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Abstract

Preleukemia to leukemia transformation is one of the least well-understood processes in the
hematopoiesis field, which is in no small part due to the lack of models that faithfully recapitulate
this phenomenon. In this thesis, | provide three novel model systems that help to elucidate crucial
factors that contribute to leukemia progression.

First, | developed a zebrafish model that expresses human hematopoietic cytokines, which
critically preserves the clonal diversity present in the original patient-derived leukemia. These
human cytokine fish enhance the self-renewal capacity of transplanted human hematopoietic
stem cells and also lead to multi-lineage differentiation.

Secondly, | developed a tet2 loss-of-function zebrafish to mimic clonal hematopoiesis. TET2
mutations are seen in older individuals and significantly increases the chance of acquiring
leukemia. | observed that tet2-deficient zebrafish had restrictive hematopoiesis resulting in
fewer cells across multiple blood lineages. Induction of emergency hematopoiesis in these
zebrafish resulted in a proliferative phenotype with increased blasts and progenitors. A key
translational finding from the tet2 zebrafish is that growth factor treatment may accelerate
leukemia in the subset of patients with acute myeloid leukemia and a TET2 mutation.

Finally, | examined the KIT D816V mutation commonly seen in a preleukemic neoplasm called
systemic mastocytosis, which can evolve into aggressive mast cell leukemia. Upon examination
of the mutant D816V KIT receptor, | discovered that dimerization does not occur as it does in the
wild type in the presence of ligand and downstream signalling is activated independently of
dimerization. Phosphoproteome analysis highlighted increased activity of the pro-survival mTOR
axis, revealing that mTOR inhibiting agents (rapamycin and its analogues) may have a previously
unrecognized therapeutic benefit in preleukemic conditions associated with mutant KIT.

These models will provide useful preclinical tools for a future candidate and unbiased drug

screens to identify prospective drugs and effective drug combinations to improve the outcome
of human preleukemic diseases.
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Chapter 1 - Introduction

1.1 Preamble

Blood cells are present in all vertebrates, and most of the higher invertebrates; these cells are
produced throughout the lifetime of an organism. Mature blood cells are the functional entity of
the blood system performing divergent duties from transporting oxygen to antibody production;
but, these cells are short-lived and need to be systematically replenished by new cells. Blood
stem cells are a rare population of the blood system and reside protected in a particular niche
and with the power to reproduce themselves and also produce the entire blood hierarchy. The
process through which a blood stem cell produces mature blood cells by passing through multiple

intermediate stages is called "hematopoiesis."

Stem cells are broadly classified into three types: the totipotent stem cells that can create the
entire organism, pluripotent stem cells that have the potential to produce the ectoderm,
endoderm, and mesoderm and a more lineage-restricted multipotent stem cell. The blood stem
cells (called hematopoietic stem cells or HSCs) are multipotent, as they can produce the entire
range of blood cells. HSCs were the first defined stem cell through a series of elegant studies

(Becker, McCulloch, & Till, 1963; Siminovitch, McCulloch, & Till, 1963; Till & McCulloch, 1961; A.

M. Wu, Till, Siminovitch, & McCulloch, 1968), and ever since have been the most extensively

studied stem cells in the human body. HSCs have been used in allogeneic stem cell
transplantation in clinical settings to treat aggressive hematological malignancies including
leukemia, some non-hematological malignancies, and immune disorders ever since 1968 (Gatti,

Meuwissen, Allen, Hong, & Good, 1968).




One of the limitations of HSC based therapy is the ability to find an Human Leukocyte Antigen
(HLA)-matched donor. Umbilical cord blood provides an alternate source of HSCs and with a
lesser stringency in HLA-matching. However, the number of HSCs from an umbilical cord is not
sufficient to reconstitute the hematopoietic system of a typical adult recipient (Brown &

Boussiotis, 2008). For the last decade, researchers have tried to address this limitation by finding

small molecules that are capable of expanding HSCs ex vivo before allogeneic stem cell

transplantation (Chagraoui et al., 2013; Cutler et al., 2013; North et al., 2007)

Secondly, since the HSCs survive and keep producing mature cells for the entire life of the
organism, the probability of them acquiring a genotoxic genetic lesion increases with age leading
to leukemia. The effect of an aging hematopoietic system can also lead to bias in differentiation,
reduced potency of HSCs to self-renew and clonal-dominance due to an HSC clone holding growth
advantage as a result of mutation. This process is referred to as "clonal hematopoiesis." In some
instances, individuals with clonal hematopoiesis progress to develop malignancies, and this
progression is at present not completely understood. The evolution towards a malignancy
dramatically hastens in cases of underlying genetic predisposition that offers a permissive
environment for the establishment of various blood disorders. The mechanistic details underlying

the rapid onset of malignancy in most cases is not well understood.

The current thesis predominantly revolves around the above points. For this thesis, a general
overview of various concepts in hematopoiesis will be discussed. There are some controversies

in the field that need to be resolved, and in those cases, based on the available experimental



evidence, certain assumptions are made. Since the model of interest in this thesis is the zebrafish,
there will be periodical references to zebrafish hematopoiesis and niches, explaining how certain
factors and behaviour evolutionarily differ from their mammalian cousins. Specifically, in this

thesis | create novel models to study preleukemia to leukemia transition events.



1.2 Hematopoiesis and hematopoietic ontogeny

Mammalian blood development is a dynamic process and involves a transition from one
anatomic site to another during embryogenesis until this role is assumed by the bone marrow,
which continues to be the site of hematopoiesis for the life of the organism. In mammals,
hematopoiesis begins in the blood island of the yolk sac and sequentially travels to aorta-gonad

mesonephros (AGM), the fetal liver and ultimately to the bone marrow (Orkin & Zon, 2008). In

zebrafish, a similar sequential transition occurs, starting from the intermediate cell mass (ICM)
of the yolk sack and anterior lateral mesoderm (ALM), before proceeding to AGM and then
subsequently to the caudal hematopoietic tissue (CHT) and the kidney marrow (KM) (Orkin &
Zon, 2008)(Figure 1). Vertebrate hematopoiesis is divided into two phases: primitive

hematopoiesis and definitive hematopoiesis.
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Figure 1: Sites of zebrafish hematopoiesis

A) lllustration of various sites of zebrafish hematopoiesis. Adapted: (Orkin & Zon, 2008)

B) Timeline of hematopoietic site transition in zebrafish and mice. Adapted: (Kulkeaw &

Sugiyama, 2012). Reproduced under Creative Commons licence (CC 4.0).




Primitive Hematopoiesis
Primitive hematopoiesis is a term that corresponds to the blood development in the yolk sac

(Golub & Cumano, 2013). During this wave of blood development, primitive blood precursors

called erythro-myeloid precursors (EMPs) (Palis, Robertson, Kennedy, Wall, & Keller, 1999)

originate from a common endothelial hematopoietic progenitor called the "hemangioblast.” In
zebrafish, hemangioblasts are cells localized in ICM that express the stem cell leukemia (scl) gene

(Davidson & Zon, 2004).

The existence of hemangioblast as a cell that produces both hematopoietic and endothelial cells

was confirmed using a variety of in vitro experiments (Choi, Kennedy, Kazarov, Papadimitriou, &

Keller, 1998; Huber, Kouskoff, Joerg Fehling, Palis, & Keller, 2004). The ability of hemangioblasts

to produce hematopoietic and blood cells was demonstrated in vivo in both zebrafish and

Drosophila (Mandal, Banerjee, & Hartenstein, 2004; Vogeli, Jin, Martin, & Stainier, 2006), but in

vivo experiments using both amphibian and mammalian models contradicted these findings. The
murine lineage-tracing experiments have failed to provide any evidence of a hemangioblast

producing both endothelial and hematopoietic cells in vivo (Lacaud & Kouskoff, 2017). The

current argument is that the hemangioblast is a “state of competency” that might be restricted
by growth factor signaling in vivo (Amaya, 2013). A series of experiments with amphibian models
suggested hemangioblast cells that express both endothelial and hematopoietic markers only

give rise to blood cells in vivo (C. T. Myers & Krieg, 2013). Furthermore, disrupting bone

morphogenic and erythroid growth signals leads to the production of endothelial cells, suggesting



a clear role of microenvironmental factors in hemangioblast fate decisions (C. T. Myers & Krieg,

2013).

Despite all the controversies surrounding the bipotential fate of the hemangioblast, it is at least
clear that it can produce EMPs, the hierarchically superior blood cell of primitive hematopoiesis.
EMPs subsequently predominantly produces primitive erythrocytes, but also macrophages,

megakaryocytes, and mast cells, albeit in small numbers (Perdiguero & Geissmann, 2015). The

primitive erythrocytes help in oxygen transport for the rapidly growing embryo and at least in
mammals can be easily distinguished from definitive erythrocytes by embryonic globin

expression (Sankaran & Orkin, 2013). However, it is difficult to distinguish other lineages from

their definitive hematopoiesis-derived counterparts. In zebrafish, the two sites of embryonic
hematopoiesis are the intermediate cell mass (ICM) and the anterior lateral mesoderm (ALM),

with each containing a bipotential hemangioblast population (Dooley, Davidson, & Zon, 2005) .

The progenitors of ICM predominantly produce primitive erythrocytes and, less-frequently
neutrophils. The ALM produces primitive macrophages that migrate to the rostral blood islands

(RBI) and differentiate.

The two most controversial areas of primitive hematopoiesis are: (1) if there exists an HSC like
cell upstream of the EMP that at least partially contribute to adult hematopoiesis in human and
other model systems and (2) are the zebrafish ICM progenitors multipotent and if so, can they
can give rise to primitive erythrocytes, neutrophils, thrombocytes, and lymphocytes? Some

results support this notion (Warga, Kane, & Ho, 2009), while others contradict this idea (Le




Guyader et al., 2008). Unlike the murine system, the zebrafish field does not have an embryonic

stem cell line that could help answer this enigma. However, with the advent of single-cell

sequencing, the answer to this question might be near.

For this thesis, let us assume that in the zebrafish model during primitive hematopoiesis there is
an scl+ hemangioblast population, that gives rise to a runx1+/gatal+ progenitor (EMP) that can
subsequently give rise to primitive erythrocytes (gatal+/embryonic globin+), neutrophils (mpx+)

and macrophages (mpeg+) (Figure 2).



) - scll
/ Hemangioblast
c:j:\‘r—/\\,\_:':;:

Endothelial cells

/
‘ gatal
'\\‘ /f’ runxi

Erythroid/Myeloid Progenitor

@ <90

Macrophages Neutrophils Erythrocytes
mpeg mpx gatal
globin (ael, bel)

Figure 2: Primitive Hematopoiesis in
Zebrafish

The blood cells contributing to primitive
hematopoiesis originate from two sites:
the ALM (Orange) and ICM (Purple). Both
sites give rise to a biopotential cell called
the hemangioblast that is capable of
producing progenitors and mature cells.
Experimentally, zebrafish hematopoiesis is
studied using whole mount in situ
hybridization (WISH); the probes used for
this technique are labeled in red.



Definitive Hematopoiesis

Compared to primitive hematopoiesis, definitive hematopoiesis is well-studied. The so-called
second wave of vertebrate hematopoiesis starts in the AGM region, following the rise of HSCs
from the "hemogenic endothelium" present in the floor of the dorsal aorta. The hemogenic
endothelium undergoes an endothelial-to-hematopoietic transition (EHT), producing HSCs

(Eilken, Nishikawa, & Schroeder, 2009).

Even though both the hemangioblast and hemogenic endothelium are of endothelial origin, the

cells of origin are distinct (M. J. Chen et al., 2011). The HSCs produced in the AGM move to the

fetal liver in mammals. In zebrafish, HSCs move and repopulate the CHT, the zebrafish equivalent

of the mammalian fetal liver (Murayama et al., 2006). Interestingly, primitive macrophages play

an essential role in the mobilization of HSCs to the fetal liver/CHT by reconstructing the stroma
through matrix metalloprotease-mediated extra cellular matric (ECM) degradation (Travnickova
et al., 2015). HSCs start producing multipotent progenitors of all hematopoietic lineages and
continue to seed organs like the thymus and the bone marrow (kidney marrow in zebrafish) near
the end of prenatal life. During definitive hematopoiesis, HSCs that sit at the top of the
hematopoietic hierarchy produce various progenitor cells with a limited degree of differentiation
and self-renewal potential. These progenitors further create terminally differentiated and short-
lived mature cells that perform different functions, including oxygen transport (erythrocytes),
innate immunity (neutrophils), antibody production (B-cells). In humans and mouse models, the
progenitors and mature cells are well-defined through cell surface markers and, with the help of

multicolor flow cytometry, cell populations can be confidently identified and separated. The
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absence of antibodies to isolate separate populations has been the biggest drawback of studying
zebrafish hematopoiesis, even though flow cytometry can be performed from kidney marrow
extractions using forward scatter as a measure of cell size and side scatter as a measure of

granularity (Traver et al., 2003) or flow cytometry using reporter lines marking specific lineages.

Various markers have been identified to represent lineage-commitment and are subsequently

used to perform whole-mount in situ hybridization experiments.
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Figure 3: Definitive Hematopoiesis in Zebrafish

The hematopoietic niche is very dynamic in the early stages of definitive hematopoiesis. The
HSCs originates from the ventral, dorsal aorta near aorta-gonad mesonephros (AGM,;
orange) and moves to the caudal hematopoietic tissue (CHT, Purple) and later to the Kidney
marrow (Brown). The HSCs originate from a cell called hemogenic endothelium and can
undergo self-renewal and multi-lineage differentiation. WISH probes are labeled in red.



1.3 Role of microenvironmental factors in hematopoiesis

Microenvironmental factors, including growth factors and adhesion molecules, meticulously
control every aspect of hematopoiesis from niche dynamics to the process of HSCs differentiating
into mature cells. Any aberrant expression of these factors might lead to a disruptive effect in
either a single lineage or multiple lineages depending on the factor. For example, as seen above,
ablation of primitive macrophage or suppression of matrix metalloproteinases (MMP) expression
will lead to HSCs accumulating in the AGM, restricting their potential to migrate to the fetal liver

(Travnickova et al., 2015). Distinct hematopoietic microenvironments also contribute to the

pathogenesis of hematological disease; this will be discussed later in this chapter.

The knowledge of the environment surrounding the hematopoietic centre called “niche” in
primitive hematopoiesis is nascent. Even though primitive hematopoietic cells are close to the

endothelial niche in the blood island, they rarely interact (Al-Drees et al., 2015). A few studies

have examined primitive erythrocytes. Transcriptome analysis of primitive erythroid cells
expressing embryonic globin highlighted the presence of various receptors, including C-kit, TEK
receptor tyrosine kinase (Tek), Transforming growth factor-beta receptor (Tgfbr) 1, Tgfbr3,

Activin receptor (Acvr) 2b, and the Erythropoietin receptor (Epor) (Isern et al., 2011). Like in

definitive erythropoiesis, the Kit receptor was only found on primitive erythroid progenitors

(marked by their ability to form erythroid colonies) (Isern et al., 2011). However, in contrast to

definitive erythropoiesis, an Epor knock-out experiment in mouse showed no impact on primitive

erythropoiesis (Lin, Lim, D'Agati, & Costantini, 1996).
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During definitive hematopoiesis, post emergence of the first HSCs, there is a short period when
HSCs are maintained in AGM before they eventually move to the fetal liver. The AGM offers a
permissive niche by providing secretory factors and anchorage. Analysis of cell clusters from the
AGM showed that specific clusters have the potential to help HSC differentiation, and others

provide self-renewal signals (Ohneda et al., 1998). A Boyden chamber assay involving AGM

stroma and HSCs suggested that the importance of secretory factors outweighs the physical

anchorage, at least in the AGM (Oostendorp et al., 2005). AGM stroma produces multiple

cytokines that are known for their impact in HSC programming and maintenance, including stem
cell factor (Scf), Flt3-ligand (FIt3l), interleukin-3 (IL-3), and bone morphogenic protein (Bmp) 4

(Al-Drees et al., 2015).

Post-migration from AGM, the fetal liver is the site of hematopoiesis, the HSCs continue to

expand, as well as produce various mature cells (Sean J Morrison, Hemmati, Wandycz, &

Weissman, 1995; Sanchez, Holmes, Miles, & Dzierzak, 1996). Megakaryocytes are, for the very

first time, seen only in the fetal liver microenvironment (Brouard et al., 2017). The fetal liver

contains a bipotential cell called the "hepatoblast”; hepatoblasts are capable of producing both

hepatocytes and cholangiocytes (Payushina, 2012). The development stages of the fetal liver

seem to offer the hematopoietic cells with a "Goldilocks zone" for short term survival and

expansion before they ultimately move to the bone marrow (Fukumoto, 1992). Just as the HSCs

arrive, the fetal liver undergoes extensive remodeling due to ECM degradation by MMPs

(Travnickova et al., 2015). Some of the MMPs secreted are also known to downregulate collagen

signaling (de Paula Ayres-Silva, de Abreu Manso, da Cunha Madeira, Pelajo-Machado, & Lenzi,
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2011). The CHT, the zebrafish equivalent, has been well studied; where the first instance of
endothelial cells forming a pocket around the HSCs, a process termed as "endothelial cuddling"

were appreciated (Tamplin_et al., 2015). Immediately after endothelial cuddling, rapid

remodeling leads to the endothelial cells forming a pocket around the newly arrived HSCs in
zebrafish CHT; this remodeling has also been consistently observed in mammalian fetal liver

(Tamplin et al., 2015). Early publications have determined the expression of CD44 in the fetal

liver endothelium in mice. At this time, the HSCs have been observed to express CD54 and could

potentiate hyaluronic acid (HA) mediated interaction (Fukumoto, 1992). Endothelial cuddling

could very well depend on these factors. The fetal liver also produces cytokines like Granulocyte
Macrophage — Colony Stimulating Factor (GMCSF), Thrombopoietin (TPO), Granulocyte Clony

Stimulating Factor (GCSF), and Insulin Growth Factor 2 (IGF2) (Miyauchi & Kawaguchi, 2014).

However, when fetal hepatocytes start to mature into adult hepatocytes, HSCs move towards

the bone marrow.

The driving force behind AGM to fetal liver migration is controversial. The fundamental dogma

suggests that the CXCR4-CXCL12 axis drives this process (S. Chou & Lodish, 2010). At least in

murine models, evidence has been generated using conditional CXCL12 knock-out models that

CXCL12 is dispensable for fetal liver migration (Ara et al., 2003; Nagasawa et al., 1996). However,

the CXCL12 knock-out mouse had reduced HSC colonization in both bone marrow and spleen,
suggesting that this axis plays an essential role in bone marrow and spleen migration (Ara et al.,

2003; Nagasawa et al., 1996). In zebrafish, administration of AMD3100, a CXCR4 inhibitor,

impeded CHT colonization of HSCs (O. J. Tamplin et al., 2015). However, AMD3100 also leads to
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the mobilization of mesenchymal stem cells (MSCs) and endothelial progenitor cells (Sun &

Williams, 2016). At least in zebrafish, this hypothesis needs to be retested with a knock-out model

of CXCR4 or CXCL12.

One clear concept that emerged from the above experiments was the fact that the CXCR4-CXCL12

axis plays a vital role in fetal liver to bone marrow homing (Ara et al., 2003; Nagasawa et al.,

1996). The details we know about this transition are very primitive, given that this transition may
have the compound effect of multiple factors and so very difficult to model. Modeling this might
be important in terms of understanding the hematological disease that originates during

neonatal hematopoiesis of fetal liver and continues to exist during adult hematopoiesis.

Once HSCs home to the bone marrow, they continue to be present in the bone marrow niche for
their entire lifetime. The bone marrow niche is complex and harbours multiple cell types that
contribute to HSC maintenance and self-renewal, including MSCs, adipocytes, osteoblasts,

endothelial cells, megakaryocyte, nerve cells, monocytes, and macrophages (Boulais & Frenette,

2015; Crane, Jeffery, & Morrison, 2017; Sean J. Morrison & Scadden, 2014). The bone marrow is

a rich source of anchorage-dependent and soluble factors that primarily function to maintain,
retain, and expand HSCs. The perivascular stromal cells secrete CXCL12; SCF in soluble and
membrane-bound forms in the niche by endothelial and lectin-expressing cells (Boulais &

Frenette, 2015). The absence of membrane-bound SCF negatively impacts HSC levels in the

organism (Barker, 1997). Endothelial cells also produce Notch ligands that help in expansion of

HSCs in the bone marrow niche (Crane et al., 2017). Erythropoietin (EPO) and Thrombopoietin
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(TPO) are produced in kidney and liver respectively and might contribute as soluble-factors

towards HSC maintenance (Crane et al., 2017). Osteoblasts produces osteopontin, angiopoietin-

1, and small amounts of TPO; these factors help maintain HSC quiescence (Boulais & Frenette,

2015).

The potential of HSCs to undergo multipotent differentiation, and self-renewal becomes
impaired with age. HSCs usually tend to bias towards producing myeloid cells as aging progresses;
a phenomenon described by an increase myeloid cytokines IL1B, IL6 and reduced endosteal

membrane in the bone marrow niche (Ho et al., 2018). There is also a reduction in the levels of

IGF1 in the bone marrow niche; the reduction in IGF1 contributes towards increased

myelopoiesis and decreased HSC regeneration (K. Young, Loberg, Eudy, Bell, & Trowbridge,

2018). The findings related to an aging bone marrow niche directly correlate with the increase of

myeloid malignancies with age.
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1.4 Acute Leukemia
Blood-related malignancies that originate in the bone marrow and contributes to the aberrant
increase of white blood cells with impaired function is called leukemia. Leukemias are either

chronic or acute, depending on the time it takes to develop into a disorderly state.

An age-independent statistic suggests that leukemias are rare in nature, but in the pediatric
subset, about 30% of all cancer are leukemia (Fiegl, 2016). Acute leukemia of the myeloid and
lymphoid lineages are termed as acute myeloid leukemia (AML) and acute lymphoblastic
leukemia (ALL), respectively. AML is a disease of old-age with a median age of diagnosis of 67
years; in contrast, ALL is common in pediatric patients, median age at diagnosis for ALL is 14 years
(range 0-18 age) (Fiegl, 2016). Leukemia that does not arise as a result of any cytotoxic therapy
or without previous history of hematopoietic malignancy is called de novo leukemia; if there was
a history of chemotherapy or hematological malignancy, it is secondary leukemia. The difference
between leukemia of old age and the pediatric population is the commonality of secondary AML
(sSAML) in adults with the presentation of an intermediary clonal disorder characterized by
ineffective hematopoiesis called "myelodysplastic syndrome" (MDS). Most pediatric leukemias
are de novo leukemia. MDS of childhood is very rare and commonly associated with inherited

bone marrow failure syndromes (IBFS) (Glaubach, Robinson, & Corey, 2014).

