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Abstract

Patients with Acute Myeloid Leukaemia (AML) present with the signs and symptoms of
bone marrow failure. This finding spans the genetic and phenotypic diversity of the disease.

The mechanism which underlies it is poorly understood.

This thesis explores the effect of AML on the normal haematopoietic stem cell (HSC)
population, using primary human diagnostic bone marrow samples. Previous work from our
group suggested that AML induces a state of quiescence in HSCs, producing a
differentiation block responsible for the observed cytopenias’. Reversal of this process

might offer an alternative to the current treatment of patients with palliative transfusions.

| have developed a flow cytometry-based technique to differentiate normal HSCs from
leukaemia cells, selecting cells with the CD34*38 ALDH™&"CLL1™ expression signature.
Validation of this technique by assessment of sorted cells by FISH and PCR, suggests it is
successful in 73% of AML samples. In a further 25% of samples, it selects for a population

significantly enriched for normal HSCs.

We used this panel to investigate the concentration of HSCs at AML diagnosis, compared to
controls. We show that there is no significant difference between HSC concentration at
AML diagnosis (n=38, median [HSC] 2.5 cells/ul) and controls (n=24, median [HSC] 2.4
cells/ul). HSC concentration was not significantly affected by AML karyotype, patient age or

gender.

However, those patients presenting with a low HSC concentration at diagnosis (<0.1
HSC/ul) were found to have a significantly worse outcome both in terms of overall and
relapse-free survival, an effect apparently independent of age, gender and underlying
karyotype. HSC concentration at diagnosis with AML may therefore represent a new

independent prognostic marker.

We then studied CD33 expression patterns on HSCs within Core Binding Factor mutated
AML (n=37) at diagnosis, and found its expression to be significantly lower than on HSCs
within controls (n=9) (17% versus 58%, p=0.005). CD33 expression on HSCs from AML
samples rose significantly from diagnosis to remission (n=16) (17% to 58%, p=0.0001). This

low

mirrors previous findings from our group using CD34™" AML samples, and is, we believe,

the first time that the antigenic signature of normal HSCs has been shown to be modified
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by the presence of AML. However, an in vitro assay to test the significance of these changes
in terms of the cytotoxicity of GO towards normal HSCs did not demonstrate a significant

difference between HSC subgroups.

Finally, we attempted to investigate the mechanism by which AML might induce HSC
quiescence by studying the comparative transcriptomes of HSCs from CD34"°" AML (n=6)
and controls (n=6) by RNA-Seq, using direct cell to cDNA synthesis, followed by
amplification. A first attempt resulted in poor quality data, with a significant proportion of
reads mapping to non-coding DNA regions. A repeat approach, using utilising immediate
RNA extraction post sorting resulted in significantly better quality data Bioinformatics
analysis revealed differential expression of 6 genes between the 2 datasets (GNPDAI,
ADGRG3, MIAT, WDR31, RP11-244H3.1 and RXFP1). GO enrichment studies using David
highlighted a number of pathways including the TNF signalling pathway (p=0.003; after
Benjamini-Hochberg correction p=0.51). Validation of these findings by independent gPCR,

and functional exploration of enriched signalling pathways remains outstanding.
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Chapter 1: Introduction

Chapter 1 Introduction
1.1 Background

Normal haematopoiesis is the process by which the blood cells needed for survival are made in
the bone marrow. In many haematological disorders, but AML in particular, the process of
normal haematopoiesis is disrupted. The mechanism by which this occurs is poorly
understood. Patients presenting with AML normally present with the problems resultant from
a failure of normal blood production: overwhelming sepsis, bleeding or anaemia-driven fatigue

and shortness of breath.

Visual inspection at the time of diagnosis normally shows the healthy bone marrow
architecture to be completely effaced with a mass of malignant blast cells. However, that the
capacity for normal haematopoiesis persists is shown by the fact that the majority of patients,
once remission is obtained, regain normal blood counts three to four weeks after the

completion of chemotherapy.

With some notable exceptions (acute promyelocytic leukaemia or APML providing the prime
example?), survival rates for AML have shown only modest improvements over the last few
decades in younger patients®, with little change in the figures in patients presenting over the
age of 60*. Much of the improvement noted is credited to the improvements seen in
supportive care given to patients undergoing intensive chemotherapy®. The backbone of
treatment for the majority of patients remains similar to that used in the 1970s. There is a

need for new approaches (and effective new drug therapies) to improve prognosis.

If the mechanism by which haematopoietic failure in AML is better understood, this might give
a new therapeutic approach to treating patient with indolent disease, with the aim of reducing

their transfusion requirements and improving their quality of life.

1.2 Normal Haematopoiesis

1.2.1 Introduction

In the human adult, normal haematopoiesis occurs in the bone marrow in a tightly controlled
homeostatic process, derived to maintain normal levels of blood cells for function. Steady
state requires the production of approximately 10" to 10" new cells daily. Normal cell

numbers found in the peripheral blood in health are given in Table 1-1.
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Table 1-1 Normal peripheral blood parameters for adult males and females. Modified from Bain, Blood Cells (2008)6

PARAMETER MALE FEMALE
HAEMOGLOBIN (g/dL) 13.5-18.0 11.5-16.0
PLATELETS (x10°/L) 150-400 150-400
WBC (x10°/L) 4.00-11.0 4.0-11.0
NEUTROPHILS (x10°/L) 2.0-7.5 2.0-7.5
LYMPHOCYTES (x10°/L) 1.0-4.5 1.0-4.5
MONOCYTES (x10°/L) 0.2-0.8 0.2-0.8
EOSINOPHILS (x10°/L) 0.04-0.4 0.04-0.4
BASOPHILS (x10°/L) <0.1 <0.1

1.2.2 Site of Haematopoiesis

In embryonic development, primitive blood formation occurs in aggregates of blood cells in the
yolk sac, called blood islands’. As development progresses, haematopoiesis migrates to
the spleen, liver and lymph nodes. As bone marrow forms, it eventually assumes the task of
forming most of the blood cells for the entire organism. However, maturation, activation, and
some proliferation of lymphoid cells occur in secondary lymphoid organs (spleen, thymus, and
lymph nodes)®. In children, haematopoiesis occurs in the marrow of the long bones such as the
femur and tibia, but by adulthood, the areas responsible for active haematopoiesis have
shrunk to comprise mainly the pelvis, cranium, vertebrae, and sternum®. In some disease
states, the liver, thymus, and spleen may resume their haematopoietic function
(extramedullary haematopoiesis), causing these organs to increase in size substantially™.
Occasionally, for example in patients with thalassemia major and intermedia, haematopoietic
development may occur even in areas where the resultant tissue disrupts the surrounding

organs'"*.,

1.2.3 The hierarchy of haematopoietic development

The current paradigm for haematopoietic development describes a pluripotent
haematopoietic stem cell (HSC), maintained in small numbers, capable of differentiating into
all of the different mature blood cell lineages required for normal life. Estimates of murine HSC
frequency have been generated by testing the ability of limiting dilutions of murine bone
marrow cells to rescue haematopoiesis in lethally irradiated murine recipients. This work
suggests the frequency of long term repopulating stem cells in mice is around 1 in 10,000,
Anecdotally, human HSC frequency is thought to be much lower, but is probably
underestimated by xenograft transplant models (D Taussig, personal communication).

