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Abstract

Haematopoiesis is a highly regulated process governed by a complex network
of transcription factors and signalling molecules. HOXA genes are master
regulators of embryonic development and haematopoiesis. In normal
haematopoiesis, expression of HOXA is high in haematopoietic stem and
progenitor cells (HSPCs) and decreases upon differentiation and maturation.
Aberrant expression of the HOXA cluster, particularly HOXA9, is associated

with malignant haematopoiesis.

To enable routine and efficient production of iPSC-derived HSPCs, two
haematopoietic differentiation systems mimicking the stages of haematopoietic
development and specification in vivo were tested. The monolayer-based
differentiation was improved using a single-cell derived approach. Embryoid
body (EB) differentiation was found to be more efficient and reproducible. Cells
were characterised at key stages of the process by flow cytometry, gRT-PCR
and methylcellulose colony assays. To monitor HOXA9 expression, an
endogenous HOXA9-mScarlet reporter (eA9™) iPSC line was generated using
CRISPR/Cas9 system and validated by Sanger sequencing. The functionality of
eA9™ was assessed using EB differentiation and confocal microscopy.
Fluctuations in HOXA9 expression were coincident with mScarlet-H expression,
particularly at early stages of the EB differentiation. Proof-of-principle studies
revealed that exposure of eA9™ iPSCs or EBs to oncogenic MLL::AF9 results in

deregulation of key haematopoietic genes, including HOXA genes.

In malignant haematopoiesis, MLL-rearranged leukaemias are a hallmark for
aggressive paediatric blood cancer. MLL fusion proteins, particularly MLL::AF9,
contribute to disease pathogenesis through upregulation of transcription factors,
in particular HOXA9, which is associated with poor clinical outcome and a high
incidence of relapse. A HOXA! signature from a conditional transgenic mouse
model was used to identify and validate potential anti-HOXA FDA-approved
drugs. These drugs were found to possess variable anti-leukaemic properties in
vitro, as shown by RNA sequencing analysis which should be further

investigated. This highlights the importance of using advanced models for drug



discovery. Thus, eA9™ iPSCs can be used to generate isogenic models of

diseases involving dysregulated expression of HOXA9 such as leukaemia.
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Chapter 1 Introduction

1.1 Haematopoiesis

1.1.1 Embryonic haematopoietic development

Haematopoiesis is a tightly regulated multi-step process, giving rise to the
formation of peripheral blood. In adult humans, peripheral blood comprises of
approximately one ftrillion cells arising daily from the human bone marrow
(Doulatov et al., 2012). Haematopoiesis leads to the formation of mature
functional blood cells of all lineages by differentiation of haematopoietic stem
cells (HSCs). These self-renewing, multipotent HSCs were previously thought to
be a distinct, homogenous population at the top of a hierarchical tree-like model.
Here, the first branch point bifurcates into a strict separation of myeloid and
lymphoid lineages that progresses to unipotent progenitor cells and finally gives
rise to mature haematopoietic cells (Belyavsky et al., 2021; Laurenti and
Gottgens, 2018). Although the classical model provides better understanding for
the process of HSCs differentiation, it does not fully reveal the complexity of the
process. This is because it is mainly based on bulk cell analysis. Over the past
years, the classical model has been challenged and a more complex version
emerged, in part due to technologies such as single cell transcriptomics and
genetic mouse models (Laurenti and Goéttgens, 2018). Several studies have
shown that the haematopoietic differentiation is continuous, rather than a
discrete, step-wise process (reviewed in Cheng et al.,, 2020). The current
biological model indicates that the HSCs compartment is a molecularly and
functionally heterogenous continuum of low-primed undifferentiated HSPCs
undergoing several transient states of differentiation (Cheng et al.,, 2020).
Recently, more biological models for mammalian stem cell homeostasis are

being investigated (Nakamuta et al., 2022).

The process of haematopoietic development has been extensively studied in the
mouse, which closely recapitulates the human process (Frame et al., 2013).
During embryogenesis, haematopoiesis occurs in temporally and spatially distinct
waves, generating progenitors that vary in their haematopoietic potential
(reviewed in Belyavsky et al., 2021). An overview of the location of

haematopoietic sites and distinct timings is presented in Figure 1.1. Primitive

1



haematopoiesis, the first wave, occurs in the extra-embryonic yolk sac from
embryonic day 7 (E7.0) and 2-3 post-conception weeks (pcw) in mouse and
human embryos, respectively (Canu and Ruhrberg, 2021; Palis et al., 1999;
Ivanovs et al., 2017; Soares-da-Silva et al., 2021). It is marked by the emergence
of the first detectable haematopoietic progenitors, which have limited potential
and predominantly give rise to primitive erythrocytes (Palis and Yoder, 2001).
Definitive haematopoiesis comprises the second and third waves of
haematopoiesis, and gives rise to erythro-myeloid progenitors (EMPs) and HSCs,
respectively. The second wave is termed as pro-definitive and the third wave is
definitive haemaotpoiesis (Canu and Ruhrberg, 2021). In the mouse embryo, the
second wave takes place in the extra-embryonic yolk sac at E9.5, while the third
wave begins in the intra-embryonic embryo proper at E10.5 (Palis et al., 1999;
reviewed in Canu and Ruhrberg, 2021). In the same way, the second wave
occurs at 4-5 pcw in the yolk sac, followed by the third wave at 6-7 pcw in the
human embryo (Tavian et al., 2001; Baron et al., 2012; Canu and Ruhrberg,
2021).

Mouse developmental stage

E7 E8.5 E9.5

Corresponding human developmental stage
2-3 pcw 4-5 pcw 6-7 pcw

| pro-definitive > _
| definitive =

Figure 1.1 Haematopoietic development during embryogenesis.

Three developmental waves of haematopoiesis indicated as primitive, pro-
definitive and definitive. These waves are spatiotemporally overlapping,
producing distinct haematopoietic progenitors. The primitive and pro-definitive
wave occur in the yolk sac (YS), whereas definitive wave arises in the AGM.
Definitive wave produces HSCs from the haemogenic endothelium within the
dorsa aorta (DA). Haematopoietic progenitors from the pro-definitive and
definitive waves populate the foetal liver (FL), making it the main blood cell
production until around birth. Timing of the initiation of these waves in mouse and



human embryo is indicated. Figure modified from Canu and Ruhrberg, 2021,
using biorender.com

1.1.2 Waves of haematopoiesis

During haematopoietic development, a complex network of intrinsic factors and
environmental cues govern the continuous process of lineage-commitment
through the activation and repression of distinct signalling pathways (Belyavsky
et al., 2021). In the embryo, combined bone morphogenic protein 4 (BMP4),
fibroblast growth factor 2 (FGF2), Wnt and Nodal signalling regulates the first
critical wave of haematopoiesis (Canu and Ruhrberg, 2021). Ingression of the
primitive streak occurs next, as surface ectoderm cells undergo an epithelial-
mesenchymal transition and migrate to the yolk sac, forming mesodermal cells
(Conlon et al., 1994; Flamme et al., 1995; Winnier et al., 1995; Liu et al., 1999;
Canu and Ruhrberg, 2021). Within the blood islands of the yolk sac, kinase insert
domain receptor (KDR) and Brachury- expressing mesodermal progenitors, with
restricted potential, give rise to the first haematopoietic cells (foetal haemoglobin
expressing-erythroblasts, embryonic macrophages, and megakaryocytes) (Canu
and Ruhrberg, 2021; Ferkowicz and Yoder, 2005). This transient wave is
required for the continued rapid growth of the embryo as it functions to meet
tissue oxygen requirements for a brief period prior to the onset of blood circulation
from the definite wave (Frame et al., 2013).

The second wave of haematopoiesis generates EMPs from the haemogenic
endothelium (HE). This is a specialized population of endothelial cells present in
the blood island capillaries of the yolk sac (Canu and Ruhrberg, 2021). In mice,
EMPs seed the foetal liver after detaching from the blood island and entering the
bloodstream (Palis et al., 1999). These progenitors, not only express adult globin
proteins, but also have multilineage potential and can generate B and T lymphoid

progenitors (Boiers et al., 2013). However, definitive HSCs are not yet developed.

HSCs are functionally characterized by their ability to self-renew and reconstitute
the entire blood system following transplantation into immunodeficient mice
(Zovein et al., 2008). The first emergence of definitive adult-repopulating HSCs
are produced in the third and last wave of haematopoiesis (reviewed in Canu and
Ruhrberg, 2021). This takes place in the dorsal aorta of the aorta-gonad-
mesonephros (AGM) region and is regulated by several specific signalling events

that result in the formation of haematopoietic cells from endothelial cells of the
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HE (termed endothelial-to-haematopoietic transition; EHT) (Gao et al., 2018).
Notch, adenosine and Runx1 play important roles in EHT (North et al., 2002; Gori
et al. 2015; Jang et al., 2015; Jing et al., 2015; Lin et al., 2015; Canu and
Ruhrberg, 2021). RUNX1, upregulated by HE cells, coordinates the
transcriptional activation program driving EHT (North et al., 1999; Canu and
Ruhrberg, 2021). HSCs are temporarily produced in the AGM (Rybtsov et al.,
2016), before they leave the dorsal aorta after specification and migrate towards
the placenta and foetal liver where they proliferate transiently, before fully
colonizing the bone marrow, making it the most important haematopoietic organ
in adults (Gao et al., 2018). The first HSCs are detected at E10.5 and 4-5 pcw in
the mouse and human embryos, respectively (Canu and Ruhrberg, 2021). By
E18.5 and 10.5 pcw, in mouse and human embryos respectively, bone marrow

colonization is complete (Baron et al., 2012).

1.1.3 Haematopoietic differentiation of human iPSCs

The interest in the expansion and production of HSCs has increased, partly due
to potential application to cellular therapy of a large number of blood diseases
(namely blood cancers) and immune disorders. Building on the success in murine
studies, vast efforts have been made to mimic the distinct haematopoietic
signalling cascade occurring during human embryogenesis in vitro. Insights into
the mechanisms by which transcription factors and signalling molecules direct
haematopoietic commitment and differentiation have been provided through
lineage tracing and transplantation studies of in vitro models and the mouse
embryo. Despite murine haematopoiesis being similar to humans, there are key
physiological differences e.g. mice peripheral blood is highly enriched for
lymphocytes, whereas in humans neutrophils are enriched (Mestas and Hughes,
2004).

In haematology research, murine models are invaluable, but do not always fully
represent human pathophysiology. Thus, the use of human pluripotent stem cells
(PSCs), namely induced PSCs (iPSCs), and their ability to differentiate to various
cell types is an essential complement to research along with animal models of
disease. Using iPSC technology greatly reduces the translational issues
accompanying human embryonic stem cell (hESC)-based therapies. In the
clinical setting, utilisation of promising cell therapies is heavily hindered by

shortage of immunocompatible HSCs, poor HSC ex vivo expansion and
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heterogenous response to therapy (Lim et al., 2013; Takizawa et al., 2011;
Campos-Sanchez et al.,, 2019). Bona fide HSCs, arising during definitive
haematopoiesis, can generate multi lineage cells and have long-term
engraftment potential in vivo (Yoder, 2014). To generate de novo HSCs from
PSCs, lineage commitment is induced using a combination of transcription
factors (TFs) and signalling molecules in a controlled, defined manner (Kennedy
etal., 2012; Sturgeon et al., 2014; Ng et al., 2016; Sugimura et al., 2017; Ruiz et
al., 2019).

Established human PSC-derived haematopoietic differentiation protocols,
including co-culture feeder-dependent methods, conventional monolayer
cultivation or three-dimensional (3D) embryoid-body (EB) differentiation are
extremely variable in terms of efficiency and quality of HSPCs produced
(Alsayegh et al., 2019). Maintenance and retention of PSCs presents another
challenge in these approaches. Overall, these protocols encompass 3 main
stages of PSC differentiation: 1) mesoderm induction and patterning, 2) HE
formation, 3) EHT and HSCs specification (Lancrin et al., 2012; Tursky et al.,
2020; Ackermann et al., 2021). In brief, mesoderm specification and primitive
streak formation are directed by TGFj, Wnt and BMP signalling pathways. The
primitive wave depends on BMP4 which acts synergistically with Activin/Nodal
and Wnt (Sumi et al., 2008; Alsayegh et al., 2019; Zhang et al., 2008; Kennedy
et al., 2012). Suppression of primitive haematopoiesis during in vitro
differentiation is achieved by inhibition of Activin/Nodal and activation of Whnt,
which upregulates CDX genes (Sturgeon et al., 2014; Kennedy et al., 2012). In
vitro, the precise timing of this regulation affects the generation and quality of
HSPCs produced (Ng et al., 2016). This is achieved using a combination of the
key molecules SB431542 (Activin/Nodal/TGFp antagonist) and CHIR9901 (Wnt
agonist) (Ruiz et al., 2019). Simultaneous modulation of these pathways in
mesodermal precursors increases arterial endothelium formation, restores the
expression of haematopoietic HOXA gene cluster and promotes definitive
haematopoiesis (Ng et al., 2016). In turn, CDX genes sustain the expression of
Homeobox A (HOXA) genes that also direct cells away from extra-embryonic
haematopoiesis and towards intra-embryonic haematopoiesis. Notably, retinoic
acid is required during EHT, to upregulate these HSC-specific factors and

increase chromatin accessibility of the HOXA cluster (Dou et al., 2016).
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Regulation of these genes results in the production of multipotent HSPCs as in
the definitive program (Ng et al., 2016). Key factors shown to be indispensable
for multilineage engraftment and reconstitution of HSCs include HOXA genes
(HOXA5, HOXA9, HOXA10), RUNX1, SPII, LCOR and ERG (Sugimura et al.,
2017). Several studies have shown that HOXA expression alone is insufficient for
generating of long-term repopulating HSCs (Sugimura et al., 2017; Zeng et al.,
2021; Ramos-Mejia et al., 2014). This highlights the significance of acquiring a
HOXA gene signature, along with creating the correct combination of signalling
pathways, during haematopoietic differentiation to generate self-renewing,

repopulating HSCs from human PSCs (Sugimura et al., 2017; Lis et al., 2017).

1.1.4 Characterisation of iPSC-derived HSPCs

Directed haematopoietic differentiation is governed by a large number of
regulatory networks that orchestrate epigenetic and transcription modifications
(Li et al., 2017). The presence of certain TFs and cell surface markers endows
cell identity during haematopoietic specification. Figure 1.2 shows an illustration
of the classical human haematopoiesis model encompassing key surface
markers used to characterise differentiation cell types in this project (Doulatov et
al., 2012). At early stages of the in vitro differentiation, NCAM expression marks
acquisition of mesodermal fate from which multiple lineages are specified such
as the haematopoietic lineage (Evseenko et al.,, 2010). Double positive
expression of NCAM and KDR are indicative of correct mesoderm patterning and
endothelial induction (Pearson et al., 2008; Scialdone et al., 2016). Similar to the
early human embryo, where expression of KDR and lack of CD34 denotes
presence of NCAM+ mesoderm precursors that generate HE cells (Cortes et al.,
1999; Pearson et al., 2015). In humans, the early haematopoietic progenitors are
phenotypically defined by several surface markers including CD34, CD43, CD90,
CD45 and lack of/low CD38 (Tavian et al., 1999; Ivanovs et al., 2014; Zhang et
al., 2022). Haemato-vascular phenotype is commonly marked by a
CD34+CD90+CD43- profile (Lange et al., 2021). Upregulation of CD43 is
indicative of formation of pre-HSCs from HE cells (Lange et al., 2021). Expression
of CD34 and CD90 is acquired by HSPCs and endothelial cells (Gomes et al.,
2018; Zhang et al., 2022).
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Figure 1.2 Classical model of human haematopoietic developmental
hierarchy.

Cells can be defined majorly by cell surface markers listed next to each
population horizontally. HSCs give rise to transiently engrafting multipotent
progenitors. These give rise to oligopotent progenitors, CMP and CLP, that
ultimately give rise to mature cells. In this schema, CMP and CLP can be
distinguished from HSCs and their multipotent progenitors using CD90. HSC:
haematopoietic stem cells; CMP: common myeloid progenitor; CLP: common
lymphoid progenitor; MEP: megakaryocyte-erythroid progenitors; GMP:
granulocyte-macrophage progenitors; Er: erythrocytes; Mk: megakaryocytes;
Gran: granulocytes; Mono: monocytes; Ly: lymphocytes. lllustration created

using biorender.com.

Table 1.1 Stage-specific surface markers of cells during haematopoietic
differentiation

Cells population Surface markers
Mesoderm NCAM+ KDR+ CD34-
Haemogenic mesoderm CD34+ KDR+ CD43-
Hemato-vascular mesoderm CD34+ CD90+




Haemogenic endothelium (HE) | CD34+ CD90+/- CD43-
Haematopoietic progenitors CD34+ CD90+ CD43+ CD45+ CD38-

Molecularly, downregulation of endothelial cells and upregulation of
haematopoietic-specific TFs such as RUNX1 and GATA?Z2 illustrates EHT and
haematopoietic commitment (Kang et al., 2018; Lange et al., 2021). HOXA9,
which is a master regulator of haematopoiesis, and its cofactor MEIS1 are
expressed in HSPCs and is downregulated as they become fully mature (Aryal et
al., 2021; Argiropoulos and Humphries, 2007). In haematopoietic differentiation,
HOXA9 and MEIS1 downregulation confirms correct progression to
haematopoietic cell fate, through haemato-endothelial specification (Zhang et al.,
2022).

Following the generation of iIPSC-HSPCs, assessing their self-renewal ability and
multi-potentiality using the colony forming-unit (CFU) assay is a gold-standard
method (Frisch and Calvi, 2014).

1.1.5 Role of HOXA genes in normal haematopoiesis

The HOX family is a highly conserved set of genes, situated in four clusters
(HOXA, HOXB, HOXC and HOXD) on chromosome 7 in humans (Mark et al.,
1997). Mammalian HOX genes normally possess two exons and one intron
Figure 1.3. The homeobox is located in the second exon and translates to a 60-
61 amino acid homeodomain that interacts with DNA through a helix-turn-helix
DNA-binding motif (Grier et al., 2005). Upstream of the homeodomain is a three-
amino-acid-loop-extension motif (TALE) binding site that permits interaction of
TALE proteins, namely MEIS and PBX family members, which are the most
important HOX co-factors (Grier et al., 2005). HOX proteins depend on
interactions with these co-factors to increase their DNA-binding specificity. HOX
genes encode DNA-binding TFs that play a critical role in cellular differentiation
during embryogenesis, and are master regulators of haematopoiesis (Aryal et al.,
2021; Slany, 2009).
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Figure 1.3 Structure of a human HOXA gene and protein.

HOXA genes are located on chromosome 7 and normally consist of two exons
and one intron. A 60-61 amino acid DNA-binding homeodomain is encoded by
the homeobox in exon 2. In HOX proteins, a TALE (three-amino-acid-loop-
extension) binding site lies upstream of the homeodomain, enabling interactions
with co-factors such as MEIS and PBX. Figure created using biorender.com

During embryogenesis, HOX genes play an integral role in the formation of the
body plan. HOX genes exhibit spatio-temporal activity, indicating their key
functions in hierarchical commitment of cell fate in embryonic development and
early haematopoiesis (Aryal et al., 2021; Argiropoulos and Humphries, 2007).
Whilst HOXC genes play a role in erythropoiesis, HOXD genes are not involved
in haematopoietic development (Daga et al., 2000; Alharbi et al., 2013). Of all
clusters, HOXA and HOXB genes are the most dominant in haematopoiesis, with
HOXA genes mainly expressed in myeloid lineages. Expression of HOXA is high
in human HSPCs and downregulated upon differentiation and maturation (Aryal
et al., 2021; Sauvageau et al., 1994). Despite this, knockdown of HOXA5 and/or
HOXA7 in CD34+ fetal liver halts multilineage differentiation in vivo (Dou et al.,
2016). Overexpression and knock-out studies have also demonstrated that
HOXAZ9 in particular is the most abundant HOX gene in HSCs and has the most
significant effect on haematopoietic development (Lawrence et al., 2005; Huang
et al., 2012; Doulatov et al., 2013). Hoxa deficient mice exhibit impaired HSPCs
activity, which is partially rescued by Hoxa9 alone (Lebert-Ghali et al., 2016).
Functional co-operation between HOXA9 and HSC-specific TFs is observed. In

particular, HOXA9 interacts with enhancers of SPII and targets ERG (Huang et



al., 2012). HOXA9 also works together with HOXB4 in HSCs to maintain potency
(Alsayegh et al., 2019).

Haematopoietic differentiation of hESCs is also enhanced by HOXA9
overexpression, as it commits HE precursor cells into primitive blood cells
(Ramos-Mejia et al., 2014). Other studies have also demonstrated that HOXA9
particularly is a crucial factor in obtaining long-term repopulating HSCs
(Lawrence et al.,, 2005; Huang et al., 2012; Doulatov et al., 2013). On the
contrary, differentiation of HSCs to mature blood cells is associated with
downregulation of HOXA9 (Dou et al., 2016; Lawrence et al., 2005). Indeed, the
progressive loss of HOX gene expression is a vital signal for HSCs proliferation
and the start of lymphoid and myeloid differentiation (Aryal et al., 2021; Lawrence
et al., 2005). Overall, manipulation of HOXA expression leads to lineage bias
through a combination of altered lineage commitment and blocked differentiation.
Therefore, deregulation of HOXA genes is a common feature of malignant

haematopoiesis, primarily leukaemia,.

1.2 Malignant haematopoiesis

In malignant haematopoiesis, a block of the differentiation process accompanied
by uncontrolled proliferation of HSPCs takes place due to acquisition of genetic
alterations. This results in the accumulation of abnormal immature leukaemic
blasts at the expense of normal blood cell production from HSCs. Consequently,
competition for niche resources along with creation of an abnormal bone marrow
microenvironment eventually leads to bone marrow failure (Pelayo et al., 2012).
Clinically, leukaemia falls within four broad categories based on the lineage
(myeloid or lymphoid) and subtype (acute or chronic). The latter categorization
helps dictate the treatment regimen and indicates the onset and aggressiveness
of disease. Emergence of leukaemic cells is highly efficient, particularly in the
acute phase of leukaemias, owing to the motility and easy trafficking of the blood
cells throughout the body (Whiteley et al., 2021).

1.2.1 Acute leukaemias

In children, leukaemia is the most prevalent caner accounting for around a third
of new paediatric cases each year in the UK (Cancer Research UK). Abnormal
myeloid and lymphoid progenitors give rise to haematological diseases including

acute myeloid leukaemia (AML) and acute lymphoid leukaemia (ALL),
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respectively (Enciso et al., 2015). AML is a biologically and clinically
heterogeneous malignancy, which is predominant in adults (Kouchkovsky &
Abdul-Hay, 2016). In the UK, AML accounts for 2% of all cancer deaths in the UK
(Cancer Research UK). According to the World Health Organization, one of the
most important prognostic factors in AML is the identification of recurring genetic
abnormalities, which has helped classify AML into cytogenetic and molecular
disease entities (Arber et al., 2016). In 1970s, the French, American and British
(FAB) classification of acute leukaemias was introduced based on morphology,
cytochemistry and cell-surface markers (reviewed in Zini and Bennett, 2023).
According to the International Consensus Classification of AML, it is mainly
classified based on genetic aberrations and further classified into subgroups
based on blast thresholds (Arber et al., 2022). Despite advances in prognostic
risk stratification in combination with optimized therapeutic approaches such as
allogeneic HSC transplantation, intensive chemotherapy and improved
supportive care, overall clinical outcome of patients remains poor (Kumar et al.,
2018). The standard of care treatment involves is known as the “3 + 7 regimen”,
which involves 3 days of daunorubicin and 7 days of cytarabine (reviewed in
Kantarjian et al., 2021). In older patients (age 60 years and older), the intensive
chemotherapy regimens result in 5-year survival rates of <10-15% (Léwenberg
et al., 2009). In younger patients (up to the age of 60 years), the 5-year survival
rate is slightly higher, 30-35%.

