.2010_2011insATGTGTCCCC, Table 5.30) and one deletion-insertion
(9.3100_3101delinsGCTAC, Table 5.30) were identified. As shown previously
(Gagnon et al., 2014), mutant alleles generated using CRISPR/Cas9 technology

exhibited low diversity.
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The mutations identified in exons 3 and 4 of gata2b were analysed using Geneious
software to determine the protein sequences encoded by each mutant gata2b
allele in Table 5.30. The translation of the gata2b transcript
ENSDART00000144479.1 was used as a reference to describe each mutation at
the protein level, as previously described (den Dunnen et al., 2016). In Table 5.31,
the denomination of each mutation at the protein level is shown together with its

type, and the predicted length of the protein encoded by each mutant allele.

In terms of the mutant proteins encoded by the mutant alleles found, the diversity
of the mutations generated by CRISPR/Cas9 technology is even lower than at a
genomic level (see Table 5.31), as previously suggested (Gagnon et al., 2014).
Most of the mutant alleles induce a frameshift in the wild type Gata2b protein and
an early stop-codon, encoding truncated proteins. Only four mutant alleles encode
proteins with in-frame changes with comparable size to Gata2b. Notice that both
g.3097_3100del and g.3098_3101del gata2b mutations encode identical mutant
proteins: Gata2b:p.(Asn267ValfsTer294).

Page | 184



GgT | abed

YAy uorJasul-uonajep (BawynasAsulapgggsAD L9zusy)d OVL1O9OsulldpTOTE 00TED
26¢ Hlysawrely (e6z191s)sA1292usy)d |9P90TE 00TE D
€62 Jlysawrely (v62iaLsiensogusy)d I9PTOTE 860€°D
€62 Hlysawely (v6zi9Lsien,9zusy)d 19P00TE £60€D
262 Hlysawely (e6z491sIN19/92usy)d 19pE0TE £60€ED
Gev uons|ep awrely-ul (I9pL9gusy G9gsAo)d |9p0TE 960€°D
€82 Jiysawrely (r8z181sjna7159¢sA0)d I9P00TE €600
Gey uorJasul-uonalep (dsysullap.9zusy 79zn|9) d |9P660E T60E 0

¥ qzereb YNYOs yum paloslul ysiy wouy pare|osi Juelnjy

Z1e uiysswel) (eTzI91SIsAD1/TOId) d 222219191 VsSuITToZ 0T10Z b
/8T uiysswel) (sgTI91SISA1.T0Id) d |9p¥TOZ TT0Z 6
102 yiysawel) (80z481sungLT0Id) d 9P T0Z 0T0Z 6
102 yiysaurel) (8ozJial1srelve/Tiyl)d |I9p0T0Z 9002 6
Gev uonsjap awels-ul (]Ispg.104d TLTOId)d 9P TOZ 9002 6

Z qzereb YNYbOs yum paroalul ysiy woiy pare|osi Juelnjy

[ee] Lpbuay (eoualaal se (e0oualiayal se
adA) 1°6.v7¥T00000LHVYASNI pale[suel) L ¥606000000094VASNI)
uiso.d pajoipaid
uonelnw uialoid pspoous uonelnw

'0€°G 9|gel ul suoneInw gzeleb Jo [aAd] ularoid syl 1e saouanbasuod paldlpald | TE'G a1gel



The mutant allele ENSDARG00000009094.7:9.2011 2014del (see Table 5.30 for
details) was chosen as a model of Gata2b deficiency, given that it encodes the
most truncated Gata2b protein (187aa) (see Table 5.31). An additional advantage
is that the ENSDARGO00000009094.7:9.2011 2014del mutation deletes a
restriction site for the enzyme Faul, allowing us to genotype mutant fish and larvae
by PCR and posterior restriction digestion of the DNA products. The adult fish
carrying the ENSDARGO00000009094.7:9.2011 2014del mutation were
designated with the UCL allele name gata2b“>%%,

Additionally, the mutant allele ENSDARG00000009094.7:9.3096_3104del (see
Table 5.30) was also selected for further experiments, given that it encodes a
mutant Gata2b protein with an in-frame deletion of 3aa in the N-terminal zinc finger
domain. The 9 bp deletion in ENSDARG00000009094.7:9.3096_3104del mutants
deletes the sequence encoding 3 amino acids: cysteine 265 (C), valine 266 (V),

and asparagine 267 (N). These mutant fish are hereby called gata2b®/"N,

These three amino acids are part of the N-terminal zinc finger domain, and more
importantly, cysteine 265 (C) is predicted to be one of the four conserved cysteine
residues coordinating a zinc ion in the C4 zinc finger domain. Mutations in this
region are frequently found in patients of GATAZ2 deficiency (Spinner et al., 2014).
Additionally, mutations in the N-zinc finger domain of GATA2 protein are
interesting, as they have been linked with biallelic mutations in CEBPA gene (Greif
et al., 2012).

Given that homozygous gata2a“m?"um27

mutant embryos show lack of blood
circulation in the trunk and tail (Zhu et al., 2011) and additional morphological
abnormalities (as shown in Figure 4.17), all gata2b mutant embryos were screened

for these phenotypes. In contrast to homozygous gata2a‘™"m27

mutant embryos,
all gata2b mutant embryos analysed of all the mutant lines identified (see Table
5.30) showed normal blood circulation at 2 dpf and 4 dpf, and normal morphology
regardless of their genotype. However, it is important to mention that in the case
of the gata2b mutations: ¢.2006_2010del, ¢.2010_2011insATGTGTCCCC,
g.3091_3099del, g.3097_3103del, g.3100_3106del, and
0.3100_3101delinsGCTAC (see Table 5.30 and Table 5.31 for more details), there
were only male or female fish, and therefore, no homozygous mutant embryos

were obtained and only heterozygous mutant fish were analysed.
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5.3.2 Myeloid development in gata2b mutant fish

The development of myeloid cells was analysed in gata2b“*°® and gata2b®!“'N
mutant embryos and larvae using a combination of WISH, to detect the expression
of known myeloid markers, and a histochemical technique, Sudan Black, that

labels the primary granules of granulocytes (see section 2.3 for more details).

Primitive myeloid cells derived from the ALPM migrate over the yolk and
differentiate into macrophages (Herbomel et al., 1999) and granulocytes (Le
Guyader et al., 2008) that migrate to different tissues in the embryos. Myeloid cells
residing in the PBI of 22 hpf gata2b“*°®® mutant embryos were studied using WISH
for spilb and mpx genes. At this developmental stage, the expression of spilb is
decreasing, but still some labelled cells can be detected (Bennett et al., 2001;
Lieschke et al., 2002). Figure 5.7 a shows a quantification of the number of spilb*
cells in the PBI of gata2b*’® mutant embryos at 22 hpf stage. Although
heterozygous gata2b***°® mutant embryos seem to have more variability, no
statistically significant differences were found (Figure 5.7 a and Supplementary
Table 9.28). In Figure 5.7 b, the number of mpx* cells in the PBI of 22 hpf embryos
is shown. The quantifications show that there are no differences across genotypes
in the number of labelled cells, however, data suggest that both heterozygous
gata2b™"*%® and homozygous gata2bU*0%us0%® mytant embryos have more
variability in the number of mpx"* cells in the PBI than their wild type siblings (Figure
5.7 b and Supplementary Table 9.29.
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Figure 5.7 | Myeloid markers show normal numbers of primitive myeloid cells
in the PBI of 22 hpf gata2b“*°®® mutant embryos.

Primitive myeloid cells were labelled by spilb and mpx WISH in 22
hpf gata2b“>°*® mutant embryos, and quantifications were carried out.
Quantifications of spilb® (a) and mpx* (b) cells in the PBI of 22 hpf
gata2b“*°®® mutant embryos are shown. Statistical comparisons were
carried out by Kruskal-Wallis test, and the p-values are shown in each
graph. See Supplementary Table 9.28 and Supplementary Table

9.29 for more details about (a) and (b), respectively.

Over time, the number of neutrophils in the PBI/CHT increases linearly (Renshaw
et al., 2006) and mpx" neutrophils become detectable by Sudan Black staining
between 33 and 35hfp (Le Guyader et al., 2008). Granulocytes of 48 hpf
gata2b“*°*® mutant larvae were stained with Sudan Black and the number of Sudan
Black* cells in the CHT was quantified (Figure 5.8 a). No significant differences in
the number of granulocytes in the CHT of gata2b“*°®® mutant larvae were found at
this stage, suggesting that primitive granulocytes and those derived from EMPs

are not affected by gata2b“>°®® mutation.

At later stages, HSCs derived from the haemogenic endothelium in the ventral wall
of the DA (Bertrand et al., 2010; Kissa and Herbomel, 2010) seed the CHT and
give rise to a transient wave of definitive-derived granulocytes (Kissa et al., 2007,
Murayama et al., 2006). To assess definitive granulopoiesis in gata2b“>°°® mutant

larvae, 4 dpf larvae were stained with Sudan Black and quantifications of Sudan
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Black® cells in the CHT were carried out (Figure 5.8 b). Quantifications in Figure
5.8 b show a dose dependent decrease in the number of Sudan Black*
granulocytes in the CHT of gata2b“*°°®® mutant larvae at 4 dpf (see Supplementary
Table 9.31 for more details). These results show that Gata2b is required for
definitive granulopoiesis in the CHT. Interestingly, homozygous gata2p 50%/:5008
mutant larvae at 4 dpf exhibit a similar number of Sudan Black* cells in the CHT
(mean = SEM: 61.36 + 4.11) (Supplementary Table 9.31) to that found in the same
group (mean + SEM: 43.5 + 1.119) and in wild type embryos (mean + SEM: 51.33
+ 4.88) at 48 hpf (Supplementary Table 9.30), suggesting that granulopoiesis is
severely impaired in gata2h'5°%®"50%8 figh after the 48 hpf stage.

Additionally, a proportion of 4 dpf gata2b“*°®® mutant larvae stained with Sudan
Black exhibited granulocytes that were stained with very low amounts of Sudan
Black. The presence of significantly lower amounts of staining, regardless of the
number of Sudan Black-stained cells, was recorded and their frequency in each
group is shown in Figure 5.8 c. Quantification in Figure 5.8 ¢ suggests that larvae
with weaker Sudan Black staining are more frequent among heterozygous
gata2b*’">%® and homozygous gata2b“s°%®"5% mytant larvae than in the wild type
group. These results suggest that gata2b“*°°® mutations could affect the

accumulation of primary granules in the granulocytes in the CHT.

Page | 189



48hpf 4dpf

[ weak stainin
a b p <0.0001 c ! 9
| | @B normal staining
2 p=0546 p=0.0029 100-
E 100 ';E 200+ —
© 8o o 80+
° @ 1504 8
3 60- 3 g 60
e *¢ 100 ~
§ 40 [——] S o 404
m : -
§ 204 g 504 20
k-] °
= 3
@ ol @ ol o
x G & & x o &
N NS S S S
N W N N N >
x Q% x Q$ x\ %\
& & N
N ¥ NS

Figure 5.8 | Dose dependent decrease in the number of granulocytes in the
CHT of 4 dpf gata2b'*°%® mutant larvae.

Granulocytes were stained using Sudan Black in 48 hpf (a) and 4 dpf
(b and c) gata2b*>°® fish. In (a and b), quantifications of the number
of Sudan Black* cells in the CHT of 48 hpf (a) and 4 dpf (b) gata2b5°°®
fish. In addition to a decreased number of Sudan Black® granulocytes,
some 4 dpf gata2b*>°°® mutant larvae display a significantly weaker
Sudan Black staining. In (c), the observed frequency of this
phenotype is shown for each genotype. Statistical comparisons in (a
and b) were carried out by using Kruskal-Wallis test followed by
Dunn’s multiple comparisons test when appropriate. See
Supplementary Table 9.30, Supplementary Table 9.31, and
Supplementary Figure 9.2, for more details about (a), (b), and (c),

respectively.

Granulopoiesis was also studied in the gata2b® N mutant line. As done previously
with gata2b“>°® mutant fish (Figure 5.8), granulocytes in gata2b® N mutant larvae
were stained using Sudan Black at 48 hpf and 4 dpf stages, and quantifications
were carried out. Figure 5.9 a shows the number of Sudan Black® cells in the CHT
of 48 hpf gata2b®™““N mutant larvae. Statistical comparison shows that there are
no significant differences among the groups, suggesting that gata2b°'N mutation
does not affect granulopoiesis at this stage. Interestingly, larvae with significantly

lower degree of staining were found among 48 hpf gata2b® N mutant larvae,
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similar to what was found in 4 dpf gata2b“*°°® mutants. Figure 5.9 b shows the
frequency of larvae with normal levels of staining (dark grey bars), regardless of
the number of labelled cells, and that of larvae with weaker staining (light grey
bars). Results show that the frequency of larvae with lower degree of Sudan Black
staining is higher among heterozygous gata2b*®“YN and homozygous

bdeICVN/deICVN

gata2 mutant larvae than in wild type larvae, suggesting that

gata2b®“VN mutation affects granulopoiesis at 48 hpf stage.

Definitive granulopoiesis was studied then in gata2b®<"N l|arvae by staining
granulocytes with Sudan Black at 4 dpf stage. The number of Sudan Black™ cells
in the CHT of each larva was quantified and the results are shown in Figure 5.9 c.
The numbers of labelled granulocytes in heterozygous gata2b*®“YN and
homozygous gata2b®!CVNeeICYN mytant larvae show no significant difference from
that of their wild type siblings (Figure 5.9 c), in contrast to the dose dependent
decrease observed in gata2b“>°°® mutants (Figure 5.8 b). These results suggest
that gata2b®“YN mutation does not affect definitive granulopoiesis.
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Figure 5.9 | Decreased accumulation of Sudan Black in the granulocytes of
gata2b®'VN mutants.

Granulocytes were stained using Sudan Black in 48 hpf (a and b) and
4 dpf (c) gata2b®™'°¥N fish. In (a and c), quantifications of the number
of Sudan Black® cells in the CHT of 48 hpf (a) and 4 dpf (c)
gata2b®°"N fish. Despite having normal numbers of Sudan Black*
granulocytes, some 48 hpf gata2b®C“N mutant larvae display a
significantly weaker Sudan Black staining. In (b), the observed
frequency of this phenotype is shown for each genotype. Statistical
comparisons in (a and c) were carried out by using Kruskal-Wallis,
and the p-values are shown in each graph. See Supplementary Table
9.32 and Supplementary Table 9.33 for more details.

5.3.3 Development of myeloid cells in gata2a“m?’; gata2b“>%°® double

mutants

Results in section 4.3 and section 5.3.2 suggest that both Gata2a and Gata2b play
roles in definitive haematopoiesis. Additionally, it is possible that the similarity
between the protein sequences of Gata2a and Gata2b (Butko et al., 2015) allows
certain degree of functional redundancy between them. Therefore, to model human
GATA?2 deficiency in zebrafish, both gata2a"™’ and gata2b“>°°® mutations were

+/um27.
1

studied together in heterozygosity. Double heterozygous fish (gata2a
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gata2b*“>%%8) were obtained by crossing gata2a*“™?” adult fish to gata2b*"*>°°® fish,
or by outcrossing adult double heterozygous gata2a™™’; gata2b*“*°® fish to

transgenic zebrafish.

Myeloid cell development was studied in double gata2a“™?’; gata2b“>°°® mutant fish
by using the transgenic reporter line Tg(spilb:EGFP), that drives the expression
of EGFP to myeloid cells at early developmental stages (Hsu et al., 2004). The
number of spilb:EGFP* cells in the CHT of double mutant gata2a“"™’; gata2l">°°®
fish was quantified at 30 hpf (Figure 5.10 a) and 48 hpf (Figure 5.10 b). At 30 hpf
stage (Figure 5.10 a), statistical analysis shows that mutation in gata2a is a
significant source of variation (p-value = 0.038), however, no statistically significant
differences were found in pairwise comparisons (Supplementary Table 9.34). By
48 hpf (Figure 5.10 b), quantification of spilb:EGFP* cells in the CHT shows that,
as found for 30 hpf fish, mutation in gata2a gene is a significant source of variation
(p-value = 0.003). Pairwise comparisons show that gata2a*“™?’"; gata2b** have
significantly lower numbers of spilb:EGFP* cells in the CHT than wild type
gata2a**; gata2b** fish at 48 hpf (Figure 5.10 b, and Supplementary Table 9.35).
These results suggest that at this stage Gata2a plays a role in myeloid cell
development in the CHT, and that heterozygosity for the gata2b gene has no
detectable impact on spilb:EGFP™ cells in the CHT.
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Figure 5.10 | Decreased numbers of spilb:EGFP* cells in the CHT of
heterozygous gata2a“™?’ embryos.

Double heterozygous mutant adult fish gata2a”"™?’; gata2b*0%
were crossed to homozygous transgenic spilb:EGFP** adult fish and
transgenic double mutant embryos were obtained. In (a and b),
guantifications of the number of spilb:EGFP* cells in the CHT of
embryos at 30 hpf (a) and 48 hpf (b). In both (a and b), statistical
comparisons were carried out by two-way ANOVA and p-values for
each variable are shown at the top in each graph. Bonferroni’s
multiple comparisons tests to assess the effect of mutations in gata2a
gene, and p-values for each comparison are shown in each graph.
See Supplementary Table 9.34 and Supplementary Table 9.35 for
more details about (a) and (b), respectively.

The previous results (Figure 5.10) suggest that Gata2a plays a role in the
development of myeloid cells present in the CHT. Closer examination shows that
while by 30hpf data are not conclusive, at 48 hpf there is good evidence supporting

the requirement for Gata2a, suggesting a possible role for Gata2a in myeloid cell
development at later stages.
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However, in Tg(spilb:EGFP) fish the expression of EGFP decreases over time and
labelled myeloid cells become difficult to distinguish due to the expression of EGFP
in somatic muscle cells (Hsu et al., 2004). Therefore, to study the development of
myeloid cells beyond 48 hpf, the transgenic reporter zebrafish line Tg(lyz:nfsB-
mCherry) was used. In transgenic Tg(lyz:nfsB-mCherry) fish, the promoter of the
lyz gene, that drives the expression in myeloid cells (Hall et al., 2007), controls the

expression of nfsB and mCherry genes (see section 2.1.1 for more details).

The development of myeloid cells from 48 hpf to 4 dpf was studied using double
mutant gata2a'™’; gata2b“>°°® larvae carrying the transgenic reporter Tg(lyz:nfsB-
mCherry). The number of lyz:nfsB-mCherry* cells in the CHT was quantified in
gata2a'™?’: gata2b“°°% at 48 hpf, 3 dpf and 4 dpf (Figure 5.11).

Quantifications carried out in 48 hpf larvae show no statistically significant
differences among genotypes (Figure 5.11 a, and Supplementary Table 9.36),
suggesting that heterozygosity for gata2a, gata2b or both genes does not affect
lyz:nfsB-mCherry* myeloid cells at this stage. Given that these results seem
contradictory with the findings in Figure 5.10 b, it is interesting to notice that the
numbers of spilb:EGFP* cells found in the CHT at 48 hpf (Figure 5.10 b, and
Supplementary Table 9.35) are higher than those observed for lyz:nfsB-mCherry*
cells at the same stage (Figure 5.11 a and Supplementary Table 9.36). This
difference suggests that the lyz:nfsB-mCherry* cells residing in the CHT at 48 hpf
are a subgroup of spilb:EGFP* cells in the same tissue, possibly neutrophils
(Meijer et al., 2008). Similarly, the quantifications of lyz:nfsB-mCherry* cells in the
CHT of 3 dpf larvae show no significant differences (Figure 5.11 b, and
Supplementary Table 9.37), suggesting that heterozygosity for gata2a or gata2b
genes, or both, does not affect the numbers of lyz:nfsB-mCherry* cells in the CHT
at this stage.

In contrast, quantifications carried out in 4 dpf larvae (Figure 5.11 ¢, and
Supplementary Table 9.38) suggest that mutation in gata2b could be a relevant
source of variation (p-value = 0.259), and pairwise post-hoc comparisons show

+/+.

that gata2a**; gata2b*v50%®

exhibit significantly lower numbers of lyz:nfsB-
mCherry* cells in the CHT than those observed in wild type gata2a**; gata2b**
larvae (p-value = 0.031). These results suggest that by 4 dpf, Gata2b has a role in
the development of lyz:nfsB-mCherry* cells found in the CHT, in agreement with

the results shown in Figure 5.8.
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Figure 5.11 | Numbers of lyz:nfsB-mCherry* cells in the CHT of gata2a"™?’,;
gata2b'>%% fish at 48 hpf, 3 dpf, and 4 dpf.

Hemizygous transgenic double mutant larvae (Tg(lyz:nfsB-
mCherry)*"; gata2a'™?’; gata2b“*°%®) were obtained by outcross of
homozygous transgenic Tg(lyz:nfsB-mCherry) adults to double
heterozygous gata2a*™*"; gata2b*“*°® adults. The number of
lyz:nfsB-mCherry+ cells in the CHT was quantified at 48 hpf (a), 3 dpf
(b), and 4 dpf (c). Statistical comparisons in (a-c) were carried out
using two-way ANOVA and the p-values for each source of variation
are shown at the top of each graph. In the case of (a and c), post-
hoc pairwise comparisons were done using Bonferroni’'s multiple
comparisons test, and the p-values are shown. See Supplementary
Table 9.36, Supplementary Table 9.37 and Supplementary Table

9.38 for more details about (a), (b), and (c), respectively.

Taken together, the results shown in Figure 5.8 and Figure 5.11 support a role for
Gata2b in the development of neutrophils in the CHT. Further experiments using
Sudan Black were carried out to study the effects of gata2a and gata2b deficiency
on the development of granulocytes. Sudan Black staining was used to label the
granulocytes in double gata2a"™*’; gata2b"*°*® mutant larvae at 48 hpf (Figure 5.12
a) and 4 dpf (Figure 5.12 b).
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Quantifications of the number of Sudan Black® cells in the CHT of double
gata2a'™’; gata2b“*°°® mutant larvae at 48 hpf, are shown in Figure 5.12 a.

um27

Analysis of variance shows strong evidence supporting gata2a mutation as a

source of variation (p < 0.0001). In keeping with the results observed in Figure 4.14

g, homozygous gatazaum27/um27

mutant embryos exhibited a significant decrease in
the number of Sudan Black* cells in the CHT. Equivalent decreases in
gata2a"™*"'™2” homozygotes were found with independence of their genotype for
gata2b, suggesting that Gata2b is not able to compensate for the absence of
Gata2a activity. Heterozygous gata2a” ™’ mutant embryos showed normal
numbers of labelled granulocytes, showing that one wild type copy of Gata2a is
sufficient to keep normal numbers of granulocytes at this developmental stage (see

also Supplementary Table 9.39 and Supplementary Table 9.40).

In contrast, 48 hpf embryos carrying homozygous gata2b5°8*0% mytation display
normal numbers of stained granulocytes in the CHT, regardless of their genotype
for gata2a. At this stage, heterozygosity for gata2a, gata2b, or both, had no
detectable impact on the observed number of Sudan Black* cells in the CHT,
showing that there are no synergistic effects (Supplementary Table 9.40) that could
suggest the presence of overlapping roles for Gata2a and Gata2b in primitive

granulopoiesis.

In contrast, the quantification of cells labelled with Sudan Black in the CHT of 4 dpf
double gata2a“™’; gata2b“*°® mutant larvae, in Figure 5.12 b, shows that the
presence of gata2b“>°%® mutations is a significant source of variation (p < 0.0001),

while gata2a“™?’

mutation is not a relevant factor (p = 0.656). Importantly, post-hoc
pairwise comparisons show that both gata2a™*; gata2b*'*°®® and gata2a™'™*";
gata2b*’">® have a significantly decreased number of Sudan Black* cells in the
CHT compared to that of both wild type gata2a™; gata2b™* and gata2a*™™?’;
gata2b™* (see Supplementary Table 9.41 for detailed statistics). In other words,
heterozygous gata2b'5°®® |arvae display significantly lower numbers of labelled
granulocytes in the CHT when compared to wild type gata2b** larvae, regardless
of their genotype for gata?a. These results suggest that Gata2b could be required
for definitive granulopoiesis in the CHT, in agreement with the results shown in
Figure 5.8 b. Alternatively, this could be a result of decreased numbers of HSPCs,
as observed in gata2b morphants (Butko et al., 2015). Additionally, results in

Figure 5.12 b show that heterozygous mutation in the gata2a gene do not affect
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the numbers of granulocytes in the CHT at this stage. Furthermore, heterozygous
gata2a*™?’ mutation does not cooperate nor rescue the phenotype observed in
heterozygous gata2b*“*°® |arvae, suggesting that Gata2b’s function in definitive

granulopoiesis is not shared with Gata2a.

gata2a p < 0.0001
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Figure 5.12 | Differential requirement for Gata2a and Gata2b in primitive and

definitive granulopoiesis.
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In (a), double heterozygous mutant adult fish gata2a™m?’;
gata2b*“5%% were incrossed and embryos of all genotypes were
obtained. In (b), double mutant larvae gata2a'™’; gata2b"*°*® were
obtained by outcrossing gata2a*™’ and gata2b*“*°®® heterozygous
adult fish. Granulocytes were stained using Sudan Black in 48 hpf (a)
and 4 dpf (b). In (a and b), quantifications of the number of Sudan
Black® cells in the CHT of 48 hpf (a) and 4 dpf (b) larvae are shown.
Statistical comparisons in (a and b) were carried out by using two-
way ANOVA, followed by Tukey’s multiple comparisons test. In (a
and b), the p-values of the effects of gata2a and gata2b calculated
by two-way ANOVA are shown. In (b), **, all the p-values of the post-
hoc tests of the comparisons between gata2b** and gata2b*v50%
embryos, regardless of the gata2a genotype, fall in the interval 0.01
> p > 0.001. See Supplementary Table 9.39 and Supplementary
Table 9.40 for more details about (a), and Supplementary Table 9.41

for details about (b).

As previously found in larvae carrying the gata2b“>°® mutation (Figure 5.8 c) and
the gata2b?°'N mutation (Figure 5.9 b), Sudan Black stainings carried out in
double gata2a"™’; gata2b“>°®® mutant larvae at 4 dpf showed a proportion of fish
with decreased levels of Sudan Black staining in their cells. The phenotype of
decreased levels of Sudan Black staining was recorded in each larva analysed,
and the percentage of larvae with this phenotype in each genotype is shown in
Figure 5.13. In the graph of Figure 5.13, the percentage of larvae with normal levels
of staining (dark grey bars) is over 90% for both wild type gata2a**; gata2b™*
larvae (92.3%), and heterozygous gata2a”'™’; gata2b™* larvae (91.6%). In

bu5008

contrast, in larvae carrying the gata2 mutation, the percentages of larvae with

normal levels of stainings decrease to 54.5% in heterozygous gata2a™*;
gata2b**>%8 |arvae, and to 70.0% in the case of double heterozygous gata2a*'™m?’;
gata2b™*>%® |arvae. Given that Sudan Black staining labels granulocytes by
accumulation in the primary granules of granulocytes (Sheehan and Storey, 1946),
mainly neutrophils (Le Guyader et al., 2008), it could be hypothesized from these

results that those granulocytes displaying low levels of Sudan Black staining
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contain abnormally low levels of primary granules, which suggests that gata2b>°%®

mutation affects the differentiation of definitive granulocytes.

[ weak staining

gata2a*’*; gata2b*’* - e
B normal staining

gata2a*’ ™27 gata2b

+/+ o

S e

gata2a*’*; gata2b*159%8 -

+/um27.

gata2a " gata2b* /15008 -

i

20 40 60 80 100

% of larvae

O -

Figure 5.13 | gata2b*v5%%8 heterozygous larvae show increased frequency of
weakly stained granulocytes.