Haematopoietic stem cells are thought to reside within a hypoxic marrow niche, maintained in

an undifferentiated and largely quiescent state, partly due to interactions with the surrounding
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stromal cells™. However, HSCs retain the ability to leave their bone marrow niche and mobilise
via peripheral blood, as part of normal homeostasis. These cells maintain their levels in bone
marrow by largely asymmetric divisions'®. The pool of stem cells is heterogeneous, and is
comprised of long term cells which multiply infrequently, and short term renewing cells, which
replicate much more frequently’. Their daughter progeny begin a pathway of differentiation
to myeloid-erythroid and lymphoid progenitors (the so called Common Myeloid Erythroid
Progenitor (CMP)™ and Common Lymphoid Progenitor (CLP)™ subtypes), but begin to lose the

20-22

ability to self-renew”"“*. The influence of further cytokines and growth factors in the bone

marrow are thought to lead to further cell differentiation, as shown in Figure 1-1
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Figure 1-1 Key cytokines in haematopoietic development. From Robb, Oncogene, 2008%

These different commitment stages can be identified genetically by sequential expression of
different transcription factors, and phenotypically by changes in surface antigen expression.
However, the idea of step-wise progression towards fate determination has recently been
challenges by advances in the world of single cell transcriptomics. Recent papers, involving
massively parallel sequencing of bone marrow progenitor cells, suggests commitment to fate-

determining transcriptional programs occurs at the very earliest stages of differentiation®*%.

During haematopoietic development, precursor cells migrate from the subendosteal region of
bone marrow, towards a more central location. The resultant mature blood cells exit the bone

marrow environment through a dense network of vascular sinuses. The average cellular
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lifespan varies significantly between cell types from five to ten days (platelets®® and
neutrophils?’), to three months (erythrocytes®) to many years (memory lymphocytes®).
Senescent blood cells are removed from the circulating blood volume as they pass through the

spleen.

1.3 The Haematopoietic Stem Cell
1.3.1 The HSC concept

Over 40 years ago, Till and McCulloch demonstrated that a single precursor cell exists in bone
marrow that is capable of both extensive self-renewal and multi-lineage differentiation®. The
HSC pool has been characterised phenotypically and is separable into distinct subpopulations
based on both phenotype and function®. Long term reconstituting HSCs (LT-HSC) have the
greatest self-renewal capacity, and give rise to all the haematopoietic lineages throughout life.
The immediate progeny of LT-HSC are short term HSCs, which also are capable of generating
all lineages of blood cells, but do so for a period of only 8 to 12 weeks. The proportions of HSCs

that are LT-HSC vary with the site and age of the individual under investigation®*2.

1.3.2 Physical location of HSCs

1.3.2.1 The Stem Cell niche concept

HSCs appear to circulate freely, but have little function outside specific anatomically defined
locations. The concept of a niche as a specialised microenvironment housing stem cells was
first proposed by Schofield over 30 years ago™. As the site of haematopoiesis changes during
vertebrate development, the nature of this stem cell niche must also change34. The adult bone
marrow niche has received most attention. As summarised in an excellent review of the area,
there exists experimental evidence for key roles for both osteoblasts and vascular endothelial
cells in the formation of the HSC niche®*. The key experiments which led to these conclusions

are summarised below.

1.3.2.2 The role of the osteoblast in the stem cell niche

The physical location of HSCs close to the bone surface was first demonstrated in 1975%.
Morphological evidence for the presence of HSC niches in close association with the
endosteum was provided more recently when cells with HSC and progenitor activity and/or
phenotype were shown to localize close to the endosteal lining of bone-marrow cavities in
trabecular regions of long bones, whereas more differentiated haematopoietic progenitors

were found mainly in the central bone-marrow region®*?’.
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The ability of osteoblastic cells to support HSC populations was first demonstrated by
osteoblastic cell lines, which were shown to secrete cytokines capable of supporting HSCs™.
Osteoblast activity is in part regulated by parathyroid hormone (PTH) or locally produced PTH-
related protein (PTHrP), acting via the PTH/PTHrP receptor. Calvi et al developed a transgenic
mouse model with a constitutively active PTH/PTHrP receptor, which resulted in upregulation

of both osteoblast and HSC numbers™.

In a second study, using a transgenic murine model with conditional inactivation of the BMP
receptor type IA, which is normally expressed on osteoblasts lining the endosteum, Zhang et al
demonstrated a simultaneous increase in the number of both osteoblasts and repopulating
HSCs. The same study used histological examination of bone structure and staining for N-
cadherin expression, to reveal a small subset of spindle shaped osteoblasts, which appeared
architecturally in close contact with HSCs. A small subset of HSCs was shown to express N-
cadherin asymmetrically on the surface which abutted the osteoblasts. As the cadherin family
had already been shown to have a role in ovarian stem cell niche formation by knock-out
experiments in Drosophila, this led to the hypothesis that N-cadherin mediated interactions

between a subset of osteoblasts and HSCs might play a similar function in mammals®”.

1.3.2.3 The role of the vascular endothelial cell in the stem cell niche

A second school of thought proposes a key role for vascular endothelial cells in the formation
of the HSC niche. Histological studies of murine bone marrow showed a large proportion of
CD150" HSCs to be attached to the fenestrated endothelium of bone-marrow sinusoids®.
Although vascular endothelial cells that are isolated from various adult non-haematopoietic
organs have little or no ability to maintain HSCs in vitro, bone marrow sinusoidal endothelial
cells (BMECs) are functionally and phenotypically distinct®. Indeed BMECs constitutively
express cytokines such as CXC-chemokine ligand 12 (CXCL12) (also known as Stromal Derived
factor 1 (SDF1))***, the ligand for the CXCR4 receptor, and adhesion molecules such as
endothelial-cell (E)-selectin® and vascular cell-adhesion molecule 1 (VCAM1) that are

important for HSC mobilisation, homing and engraftment.

These two distinct niches may prove not to be mutually exclusive, but indeed may co-exist. By
the use of label retaining studies (involving pulsed bromodeoxyuridine (BrdU)), those HSCs
located in the endosteal niche have been shown to divide infrequently, and therefore may
represent the most dormant subtype of HSCs*. Those cells that are found in contact with
vascular endothelial cells comprise a more mixed distribution of cell types, including some that

divide relatively frequently. Theoretically, the location of these CD150" murine HSCs, in close
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proximity to sinusoids, would enable them to be constantly sensitive to blood-borne hormone

levels, a position that would enable a rapid response to haematological stress.