In AML, 20-25% of patients with refractory AML never achieve complete
remission. Amongst the 65% of patients that achieve complete remission, only
15-30% remain disease free for 5 years due to a high incidence of relapse (cited
in Advani, 2006). Unlike AML, ALL is the most common acute leukaemia in
children, accounting for 80% of all leukaemia cases in children (Redaelli et al.,
2005). More than 80% of ALL cases originate from B-cell haematopoietic
progenitors, and around 20% is derived from T-cell precursors. Although almost
all ALL cases in children achieve complete remission, event-free survival is still
limited (Chiaretti et al., 2014).
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1.3 Mixed lineage leukaemia

1.3.1 MLL/KMT2A gene in leukaemia

A subset of acute leukaemias is characterized by recurring genetic alterations
such as chromosomal translocations, resulting in fusion oncoproteins. Some of
the driver translocations that result in HOXA overexpression include MOZ::TIF,
FTL3::ITD, MOZ::CBP, CALM::AF10, E2A::PBX, ETV6::9RUNX1 and the most
common mixed lineage leukaemia (MLL) gene rearrangements (MLLr). (Aryal et
al., 2021; Alharbi et al., 2013; Collins and Hess, 2016; De braekeleer et al., 2014;
Metzeler et al., 2016; Studd et al., 2021).

The human MLL gene is located on chromosome band 11923 and functions as a
global epigenetic regulator first characterized as a histone methyl transferase
(HMT) (Tsakaneli and Williams, 2021; Erfurth et al., 2008). MLL gene is now
regarded as Lysine [K]-specific MethylTransferase 2A (KMT2A) (El Chaer et al.,
2020; Winters and Bernt, 2017). It contains a DNA methyl transferase homologue
domain CxxC, which binds to unmethylated CpG residues in genes like HOXA9
locus and protects it from potential DNA methylation. Chromosomal
rearrangements in MLL is a hallmark for aggressive high-risk acute leukaemias,
MLL-rearranged leukaemias, possessing unique clinical and biological
characteristics (Tsakaneli and Williams, 2021; Slany, 2009). Translocations in
MLL are found in approximately 10% of all leukaemias (Schwaller, 2020; Winters
and Bernt, 2017). MLL is a human homologue of the trithorax gene in Drosophila
melanogaster, which is ubiquitously expressed in human HSPCs (El Chaer et al.,
2020; Kristov and Armstrong, 2007). Hence, knockout of MIl causes deficiencies
in proliferation and/or self-renewal of Mll-/- HSPCs (Hess et al., 1997). The
human MLL HMT positively regulates the expression of downstream genes
(Muntean and Hess, 2012). For instance, MLL can directly bind to DNA or through
interactions with menin (a tumour suppressor protein), to deposit H3K4
methylation marks on developmental genes such as HOX genes. In absence of
menin, HOXA9 expression is dysregulated (Yokoyama et al., 2005). In mice, it

was shown that Mll is important for the maintenance of Hox gene expression.

MLLr likely result from a failure of repairing DNA double strand breaks (DSB)
during the development of haematopoietic cells (Richardson and Jasin, 2000).

MLL fusions are found in paediatric, adult and therapy-related acute leukaemias
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that show an unfavourable clinical outcome (Muntean and Hess, 2012). They are
present in >70% of infant ALL, and between 35-50% of infant AML (Kristov and
Armstrong, 2007). Hence, predominantly (>90%) seen in infants. However, MLLr
rare in children and adults, accounting for approximately 2-5% of cases (Chiaretti
et al., 2014). Balanced chromosomal translocations at 11923 result in fusion of
the MLL gene with over 130 partner genes (Meyer et al., 2018). Despite the vast
number of potential MLL partner genes, MLL preferentially recombines with five
genes, which are found in approximately 80% of all MLLr leukaemias. These are
MLL:AF9  1(9;11)(p22;023), MLL::AF4  t(4;11)(921;923), MLL::AF10
t(10;11)(p12;923), MLL-ENL t(11;19)(g23;p13.3), and MLL::AF6 t(6;11)(927;923)
(El Chaer et al., 2020; Meyer et al., 2013). It is believed that MLL translocation
partners are non-randomly selected as they encode nuclear proteins involved in
histone H3K79 methylation (Meyer et al., 2006). These events fuse the N-
terminus of MLL with a partner gene, thus destroying the normal histone
methyltransferase function and replacing it with aberrant functions that enhance
their transcriptional activity (Slany, 2009; Chiaretti et al., 2014). The major MLL
fusion proteins present in AML and ALL are MLL:AF9 and MLL- AF4,
respectively (EI Chaer et al., 2020; Kristov and Armstrong, 2007). A key functional
feature of the resulting chimeric proteins is their ability to induce leukaemic
activity by altering the self-renewal and growth properties of HSPCs

(Argiropoulos and Humphries, 2007).

1.3.2 Disease models of MLL-rearranged leukaemia

From a study of 200 de novo AML patients, MLL fusions were found to be the
main driving mutation with few additional mutations needed for disease onset
(The Cancer Genome Atlas, 2013). The group of patient samples with MLL
fusions had the least recurrent mutations compared to other AML-initiating
events, with some samples without any recurring coding mutations. The early
occurrence of these MLL translocations is accompanied with poor clinical
outcome of patients. Taken together, this has generated much interest in
modelling common translocations like MLL::AF9 fusion in AML (Schwaller, 2020).
The earliest model of MLL::AF9 fusion generated knock-in mice, wherein in-frame
fusion of exon 8 of endogenous MLL to the 3’ end of AF9 was developed using
homologous recombination in embryonic stem cells by targeting vectors (Corral

et al., 1996). Despite developing leukaemia in mice with a long latency, it did not
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represent the true translocation in humans. Expression of the fusion gene in this
model depended on widespread activity of the MIl promoter. To better
recapitulate de novo generation of MLL translocations, mice models were
developed using the Cre-loxP system. In 2000, a proof of principle study reported
Cre recombinase- mediated inter-chromosomal rearrangement of MLL::AF9 in
mice, by inserting loxP sites into introns of endogenous MIl and Af9 at common
breakpoint sites (Collins et al., 2000). However, no leukaemias were reported in
these translocator mice models. Endogenous targeting of MLL lacks tissue
specificity and results in the formation of the fusion gene product in all MLL-
expressing tissues, which could have an impact on leukaemia development.
Another similar model involving the haematopoietic regulator Lmo2 to drive the
expression of Cre resulted in Mll-Enl-mediated leukaemogenesis (Forster et al.,
2003). Similarly, expression of Cre under the control of Lmo2 to induce MLL::AF9
fusion in primitive progenitor cells generated AML. However, T cell-specific Lck
promoter did not induce leukaemia following Cre expression in T cells despite the
presence of the translocations (Drynan et al., 2005). In contrast, the same
translocator model, but in MII-Enl, produced both lymphoid and myeloid tumors
driven by Lmo2-Cre and Lck-Cre expression (Drynan et al., 2005). This
demonstrates that the target cell type where the translocation occurs plays a
crucial role in the development of haematopoietic malignancies, and Af9 and Enl
partner proteins are functionally distinct (Milne, 2017). However, to study the
expression of MLL:AF9 in different haematopoietic populations, viral
transduction of MLL::AF9 oncogene has been used to directly transform specific
cell types such as haematopoietic progenitors, HSCs and ckit+ mouse BM stem
and progenitor cells (Krivtsov et al., 2006; Somervaille and Cleary, 2006; Krivtsov
et al., 2013). These models resulted in transplantable leukaemias. Interestingly,
HSC-derived leukaemias were much more aggressive compared to leukaemias
initiated in haematopoietic progenitors, by retroviral transduction (Krivtsov et al.,
2013). Variation in gene expression signatures, epigenetic status and
chemotherapy drug responses from these leukaemias were also observed.
Nevertheless, viral transduction results in expression of the oncogene at non-
physiological levels by random integration at different sites. Viral studies also
maintain the presence of two normal copies of the gene.

Another knock-in, lineage-restricted mouse model of MLL::AF9, wherein

expression of the fusion gene is under the control of endogenous MIll promoter,
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further highlights the importance of cell-specific transformation ability (Chen et
al.,, 2008). The authors also conclude that oncogene dosage (physiologically
relevant levels in knock-in models vs. supraphysiological levels in transduced
models) affects transformation ability. This is because leukaemia was observed
in mice transplanted with MLL::AF9 transduced HSCs (where MIl expression is
highest in wildtype (Jude et al.,, 2007), but not in granulocyte-macrophage
progenitors (Chen et al., 2008). More recently, a doxycycline-induced MLLr
mouse model emphasized that the phenotype of leukaemia is influenced by cell
of origin (Stavropoulou et al., 2016).

Although using mouse models to accurately recapitulate the human disease
remains controversial, together these data highlight developmental stage of
target cells, and oncogene dosage as critical factors in modelling MLL-rearranged
leukaemias. In attempts to faithfully model the human disease, the Cleary lab
used transcription activator-like effector nucleases (TALENS) to generate
endogenous MLL::AF9 and MLL-ENL oncogenes through insertional
mutagenesis from primary HSPCs derived from human umbilical cord blood
(Buechele et al., 2015; Schneidawind et al., 2018). These particular models
recapitulate several features of the clinical disease such as phenotype,
morphology and molecular features of the induced leukaemias including
expression of an MLL-associated transcriptional program. The authors also
showed that microenvironment plays a key role in leukaemia development
(Buechele et al., 2015). Recently, human HSPCs from umbilical cord blood were
also engineered using clustered regularly interspaced palindromic repeats
(CRISPR)/CRISPR-associated 9 (Cas9) system to generate the MLL::AF9
translocation in vitro prior to transplantation in mice (Jeong et al., 2019). Using
CRISPR/Cas9 gene editing, these authors achieved high translocation efficiency

and leukaemias of different lineages developed in mice.

1.3.3 Role of HOXA genes in malignant haematopoiesis

Owing to its myeloid lineage bias, aberrant HOXA expression primarily leads to
myeloid leukaemia. Ectopic expression of HOXA will block differentiation and
form a pre-leukaemic pool of HSPCs (Slany, 2009) (see Figure 1.4 for overview).
Studies assessing the oncogenic potential of the HoxA cluster has shown their
ability to transform cells in culture, and the sensitivity of adult HSPCs to HoxA

gene dosage (Lebert- Ghali et al., 2016; Bach et al., 2010). Following retroviral
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transduction and transplantation, five of the human HOXA genes (HOXAL,
HOXA4, HOXAG6, HOXA9 and HOXA10) were capable of inducing leukaemia in
mice (Buske et al., 2001; Bach et al., 2010). The rest of the genes in the HOXA

cluster were not as potent as single events.

Role in HSCs self-renewal and lineage commitment
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Figure 1.4 An overview of the role of HOXA in normal and malignant
haematopoiesis.

HOXA is required for intra-embryonic haematopoiesis but dispensable for extra-
embryonic haematopoiesis. HOXA expression is essential for the formation and
maintenance of haematopoietic stem cells (HSC). HOXA expression is
significantly reduced as HSCs differentiate. Direct mutation or genetic lesion of
upstream regulators, including rearrangements of the mixed-lineage-leukaemia
gene (MLLr), results in HOXA dysregulation, which is associated with a malignant
phenotype, primarily acute myeloid leukaemia (AML) and acute lymphoid
leukaemia (ALL). EryP, erythroid progenitors; E.macrophages, embryonic
macrophages; EMP, erythromyeloid progenitors; AGM, aorta-gonad-
mesonephros; HE, haemogenic endothelium, MPP, multipotent progenitor; CMP,
common myeloid progenitor; MLP, multilymphoid progenitor; NK, natural killer.
Figure created using biorender.com
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MLL fusion proteins contribute to the pathogenesis of leukaemia mainly through
direct upregulation of HOXA gene expression (Aryal et al., 2021; Li et al., 2012).
Of all the HOXA cluster, the most critical downstream targets of MLL fusion
proteins are HOXA9, and its cofactor MEIS1 (Aryal et al., 2021; Zeisig et al.,
2004; Kroon et al., 1998; Roth et al., 2009). Indeed, HOXA9 has been known to
be the single most highly associated gene (out of 6817) for poor AML prognosis
(Golub et al., 1999). Moreover, it is one of the most highly expressed genes in
HSCs, suggesting a key role in HSC function (Argiropoulos and Humphries,
2007). This has been demonstrated in a study where overexpressing Hoxa9 in
Hoxa9-deficient mice partially rescues HSPCs activity in vivo, and restores the
expression of several dysregulated genes (Lebert-Ghali et al., 2016). Significant
overexpression of HOXA9 and MEISL1 is needed to induce and maintain MLL-
rearranged leukaemias (Aryal et al., 2021; Roth et al., 2009; Faber et al., 2009).
Thus, a critical dependency of HOXA9 to transform and initiate AML in HSPCs
has been demonstrated (Kettyle et al., 2019).

1.4 Drug discovery

1.4.1 Leukaemic stem cells

Despite advances in our molecular understanding of leukaemia over the last two
decades, cure rates have for the most part stagnated and treatment remains a
challenge. From 2011 to 2021, the FDA approved a total of 52 drugs for the
treatment of haematological malignancies (reviewed in Sochacka-Cwikla et al.,
2022). For AML therapeutics, 8 targeted agents have been approved from 2017
to 2020 (Park et al., 2020), which is considered the highest discovery rate to date.
Novel targeted therapies have emerged including venetoclax, FLT3 inhibitors
(midostaurin, gliteritib) and IDH inhibitors (ivosidenib, enasidenib), and others
(reviewed in Kantarjian et al., 2021). However, none of which is targeted for MLLr
leukaemias in particular. This is largely due to disease resistance and relapse,
which is a result of inadequate eradication of a subpopulation of cells termed
leukaemia repopulating cells or leukaemic stem cells (LSCs), by conventional
therapies (Pollyea et al., 2014). LSCs have self-renewal, disease initiation, and
disease propagation properties, hence serving as a reservoir for disease relapse
(Lapidot et al., 1994). This is due to LSCs acquiring new pro-survival and pro-
proliferative mutations. Therapies that involve directly targeting of mutations or

pathways in LSCs are promising because they may lead to disease regression
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and possibly complete remission through eradication of the LSC. However, being
highly similar to HSCs, the therapeutic challenges lie in selectively targeting LSCs
while sparing HSCs, to maintain normal haematopoiesis (Kouchkovsky & Abdul-
Hay, 2016; Lapidot et al., 1994).

1.4.2 iPSC-based drug discovery

For decades, one of the main challenges for experimental research and drug
discovery is using biologically relevant models/platforms. To date, these include
immortalized cell lines and animal models of human disease, followed by clinical
trials. However, these approaches are at best approximations of human disease
and have well documented limitations (Nicholson et al., 2022; Gunaseeli et al.,
2010) . Since the discovery of human iPSCs in 2006, the landscape of drug
discovery and the potential of isogenic disease models has started to be realised
(Takahashi and Yamanaka, 2006). Firstly, hiPSCs are renewable and scalable,
thus offering an unlimited supply for high throughput drug screening and
toxicological studies (Nicholson et al., 2022)

Unlike hESCs, patient-specific human iPSCs will not evoke an immune response
in the host following transplantation, complimenting stem cell-based cell
replacement therapy (Doss and Sachinidis, 2019). Moreover, ethical restrictions
around being derived from fertilized human embryos that accompanied hESCs
experimentation, is avoided. Therefore, the ability to derive iPSCs from patients
becomes an added advantage. In addition, their plasticity and ability to
differentiate into diverse cell types allows drug effects to be studied on hard-to-
obtain tissues such as cardiac muscle and brain (Nicholson et al., 2022). Using
iIPSCs allows recapitulation of the earliest stages of diseases, such as cancer,
hence identifying significant early molecular events involved in disease initiation
and pathogenesis, ultimately improving stratification of patients. This is also
useful in studying rare diseases and diseases with multifactorial origin (Ko and
Gelb, 2014). This highlights iPSC-derived isogenic models as a valuable
resource in the route to accelerated drug discovery (Nicholson et al., 2022).
Modelling cancers using iPSCs is important where mutations are too complex to
be engineered in a mouse model, or where mouse counterpart of the cancer
related human genes is absent (Kim, 2015). A schematic of key steps in

conventional vs. iPSC-based drug discovery is illustrated in Figure 1.5. Overall,
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human iPSCs are a promising research tool that compliments in vivo models by

increasing productivity and decreasing the cost and time of drug development.

Conventional drug discovery: limited success, high cost and time investment

Candidate gene/ Drug testing on Clinical trial
o mm dmg s ph”e L
S - w Inl 1"\

iPSC-based drug discovery: personalized, reduced cost and toxicity prediction

L Drug repurposing )i

Figure 1.5 A schematic of the conventional and iPSCs drug discovery
routes.

Comparatively, the conventional route has high cost and time coupled with low
success rates of drugs reaching the clinic. Whereas, iPSC-based discovery is
patient-specific, accelerates the process along and lowers associated costs. It
can also potentially replace the need for in vivo models. Illustration created using
biorender.com

1.4.3 Drug repurposing

Drug development, particularly of anti-cancer drugs, is costly, inefficient, and
requires several years to obtain clinical approval (Pammoli et al., 2011; Hay et
al., 2014). De novo cancer drug discovery and development takes longer than a
decade, most of which is spent before phase I clinical trials (Zhang et al., 2020).
The process of drug discovery for use in the market costs approximately, $2-3
billion (Tsakaneli and Williams, 2021). The high failure rate for the translation of
drug trials from animal models to humans in the clinic is often due to intrinsic
species differences, resulting in variable biological response. This includes
differences in drug metabolism, toxicity and crossing of the blood-brain barrier
(Lawrence et al., 2015). Therefore, the idea of repurposing drugs with known side
effects will lower the risk of failure due to unexpected toxicity, thus bypassing
major steps in the route to clinical trials (Pantziarka et al., 2014; Tsakaneli and
Williams, 2021). This strategy, in the case of cancer, involves screening drugs

that are used to treat non-cancer diseases, for anti-cancer properties (Roulston
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etal., 2016). To identify these potential drugs, connectivity mapping can be used,
which is a systematic approach that detects functional connections between
disease-related gene signatures, small molecules and drug actions (Lamb et al.,
2006; Pushpakom et al.,, 2019). Several examples of drug repurposing
approaches have proven to be effective (Ishida et al., 2016; Palumbo et al.,
2008), most recently for treatment of COVID-19 (Scavone et al., 2020; Singh et
al., 2020).

1.5 Genome editing

1.5.1 CRISPR/Cas9-mediated genome editing

In the last decade, genome engineering tools have simultaneously advanced due
to their increasing precision and efficiency in editing the genome. Programmable
nucleases such as meganucleases, zinc-finger nucleases (ZFNs) and TALENs
are able to recognize specific DNA base pair (bp) sequences (Gonzalez-Romero
et al., 2019). The nucleases have been used to induce locus-specific DNA DSBs
with a higher homologous recombination (HR) efficiency compared to the pre-
nuclease era, which depended heavily on chance (Gonzalez-Romero et al.,
2019). However, targeting these nucleases to specific loci is technically
challenging because it relies on predicting DNA-protein interactions (Porteus and
Baltimore, 2003). In contrast, the CRISPR/Cas genome engineering approach is
based on nucleic acid interactions, making it more widely accessible and the
current leading technology. The CRISPR/Cas system is a novel, easy-to-use tool
that enables versatile and uncomplicated genome editing irrespective of the
complexity of the genome (Gonzélez-Romero et al., 2019).

CRISPR sequence repeats were first characterized in an archaeon, Haloferax
mediterranei, (Mojica et al., 1995), before being identified as part of a primitive
adaptive prokaryotic immune system (Mojica et al., 2009). The technology is
essentially composed of a guide RNA (gRNA) and the Cas enzyme. The gRNA
is made from of a combination of CRISPR RNA (crRNA) which recognizes the
target sequence and transactivating crRNA (tracrRNA), which binds to the Cas
protein. The Cas family of proteins are endonucleases that introduce a DSB, and
the most commonly used member for CRISPR technology is Cas9. Altogether,
the gRNA brings Cas9 to the sequence of interest (approximately 20 nucleotides
long), which is always next to the protospacer adjacent motif (PAM). PAM is a

conserved dinucleotide- containing sequence upstream of the target sequence.
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For Cas9, the PAM sequence is NGG (Gonzalez-Romero et al., 2019). Following
these conditions, Cas9 cleaves the genome and creates a DSB in eukaryotic cells
which is repaired by either non-homologous end joining (NHEJ) or homology-
directed repair (HDR). NHEJ is used to generate gene knock-outs by introducing
indels (insertions or deletions), whereas HDR allows for gene editing by
integrating an engineered template DNA to the system. The simplicity and
efficiency of the system revolutionized the field of genome engineering with

multiple and broad applications in medicine.

1.5.2 CRISPR/Cas9 in haematopoiesis

The use of CRISPR/Cas9 in the haematopoietic setting has been applied in
experimental research and human therapeutics (reviewed in Elliott et al., 2021,
Bhat et al., 2022; Gonzalez-Romero et al., 2019). A summary of key applications
is shown in Figure 1.6. In research, due to the simplicity of the CRISPR/Cas9
system coupled with the robustness and easy manipulation of cell lines, it has
been largely used to decipher gene function in haematopoietic cells. Studies have
used CRISPR/Cas9 not only to create knock-outs upon NHEJ-based disruption,
but also to introduce insertions, translocations or point mutations using a DNA
template by HDR as mentioned above (Jeong et al., 2019; Li et al., 2022). Unlike
RNA interference approaches (Hannon and Rossi, 2004), CRISPR/Cas9 mimics
the complete loss-of-function and does not produce hypomorphic phenotypes
making it the method of choice for in vitro genomic studies. In AML, precise
models harbouring driver mutations have been created to help develop novel,
targeted therapies using CRISPR/Cas9. For example, a mutation in isocitrate
dehydrogenase 2 (IDH2), R140Q, causes cells to generate an oncometabolite
that disrupts normal epigenetic cell regulation, contributing to malignant
transformation (Brabetz et al., 2017). Using RNA-guided CRISPR/Cas9 system,
gene edited K562 cells recapitulated the genetic, epigenetic and functional
changes observed in IDH2-mutated patients (Brabetz et al., 2017). Likewise,
gene correction using CRISPR/Cas9 in primary haematopoietic cells and patient-
specific iPSCs was also shown to be feasible in proof-of-concept studies (Valletta
et al., 2015; Pittermann et al., 2017). CRISPR/Cas9 technologies have been
employed in genome-wide functional genetic screens in mammalian cells using
lentiviral gRNA libraries for positive and negative selection (Aregger et al., 2019;

Bock et al.,; 2022; Zhou et al., 2014). Another promising application of the
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technology is drug discovery and target identification. In the context of
haematology, a high-throughput CRISPR screen in murine AML cells has been
performed to validate drug targets and discover potential new targets (Shi et al.,
2015). Screening using CRISPR/Cas9 also identified that cytarabine resistance
in AML cell lines is primarily due to the deoxycytidine kinase gene (Rathe et al.,
2014). In vivo mouse models were extensively generated using this technology
to study early developmental processes, and evaluate the safety and efficacy of
novel gene therapies (Horiuchi et al., 2018; Yen et al., 2016; Xiang et al., 2017).

Applications of
CRISPR/Cas9 in

hematology
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Figure 1.6 Applications of CRISPR/Cas9 in haematology.

Examples of CRISPR/Cas9-mediated genome editing in research and therapy.
CAR: chimeric antigen receptor; HIV: human immunodeficiency virus. Figure
created using biorender.com

In the clinical setting, CRISPR technology could circumvent the pitfalls associated
with ex vivo gene editing using integrative viral-based gene therapy followed by
autologous HSC transplantation. It has been employed in strategies aiming to
treat monogenic inherited disorders. Mutated haematopoietic cells can be
isolated from patients, reprogrammed to iPSCs, edited, differentiated to HSC and
re-introduced by autologous HSCs transplantation. In hemoglobinopathies like -
thalassemia and sickle cell anaemia, mutations were corrected using
CRISPR/Cas9 in patient-specific iPSCs (Song et al., 2015; Huang et al., 2015).
Similar strategies have been applied to treat primary and acquired
immunodeficiencies as well. More recently, CRISPR/Cas9 has been used to
complement cancer immunotherapy (Bhat et al., 2022). Particularly, in chimeric

antigen receptor (CAR) T-cells therapy which involves manipulating patient's T
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cells ex vivo to recognize and attack tumour cells after re-infusion into patients.
For instance, the technology was employed to eliminate genes encoding for
programmed cell death protein 1 (PD1), and other inhibitory T-cell surface
receptors to improve the efficiency of the therapy (Xia et al., 2019). Although
these studies showed promising results, clinical trials using CRISPR-based
treatment is still at an early stage, due to continuing limitations (Bhat et al., 2022).
Off-target tumour effects causing potential toxicities remain an obstacle. CAR-T
therapy can exhibit fatal, high rates of toxicities, preventing it from becoming a
main cancer treatment (Sterner and Sterner, 2021). Another challenge is the
inability to traffic and infiltrate CAR-T cells into solid tumours. Application of these
therapeutic strategies in multifactorial diseases with complex inheritance such as
Alzheimers, arthritis, blood cancer and autoimmune disorders remains a

challenge.