Double heterozygous mutant adult fish gata2a"™’; gata2b“*°°® were
obtained by outcrossing gata2a™'™*’ and gata2b*“5°® heterozygous
adult fish, and the larvae were stained with Sudan Black by 4 dpf to
label the granulocytes. The graph shows the percentage of larvae
exhibiting normal levels of Sudan Black staining (dark grey bars),
regardless of the number of labelled cells, and the percentage of
larvae with significantly lower levels of Sudan Black staining (light

grey bars), for each genotype of gata2a and gata2b genes.

5.3.4 Emergence of HPSCs in gata2a'™?’; gata2b'°°% double mutant

embryos

Haematopoiesis during adulthood is sustained by a population HSCs, that
generate all blood lineages (Traver et al., 2003). In mammals, HSCs reside in the
bone marrow, while in teleost fish HSCs reside in the kidney marrow (Ma et al.,
2011). However, despite these anatomical differences, in both mammals and fish

HSCs are generated during embryonic development from the haemogenic
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endothelium in the DA through a process known as EHT (Bertrand et al., 2010;
Kissa and Herbomel, 2010).

Previous work in our group by Christopher Mahony and Dr Elspeth Payne® shows
that both gata2a“™’ and gata2b"*°*® mutations induce a decrease in the number of
cmyb® cells in the AGM region of 36 hpf embryos. Probably, these cmyb™ cells are
mostly newly generated haematopoietic progenitors, although the presence of
cmyb® erythroid cells cannot be discarded. Figure 5.14 shows images of 36 hpf
gata2a'™*’; gata2b“>°*® double mutant embryos after cmyb WISH. The number of
cmyb® cells in the AGM of these embryos was quantified and the results are shown
in Figure 5.14 f. The quantifications show that heterozygosity for gata2a or gata2b
genes, or both, induces a statistically significant decrease in the number of cmyb*
cells, compared to that of their wild type siblings. These results suggest a role for
both gata2a and gata2b in EHT, in agreement with observations made in
heterozygous gata2a*“™’ mutant fish, shown in Figure 4.18, and previous reports
using gata2b morphants (Butko et al., 2015).

8 Data presented in Figure 5.14 were generated by Christopher Mahony and Dr Elspeth
Payne at the UCL Cancer Institute, and are reproduced here with permission of the authors.
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Figure 5.14 | Number of cmyb* cells in the AGM region of 36 hpf gata2a"™?7,;

gata2b“5%® double mutant embryos.

The expression of cmyb was analysed by WISH in 36 hpf double
mutant gata2a"™’; gata2b“*°® embryos obtained by incrossing
double heterozygous gata2a*™™?’; gata2b™'s°® adult fish. In (a-d),
images of the trunk of 36 hpf mutant embryos are shown. Notice in
(a-d) the cmyb* cells along the DA (white arrowheads). Quantification
of the number of cmyb* cells in the AGM of 36 hpf double mutant

gata2a'™*’; gata2b“**®® embryos is shown.

The development of HSCs in double gata2a“™?’; gata2b“*°°® mutant larvae was
studied at later developmental stages by using the transgenic reporter
Tg(itga2b:GFP). Larvae were obtained by mating crosses of double heterozygous
gata2a*’"™?7; gata2b*’'5°%® adult fish with homozygous Tg(itga2b:GFP)*"* transgenic
fish, so all larvae used in the experiment were hemizygous Tg(itga2b:GFP)*"
transgenics. Figure 5.15 shows the quantifications of the number of itga2b:GFP'*¥

cells in the CHT of double gata2a"™’; gata2b“>°%®

mutant larvae at 60 hpf (Figure
5.15 a) and 4 dpf (Figure 5.15 b). Statistical comparisons show that there are no
significant differences among genotypes at either developmental stages (Figure
5.15, Supplementary Table 9.42 and Supplementary Table 9.43). The normal

numbers of itga2b:GFP"°" cells observed in the CHT of gata2a'™*’; gata2b">°*®
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double mutant larvae suggest that heterozygosity for Gata2a or Gata2b or both

does not affect HSCs after their emergence from the haemogenic endothelium of
the DA.
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Figure 5.15 | Numbers of itga2b:GFP"" cells in the CHT of gata2a'™?’,
gata2b“s°® mutants.

Double heterozygous mutant adult fish gata2a™™?’; gata2b*'5°%
were crossed to homozygous transgenic Tg(itga2b:GFP)** adult fish
and transgenic double mutant embryos were obtained. In (a and b),
quantifications of the number of itga2b:GFP"" cells in the CHT of 60
hpf (a) and 4 dpf (b) fish are shown. Statistical comparisons in (a and
b) were carried out by using two-way ANOVA, and the p-values for
the effect of each factor are shown in each graph. See

Supplementary Table 9.42 and Supplementary Table 9.43 for more
details about (a) and (b), respectively.
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5.4 Discussion

The Table 5.32 summarizes some of the main phenotypes of gata2b“>°*® mutant

fish that are shown in the section 5.3.

Table 5.32 | Summary of haematopoietic phenotype of gata2bU*°%® mutants.

Lineage Phenotype observed

Dose dependent decrease of cmyb+ cells in the DA at 36 hpf.

HSCs
Normal Tg(itga2b:GFP)+ cells in heterozygotes at 60 hpf and 4 dpf.
Normal spilb+ and mpx+ cells in the PBI at 22 hpf.
Normal Sudan Black+ cells in the CHT at 48 hpf.
AR Dose dependent decrease of Sudan Black+ cells in the CHT at 4 dpf.
eloi
Zells Normal Tg(lyz:nfsB-mCherry)+ cells in the CHT of heterozygotes at 48 hpf

and 3 dpf.

Decreased Tg(lyz:nfsB-mCherry)+ cells in the CHT of heterozygotes at 4 dpf.

5.4.1 Gata2b is dispensable for primitive granulopoiesis

Results shown in the section 4.3.3 provide evidence to support a role for Gata2a
in primitive myeloid cell development, as discussed in section 4.4.2. Additionally,
analysis by WISH of myeloid markers in gata2a“™*’ mutant suggests that Gata2a
activity is necessary for the development of caudal-derived myeloid cells other than
mast cells (discussed in section 4.4.3), which have been shown to arise from EMPs
in a Gata2a-dependent manner (Da’as et al., 2012; Dobson et al., 2008). In

um27 mutant fish, the results obtained

contrast with the findings made using gata2a
in experiments using gata2b“*°® and gata2b®“YN mutant embryos suggest that

primitive myelopoiesis is not affected by gata2b deficiency.

The development of primitive macrophages derived from the RBI was not studied
for gata2b mutants. However, analysis of the expression of spilb and mpx genes
in 22 hpf embryos (Figure 5.7) suggests that caudal primitive myeloid cells derived
from the ICM are not affected in gata2b mutants. Similarly, quantifications of
spilb:EGFP* cells in the CHT of transgenic embryos at 30 hpf and 48 hpf show
that the numbers of myeloid cells are normal in heterozygous gata2b*“>°°® embryos

(Figure 5.10). It has been shown that at this developmental stage, EMPs
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expressing gatala and Imo2 arise in the PBI of zebrafish embryos and generate a
transient wave of haematopoiesis (Bertrand et al., 2007). Therefore, those myeloid
cells found at 48 hpf in the CHT are probably a mixture of primitive cells and cells
derived from EMPs, with a contribution of myeloid cells derived from the first HSCs
that colonize the CHT.

Experiments carried out in 48 hpf embryos show that gata2b“*°® mutants exhibit
normal numbers of granulocytes in the CHT, quantified as Sudan Black® cells
(Figure 5.8 a), suggesting that primitive granulopoiesis does not require Gata2b
activity. It could be hypothesized that the reason why Gata2b is not required for
granulopoiesis at this developmental stage is simply that it is not expressed at
sufficient levels in the relevant cell lineages (Butko et al., 2015). However,
observations carried out in gata2b®°'N show that Gata2b is expressed in those
cell types involved in granulopoiesis at 48 hpf. The gata2b®“YN mutant embryos
carry a 9 bp deletion that causes the in-frame deletion of 3aa in the N-terminal zinc
finger of Gata2b protein, whereas the gata2b"*°® allele encodes a truncated
protein prior to the zinc finger domains (see section 5.3.1 for details). At 48 hpf,
gata2b®°YN mutant embryos exhibit a phenotype of normal number of Sudan
Black™ cells in the CHT, however, this is observed together with the presence of
embryos whose granulocytes have weaker Sudan Black staining (Figure 5.9 a and
b, respectively). This phenotype could be considered a neomorphic phenotype and
it is important because it suggests that mutant Gata2b protein encoded by
gata2b®°YN mutant allele is active during granulopoiesis at 48 hpf. It has been
shown that granules in neutrophils are produced sequentially during the maturation
of neutrophils. Primary granules, which are labelled by Sudan Black (Sheehan and
Storey, 1946), are the first type of granule to be formed during neutrophil’s
maturation process, and they are followed by secondary or specific and tertiary or
gelatinase granules (Borregaard et al., 1995; Borregaard and Cowland, 1997). This
process results in neutrophils that contain different types of granules with a wide
range of cargoes according to their maturation stage (Theilgaard-Monch et al.,
2005). Therefore, it could be hypothesized that mutant alleles of Gata2b with

aberrant function are able to disrupt differentiation of granulocytes at this stage.
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5.4.2 Gata2b is required for definitive granulopoiesis

The development of definitive granulocytes produced in the CHT was studied using
the transgenic reporter Tg(lyz:nfsB-mCherry) and the Sudan Black staining in
larvae carrying mutations in gata2b gene and also gata2a. Quantifications of the
number of Sudan Black* cells in the CHT of 4 dpf gata2a“*°°® mutant larvae (Figure
5.8 b) show a dose dependent effect of gata2b"*°® mutant allele in definitive
granulopoiesis. These data strongly suggest that two copies of wild type gata2b
gene are required for the development of normal numbers of granulocytes at this
stage. Importantly, the decreased number of Sudan Black® cells in the CHT of
heterozygous gata2b*“*°®® |arvae mimics the neutropenia reported in patients
carrying GATA2 mutations (Spinner et al., 2014, Vinh et al., 2010). Similarly, an in
vitro study reported that GATA2” human embryonic stem cells are not able to
generate granulocytes (Huang et al.,, 2015). In contrast, studies in mice offer
conflicting evidence about the impact of Gata2 in granulopoiesis. Heterozygous
Gata2"" mice exhibit normal numbers of neutrophils, basophils, and eosinophils in
the blood, together with many other haematopoietic lineages (Rodrigues et al.,
2005), suggesting that Gata2 haploinsufficiency has no effect on granulopoiesis.
On the other hand, it has been reported that bone marrow cells from heterozygous
Gata2”" mice have a reduced granulocyte-macrophage potential in vitro
(Rodrigues et al., 2008).

Consistent with quantifications of cells labelled with Sudan Black (Figure 5.8 b),
the results from quantifications of cells expressing lyz:nfsB-mCherry show a
decreased number of neutrophils in the CHT of 4 dpf heterozygous gata2b*“50%®
mutant larvae (Figure 5.11 c¢). Quantifications carried out at earlier stages, 48 hpf
and 3 dpf, show no statistically significant differences (Figure 5.11 a and b,
respectively), suggesting that Gata2b haploinsufficiency affects the numbers of
neutrophils derived from HSCs, but not those derived from the primitive wave of

haematopoiesis and the EMPs.

Given that both Sudan Black staining and the transgenic reporter Tg(lyz:nfsB-
mCherry) label neutrophils in their earlier stages of differentiation, it could be
hypothesized that Gata2b deficiency affects an even earlier progenitor. Sudan
Black is accumulated in the primary granules of neutrophils (Sheehan and Storey,

1946), which can be found already in the myeloblast stage (Amulic et al., 2012).
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Similarly, the lysozyme C promoter in the transgenic reporter Tg(lyz:nfsB-mCherry)
labels neutrophils (Hall et al., 2007). Neutrophils express lysozyme, as well as
elastase and myeloperoxidase, from the myeloblast stage (Amulic et al., 2012).
Therefore, the reduced number of granulocytes observed by both techniques
(Figure 5.8 b, and Figure 5.11 c) show that granulopoiesis is affected at an early

stage in gata2"°°%®

mutants, and suggests the possibility that a defect in an earlier
progenitor, even HSCs (Butko et al., 2015), could be the cause of the observed
phenotypes. The role of Gata2b in HSC’s emergence is discussed further in

section 5.4.4.

It is interesting to point out that the use of Sudan Black to stain granulocytes
uncovered the presence of two different phenotypes in gata2b mutant larvae:
differences in number of labelled cells, and differences in the degree of staining of
cells. It could be hypothesized that low accumulation of Sudan Black can lead to
lower numbers of Sudan Black™ cells quantified. However, low numbers of Sudan
Black™ cells without decreased levels of staining have been reported abundantly in
different contexts, such as haematopoiesis and inflammation (Murayama et al.,
2015; Paredes-Zufiiga et al., 2017). Conversely, analysis of 48 hpf gata2b?cN
mutant embryos shows that decreased accumulation of Sudan Black in the cells
(Figure 5.9 b) can be found concomitantly with normal numbers of Sudan Black”
cells (Figure 5.9 a). These results suggest that the decreased accumulation of
Sudan Black in each individual cell and the decreased number of neutrophils found
in gata2b“>°® mutants are independent to some extent. A similar phenotype has
been reported before in the zebrafish myeloperoxidase mutant, durif, that has
normal numbers of neutrophils, as shown by the expression of diverse markers,
but whose neutrophils do not accumulate Sudan Black (Pase et al., 2012). The fact
that Gata2b deficiency elicits a similar phenotype to that observed in the mutants
lacking a basic component of primary granules, suggests that Gata2b has a role in
the differentiation of granulocytes in addition to its role in early progenitors,

discussed before.

The observed defects in accumulation of Sudan Black in the primary granules of
the granulocytes of 4 dpf gata2b"*°°® mutant larvae suggest that Gata2b deficiency
affects the differentiation of granulocytes. Spinner and colleagues reported severe
bacterial infections in 49% of GATAZ2 deficiency patients in addition to a high

incidence of infections by nontuberculous mycobacteria (Spinner et al., 2014).
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Similarly, it is interesting to mention that frequent infections have also been
reported in patients with deficiency of MPO (myeloperoxidase, EC 1.11.1.7) (Cech
etal., 1979; Kitahara et al., 1981; Nauseef, 1989) and ELANE (elastase, neutrophil
expressed, EC 3.4.21.37) (Dale et al., 2000; Skokowa et al., 2007). Both MPO and
ELANE are proteins found in the primary granules of neutrophils at early stages of
maturation (Amulic et al., 2012), which makes these observations in patients very
similar to the phenotype found in gata2b mutant fish. Neutrophils of patients with
MPO and ELANE deficiency have a decreased bactericidal capacity (Kitahara et
al., 1981; Skokowa et al., 2007), suggesting that it is possible that a similar
phenotype could be found in the definitive neutrophils of gata2b"*°°® mutant larvae.

The roles of Gata2a and Gata2b in granulopoiesis through development are

compared and discussed in section 5.4.3.

5.4.3 Successive requirement of Gata2a and Gata2b during myeloid

cell development

In previous sections, the roles of Gata2a (sections 4.4.2 and 4.4.3) and Gata2b
(sections 5.4.1 and 5.4.2) in myeloid cell development have been discussed
separately. In this section, Gata2a and Gata2b are compared based on their

different participation in both primitive and definitive myelopoiesis.

In mammals, GATAZ2 regulates granulopoiesis by repressing SPI1 (Chou et al.,
2009), which in turn has a critical role in granulocytes’ development (Koschmieder
et al.,, 2005). Similarly, both Gata2a and Gata2b are required for zebrafish
granulopoiesis, as shown in sections 4.3.3, 5.3.2, and 5.3.3. However, it is
important to highlight that the requirement for Gata2a and Gata2b during
embryonic and larval development differ. Gata2a is required for primitive
granulopoiesis, while it seems to be dispensable for definitive granulopoiesis.
Conversely, data available for Gata2b strongly suggests that Gata2b is
dispensable during primitive granulopoiesis, and necessary for definitive
granulopoiesis. This difference suggests the possibility that while Gata2a and
Gata2b proteins carry out similar functions in granulocytes’ progenitors, but the
divergence of gata2a and gata2b expression patterns has temporally segregated

them.
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Current data suggests that Gata2a is required in myeloid cell development, during
the primitive wave of haematopoiesis and also in the development of myeloid cells
from EMPs (Bertrand et al., 2007). Results shown in section 4.3.3, using

gata2a"™*’

mutant embryos, suggest that Gata2a is necessary for the development
of primitive macrophages, as discussed in section 4.4.2. In contrast, experiments
carried out using gata2b morphants (Butko et al., 2015), suggest that the
development of primitive macrophages does not require Gata2b. However, it
should be noticed that Butko and colleagues do not report quantifications of
primitive macrophages (Butko et al., 2015), so the possibility of a subtle phenotype

elicited by gata2b morpholino cannot be ruled out.

Myeloid cell development in caudal tissues is also affected in gata2a"™’ mutant
embryos (see section 4.3.3). As discussed in section 4.4.3, Gata2a has previously
been shown to be necessary for the development of mast cells (Dobson et al.,
2008) from the EMPs in the PBI and CHT (Da’as et al., 2012). Additionally, other
types of granulocytes are affected by Gata2a deficiency in gata2a"™’ mutant
embryos. By 22 hpf, gata2a'™’ mutant embryos exhibit a dose-dependent
decrease in the number of cebpa® cells in the PBI, as shown in Figure 4.9.

The requirement of Gata2a and Gata2b for the development of neutrophils in
zebrafish is particularly interesting, as the current evidence supports both the
presence of conserved and divergent roles for them. Both Gata2a and Gata2b are
required for the development of normal numbers of neutrophils, however, while
Gata2a is required early in development, Gata2b is required for definitive

haematopoiesis.

The critical role of Gata2a in the development of neutrophils from the primitive
wave of haematopoiesis and EMPS is clearly exemplified by two results.
Expression analysis of mpx gene showed that 32 hpf homozygous gata2a“™m?"'m27
mutant larvae have severely decreased numbers of neutrophils (see Figure 4.13).
Similarly, quantifications of Sudan Black-stained cells in the CHT of gata2a"™’
mutant embryos shows similar results by 48 hpf (see Figure 4.14). In contrast,
Gata2b activity is dispensable for neutrophils’ development at this stage. By 22
hpf, gata2b"*°*® mutants show normal numbers of mpx* cells in the PBI (see Figure
5.7), and quantifications of granulocytes labelled with Sudan Black at 48 hpf also
show normal development of neutrophils in all gata2b mutants (see Figure 5.8 and
Figure 5.9).
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Quantification of spilb:EGFP* cells in 30 hpf gata2a'™’ mutant embryos
expressing a transgenic reporter (see Figure 5.10) suggest that the effects of
Gata2a deficiency on neutrophils’ development could start earlier than 32 hpf.

Consistently, the effect of gata2a“™’

mutation on a population of cebpa® cells in
the PBI of 22 hpf (see Figure 4.9), suggests that Gata2a acts on an early myeloid

progenitor, resulting in wide effects on the granulocytes.

Further quantifications of Sudan Black* cells in the CHT of double mutant

bu5008

gata2a'™*’; gata2 embryos by 48 hpf (see Figure 5.12 a) shows that

homozygouS gatazaum27/um27

mutant embryos displayed significantly decreased
numbers of labelled neutrophils, regardless of the presence of gata2b'®%%®
mutations. No evidence of synergy between gata2a"™’ and gata2b“>°®® mutations
was found. This is an important point, given that homozygous gata2a'™?"um2?
mutations do not completely abolish the development of neutrophils in 48 hpf
embryos (see Figure 4.14 and Figure 5.12 a), which could have been explained by
a redundant transcriptional activity of Gata2b at that stage. However, this
explanation is not supported by the observation that double homozygous
gata2a'm?"im27: gata2h s0%/u59% empryos do not exhibit a stronger phenotype than
gata2a'm?"'m27: gata2b*’'5%%® or gata2a'™"M?’; gata2b** mutant embryos (see

Figure 5.12 a).

Although data suggest that Gata2b is dispensable for the development of
neutrophils from the primitive wave of haematopoiesis and from EMPs, the current
results strongly suggest that Gata2b is critical for the development of definitive
neutrophils. Sudan Black stainings carried out at 4 dpf show decreased numbers
of labelled neutrophils in the CHT of gata2b“*°*® larvae (see Figure 5.8 b) and also
defects in the appearance of the primary granules (see Figure 5.8 c), which could
be indicative of a defective differentiation. Further experiments combining
gata2a'™?’ and gata2b“*°® mutations with the Tg(lyz:nfsB-mCherry) transgenic
reporter line confirm the role of Gata2b in neutrophils’ development at this stage,
and show no effects on the number of labelled neutrophils of 4 dpf gata2a*"™m?’
mutant larvae (see Figure 5.11 c). Similarly, quantifications of Sudan Black™ cells
in the CHT of double mutant gata2a"™’; gata2b"*°*®® larvae at 4 dpf show that
heterozygosity for gata2b*“*°® induces a significant reduction in the number of
neutrophils regardless of gata2a genotype (see Figure 5.12 b). As mentioned

before, the lack of synergy between gata2a"™’ and gata2b“*°®® mutations strongly

Page | 210



suggests that Gata2a and Gata2b do not have redundant functions in the
development of neutrophils. In a different context, this is consistent with the failure
of gata2a mRNA to rescue the lack of HSCs observed in gata2b morphants

reported previously (Butko et al., 2015).

It could be hypothesised that although Gata2a and Gata2b have similar functions
during granulopoiesis, the requirement for Gata2a seems to be restricted to
primitive haematopoiesis and the myeloid cells derived from EMPs, while Gata2b
is dispensable for primitive granulopoiesis, it is critical for definitive

haematopoiesis.

5.4.4 Emergence of HSCs requires both Gata2b and Gata2a

GATAZ2 has been shown to be critical for both the emergence and survival of HSCs
in mice (de Pater et al., 2013). Studies carried out in vitro with human cells have
also found that GATAZ2 is required for EHT (Huang et al., 2015). In zebrafish,
experiments carried out with gata2b morphants showed that the emergence of
HSCs from the ventral wall of the DA through EHT requires Gata2b activity (Butko
et al., 2015). Butko and colleagues reported that the vasculature develops normally
in gata2b morphants, as the vascular and arterial markers kdrl and efnb2a are
normally expressed (Butko et al., 2015). Consistent with this, no defects in blood
circulation were observed in any of the gata2b mutant zebrafish lines generated
by CRISPR/Cas9.

Results in Figure 5.14 show that both Gata2a and Gata2b are required for the
emergence of HSCs, labelled as cmyb® cells, from the ventral wall of the DA. In
the case of Gata2b, these results are consistent with results reported in gata2b
morphants (Butko et al., 2015). Quantifications carried out at later stages in

um27 mytant

Tg(itga2b:GFP) transgenic fish suggest that heterozygous gata2a
larvae have a decreased number of HSCs in the CHT at 52 hpf, compared to that
of their wild type siblings. However, by 72 hpf stage, no statistically significant
difference is observed (Figure 4.18 h). In contrast with the results obtained by
WISH analysis of cmyb expression, shown in Figure 5.14, quantifications carried

out in fish expressing the Tg(itga2b:GFP) transgenic reporter have the
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disadvantage that, in addition to HSCs, thrombocytes and their progenitors also
express GFP (Lin et al., 2005).

The fact that some of homozygous gata2a“™"m?’

mutant larvae develop HSCs
(see Figure 4.19) suggests the possibility that Gata2a is dispensable for the
emergence of HSCs, or that the lack of Gata2a is rescued by another redundant
mechanism, possibly Gata2b. However, gata2za mRNA injection is not able to
rescue the production of HSCs in gata2b morphants (Butko et al., 2015), showing

that Gata2b is indispensable for HSCs’ emergence.

The recent findings reported by Tian and colleagues regarding the origin of the first
lymphocytes observed in the thymi of zebrafish larvae (Tian et al., 2017) make it
necessary to reinterpret the evidence found in gata2b morphants, about the role of
Gatazb in early lymphopoiesis (Butko et al., 2015). It has been shown that all
lymphocytes found in the thymi of 4 dpf arise from progenitors that emerge from
the DA in a HSC-independent manner (Tian et al., 2017). The severe decrease in
the expression of ragl gene observed in 4 dpf gata2b morphants (Butko et al.,
2015) suggests that Gata2b is required for the emergence of these lymphoid

progenitors from the DA, in a very similar way to gata2a"™*’

mutant embryos (see
sections 4.3.6 and 4.4.6). Therefore, it could be hypothesized that Gata2a and
Gata2b share a role in the emergence of lymphoid progenitors from endothelial

cells in the DA.

5.4.5 Subfunctionalization of Gata2a and Gata2b

The evolution of teleost fish has been shaped by an event of whole genome
duplication (Glasauer and Neuhauss, 2014) that occurred at the base of the teleost
fish lineage (Amores et al., 1998; Postlethwait et al., 1998). Subfunctionalization,
initially called duplication-degeneration complementation model (Force et al.,
1999), is only one of the models that explain the retention of additional copies of
genes produced by duplication events (Glasauer and Neuhauss, 2014). After two
genes have been produced by duplication of a common ancestor, mutations and
random genetic drift can lead to the loss of one of the duplicated genes, inactivation
of one of the genes, or the loss of individual regulatory elements. The term

subfunctionalization is used to describe those duplicated genes that have lost
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functions and domains of expression through mutations, but together recapitulate
the functions and expression of the ancestral gene (Force et al., 1999). Although
the loss of one paralogue has been shown to be the most common fate after gene
duplication (Jaillon et al., 2004; Woods et al., 2005), as observed in the GATA
family of transcription factors (Gillis et al., 2009), subfunctionalization has also

been reported in zebrafish (Fleisch et al., 2008; Renninger et al., 2011).

Based on differences in the expression patterns and functions of Gata2a and
Gata2b, Butko and her colleagues proposed that Gata2a and Gata2b have
undergone subfunctionalization (Butko et al., 2015). Considering the severe

vasculature defects found in homozygous gata2a“™"'™m?’

mutant embryos (Zhu et
al., 2011), and the critical role of Gata2b in the emergence of HSCs, Butko and her
colleagues conclude that “Gata2a and Gata2b appear to additively fulfil the
endothelial roles of GATA2, suggesting that duplication of the gata2 locus has led
to an evolutionary separation of its endothelial and hematopoietic functions” (Butko

et al., 2015).

Current data supports Butko and colleagues’ view in terms of the endothelial
functions of GATA2 in zebrafish. While Gata2b seems to be dispensable for the
development of vasculature in both morphants (Butko et al., 2015) and mutants,
there is abundant evidence showing the requirement for Gata2a in vascular
morphogenesis and also in endothelial identity (Umamahesan, 2014; Zhu et al.,
2011). An interesting example of the role of Gata2a in endothelial identity is the
development of the first T lymphocytes from the DA in gata2a“™’ mutant larvae
(Figure 4.21). Analysis of the expression of Ick gene in 4 dpf gata2a“™’ mutant
larvae, in Figure 4.21, shows that heterozygous gata2a”"™’ mutant larvae have a
wide range of phenotypes, ranging from normal expression to significantly
decreased. It has been shown that T lymphocytes found in both thymi at this
developmental stage arise from endothelial cells in the DA independently from
HSCs (Tian et al., 2017).