1.3.3 Regulation of Stem Cell Behaviour

1.3.3.1 Maintenance of a quiescent population of stem cells is vital for long term
haematopoietic survival

Multiple studies of cell cycle kinetics have identified the co-existence of pools of HSCs with

distinct behavioural patterns: highly quiescent stem cells that remain metabolically inactive

with little transcriptional activity; and those which divide more frequently, and are responsible

for replenishing the pool of haematopoietic progenitor cells by division and differentiation into

mature blood cells®.

Relative quiescence is thought to have a protective role in ensuring the longevity of the HSC
pool, perhaps by minimising stresses of cellular metabolism and genome replication®.
Amongst other adaptations, HSCs appear to have developed a distinct response mechanism to
DNA damage, possibly rendering them more tolerant to insults, but also more susceptible to
mutational change. Double stranded DNA breaks occurring at the G, stage of the cell cycle are
subject to immediate repair by non-homologous end joining, which is more error prone than

the response of other cell types to the same insult*®*’.

Experimentally induced defects in HSC dormancy by murine conditional knock-out experiments
(see Section 1.3.3.1.1), frequently result in defects in stem cell self-renewal and stem cell pool
exhaustion. Serial transplantation experiments in mice are eventually limited by

haematopoietic failure, suggesting a requirement for repeated repopulation is unsustainable®.

The factors which modulate the balance in these two distinct behaviour patterns have been
the subject of a number of excellent reviews®. Experimental data suggest there are numerous
factors which control HSC divisional status: as well as those intrinsic to stem cells themselves,
signalling through cell-cell interactions within the niche, as well as secreted cytokines, may

play key roles.

Murine studies suggest that the proportion of HSCs in cycle changes dramatically over the
lifetime of an organism, presumably in response to its immediate haematopoietic needs.
During foetal development, 95 to 100% of the HSCs located in the liver are in cycle at any one
time point; by four weeks after birth, the proportion of those cycling in the bone marrow has
fallen dramatically to less than 5%°. These cells cycle extremely infrequently (every 145

days)>°.
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1.3.3.1.1 Genes identified as key regulators in HSC quiescence
Studies from murine knock-out models have suggested a key role for a number of genes in the
maintenance of HSC quiescence. Knock-out of the p21°!, Gfi1*?, Pten®* and Foxo genes® all
resulted in an early expansion of the cycling pool of HSCs, followed by subsequent exhaustion
of the population, as illustrated by serial transplantation assays. The same techniques have
identified negative regulators of quiescence, such as the Myeloid EL1-like gene (ELF4), whose
knock-out results in an increase in stem cell quiescence, expansion of the HSC pool and
increased resistance to fluorouracil (5-FU) *°. The majority of these genes are thought to exert

their effects by controlling the rate of HSC entry into the cell cycle.

Wilson et al demonstrated a potentially key role for c-myc in the regulation of HSC number.
Using a murine conditional c-myc knock-out model, they noted that reduced expression of the
gene was associated with quiescence of the progenitor population, but a ten-fold increase in
HSC numbers. Forced overexpression had the opposite effect. As c-myc has a role in the
regulation of a variety of cell adhesion molecules, a potential pathway for its effect has been

described®.

1.3.3.1.2 Signalling interactions between stem cells and their microenvironment

Signalling interactions between HSCs and their immediate microenvironment have also been
shown to have a vital role in the regulation of HSC behaviour. Arai et al demonstrated the
importance of the Tie2-Angiopoietin-1 signalling axis in the maintenance of stem cell
quiescence. The ligand Angiopoietin-1 is thought to be produced by niche osteoblasts, whilst
HSCs positive for its receptor, Tie2, were found to be relatively quiescent. In vitro work
involving the exogenous application of Angiopoietin-1to HSC populations resulted in enhanced
HSC adhesion, maintenance of an immature phenotype and maintained BM repopulating

ability>”.

Other interactions thought to be important for HSC maintenance include that between c-mpl
(expressed on HSCs) and thrombopoietin (TPO). Murine knock-out experiments resulting in
reduced c-mpl expression resulted in a reduction in HSC function®®>°.

1.3.3.1.3 Metabolic adaptations and quiescence

HSCs are known to have a distinct metabolism, in part adapted to the hypoxia observed in the
BM niche. Quiescent cells are more dependent on anaerobic respiration to meet their
metabolic needs; as cells divide and mature, mitochondrial aerobic respiration becomes more

important. While such relative hypoxia is thought to have a protective effect on the longevity
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of HSCs, it may also have a role in the regulation of stem cell behaviour through signalling via

60,61

the Hif pathway

Ito et al described a key role for metabolism in the control of stem cell quiescence and
differentiation, in studies of the promyelocytic leukaemia-peroxisome proliferator activator-
receptor 6 (PML-PPAR-8) pathway, which controls fatty acid oxidation (FAO). Knockout of key
components of the PML-PPAR-6 pathway, or drug-based inhibition of FAQ, led to loss of HSC
maintenance. FAO also appears to have a role in the determination of cell fate after HSC
division: its inhibition resulted in the symmetrical commitment of daughter cells, in

comparison to PPAR-8 activation which led to asymmetrical division®.

1.3.4 Stem Cell Mobilisation and Homing

1.3.4.1 Normal HSC mobilisation in health and disease

Although the vast majority of HSCs are located in the bone marrow in a state of shielded
guiescence, as part of normal homeostasis, small numbers mobilise and migrate throughout
the body in peripheral blood. This process has been shown to follow a circadian rhythm®,
possibly modulated by the action of the sympathetic nervous system nerve endings, located in

close proximity to the putative HSC niche within bone marrow®.

No definitive reason why stem cells mobilise in this manner has been proven, though one can
postulate it may represent an evolutionary adaption to ensure HSC survival in the case of
inadequate bone marrow stromal support or localised damage. HSC circulation has also been
noted to increase in times of physiological stress, such as illness or pregnancy. In work with a
particular relevance for this thesis, Ailles et al have shown that normal HSCs are easily
detectable in the peripheral blood of patients newly diagnosed with AML. In experiments
designed to identify the presence of leukaemia stem cells (LSCs) in peripheral blood samples of
patients with AML of abnormal karyotype, the authors found the number of LTC-IC cells
generating colonies of normal karyotype (presumed to be normal HSCs) was ten-fold higher

than those seen in controls®.

1.3.4.2 Regulation of HSC homing to bone marrow

One of the key characteristics of HSCs is an ability to recognise and return to their bone
marrow niche. This is the case in normal physiology, but is also clearly demonstrated both in
xenograft transplant experiments, and clinically during autologous or allogeneic bone marrow

transplantation.
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Key pathways thought to regulate the homing process include the CXCR4/CXCL12 interaction.
CXCR4 (CD184) is an alpha-chemokine receptor expressed on the surface of HSCs, known to
bind to the ligand CXCL12 or SDF1. CXCL12 is highly expressed on bone marrow niche cells, and
as such as been shown to be a potent chemokine directing HSC homing. A secondary
regulatory pathway is provided by interplay between cKit and Stem Cell Factor (SCF or Kit
ligand). cKit (also known as CD117) is a cell surface receptor universally expressed on HSCs®,
whose ligand SCF is highly expressed in BM stromal tissue. Roles for this interaction in stem

cell homing and adhesion within the niche have been put forward®’.