1.6 Hypothesis and aims

1) Efficiency of iPSC-derived HSPCs generation will be improved using single
cell seeding for monolayer haematopoietic differentiation

2) Temporal expression of HOXA9 during iPSC-derived normal and malignant
haematopoiesis can be monitored using an engineered reporter model

3) Indirect targeting of HOXA signature using FDA-approved drugs is effective
in AML

Aim 1. Optimise routine derivation of iPSC-derived HSPCs and generate an
endogenous HOXA®9 reporter iPSC line

Aim 2: Evaluate the efficacy of candidate anti-HOXA FDA-approved drugs in
leukaemia cell lines

Aim 3: Determine key genes and pathways associated with anti-HOXA FDA-

approved drugs as potential biomarkers of effective drug treatment
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Chapter 2 Materials and Methods

2.1 Cell culture

2.1.1 Human iPSCs maintenance and cryopreservation

Human iPSC cell line, ReBL-PAT/RPATS, was gifted by Prof. Chris Denning lab
at the University of Nottingham. RPATs and RPAT-derived clones (eA9™) were
routinely cultured as monolayers in Essential 8 (E8) medium (ThermoFisher,
A1517001) in tissue culture plastics coated with Matrigel (Corning, 354234). For
maintenance, cells were passaged using 0.5mM EDTA (Invitrogen; Ref: 15575-
038) for 7 minutes every 3 days after reaching 70-80% confluency. Cells were
resuspended and seeded in E8 medium supplemented with 10 mM ROCK
Inhibitor (RI) (1:1000) (Y-27632, Tocris, 1254) (E8-RI). Cells were incubated at
37°C in 5% CO:2. For cryopreservation, approximately 1x10° cells were collected
and resuspended in 500 uL of 90% filtered foetal bovine serum (FBS) + 10%
DMSO. To thaw cells, cryovials were placed in a water bath for 1 min, and cell
suspension was added dropwise to 9 mL E8 media. Cell suspension was then
centrifuged at 160g for 4 minutes. Supernatant was aspirated and cells were
resuspended in E8-RI media. Post thaw, cells were passaged at least twice prior

to differentiation to ensure recovery.

2.1.2 iPSC-derived HSPCs culture

iIPSC-HSPCs harvested from haematopoietic differentiation was cultured in
IMDM media supplemented with 10% FCS, IL3 (10 ng/mL), GM-CSF (10 ng/mL)
and SCF (50 ng/mL) in 96-well plates at 1x10°cells/mL. Half media changes were
performed every 2 days.

2.1.3 Leukaemic cell lines maintenance

Cell lines (THP1, OCI-AML3, HL60 and MV4-11) were obtained from DSMZ. All
cells were cultured in RPMI11640 medium (Gibco, 21875034) supplemented with
10% heat-inactivated FBS and 1% glutaMAX (Gibco, 35050061). Cells were
passaged every 3-4 days at a 1:10 ratio using fresh RPMI1640 medium, and
incubated at 37°C in 5% CO.. Cells were frozen with 70% medium, 20% FBS and
10% DMSO.
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2.2 Haematopoietic differentiation

2.2.1 STEMdiff™™ haematopoietic kit

HiPSCs were differentiated using the STEMdIiff™™ Haematopoietic kit (StemCell
technologies, 05311) according to the kit protocol. For aggregates seeding, cells
were passaged using an enzyme-free reagent Gentle Cell Dissociation Reagent
(GCDR) (StemCell Technologies, 07174) in 6-well plates. Cells were
mechanically dissociated using a cell scraper and resuspended in 1 mL E8
medium, and seeded into 12-well plates at various density ratios (1:60 to 1:160).
For single cell seeding, cells were passaged in E8 medium supplemented with
RevitaCell (RC) (1:100) (ThermoFisher, A2644501) using 0.5 mM EDTA. RC was
used in another single cell-derived haematopoietic differentiation protocol
(Hansen et al., 2018). Cells were seeded in Matrigel-coated 12-well plates at low
densities (200, 280, 360, 480, 560 or 720 cells/mL) in E8-RC medium. Media was
changed to E8 only the following day, and replaced with fresh E8 daily, for 8-9
days. After that, the STEMdIiff™ differentiation was started by replacing E8 media
to media A provided in the kit. Subsequent media changes were done according
to the kit instructions. Cells were incubated at 37°C in 5% CO.. The process was
extended to day 14 by supplementing the adherent cells with fresh media B on
day 12 after harvesting the floating cells. Suspension cells harvested on day 12
and day 14 for characterisation using flow cytometry and colony-forming unit
(CFU) assay.

2.2.2 Spin Embryoid Body haematopoietic differentiation

Prior to the differentiation, cells were passaged as described previously at 1:1
ratio. Media was changed to E8 the next day, 6 hours before cells were passaged
again. RPATs are seeded in Stage | media in round-bottom 96-well plates
(ThermoFisher, 268200) at 80 uL/well. A ratio split was used wherein 1 T25 flask
with cells at 70-80% confluency seeds approximately 220 wells, forming 1
embryoid body (EB)/well. Plates were centrifuged at 4009 for 2 minutes at 4°C to
generate EBs. After 40 hours of seeding, Stage .1l media was added (20 pL/well).
On day 4, 70 pL/well of media was replaced with 100 uL/well of Stage Il media.
On day 7, EBs were transferred to Matrigel-coated 6-well plates (20 EBs/well).
Media was changed to Stage Ill media on day 9. Stage Ill media top up (1
mL/well) was done on day 11 and day 16. iPSC-HSPCs were harvested on day
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14 and day 18, and stage Il media was replaced. Components of differentiation
media are listed in Table 2.1. For downstream assays (flow cytometry and qRT-
PCR), EBs were dissociated with Accutase (20 minutes for d4 EBs, 90 minutes
for d7 EBs) and incubated at 37 °C. For gRT-PCR (qPCR), 20 EBs were collected,

whereas for flow cytometry, 15-20 EBs were collected per sample.

Table 2.1 Components of the Spin EB differentiation medium.

Stage | (days 0-2)

Component Reference Final concentration
(ng/mL)
APEL?2 StemCell Technologies; Ref: -
05275
BMP4 R&D Systems 314-BP 5
Activin A Thermofisher; Ref: PHC9561 7.5
VEGF Peprotech; Ref: 100-20 25
SCF Peprotech; Ref: 300-07 25
RI Tocris; Ref:1254 10 (M)
Stage .1l SB/CHIR (days 2-4)
Component Reference Final concentration (uM)
APEL?2 StemCell Technologies; Ref: -
05275
SB431542 Sigma; Ref: S4317 4
CHIR99021 Sigma; Ref: SML1046 3
Component Reference Final concentration
(ng/mL)
APEL2 StemCell Technologies; Ref: -
05275
BMP4 R&D Systems 314-BP 5
VEGF Peprotech; Ref: 100-20 50
SCF Peprotech; Ref: 300-07 50
FGF2 Peprotech; Ref: 100-18B 10
IGFII Peprotech; Ref: 100-12 30

Stage Il (days 9-18)
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Component Reference Final concentration

(ng/mL)
APEL2 StemCell Technologies; Ref: -
05275

VEGF Peprotech; Ref: 100-20 50
SCF Peprotech; Ref: 300-07 50
IL3 Peprotech; Ref: 200-03 50
IL6 Peprotech; Ref: 200-06 25
TPO Peprotech; Ref: 300-18 25
FLT3 Peprotech; Ref:300-19 25
FGF2 Peprotech; Ref: 100-18B 10
IGFII Peprotech; Ref: 100-12 20

2.2.3 Colony-forming unit assay

Harvested iPSC-derived HSPCs were seeded at 3x10* cells/mL in MethoCult™
(Stemcell Technologies, H4434 and H4034), vortexed and plated at 500 pL/well
in 12-well plates. Colonies were observed after 7 and 14 days.

Leukaemic cell lines (THP1, OCI-AML3, HL60 and MV4-11) were seeded in
MethoCult™ (StemCell Technologies, H4534) at 1x10* cells/mL and treated with
either DMSO or the 48-hour IC50 values of Atorvastatin (ATV) (Selleckchem,
S5715) or Homoharringtonine (HHT) (Selleckchem, S9015). Cell mixture was
vortexed vigorously and plated at 200 pL/well of a 24-well plate. Cells were

incubated at 37°C in 5% CO2. Colonies were imaged and counted after 7 days.

2.3 SB/CHIR/RA treatment

2.3.1 Cell culture and treatment on coverslips

To prepare for cell seeding, coverslips were washed in 70% sterile ethanol in 12-
well plates (1 coverslip/well), followed by two washes using PBS. Coverslips were
further sterilised under UV light for 20 minutes and coated with either Matrigel or
fibronectin (20 pg/mL) and stored in 4°C overnight. Passaged iPSCs were
seeded at 100,000 cells/well of an empty or coverslip-containing 12-well plate.
After 24 hours of seeding, cells were treated with SB431542 (TGF- B inhibitor)
(SB, Sigma; S4317) at 4 pM and CHIR99021 (Wnt agonist) (CHIR, Sigma;
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SML1046) at 3 uM, or in combination with Retinoic Acid (Sigma; Ref: R2625) at
3 UM. After 24, 48 and 72 hours of treatment with the aforementioned molecules,
cells were passaged with EDTA as described previously and pelleted for RNA

extraction, or processed for imaging as described below.

2.3.2 Immunofluorescence

Cells attached on coverslips were washed with PBS and fixed with 4%
paraformaldehyde (PFA) for 15 minutes. After 2 washes with PBS, cells were
incubated with DAPI (Sigma-Merck; Ref: 32670) for 20 minutes. Cells were
washed twice with PBS and mounted in slides with Immu-Mount (Fisher;
9990402).

2.4 DNA integration

2.4.1 Lentiviral production

Endofree® prepared plasmids (second generation), pMD2.G (0.1 pmol) and
psPAX2 (0.3 pmol), were collected by centrifugation (to remove debris) and
incubated with 1.5 mL Opti-MEM® (OM, Life Technologies) in a micro centrifuge
tube (1.5 mL) whilst transfection reagent was incubated with 1.5 mL OM in 13 mL
polypropylene tube (Becton, Dickinson Limited). Diluted plasmid and transfection
reagents were then mixed and further incubated for 30 minutes at room
temperature to form complexes. Human embryonic kidney (HEK 293T) cells were
washed and overlaid with 6 mL of media. Mixtures were then added dropwise to
the target cells and dishes were incubated for 6 hours at 37 °C. After incubation,
the supernatant was removed and the cells were washed once with PBS and
overlaid with 8 mL culture medium. After 24 hours, the supernatant was removed,
discarded and replaced. Viral supernatants were then collected (48 and 72 hours
post transfection) and passed through 0.2 uM low protein binding filter (Merck
Millipore). Presence of lentiviral particles was confirmed using Lenti-X™ GoStix™
Plus (Takarabio, USA). The supernatant (20 pL) was added onto the GoStix
cassette with 80 pL chase buffer. Lenti-X™ GoStix™ Plus is a quantitative
lentiviral titre test. The intensity of the band corelates with the amount of lentivirus
used. The protocol guidelines were used to qualitatively assess the amount
present. The p24 control, lentiviral capsid protein, supplied provided confirmation

for the function of the lateral flow test.
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2.4.2 Lentiviral transduction

Following routine iPSCs passaging in 12-well plates, cells were allowed to attach
for ~ 4 hours in the incubator. LV supernatant was added onto the cells at 1 L,
5 upL, 10 pL and 20 pL/well containing 1 mL of E8-RI-polybrene medium.
Polybrene was present at 5 pg/mL. Plates were rocked briefly to distribute the
supernatant and placed back in the incubator. Cells were dissociated and

analysed after 48 hours.

For EBs, 10 puL of lentivirus (LV) was added to the Stage Il medium present in
each well/lEB. Plates were rocked to ensure uniform distribution of the LV
supernatant, and placed back in the incubator. After 48 hours of incubation (day
9), EBs were collected and dissociated as described previously, for downstream
assays (gPCR and flow cytometry). The differentiation was also continued for
EBs transduced on day 7 as described by transferring them to Matrigel-coated 6-
well plates (refer to 2.2.2). Stage Il medium containing LV was replaced on day
9 with Stage Ill medium. HSPCs derived from treated EBs were harvested on day

14 and assayed by gPCR and CFU assay.

2.4.3 Plasmid transfection/ Nucleofection

Two plasmids harbouring MLLr were used to transfect eA9™ cells. These were
p2158C and pUMG-LV6MA (pMA9), both of which contain different variations of
MLL::AF9. An empty vector, pUMG-LV6 (pCTRL), that contains GFP not MLLsr,
was also used. pMA9 and pCTRL were kindly provided by Owen Williams
(University College London Institute). Sources of plasmids used are listed in
Table 2.2. The P3 Primary Cell 4D nucleofector kit (Lonza, V4XP-3024), was
used. For each nucleofection, 1x10° cells were collected and resuspended in 100
puL of P3 buffer. Plasmid DNA was added to cells (1-2 pg) and mixed prior to
transferring to supplied cuvettes. Cuvettes were placed in an Amaxa™
Nucleofector (Lonza) and the CA-137 program was used for iPSCs. Cuvettes
were placed in an incubator for 5 minutes before flushing with 900 pL media (E8-
RI for iPSCs and Stage Ill media, in Table 2.1, for HSPCs), and transferred to
Matrigel-coated plates. Fluorescence was captured and quantified using
Operetta CLS™ (Perkin Elmer).

Table 2.2 Plasmids used in transfection
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Plasmid Concentration Reference
Chiarella et al., 2014;
Osaki et al., 2014

PMA9 (pUMG-LVEMA) 0.5 pg/ pL

pCTRL (pUMG-LV6) 0.8 pg/ pL Chiarella et al., 2014
p2158 1 pg/ yL Gifted by Guy Sauvageau
pGFPmax 1 pg/ uL Lonza, V4XP-3024

2.5 Molecular biology

2.5.1 Genomic DNA extraction

Total genomic DNA was extracted from cells using the DNEasy® Blood and
Tissue kit (Qiagen, 69504) following the manufacturer’s protocol. Briefly, cells
were lysed using proteinase K and DNA was precipitated using pure ethanol.
DNA was purified using two washing buffers. DNA was eluted in 40 pL nuclease-
free water instead of Buffer AE (ThermoFisher, AM9930). DNA was quantified

using a Nanodrop spectrophotometer.

2.5.2 RNA extraction

For gPCR, total RNA was extracted using NucleoSpin® RNA kit (Macherey
Nagel) The manufacturer’s protocol was followed. Briefly, lysis buffer was first
added to permeate the cell membrane. To precipitate and purify RNA, 70%
ethanol was used. DNA was digested using DNase. Ethanol-containing wash
buffers were also used to precipitate RNA. RNA was eluted in 30 pL of RNase-

free water.

For RNA sequencing, cells were collected and lysed using 1 mL TRI reagent®
(Sigma, T9424), and 500 pL chloroform was added. Cells plus mix was shaken
vigorously for 1 minute and centrifuged for 15 minutes at 4 °C at max speed. The
supernatant (approximately 300-400 uL) was transferred to 550 pL of ice cold
isopropanol-containing tubes, and kept at -20 °C for at least 3 hours. Mix was
centrifuged at 13000 rpm for 20 minutes at 4 °C, Pellets were washed with 1 mL
75% ethanol and centrifuged again for 20 minutes. RNA pellets were air dried
and dissolved in 25 yL RNase free water. RNA was quantified using Nanodrop

(for gPCR) and Qubit Tapestation (for sequencing).
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2.5.3 cDNA synthesis

RNA was converted to cDNA using SuperScript™ IV Reverse Transcriptase (RT)
kit (ThermoFisher, 18091050). To 800-1000 ng of RNA, 1 yL of random primers
(Promega, C1181) and 1 pL of 10 mM dNTPs (Invitrogen, 18427088). Reaction
mix was made up to 12 yL using nuclease-free water. Samples were heated at
65 °C for 5 minutes before 1 yL SuperScript™ IV RT, 1 yL DTT, and 4 pL first-
strand buffer were added to the annealed RNA. Samples were heated to 55 °C
for 15 minutes. The enzyme was terminally inactivated by heating to 80 °C for 10

minutes.

2.5.4 Quantitative real-time polymerase chain reaction (QRT-PCR)

Gene expression was measured using SYBR Green for all gPCR reactions (see
list of primers in Table 2.3 and Table 2.4) via the Applied Biosystems 7500 Fast
Real-time PCR system. Each 10 pL qPCR reaction contained 5 uL GoTaq gPCR
master mix (Promega, A6001), 0.25 pL 10 pM forward and reverse primer (Sigma
Aldrich) and a cDNA equivalence of 1 pg RNA. Cycling conditions included an
initial denaturation at 95°C for 5 minutes followed by 40 cycles at 95°C for 15s,
60°C for 30s and 72°C for 30s. Following amplification, a melt-curve step was
performed at 95°C for 15s, 60°C for 1 min, 95°C for 30s and 60°C for 15s. Gene
expression was normalised to an endogenous control, protein phosphatase 1A
(PP1A). All gPCR reactions were performed in triplicates and data was analysed
using the comparative CT method (2 -delta delta C(T)) (Livak and Schmittgen,
2001). All gene expression fold changes were calculated relative to
undifferentiated and untreated iPSCs collected from maintenance cultures in the
lab, unless otherwise stated. All gPCR primers were designed using SnapGene
software and purchased from Sigma-Aldrich. Melting temperature of primers
were calculating using the Oligonucleotides Property Calculator provided by

Northwestern University

Table 2.3 gPCR primers used for haematopoietic differentiation
characterisation

Primer sequence (5°-3’)
Gene
Forward Reverse
PP1A TCTTTCACTTTGCCAAACACC CATCCTAAAGCATACGGGTCC
HOXA9 GCCGGCCTTATGGCATTAA CAGGGACAAAGTGTGAGTGTCAA
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RUNX1 CCTTCGTACCCACAGTGCT CAACGCCTCGCTCATCTT
GATA2 TCAGCCACTCCGGACACAT GTCCTCGACGTCCATCTGTT
MEIS1 TGTAAAACGACGGCCAGT CAGGAAACAGCTATGACC
mScarlet ATGGTGAGCAAGGGCGAGGC AACTTGCGGTCGACGTTGTA
mScarlet-H GCTGAAGGTGACCAAGGGTG TCGAAGTTCATCACGCGCTC
HOXA5 TCCCATCGCTTCCCTACCT GCTTTGGAACAGCCTACAGCTT
HOXA7 AGCTTGGAAATTCTGCTCACTTCT | TCTGATGTCATGGCCAAATTTG
cMYB TGTAAAACGACGGCCAGT CAGGAAACAGCTATGACC
MECOM AGTAGGGAGTAGAGCCAGTG TTCGACGTTGCTTCCTTTTT

Table 2.4 gPCR primers used for RNA sequencing results validation

Primers sequence (5’ -3’)

Gene

Forward Reverse
CD86 CCCGAGAACCCAAGTGAATCC CAGTAGAAAGTGAGTAAAACCCACCA
H2AFZ ACCAACACTGGACAGCTGTTAG ACTTGAGCTGCATGTTTTTAAAGATACC
HIST1H3H GCTATCGGCCTGGTACAGTG TCCTTGGGCATGATAGTCACC
IL1B CTCAGGTCATTCTCCTGGAAGG TCTCTGATGTCAAAGCATGGTTCC
CXCL6 CCTGGGTCGTCAACCTTTGT AATCCTACAGAGAGAATAAGGACATTGTGA
CSF1 TGTGTCATGAGCACCCACTC ACTGCTAGGGATGGCTTTGG
MMP9 GCTTCTCCAGAAGCAACTGTC ACAGGACATGTTCACCGCT
BCL2 TTCATGGTACATCACTGACAATGCATA GATTTCTCCTGGCTGTCTCTGAA
CDKN1A CGAGTTCTTCCTGTTCTCAGCA ACACAAACTGAGACTAAGGCAGAAG
EIF4EBP1 CGCACAGGAGACCATGTCC AATCCGCGATTCCCGATCC
B2M GGAGAACTGTCTGCAGCTACTT TTCCCCCAAATTCTAAGCAGAGTAT

2.6 Flow cytometry

Flow cytometric analysis of EBs and suspension cells from the spin EB

differentiation were analysed using the Sony ID7000 cytometer. Cell pellets were

resuspended in PBS (50 puL/sample). Cells were first stained for viability using
Zombie NIR (Biolegend, 423105) (diluted 1:2000 in PBS) and incubated for 15

minutes at room temperature. Conjugated antibodies were added at room

temperature. Isotype, single-stain and unstained controls were prepared by
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staining cells with a conjugated isotype antibody a single antibody or no
antibodies (unstained). All antibodies are listed in Table 2.5. After 20 minutes,
cells were washed twice with 1% PBA and fixed with 4% PFA. Samples were left
in PFA and run the following day. Data acquisition was set to 10,000 events per
second. Data was analysed using Beckman Coulter Kaluza Analysis software.
Events acquired were first analysed using forward and side scatter parameters.
Gates were generated to isolate cells from debris, and identify the singlets
population of cells. Unstained, isotype and single stained controls were then used

to identify non-specific staining, and set background staining thresholds.

Table 2.5 Conjugated antibodies used for flow cytometry

Antibody Type Dilution | Reference
NCAM-BV421 Specific 1:20 Biolegend, 318328
BV421 Mouse IgG1 Isotype 1.67 Biolegend, 400157
KDR-AF647 Specific 1:10 BD Bioscience, 560495
AF647 Mouse IgG1, kK Isotype 1:80 BD Bioscience, 557714
CD34-FITC Specific 1.5 BD Bioscience, 555821
FITC Mouse IgG1, k Isotype 1:20 BD Bioscience, 555748
CD90-BVv421 Specific 1:20 Biolegend, 328122
BV421 Mouse IgG1, K Isotype 1:20 Biolegend, 400157
CD43-APC Specific 1:40 Biolegend, 343206
APC Mouse IgG1, k Isotype 1:20 Biolegend, 400119
CD38-PerCp-Cy5.5 Specific 1:20 Biolegend, 303522
PerCP-Cy5.5 Mouse IgG1 | Isotype 1:10 Biolegend, 400149

2.7 Genetic engineering of HOXA9 reporter line, eA9™

2.7.1 Plasmid design and eA9™ generation

Plasmid (pHOXA9-T2A-mScarlet) used for targeting was generated by Genewizz
(schematic and validation is discussed in section 4.2). The expression of
mScarlet-H is under the control of the endogenous HOXA9 promoter. MScarlet-
H was selected because it is more photostable than the original mScarlet protein
(Bindels et al., 2016). HOXAS9 is linked to mScarlet-H via a self-cleaving T2A
peptide (54 base pairs (bp)). The addition of T2A enables the reporter protein to
be expressed contemporaneously with HOXA9, without the possible functional
effects of a HOXA9-mScarlet fusion protein. HOXA9-T2A-mScarlet-H (1556 bp)
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is transcribed and then translated into two separate proteins. To further eliminate
possible genetic interference of foreign DNA, the PiggyBac (PB)-driven, foot-print
free strategy was chosen for eA9™ generation. This was achieved following a
published protocol (Kondrashov et al., 2018). Briefly, the protocol involves a PB
transposon approach, followed by a puromycin and delta thymidine kinase (TK)
drug selection system that is shorter and simpler than the conventional process.
RPATs were nucleofected with the CRISPR/Cas9 elements and treated with

puromycin (0.2 ug/mL) for selection.

2.7.2 Polymerase chain reaction (PCR)

DNA was amplified using Phusion High-fidelity DNA polymerase (NEB, M0530).
For every PCR reaction, 100 ng of genomic DNA were mixed with 1X GC buffer,
200 uM of dNTPs, 1 yM of primers pair and 1 pyL of Phusion polymerase. The
reaction was made up to either 20 yL or 50 pL using nuclease-free water. The
routine thermocycling conditions are listed in Table 2.6.