Acute leukemias are somatically acquired genetic disorders with contributions from genetic
lesions like translocations resulting in fusion genes or from point mutations. Models predict that

somatic genetic lesions first occur in either an HSC or a progenitor cell, called a "leukemia-
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initiating cell" (LIC). Multiple publications have shown that, upon transplantation, LICs can give

rise to leukemia in murine models (Bonnet & Dick, 19973a; Chiu, Jiang, & Dick, 2010; Lapidot et

al., 1994). LICs are rare cell populations in a leukemia and give rise to non-functional immature
cells; these daughter cells cannot establish leukemia by themselves, but they contribute to the

clinical manifestation of the disease (Bonnet & Dick, 1997a). Efforts focusing on identifying LICs

based on surface markers did resolve a distinct combination of markers (Bonnet & Dick, 1997a;

Passaro et al., 2015; Taussig et al., 2010), but the general suspicion is that the combination may

vary based on individual cases depending on biological features.

Genetic predisposition in conditions like Down syndrome and chromosomal breakage disorders
increase the chances of AML in childhood (discussed in detail in section 1.5). Point mutations in
AML are common in myeloid transcription factors, tumor suppressor genes, spliceosome genes,
DNA modification-related genes, nucleophosminl (NPM1), chromatin modifiers, cohesin
complexes, and growth-factor receptors (Fiegl, 2016). Some point mutations including NPM1,
IDH1, RAS gene mutations, RUNX1, CEBPA, WT1, PTPN11 and KIT and fusion genes including
AML1-ETO, PML-RARA, CBFB-MYH11 are rarely seen in MDS but are commonly seen in de novo

AML (Koeffler & Leong, 2017).

Clonal evolution of AML
AML is a clonal disease; a typical case of AML at diagnosis contains anywhere between a dozen
and few hundred of mutations that have steadily accumulated with age. Normal hematopoietic

stem and progenitor cells (HSPCs) also contain background mutations, and this mutational
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background increases with aging; at times, a mutation can give rise to clonal supremacy under

selective pressure leading to clonal hematopoiesis.

In a cancer genome, initiating mutations that contribute to genome instability occur very early in
the evolutionary history of the clone. A critical condition for this clone is its ability to self-renew;
the initiating genetic lesion should have happened in a multipotent hematopoietic cell that is
capable of self-renewal, or the initiating mutation should confer upon the cell the capacity to

self-renew (Corces, Chang, & Majeti, 2017). In the event this fails to happen, the mutation will be

lost in due course as a result of terminal differentiation(Corces et al., 2017). Cells with a

multipotent ability that carry a leukemia-initiating lesion are called pre-leukemic HSCs. The initial
preleukemic lesion also contributes to the growth and survival advantage of the pre-leukemic

HSCs.

In pediatric AML, the initiating event is frequently a genetic predisposition or a somatic fusion
gene product that arise through a chromosomal translocation. In adult AML, initiating mutations
are single nucleotide polymorphisms leading to a defective protein product. DNMT3A and TET2
loss-of-function mutation are the two most common initiating events along with IDH1/2

mutation and cohesin complex mutation (Papaemmanuil et al., 2016). NPM1 and CEBPA

mutations occur both as an initiating event and a late event (Papaemmanuil et al., 2016). One of

the reasons for the commonality of epigenetic factors TET2 and DNMT3A in pre-leukemia HSCs

is their ability to provide clonal growth and survival advantage together with genomic instability.
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1.5 Preleukemia and Preleukemic conditions

Preleukemia was a term first used to define MDS (Block, Jacobson, & Bethard, 1953). With the

emergence of cytogenetics, next-generation sequencing data, and consortium-driven data
collection efforts, the understanding of factors resulting in leukemia has increased, resulting in a
multitude of disorders and genetic predisposition brought under the umbrella of preleukemia

(Koeffler & Leong, 2017). For this thesis, any genetic perturbation that relatively increase the

chance of having leukemia will be considered preleukemic, and this ranges from a Clonal
Hematopoiesis of Indeterminate Potential (CHIP) mutation (see below) to MDS in adults to a
germline mutation to any aberrant hematopoietic condition in the pediatric population.

Discussed below are some preleukemic conditions that are relevant to this thesis.

Clonal Hematopoiesis of indeterminate potential (CHIP)

Increased prevalence of progeny from a single HSC clone is called clonal hematopoiesis. The
increase of clonal contribution from a single cell is the basic definition of AML, as previously
discussed, but, in many instances, individuals with clonal hematopoiesis stay healthy and do not
develop any complications. Initially, sequencing studies showed that CHIP mutations only occur
in about 10% of individuals older than 65 years but, using error-corrected sequencing (ECS) in a
healthy cohort aged between 50-60 years, it was found that almost 95% had aging-related clonal

hematopoietic mutations(Genovese et al., 2014; A. L. Young, Challen, Birmann, & Druley, 2016).

Individuals with acquired CHIP mutations in a cancer-related gene not only have an increased

probability of developing leukemia and other hematological disorders but also have an increased
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chance of developing cardiovascular diseases (Jaiswal & Libby, 2019). CHIP mutations in genes

like DNMT3A, TET2, and ASXL1 doubles the risk of developing atherosclerotic cardiovascular

disease and poor-prognosis in heart failure (Jaiswal & Libby, 2019). Even though TET2 mutations

show a similar rate of leukemic progression to other CHIP mutations, it is also involved in
polycythemia vera, systemic mastocytosis, essential thrombocythemia, and primary
myelofibrosis, which represent preleukemic myeloproliferative neoplasm (MPNs) (Tefferi,

Levine, et al., 2009; Tefferi, Pardanani, et al., 2009).

Trisomy 21
The presence of constitutional trisomy 21 in individuals results in the Down syndrome. Children
with Down syndrome (DS) have 150 fold increase in the probability of developing acute myeloid

leukemia (ML-DS) (Hasle, Clemmensen, & Mikkelsen, 2000; Lange et al., 1998). About 10-30% of

DS children develop a preleukemic condition called Transient Abnormal Myeloipoiesis (TAM), the

originates in the first few months of life (Kurahashi et al., 1991; Miyashita et al., 1991). TAM, in

most instances, does not require any therapy and undergoes spontaneous remission (Lange et

al., 1998; Massey et al., 2006). TAM gives rise to a blast population of immature megakaryocyte

cells that harbour a truncated GATA1 transcription factor gene (GATA1s). The GATA1s mutation
is considered a pathognomonic feature of ML-DS and, there has been evidence that this mutation

occurs in utero (Taub et al., 2004; Wechsler et al., 2002).

ML-DS arises during the first four years of life, with approximately 20-30% of individuals with

TAM progressing into ML-DS (Gamis et al., 2011; Klusmann et al., 2008; Lange et al., 1998; Massey

et al., 2006). The initial TAM clone acquires further mutations in order to progress into ML-DS;
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common mutations include cohesin complex mutations and colony stimulating factor 2 Receptor

B (CSF2RB) mutation.

Bone marrow failure syndromes

Bone marrow failure is a collective term given to a group of acquired or inherited hematological
disorders characterized by single or multi-lineage cytopenia. Bone marrow failure includes but is
not limited to Fanconi anemia, Diamond-Blackfan anemia, dyskeratosis congenita, and
Shwachman-Diamond syndrome. For this thesis, some relevant bone marrow failure syndromes

will be introduced.

Fanconi anemia is an autosomal recessive disorder characterized by progressive cytopenia,

eventually leading to bone marrow failure (Joenje & Patel, 2001; Rosenberg, Greene, & Alter,

2003). Patients with FA are at risk for developing both leukemia and solid tumours (Joenje &
Patel, 2001). FA patients have a germline mutation in one of the 23 FA related genes playing an
active role in DNA repair, loss of which leads to genomic instability resulting in accumulation of

further mutations (Koeffler & Leong, 2017). FA is a preleukemic condition that increases the risk

of AML by 15,000 fold, and diagnosis is usually made before 20 years of age (Auerbach & Allen,

1991; Rosenberg et al., 2003). The secondary genetic lesions are mostly chromosomal losses or

gains with monosomy 7 and 1qg duplication being the most common genetic aberrations

(Auerbach & Allen, 1991).
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Diamond-Blackfan anemia related mutations are found in structural protein components of the

40s and 60s ribosomal units; the mutations are mainly heterozygous (Narla & Ebert, 2010;

Shimamura & Alter, 2010). Clinically, patients with Diamond-Blackfan anemia shows signs of

anemia with macrocytosis (larger red blood cell), cytopenia of reticulocytes (early red blood cell

precursors) but with normal marrow cellularity (Lipton & Ellis, 2009). A dosage imbalance in

ribosomal proteins that is usually stoichiometrically-balanced leads to upregulation of p53, that

leads to cell cycle arrest and apoptosis, further resulting in cytopenia (Narla & Ebert, 2010).

Almost 98% of Diamond-Blackfan anemia is diagnosed within the first year of life (Narla & Ebert

2010). DBA diagnosis is preleukemic, and a cancer predisposition, approximately 20% of
Diamond-Blackfan anemia patients develop either leukemia or solid tumours by the age of 46

(Vlachos, Rosenberg, Atsidaftos, Alter, & Lipton, 2012).

Shwachman-Diamond syndrome (SDS) is an autosomal recessive disorder (Boocock et al., 2003).

About 90% of SDS patients have a biallelic mutation in Shwachman-Bodian-Diamond

Syndrome (SBDS) gene (Boocock et al., 2003). The SBDS gene plays a vital role in ribosome

biogenesis, and RNA processing. A mutation in SBDS leads to downregulation of multiple

ribosomal proteins involved in rRNA and mRNA processing (Narla & Ebert, 2010). As seen in DBA,

aberrant functions of translational machinery upregulate p53 that also plays the role of

monitoring protein translation (Constantinou, Elia, & Clemens, 2008). Other than p53

upregulation, SBDS loss can also lead to chromosomal instability through p53 independent

mechanisms (Austin et al., 2008). Together, both these factors contribute to a bone marrow

failure hematological phenotype characterized by anemia and/or neutropenia, often leading to

24



pancytopenia and bone marrow hypocellularity (Shimamura & Alter, 2010). SDS is not only

limited to ineffective hematopoiesis but can also lead to exocrine pancreatic insufficiency, short

stature, and skeletal abnormalities (Shimamura & Alter, 2010). SDS is characterized by a

predisposition to developing MDS and leukemia with transformation of 18% and 36% at 20 and

30 years, respectively (Donadieu et al., 2005). SDS patients who develop AML/MDS have a poor

prognosis (K. C. Myers et al., 2017).

Mastocytosis
Mastocytosis is a myeloproliferative neoplasm (MPN). Approximately 90 % of mastocytosis
patients harbour a KIT gain-of-function mutation, most prominently an aspartate to valine

substitution in 816th codon (D816V) (Chatterjee, Ghosh, & Kapur, 2015; Jawhar et al., 2017).

Independently of mastocytosis, this mutation is also seen in 10-15% of core binding factor

leukemias (CBF-AML) (Nick et al., 2012; S. A. Wang et al., 2013; L. Zhao et al., 2012). The World

Health Organization (WHO) classifies mastocytosis into seven different categories that include
cutaneous mastocytosis (CM), indolent systemic mastocytosis (ISM), smoldering systemic
mastocytosis (SSM), systemic mastocytosis with non-associated hematologic non-mast cell
disease (SM-AHNMD), aggressive systemic mastocytosis (ASM), mast cell leukemia (MCL), mast

cell sarcoma (MCS) and extracutaneous mastocytoma (Horny et al., 2008).

Mastocytosis is both seen in pediatrics and adults. Pediatric mastocytosis generally has an

excellent prognosis (Chatterjee et al., 2015), whereas adult onset systemic mastocytosis is

associated with a poor outcome and a median survival of 41 months post-diagnosis. Adult
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systemic mastocytosis has a progression rate of 6% into leukemia (MCL and AML) (Lim et al.

2009), and the prognosis is worse in individuals that progress to leukemia (Chatterjee et al.,

2015).

Co-operating mutations in KIT-mutated mastocytosis are mostly mutations of epigenetic factors

including TET2 (23%), DNMT3A (12%), ASXL1(12%) and CBL (4%)(Traina et al., 2012). Another

study estimates the co-occurrence of KIT D816V and TET2 mutation at 50% (Tefferi, Levine, et al.,

2009)
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1.6 Preleukemia to leukemia transformation

Preleukemia to leukemia progression follows a clonal evolution model in which the cell that
possesses the initiating mutation acquires additional mutations in order to survive and
outcompete other clones. In the case of AML, the clonal population that is responsible for the
disease usually contains from a dozen to few hundred mutations. Understanding of the
preleukemia to leukemia transformation has improved in recent times due to the increase in
depth of next-generation sequencing technologies. Another phenomena that is currently not

very well understood is the contribution of the microenvironment in leukemic progression.

As suggested above, subsequent mutation that occurs in a clone after the occurrence of initiating
mutation is vital towards progression, sometimes this might not be sufficient, and the permissive
microenvironment could contribute towards the survival of the cells harbouring the initiating
mutation and aid in clonal evolution. The first assertion of the importance of the
microenvironment in cancer was as early as 1889 through Paget's soil and seed hypothesis
(Paget, 1889). Paget observed that the metastatic cells from breast cancer metastasized in a non-
random way and preferentially migrated to selected organs (Paget, 1889). Paget concluded that

the microenvironment might play a key role in preferential migration of these cells (Paget, 1889).

The role of the microenvironment
The microenvironment is a decisive factor both in childhood and adult leukemia. Preleukemic
clones containing leukemia-specific chromosomal translocations originate very early in

development during fetal hematopoiesis. Current wisdom from disease modeling in preclinical
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models suggests a requirement for the accumulation of other mutations in order for this clone
to expand to cause blast crisis, characterized by increased blast cells in blood and bone marrow

(Jan et al., 2012). This clone needs to survive until this scenario occurs, and microenvironment is

vital for this to occur.

MLL/KMT2A translocations are known to occur in utero like other translocations. Clinically
individuals with an MLL translocation give rise to B-ALL and AML; even though this was not
replicable in murine models until recently. Murine models only presented with AML upon

transplantation of MLL-AF9 transduced HSCs (Krivtsov et al., 2006), but transplantation of MLL-

AF9 HSCs during fetal liver hematopoiesis led to a B-ALL presentation (Rowe et al., 2019). This

study provides a key example as to how the microenvironment can determine the lineage fate of

leukemia.

Another example of the microenvironmental influence on leukemia is the pathogenesis of ML-
DS. A Down syndrome fetus carries a full or partial trisomy for chromosome 21 and a subset of
early myeloid precursors acquire a GATA1 mutation as early as the first trimester in utero

(Bhatnagar, Nizery, Tunstall, Vyas, & Roberts, 2016). Neonates with DS often present with TAM,

which harbours the signature GATA1s mutation of ML-DS (Roy et al., 2012). TAM presents with

an increase in megakaryocyte-erythroid progenitors (MEP) (Roy et al., 2012). The fetal liver

microenvironment and the fetal liver to bone marrow transition might play a crucial role in the
pathogenesis of ML-DS in two different ways: (1) the fetal liver is a permissive environment for

megakaryocyte differentiation (Brouard et al., 2017); (2) the preleukemic clones are dependent
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on granulocyte macrophage colony secreting factor (GM-CSF) secreted in fetal liver. GM-CSF
produced in the bone marrow is limited in comparison to the fetal liver, thus, the clones are

pushed to acquire an activating mutation in growth factor receptor CSF2RB (Labuhn et al., 2018).

An additional study that highlights the microenvironmental effect is a report involving Dicer1 and

osteoblast progenitors in the murine bone marrow (Raaijmakers et al., 2010). An experimental

mouse knock-out of Dicerl in osteoblast progenitor cells developed an MDS like phenotype

(Raaijmakers et al., 2010). Further experiments did show downregulation of the Shds gene,

involved in SDS (discussed previously in section 1.5) in Dicerl deficient osteoblast progenitors

(Raaijmakers et al., 2010). Knock-out of the Sbds gene in osteoblasts yielded a similar result.

Transplantation of hematopoietic cells from this mouse into wild-type recipients restored the
phenotype of these cells, indicating the role of microenvironment independent of intrinsic

disorders in hematopoietic cells (Raaijmakers et al., 2010). A retrospective study showed that

mesenchymal stromal cells from MDS patients expressed low levels of DICER1 and SDBS

(Santamaria et al., 2012). A mechanism for this was later proposed. In a murine model

mesenchymal stem and progenitor cells (MSPCs) lacking Shds induced genotoxic stress in the

HSPCs Toll Like Receptor 4 (TLR4) dependent hyperpolarization of mitochondria (Zambetti et al.,

2016).

Similarly, an inflammatory cytokine milieu is also known to propel MDS towards leukemia.

Studies have shown upregulation of proinflammatory cytokines like interleukin (IL)-1B, IL-

6, interferon(IFN)-y, and tumor necrosis factor (TNF)-a in MDS to leukemic progression (Flores-
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Figueroa, Gutiérrez-Espindola, Montesinos, Arana-Trejo, & Mayani, 2002; Marcondes et al.,

2008; Tamura, Ogata, Dong, & Chen, 2003; Tennant et al., 2000).
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1.7 Preclinical models of leukemia

Genetic lesions characteristic of leukemia have been well-defined due to advances in
cytogenetics and sequencing technologies; this has given rise to numerous experimental models.
Multiple model organisms have influenced our understanding of hematology, including non-
human primates, mouse, zebrafish, frog, snake, and Drosophila. Some of these models, while not
commonly used, possess inherent advantages that have been vital in answering key questions.
For example, a frog model was used to answer critical question about the bipotential competence

state of the hemangioblast during primitive hematopoiesis (C. T. Myers & Krieg, 2013).

Our understanding of leukemia has greatly advanced due to genetic models and patient-derived
xenografts. To define and discuss every preclinical model is outside the scope of this thesis;
therefore, this section will be limited to an overview of xenograft models that lead to the
development of the model system used in Chapter 3 and TET2 mutant murine and zebrafish

models that influence the discussion of Chapter 4.

Patient-derived xenograft models

A key rationale for developing the patient-derived xenograft (PDX) model is because of the fact
that ex vivo culture of patient-derived leukemia cells does not entirely represent the
heterogeneity of leukemia even using the most sophisticated culture conditions. Intrinsic
properties of the organism like sheer stress and other chemical moieties present in the milieu
provided by the PDX models make them more clinically relevant than cell culture dishes.

Modeling preleukemic conditions like MDS has been even more complicated, mainly due to the
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limited availability of cell lines and evidence that these cell lines do not accurately recapitulate

the condition (Drexler, Dirks, & MaclLeod, 2009).

Murine xenograft models

Murine xenograft models have evolved from the use of nude mice to NSG (NOD/LtSz-SCID IL2Ry
null) mice that lack the murine immune system completely. The use of an immunodeficient
murine xenograft model to evaluate leukemic potential using limited dilution and serial

transplantation is the gold-standard of PDX studies (Bonnet & Dick, 1997a; Lapidot et al., 1994).

Despite being completely immunodeficient, some leukemic clones survive poorly in mice.
Leukemic samples harbouring AML1-ETO and CBFB-Myl11l fusions result in low to modest

engraftment in NSG mice (Goyama, Wunderlich, & Mulloy, 2015). Murine xenograft models also

show very low engraftment with patient-derived preleukemic cells from MDS and

myeloproliferative neoplasms (Rongvaux et al., 2013). The low levels of engraftment have been

attributed to lack of conservation of cytokines in the microenvironment (Rongvaux et al., 2013).

A good example is a lack of conservation of GM-CSF, IL-3, macrophage-colony stimulating factor
(M-CSF) between human and mice at the amino acid level; and as a result, no-cross-reactivity to

the human receptors (Song et al., 2019; Spits, 2014). A fact that is not surprising considering that

the most recent common ancestor of mouse and human lived ~90 million years ago (Mya)

(Kumar & Hedges, 1998), resulting in an evolutionary difference of approximately 180 million

years (Murphy et al., 2007). Thus, in order to compensate for these limitations, efforts to
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“humanize” these model systems have led to the introduction of human factors in conjunction

with human cell populations.

Various studies have shown that humanizing mice to express human cytokines improves
engraftment in PDX models. For example, AML1-ETO samples had impressive engraftment rates

in the presence of human thrombopoietin (TPO) (Rongvaux, Willinger, Takizawa, Rathinam,

Auerbach, Murphy, Valenzuela, Yancopoulos, Eynon, Stevens, et al., 2011). A handful of

humanized mouse model exists, including the NSG-SGM3 mouse and MISTRG mouse (Rongvaux
et al., 2013). The concept of humanized mice expressing human cytokines was first presented
through the making of the transgenic NSG-SGM3 (NSGS) mice that ubiquitously express SCF,

GMCSF, and IL3 (M Wunderlich et al., 2010). Experiments with this mouse did show superior

engraftment of leukemic cells compared to normal mice (M _Wunderlich et al., 2010). The

leukemic cells proliferated much more rapidly under the influence of the human cytokines and
did not show any signs of exhaustion, surviving several serial transplantation experiments (M

Wunderlich et al., 2010). When transplanted with human HSPCs, the chimerism was observed

much earlier compared to NSG mice, and chimeras were both seen in peripheral blood as well as

in the bone marrow (Wunderlich et al., 2018). However, long term HSC potential dramatically

decreased, as the clones did not survive in secondary serial transplants (Nicolini, Cashman,

Hogge, Humphries, & Eaves, 2004). Xenotransplanted HSPCs showed multi-lineage

differentiating capacity with an increased tendency to form T-cells compared to NSG mice

(Nicolini et al., 2004); NSG mice also provided the first documentation of mast cell differentiation

from HSPCs in a murine xenograft system (Bryce et al., 2016b).
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MISTRG (M-CSF, IL-3, GM-CSF, SIRPa, TPO, RAG27 IL2Rg”") mice are the latest addition to the

humanized murine model (Rongvaux et al., 2014). The MISTRG mouse was made in a RAG2-

/- IL2Rg-/- background and has homozygous knock-in of 5 human cytokines: M-CSF, IL-3, GM-CSF,

SIRPa, and TPO to replace their genes in the mouse loci (Rongvaux et al., 2014). MISTRG mice

showed improved HSC retention abilities and protected capacity for long-term self-renewal,
evident by serial transplant experiments where the HSPCs showed multi-lineage engraftment
through at least four serial transplants; this was potentially due to the localized expression of

human cytokines (Rongvaux et al., 2014). The lack of mouse cytokines leads to defective

production of host cells, leading to niche clearance, positively impacting the xenograft (Spits,
2014). With the expression of M-CSF, there was an increase in human macrophages, and since
macrophages secrete IL-15, human NK cells were detected both in the marrow and peripheral

blood (Rongvaux et al., 2014). MISTRG mice also showed superior engraftment potential with

leukemia samples compared to the NSG mouse. Both NSG mice and MISTRG mice exhibited
improved engraftment capacity of MDS samples; creating the first possible xenograft model to

study a preleukemic condition (Medyouf et al., 2014; Song et al., 2019).

Zebrafish xenograft model

In comparison to the murine xenograft model, the zebrafish xenograft model is a rudimentary
model in terms of technology development. The nascent status of this model is partly due to the
late inception of xenograft studies in zebrafish; the first zebrafish xenograft study was published

only in 2005 (Lee, Seftor, Bonde, Cornell, & Hendrix, 2005), more than three decades after the
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first published mouse xenograft (Giovanella, Yim, Stehlin, & Williams Jr, 1972; Rygaard & Poulsen,

1969).