1.3.4.3 Regulation of HSC mobilisation

Study of the factors responsible for stem cell mobilisation has revealed roles for a variety of
cytokines, including granulocyte-colony stimulating factor (G-CSF), granulocyte-macrophage
colony stimulating factor (GM-CSF), thrombopoietin (TPO), Kit and FIt3 ligand. As well as being
of biological interest, this has allowed the development of drugs to promote HSC egress from

bone marrow, prior to stem cell collection procedures for human transplantation.

The mechanism of action of G-CSF has been the most investigated to date. It appears able to
suppress the activity of mature osteoblasts, as well as suppressing CXCL12 expression in
mesenchymal stromal and endothelial cells. As such, it interferes with one of the main
signalling axes responsible for HSC retention in the BM®. Experiments involving conditional
knockouts of CXCR4 in the BM suggest this is the key mechanism responsible for the action of

G-CSF®.

Increased understanding of this process has resulted in significant clinical impact over the last
decade, as peripheral blood based collection of HSCs by leucophoresis has overtaken the
traditional bone marrow harvest as the preferred source of HSC collection for autologous and
allogeneic bone marrow transplantation. Excess G-CSF mobilised peripheral blood (GMPB)
collected in this manner also provides an excellent source of enriched human HSCs for

laboratory work.

In addition to G-CSF, other drugs used clinically to enhance HSC mobilisation prior to stem cell
collection include Plerixafor, a partial CXCR4 agonist which antagonises the binding of SDF-1 to
its cognate receptor. A number of clinical trials have demonstrated its effectiveness when

given in combination with G-CSF in mobilising HSCs”°.
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1.3.5 Methodology for studying stem cells
1.3.5.1 Identification using flow cytometry
Identification of HSCs in bone marrow samples is complex for a number of reasons. They are
rare cells, of rather indistinct morphological appearance. HSCs share a common appearance
with lymphocytes, being small cells with a high nuclear to cytoplasmic ratio and an agranular

cytoplasm.

One of the most commonly utilised techniques for stem cell identification in bone marrow and
blood samples is based on flow cytometric analysis, which enables the simultaneous
interrogation of large numbers of cells, thus rendering it an excellent technique for studying

cells of a rare subtype.

HSCs are known to have a low forward (FSC) and side scatter (SSC) profile (see Section 2.4).
Further phenotyping has identified a number of cell surface markers commonly associated
with cells that exhibit stem cell behaviour. For human HSCs, these include
CD34, CD38, CDYO, CD133, CD105, CD45, and c-kit’"’2. HSCs should be negative for the
markers that are used for detection of lineage commitment (Lin-). Negative selection using a
cocktail of lineage-specific markers can be used to enrich a sample for stem cells (see Section

2.2.3.1).

The field (and literature) is complicated by the fact that there exists cross-species variation in
antigen expression on HSCs. Table 1-2 summarises some of the main difference in cell surface

phenotype between human and murine HSCs>.

Table 1-2 summarising the different antigen expression patterns seen on human and murine HSCs

ANTIGEN HUMAN HSC MURINE HSC
CD34 POSITIVE LOW/NEGATIVE
SCAl NO HUMAN HOMOLOG POSITIVE

THY 1.1 POSITIVE POSITIVE/LOW
CD38 LOW POSITIVE
C-KIT POSITIVE POSITIVE

LIN NEGATIVE NEGATIVE

The experimental work within my PhD has solely involved human samples. Henceforth, unless
clearly stated otherwise, further discussion of stem cell phenotype will be limited solely to that

of the human HSC.

Flow-based sorting experiments of different fractions of cord blood, followed by

transplantation assays into mice, have shown the CD34" fraction of cells to be highly enriched
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for stem cells, and the CD34'38 fraction even more so. Some cells capable of long term
repopulation of murine models exist within the CD3438" fractions, but the bulk of these cells
are more mature progenitors’*. Indeed, functional stem cells are not solely limited to cells that
express CD34. The Bonnet group recently published a study of CD34 cells, showing them to

contain a subset of extremely primitive stem cells”.

We, along with most groups in the field, accept the approximation that the CD34"38 group of
cells comprises a population highly enriched for HSC behaviour. However, it must be stressed
that the cells that share this phenotype are by no means homogenous, but contain cells at a

variety of stages of maturity and early lineage commitment*"’®.

1.3.5.2 Assays for Stem Cell Function

Flow cytometry helps us to identify cells likely to be enriched for stem cell behaviour, but the
best tests of stem cell nature, as defined by the abilities of long-term survival, differentiation
and repopulation, are provided by a series of in vitro and in vivo assays. These are described in

brief below, along with a summary of their strengths and weaknesses.

1.3.5.2.1 Short Term in vitro Culture Assays

Short term in vitro assays are semi-solid assays, which can identify and quantify lineage-
restricted progenitors in standardised conditions. Their immobilised progeny accumulate in
tight colonies with specific characteristics of composition, size and colour. Several types of
progenitors (erythroid, granulocytic, macrophagic and megakaryocytic) can differentiate
simultaneously in a given culture’’. Within a given lineage, progenitors with different levels of
maturity can be identified dependent on sensitivity to cytokines, time to generate
differentiated cells and colony size’®. The growth media utilised in such assays is unable to
support cell growth for greater than three weeks, and therefore these assays are not
appropriate for testing for the presence of immature stem cells, as these have to undergo a
much higher number of divisions (>15) over a longer period (>5 weeks) before producing the

differentiated progeny this assay is designed to detect’®.

1.3.5.2.2 Long Term in vitro Culture Assays

A long term in vitro assay describes a system designed to identify immature progenitors, with
an assay period extending beyond four weeks. This allows immature progenitors to complete
differentiation, and rules out any contribution from lineage-committed cells present at the
start of the assay. A common feature in these assays is the presence of a feeder layer of
stromal cells, designed to secrete a source of regulatory factors, mimicking the complexity of

the bone marrow stromal microenvironment’”. Spontaneously immortalised murine bone
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marrow derived stromal cell lines (such as MS-5, S17 and AFT024) are popular, because they
support both myeloid and lymphoid development®. The presence of LTC-IC in the wells is
identified retrospectively by the output of colony forming cells in the culture at five to eight
weeks®. An initial stem cell concentration can be estimated by a serial dilution assay. One of
the main issues with this assay is its lack of reproducibility between laboratories, due in part to

variations in stromal cell lines and growth media utilised”®.

1.3.5.2.3 In vivo Murine Transplant Model

The use of a mouse transplant model allows the identification of long term repopulating stem
cells, identified by their ability to reconstitute haematopoiesis in mice over a period of months,
rather than simply weeks. To survive, transplanted stem cells also have to exhibit the key
ability of homing, from the site of injection into the mouse tail, to the host bone marrow

microenvironment.