However, the clean separation of endothelial and haematopoietic functions
between Gata2a and Gata2b, respectively, that has been previously proposed
(Butko et al.,, 2015), is refuted by data gathered about developmental
haematopoiesis in gata2a"™*’ mutant fish (see sections 4.3.3, 4.3.4, and 4.3.6).
The evidence supporting a role for Gata2a in primitive haematopoiesis is discussed

in detail in sections 4.4.2 and 4.4.3. Results suggest an important role for Gata2a
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in the myeloid cell development during the primitive wave of haematopoiesis and
also in the myelopoiesis from EMPs. Expression analysis suggests that the
differentiation of primitive macrophages in the yolk sac requires Gata2a.
Additionally, there is evidence to suggest that Gata2a is critical for granulopoiesis
in early development. Gata2a has been shown to be critical for mast cell production
from EMPs (Da’as et al., 2012; Dobson et al., 2008). Additionally, results in section
4.3.3 show that Gata2a is necessary for the development of normal numbers of
neutrophils, and possibly other cell types, in the PBI, which is discussed in detail
in sections 4.4.3 and 5.4.3. Therefore, it is important to stress that the functions of
Gata2a are not restricted to its role in the morphogenesis of the vasculature, and
that both Gata2a and Gata2b carry out haematopoietic functions. Furthermore, as
discussed in section 5.4.3, current data suggests that Gata2a carries out
haematopoietic functions during the primitive wave of haematopoiesis (see
sections 4.3.3 and 4.4.2), in mast cells’ development from EMPs (Da’as et al.,
2012; Dobson et al., 2008), in granulopoiesis (see sections 4.3.3 and 5.4.3), and
in the generation of lymphocytes from the DA (see sections 4.3.6 and 4.4.6); while
Gatazb is involved in the emergence and survival of HSCs, and also in definitive

granulopoiesis.
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6 Modelling MDS with loss of 5q using

rps14 mutants

6.1 Introduction

6.1.1 Rpsl4 deficiency in zebrafish morphants

MDS with del(5q) was modelled in zebrafish using knockdown of rpsl4 with
morpholinos. Payne and her colleagues (2012) injected rps14 morpholinos in
zebrafish embryos and achieved haploinsufficient levels of Rps14 protein in the
morphants. The rps14 morphant embryos, and also rps19 morphants, displayed a
severe phenotype with morphological abnormalities, such as reduced body length
and eye diameter, together with severe anaemia, demonstrated by a striking
decrease in the haemoglobinization of erythroid cells (Payne et al., 2012). Later
work showed an increase in the mRNA levels of tp53 in both rps14 and rps19
morphants. This is consistent with the previous observations in murine models,
where haploinsufficiency for Rps14 leads to p53 activation (Barlow et al., 2010;
Schneider et al., 2016).

Evidence from different models suggests that haploinsufficiency for Rps14 disrupts
ribosome assembly and induces p53 activation (reviewed in Komrokji et al., 2013).
Payne and her colleagues (2012) hypothesized that activation of mMRNA translation
would rescue the phenotype observed in rps14 morphants. After treatment with L-
leucine, both rpsl19 and rpsl4 morphants exhibit partial rescue of their
morphological defects and anaemic phenotype (Payne et al., 2012). Further work
showed that L-leucine effect is independent of p53 (Narla et al., 2014). Additionally,
the injection of rps14 morpholino into a Tp53 mutant genetic background does not
rescue the phenotype of rps14 morphants (Narla et al., 2014), in contrast to the
partial recovery observed in murine models (Barlow et al., 2010; Schneider et al.,
2016).
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6.1.2 Effect of proinflammatory signalling through Toll-like receptors

Activation of mRNA translation by exposure to L-leucine, has been shown to
induce a patrtial rescue of the phenotypes of rps14 morphant embryos (Payne et
al., 2012). The significant improvements observed in the morphology and
haemoglobinization of rps14 morphant embryos after treatment with L-leucine,
served as well as a probe of principle for a screen of small molecules on these
morphants (Jung, 2013). The screen takes advantage of the use of morpholinos,
and the phenotype of the morphants. The use of morpholinos allows to obtain
hundreds of morphants after one session of injection, without the need for further
genotyping of embryos. On the other hand, the presence of a consistent
morphological phenotype in the morphants allowed the running of a primary screen
where the morphants exposed to each compound were screened under a
dissecting microscope for rescue of their morphological defects (Jung, 2013).

Using this strategy, imiquimod (1-(2-methylpropyl)imidazo[4,5-c]quinolin-4-
amine)) was identified as a molecule capable of inducing a partial rescue of the
morphological defects and anaemic phenotype exhibited by rpsl4 morphants
(Jung, 2013). Imiguimod is a synthetic agonist of both TLR7 and TLR8 (Hemmi et
al., 2002; Jurk et al., 2002). The effects of imiquimod treatment on rpsl4
morphants suggest that TLR signalling pathways play a role in del(5q)
pathogenesis. In this chapter the effect of TLR signalling modulation by imiquimod
is shown in rpsl4 mutant fish, and evidence for a role for TLR7 activation in

erythroid cell development is presented.

6.1.3 Aims of the experiments described in this chapter

1. To define the phenotype of rps14 haploinsufficiency in the developmental

haematopoiesis in zebrafish.

2. To study the effects of TLR7 and TLR8 pathway modulation in erythroid

development.
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6.2 Methods

6.2.1 Fish husbandry

The zebrafish line carrying a mutation in rps14 gene* (ENSDARG00000036629.5)
used in the experiments presented in chapter 6 was generated in research group
of Dr Elspeth Payne by using TALENs. TALENs were designed to target exon 2 of
the zebrafish rpsl4 gene using the online tool Zifit targeter

(http://zifit.partners.org/ZiFiT). Assembly of TALENs® was carried out using fast

ligation-based assembly solid phase high-throughput (FLASH), as described
previously (Reyon et al., 2013). Synthesis of TALEN mRNAs was carried out by in
vitro transcription using MMESSAGE mMACHINE T7 kit (AM1344, Ambion).
TALEN mRNAs were injected into 1-cell stage embryos, and FO founders were
identified by isolation of gamete cells and NGS, in a similar way to that described
for gata2b mutant fish in sections 5.2.7 and 5.2.6, respectively.

One mutant zebrafish line was isolated, carrying a complex deletion-insertion in
the rpsl4 gene, g.26_38delinsGA, encoding a mutant protein with a frameshift in
amino acid residue 9, p.(Lys9ArgfsTerl9). This mutant rpsl4 allele is herein
named E8fs for the sake of simplicity.

6.2.2 Genotyping of rps14&8s mutant fish

The genotyping of rps145¥* mutants was carried out in a different way to that used
for gata2a"™’ (see section 4.2.2) and gata2b“**® (see section 5.2.8), by using only
amplification by PCR and analysis by gel electrophoresis. The rps145% mutants
carry an 11 bp deletion in the first coding exon of rps14 gene (see section 6.2.1 for
details). To identify the rps14¥ mutant alleles in the samples, a standard PCR
reaction was carried out using primers flanking the region of rps14 gene with the

deletion (shown in Table 6.1).

4 The rps14 zebrafish mutant line used in the experiments presented in this chapter was
generated in Dr Elspeth Payne’s research group and is not part of this doctoral work.

5 TALENs used to generate the rps14 zebrafish mutant line were synthetized by Leonardo
E. Valdivia and Karin Tuschl.
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Table 6.1 | Primers used for rps14F8* genotyping.

Primer name Sequence (5'to 3" Length %GC Tm

rpsl4 gdnafor TGTTCTGACTGTTGACTGTGTGTT 24 41.7 60.8
rpsl4_revl51 GGTGTCGTTGAAGGATGCGA 20 55.0 60.7

The Table 6.2 shows the components and concentrations of the PCR used for
rps145% genotyping. The volumes shown are calculated for one 25 pL reaction
and were scaled up for large numbers of samples. Details about dNTPs, the DNA
polymerase used, and its reaction buffer are available in section 2.7.

Table 6.2 | Components and concentrations of PCR for rps14£8fs

genotyping.
Reagent Volu_me per Final _
reaction [uL] concentration

10x Standard Taq buffer 25 1x
10 mM dNTPs 1 400 uM
10 pM rps14 gdna for 1 0.4 uM
10 puM rps14_rev151 1 0.4 uM
Standard Taq Polymerase 2 1 unit
genomic DNA 5 variable
nuclease free water 12.5 -

The genomic DNA of cells, embryos, or fin clips from adults was used as a template
for the PCR shown in Table 6.2 with the primers shown in Table 6.1. The cycling
conditions for this PCR are detailed in the Table 6.3.
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Table 6.3 | Cycling conditions used in PCR for rps148™ genotyping

Phase temperature [°C] time [s]
initial denaturation 95 30
denaturation 95 15
34 cycles annealing 56 30
extension 68 30
final extension 68 5 minutes

The PCR products were then visualized by electrophoresis in agarose / metaphor
gels (1.75% w/v agarose, 1.75% w/v metaphor). Metaphor agarose was used in
combination with agarose to achieve resolution of the PCR products expected: 151
bp from the wild type rps14 allele, and 140 bp from the mutant rps14%* allele. The
genotypes were read from the PCR products in the gels as explained in the Table
6.4:

Table 6.4 | Band patterns expected for each rps14' genotype.

Genotvpe Number of Band sizes
yp bands [bp]
Wild type (+/+) 1 151
Heterozygote > 151
(+/E8fs) 140
Homozygote
(E8fs/ESfs) o Lot

6.2.3 Quantification of circulating thrombocytes and heart rate

In order to quantify the number of circulating thrombocytes in rps14% mutant
larvae, a similar method to that previously used for neutrophils (Paredes-Zufiiga et
al., 2017; Walters et al., 2010) was used. Transgenic fish carrying the
Tg(itga2b:GFP) transgene were used, in which thrombocytes expressing high

levels of GFP can be observed in the blood circulation from 3 dpf (Lin et al., 2005).
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Similarly to the method used to measure neutrophils in the blood circulation
(Walters et al., 2010), instead of measuring the total number of thrombocytes in
the blood stream at a given time point, the number of thrombocytes passing

through a point of the dorsal aorta during a given period of time was quantified.

Given that anaesthesia is expected to alter the number of circulating blood cells,
all larvae were anesthetized in the same way, and data acquisition was carried out
under controlled conditions, as previously described (Paredes-Zufiiga et al., 2017).
Heart rates were also measured for each larva as an internal control. Each larva
was anesthetized by exposure to 0.08 g/L 3-aminobenzoate methanesulfonate in
E3 for 1 minute, and then a real-time movie of the blood circulation in the dorsal
aorta over the end of the extension of the yolk was acquired in the GFP channel
during the following 2 minutes using a Leica M205 FA stereoscope. This was
followed by the acquisition of another real-time movie, in bright field of the heart of
the larva. Then the larva was put in a 48-well plate for rps145%* genotyping (see
section 6.2.2). This procedure was repeated with each larva in the experiments
shown in Figure 6.7.

The number of itga2b:GFP"9" cells circulating through the dorsal aorta during the
2 minutes-long movies was quantified from the movies acquired, and the results
are shown as [itga2b:GFP*/minutes]. Similarly, heart rates were quantified from

the movies acquired of fish’s hearts.

6.2.4 Rpsl4 and Gatala knockdown with morpholinos

Morpholinos targeting zebrafish rpsl4 and gatala genes were used in the
knockdown experiments shown in section 6.3.2, as described previously (Narla et
al., 2014; Payne et al., 2012). For knockdown of Rps14, a morpholino targeting the
boundary between exon 2 and intron 2 of rps14 was used (see Table 6.5). The
morpholino used to knockdown Gata1la targets the 5’ UTR of gatala (see Table
6.5). In both cases, Gene-Tools standard control was injected as a negative
control. The standard control morpholino targets a mutant variant of human
haemoglobin subunit beta (HBB) gene sequence found in the pre-mRNA of HBB
in the reticulocytes of thalassaemic humans, without predicted targets in the

zebrafish transcriptome (see Table 6.5). In this way, all the embryos used in the
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experiment have been microinjected with a morpholino, and the toxic effects are
present in all the fish, allowing to make comparisons among groups (Heasman,
2002).

Morpholinos for rps14, gatala, and the standard control were injected into 1-cell
stage embryos as described in section 2.6. The amounts depicted in Table 6.5
were injected together with 10% v/v Phenol red, to allow the identification of those

embryos successfully injected.

Table 6.5 | Morpholino sequences and doses injected.

gene . , amount
targeted type Sequence (5'to 3") Ing]

rpsl4 exon 2 -intron2  CAGGTTTTCAGGATACATACTTGCC 0.8

gatal 5 UTR CTGCAAGTGTAGGTATTGAAGATGTC 4
Sé?)’:]‘fgld (details intext)y ~ CCTCTTACCTCAGTTACAATTTATA 0.8

6.2.5 Anatomical and fluorescence measurements

Anatomical measurements in experiments from Figure 6.9 and Figure 6.10 were
carried out using Fiji version v1.49u software (Schindelin et al., 2012). For
measurements of body length, whole mount bright field images of each larva were
acquired with a Leica M205 FA fluorescent dissecting stereoscope equipped with
a Leica DFC 365 FX camera. Then Fiji software was used to measure the length
of each larva by drawing a segmented line going from the most anterior part of the
jaw to the beginning of the notochord, and following the notochord until the tip of
the tail. Similarly, the diameter of the left eye of each larva was measured as the

length of a straight line crossing the eye diametrically along the dorso-ventral axis.

In the case of measurements of intensity of fluorescence in Figure 6.10, images of
the CHT of each Tg(gatala:dsRed) transgenic larva in both the dsRed and bright
field channels were acquired using the identical settings. Using the bright field

pictures, a polygon surrounding the CHT of each larva was drawn with Fiji
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software, and the intensity of fluorescence within the polygon was measured in
dsRed channel. The area of the polygon was measured too in each case, to be

used as an internal control.
6.2.6 Exposure of fish to TLR agonists

Pharmacological modulation of Toll-like receptors (TLR) was carried out by
immersion of embryos from 24 hpf for variable times of incubation. Imiquimod
(CAY 14956, Cayman), an agonist of both TLR7 and TLR8 receptors (Hemmi et
al., 2002; Jurk et al., 2002); gardiquimod (SML0877, Sigma), a TLR7 agonist (Zhu
et al., 2008); and motolimod, a TLR8 agonist (Lu et al., 2012), were diluted in
DMSO (dimethyl sulfoxide) to a stock concentration of 10 mM.

For experiments, the stock solutions of all agonists were diluted in E3 medium at
the concentrations indicated for each experiment. Groups of embryos were treated
with maximum equivalent concentration of DMSO as negative control in each

experiment.

6.2.7 Exposure of fish to cold stress during embryonic development

For experiments in Figure 6.12, cold stress was induced in rps14%® mutant
embryos by exposure to 22 °C during early development. The embryos were
allowed to grow at 28 °C during the earliest phases of development, gastrulation
and the beginning of somitogenesis, to obtain low mortality and a maximum
number of embryos without gross morphological abnormalities. By 6 ss (12 hpf)
the embryos were placed in an incubator at 22 °C, and kept until they reached

prim-22 developmental stage (36 hpf).

6.2.8 Induction of haemolytic stress

For experiments involving haemolytic stress in sections 6.3.3 and 6.3.4.
Haemolytic stress was induced by exposure of embryos to phenylhydrazine (PHZ),
under conditions described previously (Lenard et al., 2016; Shafizadeh et al.,
2004). Embryos were incubated in 1 pg/mL PHZ from 24 hpf to 48 hpf. For
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recovery, PHZ was washed with E3 three times, and embryos were incubated in

E3 for recovery for the time periods indicated in each experiment.
6.2.9 Flow cytometry of zebrafish larvae

For flow cytometry experiments shown in Figure 6.14 ¢ and d, individual larvae
were placed in 3mL of cooled 1% FBS (foetal bovine serum) PBS in MACS tubes
(130-093-237, Miltenyi Biotec) and kept on ice. Positive and negative control tubes
were included with fish carrying the transgenic reporter and fish without
fluorescence, respectively. Fish were then dissociated on a gentleMACS Octo
dissociator (130-095-937, Miltenyi Biotec). The content of the MACS tubes was
transferred to a flow tube with strainer (352235, Corning), and centrifuged at 400rcf
for 5 minutes at 4 °C. The supernatant was discarded, and the remining volume
was resuspended in a total volume of 339 L of DPBS (14190-169, Sigma-Aldrich)
with 1% FBS. Then 10 pL of flow Check Fluorospheres (6605359, Beckman
Coulter) and 1 pL of 10% Hoechst (33342, Invitrogen) dilution were added to each
tube. Flow cytometry of the samples was carried out in a LSRFortessa X20 cell
analyser machine (LSRFORTESSA X-20, BD Biosciences) and results were
analysed using FlowJo Version 10 (FlowJo).
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6.3 Results

6.3.1 Developmental haematopoiesis in rps14£8 mutant fish

Haemoglobinization of erythroid cells was studied in rp14%¥ mutant fish by using
o-dianisidine staining, which is described in detail in section 2.4. Figure 6.1 shows
images of representative rps145% mutant fish stained with o-dianisidine at 48 hpf
(Figure 6.1 a-c’) and at 4 dpf (Figure 6.1 d-f’). A ventral view of the head of a 48
hpf wild type embryo, in Figure 6.1 a, and a lateral view of the trunk, in Figure 6.1
a’, show the normal pattern of haemoglobinization observed at this developmental
stage. Most of erythroid cells containing haemoglobin locate in the heart (Figure
6.1 a), and along the DA and CV (Figure 6.1 &). The heterozygous rps14*/E8fs
mutant embryos display a hormal pattern of haemoglobinization (Figure 6.1 b and
b’), indistinguishable from that of wild type embryos (Figure 6.1 a and a’). In
contrast with heterozygotes, homozygous rps14%&8 mutant embryos show a
severe decrease in the degree of o-dianisidine staining, suggesting an also
reduced number of erythrocytes (Figure 6.1 ¢ and ¢’). Haemoglobinization in
rps1458E8 empryos is decreased throughout the body, but not completely
abolished (see labelled cells over the yolk in Figure 6.1 c¢). Detectable levels of
erythrocytes stained with o-dianisidine were found in all the homozygous

rps1458/E8" mutant embryos analysed.

Staining with o-dianisidine were also carried out in 4 dpf rps14 mutant larvae to
assess the haemoglobinization of erythroid cells once definitive haematopoiesis
has already started. Figure 6.1 shows images of representative rps14 mutant
larvae stained with o-dianisidine at 4 dpf. Ventral view of the head of wild type
rps14** larvae displays abundant labelled erythrocytes in the heart, PHS, both
primitive internal carotid arteries (PICA), and other vessels (Figure 6.1 d). In
contrast, erythroid cells stained with o-dianisidine are far less abundant in the tail.
Scattered labelled cells are seen along the DLAV, the DA, and mostly along the
CV (Figure 6.1 d). As found with 48 hpf embryos, at 4 dpf heterozygous rps14*=8*
mutant larvae display a similar pattern of haemoglobinization (Figure 6.1 e and €’)
to that observed in wild type larvae (Figure 6.1 d and d’). In the case of 4 dpf
homozygous rps1458E8S mutant larvae, the developmental delay and the
decrease in o-dianisidine staining are even more severe than what was found in

48 hpf embryos. However, haemoglobinization is not abolished in rps14E8/Ests
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homozygotes. Labelled erythroid cells can be observed in the heart, PHS (Figure
6.1 f), and along the CV (Figure 6.1 f'), showing that erythroid differentiation can
proceed in spite of the Rps14 deficiency.
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Figure 6.1 | Haemoglobinization of erythroid cells in rsp14&8s mutant fish.

48hpf
+/ E8fs

E8fs / E8fs

4dpf
+/ E8fs ++

E8fs / E8fs

O-dianisidine staining was used to label haemoglobin in the erythroid
cells of 48 hpf (a-c and a’-¢’) and 4 dpf (d-f and d’-f’) rps145% mutant
fish. Images of wild type (a, a’, d, and d’), heterozygous rps14*E8s
(b, b’, e, and €’), and homozygous rps14¥~E8 mutant (c, ¢’, f, and
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f’) larvae are shown. (a-f) Ventral views of the heads of larvae. (a’-f")
Lateral views of the trunk and tails of larvae. All images show anterior
to the left.

The development of granulocytes in rps14%¥ mutant embryos by Sudan Black
staining, which accumulates in their primary granules (Sheehan and Storey, 1946).
Mutant embryos were stained at 48 hpf with Sudan Black, as described in section
2.3, and quantifications together with imaging were carried out. Figure 6.2 a-c show
images of the tails of representative rps145# mutant embryos stained with Sudan
Black at 48 hpf. In the wild type rps14** embryos, most of the labelled granulocytes
reside in the CHT, and a few of them can be found along the dorsal ridge and the
myoseptum (Figure 6.2 a), as previously described (Le Guyader et al., 2008). As
observed before in the haemoglobinization of erythroid cells (Figure 6.1),
heterozygous rps14*5¥ mutant embryos show a similar pattern of Sudan Black
staining (Figure 6.2 b). In contrast, homozygous rps145¥E8 mutant embryos
exhibit severely decreased number of labelled granulocytes (Figure 6.2 c). These

results suggest that Rps14 has a role in primitive granulopoiesis.

The number of granulocytes stained with Sudan Black was quantified in the CHT
of 48 hpf rps14% mutant embryos (Figure 6.2 d). The results show a dose-
dependent decrease in the number of labelled granulocytes, which suggest a role
for Rpsl4 in granulopoiesis (Supplementary Table 9.44). However, labelled
granulocytes were observed in all homozygous rps1458E8S mutant embryos
analysed, showing that the development of granulocytes can proceed to the

formation of primary granules in embryos lacking wild type Rps14.
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Figure 6.2 | Dose dependent decrease in the number of Sudan Black®
granulocytes in the CHT of 48 hpf rps148s embryos.

Sudan Black was used to label the granulocytes of 48 hpf rps14F8*
mutant embryos. (a-c) Lateral views of the trunk and tails of
representative wild type (a), heterozygous (b), and homozygous
mutant (c) embryos stained with Sudan Black are shown. All images
show anterior to the left. (d) Quantification of Sudan Black®
granulocytes in the CHT of 48 hpf rps14%® embryos. Statistical
comparison was carried out by one-way ANOVA (p < 0.0001)
followed by Tukey’'s multiple comparisons test (individual p-values
shown in the graph). See Supplementary Table 9.44 for more details.

Given that the results in Figure 6.2 show a dose-dependent decrease in the
number of Sudan Black™ cells in the CHT, that suggests that Rps14 has a role in
primitive granulopoiesis, further experiments were carried out at later
developmental stages to determine whether definitive granulopoiesis also requires
Rps14. Granulocytes were stained using Sudan Black in 4 dpf rps14%% mutant

larvae, quantifications of labelled cells in the CHT were carried out and images
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acquired. Figure 6.3 a-c show images of the tails of representative larvae stained
with Sudan Black are shown. Sudan Black is accumulated in the primary granules
of granulocytes (Sheehan and Storey, 1946), which in wild type larvae reside in
the CHT, while low numbers of granulocytes can also be found along the dorsal
ridge (Le Guyader et al., 2008). The images of wild type rps14** and heterozygous
rps14*E8 mutant larvae show normal distribution of granulocytes in the CHT in
apparently normal numbers (Figure 6.3 a and b, respectively). In a similar way as
found in 48 hpf embryos in Figure 6.2 ¢, the number of labelled granulocytes in the
CHT of 4 dpf homozygous rps1458E8 mutant larvae is severely decreased
(Figure 6.3 c).

The number of Sudan Black® cells in the CHT of 4 dpf rps145®" mutant larvae was
gquantified, and the results are depicted in Figure 6.3 d. Statistical analysis shows
that there is a dose-dependent decrease in the number of labelled granulocytes in
the CHT of 4 dpf larvae (Supplementary Table 9.45), in close agreement with was
observed in 48 hpf embryos (Figure 6.2 and Supplementary Table 9.44). It should
be noticed that in heterozygous rps14% mutant larvae, the numbers of labelled
granulocytes found in the CHT increase from 48 hpf (38.75 = 1.761,
Supplementary Table 9.44) to 4 dpf (124.5 + 7.9, Supplementary Table 9.45); while
the number of Sudan Black* cells in the CHT of homozygous rps1458E8s mutant
fish remains constant from 48 hpf (26.54 + 1.494, Supplementary Table 9.44) to 4
dpf (28.39 + 1.840, Supplementary Table 9.45). These results suggest that Rps14
deficiency in rps1458E8 homozygotes causes a major disruption in the definitive
granulopoiesis. It is also important to mention that heterozygous rps14*&8 mutant
larvae display lower numbers of Sudan Black® cells in the CHT than their wild type

siblings, showing that Rps14 haploinsufficiency affects definitive granulopoiesis.
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Figure 6.3 | Dose dependent decrease of the number of Sudan Black”

granulocytes in the CHT of 4 dpf rps14* mutant larvae.

Granulocytes of 4 dpf rps14%® mutant larvae were labelled with
Sudan Black staining. In (a-c), lateral views of the trunk and tails of
representative wild type (a), heterozygous (b), and homozygous
mutant (c) larvae are shown with anterior to the left. (d) Quantification
of Sudan Black* granulocytes in the CHT of 4 dpf rps145% |arvae.
Statistical comparison was carried out by one-way ANOVA (p <
0.0001) followed by Tukey’s multiple comparisons test (individual p-
values shown in the graph). See Supplementary Table 9.45 for more

details.

Given that results in Figure 6.3 show a decrease in the number of Sudan Black*
granulocytes in 4 dpf rps1458® mutant larvae, additional experiments were carried
out to study definitive granulopoiesis at a later developmental stage. In zebrafish,
after a transient period of definitive granulopoiesis carried out in the CHT

(Murayama et al., 2006), haematopoietic progenitors colonize the kidney (Bertrand
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et al., 2008), where Sudan Black* definitive granulocytes can be seen as soon as
7 dpf and granulopoiesis occurs until adulthood (Le Guyader et al., 2008). By 8
dpf, rps14%8 mutant larvae were stained with Sudan Black, as described in section
2.3, and then imaged under a stereoscope (described in section 2.12). Figure 6.4
a and b, shows lateral views of the anterior part of a wild type rps14** larvae
stained with Sudan Black at 8 dpf. The area of the kidney is inside the white
rectangle in Figure 6.4 a. Figure 6.4 b shows the area of the kidney at higher
magnification, where several Sudan Black® granulocytes are clustered together. A
very similar pattern was observed in heterozygous rps14*€® mutant larvae,
depicted in Figure 6.4 ¢ and d, suggesting that granulopoiesis is normal in
heterozygotes by 8 dpf. The close clustering of the labelled cells in the kidney
made it impossible to carry out reliable quantifications of the cells (see Figure 6.4
b and d), and therefore, subtle differences in number of granulocytes in the kidney
could not be detected with the same precision as done previously in the CHT of 4
dpf larvae (Figure 6.3 d). No images of homozygous rps14=¥=E8 mutant larvae are
shown because all homozygous larvae die before reaching 8 dpf.
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Figure 6.4 | Normal definitive granulopoiesis in the kidney of rps14' mutant

larvae at 8 dpf.

Sudan Black staining was used to label the granulocytes of rps148'
mutant fish at 8 dpf. In (a and c), lateral views of the heads of
representative wild type (a), heterozygous rps14E8 (c) fish are

shown. The dashed lines in (a and c) encircle the area of the kidney,
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showed at higher magnification in (b and d), respectively. All images

show anterior to the left.

The decreased number of Sudan Black® granulocytes found in the CHT of both
heterozygous and homozygous rps145%* mutant larvae at 4 dpf (see Figure 6.3)
suggests that definitive haematopoiesis is affected by rps14% mutation. It could
be hypothesized that the observed decrease in the number of definitive
granulocytes is caused by defective HSCs in the CHT. Compound double
transgenic rps14® mutant larvae expressing both Tg(lyz:nfsB-mCherry) and
Tg(itga2b:GFP) transgenes were obtained by outcross to assess both HSC and
granulopoiesis in the same fish, and both quantifications of labelled cells in the
CHT and imaging were carried out in 3 dpf larvae. Figure 6.5 shows images of both
heterozygous rps14*E8 |larvae (Figure 6.5 a’-d’) and their wild type rps14** siblings
(Figure 6.5 a-d) at 3 dpf. Heterozygote larvae exhibit normal morphology (Figure
6.5 a’), and its myeloid cells (Figure 6.5 c¢’), as well as its HSCs and other
itga2b:GFP'°" progenitors (Figure 6.5 b’) reside in the CHT in apparently normal

numbers, when compared to a wild type larva (Figure 6.5 a-d).