Table 2.6 PCR thermocycling conditions

PCR steps Temperature Time
Initial denaturation 98 8
Denaturation 98 0.5
Annealing X* 0.5
Extension 72 X*
Final extension 72 8

*Adjusted according to PCR product length.

2.7.3 Primer design

All primers were designed using SnapGene software and purchased from Sigma-
Aldrich. Melting temperature of primers were calculating using the
Oligonucleotides Property Calculator provided by Northwestern University.
Primers were used at 10 uM in the reaction mix. Genotyping primers are listed in
Table 2.7.

Table 2.7 Genotyping primers used in genomic PCR

Primer name Sequence (5’-3’)
A9.int F AGGAGCCAGAAGTTGGTGTTTGGGA
Scar F ATGCAGAAGAAGACAATGGGCTGGG
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Scar R TGTAGGTGGTCTTGAAGTCC
-PB F2 CCACAACGAGGACTACACCG
-PB R2 AGGGGGACGGACAGTTCTTT
PB F1 CCGTGGTGGAACAGTACGAA
PB R1 TTTGACTCACGCGGTCGTTA
PB F2 TAACGACCGCGTGAGTCAAA
PB R2 TGGATGTGGAATGTGTGCGA
PGK F AGCTTTGCTCCTTCGCTTTC
PGK R TGTACTCGGTCCCCATGGTT
Puro F AACTAAACCATGGGGACCGAG
Puro R GTGAGGAAGAGTTCTTGCAGC
TKF TCCGAGACAATCGCGAACAT
TKR ATATGAGGAGCCAGAACGGC
polyA F CTCTATGGCTTCTGAGGCGG
polyA R GCCCAAATGGCATTAACCCT
WT fwd CTTCGGGACGAGCCAAGACTG
WT rev TACGAGCCAGCCTGAACAGG

2.7.4 Agarose gel electrophoresis

DNA products were electrophoresed on 1.5% agarose gel prepared in 1XTAE
buffer (Tris-acetate-EDTA) (ThermoFisher, Ref: B49) at 120 V for 60 minutes.
Ethidium bromide (10 mg/mL) was added to visualise DNA and a 1 kb+ DNA
ladder was used (NEB, N0O550) as a product size reference. Gels were imaged
using Gel Doc EZ (Bio-Rad, 1708270EDU).

2.7.5 Sanger sequencing

Amplified DNA was visualised by gel electrophoresis as described previously.
DNA bands were extracted from agarose gel using QIAquick Gel Extraction kit
(Qiagen, 28706X4). Gel DNA bands were excised using a scalpel under UV light.
Gels were heated at 50 °C in buffer QG. DNA was precipitated using isopropanol,
and purified using ethanol-containing wash buffers. DNA was eluted in 40 pL
buffer EB. Samples were sequenced by Source Bioscience. Sequencing results

were analysed using Chromatogram and SnapGene.
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2.8 Microscopy

Fluorescence microscopy was performed and intensity quantified using
Operetta® high content image analysis system (PerkinElmer) and EVOS M7000
imaging system (Thermofisher). Confocal microscopy was performed using the
Leica TCS SPE scanning confocal microscope. Comparative images were
always used at the same parameters and settings. To fix EBs for imaging, each
EB was transferred from a 96-well in round-bottom plates to a 96-well in a flat-
bottom plate, containing PFA. The excitation and emission spectra used was
specific to mScarlet-H; 551 nm and 592 nm, respectively (Bindels et al., 2016).
We first attempted to image eA9™ and BE31, an iPSC cell line that does not
contain a fluorescence reporter, and red fluorescence was visible in both EBs at
day 7 of the differentiation. This has shown that EBs possess autofluorescence
due to their 3D structure. Day 2 RPATs and eA9™ EBs as a negative control of
fluorescence on the dsRed channel. The contrast scale was adjusted to account

for autofluorescence and same settings were used for all images taken.

2.9 Anti-leukaemic drug treatment

2.9.1 Doseresponse assay

Leukaemic cell lines were seeded in flat-bottom 96-well plates at 2x10° cells/mL.
Cells were treated with ATV, HHT or DMSO and incubated at 37 °C in 5% CO:
for 72 hours. The ATV concentrations used were 0.01 pM, 0.03 uM, 0.1 pM, 0.3
UM, 1 uM, 3 uM, 10 uM, 30 uM and 100 uM, and 0.0001 puM, 0.0003 pM, 0.001
MM, 0.003 pM, 0.01 pM, 0.03 pM, 0.1 pM, 0.3 pM and 1 pM for HHT. DMSO of
the same percentage as the highest drug concentration for each cell line was
used as a vehicle control. Drugs were diluted in RPMI1640 medium. Cell viability
was assessed using the RealTime-Glo™ kit (Promega, G9711). Briefly, reagents
were equilibrated to 37 °C. The cell viability substrate and enzyme were added
to the cell suspension at 2X prior to seeding in 96-well plates. Plates were kept
in the incubator for 3 days with no media change or further addition of reagents.
After 24, 48 and 72 hours incubation times, luminescence was recorded using
the FLUOstar® Omega plate reader (BMG Labtech). Statistical analysis and IC50

values were performed using GraphPad Prism.
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2.9.2 RNA sequencing

RNA sequencing was performed on leukaemic cell lines (at 2x10° cells/mL) that
were treated with the 48 hour-IC50 of homoharringtonine (HHT), atorvastatin
(ATV) or DMSO for 48h prior to collection. DMSO of the same percentage as the
highest drug concentration for each cell line was used as a vehicle control. Total
RNA from cells was extracted from two independent biological repeats using
phenol-chloroform extraction method as described previously. Samples were
submitted to Novogene for quality control, library preparation and total mMRNA

sequencing using the lllumina platform.

2.9.3 RNA sequencing analysis

Bioinformatics analysis was carried out and figures were generated by
Novogene. For quality control, raw data was processed through fastp software,
wherein clean data was obtained by removing reads containing adapter, ploy-N
and low quality reads. Read mapping to the reference genome was generated
using Hisat2 as a mapping tool. For gene expression quantification, the common
method using FPKM was used, which is based on length and read counts
mapped to the gene. For differential expression analysis, genes with an adjusted
P-value of <=0.05 found using DESeq2 were assigned as differentially
expressed. The clusterProfiler R package was used to test the statistical
enrichment of differential expression genes in KEGG pathways. Reactome

pathways with corrected P-value <0.05 were considered significantly enriched.

2.9.4 Statistical analysis

Analysis was performed using GraphPad Prism analysis tools. For dose-
response assays, the values were derived using GraphPad prism nonlin-fit
agonist vs. response- variable slope (four parameters). For CFU assays, one-

way ANOVA analysis was used along with Tukey’s multiple comparison test.
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Chapter 3 Haematopoietic differentiation of human
IPSCs

3.1 Brief background

Haematopoietic differentiation of PSCs has been accomplished following several
approaches, producing HSPCs with variable haematopoietic potential and limited
in vivo engraftment (Hansen et al., 2018; Ng et al., 2016; Doulatov et al., 2013;
Ruiz et al., 2019). Despite the availability of several differentiation protocols,
discussed in Chapter 1.1.3, the process of differentiating iPSCs to HSPCs,
remains challenging and highly inefficient. A pre-requisite to addressing the aims
of this thesis is development of a method to routinely generate HSPCs from
iIPSCs. In this chapter, two protocols were tested and optimised: the commercially
available STEMDIff™ Haematopoietic kit (2D culture) and a published spin EB
method (Ng et al., 2016; Nafria et al., 2020).

The STEMDIff™ kit is a monolayer directed differentiation method that uses a
proprietary chemically defined media containing extrinsic growth factors,
cytokines and small molecules to induce differentiation in adherent cultures. In
this approach, cells are cultured and passaged as clumps, and differentiated as
adherent cells. The spin EB protocol involves administration of defined extrinsic
morphogens that mimic endogenous signalling cues. In this method, dissociated
iIPSCs are initially forced to form aggregates by centrifugation, differentiated to
HE cells, and transitioned to adherent cultures which generates a supportive

niche for HSPC production.

To summarise, both protocols share a similar stepwise process, aiming to
reproduce the spatial organisation of the early embryo.

Step 1: PSCs undergo mesoderm induction and patterning

Step 2: Cells are then directed to haemogenic mesoderm

Step 3: HE specification

Step 4: EHT, giving rise to sprouting of round cells

Step 5: Transition of haematopoietic cells to suspension.
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Proof-of-principle (n=1) experiments were done using both protocols to develop
a method for routine production of HSPCs in an efficient manner for future
differentiation of the HOXA9 reporter iPSC line. Differentiation efficiency and
populations produced were assessed using cell surface maker expression by flow
cytometry and gene expression profiling by gPCR. Characterisation of the stage-
specific cell population markers explained in section 1.1.4 is summarised in Table
3.1. The quality of derived HSPCs was also examined by gPCR and CFU assay.
To date, the CFU assay is a key assay demonstrating the repopulating and
haematopoietic potential of HSPCs. Two cell lines were used for the
haematopoietic differentiations: RPAT, the human iPSC cell line, and eA9™, a
genetically engineered RPATSs clone. Detailed generation of eA9™ is discussed
in Chapter 4.

Table 3.1 Stage-specific surface markers of cells during haematopoietic
differentiation

Cells population Surface markers

Mesoderm NCAM+ KDR+ CD34-

Haemogenic mesoderm CD34+ KDR+ CD43-
Hemato-vascular mesoderm CD34+ CD90+

Haemogenic endothelium (HE) CD34+ CD90+/- CD43-
Haematopoietic progenitors CD34+ CD90+ CD43+ CD45+ CD38-

3.2 Monolayer differentiation using the STEMDiff™ kit

3.2.1 iPSC passaging and seeding for haematopoietic differentiation

An enzyme-free mechanical cell dissociation reagent (GCDR, StemCell
Technologies) was used to transition iIPSCs from monolayer growth (n=3
passages) to aggregates in preparation of haematopoietic differentiation using
the STEMdIiff™™ kit from StemCell Technologies (in 6 well plates). Aggregates
were then routinely dissociated mechanically using a cell scraper and seeded into
12-well plates at a 1:60-1:200 ratio to form colonies of the desired size and colony
compaction (100-200 um in diameter) suitable for differentiation. The STEMdiff™
kit differentiation process is 12 days long, involving two media formulations,
media A and media B. Media A was added to the colonies for the first 3 days,
after which media was changed to media B (Figure 3.1A). Half media changes

were performed on day 2, day 5, day 7 and day 10. During differentiation, cells
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underwent marked morphological changes (Figure 3.1B). Colonies possessed
flat, compact structures that later formed bursts of large, hollow sacs. The
presence of these structures was indicative of successful differentiation.
Spherical, potential HSPC buds emerged from colonies on day 10, but remained
attached to the surface of the colony. By day 12 these cells had entered

suspension and were collected and characterised.

Apart from being time consuming and labour intensive, the aggregate passaging
method resulted in variability and inconsistent formation of colonies with the
desired size and number for consistent generation of HSPCs. Although derivation
of haematopoietic progenitors using the aggregate passaging method was
feasible, variability in the CD34+/CD38- haematopoietic progenitors fraction was
observed (Figure 3.1C). Representative dot plots demonstrate the large
variability from four independent differentiations (n=2 for each cell line) (Figure
3.1C). The percentage of CD34+/CD38- cells produced were 13.6% and 4.2%
for RPATSs differentiations, and 58.8% and 12.8% for eA9™ differentiation. Other
differentiations failed to produce a measurable number of suspension cells at all
(data not shown). It was concluded that aggregation passage of RPATs or eA9™
IPSCs was inefficient for the routine generation of HSPCs by STEMdIiff™ kit

differentiation.
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Figure 3.1 Aggregate passaging of RPATs or eA9™Mresults in high variability
in HSPC formation using the STEMdiff ™Kit.

A. Schema of the timeline for the STEMdIiff'™™ kit (StemCell Technologies)
differentiation process. B. Morphological changes during the haematopoietic
differentiation of RPAT. Haematopoietic clusters arise from adherent monolayer,
and by day 12, suspension haematopoietic cells are seen as small, spherical cells
(white box). Scale bar = 200 um. C. Dot plots showing variable numbers of
CD34+/CD38- populations generated from RPATs or eA9™ .
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The broad range of initial colony size and number was likely a major contributor
to the lack of reproducibility observed. Another dissociation reagent, ReLeSR,
suggested by the manufacturer was tested but proved to be unsuitable for RPATs
by EC. To test this, another passaging and seeding method was used, wherein
single cell-derived RPATs colonies were generated. It was hypothesized that
initiating aggregate formation from single cells would generate more uniform
colony number and size, and thus reduce the observed variation. To achieve this,
cells were enzymatically passaged using EDTA and seeded at very low densities
(200-720 cells/mL) in RC, which enables maximum cell recovery after single cell
passaging, and kept in culture until uniform colonies formed. A comparison

between both passaging methods is summarized in Table 3.2.

Table 3.2 Comparison between two different iPSCs passaging methods
tested.

Dissociation | Passaging | Preparation . o Seeding | Colony
Method ) ) Dissociation )
reagent Media time density | number
] 1:60 —
Aggregates | GCDR E8 9-12 days Mechanical 1:200 16-40
] ] 200-440
Single cells | EDTA E8 + RC 7-8 days Enzymatic 11-48
cells/mL

Cells were cultured for 7-8 days and formed compact colonies, similar to those
derived using the aggregate method, but more consistently, particularly with the
lower seeding density (Figure 3.2A). A seeding density of 200-440 cells/mL that
resulted in a total number of 11-48 colonies per well was considered optimal for
continuing with the haematopoietic differentiation (n=3) (Figure 3.2B).
Comparatively, the single cell approach involved one additional preparation step
prior to differentiation and the compact colonies formed remained undisturbed in
12-well plates. This removed the mechanical step required for aggregate seeding
(scraping), which may also have contributed to variability previously observed.
Taken together, the single cell passaging approach subjects the cells to less
stress, experimental variation and time taken to generate colonies, making it a
more robust and reliable approach for routine HSPCs generation from RPATs
and eA9™M using the STEMdIiff™ kit.
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Figure 3.2 Single cell seeding of RPATs for STEMdiff differentiation.

A. Representative phase contrast images of RPATSs colonies derived from single-
cell and aggregate passage methods after 7 or 3 days in culture respectively. Cell
number or ratios are labelled. Colonies started to merge at higher densities (white
arrow). Magnification 10x, Scale bar = 200 um. Bar graphs show the number of
colonies derived using single cell (B) and aggregates (C) passaging. Numbers
are mean = SD (n=3).

3.2.2 Single cell eA9™ IPSCs seeding yields CD34+CD43/CD45+ using the
STEMdiff™ kit
eA9™M iPSCs were passaged as single cells at low densities as described in 3.2.1.

prior to initiating the STEMdIiff™ kit differentiation. On day 12, the suspension cells

43



were harvested (as per the manufacturer’s protocol) and characterised for CD34,
CD43 and CD45 expression by flow cytometry. In addition, the differentiation
process was extended to day 14 to examine whether longer culture time yielded
more suspension cells. A total of ~3.5 x 10° cells (6.9 =2 x 10* cells/mL) were
harvested on day 12 and ~3 x 10° cells (5.5 +1 x 10* cells/mL) on day 14.
Harvested suspension cells were analysed for haematopoietic markers (Figure
3.3A). The proportion of HE cells expressing CD34+CD43- were approximately
similar on both days, ranging from 31-33%. The fraction of cells that expressed
CD43 only and lacked CD34 also did not vary on either days. Conversely, 55.7%
of cells acquired CD34+CD43+ expression (haematopoietic fate) on day 14,
compared to only 31.9% CD34+CD43+ on day 12. Interestingly, a slightly lower
proportion of CD34+CD45+ cells were seen after extended cell culture (34% vs.
43.9%). However, the CD34+CD45- fraction of cells showed a large increase on
day 14, with almost 50% of the population acquiring CD34 expression but still
lacking CD45 expression. On day 12, CD34+CD45- cells represented only 17.9%

of the population.

To examine the potential to retain eA9™-derived HSPCs in short-term culture,
cells were maintained in supplemented IMDM media (2.1.2) for up to 96 hours.
Although cell viability was maintained up to 72 hours the majority of cells exhibited

a stressed, apoptotic morphology by day 4 (Figure 3.3B).

3.2.3 Extended differentiation culture on viability

The viability of day 12 vs day 14 eA9™-derived HSPCs was also assessed by flow
cytometry using a fluorescent viability dye that stains dead cells. The viability of
CD34+ cells was high (84.6%) on day 12, and decreased to 49.4% on day 14
(n=1) (Figure 3.3C). It is worth noting that more CD34+ cells were collected
(13,569) on day 14 compared to day 12 (7,409). In line with the results shown in
3.2.2, the number of CD34+ cells harvested increased, but their viability was

compromised.
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Figure 3.3 Culture and characterisation of single cell-derived eA9™-derived
HSPCs using the STEMdiff ™Kkit.

A. Representative flow cytometry plots for CD34, CD43 and CD45 expression in
eA9™-derived HSPCs harvested on day 12 and day 14. Results were gated using
unstained control and adjusted using single-stained samples. B. Representative
phase contrast images of harvested potential HSPC suspension cells, seeded in
supplemented IMDM liquid culture at 1x10° cells/mL. Scale bar = 200 um. C.
Representative flow cytometry analysis of HSPC viability of day 12 and day 14
harvested eA9M-derived CD34+ cells using combined Zombie NIR staining.
Stacked bar chart shows the total number of live and dead CD34+ cells. (n=1).
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3.2.4 Extended differentiation culture does not affect the clonogenicity of
eA9™M-derived HSPCs
To functionally assess colony forming and self-renewal capacity, eA9™-derived
HSPCs collected on day 12 and day 14 were seeded into semi-solid,
methylcellulose-based medium and observed over 14 days in culture (Figure
3.4). In both samples (day 12 vs. day 14 eA9™-derived HSPCs), cells cultured in
Optimum H4034 medium formed CFU-erythroid (CFU-E) colonies only. In
contrast, cells seeded in Classic H4434 medium supported the generation of
granulocyte-erythroid-macrophage-monocyte (GEMM), granulocyte-
macrophage (GM) and blood forming-unit- erythroid (BFU-E) colonies. GEMM is
characterised by a dense core of reddish-brown cells at the core, and loosely
packed peripheral cells, whereas BFU-E and CFU-E have a more prominent red
centre. Therefore, Classic H4434 medium was chosen for all subsequent eA9™-
derived HSPCs CFU assays.

| Optimum | | Classic

Day 12

Day 14

Figure 3.4 Lineage committed haematopoietic progenitors formed from
eA9™M-derived HSPCs using the CFU assay.

Representative images of eA9™-derived HSPCs harvested on day 12 and day 14,
and seeded in two different methylcellulose media formulations, Optimum H4034
and Classic H4434. Colonies formed after 10 days in culture, demonstrating
colony forming ability of the cells (n=2). BFU; blast-forming unit, G; Granulocyte,
M; Macrophage, E; Erythroid, MM; monocyte megakaryocyte. Magnification 10x.
Scale bar =200 pm.

3.3 Spin EB differentiation
3.3.1 Overview of HSPCs derivation from iPSCs using the spin EB method

It was previously reported that haematopoietic differentiation using the spin EB

method allows the formation of reproducible, uniform EBs exhibiting robust
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haematopoietic potential (Ng et al., 2016). As previously described (Error!
Reference source not found.2.2.2), the eA9™-derived HSPCs were also
generated by spin EB differentiation. The published protocol (Ng et al., 2016) was
previously optimised in the laboratory for RPAT, to yield more HSPCs compared
to the STEMdIiff™ kit (EC). A schematic overview of the protocol is shown (Figure
3.5A). Following EB formation in 96-well plates for 7 days, cells were transferred
to Matrigel™-coated 6-well plates and grown as adherent cells for the rest of the
differentiation. During this process, cells underwent defined morphological
changes as represented in Figure 3.5B. Suspension cells emerged on day 14
and day 18 and were harvested for analysis. Herein, we tested the reproducibility

and efficiency of the optimised protocol on eA9™ cells.
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Figure 3.5 Overview of the spin EB haematopoietic differentiation method.

A. Schematic illustration showing the mode of cell culture changing from non-
adherent EBs to adherent EBs on day 7 and progress to generation and
harvesting of HSPC using 3 different media referred to as Stage I-lll (refer to
Table 2.1 for components). Human iPSCs are differentiated to mesoderm using
Wnt pathway regulators (SB and CHIR), prior to transitioning to adherent EBs.
EBs start to gain a haematopoietic profile on Stage Il. B. Representative images
of cell morphology at different stages of spin EB differentiation taken at 10x using
a light microscope. Scale bar = 200 um. Figure generated using biorender.com.

3.3.2 Mesodermal and haemogenic endothelial cell generation from eA9™
iPSCs
To assess whether the first stage of the differentiation process was successful,

EBs were collected, dissociated and characterised on day 4 for expression of
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pan-mesoderm (NCAM) and mesoderm (KDR) markers by flow cytometry (Figure
3.6). As expected, lack of CD34 expression during the early stages of the
differentiation was coupled with high expression of NCAM (69 + 10 %) and KDR
(31 £ 16 %) in day 4 EBs (Figure 3.6A). The majority of cells were viable on day
4 (74 £ 9 %). A similar fraction of the mesodermal double positive NCAM+KDR+
(26 +11 %) and earlier mesoderm progenitors that progress to KDR+,

NCAM+KDR- cells (38 + 9 %), cells was also observed at day 4 (Figure 3.6B) .

Prior to transitioning to adherent culture, flow cytometry analysis was used to
assess surface marker expression for haematopoietic specification from the
haemato-vascular mesoderm on day 7. As cells went through HE specification,
CD34 (35+ 16 %), CD90 (43 + 2 %), CD43 (6 £ 1 %) expression and viability (66
+ 13 %) was observed on day 7 (Figure 3.6C). Expression of
CD34+CD90+CD43- marks the presence of haemato-vascular mesoderm
population, as demonstrated in co-expression of CD34+CD90+ (26 +16 %)
observed in day 7 EBs (Figure 3.6D). CD43 expression distinguishes between
endothelial cells and haematopoietic cells. Presence of the double positive
CD34+CD43+ population (40 £4 %) is indicative of the shift towards a
haematopoietic fate and initiation of haematopoiesis. The decrease in viability
from day 4 to day 7 samples may be due to the extension in incubation time from
20 minutes (day 4) to 90 minutes (day 7) needed to dissociate the EBs due to the

increased cell number and compaction.
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Figure 3.6 eA9™ can differentiate to mesodermal and haemogenic
endothelial cells.

A. Representative histogram plots of the expression of CD34, NCAM and KDR
in day 4 EBs. Cell viability was detected by exclusion of Zombie-positive cells. B.
Representative dot plots showing the NCAM+KDR+ mesoderm population in day
4 EBs (red box). C. Representative histogram plots showing expression of
haematopoietic markers (CD34, CD43, CD90) and viability of day 7 EBs. D. Co-
expression (red box) profiles of CD34+CD43+ and CD34+CD90+ in day 7 EBs.
All histogram plots are gated using isotype controls (shown in grey). Dot plots are
gated using unstained, single stained, and isotype controls. (n=3).

3.3.3 eA9™ cells can differentiate to HSPCs using the spin EB method
The expression of haematopoietic markers was further examined on

differentiated cells that had entered suspension by day 14 and day 18.
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Characterisation of cells derived from both days is shown in Figure 3.7.
Expression of CD34+ was similar for cells collected on either day, with a minor
decrease on day 18 (28.4% vs. 21.9%) compared to day 14 (Figure 3.7A). Unlike
earlier stages of the differentiation, CD43 expression was upregulated to higher
levels in suspension cells on these days (40.1% and 67.9% respectively). In
contrast, a sharp decrease of ~15 fold in the CD90 fraction (~75% to 5%) of cells
was observed on both days. CD38 expression levels were consistent with
expected haematopoietic phenotype, being not expressed in day 14 samples and
remaining as low as 2.5 % for day 18 samples (Figure 3.7A). This strongly
suggests that cells have undergone EHT and lost the HE phenotype. The
haematopoietic population, CD34+CD43+, remains and is similar for both time
points (~ 39%). Low expression of CD90 and lack of CD38 in both samples further
confirms the presence of HSPCs (Figure 3.7B). The fraction of CD90+CD38- cells
is higher on day 18 than day 14 (27.19% vs. 13.7%).
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Figure 3.7 Surface marker analysis of iPSC-HSPCs derived using the spin
EB differentiation.