Despite its late inception, the zebrafish model offers several prominent features not seen in
rodent models, like low-cost maintenance, the requirement for fewer cells to perform xenograft
experiments, and large experimental animal numbers that provide improved statistical power
and enhanced imaging capacity. Zebrafish xenografts also benefit from an immuno-permissive
larval stage without adaptive immune system for the first 4 weeks of life that eliminates the need
of immunosuppressive compounds. These advantages have led to this model gaining popularity,

resulting in its rapid evolution post its first description.

Before this thesis, successful xenograft human leukemia cells and primary samples were

performed (Bentley et al., 2015; Corkery, Dellaire, & Berman, 2011; Pruvot et al., 2011b), and

several variables were standardized, including the optimal housing temperature of the larvae

post xenograft as 35°C (Haldi, Ton, Seng, & McGrath, 2006). Various sites of injections into the

larvae, including the yolk sac, common cardinal vein (duct of Cuvier), caudal vein, and hindbrain
ventricle have been described. Each of these sites has their advantages and disadvantages, and
the conventional wisdom is that the sites need to be chosen based on individual experiments

(Veinotte, Dellaire, & Berman, 2014).

Mouse xenografts are typically performed in an immunocompromised setting to avoid immune

rejection of human cells; the zebrafish does not develop a functional adaptive immune system
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until 30 days post-fertilization (dpf), providing a window to perform xenograft experiments

without the need to immunocompromise fish (Lam, Chua, Gong, Lam, & Sin, 2004). Previously,

performing adult xenograft experiments in fish have been remarkably tricky due to the need for

immunosuppressive compounds (Stoletov, Montel, Lester, Gonias, & Klemke, 2007). Recently,

immunocompromised zebrafish that lack B-cells and T-cells have been used to successfully

perform adult xenograft experiments (Moore et al., 2016; Tang et al., 2014; Yan et al., 2019).

Limitations of zebrafish xenograft model

Zebrafish are more distant to human than mice (Murphy, Pringle, Crider, Springer, & Miller,

2007), so the microenvironment is much more diversified due to evolutionary distance. Even
though the zebrafish offers a live incubator for human cells; some of the cells might not survive

or proliferate in an alien microenvironment as in the case of human HSPCs (Pruvot et al., 2011b).

Like in mice, the lack of cross-reacting cytokines in zebrafish might also impact therapeutic

efficacy in the context of a PDX (Theodora Voskoglou-Nomikos, Joseph L Pater, & Lesley Seymour,

2003). The biggest drawback of the zebrafish xenograft compared to mouse systems is the failure

to reproducibly isolate human cells post-xenograft to perform serial transplant experiments.

TET2 loss-of-function models in murine and zebrafish

Ten-Eleven Translocation (TET) family members include three paralogues named TET1, TET2 and
TET3 that are a-ketoglutarate dependent methylcytosine dioxygenase that catalyzes the
conversion of methylcytosine to 5-hydroxymethylcytosine. As outlined earlier in this chapter,

loss-of-function of DNA methyltransferase TET2 is common in various hematological disorders,
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including AML and MDS. Mutations in TET2 are also present in healthy individuals that do not
develop any clinical consequences. Overrepresentation of TET2 loss-of-function mutations in

myeloid disease has attracted efforts to model TET2 mediated hematopoietic disorders.

In humans, TET2 loss-of-function is usually a somatic mutation initially seen in low frequencies
during clonal hematopoiesis. Most of the models that will be discussed here are germline mutant
models and conditional knock-out models that could lead to an exaggerated disease phenotype.

The first murine Tet2 knock-out model was described in 2011 (Z. Li et al., 2011). The germline

mutant model showed a chronic myelomonocytic leukemia (CMML) like phenotype, with

elevated neutrophils and monocytes and reduced erythrocytes (Z. Li et al., 2011). Leukemia

development was rapid and led to the death of one-third of the Tet2 deficient mice, with

evidence of splenomegaly and hepatomegaly (Z. Li et al., 2011). The hematopoiesis-specific
conditional knock-out mouse led to myeloproliferation that subsequently progressed to develop

a CMML like-phenotype (Moran-Crusio et al., 2011). Other observations using this mouse model

include increased self-renewal of HSCs and increased myeloid bias (Moran-Crusio et al., 2011);

both these observations are characteristics of TET2- mutant cells in clonal hematopoiesis.

A comparative study of both the germline and conditional knock-out lines suggested that only
the germline knockouts developed fatal leukemia during the 15 months follow up study

(Quivoron et al., 2011) albeit; this study showed disordered myeloid and lymphoid development

in conditional mice (Quivoron et al., 2011). Last year, two independent groups published that

Tet2 deficient mice developed a permissive environment for developing a bacterial infection
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(Meisel et al., 2018; Shen et al., 2018). One significant finding was that bacterial infections in Tet2

deficient model contributed to the development of a myeloproliferative phenotype (Meisel et

al., 2018).

Prior to this thesis, three prominent models have been described in zebrafish. The first
description employed an anti-sense RNA called a “morpholino” to block tet2 expression

transiently (Ge et al., 2014). The findings report pan-cytopenia across primitive and definitive

hematopoiesis and a reduced global 5hmC level (Ge et al., 2014).

A tet2 zebrafish knock-out model was generated by creating a frameshift leading to a premature

stop codon before the catalytic site (Gjini et al., 2015b). There was no observed change in

primitive or definitive hematopoiesis in this model (Gjini et al., 2015b). The first sign of a

hematological defect was at 8-months, where tet2 mutant zebrafish exhibited a decrease in

erythrocytes and increased myeloid progenitors (Gjini et al., 2015b). Eleven-month old tet2

mutants showed multi-lineage dysplasia restricted to myeloid and erythroid lineages (Gjini et al.,
2015b). Myeloproliferation, a significant effect of tet2 deficiency was not defined (Gjini et al.,

2015b).

The third model is a tet2/3 double mutant (Li et al., 2015). The double mutants showed no

significant defect in primitive hematopoiesis. However, these mutants showed a defective

definitive hematopoiesis presentation, which was mainly due to a defect in the vasculature of
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the dorsal aorta where the HSCs originate (Li et al., 2015). Consequently, there was a reduction

in HSCs leading to a multi-lineage reduction of cells (Li et al., 2015).
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1.8 Hypothesis and Objectives

Clonal evolution of leukemia is studied by performing in-depth sequencing analysis of patient
samples. The results from this methodology suggest an increase in the mutational burden of the
leukemic clone under selective pressure that ultimately leads to clinical presentation. The lack of
suitable model systems has impeded progress in modeling this phenomenon and further

strengthening our understanding of preleukemic-to-leukemic transition.

Despite a five-decade history and the availability of severely immunocompromised hosts, the
mouse xenograft system has been only recently been successful with preleukemic transplants

due to human cytokine expressing mice (Medyouf et al., 2014; Song et al., 2019). Zebrafish

xenograft models are not as far developed and standardized as their murine counterparts and

are still undergoing evolution to improve precision and reproducibility.

Preleukemic cells are primitive, even though they have clonal growth advantage, their
proliferative capacity is less than that seen in leukemic samples. In a process to establish a
zebrafish xenograft platform as a tool for performing preleukemic xenografts, specific
experiments testing multiclonal survival have to be performed initially. Specifically, a xenograft
experiment involving the most primitive human blood cells, the HSPCs, needs to be undertaken,
and multilineage engraftment needs to be elucidated. Performing this proof-of-principle study
will highlight the capacity of the zebrafish as an in vivo model for supporting the survival of the
most primitive cells, without perturbing the ability of HSPCs to produce multi-lineage human

blood cells. However, previous publications have highlighted that HSPCs do not survive in
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zebrafish (Pruvot et al., 2011b), giving rise to a need to develop zebrafish that express human

cytokines to support HSPC survival.

Secondly, despite the use of highly immunocompromised mice, in-depth clonal analysis
elucidates that the mouse, at most, retains one to three clones from a highly heterogeneous AML

xenograft (Klco et al., 2014). In a preleukemic sample are less heterogeneous compared AML,

and thus avoiding sample dropout is the key to successful engraftment. So, validation of AML
xenograft for survival and multiclonal retention in the fish expressing human cytokines would be
an important improvement. With this in mind, the objective of chapter 3 is to develop a zebradfish
model that expresses human cytokines followed by xenotransplants with human HSPCs and

AML samples to determine multi-lineage differentiation and clonal retention, respectively.

In the genetic modeling spectra, there is an avalanche of work focused on modeling diseases

after the availability of CRISPR-Cas9 technology (Ceasar, Rajan, Prykhozhij, Berman, &

Ignacimuthu, 2016). Similar efforts have been made in modeling preleukemic conditions. TET2

mutations found in humans are overrepresented in leukemia and other hematological disorders
of different lineages. The overrepresentation of TET2 mutations is also common in CHIP; but most
individuals with CHIP do not progress to leukemia or other clinical presentations. My objective
in chapter 4, therefore, is to model tet2 loss-of-function in zebrafish using CRISPR-Cas9
technology and thereby understand how a transition from preleukemia to a myeloproliferative

phase occurs with the influence of microenvironmental changes.
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Some preleukemia to leukemia transition is independent of the contribution from
microenvironmental factors. Some of the initiating driver mutations are responsible for survival
and proliferative mechanisms without depending on the microenvironment in a cell-intrinsic
manner. The increased survival, rapid proliferative capacity, and downregulation of genotoxic
stress response mechanisms by increased growth-factor signaling in a ligand-independent
manner increases the probability of acquiring additional mutations. In chapter 5 of this thesis, a
cell-based model of the KIT D816V mutation, commonly found in human systemic mastocytosis
and other myeloid disorders, is used to investigate how cell-intrinsic pathways are regulated
through constitutively active growth factor signaling leading to the survival of the clone and

accumulation of progressive mutations.

Overall, this thesis will use three different model systems in order to determine the event
permissive of preleukemia to leukemia transformation. The specific experimental objectives
involving the three models are as follows
1) To develop a novel zebrafish transgenic line expressing human hematopoietic specific
cytokines and determining if the fish provides a permissive environment to the survival
of Human AML and HSPCs.
2) To develop a tet2 loss-of-mutant zebrafish model and determine the cause of leukemic
transformation.

3) To determine the dimerization and downstream signalling pattern of KIT D816V mutant.
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Chapter 2: Materials and Methods.

2.1 Study approval

All zebrafish studies reported were approved by the Dalhousie University Committee on
Laboratory Animals (UCLA), under protocol #17-132 and #17-007 (formerly14-116). The
collection and use of human samples in the study were approved by the IWK Health Centre

Research Ethics Board (REB# 1007549).

2.2 Creation of transgenic fish expressing human cytokines

The constructs for the making the transgenic fish were made using traditional and Gateway™
cloning. Briefly, tagBFP2 was amplified from pME-tagBFP2, and human SDF1a was amplified from
pBabe-SDFla-Puro (Addgene, #12270). Overlap extension cloning was performed to make BFP-
P2A-hSDFl1a with Agel and Notl-Xhol flanking on 5" and 3’ ends, respectively, and was sub-cloned
into pCR2.1 by TOPO cloning. The plasmid containing 4.3kb zebrafish cxcl12 promoter (pminitol2-

zsdfla-DsRed) was obtained (Glass et al., 2011). The construct downstream of DsRed that

includes the SV40 polyA (pA) site and 3’ minitol2 site was amplified with Notl on the 5’ end and
Sacl-Xhol on the 3’ end. The created Notl-SV40pA-Sacl-Xhol amplicon was inserted into the
pCR2.1-BFP-P2A-hSDFla plasmid creating a pCR2.1-BFP-P2A-hSDFla -SV40pA-3’'minitol2
plasmid. Restriction digestion was performed using Agel and Sacl to excise the DsRed-polyA and
3’ minitol2 site from pminitol2-zsdfla -DsRed and was replaced by BFP-P2A-hSDFla — polyA-
3’'minitol2 site that was excised using Agel and Sacl from the pCR2.1 plasmid resulting in
pminitol2-zsdfla -tagBFP2-P2A-hSDFla plasmid. This plasmid has been deposited in Addgene

(#127550).
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Human stem cell factor (SCF)/KITLG and human granulocyte-macrophage stimulating factor (GM-
CSF)/CSF2 were cloned downstream of the bidirectional tetracycline response element. The
transactivation sequence was cloned under a ubiquitin-c promoter using a Gateway™ cloning
approach. Two separate transgenic fish were produced by co-injecting CXCL12 together with tol2
mRNA and the construct coding for rtTA with the construct coding for SCF/KITLG and GM-
CSF/CSF2 together with tol2 mRNA into embryos from casper (nacre”; roy”") mutants (White et
al., 2008). These fish were further crossed in the F2 generation to produce an F3 multi-transgene
expressing GM-CSF/CSF2, SCF/KITLG, and SDF1a /CXCL12 zebrafish (referred to as the GSS fish).
For all the experiments, we used casper larvae as the background control, and for brevity, | refer

to it as control throughout Chapter 3.

2.3  Celllines and cell culture.

The human Jurkat T-ALL cell line (ATCCHPTS-TIB-152) was cultured in RPMI1640 (Gibco)
supplemented with 10% fetal bovine serum (FBS, Gibco). Jurkat cells express high levels of CXCR4,
a receptor of CXCL12 (Cancer cell line encyclopedia (CCLE), Broad Institute) and hence was the
preferred cell line to carry out migration experiments with the hCXCL12 expressing transgenic
fish. The human CMK Down syndrome AML cell line was a kind gift from Dr. Jeffery Taub (Wayne
State University, Detroit, MI, USA). The cells were cultured in RPMI1640 (Gibco) with 10% FBS
(Wisent). Human embryonic kidney cells (HEK 293 cells) were cultured in DMEM (Gibco,
21063029) supplemented with 10% FBS (Gibco) at 37°C in 5% CO2. SC macrophage/monocyte
cell line was cultured in IMDM containing HEPES and supplemented with 10% FBS, 0.05 mM 2-

mercaptoethanol, 0.1 mM hypoxanthine, and 0.016 mM thymidine.
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24 Yolk sac xenograft experiment for evaluation of migration and proliferation.

For migration experiments, CXCL12 expressing larvae and WT larvae were gamma-irradiated with
at a dosage of 15Gy in a 137Cs y-irradiator at 72 hours post-fertilization (hpf). Human Jurkat cells
in culture were labeled with a cytoplasmic fluorescent dye (CMTMR Orange, Invitrogen) and
resuspended in flow buffer (1X PBS, 1mM EDTA, 2% FBS). Approximately 50-100 Jurkat cells were
injected into the yolk sac of larvae two hours post-irradiation and observed for migration for
three days post-injection. The samples were blinded and scored for no migration, local
dissemination (cells dispersed throughout the yolk sac) and migration (cells present outside of

the yolk sac), and the identity was revealed after scoring.

Cell proliferation was assessed using casper larvae and fish expressing SCF/KITLG and GM-
CSF/CSF2 (referred to as GS fish). Embryos were maintained in E3 embryo medium (5mM sodium
chloride, 0.17mM potassium chloride, 0.4mM calcium chloride and 0.16mM magnesium
sulphate, pH 7.5 supplemented with 0.05% methylene blue [v/v]) and were treated with 10ug
/mL of doxycycline hydrochloride daily from 24 hpf to induce hKITLG and hCSF2 expression. CMK
cells were labeled with a cytoplasmic fluorescent dye (CellTracker™ Blue CMAC dye, Gibco) and
resuspended in flow buffer. We injected the cells into the yolk sac of 3 dpf larvae and cell
proliferation quantified at 1 (baseline), 2 and 3 dpi using a dissociation protocol previously

described by our group (Bentley et al., 2014; Corkery et al., 2011; Melong et al., 2017; Rajan,

Dellaire, & Berman, 2016).
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2.5 Human umbilical cord and bone marrow samples.

Fresh human umbilical cord blood (UCB) and human leukemia bone marrow (BM) samples were
collected from patients at IWK Health Centre (Halifax, NS, Canada) after formal patient consent.
The UCB and BM samples were subjected to density gradient centrifugation using Lymphoprep
(StemCell Technologies) and followed by RBC lysis. Further, lineage-depleted (lin-) human
hematopoietic stem cell and progenitor cells (HSPCs) were enriched using immunomagnetic
separation (Easysep™ human progenitor cell enrichment kit, Stemcell Technologies). Both, the
HSPCs isolated from UCB and mononuclear cells isolated from BM samples were stored in liquid
nitrogen until required for experimental use. A fraction of these cells was used for purity

verification by flow cytometry using human CD34 and CD38 antibody.

2.6 Orthotropic xenograft experiments with primary samples.

Zebrafish larvae (from control and GSS transgenic fish) were collected and grown in E3 embryo
medium. Both the transgenic larvae and control larvae were treated with 10 pug/mL doxycycline
hydrochloride (Sigma Aldrich) from 24 hpf to induce the expression of SCF/KITLG and GM-
CSF/CSF2 and as a control, respectively. All larvae were irradiated at 72 hpf using a 137Cs y-
irradiator (GammacCell 3000, Theratronics) with a 15Gy central radiation dosage to induce cxc/12
promoter activity and niche clearance of the organism for transplant. Human patient-derived
samples were thawed 2 hours before injection and were revived in MarrowMax (Gibco). Cells
were then labeled according to the manufacturer's protocol with a cytoplasmic green fluorescent
dye (CellTracker™ Green CMFDA Dye, Invitrogen) to facilitate in vivo cell tracking according to

manufacturer instructions. The cells were then resuspended in flow buffer (PBS + 2% FBS + 1mM
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EDTA), and loaded into a pulled-glass capillary tube, and approximately 150-250 cells were
injected into the common cardinal vein. Embryos were screened immediately following injection

to confirm that cells were present in circulation.

2.7 Antibody neutralization.

Mononuclear cells were obtained from primary T-ALL bone marrow biopsies using density-
gradient centrifugation using lymphoprep; the samples were frozen in liquid nitrogen until
further usage. The samples were thawed and seeded in MarrowMax and treated with either anti-
CXCR4 (MAB171, R&D Systems) or IgG2A isotype control (MABOO3, R&D Systems). The cells were
incubated overnight with 4ug/ml isotype control or CXCR4 targeting antibody before injection.
Flow cytometry was used to evaluate successful antibody neutralization. The cells were then

orthotropically injected into the circulation of fish as described above.

2.8 RNA isolation and targeted transcriptome analysis.

RNA extraction was performed using the guanidium thiocyanate-phenol-chloroform (TRlzol)
protocol using phasemaker tubes (Thermofisher, A33248) according to manufacturer
instructions. RNA was stored at -809C until transcriptome sequencing. Targeted transcriptome
sequencing was performed using HemeV2 kit (ArcherDx) for the AML samples and using the
Human Stem Cell & Differentiation Markers (333002, QlAseq Targeted RNA Panels, Qiagen) for

UCB samples.
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2.9 Immunoblotting.

Zebrafish embryos at 24 hpf or 48 hpf were deyolked using an ice-cold Ringer's solution (116 mM
NaCl, 2.9mM KCI, 5mM HEPES pH 7.2) with 1mM EDTA and 0.3mM Phenylmethyl Sulfonyl
Fluoride (PMSF). The deyolked samples were then homogenized using 22G syringes in RIPA with
an additional 1% SDS, cOmpleteMini Protease Inhibitor, 2mM sodium orthovanadate, 10mM
sodium fluoride, 20mM sodium beta-glycerophosphate, and 1mM PMSF. The samples were left
to lyse in ice for 30 minutes, and the lysate was cleared by centrifugation at 16000 xg at 4°C for
20 minutes. The protein was quantified by a micro BCA assay (Thermofisher, 23225). About 5ug
of protein was loaded into each well of a Bio-Rad stain-free Any KD gel (Biorad, 4568123). The
separated proteins were transferred to a 0.2-um nitrocellulose membrane, blocked with 5%
whole milk, and probed using anti-p53 (1:200, ab77813, Abcam), anti-SCF (C19H6, Cell Signaling;
1:500) and anti-GMCSF (ab9818, Abcam; 1:500) antibodies. The same blot was stripped (Restore
plus, Thermofisher, 46428), blocked using 5% BSA and probed using B-actin HRP conjugated
antibody (1:1000, 13E5, Cell Signaling). The B-actin served as a loading control. In both cases,
antibody signal was amplified using SuperSignal™ Western Dura Extended duration substrate

(Thermofisher, 34076), and intensity calculations were performed using Image Lab (Biorad).

2.10 Immunofluorescence and imaging.

Zebrafish larvae were fixed with 4% PFA overnight and dehydrated in methanol and stored at -
20C until further processing. Samples were rehydrated before processing. For cryosections, the
larvae were stored in 30% (w/v) sucrose solution overnight. Larvae were arranged, and molded-

in OCT embedding medium (Fisher HealthCare) and 15-micron sagittal sections were made.
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Samples were blocked with blocking buffer containing BSA and donkey serum and incubated in
primary rabbit anti-human CD33 antibody (ab221558, 1:50) overnight at 4°C. The secondary
antibody incubation with anti-rabbit Alexa Fluor 488 (ab150073, Abcam;1:400) was performed
room temperature for an hour for the sections. Nuclear counterstain was performed using DAPI
at the concentration of 1ug/ml. Samples were mounted in DAKO fluorescent mounting media
and imaged in Zeiss LSM710 (63x, Zoom = 1.5 and NA=1.4; 10x, NA=0.45). All imaging of live
zebrafish was performed upon immobilizing the zebrafish in 1% low melting agarose using a Zeiss

Axio Observer (5x, NA= 0.16; 10x, NA=0.3)

2.11 Data Analysis of Error-corrected RNAseq results

Following preparation and sequencing with the QIAseq RNA Panel (Qiagen), reads were
demultiplexed via their i7 adapter sequences. Reads sharing the same unique molecular index
were aligned to form read families. Error-correction of read families and generation of consensus

sequences were performed as described previously (Wong, Tong, Young, & Druley, 2018).

Consensus sequences were locally aligned to the human reference genome hgl19 using Bowtie2
and processed with Mpileup using parameters -BQO -d 10,000,000,000,000 to remove coverage
thresholds. Targeted transcriptome analysis from the Heme V2 kit was performed via a custom
cloud environment with ArcherDx software (Version 5.1.8). Results from the ArcherDx software
was further analyzed using R; briefly, data cleaning was performed in order to generate high
confidence hits by sub-setting the values to Allele Fraction (AF)>=0.002 and Alternate Output
(AO, the number of transcripts containing the SNP variant)>4 and data was further subset to only

those SNPs that had an existing COSMIC ID or known clinical significance.
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2.12 Design and synthesis of sgRNA and Cas9 mRNA
The sgRNA targeting exon2 of the zebrafish tet2 gene was identified using SSC and was ranked

based on efficiency scores (H. Xu et al., 2015). Oligonucleotides were ordered flanking the T7

promoter sequence and an overlap sequence on the 5’ and 3’ end of the spacer sequence,
respectively (Table 1). The sgRNA templates were created using an overlap-extension PCR as

previously defined (Prykhozhij et al., 2018). The synthesized template was in vitro transcribed to

create uncapped sgRNAs using MEGAshortscipt T7 kit according to the manufacturer’s
instructions (Thermo Fisher Scientific, AM1354). Zebrafish codon-optimized capped Cas9 mRNA
was made from a linearized pT3TS-nCas9n plasmid (Addgene, 46757) using mMessage mMachine
T3 kit (Thermo Fisher Scientific, AM1348) and purified with LiCl precipitation according to the

manufacturer’s instructions.