Quantifications of the cells labelled with fluorophores by both reporter lines were
carried out in these larvae (Figure 6.5 e and f). Figure 6.5 e shows the normalized
number of itga2b:GFP"" cells observed in the CHT of 3 dpf rps145%* mutant larvae
expressing the Tg(itga2b:GFP) transgenic reporter. Although the statistical
comparison between groups shows no evidence of a significant difference between
heterozygous rps147E8 mutant larvae and their wild type siblings (p = 0.170,
Supplementary Table 9.46), it is important to notice the wide range of variability of
the data in the heterozygous group suggests that heterozygosity for rpsl4 gene

could affect the number of HSCs in a fraction of the heterozygous larvae.

Similarly, the number of lyz:nfsB-mCherry* cells was quantified in the CHT of 3 dpf
rps148 mutant larvae, and the results show that there is no significant difference
between heterozygous larvae and their wild type siblings (p = 0.821,
Supplementary Table 9.47). Previous reports using transgenic lines with the same
promoter used in Tg(lyz:nfsB-mCherry) transgenic fish, suggest that lyz:nfsB-
mCherry® cells at this developmental stage are mainly neutrophils (Hall et al.,

2007). In the same way, it has been suggested that Sudan Black staining labels
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preferentially neutrophils in zebrafish larvae (Le Guyader et al., 2008). Therefore,
it was reasoned that both experiments shown in Figure 6.3 and Figure 6.5 were
comparing the numbers of neutrophils between groups, and that heterozygous
rps14%% mutant larvae have normal numbers of neutrophils in the CHT by 3 dpf,
but by 4 dpf, their number is significantly decreased, compared to that of their wild
type siblings. The fact that a difference in the number of neutrophils in the CHT
between heterozygotes and wild type larvae seems to arise between 3 dpf and 4

dpf suggests that this is due to a defect in the number or function of HSCs.
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Figure 6.5 | Imaging and quantifications of itga2b:GFP'"" and lyz:nfsB-
mCherry* cells in the CHT of 3 dpf rps14%'s mutant larvae.

Compound double transgenic Tg(itga2b:GFP); Tg(lyz:nfsB-
mCherry); rps14%® mutant fish were obtained by outcrossing
homozygous Tg(lyz:nfsB-mCherry)"* adult fish to Tg(itga2b:GFP)*";
rps14*E8s adult fish. In (a-d and a’-d’), lateral views of the tails of 3

dpf representative wild type (a-d) and heterozygous rps14*&8 mutant
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(a’-d’) larvae are shown. Images of bright field (a and a’), GFP (b
and b’), and mCherry (c and ¢’) channels are shown along with
images of all three channels merged (d and d’). All images show
anterior to the left. In (e and f), quantifications of itga2b:GFP™" (e)
and lyz:nfsB-mCherry* (f) cells in the CHT of 3 dpf rps145® mutant
larvae are shown. Statistical comparisons in both (e and f) were
carried out by Mann Whitney test (p-values shown). See
Supplementary Table 9.46 and Supplementary Table 9.47 for more
details about (e) and (f), respectively.

Imaging and quantifications of HSCs and other haematopoietic progenitors
expressing itga2b:GFP were carried out in 4 dpf rps145¥ mutant larvae carrying
the Tg(itga2b:GFP) transgene. Figure 6.6 a-c’ show lateral images of the trunk and
tail of 4 dpf rps14%¥* mutant larvae expressing the Tg(itga2b:GFP) transgene. As
mentioned before, heterozygous larvae exhibit a normal morphology, and their
itga2b:GFP'"" cells reside in the CHT (Figure 6.6 b and b’), in the same way as
observed in their wild type siblings (Figure 6.6 a and a’). In contrast, homozygous
rps1458/E8S mytant larvae exhibit a severe delay in development at this stage, with
cardiac oedema, antero-posterior axis ventrally curved, among other defects
(Figure 6.6 c). Figure 6.6 ¢’ shows that itga2b:GFP'" cells are almost absent in the
CHT, and irregular patches of fluorescence can be seen in the skin, which are likely

to be auto-fluorescence observed in necrotic tissues in zebrafish embryos.

The number of itag2b:GFP™" cells in the CHT of 4 dpf rps14%® mutant embryos
was quantified under a fluorescence stereoscope, and the results are shown in
Figure 6.6 d as the number of itag2b:GFP'"" cells normalized to that of the wild
type group. The statistical analysis shows that there is a dose-dependent decrease
in the number of itga2b:GFP"" cells in the CHT of rps14®%® mutant larvae (Figure
6.6 d and Supplementary Table 9.48), showing that Rpsl14 haploinsufficiency
affects the number of HSCs and haematopoietic progenitors found in the CHT of

larvae.
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Figure 6.6 | Dose dependent decrease in the number of itga2b:GFP'" cells in
the CHT of 4 dpf rps1488* mutant larvae.

Transgenic Tg(itga2b:GFP); rps14%¥* mutant adult fish were cross to
heterozygous rps14*€® adult fish to obtain hemizygous
Tg(itga2b:GFP)*"; rps14% mutant embryos. (a-c and a’-c’) show
lateral views of the tails (a-c) and part of the CHT (a’-¢’) of wild type
(a and a’), heterozygous rps14"% (b and b’), and homozygous
rps14E8E8s mytant (c and ¢’) larvae at 4 dpf. Images of bright field
and GFP channels are shown merged, with anterior to the left (a-c
and a’-c’). In (d), quantification of itga2b:GFP"" cells in the CHT of 4
dpf rps1458 mutant larvae is shown. Statistical comparison in (d) was
carried out by one-way ANOVA (p < 0.0001) followed by Tukey’s
multiple comparisons test (p-values for each comparison shown).

See Supplementary Table 9.48 for more details.

The quantifications of itga2b:GFP"" cells in the CHT of 4 dpf rps145®* mutant
larvae shown in Figure 6.6 d suggest that other haematopoietic lineages could be
affected by the decrease in the number of HSCs and other progenitors observed
in heterozygotes and homozygous rps14%=8 mutant larvae. Therefore, the
number of circulating thrombocytes was measured using the Tg(itga2b:GFP)
transgenic reporter line, where circulating thrombocytes express high levels of
GFP (Lin et al., 2005). This methodology is described in detail in section 6.2.3, and
it is based on previous reports (Paredes-Zufiiga et al., 2017; Walters et al., 2010).
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Measurements of the heart rate were also carried out in each case as internal

controls, see section 6.2.3 for details.

Figure 6.7 shows the quantification of the number of circulating itga2b:GFP""
thrombocytes per minute in 3 dpf (Figure 6.7 a) and 4 dpf (Figure 6.7 c) rps148’
mutant larvae, along with measurements of their respective heart rates (Figure 6.7
b and d, respectively) as internal controls. Results suggest that heterozygous
rps14*E8 mutant larvae show an increasing number of circulating thrombocytes,
however, statistical analysis of the data show that there is no statistically significant
difference between both groups (Supplementary Table 9.49 and Supplementary
Table 9.51).
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Figure 6.7 | Quantifications of circulating thrombocytes and heart rate in
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rps14' mutant larvae at 3 dpf and 4 dpf.

Transgenic Tg(itga2b:GFP); rps148" mutant larvae were obtained by
outcross. Circulating GFP"9" thrombocytes (a and c) and heart rates
(b and d) were quantified as described in section 6.2.3 in rps14
mutant larvae at 3 dpf (a and b) and 4 dpf (c and d). All statistical
comparisons were carried out by Mann Whitney test (p-values
shown). See Supplementary Table 9.49, Supplementary Table 9.50,
Supplementary Table 9.51, and Supplementary Table 9.52 for more

details about (a-d), respectively.



6.3.2 Exposure to an agonist of TLR7 and TLRS8, imiquimod,

alleviates anaemia in rps14 and gatala morphants

The experiments in this section, and those in section 6.3.4, explore the effects of
pharmacological modulation of TLR pathways on the haematopoietic cells of rps14
morphants and mutants. Previous work carried out in our laboratory by Youngrock
Jung® as part of his master thesis, found that imiquimod, an agonist of TLR7 and
TLR8 (Hemmi et al., 2002; Jurk et al., 2002), partially rescues the phenotype of
rps14 morphant embryos (Jung, 2013). In his work, a library of 720 compounds
(Microsource Discovery Systems) were tested in 3 successive screens for their
potential to rescue the phenotypes of rps14 morphants (Jung, 2013), previously
reported (Payne et al.,, 2012). Figure 6.8 a shows a diagram explaining the
successive screens carried out on rps14 morphant larvae. The design is based on
successive rounds of screen, where only the compounds found as positives from
the previous round are tested again in the next one. Additionally, on each round
the phenotypes screened are more specific, in order to decrease the total number
of compounds to be tested in an efficient way. For example, the first screen takes
advantage of the severe developmetal delay of rpsl4 morphants (Payne et al.,
2012).The rps1l4 morphant larvae exposed to two different doses of each tested
compound were examined under a dissecting microscope at 2, 3, and 4 dpf by two
independent researchers. The phenotypes of the morphant larvae were scored
according to the level of improvement in their morphological development and
numbers of circulating cells. The compounds found as positives in this primary
screen were then tested again in a secondary screen where rps14 morphant larvae
were stained with o-dianisidine and then scored for their degree of
haemoglobinization. In this way, compounds improving overall development
without rescuing the anaemic phenotype of rpsl4 morphants were excluded.
Finally, the positives were tested again in a tertiary screen where a series of
different concentrations (5, 20, 50, and 100 pM) of each compound were assess
for their potential to rescue the defects in haemoglobinization, body length and eye

diameter, found in rps14 morphant fish (Jung, 2013).

6 Data represented in Figure 6.8 are part of Youngrock Jung MSc’s work, carried out under
the supervision of Dr Elspeth Payne at the UCL Cancer Institute, and are reproduced here
with permission of the authors.
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The drug screen carried out in rps14 morphants, explained in Figure 6.8 a, led to
the identification of imiquimod, an agonist of both TLR7 and TLR8 (Hemmi et al.,
2002; Jurk et al., 2002), as a positive (Jung, 2013). Imiquimod exposure from 24
hpf was found to partially rescue the body length and eye diameter defects
observed in rps14 morphants during larval development (Jung, 2013). Importantly,
exposure to 20 uM imigquimod from 24 hpf to 4 dpf was shown to partially rescue
the severe defects in haemoglobinization in the erythroid cells of rps14 morphants
(Figure 6.8 b-i) (Jung, 2013), in a similar way to the previously reported effects of
L-leucine in fish (Narla et al., 2014; Payne et al., 2012), which was used as a
positive control. Comparison of ventral views of uninjected (Figure 6.8 b) and rps14
morphant (Figure 6.8 c) larvae treated with DMSO shows the severe
developmental delay of the morphants: smaller head, smaller eyes, and almost
complete absence of erythroid cells with haemoglobin detectable by o-dianisidine
staining. Those morphant larvae exposed to 20 pM imiquimod (Figure 6.8 d) show
a significant increase in the size of their heads, bigger eyes, and considerable
haemoglobinization of erythroid cells in the heart, PHS, and other minor blood
vessels (Jung, 2013). These results suggest that agonists of either TLR7 or TLRS,
or both, were capable of inducing a significant improvement in the erythroid

development of rps14 morphants.
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Figure 6.8 | Design of drug screen and rescue of haemoglobinization of rps14

morphants by imiquimod exposure.

Image in (a) shows a diagram representing the design of the three
successive screens used to find the potential of imiquimod to rescue
the phenotype of rps14 morphants. The images in (b-i) show ventral
(b-e) and lateral (f-i) views of o-dianisidine stainings of 4 dpf rps14
morphants (c-e and g-i) and uninjected controls (b and f) treated with
0.2% v/v DMSO (b-c and f-g), 20 uM imiquimod (d and h), and 100
mM L-leucine (e and i). (b-e) ventral views showing anterior to the
top. (f-i) lateral views showing anterior to the left. Image in (a) was
created based on previous work (Jung, 2013), and images in (b-i) are
were adapted from Youngrock Jung’s work (Jung, 2013) modified by
Dr Elspeth Payne (unpublished data).
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Further experiments were carried out replicating results previously shown (Jung,
2013). Interestingly, exposure to even lower doses of imiquimod (5 uM) is sufficient
to induce a moderate rescue of the body length of rps14 morphant larvae by 4 dpf.
Figure 6.9 shows measurements of body length and eye diameter carried out at 2
dpf and 4 dpf in rps14 and control morphants treated from 24 hpf with 0.05% v/v
DMSO, 5 yuM imiquimod, or 5 uM gardiquimod. Given that imiquimod is an agonist
of both TLR7 and TLR8 (Hemmi et al., 2002; Jurk et al., 2002), gardiquimod, an
agonist of TLR7 (Zhu et al., 2008), was included in the experiments.

By 2 dpf, no comparisons show any statistically significant difference, other than
weak evidence supporting that rps14 morphants treated with 5 uM gardiquimod
could have decreased body length (p = 0.071, Figure 6.9 a, Supplementary Table
9.54). Consistent with this, statistical comparisons of the body length
measurements of 4 dpf larvae show that exposure to 5 uM gardiquimod has a
significant effect, inducing a decrease in the body length of both control (p <
0.0001) and rps14 (p < 0.0001) morphant larvae (Figure 6.9 ¢, and Supplementary
Table 9.58). In contrast, exposure to 5 pM imiquimod induced a moderate but
statistically significant increase in the body length of rps14 morphants (p = 0.020),
while no significant change was observed in the control morphants (p = 0.183,
Figure 6.9 c, Supplementary Table 9.58). It is important to notice that the rescue
of body length of rps14 morphants reported previously after exposure to 20 uM
imiquimod (Jung, 2013), is in Figure 6.9 c detectable at a 4 times lower

concentration, 5 pM imiquimod.

Figure 6.9 d shows the measurements of the eye diameter of morphants at 4 dpf.
While control morphants show a small, but statistically significant, decrease in their
eye diameter induced by treatment with 5 pM imiquimod (p = 0.055) or 5 pM
gardiquimod (p = 0.0048); rps14 morphants were not affected by imiquimod (p =
0.102) or gardiquimod (p = 0.440) exposure (Figure 6.9 d, and Supplementary
Table 9.60). However, all rps14 morphants show lower average eye diameter
compared to all control morphants, regardless of the compounds with which they

were exposed (Figure 6.9 d, and Supplementary Table 9.59).
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Figure 6.9 | Measurements of body length and eye diameter in rpsl4
morphants treated with 5 pM imiquimod and 5 pM gardiquimod.

Embryos injected with rps14 and control morpholinos were treated
with 0.05% v/v DMSO (light orange), 5 uM imiquimod (orange), or 5
MM gardiquimod (dark orange) from 24 hpf. Measurements of body
length (a and c¢) and eye diameter (b and d) were carried out at 2 dpf
(aand b) and 4 dpf (c and d) as described in section 6.2.5. Statistical
comparisons in (a-d) were carried out by using two-way ANOVA, and
the p-values for the effect of each factor can be found in their
respective Supplementary Tables. Two-way ANOVA analysis was
followed by Dunnett’'s multiple comparisons test to DMSO controls,
and the p-values for each comparison made are shown in each
graph. See Supplementary Table 9.53 to Supplementary Table 9.60,

for more details about (a), (b), (c), and (d), respectively.

The findings showing that TLR7 and TLR8 modulation by imiquimod exposure was

able to partially rescue the anaemia and other phenotypes observed in rpsl4
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morphants (Jung, 2013), raise the question on whether the observed effects of
TLR pathway modulation on erythroid cell development are restricted to those
cases where anaemia is induced by deficiency in a ribosomal protein. In order to
test this, the effects of imiquimod exposure were studied in gatala morphants,

whose erythroid development is severely impeded (Galloway et al., 2005).

Control and gatala morpholinos were injected into 1-cell stage transgenic
Tg(gatala:dsRed) embryos that were then treated with 0.05% v/v DMSO or 5 uM
imiquimod from 24 hpf to 4 dpf. At 4 dpf, fluorescence images were acquired of the
CHT of all larvae, and representative images of each group are shown in Figure
6.10 a-d. In the transgenic Tg(gatala:dsRed) reporter line, erythroid cells express
dsRed, together with a minor degree of expression in other cells type (Traver et
al., 2003). By 4 dpf, most dsRed* erythroid cells are observed in the blood
circulation, and a few cells remain stationary in the CHT, as can be observed in
both control morphants treated with DMSO (Figure 6.10 a) and imiquimod (Figure
6.10 c). In contrast, gatala morpholino induces accumulation of dsRed™ cells in
the CHT (Figure 6.10 b), as the expression of erythroid genes that depend on
Gatala activity is disrupted (Galloway et al., 2005). The accumulation of dsRed*
erythroid progenitors in the CHT of gatala morphants, observed in Figure 6.10 b,
provides an opportunity to indirectly quantify the effect of imiquimod exposure on
these cells. Using Fiji software, see section 6.2.5 for methodological details, the
intensity of fluorescence within the CHT was measured in each larva, and the
results are shown in Figure 6.10 e. In the case of the larvae injected with the control
morpholino, no effects of imiquimod exposure are observed in the CHT (p > 0.999,
Supplementary Table 9.61), probably because erythroid cells differentiate and
enter the blood circulation, making it impossible to detect any change by observing
the CHT. In contrast, in those larvae injected with gatala morpholino, dsRed* cells
do not exit the CHT. Comparison of gatala morphants treated with 0.05% v/v
DMSO and 5 pM imiquimod shows an accumulation of dsRed* cells in the CHT
that can be observed as a significant increase in the dsRed fluorescence of the
CHT of gatala morphants exposed to imiquimod (p = 0.0016, Figure 6.10 e,
Supplementary Table 9.61). The areas of the CHT of all larvae analysed were also
measured and compared as an internal control, but no significant differences were
found among the groups (Figure 6.10 f, Supplementary Table 9.62). These results
suggest that modulation of TLR7 and TLR8 by imiquimod exposure improves

erythroid cell development, although it cannot rescue the defects in erythroid
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differentiation found in gatala morphants. It is also important to mention that
imiquimod’s effects are not restricted to the deficiency of ribosomal proteins,

suggesting that TLR pathways could play a role in developmental haematopoiesis.
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Figure 6.10 | Imiquimod treatment increases erythroid development in gatala

morphants.

Homozygous transgenic Tg(gatala:dsRed)"* embryos injected with
gatala morpholino were exposed to 5 UM imiquimod or 0.05% v/v
DMSO from 24 hpf to 4 dpf. In (a-d), fluorescence images of the CHT
of representative larvae are shown pseudo-coloured according to
fluorescence intensity using Fiji software (see section 2.12 for
details). All images in (a-d) show anterior to the left. The intensity of
dsRed fluorescence was measured using Fiji software in the CHT of
each larva and the results are shown in (e). In (f), the areas of the
CHT of each larva were also measured as an internal control for data
in (e). The methodology used for the measurements shown in (e) and
(f) is described in detail in section 6.2.5. Statistical comparisons in (e

and f) were carried out by using two-way ANOVA, and the p-values
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for the effect of each factor are shown in each graph. In the case of
data shown in (e), two-way ANOVA analysis was followed by
Bonferroni’'s multiple comparisons test, and the p-values for each
comparison made are shown in the graph. See Supplementary Table
9.61 and Supplementary Table 9.62 for more details about (e) and
(f), respectively.

Further experiments were carried out to study other cell types that could be
affected by the pharmacological modulation of TLR7 and TLR8 with imiquimod.
Previous reports had found that exposure to imiquimod is able to induce a partial
rescue of the haemoglobinization of erythroid cells of rps14 morphants by 4 dpf
(Jung, 2013). It was hypothesized that imiquimod treatment affects the number of
HSCs by modulating either TLR7, TLRS, or both. To test this hypothesis, rps14F8
mutant fish carrying the Tg(itga2b:GFP) transgenic reporter were treated with 5 uM
imiquimod, 0.05% v/v DMSO, or E3 from 24 hpf to 4 dpf. The Tg(itga2b:GFP)
transgene drives the expression of high levels of GFP in thrombocytes, while HSCs
and other haematopoietic progenitors in the CHT express low levels of GFP (Lin
et al., 2005). The number of itga2b:GFP'"°" cells over the AGM area and in the CHT
of each larva was quantified. The results, in Figure 6.11 a and b, show no
statistically significant difference among the groups receiving different treatments

(Figure 6.11 a and b, Supplementary Table 9.63, and Supplementary Table 9.64).

The effect of TLR7 and TLR8 modulation on granulocytes of rps14%® mutant
larvae by treatment with imiquimod were also studied. Wild type and heterozygous
rps14*E8 mutant larvae were treated with 5 pM imiquimod, 0.05% v/v DMSO, or
E3 from 24 hpf to 4 dpf, and granulocytes were stained using Sudan Black staining
(as described in section 2.3). Sudan Black™ granulocytes were quantified in the
CHT of each larva, and the results are shown in Figure 6.11 c. Statistical analysis
shows no significant differences among all groups (Supplementary Table 9.65),
suggesting that exposure to imiquimod, and therefore modulation of TLR7 and

TLR8, has no impact on the number of granulocytes found at this stage.
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Figure 6.11 | Quantifications of itga2b:GFP'*" and Sudan Black" cells in the
CHT of 4dfp rps14' mutant larvae exposed to imiquimod.

Graphs in (a and b), show quantifications carried out in transgenic
rps1458 mutant larvae expressing Tg(itga2b:GFP), and the graph in
(c) shows quantifications carried out on rps14%® mutant larvae
stained with Sudan Black. All fish in (a, b, and c) were treated with E3
(white bars), 0.05% v/iv DMSO (light orange bars), and 5 uM
imiquimod (orange bars) from 24 hpf to 4 dpf. In (a and b), at 4 dpf
itga2b'¥ cells were quantified along the AGM, shown in (a), and in
the CHT, shown in (b). In (c), granulocytes labelled by Sudan Black
were quantified in the CHT of each larva at 4 dpf. Statistical
comparisons in (a, b, and c) were carried out by using two-way
ANOVA, and the p-values for the effect of each factor are shown in

each graph. See Supplementary Table 9.63, Supplementary Table
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9.64, and Supplementary Table 9.65, for more details about (a), (b)

and (c), respectively.

6.3.3 Heterozygous rpsl14*E8s mutants exhibit anaemia when

exposed to cold and haemolytic stress

The results in Figure 6.1 show that heterozygous rps14*&® fish display normal
levels of haemoglobinization of erythroid cells at 48 hpf and 4 dpf, which strongly
suggests that rps14"/58 heterozygosity does not induce anaemia in the zebrafish.
However, during previous work carried out by Dr Elspeth Payne, it was observed
that rps14 mutant larvae raised at 24 °C from the 18 ss to 2 dpf, show delayed
cardiac development (Dr Elspeth Payne, unpublished data). This observation led
to the hypothesis that rps14% mutation could increase the sensitivity of
developmental haematopoiesis to stress. To test this hypothesis, rps14% mutant
embryos were raised at 22 °C from the 6 ss (12 hpf) to prim-22 stage (36 hpf) and
stained with o-dianisidine, as described in section 2.4. Figure 6.12 a and b shows
ventral views of representative wild type (a), and heterozygous rps14*E8 mutant
larvae stained with o-dianisidine at prim-22 stage. Wild type embryos, in Figure
6.12 a, exhibit haemoglobinization of erythroid cells over the yolk sac and in the
heart, while heterozygous rps14%® mutant embryos, in Figure 6.12 b, show
extremely reduced levels of haemoglobinization. All embryos were also scored
according to their degree of haemoglobinization, and the proportion of embryos
displaying normal levels of haemoglobinization (as that of the embryo shown in
Figure 6.12 a), and an anaemic phenotype (as that of the embryo shown in Figure
6.12 b), were compared between wild type and heterozygous rps14*E8 mutant
embryos (Figure 6.12 c). It is important to notice that both normal and anaemic
phenotypes are found among wild type and heterozygous embryos, however, the
penetrance of the anaemic phenotype is severely increased within the group of
heterozygous rps14"% mutant embryos (Figure 6.12 c). Close examination of
those embryos with severe anaemia shows that they have o-dianisidine® cells
(Figure 6.12 b), demonstrating that the haemoglobinization is not abolished in
these cases, but delayed. The higher penetrance of anaemia observed among
heterozygotes suggests that erythroid cell development in heterozygous rps14 /8

mutant embryos is more sensitive to cold stress than in wild type rps14** embryos.
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Figure 6.12 | Erythropoiesis in heterozygous rps14*E8s embryos is more

sensitive to cold stress than in wild type embryos.

The effect of cold stress during early development on
haemoglobinization of erythrocytes was studied in heterozygous
rps14*E8S mutant embryos compared to their wild type siblings.
Embryos were raised at 22 °C from 6 ss stage (12 hpf) to prim-22 (36
hpf) and stained with o-dianisidine. In (a and b), ventral views of
representative wild type (a), and heterozygous rps145% mutant (b)
embryos at prim-22 stage are shown with anterior to the left. In (c),
the percentage of embryos displaying anaemic (light orange) or
normal (dark orange) phenotype is shown for each genotype. Notice
the increased proportion of embryos with anaemic phenotype in the

group of rp148 heterozygotes.

Results in Figure 6.12 show that in response to cold stress, a significant proportion
of heterozygous rps14*&® mutant embryos exhibit an anaemic phenotype that
suggests that developmental haematopoiesis is more delayed under stress
conditions in heterozygotes than in wild type embryos. Therefore, it was
hypothesized that heterozygous rps14*&® mutant fish exhibit poorer recovery of

erythroid cells after haemolytic stress. As described in section 6.2.8, haemolytic
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stress was induced by treatment with 1 pg/mL PHZ from 24 hpf to 48 hpf, which is
sufficient to induce death of erythroid cells (Lenard et al., 2016). At 48 hpf, PHZ
was washed away and replaced by E3, and larvae were allowed to recover until 6
dpf. Larvae were stained with o-dianisidine at 6 dpf and all fish were imaged. Figure
6.13 a and a’ shows haemoglobinization after recovery from haemolytic stress in
wild type rps14*"* larvae. Erythroid cells labelled with o-dianisidine are observed in
the heart, PHS, and other blood vessels (Figure 6.13 a and a’). In contrast,
heterozygous rps14*®® mutant larvae show a reduced degree of
haemoglobinization (Figure 6.13 b and b’) in comparison with their wild type
siblings (Figure 6.13 a and a’). Larvae were scored according to their
haemoglobinization phenotype as normal or anaemic and the proportion of each
phenotype is graphed for each genotype in Figure 6.13 c. Most wild type larvae
(89%) exhibit a normal phenotype, while only 11% show anaemia. In contrast, 59%
of heterozygous rps14*&® mutant larvae displayed anaemia (Figure 6.13 c).
Statistical comparison shows that the penetrance of the anaemic phenotype is
significantly higher in heterozygous rps14*5# mutant larvae than in their wild type
siblings (p = 0.0009, Fisher’s exact test). These results suggest that erythroid cell
development in rps14*58 haploinsufficient larvae has a decreased performance,
which manifests as an increased penetrance of anaemic phenotypes under stress

conditions.
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Figure 6.13 | Heterozygous rps14*E#s |arvae exhibit poorer recovery after

haemolytic stress than wild type larvae.

Haemolytic stress was induced in rps14%% mutant embryos from 24
hpf to 48 hpf by exposure to 1 pg/mL PHZ (see section 6.2.8 for
details). At 48 hpf, PHZ was washed away and fish were allowed to
recover until 6 dpf. At 6 dpf, larvae were stained with o-dianisidine
and imaging was carried out. Images in (a-b’) show ventral (a and b),
and lateral (a’ and b’) views of wild type rps14** (a and a’) and
heterozygous rps147E8 (b and b’) larvae with anterior to the left. In
(c), the percentage of embryos displaying anaemic (light orange) or
normal (dark orange) phenotype is shown for each genotype.
Statistical comparison between genotypes was carried out by

Fisher’s exact test and the p-value is shown in the graph.