A. Representative histogram plots showing expression of haematopoietic
markers (CD34, CD43, CD90 and CD38) in iPSC-HSPCs collected on day 14
and day 18 of differentiation. Background threshold was identified using isotype
controls shown in grey. B. Haematopoietic stem cells populations defined by co-
expression of CD34+CD43+ and CD90+CD38- (red boxes).

3.3.4 Formation of multipotent HSPCs from eA9™ cells through HE
specification
To assess the expression of key TFs (HOXA9, RUNX1, GATA2 and MEIS1) that
regulate haematopoietic development, gPCR analysis was done on samples
obtained from days 4, 7, 14 and 18 of the differentiation. The expression of these
genes increased on day 7 compared to day 4 across multiple differentiations
(n=3) shown in Figure 3.8A. Average relative expression (RQ) values for these
51
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genes, summarised in Figure 3.8B, were determined using undifferentiated e A9™
cell RNA as the comparator. As EHT is initiated, RUNX1 expression
progressively increases from day 4 to day 7. Similarly, GATA2 expression
increases by > 2-fold during EHT. RUNX1 expression is maintained at later
stages and highest expression is observed on day 18 (Figure 3.8C). GATA2
expression is also maintained throughout differentiation and increases on day 14
and day 18. For comparison, RQ values for all four genes from one representative
differentiation is shown in Figure 3.8C. After acquisition of the expected
phenotype on day 7, HSPCs were preserved for other downstream experiments,

and were not always characterised by gPCR.

Comparatively, EB cells express the least amount of RUNX1, with an average of
7.46 + 2,91 and 31.2 + 7.10 fold changes on day 4 and day 7, respectively,
whereas HOXA9 and MEIS1 are expressed at significantly higher levels on either
day. Both HOXA9 and MEIS1 are highly upregulated on day 7, with an average
of 4069 + 583 for HOXA9, and 2935 + 963 for MEISL1.

Comparison between day 14 and day 18 HSPCs indicates increased expression
in HOXA9, GATA2 and RUNX1 but decreased expression of MEIS1 (Figure 3C).
Compared to the EB stages of differentiation, HOXA9 and MEIS1 are
downregulated by ~1000-fold in suspension cells collected on day 14 and day18
of the differentiation. Together, this may indicate progression to a haematopoietic

cell fate and a degree of HSPC differentiation in the day 14 and day 18 cultures.
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Figure 3.8 Changes in key haematopoietic gene expression during the spin
EB differentiation.

A. Bar graphs showing changes of HOXA9, RUNX1, GATA2 and MEIS1 gene
expression in day 4 and day 7 EBs derived from eA9™ cells. Results are mean +
SD, of three independent differentiations denoted #1, #2 and #3. An average of
relative expression from this data is shown in B. Expression is normalized to
PP1A expression, using undifferentiated eA9™ cells. C. gPCR of the TFs in
suspension cells harvested on day 14 and day 18. Results are mean + SD of
three technical repeats.

To confirm the colony forming, multipotential ability of the suspension cells
derived using the spin EB method, cells from day 14 and day 18 were seeded
into Methocult™ for the CFU assay (Figure 3.9). Suspension cells from both
timepoints were able to form lineage-committed progenitors. After 14 days in

culture, representative images show CFU-E, GM and GEMM colonies from day
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14 and day 18. Hence, adopting the spin EB method from EC was successful and
was used to derive multipotent HSPCs from eA9™ cells.

Day 14

Day 18

Figure 3.9 Lineage committed haematopoietic progenitors formed from
eA9™ spin EB-derived HSPCs using the CFU assay.

Representative images of colonies formed from suspension cells harvested on
day 14 and day 18, after 14 days in MethoCult™. BFU; blast-forming unit, G;
Granulocyte, M; Macrophage, E; Erythroid, MM; monocyte megakaryocyte.
Images were taken using a light microscope at 10x. Scale bar = 200 um.

3.4 Streamlining the timing of mesoderm patterning and endothelial
induction in spin EB differentiation

As stated previously (section 1.1.3), a key step of the spin EB protocol is the
precise timing of mesoderm induction and patterning by inhibiting Activin/Nodal
and stimulating Wnt. For the published protocol (Nafria et al., 2020b), this was
achieved by adding an Activin inhibitor (SB431542) and Wnt agonist
(CHIR99021), between 44-48h the differentiation of H9-ESC lines . SB and CHIR
are widely used as Wnt signaling pathway The authors noted however that this
timing was not suitable for feeder-free iIPSC cultures, such as RPATs. Earlier
experiments in the laboratory showed optimal SB/CHIR addition for RPATSs to be
~ 38-40h (EC). To further examine this, both timepoints were evaluated using
RPATSs (n=1 for both timepoints) and eA9™ cells (n=1 for 38h, n=3 for 40h).
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3.4.1 Mesoderm patterning timing affects CD34 and CD90 expression of
day 7 EBs

After treating RPATs and eA9™ cells with SB/CHIR for either 38h or 40h post
seeding, EBs from both were collected on day 7 to investigate whether the timing
affected haemato-vascular mesoderm formation. Cells were characterised for
differences in surface marker expression using CD34, CD43 and CD90 (Figure
3.10, Figure 3.11) as before. Morphologically, EBs on day 7 from both treatments
did not differ (Figure 3.10A). The 38h treatment generated ~9 % CD34 cells in
RPATs and eA9™ cells. CD34 expression in both cell lines was ~ 2-fold higher on
40h- compared to 38h-treated EBs (Figure 3.10B,C). CD43 expression did not
vary as much and ranged from ~ 3-7% across both cell lines. At this stage, low
expression of CD43 is expected as HSPCs are not yet formed. Conversely, the
fraction of CD90+ cells differed between both treatments, being higher (>40%) in
40h-treated EBs than 38h-treated EBs, which were 24% and 17% in RPATs and
eA9™ cells, respectively (Figure 3.10B,C). Increased numbers of CD34+/CD90+
cells were observed in 40h-treated EBs (~ 21% and 14% in RPATs and eA9™
cells, respectively), compared to 38h-treated EBs (~ 8% and 2% in RPATs and
eA9™ cells, respectively) but no co-expression of CD34 and CD43 was observed
in day 7 EBs (Figure 3.11A). Although cell viability was > 50% for all samples a
reduction in 40h treated eA9™ cells compared to the 38h counterpart was
indicated (Figure 3.11B).
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Figure 3.10 Comparative analysis of the effect of 38h or 40h SB/CHIR
treatment on morphology and surface marker expression in day 7 EBs.

A. Phase contrast images showing the morphology of d7 EBs following addition
of SB/CHIR 38h or 40h post cell seeding. Scale Bar= 200 um. (B) Histogram plots
show changes in CD34, CD43 and CD90 expression in RPATs and (C) eA9™.
Background threshold was identified using isotype controls shown in grey. (n=1).
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Figure 3.11 Comparative analysis of the effect of 38h and 40h SB/CHIR
treatment on surface marker co-expression and viability in day 7 EBs.

A. Dot plots of double positive populations of haematopoietic markers in from day
7 RPATs and eA9™ (red boxes). B. Histogram plots show viability of day 7 EBs
from both cell lines after addition of SB/CHIR at 38 or 40H post seeding.
Background threshold was identified based on unstained samples. Viability was
determined using Zombie NIR staining. (n=1).

3.4.2 Induction of mesoderm at 38h hinders HSPCs production

The effect of 38h or 40h SB/CHIR treatment of EBs on derivation of day 14 and
day 18 suspension cells was subsequently examined. Both RPATs and eA9™
38h-treated EBs produced low quantities of suspension cells on day 14 and day
18. Conversely, 40h-treated EBs derived from both cell lines produced many
small, spherical, clustered suspension cells, characteristic of HSPCs, on both day
14 and day 18 (Figure 3.12A). For instance, 1.8 + 0.5 x 10° cells/mL and 9.8 + 0.2
x 10* were collected from RPATs differentiation (n=1) on day 14 and day 18,
respectively. In eA9™ differentiations, on average (n=3), 1.9 + 0.7 x 10° cells/mL

and 4.5 + 2.6 x 10° cells/mL were collected from day 14 and day 18, respectively.
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The numbers of HSPCs produced from both differentiation protocols tested is
shown in Table 3.3. Due to insufficient production of HSPCs from 38h-treated
EBs, no further analysis was done on these cells. CFU assay confirmed
haematopoietic activity of the HSPCs collected from 40h-treated EBs as they
formed, GEMM and CFU-E colonies, after 9 days in MethoCult™ (Figure 3.12B).

38H

40H

RPATs |

| |

eA9m

Figure 3.12 Comparative analysis of the effect of SB/CHIR treatment
timing on generation and colony formation of day 14 and day 18
suspension cells.

A. Phase contrast images of suspension cells derived from 38h- or 40h- SB/CHIR
treated EBs. Scale bar = 200 um. B. Images of haematopoietic colonies from
suspension cells derived from 40h SB/CHIR treated EBs after 9 days in
MethoCult™, (n=1). BFU; blast-forming unit, G; Granulocyte, M; Macrophage, E;
Erythroid, MM; monocyte megakaryocyte.
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Table 3.3 Number of HSPCs derived from RPATs and eA9™

Number of HSPCs (cells/mL)
STEMdiff™ kit Spin EB differentiation
Cell line
Day 12 Day 14 38h SB/CHIR 40h SB/CHIR
Day 14 Day 18 Day 14 Day 18
RPAT - - - - 1.8+0.5x10° |9.8+0.2x 10*
eA9m 6.9+2x10* | 55+1x10* | - = 19+0.7x10° |45+2.6x10°

3.4.3 Increased mesoderm induction enhances HSPC production

Flow cytometry analysis of surface marker expression (CD34, CD43, CD90 or
CD38) was next applied to further assess the identity of the suspension cells
harvested on day 14 and day 18 of the 40h-treated EB differentiations. The same
background threshold strategy using isotype controls shown in Figure 3.7 was
used here. Overall, cells possessed a CD34+CD43+CD90+CD38- phenotype on
both days, resembling the HSPCs expression profile (Figure 3.13A). RPATs
showed increased numbers of CD43+ cells on both days, whereas eA9™ showed
similar numbers to RPATs on day 18 only. In eA9™, the number of CD34+ and
CDA43+ cells was higher on day 18 than day 14. RPATs showed similar numbers
of cells expressing these haematopoietic markers on both days. Notably, the
number of haematopoietic CD43+ eA9™ cells was doubled on day 18 (Figure
3.13A).

A higher proportion of haematopoietic progenitors (CD34+CD43+) was found in
day 18 than day 14, in both cell lines (Figure 3.13B). In RPATSs, 10% and ~56%
of cells exhibited co-expression of CD34/CD43 on day 14 and day 18,
respectively. Similarly, eA9™ cells co-expressed CD34/CD43 at almost 2-fold
more in day 18 (42 + 4%) compared to day 14 (28 + 1%) cultures. Gain of CD43
confirmed that cells lost haemato-vascular phenotype (CD34+CD90+CD43-) and
formed a haematopoietic-committed phenotype (CD34+CD90+CD43+) was
feasible on both days. A similar variation was observed in the CD90+CD38-
fraction, wherein more cells possessed this phenotype on day 18 compared to
day 14. On day 14, the RPATSs fraction was ~38% and the eA9™ fraction was ~53
+2%. On day 18, the proportion of cells expressing CD90 and lacking CD38
increased to > 70% in both cell lines (Figure 3.13B). This indicates that during the
differentiation, cells acquired the HSPCs phenotype gradually. In both cell lines,
viability was higher on day 18 (~80%) than day 14 (~40-50%) (Figure 3.13C).

59



RPATs eAgm
100_ 100—
= day 14
804 80 I day 18
° o
2 60 2 60
- 4'0-
® ES
204 20+
0- 0-
CD34 CD43 CD90 CD38 CD34 CD43 CD90 CD38
B
| RPATSs | { eA9™ |
| Day 14 || Day 18 | | Day 14 | | Day 18 |
A g, oo e oo o 5] ‘
18.84% 10.05% $39.07% 55.89% “Tes.87% 27.23%) 47 6a% 44.80%
10 10 0
10°-
10¢ o o : o
o™ S i
2|, - |
[a] by . IR 100
o -
10° 1ot 0 \WJ
0 o
3.66% 1.38% o
aBE3OK | BN - 0 6-78% 1.12% AT 2.79%
o 0o e 10 0 w ¥ v 0 o e w e H W e e
>
L
CD34
A o | DY MISa ) reIr Ly s e .
To.08% 0.16% 10.00% 0.49% " o0 X T0.00% 0.45%
10° 10 0 10
0 1w 10t 10
g 10" 10 100 10
a ]
[$) 2004 200 zuuj 200 2
| - g
04 [} o4 A i 0 B,
61.82% o4 29.28% 70.23%) 7 25% : 2.58% o 2249 77.06%
o 10 10 0 0 10¢ o 10 w o e w0 -mn);.,;r " ™ o ?A n A 010 i@ 1 w0 10° 10°
. »
»
CcD90
Cc
100+
== day 14
= day 18

% live cells

RPATs eA9™

Figure 3.13 Analysis of HSPCs characterisation and viability derived from
40h-treated EBs.

A. Bar charts showing percentage of suspension cells, collected on day 14 and
day 18 of the spin EB differentiation from RPATs (n=1) and eA9™ (n=3),
expressing haematopoietic markers using flow cytometry analysis. B.
Representative dot plots marking haematopoietic committed fraction (red boxes)
from both cell lines on day 14 and day 18. C. Bar graphs showing viability of
suspension cells identified using Zombie NIR staining. Results were gated using
unstained controls (n=1).
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3.5 Summary of results

Taken together, HSPCs possessing multipotential, colony-forming ability were
successfully derived from RPAT-based iPSCs using both the STEMdiff™ kit and
spin EB protocols. Single cell passaging and low density seeding in the presence
of RC improved monolayer-based iPSCs haematopoietic differentiation using the
STEMdIiff™™ kit. RC enabled maximum cell recovery after single cell passaging.
Extending the STEMdIiff™ kit culture time to 14 days indicated that an increased
proportion of cells could still undergo HE specification and ultimately acquire
haematopoietic fate, albeit with compromised viability. The CD34/CD43 profiling
suggested that cells are shifted towards a haematopoietic profile, by gaining
CD34 expression first (similar to HE cells) followed by CD43 expression which
was enhanced with extended culture. The decrease in CD34+CD45+ cells could
be resulting from stress-related factors, such as contact-inhibition from over

confluency in cultures.

Despite being a commercial product, the STEMdiff'™™ kit generated low quantity
of HSPCs using either the manufacturer’s protocol or the approaches tested. The
scalability of the process was hindered, as the components and concentrations
of differentiation media was proprietary preventing the generation of in-house
alternatives. These aspects were crucial for completion of other aims of the
project. Moreover, the time and cost associated compared to the yield of HSPCs
produced made the process inefficient. Thus, the spin EB differentiation method
was applied. Compared to the STEMdIiff™ kit, higher numbers of HSPCs were
generated in all differentiation conditions, none of which were unsuccessful,
unless due to technical issues. Mesoderm induction and patterning was induced
at either 38h or 40h after initiation of spin EB differentiation to further examine
the effect on the process. Although the haemato-vascular mesodermal population
of cells did not show a major difference in day 7 EBs, SB/CHIR treatment of EBs

at 40h instead of 38h was found to be more efficient in HSPCs production.

Therefore, the treatment of EBs with SB/CHIR at 40h was chosen for the
remainder of this project on the premise of anticipated higher HSPC counts.
Overall, the protocol was successful in generating multipotent HSPCs expressing
CD34+CD43+CD90+CD38- markers with ability to form CFU-GEMM, GFU-G,
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CFU-M and BFU-E colonies in methylcellulose. Consistent generation of HSPCs
from eA9™ iPSCs was now established to create a platform for investigation of
HOXA9 in eA9™M-derived haematopoiesis. As such, the detailed generation and

further analysis of eA9™-derived HSPCs is discussed in Chapter 4.
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Chapter 4 Generation of a HOXA9-mScarlet reporter
cell line

4.1 Brief background

As discussed in Chapter 1, HOXA9 plays a central role in haematopoiesis,
embryogenesis and MLL-rearranged leukaemia initiation and progression. The
primary aim of this chapter was to generate an iIPSC-HOXA9 fluorescence
reporter cell line capable of differentiating to HSPCs. With advances in genome
editing techniques, as previously discussed, the endogenous HOXA9 locus was
targeted using CRISPR/Cas9 technology to generate a footprint-free knock-in of

the red fluorescent protein, mScarlet-H (2.7).

In leukaemia, identifying the cell-of-origin for leukaemia initiation may provide
opportunities for more specific and less toxic therapies. The use of reporter cell
lines driven by expression of key oncogenic targets (such as HOXA9) may
provide a tempero-spatial map of leukaemia and other cancer initiation. Hence,
the proposed reporter cell line will be a useful tool for monitoring of HOXA9
expression and protein-DNA binding, giving further insights into its molecular

function and the ability to model diseases in vitro.

4.2 Gene targeting strategy of the endogenous HOXA9 locus in
iIPSCs

A schematic of the overall targeting strategy, after integration and excision of the
PB cassette is summarised in Figure 4.1. The PB transposon system includes
two sequential steps. First, the targeting vector is co-transfected with gRNA and
Cas9, to promote genetic cleavage and homology-directed repair insertion into
the endogenous HOXA®9 locus. To incorporate mScarlet-H (696 bp) in-frame and
downstream of exon 2 of the HOXAG9 locus, the stop codon was replaced with the
self-cleaving peptide T2A and mScarlet-H. T2A self-cleavage results in
positioning a short peptide tag (18 amino acid) in frame with HOXA9.

Due to lack of adequate HOXA9 antibodies, informative molecular assays such
as ChIP and protein pull-down assays may in the future be feasible using the

reporter-tagged HOXAO9.
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Targeting was achieved using a gRNA and proximal PAM site motif (GGG)
complimentary to this region of the HOXA locus (Figure 4.1A). The PB
recombination sites flank the positive-negative drug selection cassette
(puromycin and delta TK), all of which are located downstream to T2A and
mScarlet-H (Figure 4.1B). This cassette (3939 bp) was then flanked on the left
and right with HOXA9 locus homology arms (1000 bp and 996 bp, respectively).
The left homology arm (LHA) spans part of intron 1 and exon 2, and the right
homology arm (RHA) is identical to a part of the 3’ untranslated region (UTR).
Figure 4.1B represents the HOXAO9 locus after integration of the cassette.

Positive puromycin selection identified RPATs clones that incorporated the
cassette, thus possess resistance and survived. Out of these resistant clones,
one clone (Clone 2 plus PB; C2+PB) was selected and expanded with former
research colleague, Ben Johnson. This parental clone (C2+PB) was
subsequently transfected with a transposase-expressing plasmid that induced
recombination and deletion of the PB cassette at the sites indicated (Figure 4.1B).
At the site of recombination, an endogenous quadra-nucleotide palindrome
sequence, TTAA (PB-T2), is necessary for PB cassette excision. The HOXA9
locus after excision of the resistance cassette, with PB-T2 remaining from the
cassette and T2A-mScarlet downstream to HOXA9, is represented in Figure
4.1B. Following excision, negative antibiotic selection was achieved using
ganciclovir, which kills cells expressing delta TK. Thus, 38 colonies, that survived
excision of the antibiotic cassette were picked and expanded. The targeting
vector used (pHOXA9-T2A-mScarlet) was generated by Genewizz (Figure 4.2A).
The plasmid vector was sequenced to confirm all key elements are present and

align with the plasmid sequence map (Figure 4.2B).
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Figure 4.1 Strategy for the footprint-free targeting of the endogenous
HOXA9 locus.

A. A schematic of the endogenous HOXA9 and the integration site (dotted black
arrow) flanked by left and right arms homologous to exon 2, intron 1 and the 3’
UTR of the HOXA9 locus, respectively. The magnified integration site (dotted
square) shows location of the gRNA sequence (highlighted in yellow) and its
respective PAM site (pink). The homologous arms flank the stop codon (red),
which is present after exon 2. B. Following integration the stop codon is replaced
by the cassette including PiggyBac recombination sites indicated using scissors,
leaving a TTAA sequence (PB-T2) after excision of the cassette. After excision,
the T2A peptide, mScarlet-H and PB-T2 sequence remain downstream to
HOXA9. PAM, protospacer adjacent motif; UTR, untranslated region.
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Figure 4.2 CRISPR/Cas9 targeting plasmid map.

A. Schematic of the targeting vector that contains a dual drug selection cassette
(Puro-ATK) driven by EM7 and PGK promoters, respectively, flanked by
PiggyBac TRD recombination sites and the HOXA9 homologous arms. mScarlet-
H is downstream to HOXA9 LHA and separated by the T2A peptide. B. The
targeting plasmid was generated by Genewizz and verified by Sanger
sequencing. Chromatograms represent presence of the vector integration
elements in the expected order. *T2A cleavage site; *mScarlet stop codon (TAG)
labelled in red. TRD, terminal repeat domain; LHA, left homology arm; RHA, right
homology arm; PB, PiggyBac. Plasmid map generated using Snapgene.

4.3 Molecular validation of HOXA9 targeting

After selection and expansion of individual clones, integration of the in-frame
targeting of the reporter elements plus presence/absence of the PB cassette was
validated. C2+PB genomic DNA was amplified using primers (A9.int F & Scar R),
flanking the 5’ integration site. These primers amplified part of intron 1, exon 2
and part of mScarlet-H (expected size 1752 bp) (Figure 4.3A). All primer
sequences used in this section can be found in Table 2.7. A band of the expected
size was observed in C2+PB gDNA and was absent in the negative control
(RPATs) gDNA (Figure 4.3A). DNA from a Scarlet-expressing clone (iA9),
previously generated by EC, acted as a positive control for the reporter. Primers
Scar F and Scar R were used to confirm the presence of mScarlet-H in C2+PB
and iA9, both showing a band of expected size (140 bp) (Figure 4.3B). No
amplification of this band was observed in the negative control (RPATS) (Figure
4.3B). This confirms that the HOXA9 locus was targeted at the intended location

and mScarlet-H was present in the clone.
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Figure 4.3 Validation of 5’ integration and presence of mScarlet-H in HOXA9
locus.

A. Schematic indicates primer binding to amplify the region around the 5’
integration site by PCR (upper panel), resulting in the expected 1752 bp band
confirmed by the gel electrophoresis image (lower panel). B. Schematic of primer
binding to amplify the region around mScarlet-H (upper panel), resulting in the
expected 140 bp fragment, confirmed by the gel electrophoresis image (lower
panel). Positive control (1A9); negative control (RPATS).

After the transposase treatment, DNA from the thirty-eight clones generated was
first pooled and screened for presence of the excision, along with DNA from
parental C2+PB. DNA from the targeting plasmid vector was used as a positive
control. The primers used here (-PB F2 and -PB R2) bind in regions outside the
PB cassette. Correct excision of the PB cassette results in the amplification of a
159 bp region instead of a 3440 bp as demonstrated in Figure 4.4. This
amplification also verifies the 3’ integration region as the reverse primer was
designed to bind to the HOXA9 3’ UTR. For classification, C2+PB DNA is denoted
as “pre” and the pooled DNA from the 38 excised clones is denoted as “post”
excision (Figure 4.4). Plasmid DNA showed a clear band larger than 3000 bp,
similar to DNA from C2+PB. A faint band of similar size was visible in the pooled
post-excision sample. This indicates that C2+PB possesses the full PB cassette,
which may also be retained in the pooled post-excision sample. Unlike plasmid
DNA, “pre” and “pooed” DNA samples had an additional band smaller than the

expected size, potentially due to unspecific binding as a result of genomic DNA
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complexity and size compared to plasmid DNA. Another small band, around 159
bp, was seen in the pooled post-excision sample, as expected. To further
investigate the ~3440 bp band observed in the pooled sample (Figure 4.4), the
pooled ‘post DNA sample was separated again on another agarose gel,
alongside DNA amplification samples from all individual clones picked following
excision (Figure 4.5). These clones were denoted numerically e.g. clone 10
(C10). After screening the DNA from the excised clones separately, the small 159
bp band was seen in most ‘post’ clones, validating excision of the PB cassette.
The large band seen in the pooled ‘post’ sample in Figure 4.4 was not present in
this gel (Figure 4.5), indicating that it could have been due to a technical issue.
Two clones with clear bands at ~159 bp, C25 and C33, were excised from the
gel and validated by Sanger sequencing Figure 4.6. For the purpose of this
project, C25 was selected and expanded as it produced a single clear band of
the expected size following PCR amplification and gel electrophoresis (Figure
4.5). This HOXA9-mScarlet reporter iPSCs cell line clone (eA9™) was then used

for all further downstream analysis.
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1 | |
Sl mscariet-H < I o ) BT M- B 3 U |
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Figure 4.4 Validation of integration and excision of the PB cassette from the
HOXAZ9 locus.