2.13 Generation of tet2 mutant zebrafish.

The zebrafish tet2 gene was manipulated using CRISPR/Cas9 technology. Briefly, Cas9 mRNA was
injected into single cell-stage zebrafish embryos along with a cocktail of 6 sgRNA (Table 1). The
injected embryos were grown to adulthood and genotyped by PCR amplifying a 2.7 kb region
using LongAmp® Taq DNA Polymerase (M0323, New England Biolabs). The WT allele yielded a

2.7kb product, while the deletion allele yielded a 600 bp product.
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Table 1: List of single guide RNA sequences used to produce zebrafish tet2 mutant.

sgRNA Position  gRNA Sequence Theoretical Efficacy Direction
Score
gRNA #1 41 GAAAAGACCAGCAATGAGA 0.688 +
gRNA #2 166 GGTCCCTGCTAACTTGCAG 0.5026 +
gRNA #3 302 AGGATTTGGGATAAAAGTG 0.6925 +
gRNA #4 353 CCCAAACATAACAAGGCAG 0.8395 +
gRNA #5 1760 CTAAAAAAGCTTAAAACAG 0.9675 +
gRNA #6 2209 GCGAATGCACCTTCTGCAG 0.9995 +

2.14 Whole mount in situ hybridization.

Digoxigenin-labeled probes were created by performing in vitro transcription from linearized
plasmids or PCR products containing T7 promoter. Whole-mount in situ hybridization was
performed on stage-matched larvae fixed with 4% paraformaldehyde using cmyb/runx1, gatal,

mpx, Icpl, cpa5, and cebpl probe as previously defined (Bennett et al., 2001; Lauter, Soll, &

Hauptmann, 2011).

2.15 Gene expression analysis using qRT-PCR.

RNA extraction was performed using the guanidium thiocyanate-phenol-chloroform (TRIzol)
protocol using phase-lock tubes according to manufacturer instructions. The total-RNA obtained
was treated with DNAse | to eliminate any remaining DNA. Subsequently, RNA was reverse

transcribed into cDNA using a Luna cDNA synthesis kit according to the manufacturer's
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instructions. qRT-PCR was performed using SYBR green with ROX as a passive reference

(BrightGreen - Low ROX, ABM) and Quantstudio 3 (Thermofisher). The primers used for gRT-PCR

are tabulated (Table 2). Primer efficiencies was determined by performing a standard curve using

five different dilutions.

Table 2: List of quantitative RT-PCR primers used in this study

Target Forward Primer Reverse Primer Description
eeflal CCTTCGTCCCAATTTCAGG CCTTGAACCAGCCCATGT housekeeping
gene
hprt1 ATCCGCCTCAAGAGTTACCA TGTCCTCCACAATCAAGACG housekeeping
gene
hsp90ab | TCAAAAATCAACGAAACTAACCAA | GGAAGGCAAAGGTCTCAGC housekeeping
gene
tetl GATCTGTAGGCTCAGGAGGTGT CTGAGTTTGCCTCTGACTCAAC target gene
tet2 TGCTTATGAGAACCCAACAGTG ATGGCCAGCATGAGCTTG target gene
tet3 CGCTGTGGACTCAATGAAGA AAAGAGAATGAAGCTCCACAGG | target gene
hbael AAAGTCATCCTTCCACAATGAGT GGGGTAGACAATCAACATCCTG | target gene
hbae3 GATCGGCCGTGAGACTCTT GGAGAGTTGGGGCTTAGGTC target gene
hbbel ACGACGTCATTGGTCCTCA GCAGCAACCATTGGGTTT target gene
hbbe3 TTGTGTGGACAGCTGAGGAG CGGATAGACGACCAAGCATC target gene
gatal GAGCATGTAGGAGCGTATTC AGTGGTAGAGGAGTGTAAGG target gene
p21 AGCTGCATTCGTCTCGTAGC TGAGAACTTACTGGCAGCTTCA target gene
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2.16 Gene expression and methylation analysis

Hematopoietic cells from kidney marrow were extracted from adult zebrafish between 3-6
months of age by dissection. Samples were age-matched within experiments. Subsequently, the
dissected tissue was suspended in a buffer containing PBS and 2% rainbow trout serum. The
single-cell suspension was obtained by vigorous pipetting and passing through a 70-micron filter.
The obtained single-cell suspension was snap-frozen and stored in -80°C for further experiment.
The MeDIP (Methylation immunoprecipitation) was performed at the Michael Smith
Laboratories, Vancouver, B.C. The sequencing files were processed using Model-based Analysis

of ChIP-Seq (MACS, version 2.1.2) (Yong Zhang et al., 2008), a ChIP-Seq peak-finding algorithm

that performs peak calling, fold change and FDR determination using Benjamini-Hochberg
procedure. For analysis in MACS, the FDR cut-off was set at 0.01, and both positive (mutant vs.
WT) and negative peaks (WT vs. mutant) were obtained. The statistics and fold changes were

then processed using the ChlPpeakAnno library (Zhu et al., 2010). Briefly, the peak data from

three replicates were overlapped and annotated into different genomic features by mapping to
zebrafish GRCz10 as the reference genome. The frequency plot was plotted using the ggplot2
library. The genomic features that did not involve a coding sequence were subset and mapped
to the nearest coding genes to obtain the list of promoter and distal-promoter regions that were
methylated. The sequences obtained from the above analysis were then used to find motifs and

binding sites using Regulatory Sequence Analysis Tools (RSAT) web-server (Thomas-Chollier et

al., 2012). For RNAseq analysis from blood cells in kidney marrow, samples were prepared as
suggested above, and a poly-A enriched RNAseq was performed through Genewiz (Genewiz, New

Jersey, USA). Briefly, the cDNA library was made and sequenced on an lllumina HiSeq. The
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adapter sequences from the output were removed using Trimmomatic (v0.36), and the trimmed
reads were mapped to Danio rerio GRCz10.89 using STAR aligner (v2.5.2b) to generate the BAM
file. The BAM files were subsequently processed using featureCounts function from the Subread
package (v.1.5.2). The raw counts were normalized, and statistics were performed using the
edgeR package. Codes used for RNAseq analysis has been uploaded to GitHub to enable

reproduction. (https://github.com/vinothkrl1/zebrafishtet2)

2.17 O-dianisidine Staining.

For O-dianisidine solution, larvae were treated with O-dianisidine solution (O-dianisidine (0.6
mg/mL)), sodium acetate (0.01 M, pH 4.5), H.0, (0.65%), and 40% ethanol) for 15-20 minutes in
the dark and subsequently washed with PBST followed by bleaching with potassium hydroxide
(KOH) and hydrogen peroxide solution (H,03). O-dianisidine staining were visualized under a Zeiss
V20 stereo microscope. Images from O-dianisidine was quantified as previously defined (Metelo

et al., 2015).

2.18 Hit and Run CRISPR method

Single guide RNA (sgRNA) was designed, synthesized, and in vitro transcribed as suggested above.
Fresh human umbilical cord blood (UCB) were collected from patients at IWK Health Centre
(Halifax, NS, Canada). HSPCs was isolated as described above and were stored in cryovial in liquid
nitrogen until use. HSPCs were thawed and cultured for less than 48 hours in serum-free media
StemSpan™ SFEM Il (Stemcell Technologies, 09605) along with StemSpan™ CC110 (Stemcell

Technologies, 02697), an HSC cocktail containing recombinant cytokines. Hi-Fi Cas9 protein
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(10pg/ul) (IDT, 1081060) and diluted to 1pg/ul using nuclease-free water. A ribonucleoprotein
(RNP) complex was made by incubating 1.5ug of Cas9 protein with 1ug of sgRNA for 20 mins at
room temperature. The cultured HSCs were washed twice with PBS and resuspended in Buffer T
at 200,000 cells in 10l per replicate, RNP was added, and the mixture was electroporated using
the Neon electroporation system with the following settings: 1600 V, 10ms, three pulses. The
electroporated cells were transferred to fresh SFEMII media with CC110 and cultured for four
days. Following this, the cells were changed to a differentiation media containing SFEMII and
StemSpan™ Erythroid Expansion Supplement (Stemcell technology, 02692) and cultured for 14

days with regular media exchange every 2-3 days.

2.19 Vectors and cloning

PCDNA3.1-KIT WT and KIT D816V plasmids were a kind gift from Lars Ronnstrand (Lund
University, Sweden). For cloning purposes, intermediate vector pCR2.1-KIT ICD del816-822 was
created by performing overlapping extension PCR from pCDNA3.1-KIT WT and inserting into
pCR2.1 by performing TOPO cloning (TOPO-TA cloning, ThermoFisher Scientific, 451641).
Mammalian two-hybrid vectors - pACT, pBind, pG5/uc, pBind-ID, and pACT-MyoD were from
CheckMate Mammalian Two-hybrid kit (Promega, E2440). KIT ICD WT, KIT ICD D816V, and KIT
ICD del816-822 were PCR amplified and inserted into pACT and pBind vectors using BamHI and
Notl restriction digestion. The iSplit BiFC plasmids, pC4EN-F1-GAFm (Addgene plasmid # 39870)
and pC4-RHE-PAS (Addgene plasmid # 39869) were a gift from Vladislav Verkhusha (Albert
Einstein College of Medicine, New York). The iSplit BiFC plasmids for wild-type (WT) and D816V

mutant versions of KIT were constructed in two steps. In the first step, the FLAG-tagged WT and
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D816V KIT PCR products were amplified from the original KIT plasmids using BamHI-KIT-for and
BamHI-FLAG-KIT-rev primers. In parallel, the HA-tagged WT and D816V KIT PCR products were
amplified using BamHI-KIT-for and BamHI-HA-KIT-rev from the same initial templates. The linker
(GGGGSGGGGS), containing versions of GAFm and PAS inserts, were amplified with Ncol-
GAFm_for and Xhol-GAFm_rev and with Ncol-linker-PAS_for and Xbal-PAS_rev from pC4EN-F1-

GAFm and pC4-RHE-PAS respectively.

2.20 Transfection of mammalian cells

For experiments involving transfection, HEK 293 cells were seeded overnight, and transfection
was done in 12-20-hour window post-seeding using Fugene 6 transfection reagent (Promega,
E2691) according to the manufacturer's recommendation. Recombinant human SCF (Thermo

Fisher, PHC2111) was used for KIT stimulation at 500ng/ml.

2.21 Lentiviral transduction of mammalian cells

The 293T cells co-transfected was plated in a 10cm petri dish and transfected with 3.5ug -
pMDG.2, 3.2ug - pCMVAS8.2, 3.2ug - pPCMVAS8.2 and 10ug of the gene expression vector between
12-20 hours after seeding using 60ul of Fugene 6 transfection reagent (Promega, E2691). The
viral media was collected at 48 hours post-transfection and infected in the presence of polybrene
(8pg/mL) by spinoculation at 1200xg for 1 hour. The cells were allowed to replicate for 48 hours

and were subsequently selected with the respective antibiotic.
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2.22 Mammalian Two-hybrid assay

About 10* 293T cells were seeded per well of the 96 well plate. After incubating the cells post-
seeding for 12-20 hours, each well was transfected with 100 ng of DNA. The pBind, pACT, pG5/uc
vectors were transfected in equimolar ratios, and in order to maintain a constant mass of DNA in
transfection mix across various samples, the DNA mass was compensated using pSE-MCS vector.
About 48-hour post-transfection, cells were washed with PBS, lysed, and luminescence was
measured using a dual-luminescence reporter assay system (Promega, E1910) using a

Luminoskan Ascent Microplate Luminometer (ThermoFisher Scientific, 5300173).

2.23 Bimolecular Fluorescence Complementation

About 10° cells were seeded into each well of a 24-well plate, and cells were transfected between
12-24 hours post-seeding with about 500ng of DNA consisting of PAS, GAFm and pEGFP-N1
vectors in equal molar ratios. piRFP (iRFP713) was a gift from Vladislav Verkhusha (Addgene
plasmid #31857) and was used as a positive control for flow-cytometry analysis. Cells were
trypsinized 48 hours post-transfection, and flow-cytometry analysis was performed using a FACS

Aria lll (BD Biosciences). The data were analyzed using FlowJo based on iRFP713 expression.

2.24 Circular Dichroism (CD) Spectropolarimetry

Peptides comprising 30 amino acids surrounding the region 816th amino acid were purchased
(ChemPeptide Limited, Shanghai, China). 100 uM of lyophilized peptides were then solubilized
using 50mM sodium phosphate buffer, pH 7.4. Far-ultraviolet CD spectra for the peptides were

recorded at 37°C using J-810 spectropolarimeter (Jasco, Easton, MD) at 20nm/min with a data
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pitch of 0.1 nm from 260 nm to 185 nm. For the experiment involving hydrogen bond induction,
100 micromolar peptides were then lyophilized and resuspended in 100% - 1,1,3,3,3-Hexafluoro-
2-Propanal (HFIP). The far-UV CD spectra were determined at a temperature of 37°C at 50nm/min
with a data pitch of 0.1 nm from 260 nm to 185 nm. All data were collected in triplicate, averaged,

blank measurements were subtracted and presented as mean residue ellipticity (8).

2.25 Total and phospho-proteomics
In order to provide an easy understanding of the methodology, a schematic is provided as an

overview (Figure 4).
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Figure 4: Overview of Total and Phosphoproteome analysis

Briefly, protein samples were digested into peptides, dimethyl labeled, and fractionated using
HPRP-HPLC. A fraction was isolated to perform total proteome, and the remaining sample was
enriched for phosphopeptides using TiO2 beads. The fractions were analyzed separately, and the
results were analyzed.
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Sample preparation and lysis

SC cells transduced with KIT WT or D816V and cultured as previously described. Once cells
reached 70% confluency, cells were washed with PBS and cultured overnight in IMDM containing
2% charcoal-stripped FBS, 0.05 mM 2-mercaptoethanol, 0.1 mM hypoxanthine, and 0.016 mM
thymidine. Cells were washed in PBS and 200ng/mL SCF was added to one subset of the KIT WT
expressing cells - this sample was labeled KIT WT+SCF. After 10 minutes incubation at 37C, the
cells were centrifuged at 1000xg for 2 minutes at 4C; the supernatant was removed and then it
was flash-frozen in liquid nitrogen and stored at -80C for further use. Quadruplicates of samples
each belonged to a different passage number were collected. The frozen cells were resuspended
in lysis buffer (50mM Tris, 150mM NaCl, 1% IGEPAL pH-7.4 add protease and phosphatase
inhibitor cocktail (Complete Mini, Roche, and PhosphoSTOP, Roche) and nine volumes of 100mM
TEAB was added to the lysate. The lysate was homogenized in a homogenizer (~2000rpm by three

strokes setting). Protein concentration was measured using micro BCA.

Reduction, alkylation, and trypsin digestion

Approximately 3.3 mg of protein sample was aliquoted and precipitated in 100% acetone at -20°C
overnight followed by centrifugation at 16,000Xg for 30 minutes at 4°C. Upon air drying, samples
were resuspended in 50mM TEAB, pH 8.0, and reduced with 50mM DTT at 60°C for an hour at
1000 rpm. Alkylation was done using 100mM IAA at room temperature in the dark for 30 min at
750 rpm. Proteins were digested by addition 1:100 (w/w) of trypsin to the sample at 37°C

overnight at 750 rpm. The reaction was stopped by acidifying the samples to pH below 3 by the
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addition of formic acid. Upon addition of 0.1% TFA (final volume), samples were desalted on a

C18 column.

Stable isotope dimethyl triplex labeling

Desalted samples were air-dried and resuspended in 50mM TEAB by sonication. Peptides were
guantified with UV visible spectrometry at absorbance 205nm, and 2 mg of peptides were labeled
by dimethyl triplex labeling. Briefly, samples were resuspended in 2ml 50mM TEAB and labeled
by adding 170uL of either 6M NaCNBHs3 (light and medium labeling) or 6M NaCNBD3 (heavy
labeling) (Sigma Aldrich). Samples were then incubated for 1 hour at room temperature following
the addition of either 80uL of formaldehyde (light labeling) (Sigma Aldrich), 150 uL of
deuterated (D2) formaldehyde (intermediate labeling) (20% w/w in D20) (Cambridge Isotope
Laboratories) or 150 pL of 13C and deuterium (D2-C13) labeled formaldehyde (heavy labeling)
(20% w/w in D,0) (Sigma Aldrich). The reaction was combined in equal proportion, brought up
to ImL and 0.1% final volume of TFA was added. The reaction was immediately desalted in a C18
reversed-phase column and air-dried. The air-dried samples were stored frozen at -80°C until

further use.

High-Performance Liquid Chromatography

For High pH Reverse Phase (HPRP)- High Performance Liquid Chromatography (HPLC), dried
sample pellets were resuspended in 500 pL solvent A (10 mM NH4HCO>, 30% ACN (v/v), pH=2.7)
and loaded onto an ONYX C18 monolithic column (100 mm x 4.6mm) (Phenomenex) at a flow

rate of 1ml/min. Elution was performed with a gradient of 0-100% solvent B (10mM NH4CO2H;
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95% ACN v/v; pH 8.0. The first 56 fractions (0.5ml) were collected and amalgamated into 14
samples (e.g., fractions 1, 15, and 29 and 43 were combined to make fraction 1). The collected

samples were air-dried in a vacuum concentrator and stored frozen at -80°C until further use.

Phosphopeptide enrichment

Peptides were resuspended in 62.5% ACN/H20, 10% v/v of the resuspended peptides were
removed for total protein analysis. One part of lactic acid (LA) was added to 3 parts of the
remaining peptides (50% ACN/2M LA). TiO; beads (400ug/100ug of peptides, GL Sciences) was
equilibrated with 100% ACN, washed twice with 50%ACN/2M LA. The bead slurry and the peptide
sample were added to an equilibrated C8 spin-tip that was washed once with 50%ACN/0.1%TFA
and thrice with 70% ACN/ 0.1% TFA to remove unbound peptides. Then, phosphopeptides were
released from the TiO2 beads by addition of 50 ul of 0.3 N NH4OH, pH 10.5 and by 1-minute
incubation and subsequently eluted from the C8 reversed-phase column by 70% ACN/ 0.1% TFA.
The mix was immediately acidified by addition of formic acid to prevent degradation of phospho-

moieties and air-dried in a vacuum concentrator.

Mass spectrometry

Enriched phosphopeptides and total peptides were analyzed VelosPro Orbitrap mass
spectrometer coupled with Nano-LC pump (UltiMate 3000, Thermofisher). The peptides were
preconcentrated with 4 um PicoFRIT C18 column (New Objective). Peptides were injected with
solvent A (0.1% FA in water) at a flow rate 300nl/min and eluted by 0-37% solvent B (0.1% FA in

ACN) with an overall run-time of 180 min.
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Data Analysis

The reads were mapped to the human proteome (UP000005640), quantified, and normalized
using Proteome Discoverer (Thermofisher). The normalized data were processed using R (v3.5.1).
Briefly, the normalized data were cleaned (tidyr library), plotted (ggplot2 library), KSEA
enrichment (KSEA app library) was performed, and heatmap was generated using the data from
KSEA enrichment. Pathway analysis of total proteome was performed using cluster profiler

library.

2.26 Cell cycle analysis

SC cells were serum-starved using the IMDM containing 2% charcoal FBS overnight. KIT WT, KIT
D816V, and KITWT+SCF (200ng/ml SCF treated) cells were either treated with 100nM Rapamycin
or with DMSO (control) for 4-5 hours. The cells were washed with ice-cold PBS and fixed and
permeabilized using 70% ice-cold ethanol overnight. The cells were washed twice with PBS+0.1%
Triton X-100 and 0.2 uM SYTOX Green was added to the cells. The cells were kept in the dark until
analysis in FACS ARIA llI, the cells were excited using 488nm laser, and the emitted light was
allowed to pass through 515-545 nm bandpass filter before reaching the PMT. The results were

analyzed using FlowJo (v10.6.1).

2.27 Statistical Analysis
All statistical analysis was carried out using the R programming language (R Version 3.5.1). For

experiments involving categorical variables, Chi-square test of independence was performed to
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obtain the p-value, and for proliferation experiments, a student t-test was performed. For all

experiment involving quantitative statistics, a student t-test was performed.
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Chapter 3: Transgenic zebrafish expressing human hematopoietic cytokines result in
improved engraftment and survival of human hematopoietic stem cells and patient derived

leukemia.

3.1 Introduction

The availability of xenograft models has greatly influenced our current understanding of
leukemogenesis and stem cell biology over the last decade. Patient-derived xenografts provide a
better microenvironmental and stromal context than any in vitro system for maintaining the
clonal heterogeneity inherent in human cancers, and this is of translational importance in the
performance of assays that involve pharmacological intervention and response (Hidalgo et al.,

2014; Siolas & Hannon, 2013). Current gold standard xenograft assays use small mammals, like

the mouse, with a depleted immune system, which have been refined over many years from their

original derivation (Bonnet & Dick, 1997b; Lapidot et al., 1992; Larochelle et al., 1996; Shlush et

al., 2014). However, findings from these murine xenografts may not be congruent with similar

experimental results observed in human studies (Theodora Voskoglou-Nomikos, Joseph L. Pater,

& Lesley Seymour, 2003). Given the fact that human tumours arise in the context of human

stroma, including immune cells, these discrepancies in murine xenografts may be accounted for,
at least in part, by a lack of evolutionary conservation of microenvironmental signaling pathways
between humans and rodents. Some human samples do not engraft in a foreign host; while in
other cases, following successful initial engraftment, the chimera disappears over time. Cytokines
present in the microenvironment, which are essential for the differentiation and maintenance of

individual cells are not entirely conserved across species (Brocker, Thompson, Matsumoto,
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Nebert, & Vasiliou, 2010). For example, there is a lack of conservation of interleukin 3 (IL-3) and

granulocyte-macrophage stimulating factor (GM-CSF/CSF2) between humans and mice at the
amino acid level, evidenced by the fact that mouse IL-3 and GM-CSF do not react with their

respective human receptors (Manz, 2007; Willinger et al., 2011). Thus, to compensate for these

limitations, efforts to “humanize” rodent model systems have led to the introduction of human

factors in conjunction with human cell populations (Morton et al., 2015; M. Wunderlich et al.,

2010).