Further experiments were carried out to characterize the recovery of erythroid cells
after chemically induced-haemolytic stress in rps14*E8" heterozygotes. Transgenic
rps148 mutant fish expressing the Tg(gatala:dsRed) transgene, that drives the
expression of dsRed to erythroid cells (Traver et al.,, 2003), were used for
fluorescence imaging and flow cytometry analysis after recovery from haemolytic
stress. As described for experiments in Figure 6.13, haemolytic stress was induced
by incubation in 1 pg/mL PHZ from 24 hpf to 48 hpf, PHZ was replaced by E3 at

48 hpf, and fish recover in E3 (see section 6.2.9 for details). Figure 6.14 a and a’
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show lateral views of the tails of Tg(gatala:dsRed) transgenic wild type larvae at
6 dpf. Erythroid cells expressing dsRed can be found circulating in the DA, CV, Se,
and residing in the CHT. Imaging of 6 dpf heterozygous rps147E8" |arvae shows a
similar distribution of gatala:dsRed* cells (Figure 6.14 b and b’), however, some
of the heterozygotes display an apparently reduced number of labelled cells in the
CHT (compare Figure 6.14 a and b). Therefore, quantifications of gatala:dsRed*
cells in rps14%® mutants were carried out by flow cytometry analysis.
Quantifications in 3 dpf larvae, depicted in Figure 6.14 c, show that heterozygous
rps14"E8 Jarvae have decreased numbers of gatala:dsRed* cells compared to
their wild type siblings (p = 0.048, Supplementary Table 9.66). Similarly,
quantifications carried out in 6 dpf larvae (Figure 6.14 d) also show a decrease in
gatala:dsRed" cells in heterozygotes in comparison to wild type rps14** larvae (p
= 0.004, Supplementary Table 9.67). These results, in agreement with data on
haemoglobinization shown in Figure 6.13, suggest that rps14 haploinsufficiency
affects haematopoiesis, making the haematopoietic compartment more
susceptible under stress conditions.
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Figure 6.14 | Imaging and quantification of gatala:dsRed* cells in rps14£&fs

mutants during recovery after haemolytic stress.

Haemolytic stress was induced in rps145%* mutant embryos carrying
the transgenic reporter Tg(gatala:dsRed), by exposure to 1 pg/mL
PHZ from 24 hpf to 48 hpf (see section 6.2.8 for details). At 48 hpf,
PHZ was washed away and fish were allowed to recover until 3 dpf
(c), or 6 dpf (a-b’, and d). In (a-b’), fluorescence images of the tails
of wild type (a and a’) and heterozygous rps14*"E (b and b’) larvae
at 6 dpf are shown with anterior to the left. In (a and b), dsRed
channel is shown in greyscale, and in (a’ and b’) bright field and
dsRed channels, in magenta, are shown merged. In (c and d),

gatala:dsRed* cells were quantified in individual larvae by flow
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cytometry analysis at 3 dpf (c), and 6 dpf (d). Statistical comparison
in (c) was carried out by unpaired t test, and in the case of (d), by
Mann Whitney test. See Supplementary Table 9.66, and
Supplementary Table 9.67, for more details about (c), and (d),

respectively.

6.3.4 Pharmacological activation of TLR7 partially rescues delayed

haemoglobinization after chemically induced haemolytic stress

Previous work in the laboratory of Dr Elspeth Payne identified imiquimod through
a drug screen carried out on rpsl4 morphants (Jung, 2013). Imiquimod is an
agonist of both TLR7 and TLR8 (Hemmi et al., 2002; Jurk et al., 2002), and
exposure to it during embryonic and larval development was shown to partially
rescue the anaemic phenotype of rps14 morphants (Jung, 2013). Treatment with
imiquimod also caused moderate rescue of body length and eye diameter in rps14
morphant larvae (Jung, 2013), showing that its effects were not restricted to
haematopoietic cells.

Experiments carried out in heterozygous rps14*€® mutant larvae show that
haemolytic stress elicits a significant increase in the penetrance of anaemia among
heterozygotes (Figure 6.13 and Figure 6.14). This phenotype was used as a model
to study the effect of pharmacological modulation of TLR7 and TLR8, by inducing
haemolytic stress by exposure to PHZ in combination with treatment with agonists
of both TLR7 and TLR8.

The effects of imiquimod on rps14% mutant larvae were further studied by
exposure to different concentrations of imiquimod during recovery after haemolytic
stress. As described before for experiments in Figure 6.13 and Figure 6.14,
haemolytic stress was induced by exposure of embryos to 1 pg/mL PHZ from 24
hpf to 48 hpf (see section 6.2.8 for more details). Then larvae were allowed to
recover until 6 dpf in different concentrations of imiquimod (from 1 uM to 100 pM)
or 1% v/iv DMSO (see section 6.2.6 for more details). At 6 dpf, larvae were stained
with o-dianisidine and imaging was carried out. Figure 6.15 a-e’ shows ventral
views of 6 dpf wild type (a-e) and heterozygous rps14*&® mutant (a’-e’) larvae

treated with increasing concentrations of imiquimod. All larvae were scored
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according to their haemoglobinization phenotype as normal or anaemic, and the
percentage of larvae displaying each phenotype was graphed for each genotype
under each treatment in Figure 6.15 f. In the case of the control group, larvae were
allowed to recover in 1% v/v DMSO after treatment with PHZ, the results in Figure
6.15 f are similar to those shown previously in Figure 6.13 c. Figure 6.15 f shows
that 77.3% of wild type larvae exhibit normal haemoglobinization (see Figure 6.15
a), while 26.7% of them show anaemia. In the case of heterozygous rps14E8
mutant larvae, this proportion is inverted, with only 22.2% displaying normal
haemoglobinization, and 77.8% of heterozygotes showing anaemia (Figure 6.15
a’). In heterozygotes exposed to 1 pM imiquimod the proportion of larvae displaying
anaemia is also high (88.9%, Figure 6.15 b and b’), which descends to 60.0%
within heterozygous rps14758 |arvae treated with 5 uM imiquimod (Figure 6.15 ¢
and ¢’). In contrast, the penetrance of the anaemic phenotype among
heterozygotes exposed to 20 puM imiquimod is only 22.2%, similar to that found
among wild type larvae under the same treatment (26.7%, Figure 6.15 d and d’).
These results suggest that activation of TLR7, TLR8 or both induces a rescue in
the haemoglobinization of heterozygous rps14*&®" larvae. Notice also that higher
concentrations of imiqguimod seem to induce higher rates of anaemia and

morphological abnormalities (see Figure 6.15 e, €’, and f).
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Figure 6.15 | (in previous page) Imiquimod treatment improves recovery of

rps14+&8s mutant larvae after haemolytic stress.

Effect of imiquimod on haemoglobinization during recovery after
haemolytic stress. Haemolytic stress was induced by exposure of
rps145% mutant fish to 1 pug/mL PHZ from 24 hpf to 48 hpf. Fish were
allowed to recover until 6 dpf in the presence of different
concentrations of imiquimod or DMSO. Larvae were stained with o-
dianisidine at 6 dpf and imaged to assess their degree of
haemoglobinization. In (a-e’), ventral views of o-dianisidine stainings
of 6 dpf larvae are shown with anterior to the left. Representative wild
type (a-e) and heterozygous rps147E8 mutant (a’-e’) larvae are
shown for each treatment: 1% v/v DMSO (a and a’), 1 uM imiquimod
(b and b’), 5 uM imiquimod (¢ and ¢’), 20 uM imiquimod (d and d’),
and 100 pM imiquimod (e and €’). In (f), the percentage of larvae with
normal (dark orange) or anaemic (light orange) phenotype is graphed
for each genotype under each different treatment.

Further experiments were carried out with more specific agonists, to determine
whether the rescue observed after imiquimod treatment in both rps14 morphants
(Jung, 2013) and mutants (Figure 6.15), is caused by modulation of TLR7, TLRS,
or both. Two different compounds, gardiquimod and motolimod, agonists of TLR7
and TLR8, respectively, were used in similar experiments to that carried out with

imiquimod (in Figure 6.15).

Gardiquimod, a TLR7 agonist (Zhu et al., 2008), was used in recovery experiments
after haemolytic stress. As done with imiquimod in the experiment of Figure 6.15,
fish were incubated in different concentrations of gardiquimod from 48 hpf to 6 dpf
after haemolytic stress was induced by exposure to 1 pg/mL PHZ (see sections
6.2.6 and 6.2.8, for more details). At 6 dpf, larvae were stained with o-dianisidine,
as described in section 2.4, and then imaged to be scored according to their
haemoglobinization phenotype. Figure 6.16 a-e’ shows ventral views of o-
dianisidine stainings of representative larvae of each genotype for each treatment,
and in Figure 6.16 f, the percentage of larvae with normal (dark orange bars) and

anaemic (light orange bars) phenotype are graphed for each genotype within each
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drug treatment. In the group control treated with DMSO, 64.5% of wild type larvae
showed normal haemoglobinization, while anaemia was observed in 35.5% of
them. In contrast, anaemic phenotype has a high penetrance among heterozygous
rps14*E8 mutant larvae (70.6%, Figure 6.16 a and a’), as previously observed
(Figure 6.13 and Figure 6.15). Treatment with increasing concentrations of
gardiquimod during the recovery phase led to a progressive decrease of the
penetrance of the anaemic phenotype among heterozygotes (Figure 6.16 f).
Among heterozygous rps147E mutant larvae exposed to 1 pM gardiquimod,
anaemia was observed in 66.7% of fish (Figure 6.16 b and b’); treatment with 5 pM
gardiquimod led to 50.0% of anaemic heterozygous larvae (Figure 6.16 ¢ and c’);
and in those heterozygous fish exposed to 20 uM gardiquimod, the penetrance of
the anaemic phenotype is only 37.5% (Figure 6.16 d and d’), comparable to that
observed among wild type larvae under the same treatment (31.3%) and among
wild type larvae treated with DMSO (35.5%). Treatment with higher concentrations
of gardiquimod, 100 uM in Figure 6.16, led to an increase in the penetrance of
anaemia among heterozygous rps14"5 mutant larvae (Figure 6.16 e and e’).
These results suggest that exposure to the TLR7 agonist, gardiquimod, is sufficient
to induce a rescue in the haemoglobinization of heterozygous rps14*58* mutant

larvae.
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Figure 6.16 | (in previous page) Exposure to TLR7 agonist, gardiquimod,
improves recovery after haemolytic stress in rps14%8 mutant

larvae.

Effect of gardiguimod on haemoglobinization during recovery after
haemolytic stress. Haemolytic stress was induced by exposure of
rps1458 mutant fish to 1 pug/mL PHZ from 24 hpf to 48 hpf. Fish were
allowed to recover untii 6 dpf in the presence of increasing
concentrations of gardiquimod or DMSO. At 6 dpf larvae were stained
with o-dianisidine and imaged to assess their degree of
haemoglobinization. In (a-e’), ventral views of o-dianisidine stainings
of 6 dpf larvae are shown with anterior to the left. Representative wild
type (a-e) and heterozygous rps147E8 mutant (a’-e’) larvae are
shown for each treatment;. 1% v/v DMSO (a and a’), 1 uM
gardiquimod (b and b’), 5 pM gardiquimod (¢ and ¢’), 20 uM
gardiquimod (d and d’), and 100 uM gardiquimod (e and e’). In (f),
the percentage of larvae with normal (dark orange) or anaemic (light
orange) phenotype is graphed for each genotype under each different

treatment.

Although results in Figure 6.16 show that pharmacological modulation of TLR7 with
the agonist gardiquimod induces a rescue in the haemoglobinization of
heterozygous rps14*58 mutant larvae, this does not rule out the possibility that
modulation of TLR8 could elicit a similar effect. Therefore, similar experiments
were carried out where rps14%® mutant larvae were incubated in different
concentrations of motolimod, a TLR8 agonist (Lu et al., 2012), during the recovery
phase after haemolytic stress. Incubation with 1 pg/mL PHZ from 24 hpf to 48 hpf
was used to induce haemolytic stress (see section 6.2.8 for more details), as done
before. At 48 hpf, PHZ was replaced by 1% v/v DMSO, or increasing
concentrations of motolimod (0.1, 1, 10, and 100 uM; see section 6.2.6 for more
details), and the larvae were allowed to recover until 6 dpf. O-dianisidine stainings
were carried out at 6 dpf, and all larvae were imaged for later assessment of their
haemoglobinization phenotype. Figure 6.17 a-e’ shows ventral views of
representative larvae stained with o-dianisidine for each genotype under each drug

treatment. The percentage of larvae displaying normal haemoglobinization (dark
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orange bars) and anaemic phenotype (light orange bars) is shown for each
genotype under each drug treatment in Figure 6.17 f. Among fish exposed to
DMSO during the phase of recovery, 62.5% of wild type larvae exhibit normal
haemoglobinization (Figure 6.17 a), while only 37.5% show anaemia. In contrast,
only 9.1% of heterozygotes have normal haemoglobinization, and 90.1% display
anaemic phenotype (Figure 6.17 a’), as shown in Figure 6.13. Treatment with
increasing concentrations of motolimod during the recovery phase led to variable
increases of the percentage of heterozygous rpsl14"E |arvae with normal
haemoglobinization (Figure 6.17 f). Among heterozygotes treated with 0.1 pM
motolimod, 75% of larvae show anaemic phenotype (Figure 6.17 b’), 80% of those
treated with 1 uM motolimod (Figure 6.17 ¢’). In the group exposed to 10 uM
motolimod, half of heterozygotes show anaemia (Figure 6.17 d’), and 53% of
heterozygotes treated with 100 pM (Figure 6.17 €’). In contrast to what was
observed in the results shown in Figure 6.15 and Figure 6.16, exposure to
increasing concentrations of motolimod produced a progressive increment in the
percentage of wild type larvae exhibiting normal haemoglobinization (Figure 6.17
f), from 50.0% in wild type larvae treated with 0.1 UM motolimod, to 100% of those
treated with 100 pM motolimod. These results show a significant effect of TLR8
modulation increasing the haemoglobinization of wild type larvae after haemolytic
stress. However, the effect of motolimod treatment on the haemoglobinization
phenotype of heterozygous rps14*5#* mutant larvae is milder than that observed

among wild type fish.
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Figure 6.17 | (in previous page) Haemoglobinization after haemolytic stress
in rps14fs mutant larvae treated with the TLR8 agonist,

motolimod.

Effect of motolimod on haemoglobinization during recovery after
haemolytic stress. Haemolytic stress was induced by exposure of
rps1458 mutant fish to 1 pug/mL PHZ from 24 hpf to 48 hpf. Fish were
allowed to recover untii 6 dpf in the presence of increasing
concentrations of motolimod or DMSO. At 6 dpf, larvae were stained
with o-dianisidine and imaged to assess their degree of
haemoglobinization. In (a-e’), ventral views of o-dianisidine stainings
of 6 dpf larvae are shown with anterior to the left. Representative wild
type (a-e) and heterozygous rps147E8 mutant (a’-e’) larvae are
shown for each treatment: 1% v/v DMSO (a and a’), 0.1 uM
motolimod (b and b’), 1 uM motolimod (¢ and ¢’), 10 uM motolimod
(d and d’), and 100 uM motolimod (e and €’). In (f), the percentage
of larvae with normal (dark orange) or anaemic (light orange)
phenotype is graphed for each genotype under each different

treatment.
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6.4 Discussion

The Table 6.6 summarizes the main haematopoietic phenotypes found in rps148

mutants.

Table 6.6 | Summary of the haematopoietic phenotype of rps1488* mutants.

Lineage Phenotype observed

HSCs Dose dependent decrease of Tg(itga2b:GFP)+ cells in the CHT at 4 dpf.

Decreased o-dianisidine staining in homozygotes at 48 hpf.
Decreased o-dianisidine staining in homozygotes at 4 dpf.

Decreased o-dianisidine staining in 36 hpf heterozygotes raised at 22 °C.
Erythroid
cells Decreased o-dianisidine staining in 6 dpf heterozygotes recovering from

chemically induced haemolysis.

Decreased Tg(gatala:dsRed)+ cells in 6 dpf heterozygotes recovering
from chemically induced haemolysis.

Myeloid Dose dependent decrease of Sudan Black+ cells in the CHT at 48 hpf.

cells Dose dependent decrease of Sudan Black+ cells in the CHT at 4 dpf.

6.4.1 Primitive haematopoiesis requires normal levels of Rps14

Although primitive haematopoiesis was not studied in detail, experiments carried
out in rps145 mutant embryos suggest that rpsl4 deficiency affects the
haematopoietic cells derived from the primitive wave of haematopoiesis or from
EMPs. The phenotype of homozygous rps1458E8 mutant embryos suggests that
Rps14 is required in multiple processes. Homozygous mutant fish exhibit a
severedevelopmental delay detectable at 48 hpf (Figure 6.1 ¢ and ¢’), and
morphological abnormalities, such as shorter body length, smaller eyes, ventral
curvature of the tail (Figure 6.2 ¢ and Figure 6.6 c), and cardiac oedema (Figure
6.6 c), as reported previously in rps1l4 morphants (Jung, 2013). Additionally,
homozygous rps1458/E8 mutation is lethal, and rps1458E8 |arvae do not survive
beyond 5 dpf. These morphological abnormalities and the developmental delay
make it necessary to use wild type controls at equivalent developmental stages,
not necessarily the same chronological age, to draw conclusions from the

phenotypes observed in their haematopoietic cells. This restriction is particularly
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important when comparing numbers of cells. However, it is important to notice that
the production of both o-dianisidine* erythroid cells and Sudan Black* granulocytes
is not completely abolished in homozygous rps14=8E8s mutant embryos (Figure
6.1 ¢ and ¢’, and Figure 6.2 ¢ and d). These results suggest that Rpsl4 is
dispensable for the production of erythrocytes and granulocytes at this stage.
However, there is robust evidence showing that rpsl4 deficiency induces a
decrease in the number of o-dianisidine* erythroid cells and Sudan Black*

granulocytes.

In contrast to homozygous mutants, heterozygous rps14*8 mutant embryos
display normal development without detectable morphological defects, making
their phenotypes directly comparable with their wild type siblings. O-dianisidine
stainings on 48 hpf rps14%¥ mutant embryos, in Figure 6.1, show no detectable
differences in the haemoglobinization of heterozygous rps14"£®* embryos and
their wild type siblings. Although these results suggest that heterozygosity for
rpsl4 does not affect development of erythroid cells from the primitive wave of
haematopoiesis and EMPs, cold stress experiments (Figure 6.12) suggest
otherwise. By prim-22 stage (36 hpf), heterozygous rps14"E8 mutant larvae
exposed to cold stress show a high penetrance of anaemia (66.7%), compared to
that observed among wild type embryos (25.0%, Figure 6.12). Given that at this
developmental stage EMPs are already present in the PBI (Bertrand et al., 2007),
the anaemic phenotype observed in heterozygotes under cold stress suggests that
rpsl4 haploinsufficiency disrupts the development of erythroid cells from the

primitive wave of haematopoiesis and from EMPs.

Additionally, quantifications of erythroid cells by flow cytometry on 3 dpf rps148’
mutant larvae after haemolytic stress also suggest that rps14 haploinsufficiency
affects EMPs. Haemolytic stress was induced by treatment with PHZ from 24 hpf
to 48 hpf, which induces the death of the vast majority of erythroid cells present at
this stage (Lenard et al., 2016; Shafizadeh et al., 2004). The work of Lenard and
colleagues with PHZ (Lenard et al., 2016), suggests that the erythroid cells
observed at 3 dpf come from both EMPs (Bertrand et al., 2007) and from the first
HSCs that colonize the CHT (Murayama et al., 2006). Results in Figure 6.14 ¢
show that heterozygous rps14”E mutant larvae have a reduced number of
erythroid gatala:dsRed" cells compared to their wild type siblings. This suggests

that rps14 haploinsufficiency could affect the production of erythroid cells from
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EMPs. However, it is also possible that these results are explained by a disruption
in HSCs, given that quantifications carried out at a later stage (4 dpf) show a dose
dependent reduction in the number of itga2b:GFP'*" HSCs in the CHT (Figure 6.6).

Quantifications of granulocytes stained with Sudan Black in 48 hpf rps14%8 mutant
embryos shows a dose dependent decrease in the number of labelled granulocytes
in the CHT of both heterozygous and homozygous rps1458E8s mytant larvae
(Figure 6.2). Different reports suggest that the granulocytes found in the CHT of
48 hpf embryos are most likely a mixture of granulocytes derived from EMPs,
neutrophils derived from the primitive wave of haematopoiesis, and possibly some
granulocytes derived from the first HSCs that colonize the CHT. It has been shown
that the first cells showing detectable accumulation of Sudan Black are observed
at 33 hpf (Le Guyader et al., 2008), consistently with results obtained using the
transgenic TgBAC(mpx:GFP)i114 reporter, where the first GFP* neutrophils are
found by 30 hpf, and their number increases linearly during the next two days
(Renshaw et al., 2006). EMPs expressing Imo2 and gatala have been found in the
PBI at this stage (30 hpf) (Bertrand et al., 2007), suggesting that an important
proportion of granulocytes in the CHT labelled by Sudan Black by 48 hpf are
derived from EMPs. Therefore, it could be hypothesized that rpsl4
haploinsufficiency could affect the function, or number, of EMPs, given that the
production of both erythroid and myeloid cells is decreased.

6.4.2 Defective definitive haematopoiesis in rps14+/E8 heterozygotes

Once definitive haematopoiesis starts, myeloid, erythroid and lymphoid cells are
produced ultimately by HSCs (Ciau-Uitz et al., 2014). HSCs emerge from the
ventral wall of the DA (Bertrand et al., 2010; Kissa and Herbomel, 2010), enter the
blood circulation through the CV, and colonize the CHT where definitive
haematopoiesis occurs transiently (Murayama et al., 2006). At later stages, HSCs
from the CHT colonize the kidney (Bertrand et al., 2008) and thymi (Hess and
Boehm, 2012; Kissa et al., 2007), where definitive haematopoiesis carries on until
adulthood.

HSCs have a central role in definitive haematopoiesis, and the results in Figure 6.6

show a dose dependent decrease in the number of itga2b:GFP'*" HSCs in the CHT
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of 4 dpf rps145® mutant larvae. The difference observed between heterozygous
rps14*E8 mutant larvae and their wild type siblings is moderate, but statistically
significant (p = 0.049, Figure 6.6 d). The cause of the observed decrease in the
number of HSCs in the CHT was not determined, but there are some possible

hypotheses that could explain this phenotype.

Possible hypotheses could be based on a defect in the processes involved in the
emergence of HSCs from the DA. Abnormal EHT, release of new HSCs from the
endothelium, homing to the CHT, or proliferation of HSCs in the CHT could explain
the lower numbers observed in heterozygotes. It is relevant to mention
guantifications of itga2b:GFP'" cells carried out by flow cytometry in the kidney
marrows of adult rps145% mutant fish at 5 months (Dr Elspeth Payne, unpublished
data). In 5 months adult fish, the kidney marrows of heterozygotes show
significantly higher numbers of itga2b:GFP'" progenitor cells compared to those
found in wild type fish (Dr Elspeth Payne, unpublished data). Interestingly, no other
haematopoietic lineages were found to be affected in the kidney marrow of
heterozygotes. These results combined show that the generation of HSCs in the
kidney marrow of heterozygous rps14*58" mutant fish is not defective.

The effect of rpsl4 haploinsufficiency on HSCs probably has a complex
explanation, given that flow cytometry analysis of kidney marrows of adult rps148*
mutant fish at 12 months show a significant decrease of the number of progenitors
in heterozygotes, accompanied by significant decreases in erythroid, myeloid, and
lymphoid cells (Dr Elspeth Payne, unpublished data). The observed signs of
marrow failure and dysplasia in all haematopoietic lineages suggest that
haematopoietic progenitors in heterozygotes undergo increased cycling, as
reported previously in a conditional Rps14 knockout murine model (Schneider et
al., 2016).

In addition to the decrease in the number of itga2b:GFP'°" HSCs in the CHT of
heterozygous rps14*&® |arvae at 4 dpf (Figure 6.6), there is evidence that
suggests an increment in the number of circulating thrombocytes at the same stage
(Figure 6.7). This is consistent with the thrombocytosis observed in patients with
del(5q) MDS (Brusamolino et al., 1988) and suggests the possibility of a role for
RPS14 in thrombocytosis in del(5q) patients. Thrombocytosis has also been
reported previously in a murine model with knockdown of two microRNAs
(miRNAS): Mirl45 and Mirl46a (Starczynowski et al., 2010). Similar results have
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been reported in in vitro studies on human cells after Mirl45 knockdown (Kumar
et al., 2011).

Erythroid development in heterozygous rps14*"5* mutant larvae was studied in
normal conditions and also under haemolytic stress. Using a histochemical
technique, o-dianisidine staining, the haemoglobinization of erythroid cells was
studied in rps14%% mutant fish. By 4 dpf, heterozygous rps14*E8 mutant larvae
show normal levels of haemoglobinization, with no detectable differences from
their wild type siblings (Figure 6.1). However, quantification by flow cytometry of
dsRed* erythroid cells in 4 dpf transgenic Tg(gatala:dsRed) larvae carrying
rps14%% mutations shows a dose dependent decrease (Dr Elspeth Payne,
unpublished data). This moderate decrease in the number of erythroid cells found
in heterozygotes differs from the severe anaemia reported in rpsl4 morphants
(Jung, 2013; Payne et al., 2012), whose phenotype is very similar to that of
homozygous rps1458E8 mutant fish (Figure 6.1). These results suggest that the
actual levels of expression in rps14 morphant fish used in previous reports (Jung,
2013; Payne et al., 2012) were below the level of expression observed in
heterozygotes, however, genetic compensation in heterozygous rps14*&8 mutant
fish cannot be ruled out (EI-Brolosy and Stainier, 2017; Rossi et al., 2015).

Exposure of heterozygous rps147E8 mutant fish to two different forms of stress
induced in both cases a severe increase in the penetrance of a phenotype of low
haemoglobinization of erythroid cells (Figure 6.12 and Figure 6.13). In the case of
haemolytic stress, the use of PHZ to induce the death of all erythroid cells between
24 hpf and 48 hpf, provided an opportunity to study the recovery of erythroid cells
in the absence of a significant proportion of those erythroid cells produced during
the primitive wave of haematopoiesis (Figure 6.13). By 48 hpf, when the recovery
period starts, the first HSCs have already colonized the CHT (Murayama et al.,
2006), and the EMPs expressing Imo2 and gatala are not found after 72 hpf
(Bertrand et al., 2007). This suggests that the majority of the o-dianisidine*
erythroid cells observed by 6 dpf are derived from HSCs, with a contribution of
cells derived from EMPs. The observed increase in the penetrance of anaemic
phenotype among heterozygotes after haemolytic stress (Figure 6.13) shows that
rps1l4 haploinsufficiency affects the development of erythroid cells from the

definitive wave of haematopoiesis.
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The number of granulocytes in the CHT at 4 dpf larvae show a dose dependent
decrease in rps14 |arvae (Figure 6.3). Granulocytes found in the CHT of 4 dpf
larvae derive from HSCs, EMPs, and the primitive wave of haematopoiesis.
Results of quantifications in rps148 embryos at 48 hpf show that there is an effect
of rpsl4 deficiency at this stage (discussed in section 6.4.1), however, close
examination of the data suggests that the effect of rps14=® heterozygosity on
granulopoiesis in 48 hpf embryos (Supplementary Table 9.44) is not sufficient to
explain the decrease observed in the granulocytes of 4 dpf heterozygotes
(Supplementary Table 9.45). Then, it can be hypothesized that rpsl4
haploinsufficiency also has an effect on definitive granulopoiesis in the CHT.