Schematic showing amplified region after cassette integration (3440 bp) and after
cassette excision (159 bp). All DNA samples shown here were amplified using
the -PB F2 and -PB R2 primers, denoted using black arrows (upper panel). The
expected 159 bp band (red box) was confirmed in the ‘post’ sample by the gel
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electrophoresis image (lower panel). pHOXA9-mScarlet-PiggBac; plasmid,
C2+PB; pre, pooled sample; post.

PRE POOL C3 c10 c18 C19 cC20 cC21 c22 c23 C24

ladder

C26 C27 cC28 c29 C30 C31 C32 C33 cC34 C35 C36 C38

C39 €1 Cc2 c4 C5 C6 C7 C8 C9 C11 C12 C13 C14 Ci15 C16 C17

Figure 4.5 Validation of PB cassette excision after transposase treatment.

Images of amplification of the region flanking the PB cassette excision site (~159
bp) form genomic DNA of selected clones (C1-39) separated using gel
electrophoresis. C2+PB (pre) and a pooled sample of all post-excision clones
(pool) were also screened. Red asterisks are representative of lanes with no
bands observed. One of the clones that showed a clear strong band was
expanded (red box). Primers used to amplify all samples were -PB F2 and -PB
R2.
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Figure 4.6 Validation of post excision clones by Sanger sequencing

Image of amplification of the PB cassette excision site (~159 bp) from genomic
DNA of two post-excision clones, C25 and C33, separated using gel
electrophoresis (upper panel). A schematic of a proportion of the expected PB
cassette excision site sequence is shown. DNA bands from the gel shown were
extracted and sequenced. Chromatograms represent the same sequence,
highlighted in yellow, present in C25 and C33, confirming PB cassette excision
(lower panel). Primers used were -PB F2 and -PB R2.

The editing efficiencies reported using this transposase approach range from 8%-
93% (Kondrashov et al., 2018). We hypothesized that excision of the PB cassette
was not wholly efficient, thus eA9™ may be heterozygous for deletion of the PB
cassette. To validate whether eA9™ retained elements of the PB cassette, we
designed further specific primer pairs (Table 2.7) that amplify short amplicons,
shorter than 500 bp, of every element in the PB cassette (Figure 4.7A). The
targeting plasmid was used as a positive control. The expected bands that were

identical in eA9™ and the targeting plasmid (Figure 4.7B). These amplicons were
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sequenced and chromatograms aligned with their respective sequences from the
plasmid map (Figure 4.7C). This verified that albeit correctly targeted (Figure 4.6),
eA9™ also retained all elements present in the PB cassette.

Together these data suggest that eA9™ may be heterozygous for the excision of
the PB cassette, with one allele retaining the full PB cassette, and the second
allele with only HOXA9-T2A-mScarlet. Alternatively, eA9™ could be a mixed
clone, with some cells being “pre-excision” and others being “post-excision”. To
examine these possibilities, a puromycin kill curve (up to 1 pg/mL) was conducted
on eA9™ and RPATs (Figure 4.8). This demonstrated that both cell lines were
sensitive to puromycin at these concentrations, particularly at the concentration
used for clone selection (0.2 pg/mL). These findings indicate that eA9™ are not
puromycin resistant, suggesting that the initial targeting was heterozygous and
eA9™ retained a wildtype HOXAZQ allele. To confirm whether a wildtype allele is
present, primers (WT fwd and WT rev) that amplify a region of HOXA9 (spanning
intron 1, exon 2 and the 3’ UTR) were used, and bands of the expected size
(~1210 bp) obtained and sequenced for validation (Figure 4.9A). RPATs were
used as a positive control for the wild type locus, and showed a similar band to
eA9™. Sequencing results from RPATs and eA9™ were identical (Figure 4.9B).
Aligning the chromatograms against the plasmid map confirmed that eA9™ is
heterozygous for the gene edited HOXAS9 allele.

Together the validation PCR and sequencing indicates the presence of three
forms of the HOXAQ9 locus namely: wild type; HOXA9-T2A-Scarlet; and HOXA9-
T2A-Scarlet-PB cassette. Monoallelic targeting by CRISPR/Cas9 is not
unexpected and may in fact be preferential functionally as one allele of HOXA9
remains intact. Retention of the PB cassette in the 3’ UTR of HOXA9 may have
no significant impact on HOXA9 function beyond RNA stability. Therefore, eA9™
remained a viable clone to assess HOXA9 expression during iPSC differentiation
to HSPCs.
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Figure 4.7 PiggyBac cassette elements are retained post-excision in eA9™
cells.

A. Schematic of the HOXA9 locus, with full integration of the cassette is shown.
PCR amplification of the six short regions indicated in grey boxes, and the
corresponding primer pairs used are labelled 1-6 (Table 2.7). B. Images of PCR
amplification products in agarose gels; targeting plasmid (pHOXA9-mScarlet-
PiggBac) used as positive control, showing all the expected bands, similar to
eA9™. C. DNA bands from B were extracted and sequenced. Chromatograms
show representative regions of key elements in the cassette, and their
corresponding sequence (highlighted in yellow).

0 pg/mi 0.1 pg/ml 0.2 pg/ml 1 pg/ml

eA9™

Figure 4.8 eA9™ are not resistant to puromycin.

Representative images (n=3) of eA9™ cells and RPATSs controls after 48 hours in
culture with puromycin at 0, 0.1, 0.2 and 1 yg/mL. Scale bar = 100 ym.
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Figure 4.9 eA9™ retain a copy of the wildtype HOXAO9 allele.

A. Schematic of the HOXA9 locus. PCR amplification of the intron, non-targeted
exon 2 and 3'untranslated region is highlighted in blue (upper panel). Image of
PCR amplification products in agarose gels showing ~1210 bp products in both
RPATs and eA9™ cells (lower panel). B. Schematic of the expected sequence of
the wild type amplification product from A (upper panel). DNA bands from A were
extracted and sequenced. Stop codon highlighted in red, PAM sequence
highlighted in pink. Chromatograms confirm retention of the HOXA9 stop codon
in reverse strands of DNA obtained from both RPATs and eA9™ cells.

4.4 Functional validation through HOXA9 upregulation

After generation and molecular validation of the reporter cell line validation of
functional upregulation of HOXA9 was done in eA9™ cells. If the clone was
functional then upregulation of HOXA9 would be detected by increased
expression of mScarlet-H. In this section, HOXA9 was upregulated using several

approaches.

4.4.1 Upregulation of HOXA9 using Wnt pathway-related molecules

Firstly, the effect of supplementing SB and CHIR or RA in eA9™ normal growth
media was examined. As discussed previously HOXA9 is not expressed in
resting iPSCs (1.1). The expression of HOXA9 and mScarlet was evaluated after
24h and 48h of stimulation. Combined stimulation with SB, CHIR and RA was
also tested to examine if a more robust upregulation of HOXA9 and mScarlet-H

could be achieved in eA9™M.

Routinely, iPSCs are only cultured on Matrigel-coated tissue culture plasticware.

To enable us to treat and image cells using confocal imaging, optimised seeding
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and attachment of iPSCs to microscope coverslips was required. Prior to seeding,
coverslips were coated with either Matrigel or fibronectin to test which formulation
would aid cell attachment. After 24h, both cell lines showed regular morphology

of iIPSCs on both substrates, and attached to the coverslips (Figure 4.10).

Matrigel Fibronectin

RPATs

e

eA9m

Figure 4.10 iPSC seeding and attachment on coverslips.

Representative images (n=3) of RPATs and eA9™ cells attached to coverslips
coated with Matrigel or fibronectin (20 pg/ml), 24 hours after passaging. Scale
bar = 200 um. Attachment of cells at the centre of coverslips (left panels) and the
edges (right panel) are demonstrated.

Both RPATs and eA9™ cells grew normally and covered the surface of Matrigel-
coated coverslips. However, cells attached to fibronectin demonstrated a less
confluent, clumped morphology indicating cell stasis or death. For this reason,
Matrigel was chosen as coverslip substrate for further studies. Following 48h of
seeding, iPSCs were treated with either SB and CHIR, RA alone, or all three in
combination. Expression of HOXA9 and mScarlet-H was analysed by gPCR. All
samples collected after 24 hours showed no change in HOXA9 or mScarlet-H
expression. Although treatment with SB and CHIR was insufficient for HOXA9
upregulation, an increase in expression was observed in cells that were treated
with RA alone or as part of the combination after 48 hours (Figure 4.11A).
Notably, a minor increase of ~4 fold was observed in mScarlet-H expression,
compared to ~23 fold in HOXA9. The combination treatment was then repeated
and samples taken for confocal imaging. RPATs were used as a negative control
for mScarlet-H, to account for background fluorescence. eA9™ cells showed red

fluorescence, that was absent in RPATSs (Figure 4.11B).
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The differential expression in HOXA9 and mScarlet-H is potentially due in part to
retention of the wildtype HOXA9 allele shown in the molecular analysis. mMRNA
stability of the targeted allele may have also been compromised with retention of
the PB cassette within the 3' UTR of HOXA9. Nevertheless, this proof-of-principle
assay demonstrates that eA9™ cells can still function as a fluorescent reporter
line for HOXA®O.
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Figure 4.11 eA9™ cells show mScarlet-H fluorescence upon HOXA9
stimulation.

A. A bar chart showing the expression of HOXA9 and mScarlet-H following
treatment of eA9™ cells with RA alone or SB/CHIR/RA (SCR) for 48h determined
using gPCR (n=1). All results are normalised to PP1A expression, and relative to
undifferentiated eA9™ cells. B. Confocal images of cells stained with DAPI after
treatment with a combination of SB (4 uM), CHIR (3 uM) and RA (3 uM) for 48h.
Endogenous mScarlet-H fluorescence was also visible after 48h. RPATs were
used as a negative control for mScarlet-H fluoresence. Scale bar= 50 pm.

4.4.2 Haematopoietic differentiation: HOXA9 vs RUNX1

Since HOXA9 expression is reported to increase during haematopoiesis, the spin
EB haematopoietic differentiation approach was next used to validate the function
of eA9™M. The ability of eA9™ IPSCs to differentiate to functional HSPCs was
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previously demonstrated (3.3). Therefore, EBs were collected from timepoints
(day 4, 7, 14 and 18) of the differentiation, representative of key stages of HSPC
formation, and the expression of HOXA9 and mScarlet-H compared (Figure
4.12A). Expression of HOXA9 was ~300 fold higher on day 4 than
undifferentiated eA9™ cells with the greatest difference (2000-fold) observed on
day 7. HOXA9 expression was overall lower on day 14 and day 18, with only ~13
and 8.8 fold-increase over untreated eA9™ iPSCs, respectively (Figure 4.12A).
This is consistent with the role of HOXA9 in haematopoiesis. As observed for the
SB/CHIR/RA combined treatment, the increased expression of mScarlet-H did
not follow the degree of expression observed for HOXA9 (e.g. only 2.5 fold-

increase on day 7).

An extended time course study was then done on eA9™ cells, to identify the day
of differentiation where HOXA9 and potentially mScarlet-H would be most highly
upregulated. A preliminary screen of gPCR expression was used as an indicator
of the expression level needed to visualise a reporter line during the
differentiation. eA9™ EBs were collected on each day of the differentiation, for the
first 13 days, prior to the formation of HSPCs and changes in expression of
HOXA9, RUNX1 and GATA2 was analysed (Figure 4.12B). Compared to RUNX1
and GATA2, HOXA9 is upregulated to much higher levels during the
differentiation. We also confirmed that the largest increase in HOXA9 expression
occurs on day 7 of the differentiation, at the hemato-vascular mesodermal stage.
HOXA®9 upregulation starts on day 4 and is downregulated after day 7. In contrast,
RUNX1 expression gradually increases and is highest after day 9 of the EB
differentiation, as cells form HE and progress through EHT to form HSPCs.
GATAZ2 expression is similar to HOXA®9, as it reaches the highest expression at
day 6. It is expressed at early stages and then starts to decrease to almost no

expression at all on day 8 onwards (Figure 4.12B).
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Figure 4.12 Differential gene expression of eA9™ and RPATs during EB
differentiation.

A. Representative bar chart showing HOXA9 and mScarlet-H expression on day
4, day 7, day 14 and day 18 of the spin EB differentiation, identified using qPCR.
Primers, named mScarlet, were not able to detect mScarlet expression. B. Bar
chart showing variation of HOXA9, RUNX1 and GATA2 expression in eA9™ from
day 1-13 of the spin EB differentiation. Results are from three technical repeats

77



from the same differentiation. C. Left panel: bar chart of mScarlet CT values
indicated issues with mScarlet primer function as shown in B. Right panel: Bar
chart showing mScarlet-H gene expression in iA9, eA9™ and RPATs using
another set of primers denoted mScarlet-H. D. Bar chart showing expression of
HOXA9 and mScarlet-H on day 4 and day 7 of three independent eA9™
differentiations (#1- #3). Results are mean of three technical repeats. All results
are normalised to PP1A expression, and relative to undifferentiated iPSCs.

Using qPCR, lower mScarlet CT values were observed in undifferentiated eA9™
compared to RPATS, despite the expected lack of expression in both cell lines.
To test if the lack of mScarlet amplification observed by qPCR was due to
technical issues with the mScarlet primers (denoted mScarlet), a new set of
primers were designed (denoted mScarlet-H) and used on the same day 7 cDNA
samples from eA9™ and RPATs along with iA9 as a positive control (Figure
4.12A). The new primers showed more measurable expression in iA9, and
similarly, although at expected lower values, in eA9™ (Figure 4.12C). Primer
sequences are listed in Table 2.3. As expected, RPATs do not have mScarlet-H
and no expression was observed. After validating the new primers, these were
subsequently used for all other further gPCR experiments. HOXA9 and mScarlet-
H expression were examined on day 4 and day 7 from three independent EB
differentiations, labelled #1- #3, and the same trend from both genes was
observed, with cells expressing higher HOXA9 and mScarlet-H on day 7 rather
than day 4 (Figure 4.12D).

It is worth noting that between differentiations, the expression of each gene also
varies. For instance, the expression of HOXA9 on day 7 of differentiation #3 was
approximately 100 fold lower than the other differentiations. Similarly,
differentiation #3 possesses the lowest expression of HOXA9 on day 4. This
reflects the inherent variability in the constituents of EB formation that affects
differentiation efficiency. Although HOXA9 and mScarlet-H expression are
aligned during eA9™ haematopoietic differentiation, the difference in levels
indicate that not all HOXA9 expression is reported by mScarlet-H. This is
congruent with the molecular validation of three forms of the edited gene (section

Error! Reference source not found.4.3).
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4.5 MLL::AF9 treatment of eA9™ cells

MLL::AF9 is a known activator of HOXA9 expression. As a potential goal of the
eA9™ model is to generate a tractable leukaemia model, cells were exposed to
MLL::AF9 by either nucleofection of MLL::AF9 containing plasmids or by
transduction using MLL::AF9 lentiviral particles were applied to eA9™ cells and

HOXA9 and mScarlet-H expression assessed.

4.5.1 MLL::AF9 nucleofection of eA9™ iPSCs

eA9M iPSCs were nucleofected with MLL::AF9 (p2158, pMA9) or control (pCTRL)
plasmid and cell morphology observed after 24 hours (Figure 4.13A). Details of
source of plasmids used is in Table 2.2. Each plasmid was nucleofected once
(single hit), or twice (double hit) consecutively, to attempt to increase the
efficiency of nucleofection. The majority of cells survived a single nucleofection
and represented the regular morphology of iPSCs, whereas double hit
nucleofections resulted in significant cell death. While GFP expression was
observed for the control plasmid (pGFPmax), mScarlet-H fluorescence was not
detected after 48 hours in MLL::AF9 treated cells (Figure 4.13B). This may be
due to the much larger size of the MLL::AF9 harbouring (> 12.4 kb) compared to
control (3.486 kb) plasmids preventing integration into the eA9™ cells using the

nucleofection process.

To further investigate if the eA9™ cells were nucleofected with MLL::AF9 plasmids
the expression of HOXA9 and mScarlet-H were analysed by qPCR (Figure
4.13C). In addition, the expression of other known MLL::AF9 target genes
HOXA5, HOXA7, cMYB and MECOM were also evaluated. All genes, except
HOXAS5, showed upregulation after pMA9, pCTRL and p2158 nucleofection
compared to untransfected eA9™ cells. RPATs were used as a negative control
for gene expression, wherein all RQ values were below 2, confirming that
upregulation observed across the plasmids was due to nucleofection (Figure
4.13C). Results show that HOXA7 and HOXA9 upregulation was highest after
p2158 transfection. Conversely, p2158 resulted in minimum upregulation of
mScarlet-H and cMYB. Surprisingly, peak expression in those genes was
elucidated by pCTRL. MECOM expression was an exception, as all plasmids
caused an upregulation to similar levels. Comparatively, pCTRL caused a

stronger response than pMA9 across all genes. Overall, RQ values were lower
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than 30 fold in this experiment. These findings suggest that eA9™ cells are
sensitive to the nucleofection process itself which may have transiently influenced
gene expression.

>
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double hit

GFP + BF

(@)

Il pCTRL
B 2158
N pMA9
" RPATs

Relative expression
(Normalised to PP1A)

HOXA5 HOXA7 HOXA9 mScarlet-H cMYB MECOM

Figure 4.13 Nucleofection of MLL::AF9 plasmids in eA9™ cells.
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A. Representative phase contrast images showing morphology of cells after 24h
of single and double hit nucleofection with 1 pg of plasmids (pCTRL, pMA9,
p2158). B. Representative fluorescence images of cells following 48h of
transfection with pGFPmax as a positive control for nucleofection process.
Transfection of pCTRL, pMA9, p2158 showed no fluorescence (images not
shown). C. Bar chart showing changes in gene expression after 48h of
nucleofection with pCTRL, pMA9 and p2158 using gPCR. Expression was
normalised using PP1A gene and untreated eA9™ cells. Gene expression in
untransfected RPATSs is also shown as a negative control. Results are mean of
three technical repeats. Scale bar = 100 pm.

4.5.2 MLL::AF9 lentiviral transduction of eA9™ iPSCs

Supernatants from MLL::AF9 and control lentiviral cultures were provided by
Alexander Thompson (principal investigator). The presence of lentiviral particles
(LVp) in the supernatants was confirmed by a viral titre assay (Figure 4.14).
Manufacturer’s guidelines (TakaraBio) were used to semi-quantify the amount of
LVp present depending on intensity of indicator bands (Figure 4.14A). According
to these images, an estimated amount of ~ 4.6 x 107 IFU/mL was present in the
supernatants (Figure 4.14B). Strong bands of similar intensities were seen in both
titre tests, along with a strong fluorescent signal in HEK293Ts after production of
LVp.
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Figure 4.14 Measure of LVp using Lenti-X™ GoStix ™P|us.

A. Representative stock images of fluorescence intensity and viral titre as
infectious units (IFU) per mL and intensity band (TakaraBio). B. Images from
MLL::AF9 (MA9) and control (CTRL) LVp indicator test (left) and a representative
fluorescence image of pCTRL LVp generating HEK293T cells (right).

After 48h of MA9 LVp transduction, eA9™ cells exhibited a stressed, round
morphology, characteristic of apoptotic appearance, indicating that iPSCs may
be sensitive to high titre LVp transduction (Figure 4.15). Preliminary flow
cytometry analysis showed no difference in mScarlet-H fluorescence in eA9™
cells with and without MA9 LVp (Figure 4.15).
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Figure 4.15 High-titre MLL::AF9 LVp transduction causes stress of eA9™
cells.

Representative phase contrast images (upper panel) and flow cytometry
histogram plots (lower panel) of mScarlet-H expression in eA9™ cells with and
without MA9 LVp addition after 48 hours. Scale bar= 200 pm.

The addition of polybrene up to 5 pg/mL was tolerated by the cells (Figure 4.16A).
Titration of LVp with a range of concentrations (1 pL/mL, 5 yL/mL and 10 uyL/mL)
in the presence of 5 uyg/mL polybrene was also tolerated by the eA9™ cells (Figure
4.16B). However increasing LVp concentration (MA9 and CTRL) resulted in loss

of normal iPSC morphology indicating onset of cellular stress or apoptosis.
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Figure 4.16 Effect of polybrene and LVp on morphology of eA9™.

A. Representative phase contrast images of eA9™ cells cultured in of the
presence or absence of 5 ug/ml polybrene (poly). B. Representative phase
contrast images of eA9™ cells cultured in the presence of polybrene and
escalating dose ofMA9 and CTRL LVp for 24 hours. Red arrows demonstrate
loss of borders & morphology in treated cells. Scale bar= 200 um, n=2.

As with the nucleofection strategy, mScarlet-H fluorescence was not detected
following LVp exposure by fluorescence microscopy (data not shown), but
differential gene expression was observed for the MLL::AF9 target genes by
gPCR (Figure 4.17). HOXA9 and mScarlet-H were upregulated more following
CTRL LVp than MAF9 LVp and although the trend was similar in both
approaches, the relative expression was much greater in the LVp treated cells
compared to nucleofection (Figure 4.17 and Figure 4.13). LVp stimulation
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resulted in upregulation of HOXA5, HOXA7, HOXA9 and mScarlet-H and not
cMYB and MECOM.
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Figure 4.17 Effect of LVp transduction on gene expression in eA9™.

Bar graph of relative expression in MLL-A9 target genes after 48 hours of
MLL::AF9 (MA9) and control (CTRL) LVp treatment. Results are normalised to
PP1A expression, and relative to untransduced eA9™ cells. Results are mean of
three technical replicates.

To validate mScarlet-H expression, flow cytometry analysis following 48h
exposure of eA9™M cells to 1 — 20 yL/mL of each LVp showed limited but
measurable fluorescence over control for both CTRL LVp (4.69% - 6.48%) and
MA9 LVp (6% - 9.63%) treated samples (Figure 4.18). Together, the data
indicates that upregulation of HOXA9 following LVp transduction is achievable

and measurable by gene expression and mScarlet-H expression.
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Figure 4.18 Expression of mScarlet after MLL::AF9 lentiviral transduction
in eA9™ cells.

Flow cytometry histogram plots show measurable mScarlet expression in eA9™
cells treated with MLL::AF9 (MA9) and control (CTRL) LVp for 48h. The viral
titration is shown on the left of the plots. Background/negative threshold was set
using untreated eA9™ cells (grey). An mScarlet expressing cell line, iIA9, was used
as a positive control of fluorescence (n=1).

4.5.3 LVp addition during spin EB differentiation

To further test functionality of the endogenous reporter clone, a proof-of-principle
study was performed by exposing eA9™ cells to MA9 and CTRL LVp during spin
EB haematopoietic differentiation. Since endogenous HOXA9 is highly
expressed during EB differentiation, primarily at day 7, it was hypothesized that
the HOXA9 locus is more accessible at this stage of development. eA9™ EBs
were transduced on day 7 and collected after 48h for flow cytometry analysis.
EBs that were exposed to LVp increased in size and had an irregular appearance
compared to untreated EBs (Figure 4.19A). The number of CD34* cells was lower
in MA9 and CTRL LVp-treated EBs (28.8% and 22.1%, respectively) compared
to untreated EBs (38.6%) after 48 h of exposure (Figure 4.19B). The number of
CDA43* cells were much lower after MA9 LVp exposure (~3.64%) compared to
CTRL LVp (18.4%) or untreated EBs (19.6%) and the number of CD90" cells was
lower for both MA9 and CTRL LVp-treated EBs (20% and 21.2% respectively)
compared to untreated EBs (29%) in day 9 EBs.