Various efforts have been made to introduce human factors into model organisms, including the

injection of recombinant proteins like PIXY321 (GM-CSF/IL-3 fusion protein) (Lapidot et al., 1992),

a cost-efficient method to enable human cytokine expression using knock-in (Rongvaux,

Willinger, Takizawa, Rathinam, Auerbach, Murphy, Valenzuela, Yancopoulos, Eynon, & Stevens,

2011; Willinger et al., 2011) and transgenic technologies (Traggiai et al., 2004; M. Wunderlich et

al., 2010), where researchers have introduced various factors including erythropoietin (EPO) and

IL-3. The approach of humanizing mice has been successful to the extent that it permits enhanced
engraftment and, depending on the cytokine introduced, differentiation and maintenance of
specific cell lineages. For example, humanized transgenic SGM3 mice expressing human stem cell
factor/KIT ligand (SCF/KITLG), GM-CSF and IL-3 showed a significant increase in the myeloid

(Coughlan et al., 2016) and mast cell compartments (Bryce et al., 2016a) and improved

engraftment efficiency of human acute myeloid leukemia (AML) cells (M. Wunderlich et al.,

2010). This modified murine xenograft model provides a unique advantage to enhance clonal

heterogeneity and thereby enrich for more robust and meaningful responses to pharmacological
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interventions. However, the mouse model remains laborious in terms of handling and
techniques; is limited to small numbers of animals; and human cells take months to fully engraft.
As such, they are not amenable to high or medium throughput drug screening efforts. Moreover,
these mouse models are not practical to inform therapeutic decisions in patients in a clinically

actionable time frame.

We previously pioneered a zebrafish larval xenograft assay to study human leukemia progression
and demonstrated the feasibility of employing this platform for primary patient bone marrow-

derived T-cell acute lymphoblastic leukemia (T-ALL) samples (Bentley et al., 2014; Corkery et al.,

2011; Rajan et al., 2016). The zebrafish xenograft platform offers several advantages, including a

high level of genetic conservation with humans at the protein level (Howe et al., 2013) with the

added benefit of visual tractability of human cells in an organism amenable to medium

throughput chemical screening (Liu et al., 2014; North et al., 2007). However, similar to mice,

zebrafish express evolutionarily divergent cytokines or altogether lack cytokines that are critical
to the maintenance of human cell clonal heterogeneity. Previous publications have suggested
that the receptors and ligands of the IL-3 subfamily that include IL-5, GM-CSF, and IL-3 are absent

in zebrafish (Stachura et al., 2013), and in silico analysis reveals that the critical cell migration

chemokine, CXCL12/SDF1q, is conserved less than 50% at the amino acid level between humans

and zebrafish.

In early mammalian hematopoiesis in utero, the site of hematopoiesis moves from the aorta-

gonad-mesonephros (AGM) to the fetal liver and finally to the bone marrow (Orkin & Zon, 2008).
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Zebrafish hematopoiesis mirrors these mammalian “niche dynamics”, but fertilization is ex-utero
in the zebrafish, and these stages occur over the first few days of life, resulting in a unique
opportunity for experimental manipulation. In zebrafish, the transition of hematopoietic
precursor cells occurs from the AGM to the stroma of a tail region called the caudal
hematopoietic tissue (CHT), which has been characterized as the fetal liver equivalent in teleost

fish (Murayama et al., 2006; Owen J. Tamplin et al., 2015). Upon colonization of the CHT,

hematopoietic cells expand, differentiate and mature and are poised for the subsequent

transition to the kidney marrow (KM) of the fish (Murayama et al., 2006), which is the primary

site of adult hematopoiesis. While zebrafish leukemia xenograft platforms have been successful

(Bentley et al., 2014; Corkery et al., 2011), previous studies have documented that human

hematopoietic stem and progenitor cells (HSPCs) do not survive in zebrafish for more than 12

hours (Pruvot et al., 2011a), raising concerns whether the zebrafish host enables HSPC survival

and clonal expansion post-transplantation. As such, zebrafish xenograft approaches to date share
a critical flaw in lacking an optimal microenvironment to support the clonal evolution of human
HSPC and leukemia cells, questioning the clinical transferability of findings from this model. To
address this critical gap, | generated a humanized zebrafish that expresses multiple human
hematopoietic-specific cytokines. | subsequently transplanted primary human-derived HSPCs
and leukemia cells followed by clonal heterogeneity evaluation using error-corrected sequencing
(ECS). Using these humanized zebrafish models, | show that transgenic fish expressing human
cytokines prolong survival and differentiation of human HSPCs. Furthermore, in the presence of
these key cytokines, transplanted leukemia cells exhibit hematopoietic niche homing that more

accurately models the behavior of human leukemia. These results lay the foundation for a new
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paradigm in zebrafish xenograft-based drug discovery platforms for molecular targeting of

human leukemia and expansion of HSPCs.

3.2 Generating “humanized” transgenic zebrafish

To improve the current zebrafish platform for human leukemia and HSPC xenografts, | generated
transgenic zebrafish expressing human hematopoietic cytokines. Cytokines that are poorly
conserved between human and zebrafish but demonstrated to be critical for normal
hematopoiesis were chosen for this study. In this regard, the CXCR4 ligand, CXCL12/SDF1a was
my first priority, given its functions, which include stem cell fate decisions such as expansion,
homing, self-renewal, differentiation, control of stem cell exhaustion and protection against

genotoxic stress (Greenbaum et al., 2013; Sugiyama, Kohara, Noda, & Nagasawa, 2006; Yanyan

Zhang et al.,, 2016). Both GM-CSF/CSF2 and SCF/KITLG were determined to be essential

candidates based on prior mouse experiments (M. Wunderlich et al., 2010). Due to its redundant

function with CXCL12 and GM-CSF/CSF2, | did not incorporate IL-3, which was previously
employed in mouse models. We developed two independent transgenic zebrafish models. The
first expressing human CXCL12 under the zebrafish cxc/12 promoter (Figure 5A-B). The second

expressing human KITLG and CSF2 under a tetracycline-inducible promoter (Figure 5C-D).
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Figure 5: Humanized transgenic zebrafish expresses human CXCL12, KITLG, and CSF2.
A. A cartoon of the construct used to make the transgenic zebrafish expressing human

CXCL12 (hCXCL12) along with tagBFP2 under the zebrafish cxcl12 promoter.

B. Representative image of a transgenic zebrafish expressing human CXCL12 in the posterior
hemal arc near the tip of the tail at 3 days post-fertilization (dpf). CXCL12 expression
continues to progress anteriorly through the hemal arc (representative image shows 8
dpf larvae).

C. A cartoon of the constructs used to make the tet-inducible human SCF/KITLG and GM-
CSF/CSF2 expressing zebrafish.

D. Representative image of the human SCF/KITLG (hKITLG) and GM-CSF/CSF2 (hCSF2)
expressing zebrafish. Image specification: Magnification =5x, NA= 0.16

E. Representative Western blot showing expression of human GM-CSF/CSF2 (hCSF2) and
SCF/KITLG (hKITLG) in transgenic zebrafish. S1 and S2 denote samples from the transgenic
larvae, and C1 and C2 are samples from control casper larvae. (SCF/KITLG= stem cell
factor/KIT ligand, GM-CSF/CSF2=granulocyte-monocyte colony stimulating factor/colony
stimulating factor 2).
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3.3 Humanized zebrafish demonstrate enhanced human leukemia cell migration and
proliferation

| initially performed validation experiments using the CXCL12 and GM-CSF/CSF2-SCF/KITLG
compound transgenic models separately. The CXCR4-CXCL12 axis is critical for cell migration and

homing (Peled et al., 2000). Therefore, | selected migration as a mode of validation for the human

CXCL12-expressing transgenic zebrafish. Jurkat cells are a human T-ALL cell line that expresses

high levels of CXCR4, the cognate CXCL12 receptor (Barretina et al., 2012). Zebrafish cxcl12

promoter expression begins only at 72 hpf, so we injected Jurkat cells into the yolk sac of CXCL12
and casper control larvae at 72 hpf and screened for migration at 3 days post-injection (dpi).
There was no migratory difference between the cells injected into control versus CXCL12 fish
(Figure 6A). However, expression of CXCL12 may be low at this time point and is restricted to the
posterior hemal arc near the tail. Previous publications have shown that DNA double-stranded
breaks caused by either gamma irradiation or chemical agents like 5-fluorouracil or etoposide

can cause an increase in CXCL12 expression (Glass et al., 2011; Ponomaryov et al., 2000). Thus, |

gamma irradiated zebrafish larvae with a sub-lethal dose of radiation two hours before
transplantation and repeated the assay. Then, | observed a drastic increase in the number of
CXCL12 larvae that exhibited human T-ALL cell migration compared to the controls (Figure 6B).
From the cells that migrated out of the yolk sac, | also saw hematopoietic niche-specific homing
to the CHT at 144 hpf and later to the kidney marrow at 216 hpf (Figure 7 A&B).

For the transgenic fish expressing GM-CSF/CSF2 and SCF/KITLG (GS fish), | used CMK, a human
Down syndrome acute myeloid leukemia (ML-DS) cell line for validation. While CMK cells survive

in culture without additional cytokines, previous experiments in our hands demonstrated drastic
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cell death in zebrafish xenograft assays, suggesting that they are susceptible to their
microenvironment (Figure 6D). Recent findings demonstrate that GM-CSF/CSF2 enhances the
survival in Down syndrome transient abnormal myelopoiesis (TAM), suggesting a growth

advantage for ML-DS under GM-CSF/CSF2 rich conditions (Labuhn et al., 2018). When CMK cells

were injected into the GS larvae, xenografts demonstrated increased cell proliferation at 3 dpi
compared to casper controls. Strikingly, this was preceded by a sudden decrease in the number
of CMK cells in both control and transgenic larvae at 2 dpi. These cells were injected into the yolk
sac, an acellular environment, which may have resulted in delayed proliferation due to the
restricted access of injected cells to circulating human cytokines. Thus, moving forward, all
xenografts were performed by injection directly into the bloodstream of larval zebrafish, which
is likely more anatomically relevant to adult human hematopoiesis. Recently, it had been
emphasized that the hematopoietic process is not only regulated by soluble factors and adhesion
molecules but also through mechanochemical mechanisms like blood flow contributing to blood

stem cell regulation through the stimulation of YAP-TAZ (Theodore et al., 2017); therefore,

xenografting of human primary hematopoietic cells into the blood stream could likely improve

the performance of the current zebrafish xenograft model.
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Figure 6:lrradiation of human CXCL12-expressing transgenic zebrafish dramatically increases
cell migration, while ML-DS cells exhibit enhanced proliferation in the presence of CSF2/GM-

CSF and KITLG/SCF

A. Human Jurkat cells (highly express CXCR4, the receptor for CXCL12) were xenografted
into control casper and CXCL12-expressing larvae, which were further divided into two

groups: one which received 15Gy irradiation and the other no irradiation at 72 hours post-

fertilization (hpf). Larvae were screened for cell migration at 144 hpf. Representative
images of control and CXCL12-expressing larvae that were not irradiated. Representative

images of control and CXCL12-expressing larvae following 15Gy gamma irradiation (Right

panel).

B. Quantification of cell migration was classified into “no migration,” “local dissemination”

(dissemination within the yolk sac) and “migration” (distant migration beyond the yolk
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sac). Results represent 3 independent experiments. Numbers on the bar denote the total
number of larvae per classification.

C. Representative images of zebrafish injected with CMK cells (myeloid leukemia of Down
syndrome (ML-DS) cell line).

D. Cell proliferation was quantified in transgenic larvae expressing GM-CSF/CSF2 and
SCF/KITLG (GS fish) and casper controls following enzymatic digestion and dissociation at
one-day post-injection (dpi) (baseline), 2 dpi and 3 dpi. The analysis included fluorescence
microscopy and cell counting. At 2 dpi there was a slight decrease in cell numbers in both
transgenic and control larvae. By 3 dpi there was an increase in the number of cells in GS
larvae, whereas cell numbers in control larvae decreased. Data presented represents four

replicates.

A B

hexel12

KM

Figure 7: Jurkat cells home to the CHT and KM following transplantation into the CXCL12
transgenic fish.

A. Fluorescence microscopy shows Jurkat cell migration towards the zebrafish caudal
hematopoietic tissue (CHT), the zebrafish equivalent of the human fetal liver at 6 days post-
fertilization (dpf).

B. Ventral view of zebrafish with cell migration towards the kidney marrow (zebrafish equivalent
of bone marrow) at 9 dpf.
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3.4 GSS transgenic larvae show improved response to drug administration compared to
controls

Following these validation experiments, both transgenic zebrafish lines were crossed to create a
GSS (GM-CSF/CSF2, SCF/KITLG & SDF1a,/CXCL12) triple transgenic fish. Taking into account the
previous observation from Section 3.3, | wanted to evaluate in the xenotransplantation of human
cells into the circulation of GSS fish improved proliferation compared to yolk-sac injection. We
injected CMK cells both into the yolk and circulation of the larvae and found that there was a
trend of increased proliferation in cells injected into circulation compared to that injected into
yolk-sac (Figure 8A). | was then curious about the fitness of our model in a preclinical drug testing
scenario. The ML-DS CMK cells were established from a ten-year-old patient who responded to
cytarabine; so, | wanted to see if this response remains true in the context of GSS larvae. We
injected CMK cells into the circulation of both GSS and casper larvae. The larvae were divided
into two groups, and one group was administered with 1 mM cytarabine one day-post injection.
While there was no significant difference between the cytarabine administered and untreated
casper groups (p=0.94), the GSS larvae administered with cytarabine did show a significant

decrease in the number of cells compared to the untreated control (p=0.005) (Figure 8B).
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Figure 8: AML cells xenografted into GSS larvae show greater sensitivity to chemotherapy
compared to control
A. Human CMK cells were xenografted into the yolk-sac and orthotopically into the

circulation of the GSS larvae. A proliferation assay was performed at 3 dpi and number of
cells at 1 dpi was measured as a baseline. Bar plot shows the number of cells normalized
to the number of cells at the baseline. A p-value was calculated with a Student-t-test.

B. Human CMK cells that are responsive to cytarabine (ara-C) were xenografted into control
casper and GSS larvae. The larvae were further divided into two groups, one of them were
administered with 1 mM cytarabine, and the other was left untreated. Baseline number
of cells in each group was calculated before drug administration (1 dpi) and the
proliferation readout was measured 2-days-post-treatment (3 dpi). Bar plot shows the
number of cells normalized to the number of cells at the baseline. The p-value was
calculated with a Student-t-test on casper and GSS larvae separately.
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3.5 GSS transgenic larvae show increased mortality compared to controls when
transplanted with primary AML cells

| wanted to compare engraftment and expansion of primary patient-derived leukemias in the GSS
larvae to controls. These xenografts were performed orthotopically by injecting primary AML
cells into the circulation (common cardinal vein) at 72 hpf. We xenografted four distinct pediatric
patient-derived AML samples: a CBL exon 8 deletion with KMT2A-MLLT3 (MLL-AF9) fusion by
karyotype (A23352); KRAS G12C point mutation (A23280), KMT2A-MLLT3 fusion (AS12029811)
and a ML-DS sample. Immediately post-injection, larvae were screened to select for similar
number of cells in both GSS and control groups of fish. | tracked the larvae until one of the groups
reached 50% mortality and used the remaining larvae for targeted error-corrected RNA
sequencing (RNA-ECS; done in collaboration with the Druley Lab) (Figure 9A). While the number
of days required to reach 50% mortality varied across AML samples, the GSS fish consistently
suffered greater mortality compared to control larvae, indicating increased cellular proliferation
and leukemic burden (Figure 9A). When transplanted with human HSPCs, both control and GSS
larvae showed almost negligible death, indicating that the increased mortality was a result of
leukemia proliferation and not injection artifact. Since most leukemias are heterogeneous, they
provide us with genetic polymorphism or mutation-specific biomarkers that enable screening for
conservation of heterogeneous clones present in the initial leukemia sample. | prepared RNA
from human AML xenografted control and GSS zebrafish and performed RNA-ECS to quantify
clonal variability and conservation via the relative abundance of human leukemia-specific gene
transcripts in the background of zebrafish transcripts. While some SNP variants were detected

alternatively in the GSS or the control fish, the GSS fish overall retained a higher number of SNP
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variants, representing more leukemic clones than the control fish. Mutations like NOTCH (5094
C>T) and ALK (3375 C>A), which are silent and hence not pathogenic were only present with a
high allelic frequency (AF>0.5) in GSS xenografts, suggesting elimination of some clones in the
controls (Figure 9B). Altogether, the data from both the control and GSS xenografts yielded 46
high confidence nucleotide variants, only 23 (50%) were represented in controls compared to 42
(or 93.4% of) variants represented in the GSS zebrafish. This finding demonstrates that the GSS
zebrafish provides a superior microenvironment for survival and expansion of human AML clonal

diversity (Figure 9B).
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Figure 9: Patient-derived AML transplantation into GSS transgenic larvae increased AML-
related disease mortality and showed increased clonal representation in comparison to control
larvae.

A. Kaplan-Meyer curve showing increased AML related mortality in GSS larvae transplanted
with each of four different patient-derived AML samples compared with casper control
larvae transplanted with the same samples (p<0.0001).

B. Heat map showing increased clonal representation in the GSS larvae compared to control
larvae transplanted with the same sample as measured by RNA-ECS. Different colors
represent allele frequency from 0.002 (dark blue) to 1 (yellow). The white box represents
an absence or allele frequency of less than 0.002.

C. Representative immunofluorescence images from sagittal zebrafish sections showing
human CD33+ AML cells localized in the kidney marrow of the GSS transgenic. The left
panel shows an overview of the fish section at 10x, and the white box highlights the region
of interest. The top three right panels show images taken under normal exposure based
on controls and the overexposed image shown in the middle of the lower three panels
illustrates the kidney morphology. The parameters were kept constant between GSS and
control sections during imaging (N=5). Yellow scale bar is equivalent to 100 um, and the
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red scale bar is equivalent to 10 um. (GSS=GM-CSF/CSF, SCF/KITLG, CXCL12/SDFla.
expressing transgenic zebrafish; RNA ECS=RNA error-corrected sequencing). The top
panel shows images from KM of control larvae injected with human AML samples, where
leukemia cells are not present, and the bottom shows GSS larvae with human CD33+ AML
cells. Image specifications: 10x images: NA=0.45; 63x images: NA=1.4, Zoom = 1.5.
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3.6 The CXCR4-CXCL12 locus is dispensable for the migration of human leukemia cells to
the caudal hematopoietic tissue (CHT) but necessary for homing to the kidney marrow

During validation of the CXCL12 transgenic zebrafish, | injected Jurkat cells into the yolk sac of 3
dpf larvae, and a proportion of the cells transplanted into the transgenic larvae showed migration
to the CHT, a region equivalent to the fetal liver in humans. When we performed primary AML
xenografts and injected these cells into circulation, cells migrated to CHT uniformly in both
control and transgenic larvae. Importantly, however, we observed a profound difference in
kidney marrow homing, with primary AML samples injected into the GSS larvae showing a
propensity to migrate to the KM, which was not seen in controls (Figure 9C). In CXCL12 KO mouse
models, HSCs migrated from the AGM to the fetal liver, but fetal liver to bone marrow homing

was impaired (Nagasawa et al., 1996; Zou, Kottmann, Kuroda, Taniuchi, & Littman, 1998).

However, previous in vitro studies showed that both fetal liver and bone marrow-derived HSCs

can respond to CXCL12 stimuli in a Boyden chamber assay (Christensen, Wright, Wagers, &

Weissman, 2004). Together, these findings highlight that while the CXCR4-CXCL12 axis is critical

in bone marrow homing, it may be dispensable for fetal liver homing. | wanted to see if the
homing of human leukemia cells to the zebrafish CHT was CXCL12-CXCR4 dependent. To address
this question, we returned to T-ALL where we had initially seen differential homing using Jurkat
cells, and this time employed a primary patient-derived T-ALL sample expressing very high levels
of CXCR4. This sample was injected into the circulation of GSS and control larvae. The majority of
the T-ALL cells in both control and GSS transgenic larvae migrated and stationed in the CHT,

consistent with publications from other groups (Sacco et al., 2016; Tulotta et al., 2016). However,

in contrast to other zebrafish reports (Sacco et al., 2016; Tulotta et al., 2016), following the
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addition of either a CXCR4-targeting antibody or isotype control, transplanted human T-ALL cells
continued to migrate to the CHT (Figure 10 A & B). The above data is consistent with murine data
and suggests that the CXCR4-CXCL12 axis does not significantly contribute to the migration of

cells to the fetal liver.
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Figure 10: CHT migration of human leukemia cells are not dependent on CXCR4-CXCL12 axis.

A. Flow cytometry images demonstrate inhibition of the CXCR4 receptor using the anti-
CXCR4 antibody (fusin).

B. Representative images from casper control and GSS larvae transplanted with isotype or
fusin treated patient-derived T-ALL sample shows no difference in migration upon
neutralization with CXCR4 antibody. (GSS=GM-CSF/CSF, SCF/KITLG, CXCL12/SDFla)
expressing transgenic zebrafish)
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3.7 Xenotransplantation of human hematopoietic stem cells and progenitor cells into GSS
fish exhibits both enhanced self-renewal capacity and multi-lineage differentiation

Despite the widespread success of human tumour cell engraftment in zebrafish, normal tissue
xenografts, including hematopoietic cells, have not been reported to successfully engraft (Pruvot
et al.,, 2011a). Given the enhanced proliferation observed for human leukemia samples
transplanted into the GSS zebrafish, | wanted to determine if the presence of human cytokines
could enhance human HSPC survival and differentiation in a zebrafish host. In collaboration with
Dr. David Rittenberg (Department of Obstetrics and Gynecology, IWK Health Centre/Dalhousie
University), the gynaecologist collected umbilical cord blood from newly delivered infants, and |
isolated lineage depleted (lin") cells, which are highly enriched for human HSPCs. These cells were
fluorescently labeled with a cytoplasmic dye and transplanted into the circulation of both casper
control and GSS larvae at 72 hpf. Consistent with previous reports, human HSPCs did not survive

past 24 hours in control larvae (Pruvot et al., 2011a), but HSPCs transplanted into GSS larvae

continued to survive past 48 hours after which time, the cells began losing the cytoplasmic dye
(Figure 11A). | extracted RNA for targeted exon sequencing from both control and GSS-injected
larvae between 20-24 hpi. Of the three samples sequenced, only one injected control larva had
a detectable level of human transcript, in contrast to the GSS larvae, for which all 3 HSPC
xenografted samples were found to have detectable human transcripts present. To further
determine if human transcripts are truly absent in the control fish, the Druley lab performed
another round of ECS-RNA library preparation and increased the starting total RNA from 100 ng
to 300-500 ng (depending on RNA availability). The absence of detectable level of human

transcript was confirmed. Upon targeted transcriptome sequencing, | found that multilineage
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differentiation occurred in both GSS and control larvae, but with a myeloid bias. In the lymphoid
lineage, only B-cells were sufficiently tractable and transcripts of early T-cell markers, CD3E and
PTCRA, were entirely absent, suggesting an absence of T-cell differentiation (Figure 9B). In terms
of self-renewal capacity, HSPCs transplanted into GSS larvae showed increased expression of
both CD34 and GATA2 (Figure 11B). Specifically, there were 194 and 4682 error-corrected
transcripts of the human CD34 gene in 100 ng total RNA input for control and GSS samples
respectively. While CD34 is a bona fide HSPC marker in hematopoietic cells, GATA2 is required

for the maintenance, generation, and survival of HSPCs (de Pater et al., 2013). The increased

expression of CD34 and GATA2 suggest that HSPCs undergo self-renewal only in the cytokine-rich
context found in GSS larvae, but not in controls. Interestingly, there was an increase in human
caspase-3 expression, a pro-apoptotic marker, in HSPCs injected into control fish compared to
the GSS larvae, suggesting an increased tendency to undergo apoptosis, providing a mechanism

underlying the reduced survival of these human cells in the absence of human cytokines.