6.4.3 Arole for TLR7 in regulation of developmental haematopoiesis

A drug screen carried out in rps14 morphant identified imiquimod, an agonist of
TLR7 and TLR8 (Hemmi et al., 2002; Jurk et al., 2002), that is able to induce a
partial rescue of the haemoglobinization in rpsl4 morphants, together with

moderate improvements in other morphological abnormalities (Jung, 2013).

Given that heterozygous rps14*€8 mutant fish do not show a severe anaemic
phenotype (Figure 6.1) comparable to that found in rps14 morphants (Payne et al.,
2012), the rescue experiments with imiquimod carried out previously (Jung, 2013)
could not be performed with rps14% mutants. As an example, Figure 6.11 shows
quantifications of HSCs and granulocytes in rps145% mutant larvae exposed to
imiquimod, however, no evidence of significant changes elicited by imiquimod was

found.

Haemolytic stress, induced by treatment with PHZ as described previously (Lenard
et al.,, 2016; Shafizadeh et al., 2004), allowed to uncover a latent anaemic
phenotype in heterozygous rps14 &8 mutant larvae (Figure 6.13 and Figure 6.14),
and importantly, it also provided a model of a phenotype that could be rescued by
pharmacological modulation of pathways of interest. Previous work had identified
that the modulation of TLR7, TLR8 or both by exposure to imiquimod was able to
induce a rescue of the haemoglobinization in rps14 morphants (see Figure 6.8,
adapted from Jung, 2013). Therefore, imiquimod treatment was used during the

recovery phase of larvae after haemolytic stress to validate previous findings, now
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in a heterozygous mutant model of rpsl4 deficiency. The results show that
imiquimod treatment can decrease the prevalence of anaemia among the
heterozygotes, to levels comparable to those observed among the wild type larvae
(Figure 6.15). The confirmation of the previous results obtained using rpsl4
morphants (Jung, 2013), through experiments with heterozygous rps14*&8 mutant
fish, suggests that despite the discussed differences between morphants and
mutants, the underlying molecular mechanisms for imiquimod’s action are

conversed in these experimental models.

Similar experiments of recovery of haemolytic stress in the presence of agonists
of TLR7 (Figure 6.16) and TLR8 (Figure 6.17) were carried out to study the role
both receptors in the development of erythroid cells. Recovery after haemolytic
stress in the presence of the TLR7 agonist, gardiquimod (Zhu et al., 2008), induced
a dose dependent increase in the penetrance of normal haemoglobinization
among heterozygotes (Figure 6.16). These results suggest that pharmacological
activation of TLR7 is sufficient to induce a rescue in the haemoglobinization levels
of heterozygous rps14*% |arvae.

Interestingly, exposure to gardiquimod did not induce detectable changes in the
haemoglobinization of wild type larvae, suggesting that TLR7 modulation has an
impact on erythroid development only among heterozygotes. In contrast, treatment
with the TLR8 agonist, motolimod (Lu et al., 2012), induces a dose dependent
increase in the percentage of wild type larvae exhibiting normal
haemoglobinization after haemolytic stress (Figure 6.17). These results suggest
that the development of erythroid cells can be regulated by TLR8 signalling in wild
type fish. Both tlr7 and tlr8b (previously known as TLR8.1) are expressed
throughout embryonic development since 12 hpf (Jault et al., 2004) and in adults
(Meijer et al., 2004).

It could be hypothesized that TLR7 modulation by imiquimod and gardiquimod has
an effect in the number of HSCs or other haematopoietic progenitors. For this
reason, flow cytometry experiments were carried out on transgenic Tg(itag2b:GFP)
rps145¥ mutants exposed to imiquimod after haemolytic stress, to determine
whether imiquimod treatment induces a change in the number of itag2b:GFP'*¥
cells. However, the quantifications of itag2b:GFP"" cells in individual larvae were

not reproducible, possibly due to the low number of cells present in each fish.
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It is important to highlight that there is evidence that suggests that the effects of
imiquimod exposure on erythroid development are not restricted to the rescue of
deficiencies in ribosomal proteins, as that found in rps14%¥ mutant fish. Treatment
of gatala morphant embryos with imiquimod induced an increase in the number of
Tg(gatala:dsRed)* cells (Figure 6.10). Additionally, analysis of erythroid cells of
gatala morphant embryos after cytospin shows a partial rescue of the
differentiation of erythroid cells in the group morphants treated with imiquimod (Dr
Elspeth Payne, unpublished data). These results show that exposure to imiquimod
can partially rescue anaemia in gatala morphant embryos. The fact that
pharmacological modulation of TLR signalling with imiquimod can alleviate
anaemia in these different models suggests the possibility that TLR7 or TLR8, or
both, have a role in regulating erythroid cell development.
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7 Conclusion

7.1 Towards a zebrafish model of TEL-AML1 leukaemia

7.1.1 Tg(ZBA:hTEL-AML1-EGFP) transgenic fish as a model of

t(12;21)(p13;922) chromosomal translocation in humans

The study of developmental haematopoiesis in Tg(ZBA:hTEL-AML1-EGFP)
transgenic embryos showed that the expression of the human TEL-AML1 fusion
protein is sufficient to induce a transient increase in the number of granulocytes in
the CHT of fish. Importantly, this shows that hTEL-AMLL1 fusion protein is active in
zebrafish, highlighting the high degree of conservation between zebrafish and
humans. The conservation of the molecular mechanisms that direct
haematopoiesis, as well as that of the molecular components involved are crucial,
as they could allow the use of zebrafish for large chemical screenings to find
potential molecules capable of modulating hTEL-AML1 activity. Perhaps the
simplest design would allow the identification of molecules that inhibit the activity
of hTEL-AMLL1. However, it is interesting to note that if the hypothesis of addiction
to hTEL-AML1 is correct, then hTEL-AML1 activity would be required for the
maintenance of the cells, and its inhibition would affect the viability of those cells
expressing hTEL-AML1.

Additionally, there are reasons to think that the restricted effects of hTEL-AML1
expression in Tg(ZBA:hTEL-AML1-EGFP) transgenic fish could be caused by the
restricted expression of the transgene (see Figure 3.1). Comparison of transgenic
animal models expressing TEL-AML1 fusion protein shows that lymphoid
promoters, including those of rag2 and IGH genes, fail to induce leukaemia both in
zebrafish and mice (Andreasson et al., 2001; Sabaawy et al., 2006). Murine
models where TEL-AML1 expression is controlled by the endogenous TEL gene
promoter have reported alterations in the haematopoietic compartment, and
develop leukaemia when combined with other genetic lesions (Schindler et al.,
2009; van der Weyden et al., 2011).

Transgenic ZBA-EGFP-TA fish have been shown to develop overt leukaemia with
low penetrance during adulthood (Sabaawy et al., 2006). In both the ZBA-EGFP-
TA (Sabaawy et al., 2006) and Tg(ZBA:GFP-hTEL-AML1) transgenic fish, the
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human TEL-AML1 fusion protein is fused to GFP, and the expression of the whole
DNA construct is controlled by a fragment of the promoter of the zebrafish §-actin
gene (Higashijima et al., 1997; Sabaawy et al., 2006). Although the zebrafish 8-
actin gene promoter is thought to direct expression to all lineages, it has been
reported that it drives expression mainly to skin cells (Higashijima et al., 1997;
Traver et al., 2003) but at low levels in haematopoietic cells (Mosimann et al.,
2011). These reports are consistent with the results shown in Figure 3.1, and they
could explain the low penetrance of leukaemia in ZBA-EGFP-TA transgenic fish
(Sabaawy et al., 2006).

It is important to mention another aspect of the design of animal models that carry
a transgene to express human TEL-AMLL1 fusion protein. The 1(12;21)(p13;q22)
chromosomal translocation fuses part of the coding sequence of one copy of the
TEL gene to one of the copies of the AML1 gene (Romana et al., 1995). As a result,
the resulting TEL-AML1 fusion gene is expressed under the control of the promoter
of TEL gene, and the cell that has undergone the chromosomal translocation is left
with only one remaining wild type copy of the TEL gene (Zelent et al., 2004). Two
murine models have been developed that express human TEL-AML1 under the
control of the endogenous TEL gene promoter, this means that the transgene
carrying TEL-AML1 sequence is inserted in one of the endogenous copies of the
TEL gene, disrupting it (Schindler et al., 2009; van der Weyden et al., 2011).
Consistent with this, both studies report embryonic lethality in the homozygous
transgenic mice (Schindler et al., 2009; van der Weyden et al., 2011), in agreement
with what has been shown for homozygous TEL knockout mice (Wang et al.,
1997). The function of the wild type copies of the TEL has critical importance in the
development of a model for leukaemia, because the loss of the non-translocated
copy of TEL gene is one of the most frequent secondary genetic alterations found
in TEL-AML1-positive patients (Attarbaschi et al., 2004).

7.1.2 Further development of transgenic fish to model TEL-AML1

leukaemias

The genome editing technologies currently available allow the generation of
zebrafish models of TEL-AML1 leukemia of higher complexity than an insertion of

a transgene in a random site of the genome. Such complexity could overcome
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many of the defects of the current transgenic models, making it possible for the
new research models to represent more accurately the genomic consequences of
the t(12;21)(p13;922) chromosomal translocation. Additionally, such models could
incorporate tools that will help to address many additional aspects of the
development and molecular causes of the disease. An interesting example is the
hypothesis of TEL-AML1 addiction, according to which leukaemic cells become
dependent on the expression of TEL-AML1 (Mangolini et al., 2013; Teitell and
Pandolfi, 2009). A simple approach to test this hypothesis would be to develop a
transgenic model where the expression of hTEL-AML1 can be stopped at a given
time. A possible design for a zebrafish model of TEL-AML1 is represented
schematically in Figure 7.1. In the proposed model, the expression of the hTEL-
AML1 fusion protein is achieved by the targeted insertion of a DNA cassette
downstream of the promoter of the endogenous zebrafish tel gene (Figure 7.1 a).
This DNA cassette would allow the hTEL-AML1 chimeric protein and EGFP to be
expressed as two different peptides, separated by the P2A peptide from porcine
teschovirus-1. The two proteins are produced separated in a stoichiometric fashion
because the peptide bond between the last two amino acids of P2A peptide fails
to form (Provost et al., 2007; Weber and Kdoster, 2013). This strategy, already
proven in zebrafish (Provost et al., 2007), would allow imaging of cells expressing
hTEL-AML1 by fluorescent microscopy, avoiding the interference of EGFP in
hTEL-AML1 activity. In the proposed model, the EGFP-P2A-hTEL-AML1
sequence is flanked by loxP sites, in this way it can be used in combination with
transgenic fish expressing Cre to generate a switchable model. The Tg(ubi:cre®:?)
transgenic fish (Mosimann et al., 2011) is shown in the Figure 7.1 b as an example
of one application of this strategy. In the resulting compound transgenic fish (Figure
7.1 c), the ubiquitously expressed CrefR? recombinase will be activated by the
addition of 4-OH (4-hydroxytamoxifen) to the media. CreER**? recombinase would
elicit the excision of the EGFP-P2A-hTEL-AML1 fragment, leaving the sequences
encoding mKOk (monomeric Kusabira orange kappa) fluorescent protein next to
the tel gene promoter. The excision of the transgene encoding hTEL-AML1 would
be visible by the loss of EGFP expression, and those cells that carried out Cre-
mediated recombination would still be visible by the expression of mKOKk, also
controlled by the tel gene promoter. In this way this transgenic model would allow

removal of the transgene encoding hTEL-AMLL1 fusion, to identify those cells that
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have lost hTEL-AML1 encoding gene, and to track those cells after the excision

using fluorescence microscopy (Figure 7.1 c).

da

- el gene promoter = loxP . EGFP P2A hTEL-AML1 V5 stop . loxP mKOk Stop  m—
= Ubi gene promoter crefRt2 STOP

c

C = < D
X ubiquitous expression

of inducible CrefR2

T9(loxXP-EGFP-2A-hTEL-AML1-loxP-mKOK) Tg(ubi:Cretft?)
EGEP hTEL-AML1
- el gene promoter loxP . EGFP P2A hTEL-AML1 V5 stop « loxP mKOk Stop

exposure to 4-OH L>

induces CrefR? activity

tel gene promoter drives
the expression of
I—» mKOk hTEL-AML1 and EGFP

- tel gene promoter . |oxP « mKOk stop

L ==
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Figure 7.1 | Design of a switchable zebrafish model of TEL-AML1 leukaemia.

(a) Schematic representation of a hypothetic zebrafish model of TEL-
AML1 leukaemia. A DNA construct encoding EGFP and hTEL-AML1
proteins has been inserted downstream the promoter of the tel
zebrafish gene leaving the expression of the transgene under the
control of tel gene promoter. EGFP-P2A-hTEL-AML1 sequence is

flanked by loxP sites and followed by the gene encoding mKOKk
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protein. (b) Diagram of the DNA construct inserted in a transgenic
line expressing an inducible Cre (Mosimann et al., 2011) (CretR®?)
where a fragment of the zebrafish ubiquitin B gene promoter drives
the expression CrefR2, (c) Diagram of the hypothetical cross of the
transgenic lines described in (a) and (b): the compound transgenic
embryos express both EGFP and hTEL-AML1 in the domain of
expression of zebrafish tel gene, and parallelly, the inactive CreERt
protein is expressed ubiquitously. Once double transgenic embryos
are exposed to 4-OH, CreER? activity is induced and the sequence of
EGFP-P2A-hTEL-AML1 is excised, stopping the expression of EGFP
and hTEL-AML1, and leaving the expression of mKOk under de
control of tel promoter. DNA constructs are not depicted
proportionally to the actual length of their sequences. Diagram in (b)
was modified from Mosimann et al., 2011.

The insertion of the sequence encoding hTEL-AML1 and the fluorophores in the
first exons of the zebrafish tel gene has two objectives. As already mentioned, in
this way the expression of hTEL-AMLL1 fusion protein is controlled by the tel gene
promoter, as in the t(12;21)(p13;922) chromosomal translocation (Zelent et al.,
2004). Additionally, a homozygous fish for this transgenic insertion would have at
the same time an insertional deletion of both wild type endogenous copies of the
tel gene. Given the fact that TEL-AML1 patients with loss of the nontranslocated
copy of TEL, one of the most recurrent deletions found in TEL-AML1 leukemia,
have a worse prognosis than those without it (Attarbaschi et al., 2004), the
insertional deletion of the zebrafish tel gene is expected to increase the penetrance
of overt leukaemia. Importantly, zebrafish lines carrying insertional deletions of the
tel gene without the hTEL-AML1 expression could be obtained by CrefR?-mediated
excision of hTEL-AML1 gene (Figure 7.1 c), to be used as experimental controls
for the effect of hTEL-AML1 expression. This design will also allow studying the
effect of different levels of expression of hTEL-AML1 by the generation of
transgenic lines carrying different numbers of copies of the hTEL-AMLL1 fusion
gene. Finally, transplantation experiments of cells from this transgenic model to
wild type recipients would allow the study of the effects of hTEL-AML1, tel” cells

|+/+

in a wild type tel™ cellular environment that does not express hTEL-AML1.
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Another interesting possibility is the development of zebrafish lines that allow the
study of the clonality of leukaemias induced by hTEL-AML1 expression. The
Brainbow (Weber and Koster, 2013) system could be used in a similar strategy to
that presented in Figure 7.1. In the proposed model (Figure 7.2), Cre protein is
expressed together with hTEL-AML1 under the control of the endogenous
zebrafish tel gene (Figure 7.2 a), as described in Figure 7.1 a. This fish line could
be outcrossed to a fish carrying a Brainbow DNA construct. As an example, Figure
7.2 b shows a diagram representing the transgenic insertion in the
Tg(ubi:Zebrabow-S)a132 transgenic zebrafish line (Pan et al., 2013). Compound
transgenic fish (Figure 7.2 c) would carry out Cre-mediated recombination in those
cells expressing Cre and hTEL-AML1, making them express different
combinations of fluorescent proteins. Fish could be monitored by fluorescence
microscopy over time to define whether leukaemic cells are derived from a single
clone or from a large number of different clones. Notice that fish expressing hTEL-
AML1 and Cre could also be used in combination with other transgenic lines, like
Tg(—3.5ubi:loxP-EGFP-loxP-mCherry) (Mosimann et al., 2011), also known as
ubi:Switch, making it possible to label permanently all those cells derived from cells
that once expressed hTEL-AML1. Additionally, in the model presented in Figure
7.2 a, the Cre-P2A-hTEL-AML1 sequence is flanked by frt sites and followed by
the mKate2 gene (Shcherbo et al., 2009), to allow the excision of Cre-P2A-hTEL-
AML1 sequence when combined with fish expressing flippase (Weber and Késter,

2013), in a similar way to what is described in Figure 7.1.
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Figure 7.2 | Design of a zebrafish model to study the clonality of TEL-AML1
leukaemia.

(a) Schematic representation of a hypothetic zebrafish model of TEL-
AML1 leukaemia to study clonality. Through a transgenic insertion in
the endogenous tel locus, the sequences encoding Cre and hTEL-
AML1 proteins are located under the control of the promoter of
zebrafish tel gene. The Cre-P2A-hTEL-AML1 DNA sequence is
flanked by frt sites, and followed by the gene encoding the far-red
protein, mKate2 (Shcherbo et al., 2009). (b) Schematic
representation of the Brainbow construct present in the transgenic
line Tg(ubi:Zebrabow-S)al32 (Pan et al., 2013). Dashed lines
indicate the Cre-mediated recombination between compatible lox
sites. (c) Diagram of the hypothetical cross of the transgenic lines
described in (a) and (b): the compound transgenic embryos express
both Cre and hTEL-AML1 in the domain of expression of zebrafish tel
gene, and RFP is expressed ubiquitously. In the domain of
expression of tel gene Cre randomly recombines the rainbow
construct (b, dashed lines) generating cells expressing different
combinations of fluorophores. RFP expression in cells that do not

undergo recombination is omitted for the sake of simplicity. DNA
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constructs are not depicted proportionally to the actual length of their
sequences. Diagram in (b) was modified from Pan et al., 2013. RFP,
red fluorescent protein; CFP, cyan fluorescent protein; YFP, yellow

fluorescent protein.
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7.2 Future studies on GATA2 deficiency using zebrafish

7.2.1 Phenotype — genotype correlation in GATAZ2 deficiency

It has been suggested that the extremely diverse manifestations of GATA2
deficiency found in patients could be explained by the different mutations that have
been identified (Spinner et al., 2014). Spinner and colleagues (2014), analysed a
cohort of patients with GATA2 mutations, and only found statistical correlation in
the case of lymphedema, which is found only in patients with null or regulatory
mutations, while it was not observed in patients with missense mutations in the
GATAZ2 gene.

Genome editing technologies, such as CRISPR/Cas9 and TALEN, allow the
generation of multiple mutant alleles in different sites of the genome, providing an
effective method to study the functions of each domain of Gata2a and Gata2b, as
well as the phenotypic consequences of different mutations. Throughout this work,
GATAZ deficiency was modelled by using heterozygous gata2a and gata2b mutant
fish. However, the results presented are almost entirely based on experiments
carried out using mutants encoding truncated proteins without zinc finger domains.
This kind of mutation represents only a fraction of the spectrum of mutations found
in patients (Dickinson et al., 2011; Hahn et al., 2011; Hsu et al., 2011; Ostergaard
et al.,, 2011). Further development of new zebrafish lines carrying different
mutations in the gata2a and gata2b genes, would allow important questions to be
considered about the function of each domain of Gata2a and Gata2b, that could
be critical to our understanding of the symptoms found in patients. The additional
use of NGS together with genome editing technologies allows the screening in
each generation for those fish carrying relevant mutant alleles. This makes it
feasible to generate mutant zebrafish lines carrying mutations that closely
resemble those found in patients. Although the conservation at the level of genomic
DNA sequence can represent a problem to identify an equivalent in certain regions
of the zebrafish genes, the regions with more clinical relevance are those encoding

zinc finger domains (Spinner et al., 2014; Wlodarski et al., 2016).
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7.2.2 Towards a model of somatic GATA2 mutations

The combination of CRISPR/Cas9 technology and NGS opens another interesting
possibility to model GATAZ2 deficiency in zebrafish. Given that the components of
CRISPR/Cas9 technology can be genetically encoded, several research groups
have been working on the development of strategies to induce conditional mutants
by inducing the expression of both sgRNA and Cas9 protein in a tissue and time-
controlled manner (Henninger et al., 2017; Putri and Chen, 2018; Simone et al.,
2018). Using this technique with appropriate promoters, it would be possible to
express sgRNAs targeting gata2a or gata2b genes together with Cas9 protein in
small numbers of HSCs or progenitor cells. Embryonic and larval development
could be skipped and the expression of the CRISPR/Cas9 components could be
induced in juvenile animals or adults. This method would allow animals with small
numbers of gata2a or gata2b mutant cells to be obtained in a wild type genetic
background, as found in patients who carry acquired mutations (Greif et al., 2012;
Spinner et al., 2014). The relevant cell populations could also be isolated, and the

frequency and type of mutations could be assessed using NGS.

Another exciting possibility is to study the effect of acquired somatic mutations in
a genetic background of germinal mutation. In the case of GATAZ2 deficiency,
patients with germinal mutations in GATA2 gene have been found to carry also
somatic mutations in other loci, such as ASXL1 (Additional sex combs-like 1 gene),
RUNX1, SETBP1 (SET binding protein 1), IKZF1 (IKAROS family zinc finger 1)
and CRLF2 (cytokine receptor like factor 2) (Fisher et al., 2017). Experimental
approaches with animal models would allow the assessment of the presence of
synergistic effects between the pre-existent germinal mutations and the newly
acquired somatic mutations. Additionally, it would be possible to interrogate
whether haematopoiesis is more sensitive to somatic mutations when they arise in
certain cellular compartments, by inducing the expression of CRISPR/Cas9

components in different cell types during development.

An interesting example is presented by those patients carrying germinal GATA2
mutations together with acquired heterozygous mutations in ASXL1 gene (B6doér
et al., 2012; West et al., 2014). The zebrafish model of GATA2 germinal mutation

developed in chapters 4 and 5 could be combined with current genome-editing
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technologies to target the zebrafish ASXL1 orthologue and induce somatic

mutations in a gata2a; gata2b heterozygous mutant genetic background.

Preliminary work in this direction was carried out, using a simple approach to
generate mosaic asxll mutations in double heterozygous gata2a*™m?’;
gata2b*“*%%® mutant background (data not shown)’. Most somatic mutations in the
ASXL1 gene found in patients are concentrated in exon 12 (Gelsi-Boyer et al.,
2012), although other mutations have been reported in other exons (Abdel-Wahab
et al., 2011). The most frequent mutation, ¢.1934dupG, leads to the frameshift p.
Gly646TrpfsX12, and represents more than 50% of all mutations in ASXL1 (Gelsi-
Boyer et al., 2012). Mutations in ASXL1 are found in MDS, myeloproliferative
neoplasms, chronic myelomonocytic leukaemia, and AML. ASXL1 interacts with
polycomb repressive complex 2 (PRC2), and its loss has been shown to result in
the loss of gene repression by PRC2, which contributes to myeloid transformation
(Abdel-Wahab et al., 2012).

The protein sequences encoded by the human ASXL1 gene (ENSG00000171456)
and its zebrafish ortholog, the asxl1 (ENSDARGO00000036956), were aligned and
the zebrafish gene region equivalent to the human to that encoding human ASXL1
Gly646 was identified. Small guide RNAs targeting this region of zebrafish asx|1
gene were designed and synthesised in the same way as described for gata2b
sgRNAs in sections 5.2.2 and 5.2.3. The efficiency of the sgRNAs synthesised was
assessed by NGS, using MiSeq, of embryos injected at 1-cell stage with the
guides. One of the guides induced a rate of mutation of 40% and was then injected
into 1-cell stage embryos obtained form an outcross between transgenic adult fish
and double heterozygous gata2a*™*’; gata2b*'®®® mutant adult fish.
Quantifications of different haematopoietic cells by fluorescence microscopy was
carried out from 48 hpf to 4 dpf. By 4 dpf, larvae were used for histochemical
staining of granulocytes, by Sudan Black, and after quantification of labelled cells
the genomic DNA of each larvae was extracted to be used for genotyping
purposes. Mutations in both gata2a and gata2b genes were identified by PCR and
restriction digestion as described in the sections 4.2.2 and 5.2.8, and asxI1

mutations were identified by NGS, with MiSeq using a very similar strategy to that

7 The work on mosaic asxI1 mutations in heterozygous gata2a and gata2b mutant fish was
carried out by Jasmine Rowell and Oscar Pefia in the laboratory of Dr Elspeth Payne in the
UCL Cancer Institute.
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described to identify gata2b mutants (see section 5.2.6). Although no significant
effects of somatic asxl1 mutations were found from 48 hpf to 4 dpf, this work served
as a proof of principle for the combined use of stable mutant lines, mosaic mutants
obtained by CRISPR, and NGS.

The combination of these techniques to model haematological diseases with the
current lineage tracing tools existing for haematopoietic cells (Henninger et al.,
2017), makes zebrafish a powerful model for the study malignancies with altered
clonality. Additionally, possible synergistic effects of secondary acquired mutations
could be studied. A report by Avagyan and her colleagues (2017) shows the use
of a similar strategy, where heterozygous gata2b mutant fish were injected with
sgRNAs targeting asxl1 gene, generating mosaic asxl1 mutants in a heterozygous
gata2b mutant background. Additionally, Avagyan and her colleagues used the
optimized Zebrabow techniques (Henninger et al.,, 2017) to track the
haematopoietic lineages. No perturbations in the haematopoietic compartments
were found during embryonic and larval development. In contrast, lineage tracing
in juveniles shows that somatic mutations increase the penetrance and severity of

myelocytopenias found in gata2b heterozygous fish (Avagyan et al., 2017).

These results show that, conversely, this strategy could be applied to the study of
haematological disorders where acquired GATA2 mutations are found in patients
with mutant background (Greif et al., 2012).
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7.3 Concluding remarks

This work presents the development and characterization of zebrafish models for
haematopoietic diseases with underlying genetic lesions. The availability of
technologies for genome editing, such as CRISPR/Cas9 and TALEN, combined
with classic transgenesis tools in zebrafish make it possible to develop fish lines
that simulate genetic lesions found in human disorders. These technologies,
together with NGS sequencing, allow the screening and identification of specific
mutant alleles or transgenic insertions among a large pool of genetically modified
animals, speeding up the generation of zebrafish lines with specific genetic lesions.

In this work, a transgenic zebrafish line was used as a model of B-cell leukaemias
with  TEL-AML1 fusion expression; CRISPR/Cas9 technology was used to
generate gata2b zebrafish mutant lines to model GATA2 deficiency in combination
with existing gata2a“™*’ mutant line (Zhu et al., 2011); and an rps14 mutant line,
previously generated using TALENs (Dr Elspeth Payne, unpublished data), was
used as a model of MDS with del(5q). Primitive and definitive haematopoiesis were
studied in these models of haematopoietic diseases to find the earliest defects in
developmental haematopoiesis.

A vast amount of literature shows that despite anatomical differences, the
molecular mechanisms that direct many biological processes are highly conserved
between zebrafish and human. High conservation makes zebrafish an outstanding
model for vertebrate biology. Mechanisms and processes discovered using
zebrafish as a model have been proven to be relevant to the understanding of
human biology and diseases (Tobin et al., 2010; Walters et al., 2010). Additionally,
the small size of zebrafish embryos, their availability in large numbers, and low
cost of maintenance, make zebrafish an ideal animal model for screening of
mutants and drugs. As shown by previous work in this laboratory, a chemical
screen on rps14 morphants led to the discovery of the role of TLR signalling in the
development of erythroid cells (Jung, 2013). These findings were replicated in
zebrafish rps14 mutants, and more importantly, in cells derived from patients (Dr
Elspeth Payne, unpublished data), highlighting the potential of zebrafish

developmental biology as a tool to investigate human diseases.
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9 Supplementary Data

9.1 Supplementary Figures

anterior
dsRed GFP
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Supplementary Figure 9.1 | Erythroid cells in Tg(ZBA:GFP-hTEL-AML1)*"
fish at 72 hpf.