Murine experimentation has identified three types of HSC behaviour in the transplant model:
short lived Colony Forming Unit-Spleen (CFU-S) cells home to the spleen, and start producing
cells by day twelve®; the Marrow Repopulating Activity (MRA) cells®’; and finally the long term
reconstituting cells, which produce differentiated myeloid and lymphoid lineages months after

transplantation.

The first immunodeficient mouse model, sufficiently tolerant to allow engraftment of human
HSCs, was described by Kamel-Reid and Dick in 1988%. However, the haematopoietic
development observed in this first model was not normal- NOD SCID mice are strikingly more
permissive to the development of B cells, with a noticeable absence of T and NK cells derived
from the transplanted HSCs. Genetic manipulation of these models (such as the NOD SCID B2-
microglobulin-null murine strain)®® have led to increased permissiveness towards T and NK

cellular differentiation.

1.4 Acute Myeloid Leukaemia

1.4.1 Introduction

Acute myeloid leukaemia is a rare, aggressive cancer, characterised by overproliferation of
myeloblasts in the bone marrow leading to a failure of normal haematopoiesis.?® The clinical
features were first described two centuries ago by the French physician Alfred-Armand-Louis-
Marie Velpeault, but it was the development of the light microscope by Virchow in the middle
of the last century that meant its pathology could begin to be understood. Today, although the

diagnosis of AML can still be made just by the examination of a stained blood film, additional
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information is routinely gained by the use of immunological, cytogenetic and molecular

analysis of bone marrow samples.

1.4.2 Incidence

Acute Myeloid Leukaemia is a rare cancer. 2013 figures from The Office of National Statistics
suggest that it represents 0.8% of all new cancer cases in the UK, and 34% of all of all new
leukaemia diagnoses. This translates to approximately 3000 new cases annually in the UK, with

a male: female incidence ratio of 12:10%.

Paediatric AML cases are rare. The incidence increases with age in adulthood, most markedly

after the age of 60%%%°.

1.4.3 Predisposing Factors to Disease Development

For the majority of patients with AML, no predisposing factors are identified. There is a clear
association between myeloid disorders such as myelodysplasia (MDS) and myeloproliferative
disorders (MPD), and later progression to AML. Prior drug exposure to chemotherapy,
especially the alkylating agents and anthracyclines, is associated with the development of
therapy-related leukaemias several vyears later, often with characteristic genetic
rearrangements™. Likewise, exposure to ionising radiation, such as that observed post-

Chernobyl, is associated with an increased incidence of AML*.

Rarely, germline mutations in RUNX1 and CEBPA can lead to a familial predisposition to
MDS/AML®, as can more profound karyotypic abnormalities such as Down’s syndrome, which

is associated with a ten to eighteen fold increased lifetime risk of AML*>.

1.4.4  Clinical Presentation

Patients with AML almost always present with the signs and symptoms of an abnormal blood
count: fatigue or shortness of breath due to anaemia; overt bleeding or skin petechiae due to a
reduced platelet count and/or disseminated intravascular coagulation; or overwhelming

infection due to a lack of functional neutrophils.

Rarely, presentation can be precipitated by the symptoms of leucostasis driven by an elevated
white cell count: namely headache, blurred vision, cerebrovascular events or shortness of

breath from pulmonary infiltration.

Very occasionally, patients can develop symptoms or signs from extramedullary blast

infiltration: skin rashes, gingival hypertrophy or chloromas.
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1.4.5 Diagnosis
1.45.1 Morphology
Blood tests are generally highly abnormal, with suppressed levels of normal blood cells, and
either a low or a high WCC. A blood film stained with May-Grinwald-Giemsa (MGG) may be
diagnostic if it reveals the presence of circulating blasts. A bone marrow aspirate plus or minus
trephine biopsy is normally performed to confirm the diagnosis. Morphological examination of
the marrow contents will show a predominance of immature blast-like cells, characterised by a
nucleus with open chromatin, a high nuclear-cytoplasmic ratio and (dependent on the subtype
of AML) granular cytoplasm. Further classification can be made if other cellular subtypes are

visible in excess, or show signs of dysplasia.

The blast percentage and assessment of degree of maturation and dysplastic abnormalities in
the neoplastic cells should be determined, if possible, from a 200-cell leukocyte differential
performed on a peripheral blood smear, and a 500-cell differential performed on marrow

aspirate smears stained with Wright Giemsa or MGG.

In the past, further classification of an AML sample, and confident distinction from acute
lymphoblastic leukaemia (ALL) was done with the use of cytochemical stains such
as myeloperoxidase, Sudan black and nonspecific esterase stain; however nowadays, these

have largely been superseded by the use of flow cytometry.

1.4.5.2 Flow cytometry

Although not part of the World Health Organisation (WHO) diagnostic criteria®, flow
cytometry in the clinical setting is a crucial tool in the diagnosis of AML®. Immediate analysis
of bone marrow and blood samples can facilitate distinction between AML and ALL samples in
those cases of morphological uncertainty, as well as further subtyping AML dependant on the
myeloid maturation markers co-expressed on the blasts. In recent years, with the development
of multicolour flow panels, it can also be used to identify aberrant blast antigen expression
patterns, which can then be used for assessment of Minimal Residual Disease (MRD) in

subsequent post-therapeutic samples™.

Standard diagnostic flow laboratories identify the presence of blasts based on expression of
CD45, CD34, CD117 and HLA-DR, as well as basic FSC and SSC characteristics. Myeloid blasts
may typically co-express myeloid maturation markers such as CD33 and CD13, but be free of

those associated with the lymphoid lineage.
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1.4.5.3 Cytogenetic Abnormalities
The trail-blazing work of Janet Rowley and colleagues in the 1970s resulted in the identification
of recurrent karyotypic changes in AML samples. Nowadays, bone marrow samples at
diagnosis are routinely sent for G banding and fluorescence in situ hybridisation (FISH) studies
for the commonest chromosomal translocations associated with AML?. Cytogenetic
abnormalities carry key prognostic information for patients: the t(15;17) translocation,
associated with the formation of the PML RARA fusion protein, carries an extremely good
prognosis; but is now treated very differently to other AML subtypes®. Translocations of 8;21
and inversion 16 are commonly seen, and also are associated with improved five year survival

399 AMLs associated with

and superior response to certain drugs, such as anti-CD33 therapy
multiple different cytogenetic changes are associated with older age and preceding MDS, and

carry a significantly poorer prognosis100

The MRC 2010 classification system for AMLs, based on presentation cytogenetics into good,

191 This has been used

intermediate and poor risk subgroups is summarised below in Table 1-3
throughout this thesis, whenever cytogenetics-based risk stratification has been required

during analysis

Table 1-3 The MRC 2010 Modified Cytogenetic classification of AML, based on the clinical outcome data from the
MRC AML trials. Adapted from Grimwade et al™™

RISK GROUP CHROMOSOMAL ABNORMALITY

1(8;21)(922;922)
GOOD t(15;17)(q22;922)
inv(16)(p13922)/t(16;16)(p13;922)