86



2 hpi 28 hpi

GSS
casper
i House
Hematopoietic Stem Cells & Erythro-  Early Early 4
B Early Endothelial Cells Macrophages  Monocytes cl’if!t‘erso B Cells T Cells Apoptosis k:z;i:gg
GSS Rep2
GSS Rep1

casper Rep2

casper Rep1

CD34
GATA2
ETV2
FLII
TAL1
TEK
CCR5
CXCR4
ITGAM
GATA1
CD79A
RUNX1
CASP3
NATA

Normalized expression

0 1 2

Figure 11: UCB-derived HSPCs show engraftment, self-renewal and multilineage differentiation
in GSS larvae.

A. Representative image of GSS larvae and casper control larvae transplanted with UCB
derived HSPCs. Image shows near complete absence of HSPCs in control larvae at 28 hours
post-injection (hpi), whereas the HSPCs continue to survive in the GSS larvae at 28 hpi.
Image specification: Magnification =10x, NA= 0.3

B. Heatmap from RNAseq analysis of transplanted HSPCs shows the increased expression
level of self-renewal specific genes in HSPCs transplanted into GSS larvae. Control and GSS
larvae showed an identical expression of different lineage-specific genes (UCB=umbilical
cord blood; HSPCs=hematopoietic stem and progenitor cells; GSS=GM-CSF/CSF,
SCF/KITLG, CXCL12/SDF1a. expressing transgenic zebrafish).
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3.8 Discussion
While murine xenografts have provided essential insights into human leukemia pathogenesis

(Bonnet & Dick, 1997b; Lapidot et al., 1992; M. Wunderlich et al., 2010), and despite even greater

opportunities provided by even more immunocompromised hosts, this model system continues
to have limitations. Primary leukemia xenografts remain challenging in mice for many reasons,
including intrinsic leukemic properties, absence or lack of bioactivity of some of the human
factors found in the host microenvironment, and the presence of innate immune cells in the
organism that eliminate transplanted cells. Moreover, the complexity of these murine xenograft
experiments, including the time to engraftment (typically 3-6 weeks) renders studies difficult to
conduct in a high throughput setting, and thus not easily amenable to clinically actionable drug
screening experiments. The Berman lab in collaboration with the Dellaire lab, has pioneered
human leukemia xenografts in zebrafish larvae and shown that this approach is amenable to

medium-throughput drug screening in an actionable timeframe of 1-2 weeks (Bentley et al.,

2014; Corkery et al.,, 2011). However, the issue of conserved elements within the tumour

microenvironment is also applicable, as illustrated by previous unsuccessful efforts to develop

sustainable human HSPC zebrafish xenografts (Pruvot et al., 2011a).

To address the inherent limitations of the zebrafish microenvironment for sustaining human
tumour xenografts, we created a humanized zebrafish model, the GSS fish that expresses human
CXCL12/SDF1a, SCF/KITLG, and GM-CSF/CSF2, to enhance human HSPC and patient-derived
leukemia engraftment to enable real-time preclinical therapeutic studies. As prior humanized
mouse models informed our choice of cytokines, the GSS fish resembles the NSG-SGM3 mouse

model (Nicolini, Cashman, Hogge, Humphries, & Eaves, 2003; M. Wunderlich et al., 2010), which
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expresses three cytokines with poor conservation between mouse and humans: GM-CSF, SCF,
and IL-3. Zebrafish, being more evolutionarily distant, have only 20% conservation with the
human CXCL12 ligand (Figure 12 A-B) and considerable alteration in the CXCR4 binding region in
humans (Figure 12C). IL-3 is a critical factor in expansion and chemotaxis of hematopoietic cells,
but hematopoietic cytokines often perform redundant functions. For its expansion and homing
function, IL-3 activates Raf/MEK/ERK signaling and small GTPases such as Rac and Ras. CXCL12
follows a very similar mechanism of action and additionally controls the fate of HSCs by restricting

differentiation and enhancing stemness (Arai et al., 2005). Also, GM-CSF, IL-3, and IL-5 share a

common beta chain that acts as a signaling subunit (Rossjohn et al., 2000). GM-CSF also

redundantly activates STAT and JAK2 pathways like IL-3 (lhle, 1995). So, | hypothesized that
together SCF, GM-CSF, and CXCL12 would compensate for the absence of human IL-3. Previous
observations revealed that even though there is minor to low cross-reactivity of human GM-CSF
and SCF between mouse and humans, overexpression in the NSGS mice increased the number of

mouse myeloid cells at the expense of erythropoiesis (Nicolini et al., 2003). Since cytokine genes

are expressed transiently, and at low levels, we considered that the quantity of cytokines
secreted would be high in transgenic organisms, due to the use of powerful promoters and

multiple integrations of the transgene, which might lead to increased stress in the animals.
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Figure 12: Protein sequence alignment shows low conservation of the CXCR4 locus of CXCL12
between zebrafish and humans.

A&B. Protein sequence alighnment between human CXCL12 and zebrafish CXCL12a and CXCL12b
respectively. The red line indicates the known CXCR4 binding region, as observed in human.

C. Graphical overview of CXCL12-CXCR4 binding in humans. Amino acids conserved between
human and zebrafish are enclosed in green boxes, those lacking conservation are in orange boxes
and those from amino acids from CXCR4 are in violet boxes. The green dotted lines represent
hydrogen bonds and the red dotted line represents salt bridges. Modified from Xu et al.(L. Xu, Li,
Sun, Li, & Hou, 2013)
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Also, the effect of prolonged exposure of human GM-CSF and SCF had not previously been

studied in zebrafish, hence our choice of an inducible promoter.

| first showed that patient-derived AML cells show decreased disease latency and increased
mortality of the GSS larvae, results that are consistent with findings from the NSG mouse model

(M. Wunderlich et al., 2010) and can be applied in drug testing with survival as a readout. Using

ECS, we demonstrated that human AMLs transplanted into GSS larvae maintain better clonal
representation than transplants into zebrafish lacking human cytokines. These experiments
highlight that clones that fail to survive in control larvae continue to survive in GSS larvae. The
cells in the GSS larvae also specifically homed to the KM of the fish, while this was not observed
in controls. These findings are indicative of the GSS fish providing a more clinically representative

microenvironment to that found in humans.

Given the results observed with patient-derived AML transplantation into GSS zebrafish, |
hypothesized that these humanized zebrafish might provide an improved host environment for
engrafting human blood stem cells, which to date has been a challenge in the zebrafish field

(Pruvot et al., 2011a). As previously demonstrated, UCB-derived HSPCs did not survive in control

larvae but survived greater than 48 hours in the GSS larvae. ECS performed from these two
different transplant populations revealed upregulation of human genes specific to self-renewal
only in the GSS larvae. The maintenance of this key stem cell characteristic exclusively in the GSS
larvae affirms the utility of the “GSS human HSPC model” as a platform for studying drugs that

enhance stem cell expansion in vivo. By contrast, | saw significant levels of all transcripts

92



associated with multi-lineage differentiation in both control and GSS larvae, with the common
exception of T-cell differentiation. While the myeloid bias in GSS fish might be expected due to

expression of GM-CSF and SCF (Nicolini et al., 2003; M. Wunderlich et al., 2010), an absence of

lymphoid cell differentiation in control larvae may be accounted for by the natural timeline of
zebrafish lymphocyte development (the thymus does not appear until 5 dpf) and the lack of
endogenous lymphoid-specific cytokines at this experimental time point. With the growing
interest and efficacy in T-cell mediated cancer immunotherapy and the absence of a fully
functional adaptive immune system in zebrafish larvae until a month of age, this model is poised
for further manipulation with respect to T-cell differentiation as a future platform for the
preclinical testing of novel immunotherapy approaches using human cancer and HSPC co-

transplantation.

In summary, through the generation of novel humanized zebrafish that express key
hematopoietic cytokines, the model in this chapter exploits the previously recognized imaging
and higher throughput screening advantages of the zebrafish model system to create a powerful
new preclinical tool. The GSS fish in conjunction with ECS bar-coding, can be used to screen for
and also validate anti-leukemic and stem cell expanding therapeutics and contribute to the goal

of providing biologically rational personalized treatment to patients.
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Chapter 4: TET2-Loss-Of-Function Mutation Initiates a Proliferative Phenotype Upon
Induction of Emergency Hematopoiesis.
4.1 Introduction
TET (ten-eleven-translocation) proteins are enzymes capable of catalyzing the reaction from 5-
methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC) using ferrous iron and a-ketoglutarate

as co-factors (H. Wu & Zhang, 2011). There are three TET orthologues seen in vertebrates: TET1,

TET2, and TET3. Loss-of-function mutations in TET2 are seen extensively in various human

hematological disorders, including myelodysplastic syndrome (MDS)(Haferlach et al., 2013) and

acute myeloid leukemia (AML), and in particular, in acute erythroblastic leukemia (AEL, AML-M®6).
While the impact of TET2 mutations in the context of normal leukemia cytogenetics is still
debated, TET2 mutations are strongly correlated with poor prognosis in AML with intermediate-

risk cytogenetics (W.-C. Chou et al., 2011).

Mutations in DNMT3A, ASXL1 and TET2 are the three most common mutations found in Clonal

Hematopoiesis of Indeterminate Potential (CHIP) (Genovese et al., 2014). AML-related mutations

in TET2 and DNMT3A are ubiquitous in CHIP (A. L. Young et al., 2016). Individuals with a CHIP

mutation have a modestly elevated chance of progressing to AML (Genovese et al., 2014), but

many remain free of any hematopoietic malignancy throughout their lifetime (A. L. Young et al.,

2016). The key question is what differentiates individuals harboring a TET2 mutation who

progress to leukemia from TET2 mutant individuals who remain healthy.
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TET2 differs biochemically from TET1 and TET3; the two latter TET proteins contain a ZF-CXXC
(Zinc Finger-Cysteine-X-X-Cysteine) domain that helps in DNA binding. TET2 lacks the ZF-CXXC
domain and the MBD (methyl-CpG binding domain). However, the TET2 N-terminal domain can
bind SNIP1 (SMAD nuclear interacting protein 1), acting as a bridge between TET2 and various

transcription factors to promote DNA binding (L.-L. Chen et al., 2018). This behaviour suggests

that while TET1 and TET3 may be ubiquitous only depending on specific DNA binding motif in
their catalytic activity, TET2 may be specific to transcription factor binding regions like distal

promoter elements and enhancers (Rasmussen et al., 2019).

| generated a tet2 mutant zebrafish that does not show any compensation from other tet genes.
When | examined steady-state hematopoiesis of these mutants, they showed no change in the
hematopoietic stem cell compartment but exhibited reduced numbers of lineage-committed
cells. However, this reduction in lineage-restricted cells did not impact functional processes like
hemoglobin synthesis. Transcriptomic and epigenetic analysis revealed an epigenetic-mediated
restriction in hematopoietic differentiation of the mutant. Epigenetic analysis suggested
deregulated ribosomal homeostasis and an upregulation of p53 observed in several inherited

bone marrow failure syndromes (Elghetany & Alter, 2002). Further, the induction of stress

hematopoiesis in the context of tet2 loss, led to a proliferative preleukemic phenotype.

4.2 Zebrafish tet2 mutant shows no compensation from tet paralogs
| used CRISPR-Cas9 technology to create a 2.1 kb deletion within the exon 2 of the zebrafish tet2

gene (Figure 13A & 13B). This tet2 mutation resulted in a frameshift leading to a premature stop
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codon that resulted in a small peptide of 19 amino acids (aa). | then utilized a previously

developed algorithm (Nishikawa, Ota, & Isogai, 2000), to predict if there was a chance of an

alternate start codon. The algorithm returned a 999aa truncated product, but with low reliability
of 27%. This truncated Tet2 protein, if indeed translated, would contain an intact catalytic domain
as determined from cDNA sequencing (Figure 13C). Other possible alternate codons and their
possible products had even lower reliability than the 999aa product. The heterozygous mutant
was outcrossed and subsequently incrossed it at least twice to generate a maternal zygotic
mutant. Even in the case that a mutant allele might produce a truncated tet2 mutant protein
(999aa compared to 1715aa), it would lack the binding site responsible for bridging partner
proteins and thus poor recruitment to transcription factor binding sites (TFBS). The mutant also
lacks Ser70 (Ser99 in human), a previously defined 'phospho-switch' that upon phosphorylation

stabilizes the TET2 protein (D. Wu et al., 2018). The advantage of having stable mutant mRNA is

the absence of a compensatory mechanism triggered by nonsense-mediated mRNA decay (El-

Brolosy et al., 2019). The stability of tet2 mRNA was consistently confirmed using quantitative

reverse transcription (qRT)-PCR (Figure 14A). Even though this mutation did not have any effects
on the viability of the zebrafish, the tet2 mutant exhibited consistent and significant reduction in

body size compared to tet2 wild-type fish as seen during hatching and larval stages (Figure 14B).
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Figure 13: Generation of tet2 deficient zebradfish.

A.

A cocktail of Cas9 mRNA and six sgRNAs targeting exon2 was injected into single-cell stage
zebrafish embryos resulting in a tet2 mutant with 2.1kbp base pair (bp) deletion in exon
2.

A PCR-assay spanning exon2 was developed that gives rise to a 2.7kbp amplicon in wild-
type embryos. Agarose gel electrophoresis image shows a 3 kb band in the wild-type
sample and <1 kb band in the tet2-/- sample. The mutant amplicon was further sequenced
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using Sanger sequencing to find the absolute coordinates of the deletion and determined
to be ~600bp in length.

C. PCR product from the tet2 mutant (Figure 13B) was Sanger sequenced. The resulting
product was fed into a transcription start site predicting algorithm. The product with the
maximum reliability was translated and aligned using Muscle algorithm.
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Figure 14: The zebrafish tet2 mutant shows no compensation from tet-paralogues.

(A) Quantitative RT-PCR of tet genes during the time periods of both primitive and definitive
hematopoiesis showed no significant change in expression between wild-type and tet2 deficient
larvae.

(B) tet2 deficient zebrafish are significantly smaller in size in comparison to wild-type zebrafish
at both 2 and 5 dpf.
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4.3 Zebrafish tet2 mutants show no difference in HSCs but a decrease in myelopoiesis

| subjected the zebrafish tet2 mutant and wild-type embryos to whole-mount in situ hybridization
to examine the effect of tet2 loss on zebrafish blood development during both primitive (24 hours
post-fertilization; hpf) and definitive hematopoiesis (>48 hpf). First, | looked for any
perturbations in the hematopoietic stem cell and progenitor cells (HSPCs) using a combination
cmyb/runx1 probe but did not observe any significant change in the HSPC pool (Figure 15A). |
then examined the myeloid lineage and specifically early myeloid progenitors using the pu.1
(spil) probe. | found that at two different time points, tet2 mutant larvae showed a decrease in
myeloid progenitors compared to WT larvae (p<0.01) (Figure 15B). Further, using probes specific
to neutrophils and their progenitors (mpx), pan-leukocyte (Icp1) and mast cells (cpa5), | found a
consistent and significant decrease in expression in tet2 mutant larvae compared to wild-type

larvae (Figure 15C-15E).
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Figure 15: tet2 deficient zebrafish demonstrate reduced myelopoiesis.

(A) Markers used for whole mount in situ hybridization that mark various blood cell lineages
during primitive (24- and 28-hours post-fertilization; hpf) and definitive hematopoiesis
(48 hpf) based on time of origin. EMP — Erythroid Myeloid Progenitor, HSC -
Hematopoietic Stem Cell, MPP- Multipotent Progenitor, CLP — Common Lymphoid
Progenitor, CMP — Common Myeloid Progenitor, GMP — Granulocyte/Macrophage
Progenitor, MEP — Megakaryocyte/Erythroid Progenitor.

(B) Hematopoietic stem and progenitor cells marked by runxl/cmyb probe show no
significant change (p=0.14) between wild-type and tet2 deficient zebrafish larvae.

(C) Zebrafish tet2 deficient larvae show reduced myeloid and myeloid progenitor cells
compared to wild type both during primitive (p<0.001) and definitive hematopoiesis
(p<0.001).

(D) Neutrophils in tet2 deficient zebrafish demonstrate no reduction during primitive
hematopoiesis (p=0.09), but significantly reduced during the definitive phase compared
to wild-type larvae (p=0.0107).

(E) Monocytes are reduced in tet2 deficient larvae during definitive hematopoiesis compared
to wild-type larvae (p<0.001).

(F) Mast cells are reduced in tet2 deficient larvae during definitive hematopoiesis compared
to wild-type larvae (p=0.0117).
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4.4 Zebrafish tet2 mutants show a decrease in erythropoiesis with no difference in
hemoglobin production

| then used a gatal antisense RNA probe to look at erythroid progenitors and found that there
was a decrease in erythropoiesis (Figure 16A). Since erythroid cells are abundant and | cannot
accurately count the exact number of these cells, | performed qRT-PCR and found that there was
decreased gatal expression in tet2 mutant larvae compared to wild-type larvae (Figure 16B).
Even though there was a decrease in erythroid progenitors, tet2 mutants survived to adulthood.
We then looked at gene expression levels of embryonic globin genes. All of the four prominent
embryonic globin exhibited trends of downregulation in tet2 mutants compared to wild-type,
which was maintained at 48 hpf where three out of four embryonic globin genes were down-
regulated significantly (p<0.05) and the remaining one showed a trend to downregulation (Figure
16C). To assess function, | performed o-dianisidine staining and quantified the hemoglobin level
based on automated intensity quantification. We found that there was no significant change in
hemoglobin levels in tet2 mutant versus wild-type larvae (Figure 16D), despite downregulated
globin mRNA levels. This finding may be due to the robustness of embryonic globin mRNA to

produce enough hemoglobin.
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Figure 16: tet2 deficient zebrafish display reduced erythropoiesis.

(A) Erythroid progenitors were labeled using the gatal RNA probe. Embryos were classified
into three groups, as highlighted. Bar graphs show that more than 50% of tet2 deficient
embryos had a lower number of gatal+ cells.
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(B) Quantitative RT-PCR shows a trend of decreased gatal expression in tet2 deficient larvae
compared to the wild-type control.

(C) Quantitative RT-PCR of embryonic hemoglobin genes shows a trend of reduced
expression across all hemoglobin genes during primitive hematopoiesis; while during
definitive hematopoiesis, there was a significant (p<0.05) reduction in alpha embryonic
globin 1 (hbael), alpha embryonic globin 3 (hbae3) and beta embryonic globin 1 (hbbel).

(D) O-dianisidine staining for hemoglobin showed no change in hemoglobin levels between
wild-type and tet2 deficient larvae.
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4.5 Zebrafish tet2 mutants show increased methylation specific to key hematopoietic
promoters

Since tet2 is a DNA methylcytosine dioxygenase that catalyzes the reaction from 5mC to 5hmC, |
carried out methylated and hydroxymethylated DNA immunoprecipitation followed by
sequencing (MeDIP-Seq and hMeDIP-Seq) from the hematopoietic cells extracted from the
kidney marrow of adult zebrafish (3-6 months) in collaboration with Hirst lab (University of British
Columbia, Vancouver). This experiment aimed to verify the DNA methylation effects of my tet2
mutant and implications on the methylation status caused by possible tet2 DNA binding. |
analyzed the peaks from both the enriched and negatively enriched data and mapped them to
genomic features. My analysis showed that there was reduced hydroxymethylation in the regions
of the proximal promoters and intragenic regions compared to the negative peaks. The
methylation pattern was comparable for proximal promoter intragenic regions when compared
between positive and negative peaks (Figure 17A). TET2 specifically binds to promoter and

intragenic regions to perform catalysis (Rasmussen et al., 2019). The above findings strongly

corroborate that my tet2 mutant shows reduced 5mC to 5hmC conversion. | then carried out RNA
sequencing and found downregulation of key hematopoiesis-related genes, including adult beta
globin (hbbal), major histocompatibility complex and solute carrier family genes (Figure 17B).
Among the upregulated genes were tripartite motif (TRIM) family proteins (Figure 18). This
protein family plays key role in activation of innate immunity and interferon signalling

(Hatakeyama, 2017).

Further, | subjected the peak sequences from methylation data to transcription factor (TF) peak-

motif analysis and found that the transcription factors corresponding to TFBS are critical factors
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related to HSC differentiation (Figure 17C). These included Homeobox A10 (HOXA10), a master
regulator of postnatal hematopoiesis that controls erythrocyte/megakaryocyte differentiation

through the transcription of GATA1 downstream (Magnusson et al., 2007). One of the two

homologues of hoxalO present in the zebrafish (hoxalOb) was downregulated in the RNAseq
results (Figure 17B). Forkhead box (FOX) gene families, which are bona fide hematopoietic
differentiation factors, were similarly downregulated. Regulatory Factor X2 (RFX2), known to
bind to a critical cis-enhancer downstream of the IL5 receptor a (/L-5Ra) gene contributing to
eosinophilic and basophilic differentiation, was also downregulated (12), as was Zinc Finger
Protein 384 (ZNF384), a gene with a high propensity to be a partner in fusion in B-cell leukemia.
We also looked for corresponding genes whose promoters were highly methylated, and this list
(Table 3) included 5S rRNAs, an essential component of the 60s ribosomal complex (Ciganda &

Williams, 2011) and jumonji domain-containing protein 6 gene (jmjd6), encoding an enzyme

known for its function of hydroxylation and demethylation of histones and nucleic acids, as well
as RNA splicing. Similar to TET2, this enzyme is also dependent on ferrous iron (Fe?*)- and 2-

oxoglutarate (20G) to perform catalysis (Kwok, O’Shea, Hume, & Lengeling, 2017). A low dosage

of both of these genes would adversely affect protein translation through aberrant ribosome

assembly and defective mRNA splicing, respectively.
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Table 3: List of methylated promoters in tet2 mutant vs wild type meDIP.