The transgenic reporter line Tg(gatala:dsRed) was used to label
erythroid cells in Tg(ZBA:GFP-hTEL-AML1) fish at 72 hpf. Anterior (a-
¢ and a’-c¢’) and posterior (d-f and d’-f’) images were acquired of
both wild type (a-f) and Tg(ZBA:GFP-hTEL-AML1)"" (a’-f) larvae.
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GFP (a-a’ and d-d’) and dsRed (b-b’ and e-e’) channels are shown
together with images of both channels merged (c-¢’ and f-f’). Scale
bars: (a-¢ and a’-¢’), 200 um; (d-f and d’-f’), 200 um.
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Supplementary Figure 9.2 | Analysis of data presented in Figure 5.8 b and c.
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The data presented in Figure 5.8 b and ¢ from 4 dpf gata2b“5°%®
mutant larvae are shown combined for further analysis. Each circle
represents a measurement of the number of Sudan Black* cells in
the CHT carried out in a different larva. Filled grey circles
correspond to larvae with normal Sudan Black accumulation, while
those larvae with weak Sudan Black staining are shown as open
circles. Notice that the number of labelled granulocytes of all larvae
exhibiting low accumulation of Sudan Black is in the bottom half of
the distribution for that genotype. Data were analysed again
excluding larvae with low accumulation of Sudan Black (open
circles). Statistical comparisons among larvae with normal Sudan
Black staining (filled grey circles) were carried out by Kruskal-Wallis
test (p = 0.0002) followed by Dunn’s multiple comparisons test and
p-values for each comparison are shown in the graph. The mean of
the group of larvae with normal Sudan Black staining is shown as a

horizontal black line for each genotype.



9.2 Supplementary Tables

This section contains Supplementary Tables that add descriptive and inferential

statistics for quantitative data presented in previous chapters.

Supplementary Table 9.1 | Statistics of data shown in Figure 3.7 d.

Descriptive statistics

Genotype -/- -/ TA
Number of values 10 9

Mean 53 57.44
Standard Deviation 5.077 9.002
Standard Error of Mean 1.606 3.001
Lower 95% CI of mean 49.37 50.53
Upper 95% CI of mean 56.63 64.36

D'Agostino & Pearson omnibus normality test

p-value 0.6462 0.3365

Inferential statistics

Unpaired t test

p-value 0.197
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Supplementary Table 9.2 | Statistics of data shown in Figure 3.9 a.

Descriptive statistics

Genotype -/- -/ TA
Number of values 19 22

Mean 1.737 2.227
Standard Deviation 1.408 2.022
Standard Error of Mean 0.323 0.4311
Lower 95% CI of mean 1.058 1.331
Upper 95% CI of mean 2.415 3.124

D'Agostino & Pearson omnibus normality test

p-value 0.414 0.127

Inferential statistics

Unpaired t test

p-value 0.3805

Supplementary Table 9.3 | Statistics of data shown in Figure 3.9 b.

Descriptive statistics

Genotype -/- -/ TA
Number of values 19 21

Mean 56.79 71.19
Standard Deviation 17.69 18.46
Standard Error of Mean 4.058 4.028
Lower 95% CI of mean 48.26 62.79
Upper 95% CI of mean 65.32 79.59

D'Agostino & Pearson omnibus normality test

p-value 0.0975 0.2671

Inferential statistics

Unpaired t test

p-value 0.0163

Difference between means 14.40 + 5.730
95% confidence interval of the difference 2.801 to 26.00
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Supplementary Table 9.4 | Statistics of data shown in Figure 3.9 c.

Descriptive statistics

Genotype -/- -/ TA
Number of values 38 52

Mean 102.5 121.4
Standard Deviation 23.15 34.01
Standard Error of Mean 3.755 4,717
Lower 95% CI of mean 94.87 112

Upper 95% CI of mean 110.1 130.9

D'Agostino & Pearson omnibus normality test
p-value 0.9564 0.9379

Inferential statistics
Unpaired t test

p-value 0.0038

Difference between means 18.97 + 6.387
95% confidence interval of the difference 6.276 to 31.66

Supplementary Table 9.5 | Statistics of data shown in Figure 3.9 d.

Descriptive statistics

Genotype -/ - -/ TA
Number of values 27 19

Mean 116.9 121.3
Standard Deviation 28.45 19.67
Standard Error of Mean 5.476 4513
Lower 95% CI of mean 105.6 111.8
Upper 95% CI of mean 128.1 130.8

D'Agostino & Pearson omnibus normality test
p-value 0.805 0.7442

Inferential statistics
Unpaired t test

p-value 0.5577
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Supplementary Table 9.6 | Statistics of data shown in Figure 3.9 e.

Descriptive statistics

Genotype -/- -/ TA
Number of values 24 17
Mean 184.6 170.9
Standard Deviation 35.64 33.99
Standard Error of Mean 7.275 8.245
Lower 95% CI of mean 169.6 153.4
Upper 95% CI of mean 199.7 188.4
D'Agostino & Pearson omnibus normality test
p-value 0.7376 0.1854
Inferential statistics
Unpaired t test

p-value 0.2226

Supplementary Table 9.7 | Statistics of data shown in Figure 4.6 d.

Descriptive statistics

Genotype +/+ +/um27 um27 / um27
Number of values 15 15 9
Mean 86.07 84.33 80.11
Standard Deviation 24.19 28.26 17.95
Standard Error of Mean 6.246 7.298 5.985
Lower 95% CI of mean 72.67 68.68 66.31
Upper 95% CI of mean 99.46 99.99 93.91
D'Agostino & Pearson omnibus normality test
p-value 0.265 0.5533 0.6026
Inferential statistics
Kruskal-Wallis test
p-value 0.848
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Supplementary Table 9.8 | Statistics of data shown in Figure 4.7 g.

Descriptive statistics

Genotype +/+ +/um27 um27 / um27
Number of values 3 12 3

Mean 191.3 171.2 186.7
Standard Deviation 11.02 29.24 15.31
Standard Error of Mean 6.36 8.44 8.838
Lower 95% CI of mean 164 152.6 148.6
Upper 95% CI of mean 218.7 189.7 224.7

Inferential statistics
Kruskal-Wallis test
p-value 0.374

Supplementary Table 9.9 | Statistics of data shown in Figure 4.7 h.

Descriptive statistics

Genotype +/+ +/um27 um27 / um27
Number of values 3 12 3

Mean 170 152.6 163
Standard Deviation 14.42 30.89 19.67
Standard Error of Mean 8.327 8.916 11.36
Lower 95% CI of mean 134.2 133 114.1
Upper 95% CI of mean 205.8 172.2 211.9

Inferential statistics
Kruskal-Wallis test
p-value 0.582
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Supplementary Table 9.10 | Statistics of data shown in Figure 4.7 i.

Descriptive statistics

Genotype +/+ +/um27 um27 / um27
Number of values 3 12 3

Mean 13.67 10.83 17.33
Standard Deviation 2.517 4.687 4.163
Standard Error of Mean 1.453 1.353 2.404
Lower 95% CI of mean 7.415 7.855 6.991
Upper 95% CI of mean 19.92 13.81 27.68

Inferential statistics

Kruskal-Wallis test

p-value 0.157

Supplementary Table 9.11 | Statistics of data shown in Figure 4.7 j.

Descriptive statistics

Genotype +/+ +/um27 um27 / um27
Number of values 3 12 3

Mean 7.667 7.75 6.333
Standard Deviation 6.351 8.487 2.082
Standard Error of Mean 3.667 2.45 1.202
Lower 95% CI of mean -8.11 2.358 1.162
Upper 95% CI of mean 23.44 13.14 11.5

Inferential statistics

Kruskal-Wallis test

p-value 0.874
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Supplementary Table 9.12 | Statistics of data shown in Figure 4.8 d.

Descriptive statistics

Genotype +/+ +/um27 um27 / um27
Number of values 7 10 7

Mean 27.86 30.5 15.43
Standard Deviation 9.529 8.196 6.294
Standard Error of Mean 3.602 2.592 2.379
Lower 95% CI of mean 19.04 24.64 9.607
Upper 95% CI of mean 36.67 36.36 21.25

Inferential statistics
Kruskal-Wallis test
p-value 0.012

Dunn's multiple comparisons test

Groups compared Adjusted p-value
+/+ +/um27 > 0.9999
S umz27 / um27 0.060

+/um27 um27 /um27 0.015

Supplementary Table 9.13 | Statistics of data shown in Figure 4.8 e.

Descriptive statistics

Genotype +/+ +/um27 um27 / um27
Number of values 7 10 7

Mean 19.43 19.3 16.14
Standard Deviation 5.35 6.684 3.891
Standard Error of Mean 2.022 2.114 1.471
Lower 95% CI of mean 14.48 14.52 12.54
Upper 95% CI of mean 24.38 24.08 19.74

Inferential statistics
Kruskal-Wallis test
p-value 0.342
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Supplementary Table 9.14 | Statistics of data shown in Figure 4.9 d.

Descriptive statistics

Genotype +/+ +/um27 um27 / um27
Number of values 9 14 13
Mean 9.222 6.857 3.769
Standard Deviation 3.032 2.983 1.641
Standard Error of Mean 1.011 0.7974 0.4551
Lower 95% CI of mean 6.891 5.135 2.778
Upper 95% CI of mean 11.55 8.58 4.761

D'Agostino & Pearson omnibus normality test

p-value

0.2882 0.6351 0.4653
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Inferential statistics

One-way ANOVA

p-value 0.0001

Tukey's multiple comparisons test

Groups compared Adjusted p-value
+/+ +/um27 0.098
+/+ um27 / um27 < 0.0001
+/um27  um27 /um27 0.011




Supplementary Table 9.15 | Statistics of data shown in Figure 4.11 d.

Descriptive statistics

Genotype +/+ +/um27 um27 / um27
Number of values 2 5 3

Mean 90 105.4 88.33
Standard Deviation 22.63 18.8 27.65
Standard Error of Mean 16 8.406 15.96
Lower 95% CI of mean -113.3 82.06 19.66
Upper 95% CI of mean 293.3 128.7 157

Inferential statistics
Kruskal-Wallis test

p-value 0.504
Dunn's multiple comparisons test
Groups compared Adjusted p-value
+/+ +/um27 0.624
+/+ umz27 / um27 > 0.9999
+/um27  um27 /um27 0.215

Supplementary Table 9.16 | Statistics of data shown in Figure 4.12 a.

Descriptive statistics

Genotype +/+ +/um27 um27 / um27
Number of values 4 13 2

Mean 117.5 152.2 41
Standard Deviation 37.81 39.91 24.04
Standard Error of Mean 18.91 11.07 17
Lower 95% CI of mean 57.33 128 -175
Upper 95% CI of mean 177.7 176.3 257

Inferential statistics
Kruskal-Wallis test

p-value 0.018
Dunn's multiple comparisons test
Groups compared Adjusted p-value
+/+ +/um27 0.611
+/+ um27 / um27 0.572
+ /um27 um27 / um27 0.043
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Supplementary Table 9.17 | Statistics of data shown in Figure 4.12 b.

Descriptive statistics

Genotype +/+ +/um27 um27 / um27
Number of values 4 13 2

Mean 107 132.2 39
Standard Deviation 35.06 35 25.46
Standard Error of Mean 17.53 9.706 18
Lower 95% CI of mean 51.21 111.1 -189.7
Upper 95% CI of mean 162.8 153.4 267.7

Inferential statistics

Kruskal-Wallis test

p-value 0.030
Dunn's multiple comparisons test
Groups compared Adjusted p-value
+/+ +/um27 > 0.9999
+/+ um27 / um27 0.431
+/um27 umz27 / um27 0.050

Supplementary Table 9.18 | Statistics of data shown in Figure 4.12 c.

Descriptive statistics

Genotype +/+ +/um27 um27 / um27
Number of values 4 13 2

Mean 8 11.62 15
Standard Deviation 8.756 5.98 2.121
Standard Error of Mean 4.378 1.658 1.5
Lower 95% CI of mean -5.933 8.002 -17.56
Upper 95% CI of mean 21.93 15.23 20.56

Inferential statistics

Kruskal-Wallis test

p-value 0.015
Dunn's multiple comparisons test
Groups compared Adjusted p-value
+/+ +/um27 0.361
+/+ umz27 / um27 0.877
+/um27  um27/um27 0.053
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Supplementary Table 9.19 | Statistics of data shown in Figure 4.12 d.

Descriptive statistics

Genotype +/+ +/um27 um27 / um27
Number of values 4 13 2

Mean 2.5 8.308 0.5
Standard Deviation 2.38 7.51 0.7071
Standard Error of Mean 1.19 2.083 0.5
Lower 95% CI of mean -1.288 3.77 -5.853
Upper 95% CI of mean 6.288 12.85 6.853

Inferential statistics

Kruskal-Wallis test

p-value 0.122

Dunn's multiple comparisons test

Groups compared Adjusted p-value
+/+ +/um27 0.624
S umz27 / um27 > 0.9999
+/um27 umz27 / um27 0.215

Supplementary Table 9.20 | Statistics of data shown in Figure 4.13 a.

Descriptive statistics

Genotype +/+ +/um27 um27 / um27
Number of values 10 9 5

Mean 55.4 60.78 55.8
Standard Deviation 9.913 12.32 12.13
Standard Error of Mean 3.135 4,105 5.426
Lower 95% CI of mean 48.31 51.31 40.74
Upper 95% CI of mean 62.49 70.25 70.86

Inferential statistics
Kruskal-Wallis test
p-value 0.595
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Supplementary Table 9.21 | Statistics of data shown in Figure 4.13 b.

Descriptive statistics

Genotype +/+ +/um27 um27 / um27
Number of values 10 9 5

Mean 35.12 37.94 51.27
Standard Deviation 10.13 14.48 12.42
Standard Error of Mean 3.204 4.828 5.555
Lower 95% CI of mean 27.87 26.81 35.84
Upper 95% CI of mean 42.37 49.08 66.69

Inferential statistics

Kruskal-Wallis test

p-value 0.084

Dunn's multiple comparisons test

Groups compared Adjusted p-value
+/+ +/um27 > 0.9999
+/+ um27 / um27 0.085

+/um27 um27 /um27 0.251

Supplementary Table 9.22 | Statistics of data shown in Figure 4.13 c.

Descriptive statistics

Genotype +/+ +/um27 um27 / um27
Number of values 11 18 3

Mean 3.182 2.722 2.333
Standard Deviation 2.926 1.809 1.528
Standard Error of Mean 0.8823 0.4263 0.8819
Lower 95% CI of mean 1.216 1.823 -1.461
Upper 95% CI of mean 5.148 3.622 6.128
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Inferential statistics

Kruskal-Wallis test

p-value 0.926




Supplementary Table 9.23 | Statistics of data shown in Figure 4.13 d.

Descriptive statistics

Genotype +/+ +/um27 um27 / um27
Number of values 20 27 8

Mean 15.35 16.67 2.5
Standard Deviation 5.363 5.798 2.07
Standard Error of Mean 1.199 1.116 0.7319
Lower 95% CI of mean 12.84 14.37 0.7693
Upper 95% CI of mean 17.86 18.96 4231

D'Agostino & Pearson omnibus normality test
p-value 0.6771 0.8934 0.929

Inferential statistics
One-way ANOVA
p-value < 0.0001

Tukey's multiple comparisons test

Groups compared Adjusted p-value
+/+ +/um27 0.677
+/+ um27 / um27 < 0.0001
+/um27 um27 / um27 < 0.0001
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Supplementary Table 9.24 | Statistics of data shown in Figure 4.14 g.

Descriptive statistics

Genotype +/+ +/um27 um27 / um27
Number of values 22 40 24
Mean 44.23 48.18 9.042
Standard Deviation 11.49 11.35 6.497
Standard Error of Mean 2.449 1.794 1.326
Lower 95% CI of mean 39.13 44,55 6.298
Upper 95% CI of mean 49.32 51.8 11.79

D'Agostino & Pearson omnibus normality test

p-value

0.4751 0.9555 0.0129
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Inferential statistics

Kruskal-Wallis test

p-value < 0.0001

Dunn's multiple comparisons test

Groups compared Adjusted p-value
+/+ +/um27 > 0.9999
+/+ um27 / um27 < 0.0001

+/um27 um27 / um27 < 0.0001




Supplementary Table 9.25 | Statistics of data shown in Figure 4.16 j.

Descriptive statistics

Genotype +/+ +/um27 um27 / um27
Number of values 3 11 4

Mean 7.667 7.818 2.5
Standard Deviation 0.5774 0.9816 0.5774
Standard Error of Mean 0.3333 0.296 0.2887
Lower 95% CI of mean 6.232 7.159 1.581
Upper 95% CI of mean 9.101 8.478 3.419

Inferential statistics
Kruskal-Wallis test
p-value 0.002

Dunn's multiple comparisons test

Groups compared Adjusted p-value
+/+ +/um27 > 0.9999
+/+ umz27 / um27 0.107

+/um27  um27/um27 0.008
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Supplementary Table 9.26 | Statistics of data shown in Figure 4.18 g.
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Descriptive statistics

Time point 28 hpf 52 hpf 72 hpf
Genotype +/+ +/um27 +/+ +/lum27 +/+  +/um27
Number of values 3 6 3 6 3 6
Mean 14.33 9.67 72.00 73.67 78.67 77.67
Standard Deviation 5.13 3.56 9.54 17.28 5.13 13.29
Standard Error of Mean  2.96 1.45 5.51 7.06 2.96 5.43

Inferential statistics

Repeated measures two-way ANOVA

Source of Variation % of total variation  p-value
Interaction 0.1459 0.7637
Time 77.9900 < 0.0001
Genotype 0.0385 0.8398
Subjects (matching) 6.1230 0.0274

Bonferroni's multiple comparisons test

Time point Adjusted p-value
28 > 0.9999
52 > 0.9999
72 > 0.9999




Supplementary Table 9.27 | Statistics of data shown in Figure 4.18 h.

Descriptive statistics

Time point 52 hpf 72 hpf
Genotype +/+ +/um27 +/+ +/um27
Number of values 3 6 3 6
Mean 13.00 4.83 32.67 27.50
Standard Deviation 6.56 2.04 2.52 5.68
Standard Error of Mean  3.79 0.83 1.45 2.32
Inferential statistics

Repeated measures two-way ANOVA

Source of Variation % of total variation  p-value
Interaction 0.3488 0.4887

Time 69.45 < 0.0001
Genotype 6.89 0.0280

Subijects (matching) 6.317 0.3403

Bonferroni's multiple comparisons test

Time point Adjusted p-value
52 0.0438
72 0.2504

Supplementary Table 9.28 | Statistics of data shown in Figure 5.7 a.

Descriptive statistics

Genotype +/+  +/u5008 u5008 / us5008
Number of values 4 16 7
Mean 2.5 4.438 3.143
Standard Deviation 3.109 4.589 2.61
Standard Error of Mean 1.555 1.147 0.9863
Lower 95% CI of mean -2.447 1.992 0.7294
Upper 95% CI of mean 7.447 6.883 5.556

Inferential statistics

Kruskal-Wallis test

p-value 0.681
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Supplementary Table 9.29 | Statistics of data shown in Figure 5.7 b.

Descriptive statistics

Genotype +/+ +/u5008 u5008 / us5008
Number of values 4 8 10

Mean 12.5 9.375 11
Standard Deviation 2.517 5.999 7.972
Standard Error of Mean 1.258 2.121 2.521
Lower 95% CI of mean 8.495 4.36 5.297
Upper 95% CI of mean 16.5 14.39 16.7

Inferential statistics

Kruskal-Wallis test

p-value 0.774

Supplementary Table 9.30 | Statistics of data shown in Figure 5.8 a.

Descriptive statistics

Genotype +/+ +/u5008 u5008/u5008
Number of values 9 17 4

Mean 51.33 52.24 43.5
Standard Deviation 14.66 14.65 2.38
Standard Error of Mean 4.888 3.554 1.19
Lower 95% CI of mean 40.06 44.7 39.71
Upper 95% CI of mean 62.6 59.77 47.29

Inferential statistics

Kruskal-Wallis test

p-value 0.546
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Supplementary Table 9.31 | Statistics of data shown in Figure 5.8 b.

Descriptive statistics

Genotype +/+ + / u5008 u5008 / us5008
Number of values 7 19 11

Mean 125.4 96.68 61.36
Standard Deviation 16.42 27.69 13.65
Standard Error of Mean 6.206 6.353 4117
Lower 95% CI of mean 110.2 83.34 52.19
Upper 95% CI of mean 140.6 110 70.54

Inferential statistics

Kruskal-Wallis test

p-value < 0.0001

Dunn's multiple comparisons test

Groups compared Adj\‘j{;fg b-
+/+ + / u5008 0.087
u5008 /
+/+ U5008 < 0.0001
u5008 /
+ / u5008 U5008 0.003

Supplementary Table 9.32 | Statistics of data shown in Figure 5.9 a.

Descriptive statistics

Genotype

+/+ +/delCVN delCVN/delCVN

Number of values

Mean
Standard Deviation
Standard Error of Mean

Lower 95% CI of mean
Upper 95% CI of mean

5 7 12
61.2 54.29 52
18.91 13.71 17.61
8.458 5.181 5.084
37.72 41.61 40.81
84.68 66.96 63.19

Inferential statistics

Kruskal-Wallis test

p-value 0.655

Page | 335



Supplementary Table 9.33 | Statistics of data shown in Figure 5.9 b.

Descriptive statistics

Genotype +/+ +/delCVN delCVN/delCVN
Number of values 6 13 5

Mean 80.33 73.85 74.4
Standard Deviation 17.74 27.59 18.15
Standard Error of Mean 7.242 7.651 8.115
Lower 95% CI of mean 61.72 57.18 51.87
Upper 95% CI of mean 98.95 90.52 96.93

Inferential statistics
Kruskal-Wallis test
p-value 0.915

Supplementary Table 9.34 | Statistics of data shown in Figure 5.10 a.

Descriptive statistics

gata2a genotype +/+ +/um27
gata2b genotype +/+ +/u5008 +/+ +/u5008
Number of values 15 17 4 4
Mean 20.80 18.88 15.50 11.25
Standard Deviation 7.63 8.45 5.51 3.30
Standard Error of Mean 1.97 2.05 2.75 1.65

Inferential statistics
Two-way ANOVA

Source of Variation % of total variation p-value
Interaction 0.3609 0.7005
gata2a 11.09 0.0383
gata2b 2.523 0.312

Bonferroni's multiple comparisons test

gata2a*" - gata2a*’'m?’ Adjusted p-value
gata2b** 0.4471
gata2b+/u5008 0.1586
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Supplementary Table 9.35 | Statistics of data shown in Figure 5.10 b.

Descriptive statistics

gata2a genotype +/+ +/um27
gata2b genotype +/+ +/u5008 +/+ +/u5008
Number of values 10 8 14 15
Mean 58.40 57.88 39.21 40.73
Standard Deviation 20.73 15.44 20.76 18.07
Standard Error of Mean 6.56 5.46 5.55 4.66
Inferential statistics

Two-way ANOVA

Source of Variation % of total variation p-value

Interaction 0.05933 0.86

gata2a 18.74 0.0029

gata2b 0.01403 0.9316

Bonferroni's multiple comparisons test

gata2a** - gata2a*’'m?’ Adjusted p-value
gata2b™* 0.0392
gata2b+/u5008 0.0933
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Supplementary Table 9.36 | Statistics of data shown in Figure 5.11 a.

Descriptive statistics

gata2a genotype +/+ +/um27
gata2b genotype +/+ +/u5008 +/+ +/u5008
Number of values 9 =) 5 7
Mean 39.56 30.33 38.20 38.29
Standard Deviation 7.09 7.09 4.38 10.09
Standard Error of Mean 2.36 4.10 1.96 3.82

Inferential statistics

Two-way ANOVA

Source of Variation % of total variation p-value
Interaction 7.925 0.1892
gata2a 3.981 0.3469
gata2b 7.636 0.1971

Bonferroni's multiple comparisons test

gata2b** - gata2b*u5008 Adjusted p-value
gata2a' 0.1686
gata2a’'™?’ 0.9998
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Supplementary Table 9.37 | Statistics of data shown in Figure 5.11 b.

Descriptive statistics

gata2a genotype +/+ +/um27
gata2b genotype +/+ +/u5008 +/+ +/u5008
Number of values 8 5 7 3
Mean 65.38 59.60 58.14 56.67
Standard Deviation 14.38 10.11 11.99 12.01
Standard Error of Mean 5.08 4.52 4.53 6.94
Inferential statistics

Two-way ANOVA

Source of Variation % of total variation p-value

Interaction 0.7024 0.7069

gataa 3.928 0.3781

gata2b 1.998 0.5274
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Supplementary Table 9.38 | Statistics of data shown in Figure 5.11 c.

Descriptive statistics

gata2a genotype +/+ +/um27
gata2b genotype +/+ +/u5008 +/+ +/u5008
Number of values 8 5 7 3
Mean 65.38 59.60 58.14 56.67
Standard Deviation 14.38 10.11 11.99 12.01
Standard Error of Mean 5.08 452 453 6.94

Inferential statistics

Two-way ANOVA

Source of Variation % of total variation p-value
Interaction 0.7024 0.7069
gataa 3.928 0.3781
gata2b 1.998 0.5274

Bonferroni's multiple comparisons test

gata2b** - gata2b*u5008 Adjusted p-value
gata2a™ 0.0317
gata2a*’um?’ > 0.9999
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Supplementary Table 9.40 | Inferential statistics of data from Figure 5.12 a.

Inferential statistics

Two-way ANOVA

Source of Variation % of total variation p-value
Interaction 1.761 0.4589
gata2a 37.17 < 0.0001
gata2b 2.228 0.1036

Tukey's multiple comparisons test

gata2b** Adjusted p-value
gata2a** - gata2a*’'m?’ 0.952
gata2a'" - gata2am?7um27 < 0.0001
gata2a*’"m?’ - gata2a!m2"um? < 0.0001

gata2p 5008 Adjusted p-value
gata2a** - gata2a*’'m?’ 0.6908
gata2a' - gata2a"m?"um27 < 0.0001
gata2a™™?’ - gata2a"m?7/um7 < 0.0001

gata2lp|s008/usoos Adjusted p-value
gata2a™* - gata2a*™?’ 0.9799
gata2a'" - gata2am?7um27 0.0617
gata2a*’"™m?’ - gata2a!m2"um? 0.1017
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Supplementary Table 9.41 | Statistics of data shown in Figure 5.12 b.

Descriptive statistics

gata2a genotype +/+ +/um27
gata2b genotype +/+ +/u5008 +/+ +/u5008
Number of values 13 11 12 10
Mean 124.62 77.91 124.50 85.00
Standard Deviation 30.95 21.90 29.68 18.17
Standard Error of Mean 8.58 6.60 8.57 5.75
Inferential statistics

Two-way ANOVA

Source of Variation % of total variation p-value

Interaction 0.2923 0.6456

gata2a 0.2739 0.6562

gata2b 41.84 < 0.0001

Bonferroni's multiple comparisons test

gata2b** - gata2b*u5008 Adjusted p-value
gata2a™ 0.0002
gata2a*’um?’ 0.0021
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Supplementary Table 9.42 | Statistics of data shown in Figure 5.15 a.

Descriptive statistics

gata2a genotype +/+ +/um27
gata2b genotype +/+ +/u5008 +/+ +/u5008
Number of values 5 4 8 7
Mean 12.20 9.00 13.50 8.29
Standard Deviation 7.89 5.48 6.85 9.03
Standard Error of Mean 3.53 2.74 2.42 3.41
Inferential statistics

Two-way ANOVA

Source of Variation % of total variation p-value

Interaction 0.4412 0.7578

gata2a 0.03731 0.9285

gata2b 7.699 0.2063
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Supplementary Table 9.43 | Statistics of data shown in Figure 5.15 b.