INTERMEDIATE Everything else

abn(3q) [excluding t(3;5)(gq21~25;q31~35)]
inv(3)(a21926)/t(3;3)(q21;426)

add(5q), del(5q), -5,

-7, add(7q)/del(7q)
t(6;11)(q27;923),
t(10;11)(p11~13;q23)

t(11923) [excluding t(9;11)(p21~22;923) and t(11;19)(g23;p13)]
t(9;22)(q34;q11),
-17/abn(17p),
Complex (= 4 unrelated abnormalities)

POOR
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1.4.5.4 Genetic abnormalities
AML is a disorder associated by the acquisition of multiple, complex genetic mutations. The
seminal Cancer Genome Atlas consortium study sequenced 200 AML genomes covering the
cytogenetic spectrum of the disease. These samples each harboured on average more than ten

mutations, with in excess of 200 genes being identified as recurrent targets'®

. Clinical practise
often lags behind laboratory research, but screening for common genetic mutations known to
have prognostic significance appears to be growing in importance as a method for risk
stratifying patients with normal cytogenetics. Many clinical laboratories will routinely screen

104 Characteristics

for the presence of the NPM1 mutation'® and the FLT3 internal duplication
associated with these mutations are discussed in more depth below. Other genes found
commonly mutated in AML samples include CEBPA, KIT, N-RAS, MLL, WT1, IDH1&2, TET2 and

DNTMT3A™,

1.454.1 NPMI1 Mutations
The nucleophosmin (NPM1) gene encodes for a multifunctional nucleo-cytoplasmic shuttling
protein, which is normally localized in the nucleolus. Mutated NPM1 protein locates aberrantly

to the cytoplasm of leukaemia; hence the term NPM-cytoplasmic positive AML'®.

NPM1 mutations occur in 25 to 35% of all AML patients, but are seen much more frequently
(50 to 60%) in samples of normal karyotype. Mutations are strongly associated with de novo
AML, and are rarely seen in AML associated with previous chemotherapy exposure,

myelodysplasia or myeloproliferative disorders.

The mutation is characteristically heterozygous, with preservation of the wild-type allele.
Although multiple gene mutations have been described, the vast majority affect Exon 12. Type
A mutations represent a duplication of a TCTG tetranucleotide at positions 956 to 959 of the
reference sequence, and account for 75 to 80% of cases. Mutations B and D are responsible for

10% and 5% of cases respectively; other mutations are very rare'®.

Evidence from recent papers which involve sequencing for early mutations in pre-leukaemic

HSCs (see section 1.5.4) suggest that NPM1 mutations are not seen in this population of cells,

107,108

which are more often characterised by alterations in genes such as DNMT3A . However,

the acquisition of NPM1 mutation appears to be a key, later, transformational step in towards

the leukaemia phenotype. Once acquired, its expression remains remarkably stable over the

109,110

disease course . Such persistence and stability in a mutation makes it an excellent

candidate for MRD assessment™'.
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NPM1 mutant AML was a provisional entity in WHO 2008 classification of myeloid disease™?

and now in the recent 2016 reclassification is a distinct entity**>.

1.45.4.2 FLT3 mutations
Fms-like tyrosine kinase 3 (FLT3), also known as CD135, is a receptor tyrosine kinase expressed
on the surface of early haematopoietic cells. Normal signalling through the FLT3 receptor is

thought to be important in the development of stem and progenitor cells.

Mutations in the FLT3 gene are seen in some 25 to 30% of newly diagnosed adult AML
cases'®'*. Two patterns of mutation are observed: internal tandem duplications (FLT3/ITD
mutations) in or near to the juxtamembrane domain, and point mutations resulting in single
amino acid substitutions with the tyrosine kinase domain (FLT3/TKD). Both cause constitutive

activation of the receptor'®.

Patients with FLT3/ITD mutated AML often present with a similar phenotype, namely a high
peripheral WCC and a hyperproliferative bone marrow appearance on morphology*®. Whilst
sensitivity to induction chemotherapy is comparable to other AML patients, FLT3-ITD mutation
is associated with an increased relapse rate and short remission times'”. The FLT3-TKD

mutation is less common and does not share the same clinical phenotype'".

In comparison to NPM1 mutations, alterations in the FLT3 gene are generally viewed as later
events in the evolution of AML. When the Majeti lab studied FLT3-mutated AML samples for
the presence of pre-leukaemic stem cells, the FLT3 mutation was universally absent,

suggesting this is not an initiating mutation™®

. Similarly, in a study of paired diagnosis and
relapse samples, the mutated FLT3 allelic burden varied significantly, suggesting a degree of

instability in the mutation*".

In addition to their prognostic significance, FLT3 mutations are of interest in the world of
precision medicine, as they offer a potential therapeutic drug target. A number of FLT3
inhibitors exist and have been used in the clinical trial setting. The first generation FLT3
inhibitors (examples include sunitinib, midostaurin, and lestaurtinib) were initially designed for
use in other solid organ malignancies, and despite promising in vitro activity against AML
samples, have largely been disappointing both in terms of efficacy and tolerability when given

> However, second-generation FLT3 inhibitors have begun to emerge, such as

to patients
quizartinib (AC-220), crenolanib (CP-868596), and PLX3397. These have a greater specificity for
FLT3 receptor, and as such offer the promise of potentially greater efficacy and fewer off

target side defects'”.
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The MRC-sponsored, UK based AML trials have included the investigation of several FLT3
inhibitors in recent years (from which formal data remain unpublished at this time). AML-17
involved randomisation of those patients found to have FLT3 mutations to receive CEP701'%;
AML-18 involved randomisation to receive the second generation FLT3 inhibitor AC220, either
over three courses or as a year-long maintenance therapy'?, and finally, AML-19 includes the

Phase Il pilot study of Ponatinib for those with FLT3 mutations®.

1.4.6 Classification Systems for AML

AML is a highly heterogeneous disorder, with individual samples showing a wide range of
morphological, cytogenetic and molecular aberrances. Developing a classification that
recognises these differences has been an importance goal for more informative clinical
research and patient prognostication. The most recent classification system was issued by the
WHO in 2008, and relies heavily on cytogenetic information to group samples with similar
disease evolution and prognosis'*. Previously, classification was based on the morphological

and cytochemical appearance of blasts, using the French-American-British (FAB) system™.

1.4.7 Current Therapy and Clinical Trials

The backbone of treatment given with curative intent remains chemotherapy. For those
patients fit enough to receive it, intensive chemotherapy is given in blocks. An initial induction
block aims to achieve morphological remission, followed by two to three consecutive
consolidation blocks, attempting to remove any residual leukaemia cells There exist global
variations in favoured induction regimens, but in the UK, most patients will receive a

combination of daunorubicin and cytarabine (plus or minus etoposide) as a first therapy.

Chemotherapy given with curative intent comes with significant side effects. These include

further myelosuppression, alopecia, infertility, nausea and anthracyline-induced cardiotoxicity.