Ensembl Gene ID Symbol
ENSARG00000001859 dbx1b
ENSDARG00000055558 pimr63
ENSDARG00000055558 pimr63
ENSDARG00000074639 CABZ01090749.1
ENSDARG00000075584 itfgl
ENSDARG00000075584 itfgl
ENSDARG00000075584 itfgl
ENSDARG00000088349 us
ENSDARG00000089244 us
ENSDARG00000089487 Ul
ENSDARG00000089699 Ul
ENSDARG00000090852 us
ENSDARG00000091732 us
ENSDARG00000093486 BX664716.1
ENSDARG00000093486 BX664716.1
ENSDARG00000093486 BX664716.1
ENSDARG00000093486 BX664716.1
ENSDARG00000093873 BX324213.1
ENSDARG00000093977 si:ch211-220f16.1
ENSDARG00000093977 si:ch211-220f16.1
ENSDARG00000093977 si:ch211-220f16.1
ENSDARG00000093977 si:ch211-220f16.1
ENSDARG00000094302 BX296552.1
ENSDARG00000095704 si:dkey-4¢15.13
ENSDARG00000095704 si:dkey-4¢15.13
ENSDARG00000095704 si:dkey-4¢15.13
ENSDARG00000095704 si:dkey-4¢15.13
ENSDARG00000096729 CR385078.3
ENSDARG00000096904 si:dkeyp-100a5.4
ENSDARG00000097694 CU137681.5
ENSDARG00000097945 CU137681.6
ENSDARG00000098692 Ul
ENSDARG00000099662 Ul
ENSDARG00000099818 5S_rRNA
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Ensembl Gene ID Symbol
ENSDARG00000100744 Ul
ENSDARG00000100880 5S5_rRNA
ENSDARG00000101416 Ul
ENSDARG00000102896 jmjdé
ENSDARG00000102896 jmjd6
ENSDARG00000103706 U1l
ENSDARG00000104060 Ul
ENSDARG00000107406 CU207269.6
ENSDARG00000107406 CU207269.6
ENSDARG00000107967 CU406963.1
ENSDARG00000108003 BX000463.3
ENSDARG00000108462 CU207269.8
ENSDARG00000108462 CU207269.8
ENSDARG00000108462 CU207269.8
ENSDARG00000108503 BX510309.6
ENSDARG00000108696 CABZ01073286.1

| also performed RNA-seq analysis of hematopoietic cells from the kidney marrow with the help
of Genewiz and followed it with pathway enrichment analysis. Pathway enrichment analysis of
the differentially expressed genes using ReactomePA showed upregulation of multiple DNA
repair pathways (Figure 17D), an indication of possible genotoxic stress. The downregulated
pathways include various amino-acid metabolic pathways (Figure 17E), downregulation of which

is part of the candidate gene signature seen in preleukemic states (L. Li et al., 2011).
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Figure 17: MeDIP/hMeDIP and RNAseq analysis of adult kidney marrow shows that tet2 loss
has an impact on hematopoietic differentiation-related genes.

(A) MeDIP and hMeDIP plots were plotted based on the frequency of methylation and

hydroxymethylation enrichment respectively. hMEDIP sequencing analysis shows a

decrease (positive peaks vs. negative peaks) in the hydroxymethylation profile of tet2
mutant larvae, which is restricted to the intergenic and promoter regions.
(B) Volcano plot of RNAseq analysis shows downregulation of key hematopoietic genes and
upregulation of TRIM family genes (labelled). The genes which are significantly regulated

are indicated with a blue dot (FDR>0.05).
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(C) The table lists motifs and enriched transcription factor (TF) from TF binding analysis of
hypermethylated sequences of tet2 deficient zebrafish kidney marrow cells.

(D) Pathway enrichment was performed from the list of upregulated genes (p-value cut-
off=0.05), showing enrichment of DNA damage repair pathways and pathways regulation
rRNA expression.

(E) Kegg pathway enrichment of downregulated genes (p-value cut-off=0.05) shows
enrichment of pathways involving amino acid metabolism and cell-to-cell adhesion.
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4.6 Negative regulation of 5s ribosomal RNA expression in tet2 mutants increases p53
Our results from methylation sequencing showed increased methylation of the 5srRNA promoter
in the tet2 mutant. When we analyzed the RNA-seq results from the kidney marrow and
performed pathway enrichment, we saw upregulation of pathways specific to negative
epigenetic regulation of rRNA genes (Figure 17D & Figure 19A). Previous literature suggests that
mice lacking 60s Ribosomal protein L29 (Rpl29) showed global growth defects; a finding in
keeping with the reduced size observed in tet2 mutant larvae (Figure 12D).

| was curious to know if tet2 zebrafish mutants develop ribosomopathy-like features seen
in various preleukemic conditions. One feature observed in ribosomopathies is the upregulation
of p53 at the protein level, due to blockade of MDM2 and the MDMX axis (Dror, 2002). Also,
previous literature suggests differential expression of rRNA is known to impact p53 expression,
so | wanted to see if p53 was differentially regulated in the tet2 mutants. | found increased p53
protein expression in tet2 mutants compared to wild-type controls (Figure 19 B&C). | next wanted
to see if this increase in p53 correlated to an increase in p53-dependent transcripts like p21
(cdknla) and bax. However, paradoxically, levels of p21 and bax gene expression were lower in
tet2 mutant larvae compared to wild type following treatment with gamma irradiation (Figure 19

D).
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Figure 19: Absence of tet2 leads to upregulation of genes involved in transcriptional repression
of rRNA that may contribute to increased p53 levels.

(A) Volcano plot of RNAseq analysis. Genes indicated with blue dots are genes that contribute

to the negative regulation and epigenetic repression of rRNA transcription as found in Fig.

16D.

(B) Immunoblotting shows increased levels of p53 in 24-hour post-fertilization (hpf) embryos

that lack tet2 compared to age-matched wild-type embryos.

(C) Quantification of immunoblot relative to beta-actin shows a trend towards increased p53

expression in embryos that lack tet2 (p=0.16).

(D) Lack of tet2 leads to no change in p21 and bax levels in uninduced conditions, but unlike

in wild-type embryos, p21 and bax levels in tet2 deficient larvae (54 hpf) decrease in

response to gamma irradiation.
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4.7 Emergency granulopoiesis leads to increased immature granulocytes in tet2 mutants
Previously studies with p21 knock-out mice showed that p21 absence is associated with higher

levels of inflammation and neutrophil proliferation during infection (Martin et al., 2016).

Therefore, given the lower levels of p21 expression observed upon induction of genotoxic stress,
| next asked if the induction of emergency granulopoiesis would lead to a proliferation of
immature granulocytes. First, | directly induced emergency granulopoiesis by microinjection of
zebrafish granulocyte colony stimulating factor (gcsf; c¢sf3) mRNA into one-cell stage zebrafish
embryos and looked for cells positive for cebp1. cebp1 is a zebrafish homologue of CEBP1-epsilon
(CEBP1g) expressed in humans, which marks proliferating granulocytes and progenitors (Figure
20A). | detected an almost 2-fold increase in cebp1+ cells in the tet2 mutant larvae injected with
gcsf mRNA compared to similarly treated wild-type larvae (Figure 20B & 20C). Next, | repeated
this experiment using PAM3CSK4 (PAM), a Toll like receptor 2 (TLR2) agonist that closely mimics
bacterial infection and induces expression of proinflammatory cytokines similar to bacterial
response. PAM was injected into the circulation of 48 hpf larvae, and at two days-post-injection
(2dpi) 1 again observed a 1.7-fold increase in cebp1+ cells in the tet2 mutant larvae injected with

PAM compared to wild-type controls (Figure 20D & 20E).

114



A B
3k
3 [t
CEBP1 =
=
=]
Myeloblast Promyelocyte  Myelocyte Metamyelocyte  Neutrophil cebp1 tet2 wi/wt, 48 hpf||cebp1 tet2 -/-, 48 hpf
N N
()
o) )

gesf mRNA
1I
]

tet2 wt/wt, 48 hpf||\cebp1 tet2 -/, 48 hpf

C uninjected gosf mRNA D E PAM
ns p<0.01 p<0.01
| — | 1
. I I
. 404 L1
Q9 604
5 :
5 . : 8 s
Pl .|, & 30
)
2 -y a
240 . £
3 | s . - | 2 [Tk
* . ot* » ¥ 204
a e oo =3
2.0 . ) 3 ] % ﬁ =
8 ° " H - 8
- * .
‘! . 104
d'r ol ® *ter °
. 0 - °
01 T T T T ——
tet2 wiiwt tet2 -/- tet2 wiwt tet2-/- tet2 wtiwt  tet2-/-

Figure 20: Stress-induced granulopoiesis leads to an increase in immature cells in tet2 deficient
larvae.

(A) Graphical representation showing normal granulopoiesis and the time-point of
CCAAT/enhancer-binding protein 1 (cebp1) expression during the process.

(B) Representative 48-hour post-fertilization (hpf) whole-mount in situ hybridization images
of wild-type and tet2 deficient embryos injected with zebrafish gcsf mRNA at the single-
cell stage. The images show an increase in cebpl+ cells in tet2 deficient embryos in
comparison to wild type gcsf injected larvae.

(C) Quantification of cebpl+ cells in wild-type and tet2 deficient embryos shows no
difference in the uninjected condition, but upon gcsf induction, tet2 lacking embryos
exhibit a ~2-fold increase in cebpl+ cell numbers compared to wild-type larvae (p<0.01).

(D) Representative whole-mount in situ hybridization images of wild-type and tet2 deficient
embryos injected with PAM3CSK4 (PAM), a TLR2 agonist at 48 hpf. The images show an
increase in cebp1+ cells in PAM injected embryos lacking tet2 in comparison to wild-type
injected embryos. (E) Quantification of cebpl+ cells in wild-type and tet2 deficient
embryos show a 1.7-fold increase in cebpl+ cell numbers compared to wild-type cells
(p<0.01).
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4.8 Exposure of TET2 mutant cells to cytokines increase proliferation during differentiation
| then asked if emergency hematopoiesis induction specific to other hematopoietic lineages
would result in similar findings and if this would be true in a human context. |
immunomagnetically enriched hematopoietic stem and progenitor cells (HSPCs) derived from
human umbilical cord blood cells and targeted TET2 using hit and run CRISPR methodology
(Figure 21A). | used a sgRNA targeting the human TET2 gene for this experiment, and cells
targeted only with HiFi Cas9 was used as control. Four days following gene editing, a sample was
collected for amplicon sequencing, and the HSPCs were allowed to differentiate into erythroid
cells in a serum-free composition containing recombinant interleukin 3 (IL3), stem cell factor
(SCF), and erythropoietin (EPO). EPO and IL3 are inducers of stress hematopoiesis (Vemula et al.,

2012;). L. Zhao & Baltimore, 2015). We collected another sample for amplicon sequencing at Day

14 of differentiation. Upon analyses of amplicon sequencing results across multiple samples, |
saw that the TET2 mutant cells that were initially less than 5% of the sample at Day O increased
to more than 50% at the end of Day 14 (Figure 21B). This result clearly shows that TET2 loss
confers growth and proliferative advantages to HSPCs. Flow cytometry analysis showed an
increase in CD45 dim, CD117+ and CD71+ cells (CFU-E) and proerythrocyte populations (Figure
22). The increase in proerythrocytes were almost 2-fold higher in the TET2 mutant cells compared
to mock-transfected controls when controlling for the number of live cells (Figure 21C). The
observed results are consistent with the results we observed in tet2 mutant zebrafish, where

there was an increase in cebp1+ proliferating myeloid cells.
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Figure 21: Differentiation induction under high cytokine conditions increases BFU-E and
proerythrocyte population in human HSPCs lacking TET2.

(A) Graphical overview of the experimental strategy.

(B) Amplicon sequencing of CRISPR mutated human cord-blood derived human stem and
progenitor cells (HSPCs) before differentiation and after differentiation suggests a clonal
advantage of tet2 mutant cells.

(C) Flow cytometry profile of tet2 mutant HSPCs at 14 days of differentiation from two
biological donors shows an increase in the proerythrocyte population compared to mock-
transfected cells.
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Figure 22: Flow cytometry analysis of human erythrocytes in erythroid expansion media
showed an increase in CFU-E and proerythroblasts.

A) Human erythroid culture was classified into 5 subsets based on CD71, CD117 and CD235a
expression.
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B) Frequency of each of the subset was obtained with respect to the frequency of live cells.
The frequency values are specified within the box plot.
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4.9 Discussion

Human aging leads to aberrations in hematopoiesis that include an age-associated bias to
produce more myeloid cells and an increased mutational load in the HSPC compartment,
providing a growth advantage to the mutated clone and leading to myeloid malignancies. Clonal
hematopoiesis is rare in younger individuals (less than 50 years of age), but an error-corrected
sequencing study revealed that 95% of healthy individuals between 50-60 years of age exhibited

clonal hematopoiesis (A. L. Young et al., 2016). A study involving whole-exome sequencing of

12,380 persons highlighted DNMT3A, TET2, ASXL1, PPM1D, and JAK2 as the most common

somatic mutations seen in individuals with clonal hematopoiesis (Genovese et al., 2014). A

mutation in TET2 leads to a variety of hematologic conditions, including MDS, myeloproliferative
neoplasms, mastocytosis, polycythemia vera, and leukemia involving multiple lineages. For
example, the presence of a TET2 mutation in polycythemia vera is associated with a poor

prognosis and increases the tendency to leukemic transformation (Lundberg et al., 2014).

Prior to the current zebrafish model presented here, there have been two other published

zebrafish tet2 mutants (Ge et al., 2014; Gjini et al., 2015a; Gjini et al., 2015b). One employed an

antisense oligonucleotide called a morpholino and the second was a zinc finger-induced loss-of-
function mutant. While the mutant model showed no embryonic phenotype, the tet2
“morphant” zebrafish embryos displayed pancytopenia, including a reduction in the number of
cells in the HSC compartment; a phenotype reminiscent of aplastic anemia. In contrast, we did
not see any decrease in the HSC compartment, but there was a decrease in progenitor and

mature cells across myeloid and erythroid lineages. My data was most consistent with the tet2
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morphant data but significantly varied from that of the previous mutant. This difference in
phenotype may be due to the location of mutation (N-terminal versus catalytic domain) or
genetic compensation. It has been previously shown in mice that Tet2 deficiency leads to a

delayed and restricted differentiation of HSCs (Ko et al., 2011). My data showing a decrease in

multi-lineage differentiation and no change at the HSC level corroborates the murine findings.
Hemoglobin staining showed that despite decreased gatal expression, which marks erythroid
progenitors and globin gene expression, there was no deficiency in hemoglobin, and furthermore

the mutants survive to adulthood.

When | analyzed the MEDIP-seq data, | saw an enrichment in domains specific to differentiation-
mediating factors like HOX. A domain search using InterPro and Pfam algorithms on the
downregulated RNAseq genes as input returned similar results. These data support the fact that

there is a differentiation block.

| also saw an increase in 5s rRNA promoter methylation and RNAseq showed subsequent
downregulation of 5s rRNA regulating genes. Usually, p53 is stabilized upon abrogation of
translational machinery through either the MDM2 or MDMX locus, and our results showed an
increase in p53 at the protein level in tet2 mutant larvae. Upregulation of p53 should lead to an
increase in p21 following induction, but | surprisingly noticed a decrease in p21 levels in tet2
mutant larvae compared to WT. When | performed TF enrichment from our RNAseq results | saw
an increased representation of histone methyltransferase, enhancer of zeste homolog 2 (EZH2).

EZH2 is a part of the polycomb repressor complex 2 (PRC2) and a known transcriptional repressor
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of tumor suppressor genes (Odd-ratio- 3.3). EZH2 activity is known to directly downregulate the

expression of p21in cancers (Ohuchi et al., 2018) through recruitment to the p21 promoter along

with H3K27me3. EZH2 is transcriptionally known to repress p21 (Xin et al., 2019). Recently, much

emphasis has been put on p21 dynamics and how that determines cell fate (Hsu, Altschuler, &

Wu, 2019). Both low and high levels of p21 leads to cellular apoptosis and cell cycle arrest, but

when p21 is expressed in an intermediate level it leads to a proliferative state. In this context,
the decrease in p21 expression observed here might push p21 levels into the so-called "p21
Goldilocks zone" leading to proliferation. Validation of this will require a much more complex

experimental set-up in a single cell level with time-lapse imaging and reporter system.

Taking into consideration the above evidence, we thought the block of differentiation seen in
tet2 mutants might represent a proactive effect taken by the cell to guard against genetic
perturbations. Activation of proinflammatory cytokine in TET2 loss will lead to a proliferative
phenotype; in this context, evidence from the literature suggest that most commonly occurring
CHIP mutations lead to coronary atherosclerotic plagues. TET2, in particular, is known to increase
the risk of coronary heart disease in an age-independent way. The hypercholesterolemic-mouse
model showed an increased size of aortic-plagues when transplanted with bone marrow from
Tet2 deficient mouse compared to the mouse that received bone marrow from WT controls;
further expression analysis of the Tet2 deficient macrophages revealed increased cytokines,

chemokines and receptors (Jaiswal et al., 2017). Low-density lipoprotein is toxic and contributes

to tissue damage leading to inflammatory response; the above study associated larger plaque

formation in the context of TET2 loss may be due to the induction of pro-inflammatory cytokine
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interleukin-1B. We saw an overexpression of TRIM family members in our RNAseq data. This
protein family is involved in the regulation of cytokine secretion and activation of immune
signaling. TRIM35 was upregulated in our dataset and it is known to negatively regulate

interferon signaling (Huang et al., 2017; Y. Wang et al., 2015). Thus, | hypothesized a cytokine

storm induced by a bacterial infection or other external stimuli could help overcome this impasse
pushing the cells towards a proliferation phenotype. With this in mind, | employed two
complementary approaches using either G-CSF or the TLR2 agonist, PAM, to mimic bacterial

infection. Both these approaches increased numbers of immature proliferating myeloblasts.

Acute erythroid leukemia or MDS with erythroid dysplasia has been reported in cases of

individuals with B-thalassemia (Ahlstedt, Wang, & Fang, 2017). B-thalassemia is a disease

characterized by ineffective erythropoiesis leading to decreased mature erythroid cells due to
increased erythroid-cell death and/or decreased red blood cell terminal differentiation. In these
patients, the body compensates for the lack of mature erythroid cells by overproducing EPO

(Ponnikorn et al., 2019), a scenario that is very similar to the trends | uncovered in granulocytosis

in the context of TET2 deficiency. Thus, | decided to test the capacity for emergency
erythropoiesis in human TET2 deficient blood cells. Like previous publications, | saw that the TET2
mutation provides human cells a clonal advantage as observed by the increased frequency of
TET2 mutant cells at a later time point. Similar to my observation during emergency

granulopoiesis, there was an increase in proliferating erythroid cells (proerythrocytes) observed.
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Overall, | have determined that initiation of emergency hematopoiesis may play a crucial role in
the transition of clonal hematopoiesis into MDS and subsequently into leukemia in the absence
of TET2. Currently, therapeutic options for MDS include the use of human growth factors,
differentiation-inducing agents, immunomodulators, and cytotoxic chemotherapy. Therapy using
human hematopoietic growth factors like G-CSF, GM-CSF, and EPO are used frequently in
hematological disorders, including various causes of neutropenia, refractory anemia, and low-
risk MDS. A prospective study suggested the use of hematopoietic growth factors in such cases
leads to better overall responses, event-free survival, and lower side-effects compared to other

therapeutic options (Golshayan et al., 2007). In my work, | show that an increase in inflammatory

cytokines in the context of TET2 deficiency may actually lead to disease progression. Others have
shown that a Tet2 deficiency in mice seems to increase microbial load, and a fraction of these

mice develop pre-leukemic myeloproliferation (Meisel et al., 2018).

Together, this work has revealed a conserved mechanism whereby loss of TET function results in
a hematopoietic differentiation block that following exposure to an emergency hematopoiesis
stimulant (growth factor, infection) results in immature myeloid cell proliferation, providing a

mechanistic basis for the selective progression to leukemia in a subset of TET2 mutant individuals.
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Chapter 5 — KIT D816V mutation leads to downstream signalling independent of KIT ligand
and receptor dimerization
5.1 Introduction
TET2 loss-of-function has a high statistical correlation for co-occurrence with the KIT D816V

mutation and the biological reason for this correlation is currently unknown (Nangalia et al.,

2013). As suggested in the Chapter 1, KIT D816V mutation is both seen as initiating and secondary

mutation. KIT signals downstream by phosphorylating downstream targets.

Protein phosphorylation and dephosphorylation are two post-translational modifications used
by biological systems to regulate complex processes like signal transduction. Phosphorylation and
dephosphorylation are effected by protein kinases and phosphatases, respectively. The process
is tightly controlled, and aberrations may lead to various disorders, including cancer. Receptor
tyrosine kinases are cell surface receptors capable of stimulating downstream signals through
phosphorylation, leading to proliferation during development and cancer progression. KIT
(CD117, SCFR, C-KIT) is a membrane-bound type Il tyrosine kinase receptor and is activated by

binding of bivalent stem cell factor (SCF, Steel Factor) extracellularly (Lemmon, Pinchasi, Zhou,

Lax, & Schlessinger, 1997; Philo et al., 1996). KIT activation involves a ligand-driven dimerization

step, followed by intermolecular tyrosine auto-phosphorylation. This process leads to the
relaxation of the juxtamembrane domain, facilitating the binding of other cytoplasmic protein
tyrosine kinases (PTK) and activating downstream signalling through phosphorylation of
cytoplasmic PTKs. The phenotypic cellular consequence following the activation of this signalling

pathway is the promotion of proliferation, migration and survival (Linnekin, 1999). A molecular
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event resulting from activation is that the receptor is internalized and ubiquitinated leading to

lysosomal degradation and receptor recycling (Broudy et al., 1999; Gommerman, Rottapel, &

Berger, 1997; Jahn et al., 2002).

D1
|
D2 Ligand Binding domain
|
D3
|
D4
|
D5

Dimerization domain

JM domain

TK domain 1 Imatinib binding

» D816V
TK domain 2 | Imatinib binding

Figure 23: Summary of biochemical domains of KIT receptor

A graphical overview of KIT receptor highlighting various domains and mutational hotspot.
Imatinib binds only to inactive confirmation of KIT receptor and does not bind to the D816V
mutant. JM: Juxtamembrane; TK: Tyrosine kinase.
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The KIT protein contains various domains, an extracellular domain (ectodomain) that
consists of five Ig-like domains (D1-D5), transmembrane and juxtamembrane (JM) domains, and
two intracellular kinase domains. The D1, D2 and D3 components of the ectodomain are
important for KIT ligand binding, while D4 and D5 interact with D4 and D5 of another KIT molecule

during SCF binding-mediated homodimerization (Yuzawa et al., 2007) (Figure 23). The D4 and D5

domains were recently targeted using a monoclonal antibody that inhibit KIT dimerization and

thereby, activation (Reshetnyak et al., 2013). The juxtamembrane (JM) domain has the potential

to maintain KIT in an inactive conformation by functioning as an auto-inhibitory loop (Mol et al.

2004). This process is overcome by trans-phosphorylation of several amino acid residues that
stabilize an active conformation or by gain-of-function mutations in the JM or kinase domains.
Mutations of the JM domain are implicated in gastrointestinal cancers and effectively targeted

with tyrosine kinase inhibitors (de SILVA & Reid, 2003; DeMatteo, 2002). The kinase domain of

KIT is unique compared to other tyrosine kinases, as it contains an 80 amino acid insert,

effectively splitting the kinase domain into two.