Since EB-derived cells co-express these surface markers at different stages of
development, samples were also analysed for double positivity. Exposure to LVp
resulted in decreased CD34*CD90" double-positive populations in both MAF9
and CTRL LVp treated EBs (10.2% and 8.6%, respectively) compared to
untreated EBs (30%) at Day 9 (Figure 4.19C). Similarly, the number of
CD347CD43" cells for MA9 (15.3%) and CTRL LVp (12%) treated EBs was lower
than untreated EBs (29.3%) at Day 9 of the differentiation (Figure 4.19C). This
indicates that the spin EB-based haematopoietic differentiation was blocked or
delayed following LVp-treatment. Cell viability in Day 9 cultures was also
negatively affected by LVp treatments for MA9 and CTRL (37% and 46%
respectively) compared to untreated EBs (60%) (Figure 4.19D).
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Together, this proof-of-principle data suggest that treatment of differentiating EBs
with LVp after haemato-vascular mesoderm specification is feasible but may

result in a block in or delayed onset of HE specification.
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Figure 4.19 Effect of lentiviral transduction on morphology, haematopoietic
markers expression and viability of EBs.

A. Images of eA9™ EBs following 24h treatment or not with MA9 or CTRL LVp.
B. Bar charts of CD34, CD43 and CD90 expression in 48h-treated or untreated
MA9 or CTRL day 9 EBs, determined using flow cytometry analysis. Positive
expression was gated using isotype controls. C. Dot plots of double positive
CD34+CD90+ and CD34+CD43+ populations (red boxes) in day 9 EBs, gated
using unstained controls. D. Bar graph of cell viability (% live cells) of day 9 EBs
after LVp transduction using Zombie NIR staining. Scale bar= 200 um.

4.5.4 Effect of LVp addition on gene expression during the spin EB
differentiation

To further investigate the effect of LVp addition on haematopoietic differentiation,
the spin EB differentiations were repeated and extended to day 14. Expression
of HOXA cluster (HOXA5, HOXA7 and HOXA9), RUNX1, GATA2, cMYB,
MECOM and mScarlet-H genes were evaluated on day 9 (Figure 4.20A).
Variation in expression was observed across three independent EB
differentiations (#1 - #3), although some trends were observed. MA9 LVp treated
EBs demonstrated increased expression of all genes except GATA2, compared
to untreated EBs in at least one differentiation and in 2/3 experiments for all but
GATA2 and RUNX1. CTRL LVp treatment resulted in upregulated expression of
all genes except HOXAS5, HOXA7 and GATA2 compared to untreated control in
only one experiment (#3) (Figure 4.20A). RUNX1 expression was highest on day
9 of differentiation #3, which may indicate premature haematopoietic specification
leading to compromised HSPC production (Figure 4.20A). Samples in #3
differentiation were insufficient for GATAZ2 expression analysis.

The same panel of eight genes were analysed on HSPCs collected on day 14
(Figure 4.20B). Only two differentiations (#1 and #2) survived to generate
HSPCs. The overall trend was that day 14 MA9 LVp-treated EBs expressed lower
HOXA5, HOXA7, HOXA9, mScarlet-H, RUNX1, GATA2 and MECOM than
untreated EB controls (Figure 4.20B). CTRL LVp-treated EBs showed similar
decrease in gene expression except for MECOM. In both cases, MA9 LVp
appeared to result in a greater decrease in expression than CTRL LVp,
particularly for HOXA5 and HOXA9 (with associated reduction in mScarlet-H).

Additional experiments are warranted to further asses this.
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In summary, the observed altered gene expression appears to be due to variation
in both the efficiency and quality of the differentiation and the response to LVp
whether MLL::AF9 is expressed or not. Additionally, the efficiency of LVp uptake
by EBs may not have been consistent in all differentiations, due to the

heterogenic nature of EBs.
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Figure 4.20 Differential gene expression following LVp induction of eA9™-
derived EBs during generation of HSPCs.
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A. Bar graphs of haematopoietic gene expression from Day 9 harvested EBs
treated or not on day 7 with MLL::AF9 (MA9) or control (CTRL) LVp for 48h and
B. HSPCs harvested on day 14 from the same treatments compared to untreated
EBs. Expression was normalised using PP1A and undifferentiated eA9™ cells.
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Results are mean +SD (n=3) of three independent differentiations labelled #1 -
#3.

455 LVp exposure enhances production of HSPCs with myeloid lineage

bias

Untreated, MA9 LVp and CTRL LVp eA9™-derived HSPCs (day 14) were next
examined for HSPC colony forming ability. Harvested HSPCs (Figure 4.21A)
possessed colony-forming ability and produced various haematopoietic
progenitors including CFU-GM, BFU-E and CFU-GEMM (Figure 4.21B). Notably,
the size of BFU-E and CFU-GEMM colonies were smaller in LVp-treated cells
than untreated cells (Figure 4.21B). A distinct increase in the number of BFU-E
colonies was observed following either MA9 or CTRL LVp treatment with a loss
of CFU-GEMM s (Figure 4.21C). These findings suggest that despite maintaining
the multipotent ability of iPSC-derived HSPCs, exposure to either MA9 or CTRL
LVp resulted in differentiation of the haematopoietic progenitors to more

committed BFU-Es at the expense of multipotent GEMM colonies.
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Figure 4.21 Colony forming potential of HSPCs after LVp exposure.

A. Representative images of morphology and quantity of HSPCs produced on
day 14 of EB differentiation derived from EBs that were either untreated or LVp-
treated on day 7. B. Representative images of day 8 colony formation from eA9™-
derived HSPCs. C. Bar chart showing quantification of haematopoietic progenitor
colonies derived (per 3 x102 cells plated). CFU colony- forming unit, BFU; blast-
forming unit, G; Granulocyte, M; Macrophage, E; Erythroid, MM; monocyte
megakaryocyte. Results are mean +SD (n=3). Scale bar= 100 pum.
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45.6 EBs show mScarlet-H fluorescence at varying intensities

To further examine the functionality of eA9™ cells, fluorescence of mScarlet-H
was monitored in EBs. Day 2 EBs possess some autofluorescence when
compared to RPATs (Figure 4.22A). The same contrast scale and intensity was
also used to image EBs from both cell lines on day 4 of the differentiation.
Representative images show a measurable increase in fluorescence on day 4,
as opposed to day 2 in eA9™. As expected, RPATs did not show any fluorescence
on either day 2 or day 4 after compensation for autofluorescence. Next, the
intensity of fluorescence from both RPAT- and eA9™-derived EBs was measured
at day 2, 4, 7 and 9 of standard spin EB differentiation along with day 9 EBs
previously exposed to MA9 LVp or CTRL LVp for 48 h (Figure 4.22B). The
intensities measured, across 3 EBs for each day and condition, are shown in
Table 4.1. Across all days and conditions, eA9™ EBs had higher mean intensity
fluorescence compared to day 2 EB baseline intensity (50 + 3 a.u.). Mean
fluorescence intensities for eA9™ cells ranged from 58.1 £ 9.7 a.u. to 80.9 + 15.8
a.u. For RPATS, these intensities ranged from 53.7 + 10.6 a.u. to 65.9 £ 10.5 a.u.
The mean fluorescence intensity of day 4 and day 9 RPATs is above the
threshold value set for day 2 EBs, possibly due to increased size and cell density
of the older EBs.

Lower resolution imaging, to take account of EB density, showed a similar trend
in fluorescence intensity with day 2 EBs possessing minimal autofluorescence,
and a more prominent signal from eA9™ than RPATs on day 4 (Figure 4.22C).
These observations support the presence of functional eA9™ reporter cells.
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Figure 4.22 mScarlet-H expression in eA9™ EBs during spin EB
haematopoietic differentiation.

A. Representative Operetta™ fluorescence images of RPATs and eA9™ day 2
and day 4 EBs. B. Bar graph of mean fluorescence intensities (a.u.) determined
by Operetta™ software for treated or untreated EBs at different stages. Dotted
line represents threshold intensity of autofluorescence observed in untreated day
2 EBs. Results are mean of n=3 EBs for each. C. Representative low resolution
fluorescence images of EBs from eA9™ and RPATs imaged using EVOS
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microscopy, on day 2 and 4 of the differentiation. Scale bar = 200 pm. Same
microscope parameters were used for all images.

Table 4.1 Intensity of mScarlet-H fluorescence in eA9™ EBs.

EB day Mean intensity fluorescence (a.u.)
eA9™ RPATs
Day 2 58.1+9.7 53.7£10.6
Day 4 73.8+25.5 65.0+7.6
Day 7 73.4+£18.2 61.1+10.7
Untreated day 9 80.0+75 66.7 £ 4.7
MA9 LVp day 9 94 +20.3 78.5+4.3
CTRL LVp day 9 80.9+15.8 65.9 £+ 10.5

4.6 Summary of results

In this chapter, an endogenous HOXAO9 reporter iPSCs line, eA9™ was generated
using a combined CRISPR/Cas9 gene editing and transposase-based footprint-
free PB approach, as previously reported (Kondrashov et al., 2018). mScarlet-H
was incorporated as a fluorescence reporter and did not inhibit HOXA9
expression. Fluctuations in HOXA9 expression during the spin EB differentiation
were unaffected in the reporter cell line. Molecular validation confirmed that the
initial targeting of the HOXAZ9 locus was achieved in the correct genomic location.
However, heterozygous editing was achieved as wildtype copies of the HOXA9
locus were retained. Transposase treatment resulted in heterogenous excision of
the drug resistant element containing PB cassette. Sanger sequencing confirmed
two different genotypes in eA9™; a pre excision allele harbouring the full PB
cassette and a post excision allele with the PB cassette deleted. Despite this,
eA9™ contained mScarlet-H in both genotypes. Thus, several approaches were
implemented to functionally validate the reporter cell line. The eA9™ reporter cell
line retained its pluripotency and generated CD34+CD43+CD90+ HSPCs.
mScarlet fluorescence was observed in monolayer, adhered eA9™ iPSCs
following HOXAZ9 stimulation using a combination of SB/CHIR/RA. This confirmed
that mScarlet-H expression and translation was functional in eA9™ iPSCs. To
further show that mScarlet-H expression is under the control of the HOXA9
promoter, we exploited the spatial and temporal expression patterns of HOXA9
that is mimicked in the spin EB differentiation. As confirmation, mScarlet-H
expression levels varied in line with HOXAGQ levels, particularly on day 4 and day
7.
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To examine functionality in a potential disease setting, eA9™ iPSCs were exposed
to oncogenic MLL::AF9 containing plasmids using nucleofection and lentiviral
transduction. The viability and morphology of eA9™ iPSCs was compromised by
nucleofection and transduction with either MA9 or control plasmids. To overcome
this MLL::AF9 and Control LVp were applied to eA9™ generated EBs, in a proof-
of-principle study, during differentiation to HSPCs. Increased mScarlet-H
expression along with HOXA9 and other MLL::AF9 target genes was observed
during haematopoietic specification and differentiation. Confirmation of m-Scarlet
fluorescence was observed by confocal microscopy following untreated spin EB

differentiation of eA9™ cells compared to control RPATSs.

Together, the data generated supports the generation of a molecularly and
functionally validated endogenous HOXA9-mScarlet reporter iPSC line for future
generation of human isogenic leukaemic in vitro models. Such advanced models
would be a step change in de-risking candidate anti-leukaemic drugs prior to
clinical evaluation by directly assessing potential toxicity in a genetically

equivalent normal cell.

Potential candidate anti-leukaemic drugs were identified and validated in

traditional models in Chapter 5.
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Chapter 5 Investigation of the efficacy of FDA-
approved drugs in AML

5.1 Brief background

Prior to joining the laboratory, conditional deletion of the HOXA cluster in a mouse
model of MLL:AF9 was used to generate a Hoxa%' signature by Illlumina
BeadArray (Kettyle et al., 2019). A systematic approach, connectivity mapping,
was used to detect functional connections between this Hoxa' signature and
small molecules and drugs. This approach identified candidate FDA-approved
drugs that mimic the Hoxa deletion, thus potentially possessing anti-leukaemic
effects. Out of this list, five drugs were initially chosen: homoharringtonine (HHT),
atorvastatin (ATV), albendazole, glycopyrrolate and fluocinonide and their effect
on cell viability in MLLr leukaemias was investigated. HHT and ATV were chosen
for further study based on preliminary data prior to the start of this project.

HHT, originally extracted from Cephalotaxus hainanensis, has been approved for
treatment of chronic myeloid leukaemia (cited in Yakhni et al., 2019). Studies
revealed that HHT inhibits protein synthesis by binding to the small ribosome
subunit, and activating the TGF-B pathway leading to cell cycle arrest (Chen et
al., 2017). HHT is particularly effective in tyrosine kinase inhibitor-induced
resistant malignancies (Alvandi et al., 2014; Cao et al. 2014; Weng et al., 2018).
ATV is a tissue selective hydroxymethylglutaryl coenzyme A (HMG-CoA)
inhibitor, commonly used for hypercholesterolemia (Abolghasemi et al., 2022). It
is a potent, well-tolerated, lipophilic, FDA-approved drug, available at low cost as
Lipitor (Roth, 2002). It was recently recognised as an anti-cancer agent due to its
pleiotropic effects on rapidly dividing cells (Shaghaghi et al., 2022). In particular,
ATV has shown efficacy in breast cancer (Abolghasemi et al., 2022; Marti et al.,
2021).

The efficacy of HHT and ATV on four leukaemic cell lines: THP1, MV4-11, OCI-
AML3 and HL60 was examined in vitro. The panel of cells were selected to
incorporate both MLL rearrangements (MLLr) i.e THP1 and MV4-11 or non-MLLr
(OCI-AML3 and HL60) (Table 5.1). All cell lines have an associated upregulation
in HOXA genes. Dose response assays, CFU assays, RNA sequencing analysis
and validation were used to evaluate the anti-leukaemic effect of both candidate

drugs.
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Table 5.1 Common mutations in AML cell lines

Cell line Mutation
THP1 MLL rearrangement (MLL::AF9)
MV4-11 MLL rearrangement (MLL::AF4)
OCI-AML3 NPM1 type A mutation
HL60 Amplified MYC gene

5.2 Effect of FDA-approved drugs on cell viability of leukaemic cell
lines

5.2.1 Homoharringtonine (HHT)

Due to its high potency demonstrated in previous studies, leukaemic cell lines
were treated with HHT at a range of nine low concentrations (0.1 to 1000 nM) in
liquid culture. Cell viability of all cell lines after 24h, 48h and 72h were obtained
as a percentage of DMSO control (Figure 5.1A). The dose response curves
generated show a gradual decrease in cell viability in all cell lines with increasing
HHT concentrations. Cell lines tested also exhibit greater sensitivity in a time-
dependent manner. At concentrations higher than 100 nM, HHT demonstrated
measurable potency against all cell lines at all time points. Similar 50% inhibitory
concentration (IC50) values were obtained at 24h, for both THP-1 and OCI-AML3
(36.93£6.11 and 33.24 £ 6 .71, respectively) (Figure 5.1B). IC50 values of MV4-
11 and HL60 were slightly lower, at 15.07 + 1.46 and 19.51 + 2.73, respectively.
Consistent with the 24h timepoint, MV4-11 showed the highest sensitivity to HHT
at 48h and 72h, with IC50 values of approximately 5 nM. Conversely, THP-1 and
OCI-AML3 showed higher IC50 values compared to MV4-11 and HL60 after 48h
and 72h of treatment, represent less sensitivity to HHT. Cell viability of MV4-11
and HL60 reaches plateau after 30 nM with minimum change at higher doses,
whereas the viability of THP-1 and OCI-AML3 continues to decrease to nearly
0%. All cell lines showed similar responses and conferred sensitivity to HHT in a
time and dose dependent manner at the concentrations used. This data confirms
that HHT is a promising candidate for treatment of AML, and not restricted to
MLLr mutations.
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Figure 5.1 Effect of HHT on the viability of leukaemic cell lines.

A. Dose-response curves of cells treated with HHT at nine concentrations ranging
from 0.0001 uM to 1 uM. Cell viability was assessed using Real-TimeGlo™ and
measured every 24 hours using FLUOstar® plate reader. Cell viability is
represented as a percentage of survival compared to 0.01% DMSO vehicle
control. Results are mean of three technical repeats from n=4 experiments. B.
Table showing the IC50 values and uncertainty/deviation at each time point,

determined using GraphPad prism nonlin-fit agonist vs. response- variable slope
(four parameters).

5.2.2 Atorvastatin (ATV)

Based on preliminary observations, leukaemic cell lines were treated with ATV
concentrations that ranged from 0.01 uM to 100 uM. Low ATV doses of less than
10 uM did not show an effect on cell viability in all cell lines except for OCI-AML3
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at 24h (Figure 5.2A). ATV possessed a minimal effect on cell viability at
concentrations up to 10 pM. Higher concentrations of ATV were required to
exhibit an inhibitory effect on cell viability across all cell lines tested at all
timepoints. Viability of the majority of cell lines reached ~0% following 30 uM ATV
treatment at 48h and 72h. At 24h of ATV treatment, THP1, MV4-11 and HL60 did
not achieve IC50 values. This indicates that >100 uM of ATV is needed to achieve
IC50 values at 24h for these cell lines. In contrast, OCI-AML3 cells showed an
IC50 value of 13.05 + 11.42 uM after 24h of ATV treatment. OCI-AML3 also
showed the highest sensitivity to ATV at 48h and 72h of treatment compared to
all cell lines tested, with IC50 values of 8.27 + 0.87 uM and 9.60 + 1.24 uM,
respectively. The 48h-IC50 value of HL60 was 21.62 + 8.60 puM, displaying the
lowest sensitivity to ATV, and a 72h-IC50 value of 10.41 £ 2.09 uM. THP1 and
MV4-11, exhibited similar IC50 values of ATV of approximately 13 + 3 uM at 48h
of treatment. At 72h of ATV treatment, THP1 had and IC50 value of 11.88 + 1.89
UM, whereas MV4-11 IC50 value was 10.73 pM. Compared to HHT, ATV was
much less potent as higher concentrations were needed to achieve IC50 values

in all leukaemic cell lines used (Figure 5.2B).
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Figure 5.2 Effect of ATV on the viability of leukaemic cell lines.

A. Dose-response curves of cells treated with ATV at nine concentrations ranging
from 0.01 pM to 100 uM. Cell viability was assessed using Real-TimeGlo™ and
measured every 24 hours using FLUOstar® plate reader. Cell viability is
represented as a percentage of survival compared to 0.01% DMSO vehicle
control. Results are mean + SD from n=4 experiments. Three technical repeats
performed in each. B. Table showing the IC50 values and uncertainty/deviation

at each time point, determined using GraphPad prism nonlin-fit agonist vs.
response- variable slope (four parameters).
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5.3 Effect of atorvastatin and homoharringtonine on colony
formation
Colony forming assays were used to assess whether ATV and HHT affect the
clonogenicity of leukaemic cell lines. Leukaemic cell lines were treated with their
respective 48h-IC50 values identified in the dose response assays prior to
seeding the cells in methylcellulose medium. Changes in colony formation and
number using the CFU assay were monitored for 7 days (Figure 5.3).
Representative images of colonies formed after 7 days in culture show a
decrease in colony size in OCI-AML3 and HL60 that were treated with ATV
compared to vehicle control (Figure 5.3A). Conversely, the size of THP1 and
MV4-11 colonies treated with ATV did not show a marked change in colony size
compared to DMSO vehicle control. All cell lines that were treated with HHT did
not form any colonies after 7 days, indicating that HHT either disrupted the
clonogenicity of the leukaemic cell lines tested or all cells were killed in the assay.
No significant change in colony number of the cell lines was observed after ATV
treatment relative to DMSO vehicle control (p > 0.5) using one-way ANOVA and
Tukey’s multiple comparison test (Figure 5.3B). These results demonstrate that

ATV does not significantly impair colony formation at the doses used.
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Figure 5.3 Effect of HHT and ATV treatment on colony formation in
leukaemic cell lines.

A. Representative images of colonies formed from cell lines that were seeded
into methylcellulose medium containing the 48h IC50 values of HHT or ATV. Cells
that did not form colonies are also shown (red arrows). B. Bar chart showing
percentage of colonies from A relative to 0.01% DMSO vehicle control, formed
after 7 days. Results are mean = SD of n=3 experiments. Statistical analysis
showed changes in ATV-treated colonies were not significant (n.s) (p>0.5), using
one-way ANOVA along with Tukey’s multiple comparison test. Scale bar = 200
pm.

5.4 Gene expression profiling of IC50-treated leukaemic cell lines

To better understand the effect of ATV and HHT on molecular processes of the
leukaemic cell lines (THP1, OCI-AML3, MV4-11 and HL60), transcriptome
analysis was performed using RNA sequencing following 48h IC50-treatments.
Differences between biological replicates (denoted as 1 or 2) were also
investigated. To demonstrate the relationship between the different treatments in
leukaemic cell lines, principal component analysis (PCA) was used (Figure 5.4).

PCA analysis confirmed that matched cell lines and treatments could be

separated along at least one axis, indicating differential gene expression. The
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clustering shown indicates good reproducibility for all conditions except HL60_H1
and HL60_H2. This indicates a degree of technical or intrinsic biological variation
at the time of sample preparation or treatment, respectively. Consistent with the
functional differences observed, HHT-treated replicas clustered further away than
ATV- and DMSO-treated samples, as demonstrated by OCI-AML3 and THP1
samples. This illustrates the significant transcriptional changes imposed on the
cells by HHT compared to ATV. All MV4-11 samples clustered together in the
same location on the plot, representing highest correlation in the transcriptome
of the samples. These results are in line with the influence of these drugs
identified in 5.2 on the leukaemic cell lines tested, with HHT holding a more

profound effect on gene expression compared to ATV.
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Figure 5.4 Gene expression relationship between treated leukaemic cell
lines.

PCA plot demonstrates the clustering between THP1, MV4-11, OCI-AML3 and
HL60O after 48h of treatment with DMSO, HHT and ATV based on similarities in
their expression profiles. DMSO was used at 0.01%, and HHT and ATV were
used at the 48h-IC50 doses. Two biological replicates for each treatment is
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shown. Plot shows most variation between THP1 D and HL60 H. D= DMSO; H=
HHT; A= ATV.

5.5 Differential expression in IC50-treated leukaemic cell lines
Transcriptome was further analysed by quantifying the differentially expressed
genes (DEGs) based on a logzFoldChange > 1 and padj <0.05. Volcano plots
reflect the differences in gene expression between the different treatments
(Figure 5.5, Figure 5.6). In total, HHT-treated MLLr cell lines, THP1 and MV4-11,
showed the least number of DEGs (939 and 1720, respectively), whereas the
HHT-treated non-MLLr cell lines, OCI-AML3 and HL60, had the highest number
of DEGs (6302 and 4369, respectively). As represented in the PCA plot, OCI-
AML3 cells had the highest number of DEGs compared to the other cell lines
(Figure 5.5C). In contrast, HHT treatment resulted in the lowest number of
upregulated and downregulated genes in THP1 cells amongst the leukaemic cell
lines (Figure 5.5A). Values of DEGs in MV4-11 and HLG60 fall in similar ranges to
THP1 and OCI-AML3 cells, respectively (Figure 5.5B,D).

As observed for HHT, lowest variation in gene expression was found in ATV-
treated THP1 cells (148 DEGs) compared to other ATV-treated cell lines (Figure
5.6A), ATV-treated MV4-11 showed the highest number of DEGs (1124) (Figure
5.6B). OCI-AML3 and HL60 cells treated with ATV had relatively low number of
DEGs (242 and 332, respectively) (Figure 5.6C,D).These results highlight the
level of variation between the cell lines and drugs used, with HHT having a more
significant effect on gene expression compared to ATV. Extended analysis of the
identified DEGs showed genes that are mutually co-expressed or exclusively

between all the leukaemic cell lines (Figure 5.7).
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Figure 5.5 Differential gene expression of leukaemic cell lines treated with
HHT.

A-D. Volcano plots show the number of DEGs that were upregulated or
downregulated between comparative treatments with 48h-IC50 dose of HHT or
0.01% DMSO, on THP1, MV4-11, OCI-AML3 and HL60. It also shows the number
of genes that showed no change (NO). DEGs are based on a threshold of
logz2FoldChange > 1 and padj <0.05. Results are from two biological replicates.
Figures were generated by Novogene. D= DMSO; H= HHT; A= ATV.
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Figure 5.6 Differential gene expression of leukaemic cell lines treated with
ATV.