Typically, 75% of patients will achieve a morphological remission after a first induction course,
and will regain the ability for normal haematopoiesis four to five weeks after the initiation of
chemotherapy'®. Dependant on age, transplant availability and pre and post treatment
prognostic indicators, patients will either proceed with further consolidation chemotherapy, or

an allogeneic bone marrow transplant.

The intensity of side effects seen with standard chemotherapy, combined with its relative lack
of efficacy in certain disease subtypes, mean that for frailer patients, it is not an appropriate

therapeutic option. Thus many patients presenting with AML may be offered a palliative
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approach with early treatment of infections and regular blood and/or platelet infusions, in
combination with the use of historically well tolerated drugs such as hydroxyurea to limit the
speed of disease progression. In more recent years, attempts have been made by the MRC to
improve treatment options available to this group, including wide scale testing of novel

agents*'%.

It is worth noting that APML, characterised by a distinct morphological appearance and
associated with the t(15;17) cytogenetic abnormality, is now approached very differently to
other AMLs. When recognised and treated promptly, and the bleeding disorders often
observed at diagnosis due to disseminated intravascular coagulation (DIC) are corrected, these
leukaemias are associated with an excellent prognosis®. This relatively pathologically-
homogenous group of leukaemias respond extremely well to non-standard chemotherapy with

ATRA' and Arsenic trioxide, which are much better tolerated than standard cytotoxics.

In the UK and parts of the Commonwealth, the majority of new patients diagnosed with AML
are recruited into the current age-appropriate MRC trial. In the past, these trials have been
designed to try and answer a number of key treatment decisions: the best induction regimen;
the most appropriate number of consolidation courses of chemotherapy; which patients
should receive an allograft in first remission. They have been used for rapid assessment of the
efficacy of a number of drugs which showed laboratory promise: Mylotarg, Everolimus, and
Zarnestra being a few examples. More recently, samples gathered have also been used to
assess the feasibility of flow cytometry and molecular genetics as means of rapid MRD

assessment of patient responses to therapy'?**?>*%°,

In Europe, similar national trial conglomerates include GIMENA (ltaly), PETHEMA (Spain) and
the HOVON group (Netherlands). In the US, the CALGB (Cancer and Leukaemia Group B) and

the SWOG (South Western Oncology Groups) cooperatives run similar trials.

1.4.8 Prognosis

The following are currently viewed as important prognostic markers at the time of disease
diagnosis: age, presenting WCC, the presence of particular cytogenetic abnormalities,
development of secondary AML, and the mutational status of FLT3, NPM1, CEBPA and
IDH1&2%. Predictors of overall outcome after therapy include the blast count after induction

chemotherapy and the absence of minimal residual disease (MRD)****.

Current estimates of five year survival for all patients at diagnosis with AML are between 40
and 50%, but with significant variation dependent upon age and disease characteristics at
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presentation. Study of the long term survival data from sequential MRC AML trials between
1978 and 2009 would suggest that 5 year survival has improved significantly during this period
for those patients under the age of 60°, but with much more modest improvements for those
aged 60 and over®. Improvements in supportive care and aggressive treatment of sepsis have
improved treatment-induced mortality. Sequential multinational studies have led to the
honing of cytotoxic chemotherapy regimens, but with the notable exception of APML, the

backbone of chemotherapy for AML remains the same as it was three decades ago’.

1.49 The Leukaemia Stem Cell Model

1.49.1 The LSC Concept

The idea that a cancer stem cell exists which shares some of the characteristics of a normal
stem cell has been postulated for some time, but the first experimental evidence for its
existence came from the study of leukaemia samples. In 1997, Bonnet and Dick transplanted
CD34"38 cells from leukaemic samples into NOD SCID mice, and showed that these fractions
were capable of developing into leukaemia blasts and self-propagating™®’. Furthermore, these
cells can go on to produce the disease in a secondary mouse transplant experiment, indicating
the ability of self-renewal in the primary recipient. These cells were described as leukaemia

stem cells (LSCs).

In a parallel to normal haematopoiesis, AML is often described as a loose hierarchy, in which a
small number of self-renewing LSCs give rise to a large population of more mature blasts,
which lack self-renewal capacity. LSCs are thought to also share the characteristics of

quiescence and apoptotic resistance with normal HSCs.

One reason for the frequent failure of conventional chemotherapy to prevent relapse may be
that the infrequently dividing LSCs are more chemoresistant than the majority of the blast

population.

Although the LSC is thought to maintain the reservoir of disease, confer chemoresistance and
be the cell type responsible for delayed relapse, we cannot assume that all leukaemia initiating
mutations occur in the normal healthy HSC fraction of haematopoietic cells. Indeed, a
mutation event in a partially committed progenitor cell may re-confer self-renewal abilities.
Alternatively, although an initial mutation may occur in a stem cell, and persist indefinitely in
this pool, development to blast crisis may only occur with the addition of further mutations, as

appears to be the case in CML'%,
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1.49.2 Phenotypic Identification of the LSC
Improved efficiency of the initial xenograft transplant model (use of the NSG murine strain, or
intrafemoral injection of transplanted cells), allowed experimental work which showed that
LSC cells exist not just within the CD34'38 fraction of bone marrow, but can share the

I'?°, LSC phenotype can also vary dependant on the

phenotype of a more committed cel
phenotypic appearance of the leukaemia: for example, in AML samples characterised by low
expression of CD34, LSC activity is restricted to the CD34 compartment, whereas in CD34" AML

samples, LSCs are found in both CD34" and 34" fractions**°.

A number of other antigens commonly expressed on LSCs have been reported. These are of
interest both for the experimental identification of LSCs and also their therapeutic

131,132

targeting . The most valuable targets are those which are differentially expressed on LSCs

and normal HSCs.

1.5 Why does the development of AML lead to a failure of normal
haematopoiesis?

1.5.1 Introduction

Many acquired haematological disorders, malignant and non-malignant, present with the
symptoms resultant from disruption in normal haematopoietic development, but the
mechanism or mechanisms by which these diseases disrupt haematopoiesis are in general
poorly understood. Both haematological and non-haematological malignancies such as
metastatic breast carcinoma or melanoma presenting with heavy bone marrow infiltration can
result in abnormal blood counts: any clinician should be fully aware that this is not an
association solely seen with AML. However, the extent of bone marrow infiltration with
abnormal disease alone is not predictive for the effect on a patients’ blood count: for example,
many patients with CLL will present with a marrow effaced with lymphocytes, and yet maintain

normal haematopoiesis.

Personal observation of presentation bone marrows with AML suggests that even with fairly
limited disease bulk (i.e. 20 to 30% blasts), myelopoiesis is much more profoundly affected

than it would be from a comparable disorder.

The recent literature in this area is sparse and therefore open to conjecture. As AML is a
disease of the developing myeloid lineage, it could be argued that healthy myeloid cells and
blasts are more likely to be competing for resources (such as niche space, nutrients,

appropriate cytokine signalling), than if the diseased cell was derived from another lineage.
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Are the healthy myeloid cells sensitive to negative feedback signalling from the blast
population which might impede their growth? Might exosome secretion from blast cells affect
the normal haematopoietic population? Or is the effect a grosser one, such as a change in pH
within the stromal milieu to which the normal tissue is sensitive? Or is it that, in bone

marrows which have developed AML, even the “normal” cells are aberrant (see Section 1.5.4).