Descriptive statistics

gata2a genotype +/+ +/um27
gata2b genotype +/+ +/u5008 +/+ +/u5008
Number of values 7 5 4 8
Mean 42.29 46.40 43.50 41.88
Standard Deviation 1191 15.77 12.48 11.37
Standard Error of Mean 4.50 7.05 6.24 4.02
Inferential statistics

Two-way ANOVA

Source of Variation % of total variation p-value

Interaction 1.395 0.5992

gataa 0.4641 0.7612

gata2b 0.2624 0.8192
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Supplementary Table 9.44 | Statistics of data shown in Figure 6.2 d.

Descriptive statistics

Genotype +/+ + / E8fs E8fs / E8fs
Number of values 24 40 28
Mean 49.33 38.75 26.54
Standard Deviation 13.99 11.14 7.904
Standard Error of Mean 2.856 1.761 1.494
Lower 95% CI| of mean 43.42 35.19 23.47
Upper 95% CI of mean 55.24 42.31 29.6

D'Agostino & Pearson omnibus normality test

p-value 0.8465 0.0672 0.0846

Inferential statistics

One-way ANOVA test

p-value < 0.0001

Tukey's multiple comparisons test

Groups compared Adjusted p-value
+/+ +/ E8fs 0.0011
S E8fs / E8fs < 0.0001

+ [ E8fs E8fs / E8fs < 0.0001
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Supplementary Table 9.45 | Statistics of data shown in Figure 6.3 d.

Descriptive statistics

Genotype +/+ +/ E8fs E8fs / E8fs
Number of values 10 25 33
Mean 159 124.5 28.39
Standard Deviation 37.12 39.5 10.57
Standard Error of Mean 11.74 7.9 1.84
Lower 95% CI of mean 132.4 108.2 24.65
Upper 95% CI of mean 185.6 140.8 32.14

D'Agostino & Pearson omnibus normality test
p-value 0.3995 0.5273 0.2402

Inferential statistics
One-way ANOVA test
p-value < 0.0001

Tukey's multiple comparisons test

Groups compared Adjusted p-value
+/+ +/ E8fs 0.0056
S E8fs / E8fs < 0.0001

+ [ E8fs E8fs / E8fs < 0.0001
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Supplementary Table 9.46 | Statistics of data shown in Figure 6.5 e.

Descriptive statistics

Genotype +/+ + / E8fs
Number of values 5 8
Mean 1 0.666
Standard Deviation 0.2057 0.4071
Standard Error of Mean 0.09199 0.1439
Lower 95% CI of mean 0.7446 0.3256
Upper 95% CI of mean 1.255 1.006
Inferential statistics
Mann Whitney test

p-value 0.171

Supplementary Table 9.47 | Statistics of data shown in Figure 6.5 f.
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Descriptive statistics

Genotype +/+ +/ E8fs
Number of values 2 6
Mean 73.5 75.67
Standard Deviation 21.92 17.67
Standard Error of Mean 15.5 7.214
Lower 95% CI of mean -123.4 57.12
Upper 95% CI of mean 270.4 94.21
Inferential statistics
Mann Whitney test

p-value 0.821




Supplementary Table 9.48 | Statistics of data shown in Figure 6.6 d.

Descriptive statistics

Genotype +/+ +/ E8fs E8fs / E8fs
Number of values 36 23 9
Mean 1 0.859 0.01556
Standard Deviation 0.2425 0.2204 0.0174
Standard Error of Mean  0.04041 0.04595 0.0058
Lower 95% CI of mean 0.918 0.7637 0.00218
Upper 95% CI of mean 1.082 0.9543 0.02893

D'Agostino & Pearson omnibus normality test
p-value 0.2048 0.4438 0.4127

Inferential statistics

One-way ANOVA test
p-value < 0.0001

Tukey's multiple comparisons test

Groups compared Adjusted p-value

+/+ + [ E8fs 0.0490

+/+ E8fs / E8fs < 0.0001
+/E8fs E8fs/ES8fs < 0.0001
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Supplementary Table 9.49 | Statistics of data shown in Figure 6.7 a.

Descriptive statistics

Genotype +/+ +/ E8fs
Number of values 3 3
Mean 20 35.33
Standard Deviation 18.68 28.99
Standard Error of 10.79 16.74
Mean

Lower 95% CI of mean -26.41 -36.68
Upper 95% CI of mean 66.41 107.3

Inferential statistics

Mann Whitney test

p-value 0.400

Supplementary Table 9.50 | Statistics of data shown in Figure 6.7 b.

Descriptive statistics

Genotype +/+ +/ES8fs
Number of values 3 3
Mean 133.3 131.3
Standard Deviation 7.024 5.033

Standard Error of Mean 4.055 2.906

Lower 95% CI of mean 1159 118.8
Upper 95% CI of mean 150.8 143.8

Inferential statistics

Mann Whitney test

p-value 0.800
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Supplementary Table 9.51 | Statistics of data shown in Figure 6.7 c.

Descriptive statistics

Genotype +/+ + / E8fs
Number of values 5 7
Mean 89 112.9
Standard Deviation 16.85 20.68
Standard Error of Mean 7.537 7.818
Lower 95% CI of mean 68.08 93.73
Upper 95% CI of mean 109.9 132

Inferential statistics

Mann Whitney test

p-value 0.082

Supplementary Table 9.52 | Statistics of data shown in Figure 6.7 d.

Descriptive statistics

Genotype +/+ +/ E8fs
Number of values 5 7
Mean 146.6 152.6
Standard Deviation 8.355 5.381
Standard Error of 3.736 2034
Mean

Lower 95% CI of mean 136.2 147.6
Upper 95% CI of mean 157 157.5

Inferential statistics

Mann Whitney test

p-value 0.160
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Supplementary Table 9.53 | Descriptive statistics of data from Figure 6.9 a.

Descriptive statistics

rps14 morphants

imiquimod gardiquimod

morpholino control morphants

drug treatment DMSO imiquimod gardiquimod
Number of values 17 17 9
Mean 2993.12 2994.00 2998.48
Standard Deviation 152.36 174.33 181.87
Standard Error of Mean 36.95 42.28 60.62
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Supplementary Table 9.54 | Inferential statistics of data from Figure 6.9 a.

Inferential statistics

Two-way ANOVA

Source of Variation %’aﬁ;?;ﬁl p-value
Interaction 1.865 0.3627
morpholino 12.61 0.0003
treatment 1.512 0.4386

Dunnett's multiple comparisons test

control morphants Adjusted p-value

DMSO - imiquimod 0.9997
DMSO - gardiquimod 0.9942
rps14 morphants Adjusted p-value
DMSO - imiquimod 0.7973
DMSO - gardiquimod 0.0719

Page | 353



Supplementary Table 9.55 | Descriptive statistics of data from Figure 6.9 b.

Descriptive statistics

morpholino control morphants rps14 morphants

drug treatment DMSO imiquimod gardiquimod DMSO  imiquimod gardiquimod
Number of values 16 17 9 17 20 17
Mean 211.56 207.96 212.71 158.13 157.06 154.87
Standard Deviation 12.59 15.85 8.79 22.55 13.58 12.67
Standard Error of Mean 3.15 3.84 2.93 5.47 3.04 3.07
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Supplementary Table 9.56 | Inferential statistics of data from Figure 6.9 b.

Inferential statistics

Two-way ANOVA

Source of Variation Ov/oacr)i;?;ﬁl p-value
Interaction 0.1932 0.6941
morpholino 73.47 < 0.0001
treatment 0.1065 0.8174
Dunnett's multiple comparisons test
control morphants Adjusted p-value
DMSO - imiquimod 0.7247
DMSO - gardiquimod 0.9769
rps14 morphants Adjusted p-value
DMSO - imiquimod 0.9682
DMSO - gardiquimod 0.7619
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Supplementary Table 9.57 | Descriptive statistics of data from Figure 6.9 c.

Descriptive statistics

morpholino control morphants rps14 morphants

drug treatment DMSO imiguimod gardiquimod DMSO imiquimod gardiquimod
Number of values 41 48 41 56 54 49
Mean 3536.39 3481.45 3242.16 3382.85 3460.71 3247.39
Standard Deviation 131.86 225.68 133.93 112.04 123.79 195.31
Standard Error of Mean 20.59 32.57 20.92 14.97 16.85 27.90
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Supplementary Table 9.58 | Inferential statistics of data from Figure 6.9 c.

Inferential statistics
Two-way ANOVA

% of total

Source of Variation variation p-value
Interaction 3.217 0.0014
morpholino 2.136 0.003
treatment 28.33 < 0.0001

Dunnett's multiple comparisons test

control morphants Adjusted p-value
DMSO - imiquimod 0.1835
DMSO - gardiquimod < 0.0001
rps14 morphants Adjusted p-value
DMSO - imiquimod 0.0203
DMSO - gardiquimod < 0.0001
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Supplementary Table 9.59 | Descriptive statistics of data from Figure 6.9 d.

Descriptive statistics

rps14 morphants

imiquimod gardiquimod

morpholino control morphants

drug treatment DMSO imiquimod gardiquimod DMSO
Number of values 41 48 42

Mean 246.97 240.14 237.07

Standard Deviation 13.00 9.00 13.01

Standard Error of Mean 2.03 1.30 2.01
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Supplementary Table 9.60 | Inferential statistics of data from Figure 6.9 d.

Inferential statistics
Two-way ANOVA

Source of Variation % of total variation  p-value
Interaction 2.203 0.0034
morpholino 44.1 < 0.0001
treatment 0.498 0.2709

Dunnett's multiple comparisons test

control morphants Adjusted p-value
DMSO - imiquimod 0.0558
DMSO - gardiquimod 0.0048

rps14 morphants Adjusted p-value
DMSO - imiquimod 0.1027
DMSO - gardiquimod 0.4407
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Supplementary Table 9.61 | Statistics of data shown in Figure 6.10 e.

Descriptive statistics

morpholino control gatala

drug treatment DMSO imiguimod DMSO imiquimod
Number of values 5 6 4 4
Mean 28.55 26.98 45.67 68.64
Standard Deviation 6.43 4.25 13.19 6.56
Standard Error of Mean 2.88 1.74 6.59 3.28

Inferential statistics
Two-way ANOVA

Source of Variation % of total variation  p-value
Interaction 11.61 0.004
. <
morpholino 66.55 0.0001
drug treatment 8.831 0.0098

Bonferroni's multiple comparisons test

DMSO - imiquimod Adjusted p-value
control MO > 0.9999
gatala MO 0.0016
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Supplementary Table 9.62 | Statistics of data shown in Figure 6.10 f.

Descriptive statistics

morpholino control gatala

drug treatment DMSO imiquimod DMSO imiquimod
Number of values 5 6 4 4
Mean 71769.32 76193.46 74680.94 71939.48
Standard Deviation 3041.55 2227.45 8870.65 5628.74

Standard Error of Mean  1360.22 909.35 4435.33 2814.37

Inferential statistics
Two-way ANOVA

Source of Variation % of total variation p-value
Interaction 12.74 0.1534
morpholino 0.4473 0.782

drug treatment 0.7028 0.7289

Bonferroni's multiple comparisons test

DMSO - imiquimod Adjusted p-value
control MO 0.3478
gatala MO 0.921
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Supplementary Table 9.63 | Statistics of data shown in Figure 6.11 a.

Descriptive statistics

rpsl4a +/+ + / E8fs

drug treatment E3 DMSO imiquimod E3 DMSO imiguimod
Number of values 9 9 7 10 11 12
Mean 4.67 4.89 5.00 2.10 2.73 3.33
Standard Deviation 2.00 2.76 3.00 1.52 2.15 2.19
Standard Error of Mean 0.67 0.92 1.13 0.48 0.65 0.63

Inferential statistics
Two-way ANOVA

Source of Variation % & 65_ p-value
variation

Interaction 0.2291 0.7614

rpsl4 13.7 0.0236

drug treatment 0.4809 0.6601
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Supplementary Table 9.65 | Statistics of data shown in Figure 6.11 c.
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Descriptive statistics

rpsl4a +/+ +/ E8fs
drug treatment E3 DMSO imiquimod E3 DMSO imiquimod
Number of values 8 7 7 7 10 5
Mean 96.00 102.29 101.57 101.14 89.40 88.80
Standard Deviation 23.05 26.66 31.12 27.14 22.32 13.99
SEGEEE] B @ 8.15  10.08 11.76 1026  7.06 6.26
Mean
Inferential statistics
Two-way ANOVA
% of

Source of Variation total p-value

variation
Interaction 3.174 0.5338
rpsl4 1.984 0.3773
drug treatment 0.3655 0.9293




Supplementary Table 9.66 | Statistics of data shown in Figure 6.14 c.

Descriptive statistics

Genotype +/+ +/ E8fs
Number of values 12 17
Mean 0.553 0.387
Standard Deviation 0.193 0.225
Standard Error of Mean 0.056 0.055
Lower 95% CI of mean 0.431 0.272
Upper 95% CI of mean 0.676 0.503

D'Agostino & Pearson omnibus normality test

p-value 0.7438 0.1128
Inferential statistics
Unpaired t test

p-value 0.048
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Supplementary Table 9.67 | Statistics of data shown in Figure 6.14 d.

Descriptive statistics

Genotype +/+ +/ E8fs
Number of values 31 26
Mean 1.000 0.616
Standard Deviation 0.576 0.477
Standard Error of Mean 0.103 0.093
Lower 95% CI of mean 0.789 0.424
Upper 95% CI of mean 1.211 0.809

D'Agostino & Pearson omnibus normality test

p-value 0.0089 0.1966

Inferential statistics

Mann-Whitney test

p-value 0.004
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9.3 Plasmid maps and sequences

Plasmid Sequence 9.1 | pT3TS-nCas9n

1

10 20 30 40 50
\ \ \ \ \ \
AATTAACCCTCACTAAAGGGAACAAAAGCTGGAGCTAAGCTTGCTTGTTC
TTTTTGCAGAAGCTCAGAATAAACGCTCAACTTTGGCAGATCTAACTCGA
CGCCACCATGGCTTCTCCACCTAAGAAGAAGAGAAAGGTGGGAAGCATGG
ATAAGAAGTATAGCATCGGCCTGGATATTGGAACTAACTCCGTGGGTTGG
GCAGTGATTACAGACGACTACAAGGTCCCTAGCAAGAAATTTAAGGTGCT
GGGTAACACCGACAGGCACAGCATCAAGAAAAATCTGATTGGAGCCCTGC
TGTTCGGTTCTGGAGAGACTGCCGAAGCAACACGCCTGAAAAGAACAGCA
AGAAGGCGCTATACCAGAAGGAAGAATAGAATCTGTTACCTGCAGGAGAT
TTTCTCTAACGAAATGGCTAAGGTGGACGATTCATTCTTTCATAGGCTGG
AGGAAAGTTTCCTGGTCGAGGAAGATAAGAAACACGAGCGCCATCCTATC
TTTGGAAACATTGTGGACGAGGTCGCCTATCACGAAAAATACCCAACCAT
CTATCATCTGCGCAAGAAACTGGCTGACTCTACTGATAAAGCCGACCTGA
GACTGATCTATCTGGCTCTGGCCCACATGATTAAGTTCAGGGGTCATTTT
CTGATCGAGGGCGATCTGAACCCCGACAATTCCGATGTGGACAAGCTGTT
CATCCAGCTGGTCCAGATTTACAATCAGCTGTTTGAGGAAAACCCTATTA
ATGCTTCCAGAGTGGACGCAAAAGCTATCCTGTCAGCCAGGCTGTCCAAG
TCACGCAGACTGGAGAACCTGATTGCACAGCTGCCCGGAGAAAAGAGGAA
CGGTCTGTTTGGAAATCTGATCGCTCTGAGTCTGGGCCTGACTCCTAACT
TCAAAAGCAATTTTGATCTGGCTGAGGACGCCAAACTGCAGCTGTCAAAG
GACACATATGACGATGACCTGGATAACCTGCTGGCACAGATCGGAGATCA
GTACGCTGACCTGTTCCTGGCTGCCAAAAATCTGTCCGACGCAATCCTGC
TGTCAGATATTCTGAGAGTGAACAGCGAGATTACAAAAGCTCCTCTGAGT
GCCAGCATGATCAAGAGATATGACGAGCACCATCAGGATCTGACCCTGCT
GAAGGCTCTGGTCAGGCAGCAGCTGCCAGAGAAGTACAAGGAAATTTTCT
TTGATCAGTCCAAGAACGGCTACGCCGGTTATATCGACGGAGGCGCATCA
CAGGAGGAATTCTACAAGTTTATCAAACCTATTCTGGAGAAGATGGACGG
AACTGAGGAACTGCTGGTGAAACTGAATAGAGAGGACCTGCTGAGGAAGC
AGCGCACATTTGATAACGGTTCCATCCCACACCAGATTCATCTGGGAGAG
CTGCACGCTATCCTGAGGCGCCAGGAAGACTTCTACCCCTTTCTGAAAGA
TAACCGCGAGAAGATCGAAAAAATTCTGACCTTCAGAATCCCTTACTATG
TGGGTCCACTGGCTCGCGGAAACAGCAGATTTGCCTGGATGACTCGCAAA
TCCGAGGAAACCATTACTCCTTGGAACTTCGAGGAAGTGGTCGATAAGGG
CGCCTCTGCACAGTCCTTCATCGAGAGAATGACTAATTTTGACAAAAACC
TGCCCAATGAGAAAGTGCTGCCTAAGCACTCCCTGCTGTACGAGTATTTC
ACTGTCTATAACGAACTGACAAAGGTGAAATACGTCACCGAGGGCATGAG
AAAGCCAGCCTTCCTGTCAGGAGAGCAGAAGAAAGCAATCGTGGATCTGC
TGTTTAAAACCAACAGGAAAGTGACTGTCAAGCAGCTGAAGGAGGACTAC
TTCAAGAAAATTGAATGCTTCGATTCCGTGGAGATCAGCGGAGTCGAAGA
CAGATTTAACGCAAGCCTGGGCGCTTACCACGATCTGCTGAAGATCATTA
AGGATAAAGACTTCCTGGACAACGAGGAAAATGAGGATATCCTGGAAGAC
ATTGTGCTGACACTGACCCTGTTTGAGGACAGAGGAATGATCGAGGAAAG
ACTGAAAACCTATGCTCATCTGTTCGATGACAAGGTGATGAAACAGCTGA
AGAGAAGGCGCTACACTGGCTGGGGTAGACTGAGCAGGAAGCTGATCAAC
GGCATTAGGGATAAACAGTCAGGAAAGACAATCCTGGACTTTCTGAAAAG
TGATGGCTTCGCCAACCGCAATTTTATGCAGCTGATTCACGATGACAGTC
TGACCTTCAAAGAGGACATCCAGAAGGCTCAGGTGTCTGGACAGGGCCAC
TCCCTGCATGAGCAGATTGCAAACCTGGCTGGAAGCCCAGCCATCAAGAA
AGGCATTCTGCAGACAGTGAAAATCGTCGATGAGCTGGTGAAAGTCATGG
GCCATAAGCCCGAAAACATCGTGATTGAGATGGCTCGCGAAAATCAGACA
ACCCAGAAGGGTCAGAAGAACAGTAGAGAGAGGATGAAAAGAATCGAGGA
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AGGCATTAAGGAGCTGGGTAGCCAGATCCTGAAAGAGCACCCAGTGGAAA
ACACACAGCTGCAGAATGAGAAGCTGTATCTGTACTATCTGCAGAATGGA
AGAGATATGTACGTGGACCAGGAGCTGGATATTAACAGGCTGTCTGATTA
CGACGTGGATCATATCGTCCCCCAGAGTTTCATCAAAGATGACAGCATTG
ACAACAAGGTGCTGACCAGGTCCGACAAAAACAGAGGAAAATCAGATAAT
GTCCCTAGTGAGGAAGTGGTCAAGAAAATGAAGAACTACTGGAGACAGCT
GCTGAATGCCAAACTGATCACTCAGAGGAAGTTTGATAACCTGACAAAAG
CAGAGCGCGGTGGACTGTCAGAACTGGACAAAGCTGGATTCATCAAGAGG
CAGCTGGTGGAAACACGCCAGATCACTAAACACGTCGCACAGATTCTGGA
TAGTCGCATGAACACAAAGTACGATGAGAATGACAAACTGATCAGAGAAG
TGAAGGTCATTACCCTGAAGAGTAAACTGGTCAGCGACTTTAGGAAAGAT
TTCCAGTTTTATAAGGTCCGCGAGATTAACAATTATCACCATGCCCATGA
CGCATACCTGAACGCCGTGGTCGGTACCGCACTGATCAAGAAATACCCAA
AACTGGAGAGCGAATTCGTGTACGGAGACTATAAGGTGTACGATGTCAGA
AAAATGATCGCCAAGTCCGAGCAGGAAATTGGAAAAGCTACTGCCAAGTA
TTTCTTTTACTCAAACATCATGAATTTCTTTAAGACAGAGATCACCCTGG
CCAATGGAGAAATCCGCAAAAGGCCCCTGATTGAGACAAACGGAGAGACA
GGCGAAATCGTGTGGGACAAAGGCAGAGATTTTGCAACCGTGAGGAAGGT
CCTGAGCATGCCTCAAGTGAATATCGTCAAGAAAACTGAGGTGCAGACAG
GCGGTTTCTCAAAAGAAAGTATTCTGCCAAAACGCAACTCTGATAAGCTG
ATCGCTAGAAAGAAAGACTGGGACCCTAAGAAGTATGGAGGCTTTGACTC
TCCCACTGTGGCATACTCCGTCCTGGTGGTCGCTAAGGTGGAGAAGGGCA
AAAGCAAGAAACTGAAATCTGTCAAGGAGCTGCTGGGTATCACAATTATG
GAGAGAAGCTCTTTCGAGAAGAACCCAATCGATTTTCTGGAGGCCAAAGG
TTATAAGGAAGTGAAGAAAGACCTGATCATTAAACTGCCCAAGTACAGTC
TGTTTGAGCTGGAAAACGGCAGGAAACGCATGCTGGCAAGCGCTGGAGAG
CTGCAGAAAGGCAATGAACTGGCCCTGCCTTCTAAGTACGTGAACTTCCT
GTATCTGGCAAGCCACTACGAGAAGCTGAAAGGATCTCCAGAGGATAACG
AACAGAAACAGCTGTTTGTGGAGCAGCACAAGCATTATCTGGACGAGATC
ATTGAACAGATTAGCGAGTTCTCTAAAAGAGTGATCCTGGCCGACGCAAA
TCTGGATAAGGTCCTGTCTGCTTACAACAAACACAGAGATAAGCCCATCA
GGGAGCAGGCCGAAAATATCATTCATCTGTTCACTCTGACAAACCTGGGC
GCACCTGCAGCTTTCAAGTACTTCGACACTACAATCGATAGAAAGAGGTA
CACCTCCACTAAGGAGGTGCTGGACGCTACACTGATCCATCAGAGTATTA
CCGGCCTGTACGAAACAAGGATTGACCTGTCTCAGCTGGGTGGCGACTCA
CCGGTGAGATCTCCTAAGAAGAAGAGAAAGGTGTGACCGCGGATCTGGTT
ACCACTAAACCAGCCTCAAGAACACCCGAATGGAGTCTCTAAGCTACATA
ATACCAACTTACACTTTACAAAATGTTGTCCCCCAAAATGTAGCCATTCG
TATCTGCTCCTAATAAAAAGAAAGTTTCTTCACATTCTAAAAAAAAAAAA
AAAAAAAAAAAAAAAAACCCCCCCCCCCCCCTGCAGGGCCAAGTCGGCCT
CTAGAGGTACCCAATTCGCCCTATAGTGAGTCGTATTACAATTCACTGGC
CGTCGTTTTACAACGTCGTGACTGGGAAAACCCTGGCGTTACCCAACTTA
ATCGCCTTGCAGCACATCCCCCTTTCGCCAGCTGGCGTAATAGCGAAGAG
GCCCGCACCGATCGCCCTTCCCAACAGTTGCGCAGCCTGAATGGCGAATG
GAAATTGTAAGCGTTAATATTTTGTTAAAATTCGCGTTAAATTTTTGTTA
AATCAGCTCATTTTTTAACCAATAGGCCGAAATCGGCAAAATCCCTTATA
AATCAAAAGAATAGACCGAGATAGGGTTGAGTGTTGTTCCAGTTTGGAAC
AAGAGTCCACTATTAAAGAACGTGGACTCCAACGTCAAAGGGCGAAAAAC
CGTCTATCAGGGCGATGGCCCACTACGTGAACCATCACCCTAATCAAGTT
TTTTGGGGTCGAGGTGCCGTAAAGCACTAAATCGGAACCCTAAAGGGAGC
CCCCGATTTAGAGCTTGACGGGGAAAGCCGGCGAACGTGGCGAGAAAGGA
AGGGAAGAAAGCGAAAGGAGCGGGCGCTAGGGCGCTGGCAAGTGTAGCGG
TCACGCTGCGCGTAACCACCACACCCGCCGCGCTTAATGCGCCGCTACAG
GGCGCGTCAGGTGGCACTTTTCGGGGAAATGTGCGCGGAACCCCTATTTG
TTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAGACAATAAC
CCTGATAAATGCTTCAATAATATTGAAAAAGGAAGAGTATGAGTATTCAA
CATTTCCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCTGT
TTTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGATCAGT
TGGGTGCACGAGTGGGTTACATCGAACTGGATCTCAACAGCGGTAAGATC

Page | 368



CTTGAGAGTTTTCGCCCCGAAGAACGTTTTCCAATGATGAGCACTTTTAA
AGTTCTGCTATGTGGCGCGGTATTATCCCGTATTGACGCCGGGCAAGAGC
AACTCGGTCGCCGCATACACTATTCTCAGAATGACTTGGTTGAGTACTCA
CCAGTCACAGAAAAGCATCTTACGGATGGCATGACAGTAAGAGAATTATG
CAGTGCTGCCATAACCATGAGTGATAACACTGCGGCCAACTTACTTCTGA
CAACGATCGGAGGACCGAAGGAGCTAACCGCTTTTTTGCACAACATGGGG
GATCATGTAACTCGCCTTGATCGTTGGGAACCGGAGCTGAATGAAGCCAT
ACCAAACGACGAGCGTGACACCACGATGCCTGTAGCAATGGCAACAACGT
TGCGCAAACTATTAACTGGCGAACTACTTACTCTAGCTTCCCGGCAACAA
TTAATAGACTGGATGGAGGCGGATAAAGTTGCAGGACCACTTCTGCGCTC
GGCCCTTCCGGCTGGCTGGTTTATTGCTGATAAATCTGGAGCCGGTGAGC
GTGGGTCTCGCGGTATCATTGCAGCACTGGGGCCAGATGGTAAGCCCTCC
CGTATCGTAGTTATCTACACGACGGGGAGTCAGGCAACTATGGATGAACG
AAATAGACAGATCGCTGAGATAGGTGCCTCACTGATTAAGCATTGGTAAC
TGTCAGACCAAGTTTACTCATATATACTTTAGATTGATTTAAAACTTCAT
TTTTAATTTAAAAGGATCTAGGTGAAGATCCTTTTTGATAATCTCATGAC
CAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAG
AAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGC
TGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGA
TCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGC
AGATACCAAATACTGTCCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTC
AAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACC
AGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAA
GACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCG
TGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATACCT
ACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGG
ACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAG
CTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCA
CCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGCC
TATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGC
TGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGA
TAACCGTATTACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAA
CGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCCAATA
CGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCAGCTGGCA
CGACAGGTTTCCCGACTGGAAAGCGGGCAGTGAGCGCAACGCAATTAATG
TGAGTTAGCTCACTCATTAGGCACCCCAGGCTTTACACTTTATGCTTCCG
GCTCGTATGTTGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAA
CAGCTATGACCATGATTACGCCAAGCTCGA
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Plasmid Map 9.1 | pT3TS-nCas9n
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