Copy number aberrations and gain-of-function mutations of the KIT receptor are

implicated in various malignancies and haematological disorders like AML (Care et al., 2003; Ikeda

et al., 1991), mast cell leukemia (Beghini, Larizza, Cairoli, & Morra, 1998), mastocytosis (Bodemer

et al., 2010; Garcia-Montero et al., 2006; Longley et al., 1999) and sinonasal T-cell lymphomas

(Longley, Reguera, & Ma, 2001). The aspartate to valine substitution occurring in codon 816 of

KIT is the most frequent KIT mutation detected in patients with a condition characterized by

hyperproliferation of mast cell called as systemic mastocytosis and is also reported in patients
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with gastrointestinal stromal tumours (GISTs) and germ cell tumours (Valent et al., 2007). The KIT

D816V mutation is found in approximately 90% of patients with systemic mastocytosis (Garcia-

Montero et al., 2006). Tyrosine kinase inhibitors can bind to KIT only in an inactive conformation

(Mol et al., 2004a; Mol et al., 2004b). KIT-related disorders are treated using tyrosine kinase
inhibitors, which are usually effective against KIT mutants in JM domain, but tyrosine kinase

domain mutants are usually resistant to most of these inhibitors (Ma et al., 2002). A tyrosine

kinase mutated KIT protein usually exists only in an active conformation, explaining the
mechanism behind resistance to tyrosine kinase inhibitors like imatinib and sunitinib that bind

only to the inactive conformation (Schindler et al., 2000). By contrast, dasatinib, a tyrosine kinase

inhibitor targeting the active conformation, is effective against KIT kinase domain mutants (Shah
et al., 2006).

KIT D816V is ligand-independent and constitutively phosphorylate to activate
downstream signalling. Unlike wild-type KIT, KIT D816V exhibits intracellular localization and is

localized primarily within the Golgi apparatus (Xiang, Kreisel, Cain, Colson, & Tomasson, 2007). It

is generally thought that KIT D816V undergoes dimerization similar to KIT WT, but to date, this
mechanism has not been sufficiently examined experimentally. One study, employing the
membrane-impermeable chemical cross-linker BS3, concluded that KIT D816V does not dimerize

(Kitayama et al., 1995). Subsequent commentaries attributed this finding to the intracellular

nature of mutant KIT and maintained that KIT D816V would still dimerize intracellularly

(Lennartsson & Ronnstrand, 2012). A computational analysis predicted that KIT D816V differed

in dimerization properties from its WT counterpart and proposed that the kinase domain mutant

undergoes intracellular dimerization (Laine, de Beauchéne, Perahia, Auclair, & Tchertanov, 2011).
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| was interested in determining the importance of KIT D816V dimerization in the pursuit
of developing inhibitors of this process as a novel therapeutic strategy in malignancies harbouring
this mutation and resistant to most tyrosine kinase inhibitors. Here, | provide direct evidence
from cell biological and biochemical assays that definitively reveal that KIT D816V does not form
homodimers irrespective of the presence of SCF. While this finding eliminates inhibiting
dimerization as a worthy treatment modality, it has helped resolve the discrepancy in the
literature regarding the conformational function KIT D816V. In addition, | have identified ways
the mutant KIT activates downstream signalling, providing new insights into molecular targets

for KIT mutant diseases.

5.2 Mutant KIT does not dimerize
Previous literature has established that the D4-D5 domain is crucial for dimerization in KIT WT

(Yuzawa et al., 2007), but these publications predict that KIT D816V undergoes intracellular

dimerization without the aid of the extracellular D4-D5 domain (Laine, de Beauchéne, et al.,

2011). To verify this, | designed a mammalian two-hybrid assay, where | cloned in the intracellular
domains of KIT WT, KIT D816V and a deletion mutant that lacks the mutational hotspot region
(A816-822), similar to that which was previously reported to make platelet-derived Growth
Factor Receptor a (PDGFRa A845-848) constitutively active. PDGFRa-related GIST (Heinrich et al.,
2003) is similar to the KIT D816V mutation in that this mutation was also reported to be

insensitive to imatinib (Corless et al., 2005). The results of the mammalian two-hybrid assay

(Figure 24) suggest that none of the KIT intracellular domains constitutively dimerize, a
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conclusion that contradicts previous bioinformatics-based assumptions that suggested that the

intracellular domains of the mutant may lead to constitutive dimerization and activation.

150+

1004

50 -

pACT WT WT WT D816V D816V D816V A816-22 AB16-22  AB16-22 Empty MyoD

Fold Change

pBIND WT D816V A816-22 WT D816V AB16-22 WT D816V A816-22 Empty ID

Figure 24: Mammalian 2 hybrid shows no signs of dimerization independent of the extracellular

domain.

Plasmids pACT and pBIND containing wild type and the mutant version of the KIT receptor as
tabulated were transfected. MyoD and ID were used as control. A fold-change of 30 was

considered as a cut-off for dimerization.
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5.3 KIT D816V does not have to dimerize to be constitutively activated

After concluding that KIT D816V did not undergo intracellular dimerization from the mammalian
two-hybrid assay, | thought it would be important to evaluate the dimerization potential of KIT
D816V using a full-length KIT protein because at least in wild-type condition we know that the
extracellular domain plays an important role in dimerization. For this experiment, | performed a
BiFC assay using the iSplit BiFC constructs, wherein the iRFP713 protein is split into two domains
namely PAS and GAFm and are fused with full-length KIT WT or D816V mutant. These constructs
were each stably transduced into an SC macrophage cell line. Samples were subjected to flow
cytometry analysis and baseline was established by gating on live cells and the change in iRFP713
fluorescence was measured. While KIT WT underwent dimerization following exposure to SCF,
KIT D816V did not undergo constitutive or SCF-induced dimerization (Figure 25A). As KIT D816V
undergoes rapid degradation and recycling through ubiquitination and endocytosis, | performed
the same experiment in the presence of MG132, a ubiquitination inhibitor, and observed similar
results (Figure 25B). Together, these studies provide evidence that KIT D816V does not undergo
constitutive dimerization even in the presence of SCF. This latter finding is consistent with the

intracellular localization of the mutated receptor, making it inaccessible to its cognate ligand.
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Figure 25: Bimolecular fluorescence complementation shows that KIT D816V does not dimerize
Human 293T cells were co-transfected with a plasmid containing wild-type and D816V mutant
KIT receptor. The cells were maintained in serum depleted media and treated with KIT ligand,
SCF, overnight. The cells were maintained in two conditions: A) serum depleted media and B)
serum depleted media and proteasomal degradation blocker, MG132.
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5.4 KITD816V leads to decrease in alpha-helical propensity in the neighbouring polypeptide
chain
Previously it was found that EGFR constitutive dimerization was due to a decrease in stability

conferred by the mutation in the region surrounding the mutation (Shan et al., 2012). Therefore,

| next asked if KIT D816V structurally changes the stability of the local region surrounding the
mutation. In collaboration with the Rainey lab, | mapped the Far Ultraviolet Circular Dichroism
spectra of three 30AA synthetic peptides (KIT WT, KITD816V and KIT A816-822) the peptide
include the 816th amino acid along with neighbouring amino acid moieties. My initial analysis
with sodium phosphate buffer at 37C did show a disordered structure (Figure 24A). Since this
particular region contains several long-range interactions with a distant region of the protein, |
repeated this experiment in the presence of 1,1,3,3,3-hexafluoro-2-proponal (HFIP), an efficient
hydrogen-bond donor that helps stimulate some of this long-range interaction. In HFIP solution,
KIT WT showed an increased propensity to form a stable-alpha helix compared to the two
mutants (Figure 26B). Even though this is preliminary data and would require sophisticated
techniques like Nuclear magnetic resonance (NMR) to evaluate, this finding suggested that

structural changes might contribute to the constitutive dimerization of ligand-bound WT KIT.
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Figure 26: KIT D816V reduces the stability of the polypeptide surrounding the mutational

hotspot.

(A) Circular dichroism spectropolarimetry of peptides around the mutational hotspot from
wild-type, D816V and A816-822 was performed in a sodium-phosphate buffer at 37°C.
(B) Circular dichroism spectropolarimetry of peptides around the mutational hotspot from

KIT wild-type, D816V and A816-822 were performed in 1,1,3,3,3-hexafluoro-2-proponal
at 37°C.
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5.5 Kinase specific enrichment analysis of phosphoproteome data reveals increased MAPK
and mTOR signalling in KIT D816V

Since there were stability-related changes identified in KIT D816V, | hypothesized that KIT D816V
would have different binding partners compared to WT, and thus could activate novel pathways
that could potentially be targeted therapeutically. In order to identify novel pathways and due to
the fact that KIT signals through phosphorylation, | focused on a phosphoproteome-based
approach and compared the phosphorylation pattern between cells containing uninduced KIT,
KIT induced with SCF and KIT D816V. | found a total of 1273 mono- and poly-phosphorylated
residues from the analysis. In order to find if the activity of a particular kinase was highly
regulated, | performed a kinase enrichment analysis. | found differential kinase enrichment
patterns between the three groups (Figure 27A). Even though SCF induced KIT and KIT D816V
phosphorylated similar residues, the intensity of phosphorylation was higher in KIT D816V,
specifically, there was an increase in ERK (MAPK) signalling and mTOR signalling in the mutant
compared to SCF induced KIT WT (Figure 27B). Kinase enrichment analysis also showed that KIT
D816V tends to enhance cell cycle progression through specific cyclin-dependent kinases (CDK1

and CDK7) in contrast to the activated WT KIT (CDK2 and CDK4) (Figure 25B).
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Figure 27: KITD816V increases the level of mTOR and MAPK signaling

A) Volcano plot of phosphoproteome data comparing KIT D816V to KIT WT.
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5.6 KIT D816V increases RPS6 mediated protein translation initiation

| further examined the specific actions of KIT D816V. As observed above, | noticed a specific

upregulation of mTOR signalling. Specifically, the critical component of mTOR, RAPTOR, whose

phosphorylation activates mTORC1 was differentially phosphorylated at $722, S863 and T865

(Figure 28). | further investigated if this change perturbed downstream signalling. | observed

phosphorylation activity of both the RPS6 kinases (RPS6KA1 and RPS6KB1) in the KIT D816V

sample compared to only RPS6B1 in KIT WT induced with SCF (Figure 27B). Further, components
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of the translation initiation complex, EIF3B, EIF3CL and EIF5B were only phosphorylated with the
presence of KIT D816V. Pathway enrichment for upregulated genes from total proteome analysis
complemented these results, suggesting an increase in downstream signalling related to the
eukaryotic translation initiation, ribosomal scanning and start codon recognition (Figure 29A). In
particular, components of the ribosome assembly complex, including RPL19, RPL23, RPL24 and

RPL30 were upregulated significantly in KIT D816V in comparison to induced KIT WT.
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Figure 28: Schematic of KIT D816V induced protein translation initiation
Graphical representation of the molecular mechanism of KIT D816V derived from a combination

of phosphoproteome, total proteome and Kinase Specific Enrichment Assay data. Briefly,
constitutively active KIT D816V phosphorylates mTOR1 and activates RPS6KA1 and B2, and blocks
4EBP1 to aid cap-dependent translation.
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Regulated proteins from total protein analysis was used for pathway enrichment analysis A)
upregulated genes and B) down-regulated genes.
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5.7 KIT D816V blocks the pathway leading to cell cycle arrest and apoptosis through multiple
mechanisms

In KIT WT induced with SCF, an active AKT1 maintains phosphorylation of GSK3, leading to cell
cycle arrest; this event counters the activation of cyclin dependent kinases (CDKs) in the WT
context. However, | observed that AKT1 phosphorylation of GSK3B (phospho S9) was reduced as
observed by the increased kinase activity of GSK3B through KSEA in the KIT D816V mutant.
Further, GSK3A also exhibited an elevated level of Y279 phosphorylation, resulting in maximal

phosphotransferase activity and nuclear localization of GSK3A (Hughes, Nikolakaki, Plyte, Totty,

& Woodgett, 1993), highlighting the elevated signalling activity of GSK3 compared to induced KIT

WT. KSEA also showed a decrease in ATR and CHEK1 kinase activity, specifically in KIT D816V
(Figure 27B). ATR responds to DNA damage signalling in a CHEK1-dependant manner, causing

apoptosis and cell cycle arrest (Flynn & Zou, 2011). Downregulation of this pathway also suggests

that KIT D816V+ cells evade apoptosis in an ATR-CHEK1 dependent manner.

5.8 Discussion
KIT D816V is a common genomic perturbation seen in mastocytosis. This mutation is also seen in

AML and Mast cell leukemia (Care et al., 2003; lkeda et al., 1991). The KIT D816V mutation

sometimes plays the role of an initiation mutation and can acquire other mutations like the TET2
loss-of-function to evolve into leukemia. There is enormous information available about the

activity of KIT D816V mutation in a biochemical and biophysical context.
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First, we know that KIT D816V confers biological activity of the receptor in a ligand-independent
manner and that KIT D816V also has intracellular localization. However, previous experimental
and molecular dynamic (MD) stimulations experiments have yielded questionable results

regarding KIT D816V receptor dimerization (Laine, Chauvot de Beauchéne, Perahia, Auclair, &

Tchertanov, 2011). My results through two independent approaches have confirmed that KIT

D816V indeed is constitutively active independent of dimerization. Pioneering work has
previously highlighted a global structural change post-ligand binding and shift to an active

conformation (Yuzawa et al., 2007). KIT D816V always remains in an active conformation

(Schindler et al., 2000). I investigated and confirmed that amino acids around the site of mutation

referred to as “mutational hotspot” show a decrease in stability and may result in increased

capacity to accommodate promiscuous binding of partner proteins without need to dimerize.

A phosphoproteome approach was employed to see if this stability change results in an aberrant
signalling pattern, but it did not result in any different signalling events. However, my
observations strongly suggest that the intensity of signalling is increased by multiple fold in the
KIT D816V mutation. Notably, | found changes in mitogen signalling and apoptosis-related
signalling events, suggesting that the KIT D816V mutation confers a proliferative and survival

advantage compared to the ligand stimulated condition.

Total proteome analysis also revealed that KIT D816V down-regulates the DNA packing complex
and upregulates the spliceosome complex through an unknown mechanism. This data suggests

that mitogenic activation of KIT D816V occurs at diverse levels, including epigenetic,

141



transcriptional, translational and post-translational. Activation of the ubiquitous mTOR pathway
helps in survival mechanism by evading apoptosis and also creates in a proliferative state,
similarly MAPK pathway also leads to proliferative effect. The use of rapamycin and its analogues
that targets mTOR will thus be a potential therapeutic option that can help in reducing the

survival advantage of this cell.
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Chapter 6: Discussion
Preleukemia is a term given to multiple complex disorders that arise before leukemic progression.
Some preleukemic conditions contains bona fide leukemic progression capability like the
genomic instability inherent in Fanconi anemia that will lead to leukemic progression in nearly all

individuals (Shimamura & Alter, 2010). However, in scenarios where not all individuals progress

to develop complete leukemia, therapeutics and even preventative methods can be

implemented if the mechanism of progression is known.

Currently, modelling of preleukemic genetic perturbations is in its infancy. Mouse xenografts, the
gold standard of the leukemic xenograft assays, have only recently been modified to support the

survival of preleukemic cells (Song et al., 2019). The mouse xenograft platform lacks the ability

to perform high throughput drug and biomarker screening workflows. Preleukemic samples
derived from patients have fewer initiating cells compared to leukemia samples, and therefore
the success rate in these experiments is low. In genetic models, the process of generating the
precise mutant is quite laborious, and most of the mutants do exhibit an exaggerated phenotype

or conversely present with a form fruste due to germline mutation compensation.

Secondly, some of these preleukemic conditions do have pan-hematopoietic system effects and
can lead to the leukemia of diverse hematological lineages, which can depend on the time point

of the initiating mutation and the permissive microenvironment (Rowe et al., 2019). All this

makes the system very complex involving multiple lineages of cells along with a complex cell-cell

communication network.
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Figure 30: Graphical Overview of the thesis

A. An overview of the human cytokine expressing transgenic xenograft model discussed in
Chapter 3.

B. An overview of the TET2 model discussed in Chapter 4.

C. An overview of the KIT D816V model discussed in Chapter 5.
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Through this thesis, | have made attempts to address this problem. In Chapter 3 (Figure 30 A), |
created a transgenic humanized zebrafish model taking lessons from the current trends in mouse
xenograft models. The human cytokine expressing zebrafish model that | developed did show
improved engraftment of hematopoietic stem cells, the most primitive blood cells. Patient-
derived leukemia xenografts in this model showed an increase in retention of multiple clonal
populations. The humanized zebrafish model actually outperformed the mouse xenograft data

on clonal retention (Klco et al., 2014); though a head-to-head comparison of these two models

with the sample biological sample will be more informative about the robustness of the current

model that | developed.

In Chapter 4 (Figure 30 B), | created a tet2-loss-of-function zebrafish model in order to mimic a
preleukemic genetic aberrancy that increases the probability of progression to leukemia or
atherosclerosis. Many individuals with this mutation remain healthy throughout their life (A. L.

Young et al., 2016), which might be partly due to the age at which the mutation occurs (chances

of an individual acquiring TET2 mutation below 50 years of age is small). TET2-related leukemia
is one example where an individual harboring that mutation can develop leukemia of different

lineages and also other complications like atherosclerosis (Jaiswal & Libby, 2019). When [ initially

phenotyped the tet2 mutant, | found a very restrictive environment in the fish characterized by
reduced blood cells of multiple lineages as well as stunted growth. For the very first time, | carried
out both methylation and hypermethylation and RNAseq from blood cells extracted from the
kidney marrow of these zebrafish. The extensive dataset generated from this analysis showed a

very restrictive process in the organism. This led me to hypothesize and successfully elucidate
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that emergency hematopoiesis initiation leads to a proliferative advantage. Interestingly, these
results also show why a patient with a TET2 mutation has increased risk of atherosclerosis; higher
levels of low-density lipoproteins are inflammatory as they damage tissues leading to secretion

of pro-inflammatory cytokines (Maiolino et al., 2013). The inflammatory cytokines increase

granulocytic differentiation leading to atherosclerotic plaques. In a tet2 deficient condition, the
presence of pro-inflammatory cytokines provides these cells with a proliferative advantage and

thus clinically TET2 mutant patients can develop a sizeable atherosclerotic plaque.

To further understand a complex biological system like that involving TET2, | should use
sophisticated technology that can generate high throughput data at a single cell level. A single-
cell RNAseq experiment would improve our understanding of my tet2 mutant, particularly since
we have somewhat limited understanding of the intermediate cell types generated during
hematopoietic differentiation. There has been some evidence from my RNAseq data analysis that
lack of tet2, at least at the germline level, will suppress NF-kB. This is indirect evidence from
transcription factor analysis data, however, and will need to be complemented with ATAC-Seq or
additional functional experimental verification. My findings using the tet2 mutant also has
therapeutic implications. Currently patients with low-risk MDS receive treatment with
recombinant human growth factors like GCSF, erythropoietin and thrombopoietin, and a subset
of low-risk MDS patients respond to this therapy. My experiments clearly show that human
growth factor treatment given to patients whose leukemia harbours a TET2 mutation could be
detrimental and could also increase the risk of atherosclerosis, one potential therapeutic option

would be to use lenalidomide on patients with TET2 loss-of-function. Lenalidomide is an anti-
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proliferative drug, currently approved both by FDA & Health Canada for treatment of adult MDS
with 5g- even though there is no data available about the TET2 status of the treated patients.
The mechanism of lenalidomide to reduce proinflammatory signaling by suppressing tumor
necrosis factor and interferon signaling could represent a potential option currently available for

patients with TET2 mutation (Kotla et al., 2009).

Finally, in chapter 5 (Figure 30 C), | studied another preleukemic lesion (KIT D816V) commonly
seen in mastocytosis and which increasingly has been found to co-occur with the TET2 mutation.
KIT D816V has been studied for a long time, but there has been some questionable interpretation
regarding dimerization of the KIT D816V mutant that has led to certain conclusions in the field.
During the start of my thesis, BLU 285, the potent selective KIT D816V inhibitor was not available

(DeAngelo et al.,, 2017), and we envisioned that understanding this mechanism will lead to

improvement of clinically available KIT inhibitors. | found that KIT D816V does not constitutively
dimerize but can activate downstream signalling independent of a dimerization event. Analyzing
downstream pathways using a home-built phosphoproteome workflow led to the understanding
that KIT D816V is potent to increase the strength of KIT signalling compared to ligand activation;
the increase in phosphorylation lead to downstream signalling activation resulting in a
proliferative and survival advantage. Further, for the first time, | discovered the involvement of
KIT D816V in epigenetic signalling through downregulation of multiple histones that are involved
in histone packing thus leading to an open histone conformation through an unknown

mechanism.
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Figure 31: Model of Preleukemia to Leukemia transformation
Preleukemia begins when a clone acquires an initiating genomic lesion and continues to evolve

with time. The clone with the genomic perturbations is aided by a permissive microenvironment
that occurs either due to developmental states or other external factors like an infection. This
permissive microenvironment helps in leukemic progression. MDS: Myelodysplastic Syndrome;
MPN: Myeloproliferative Neoplasm.

Together, my current work is a significant step towards the understanding of preleukemia (Figure
31). Secondary mutations are recognized contributors to leukemic progression, though the
influence of the surrounding leukemic niche in aiding in the acquisition of these secondary
mutations and survival of the clone harboring initiating mutation, is less appreciated. This work,
in particular, elucidates the niche or microenvironmental contribution to leukemic progression.

Recently, leukemic mutations have been discovered in leukemic bone marrow mesenchymal

stem cells. underlining the importance of the microenvironment (Blau et al., 2011). A consortium

wide effort to screen cells from the bone marrow microenvironment for mutations and gene
expression will provide further enlightenment on the contribution of microenvironment on

disease development, progression and relapse.

148



Limitations
Modelling human diseases in another model is far from ideal, but this prototype provides useful
information that can be used to improve health condition and treat diseases. The models that

have been investigated have certain limitations, and they are as follows:

The zebrafish expressing human cytokines is an improvement to the models available in the
zebrafish xenotransplantation research. However, this model is still in its infancy. Despite,
rigorous experimental strategies, we were still not able to reproducibly rescue the human cells
transplanted into the zebrafish using flow cytometry because of antibody cross-reactivity. The
expression of GM-CSF and SCF under a tetracycline-inducible promoter is advantageous
compared to expressing them under a strong ubiquitous promoter, but a knock-in zebrafish will

provide much more robust experimentation.

The tet2 loss-of-function model also provides a very detailed insight into how the tet2 mutation
helps in leukemic progression. However, some of the results might be exaggerated or
understated because the current mutant has a germline mutation, but the patients only have a

somatic mutation.

The major drawback of the KIT model is the fact that it is a cell line model. The BiFC assay
currently was done using a transfection protocol and under a powerful promoter; this makes the
assay at least in the case of wild-type less dependable. A knock-in assay or transduction protocol

with one integration and a less powerful promoter like elongation factor 1a (efla) could
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potentially help to overcome this deficiency. The phosphorylation signals are highly time-
dependent, and a time-course experiment will throw more light into nuances of KIT D816V
signalling; the home-build phosphoproteome approach even though robust is less amenable to

high-throughput experiments and also expensive to perform a time-course experiment.
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