A-D. Volcano plots show the number of DEGs that were upregulated or
downregulated between comparative treatments with 48h-IC50 dose of ATV or
0.01% DMSO, on THP1, MV4-11, OCI-AML3 and HL60. It also shows the number
of genes that showed no change (NO). DEGs are based on a threshold of
log2FoldChange >1 and padj <0.05. Results are from two biological replicates.
Figures were generated by Novogene. D= DMSO; H= HHT; A= ATV.
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Figure 5.7 Schematic representation of co-expressed genes in treated
leukaemic cell lines.

Venn diagrams illustrate the number of genes mutually or exclusively expressed
in leukaemic cell lines that were treated with the 48h-IC50 doses of HHT (A) or
ATV (B) for 48h. H= HHT; A= ATV.

5.6 Pathway analysis of IC50-treated leukaemic cell lines

Kyoto encyclopedia of genes and genomes (KEGG) pathway analysis was
performed on the DEGs that were either upregulated or downregulated after
treatment with HHT or ATV. As expected, the top 20 pathways identified varied
for individual cell lines (Figure 5.8, Figure 5.9, Figure 5.10 and Figure 5.11).
However, some recurring pathways between cell lines or treatments were
identified. These include the IL-17 signalling pathway, PI3K-Akt signalling
pathway, systemic lupus erythematosus and rheumatoid arthritis (Table 5.2). The
false discovery rate (FDR) and enrichment score (ES) associated with these
KEGG pathways were not significantly enriched based on a cut-off of < 0.05. The
IL-17 signalling and rheumatoid arthritis were both highlighted in THP1 cells
treated with HHT and in OCI-AML3 cells treated with ATV, indicating a potential.

ATV treatment of THP1 and OCI-AML3 cells resulted in differential expression of
genes associated with the PI3K-Akt signalling pathway. Genes associated with
systemic lupus erythematosus were affected by HHT treatment in all cell lines
except MV4-11. Indeed, none of the aforementioned pathways were identified in
MV4-11 after either treatments. Several signalling pathways were also enriched
following ATV and HHT treatments, such as p53 signalling pathway, cAMP
signalling pathway, TNF signalling pathway and HIF-1 signalling pathway. KEGG
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pathways specific to cellular mechanisms such as cell cycle, DNA replication and
similarly, pathways related to cancers like breast, prostate, lung and leukaemia

were also enriched.
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Figure 5.8 Pathway analysis of differentially expressed genes in THPL1 treated with HHT or ATV.

A-D. Dot plots show the KEGG pathways that were enriched following treatment of THP1 with either HHT or ATV. Pathways of
interest, recurring between cell lines are marked (red box). Results are from two biological replicates. Figures were generated by

Novogene.
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Figure 5.9 Pathway analysis of differentially expressed genes in MV4-11 treated with HHT or ATV.

A-D. Dot plots show the KEGG pathways that were enriched following treatment of MV4-11 with either HHT or ATV. Pathways of
interest, recurring between cell lines are marked (red box). Results are from two biological replicates. Figures were generated by
Novogene.
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Figure 5.10 Pathway analysis of differentially expressed genes in OCI-AML3 treated with HHT or ATV.

A-D. Dot plots show the KEGG pathways that were enriched following treatment of OCI-AML3 with either HHT or ATV. Pathways of
interest, recurring between cell lines are marked (red box). Results are from two biological replicates. Figures were generated by

Novogene.
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Figure 5.11 Pathway analysis of differentially expressed genes in HL60 treated with HHT or ATV.

A-D. Dot plots show the KEGG pathways that were enriched following treatment of HL60 with either HHT or ATV. Pathways of
interest, recurring between cell lines are marked (red box). Results are from two biological replicates. Figures were generated by

Novogene.
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Table 5.2 Significance of KEGG pathways selected for validation

ATV HHT
KEGG pathway —r5p-van | ES FDR | ES
Systemic lupus erythematosus
THP1 0.31082758 0.42292172 0.17500001 0.7592949
HL60 0.45959458 0.43321872 0.6175084 0.6236965
OCI-AML3 0.3233853 0.5026722 0.25014848 0.7919585
MV4-11 0.1824831 0.531510 1 0.3753790
Rheumatoid arthritis
THP1 0.44429392 0.33817112 0.17500003 0.65379685
HL60 0.58611506 0.28496087 - -
OCI-AML3 0.48503816 0.2474653 0.34692833 0.72065634
MV4-11 0.27369946 0.39812186 1 0.24374826
IL-17 signalling
THP1 0.26265362 0.36803398 0.17500012 0.70301634
HL60 0.5897613 0.26724064 0.6040312 0.4482906
OCI-AML3 0.4356982 0.29206333 0.28748772 0.6958927
MV4-11 0.3966217 0.36525035 1 0.23264502
PI3K-Akt signalling
THP1 0.30525237 0.34023243 0.19558547 0.5328552
HL60 0.6885749 0.20130648 - -
OCI-AML3 0.20315225 0.5030166 0.2513489 0.6482511
MV4-11 0.32442763 0.2829288 1 0.26844406

*FDR= false discovery rate, *ES= enrichment score

5.7 Validation of DEGs identified using RNA sequencing by gPCR

To validate the KEGG analysis, 3-4 DEGs were selected from each pathway were
selected for quantification (Table 5.3). These genes were BCL2, MMP9, IL1B,
CD86, CDKN1A, CSF1, CXCLS,
Transcriptional changes of the selected DEGs were initially determined based on
the fragments per kilobase of exon per million mapped (FPKM) extracted from
the RNA sequencing data. These changes are denoted as either upregulated or
downregulated relative to the FPKM of each gene in DMSO-treated samples
(Table 5.4). Validation of these findings were achieved by examining the fold
changes in expression using gPCR (Figure 5.12). The relative expression of

these genes was found using DMSO-treated samples as a reference and
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normalised to B2M expression. The same RNA samples used for RNA

sequencing were also used for gPCR validation.

Table 5.3 Genes from four pathways and at least 3 cell lines were selected
for validation by gPCR

Pathway Drug DEG THP1 MV4-11 OCI- HL60
AML3
Systemic HHT CD86 v v v
lupus H2AFZ v v v v
erythematosus HIST1H3H 7 7 7 Y
Rheumatoid ATV and | CD86 v v v v
arthritis HHT IL1B J J J
CXCL6 N v v
CSF1 v v v
IL-17 ATV and | IL1B N4 v v
signalling HHT CXCL6 W Y v
MMP9 N v v
PI13K-Akt ATV BCL2 v v v
signalling CDKNI1A v v v
E1F4EBP1 N4 v v

Table 5.4 Gene expression changes identified from RNA sequencing data

HHT ATV
Gene THP1 MV4_11 | OCI- HL60 THP1 MV4_11 | OCI- HL60
AML3 AML3

BCL2 down no down down down no down no
MMP9 up up up up up up no up
IL1B up no up up down up down up
CD86 up up up up up up no up
CDKN1A up up up up up up no up
CSF1 up down up no down up down no
CXCL6 up 0 up up no 0 no 0
EIFAEBP1 | down down down down down down down down
H2AFZ down down down down down down no down
HIST1H3H | up down up up no up up no
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Consistent with the RNA sequencing data, BCL2 did not show upregulation by
gPCR in all treated cell lines (Figure 5.12A). RNA sequencing, showed
upregulation in MMP9, CD86 and CDKN1A in all samples, except ATV-treated
OCI-AML3 (Table 5.4). MMP9 expression changes were also validated in the
gPCR data for all samples except ATV-treated MV4-11 cells (Figure 5.12B).
Upregulation of CDKN1A and CXCL6 occurred in all samples after both
treatments, which was also observed across several samples by qPCR. The
expression of EIFAEBP1 and H2AFZ was downregulated in all RNA sequencing
samples, with no change in H2AFZ expression occurring in ATV-treated OCI-
AML3. gPCR data confirmed that EIF4AEBP1 was not upregulated in most of these
samples. Overall, the expression pattern of EIF4EBP1 and H2AFZ from both
assays were matching. Variations between the transcriptional data from RNA
sequencing and gPCR in the remaining genes could be due to technical errors
from primer design causing unspecific amplification (upregulation) or primer
binding difficulties (downregulation) in the gene of interest. Another explanation
is the differences in sensitivity levels of both assays, leading to missed
identification of minor changes by one or other. These discrepancies warrant

further assays and biological replicates to be performed.
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Figure 5.12 Validation of DEGs in treated leukaemic cell lines by qPCR.

Bar graphs show fold changes in expression of genes identified using gPCR
following HHT (A) or ATV (B) treatment. Candidate genes were selected from
RNA sequencing data. Data from biological replicates is shown separately, N=1
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and N=2, due to variation. Results are mean = SD (n=3). Expression is
normalized to B2M expression, relative to the DMSO-treated corresponding
leukaemic cell line. H; HHT, A; ATV.

5.8 Discussion

In this chapter, the effective use of connectivity mapping as a means of identifying
potential anti-leukaemic drugs has been validated. Feasibility of repurposed FDA-
approved drugs has been demonstrated through successful eradication of MLLr
and non-MLLr cell lines using HHT and ATV. HHT was shown to be highly
effective in reducing leukaemic cell viability in all four cell lines tested, and
inhibited growth in vitro after 24h of HHT exposure using concentrations
previously reported to be achievable in human plasma after subcutaneous
administration of the drug (Yakhni et al., 2019). HHT was shown to be more
potent than ATV across all cell lines tested. This was further reflected using the
CFU assay, where HHT inhibited self-renewal capacity and colony formation of
all cell lines tested. Conversely, IC50 concentrations of ATV did not inhibit colony
formation ability of any cell line, indicating that the mode of reduced cell viability
observed is not at the level of leukaemia stem cell. RNA sequencing analysis
demonstrated that HHT had the most profound effect on transcription of the non-
MLLr cell line, OCI-AML3, whereas ATV mostly affected the transcriptome of an
MLLr cell line, MV4-11. Notably, THP1, demonstrated the lowest effect on the

transcriptome for both HHT and ATV treatments.

Anti-cancer properties of HHT are reported to primarily be exerted by inhibiting
synthesis of cell survival proteins and onco-drivers such as Bcr-abl in chronic
myeloid leukaemia (Gandhi et al., 2014). HHT has also been shown to Kill lung
cancer and breast cancer cells through IL6/JAK/STAT pathway and anti-
apoptotic protein reduction, respectively (Cao et al., 2015; Yakhni et a., 2019). In
line with this, RNA sequencing showed that the anti-apoptotic protein, BCL2, was
downregulated after HHT and ATV treatment. Together, this suggests that
inhibition of cell growth occurred in part by stimulating apoptosis. Cell stress could
also be a prominent factor as these drugs are likely activating an inflammatory
response in cells. This is because IL1B was upregulated in most of the cell lines
following either treatment. ATV is known to enhance pro-inflammatory cytokines
such as IL6, TNF« and IL1B (reviewed in Shaghaghi et al., 2022). Upregulation

of CD86, a marker of monocyte-committed blast cells (Re et al., 2002), was also
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demonstrated, suggesting that cell stress-induced differentiation has taken place
following the drug treatments. Similarly, upregulation of MMP9 across all cell lines
could be in response to cell stress, via the CXCL1 upregulation shown or
represent differentiation. Research has shown that CXCR4-ligand engagement
upregulates MMP9 as a response in B-cell chronic lymphoid leukaemia
(Redondo-Mufioz et al., 2006). The anti-leukaemic potential of these drugs was
also demonstrated by reduction in EIFAEBP1 and H2AFZ expression. EIF4AEBP1
is linked to poor survival in hepatocellular cancer and an indicator of tumour
oncogenic activity (Cha et al., 2015) and is also reported as an oncogene in
breast cancer (Rutovsky et al.,, 2019). Similarly, H2AFZ overexpression is
associated with tumour malignancy and poor prognosis in several cancers,
particularly during the metastatic stage (Dong et al., 2021; Li et al., 2022).
However, having indirectly targeted the HOXA cluster, it would be beneficial to
observe the effect of ATV and HHT on the expression of candidate genes

involved in the Hoxa%' signature used to initially identify these drugs.

To enhance drug-cell interactions, as in the case of ATV which is lipophilic, the
concentrations of ATV tested can be loaded in nanostructured lipid carriers
(NLCs) (Gambhire et al.,, 2018). Another effective approach could be using
combination treatments. Studies have shown that therapeutic yield index was
improved when ATV was used in combination with Trastuzumab in gastric cancer
cells (Lee et al., 2019). Recently, ATV was also found to possess protective
effects to chemotherapy, enlarging its area of exploitation (Marti et al., 2021; Juan
et al., 2021).

To further exploit these promising therapeutic agents, the validated genes and
pathways could be directly targeted using small molecules or inhibitors. Overall,
treatment with HHT and ATV has revealed that both drugs resulted in measurable
transcriptomic changes between cell lines, regardless of the MLL and possibly
HOXA gene status. HL60 possess the lowest expression of HOXA genes,
particularly HOXA9 amongst the cell lines examined, however, it showed
sensitivity to both drugs tested. Cell lines possess distinct biological
characteristics such as cell of origin and mutational burden, ultimately leading to

functional differences reflected in the variable drug responses observed.
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This highlights the importance of advanced models for drug discovery and
development and reinforces the need for generating isogenic leukaemia and
iIPSC-derived HSPCs to better test these and other candidate drugs .
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Chapter 6 General Discussion

The focus of this thesis was to target HOXA in normal and malignant
haematopoiesis using an endogenous tagged-HOXA9 iPSC line and leukaemic
cell lines, respectively. Due to the vital role of particularly HOXA9 in
haematopoietic specification and development, a crucial pre-requisite was the
ability to routinely and efficiently produce HSPCs from iPSCs. To this end, two
haematopoietic differentiation protocols were tested and optimised; a monolayer-
and a 3D spin EB-based protocol. The consistency and efficiency of the
monolayer-based protocol was improved by using single cells to prepare iPSCs
for differentiation as a suitable alternative to aggregates. Extending culture time
in this protocol showed promising results as cells continued to gain a
haematopoietic CD34+CD43+ profile beyond 12 days of differentiation, provided
cultures are replenished with fresh media to avoid the compromised viability
observed. However, the scalability of the monolayer-based protocol remained an
obstacle despite these improvements, making this approach only suitable for
experiments where high HSPCs quantity is not needed. For this reason, the 3D
spin EB-based protocol was adapted, which was more robust and efficient, by
producing higher HSPCs count and consistent results. Challenges in iPSCs
maintenance and ability to further upscale the process were not circumvented.
Nevertheless, the spin EB protocol allowed other areas of the project to be
explored. In this approach, it was highlighted that relatively small changes in the
timing of Activin and Wnt modulation can affect HSPC specification and potential
differentiation. However, further study was warranted to examine which timepoint

could potentially enhance HSPCs generation.

In line with previous studies, generation of bona fide HSPCs was proven to be
challenging and the fine tuning of the protocols involved play a major role in the
quality and maturity of HSPCs produced (primitive vs. definitive). Hence, the
HSPCs derived using both protocols could be further analysed to examine
whether they are functionally distinct. This could be achieved by adding more
surface marker expression to the panel of characterisation. Itis also worth sorting
the CD34+CD43+ iPSC-HSPCs produced.

Following successful derivation of HSPCs from iPSCs, the endogenous HOXA9

locus in human iPSCs was tagged with a fluorescent reporter, mScarlet-H, using
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a footprint free CRISPR/Cas9 approach coupled with the PB transposase
system. The reporter cell line generated, eA9™, retained a HOXA9 wild type allele
due to the expected monoallelic targeting of CRISPR/Cas9. Two more genotypes
of the HOXA9 locus were also identified by Sanger sequencing; HOXA9-T2A-
mScarlet and HOXA9-T2A-mScarlet-PB cassette, defining eA9™ as
heterozygous. In theory, another possibility is that eA9™ could be a mixed clone,
with some cells being “pre-excision” and others being “post-excision”. This is
likely due to technical error during colony selection. Pre-excision cells harbouring
PB resistance elements should still be resistant to puromycin treatment.
Preliminary data showed that eA9™ is not resistant to puromycin. Whole genome
sequencing of the targeted locus is crucial. From a range of 38 clones, C25 was
selected to generate the eA9™ cell line. Hence, investigation of the remaining
post-excision clones available remains a worthy goal as the PB cassette retention
was validated in two clones only, C25 and C33, due to time restrictions. In the
case of similarities in all remaining clones, PB transposase treatment and clone
selection of the parental clone, C2+PB, should be repeated. This is also to ensure
an early cell passage of the clone is being used, as it may subject the cell line to

further limitations.

Although retention of the PB cassette in the clone was an unexpected finding, it
was not found to have a major impact on the function of HOXA9. Thus, allowing
it to be exploited as an iPSC model for HOXA9 expression, particularly during
haematopoiesis. Following molecular validation of eA9™, the focus of this thesis
was to assess the functionality of the reporter cell line relative to HOXA9
expression. We first confirmed that genetic editing did not affect the stemness of
eA9™ and it retained its pluripotency by generating CD34+CD43+ HSPCs. During
this process, monitoring and tracking HOXA9 expression was feasible without
interference of the fluorescent reporter in its expression or function. This was
demonstrated using the spin EB differentiation, where expected fluctuations of
HOXA9 were not affected and were mirrored by mScarlet-H expression,
predominantly at early stages of the differentiation (day 4 and day 7). We also
demonstrated the ability to attach and image eA9™ iPSCs using confocal
microscopy. Due to the monolayer nature of this approach, we have shown that
stimulation of HOXA9 in eA9™ iPSCs by SB/CHIR/RA was reported by mScarlet-
H.
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As previously discussed, MLLr acts as an oncogenic driver and leads to
dysregulation of the HOXA cluster. To this end, we attempted to further stimulate
HOXA9 expression using several approaches. Initially, we exploited the use of
nucleofection to transfect eA9™ iPSCs with MLL::AF9-containing plasmids. Our
results showed that transfection of these large (>10 kb) plasmids was feasible in
eA9™M IPSCs, despite their sensitivity and the morphological stress noted. Indeed,
upregulation of HOXA9, mScarlet-H, cMYB and HOXA7 was observed after
transfection. In myeloid leukaemia, deregulation of cMYB expression is a
downstream effect of expression of TFs like Hoxa9 and Meisl (Dassé et al.,
2012). It is a pro-leukaemic target containing cis-regulatory elements that are
bound by HOXA9 (Dassé et al., 2012). Although, this confirmed that the
transfection prompted a response in eA9™, mScarlet-H fluorescence was not
observed, which could be due to only a small proportion of cells incorporating the
plasmids, making it technically challenging to find using a microscope. It is worth
noting that these transcriptional changes were also observed using the control
(empty) plasmid. This could be due to its smaller size (lack of MLL::AF9 cDNA),

hence efficiency of transfection was enhanced.

In parallel, few published studies involve efficient transduction of iIPSCs,
indicating that it has been challenging (Friedel et al., 2016). Previous results led
us to generate LV using the nucleofection plasmids, pMA9 and pCTRL (MA9 LV
and CTRL LV) and transduce eA9™ iPSCs. We attempted LVp transduction using
various methods, either by the suspension method, where cells were seeded in
their maintenance medium containing LVp and left in the incubator to attach, or
to top up the medium with LVp after cell passaging and attachment. Due to ability
of cells to survive the transduction, we attempted to enrich for the transduced
cells by treating cells with puromycin, but no cells survived in this experiment. As
such, results showed that eA9™ iPSCs transduction using these methods could

be detrimental and was not considered a suitable approach.

Extensive research carried out in MLLr leukaemias has shown that the exact
timing and cell of origin in which the leukaemic insult elucidates the disease is
critical and still not fully clear. In a proof-of-principle study, we investigated the
effect of MLL::AF9 treatment of EBs during the EB differentiation using the
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generated LV particles. We initiated the LVp induction during the hemato-
vascular mesoderm stage (day 7 of the differentiation), as previous data showed
the highest expression of HOXA9 on that day, thus increasing the chances of
HOXAZ9 locus accessibility. HOXA genes are predominantly expressed in myeloid
cells (Bhatlekar et al., 2018). Thus, exposure to LVp containing MLL::AF9
rearrangement has caused a dysregulation in gene expression, particularly in the
HOXA cluster genes, HOXA5, HOXA7 and HOXA9. Expression of these genes
was downregulated on day 14 after MA9 LVp exposure, compared to untreated
cells. These HOXA genes are targeted by MLL fusions and contribute to
leukaemogenesis (Collins and Hess, 2016). An increase in RUNX1, MYB and
GATAZ2 are indicative of EHT and an emerging haematopoietic lineage (Alsayegh
et al., 2019). GATA2 is required for EHT and HSCs generation (de Pater et al.,
2013). Therefore, the reduction in upregulation of these genes observed following
MA9 LVp addition suggests that haematopoietic differentiation has been
disturbed. Notably, both LVp triggered gene expression changes in these
experiments. We propose that it could be a result of the LVp insult on iPSCs,
warranting further investigation. Together with the nucleofection experiment
findings, sequencing of the plasmid vectors, pMA9 and pCTRL, used to generate

the LV patrticles is also essential.

In line with these conclusions, we demonstrated that the population of cells that
integrated the LVp and expressed mScarlet-H was very low by flow cytometry.
This reflects the issue with observing mScarlet-H in real-time. Moreover, we have
also identified that due to the morphological 3D structure of EBS,
autofluorescence was a technical issue in confocal imaging. Quantitatively, eA9™
EBs possessed higher fluorescence compared to RPATs EBs due to mScarlet-H
expression. Thus, the relatively low percentage of mScarlet-H expression
obtained from the endogenous targeting compared to the doxycycline induced
AAVS-1 targeting clone, iA9, may have contributed to lack of detection with the

fluorescence microscope.

Results from the CFU assay strongly dictates that LVp exposure has disturbed
haematopoietic specification and development in eA9™ EBs. We have observed
a shift towards the myeloid lineage, wherein the HSPCs derived from LVp-treated

EBs were restricted to formation of BFU-E colonies only. These findings are
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supported by the literature, which shows that viral infection of HSCs in vivo
resulted in inflammatory stress that affected the functionality of HSCs, favouring
the myeloid lineage (Hirche et al., 2017). Indeed, inflammatory signals promote
differentiation of HSCs in vivo. Further investigation of these results will help
determine if the responses observed are due to an inflammatory response from
LVp exposure or the MLL::AF9 insult. This can be achieved by inducing
inflammatory responses in EBs using combined exposure to cytokine molecules
such as Toll-like receptor ligands, IL-6, tumour necrosis factor and CC motif
chemokine ligand 2 (Chen et al., 2010; Takizawa et al., 2011).

However, inconsistency of the effect on HSPCs generation requires further
examination and experimental repeats. These experiments reflected that iPSCs
are hard to transfect, due to their aggressive immune responses and stringent
membrane poration inhibiting the entry of viral vectors (Kalidasan et al., 2021).
This highlights the need for testing other non-viral delivery vectors such as

glycosaminoglycan-binding enhanced transduction peptides (Power et al., 2022).

Finally, we demonstrated the efficiency of using connectivity mapping for the
identification of potential anti-cancer drugs. The efficacy of two potential anti-AML
drugs were investigated, HHT and ATV. Drug responses between the leukaemic
cell lines used were variable, which reflects the intrinsic differences that ultimately
result in functional variations. These conclusions are supported by the
transcriptome changes found in the RNA sequencing analysis performed.
Similarly, current pre-clinical models do not fully recapitulate disease pathology
in humans, as discussed in 1.4. To this end, eA9™ can be used to generate novel
iIPSC-derived AML and their isogenic HSPCs as an ideal platform for pre-clinical
drug discovery studies. In vivo studies remain indispensable to fully examine the
toxicity of these drugs against normal HSCs. Overall, we demonstrated the
feasibility of utilising eA9™ iPSCs as a tool to study HOXA9 function in

haematologic disorders through haematopoietic differentiation.

Findings from this project provide a robust platform for the generation of more
advanced in vitro models of MLLr leukaemia. This could be achieved using gene
editing tools such as CRISPR/Cas9 to induce chromosomal translocation, such
as MLL:AF9, in IPSCs at stage-specific timepoints during the spin EB
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haematopoietic differentiation. This would provide insights on the mechanism of
initiation of the disease. In cancer studies, it will accelerate the route to in vivo
studies and clinical trials. This is because it can help identify the effect of drugs,
such as the ones identified in this project, on normal and MLL::AF9-harbouring
iIPSCs from the same cell line. Overall, this would reduce drug discovery failure

rates and dependency on other in vitro models.
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