Secondary questions include the following. Where in the pathway of normal haematopoiesis
do these effects take place? Are all cells along the haematopoietic pathway of development
sensitive to the effect of AML, or are some more sensitive than others? The fact that patients
commonly present with trilineage haematopoietic failure might suggest that those cells at the
top of the hierarchy are most likely affected, but this does not mean subsidiary effects are not

seen on partially committed progenitors as well.

Indeed, there may be more than one or indeed multiple mechanisms concurrently responsible
for the observed failure of haematopoiesis in any one patient. AML is an incredibly
heterogeneous disorder, as described above, but a strongly recurrent theme across almost all
patients is the bone marrow failure associated with it. Are the mechanism or mechanisms by
which this occurs universal across the diversity of cytogenetic and genetic abnormities

associated with the development of the disease?

Clinical observation suggests that the effect of AML on normal haematopoiesis is generally
reversible. Assuming a patient enters clinical remission after induction chemotherapy, normal
bone marrow function is generally regained three to four weeks after the completion of

therapy.

1.5.2 The interaction between HSCs and AML: summary of previous work by the
group which led to the hypothesis that acute myeloid leukemia does not deplete
normal haematopoietic stem cells but induces cytopenias by impeding their
differentiation

As early as 30 years ago, it was observed that AML cells had the ability to disrupt growth of

haematopoietic colonies by the secretion of an apparently diffusible substance™****. Although

we recognise that inhibition of normal haematopoiesis by AML may occur at many steps along
the cellular development hierarchy, our laboratory to date has focussed on the interaction
between AML and normal HSCs. Our work has used both a murine xenograft model of AML

engraftment, and the study of primary human bone marrow samples'.
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1.5.2.1 Murine experiments
111 unirradiated NSG mice were transplanted with 10 human AML samples to determine the
effect of AML engraftment on the mouse CD45" cells. The mice were sacrificed at different
time-points post transplantation to study the effect of the developing AML on their
haematopoiesis. As the AML engrafted, there were three phases of haematopoietic activity
observed in the mouse bone marrow, termed early, mid and late. By the midphase of AML
engraftment, progenitor cell numbers had fallen in the mouse bone marrow (p<0.0001) in
comparison to controls, whilst HSC levels were maintained. In the late phase of engraftment,

both progenitor and HSC numbers had fallen significantly. Figure 1-2A summarizes this data.

Assays of HSC function were also performed on the murine CD45" cells extracted from bone
marrow at the midphase, to back up the immunophenotyping data. Colony-formation and
repopulation assays, as well as xenograft secondary engraftment studies suggested that the

murine CD45" fraction is enriched with long term repopulating cells at this time-point.

HSC cycling at the midphase was tested by BrdU incorporation assay. In the two samples
tested, murine stem cells showed significantly reduced BrdU incorporation (p=0.007 and p=

0.04), suggesting reduced cycling.

These findings are consistent with a hypothesis that AML induces BM failure by impeding

differentiation at the HSC-progenitor transition.

The ten samples used in this study had all previously been shown to be capable of engrafting in
a mouse xenograft model, and represented a range of cytogenetic abnormalities. All had a
similar effect on murine haematopoiesis, which gives weight to the idea of a universal theory
of bone marrow suppression by AML. However, the use of an interspecies transplant model is
open to a number of significant criticisms. Any observed changes in stem cell behaviour might
be due simply to the transplantation process, rather than the interaction between AML cells

and murine HSCs.

1.5.2.2 Primary Human Samples
Human correlation of these observations from mouse based studies was provided by studies of

HSC and progenitor numbers in the bone marrows of 16 patients with a rare subtype of AML.

The term CD34"" AML is here used to describe a rare subtype of AML, where the blasts are
characterized by low expression of CD34. Diagnostic clinical laboratories will typically describe

a CD34" AML as one where less than 20% of the blast cells express CD34. This phenotype is
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highly associated with the presence of the NPMI1 mutation'®. However, our group has
previously subclassified this group into three groups defined by the phenotypic flow
appearances (see Figure 1-2B). Subgroup A contains a much more restricted CD34" population
(<0.5% of all cells). Previous transplantation studies have shown this region to be free of LSCs,

and enriched for normal stem cell activity*****®

. Quite why normal karyotype NPM1-mutated
AMLs exhibit such a range of phenotypes is not clear, but the Subtype A group was notably
free of associated mutations in genes such as FLT3, which were more commonly observed in

samples with higher CD34 expression.

low

The subtype A group of AML samples (henceforth referred to as CD34°") encompasses 40% of
NPM1 mutant normal karyotype AMLs, and a small proportion of NPM1 wild type AMLs as
well. Because both the CD34'38 HSC subset and the CD34'38" progenitor subset have
previously been shown to be clear of leukaemic cells, they represent an excellent sample

group to study the effect of AML on normal HSCs™®.

In 16 patients with CD34"" leukaemias, the HSC (CD34'38) and progenitor (CD3438%)
populations were quantified at diagnosis and compared to controls. Whilst the progenitor
numbers were significantly reduced in AML samples, the number of normal HSCs was not
statistically different between AML and control samples. Assessment of cycling status of the
HSCs was determined by Ki67 staining. A lower percentage of HSCs from AML BM were in cycle
in comparison to controls (p=0.002), a finding mirrored by the murine xenograft study. LTC
assays and murine engraftment tests showed the CD34" fraction within the AML samples to be
more enriched in LTC-IC and repopulating cells than controls. These findings are summarised in

Figure 1-2 Cand D.

The combination of this murine xenograft and human data led the group to develop the
hypothesis that acute myeloid leukaemia does not deplete normal haematopoietic stem cells
numbersbut induces cytopenias by impeding their differentiation. The mechanism by which

this inhibition occurs remains unknown.
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Figure 1-2A The effect of AML on mouse haematopoietic populations in a xenograft model showing number of
CD45" cells, progenitors and HSCs in mice with AML as a percentage of values in controls. The grey line represents
controls. Adapted from Miraki-Moud et al, PNAS, 2013". B: Classification of 8 NPM1 mutated AML samples based on
CD34 and CD38 expression. Subtype A samples have <0.5% of cells which express CD34. Subtype B samples have
>0.5% of cells which express CD34, but the CD3438 population is small (<0.1%) and distinct from the CD34°38" and
CD34 populations. Subtype C samples are more heterogeneous. The CD34" fraction is greater than 0.5%, but there
is no distinct, small CD34°38  population. Diagram from Taussig et al, 2010. C: Assessment of normal residual
haematopoiesis in humans with CD34"" AML. Numbers of phenotypically defined HSPCs are preserved (p=0.6) in
the BM of 16 patients with subtype A AML, whereas progenitors are reduced in comparison with 42 controls
(p<0.0001). D: The percentage of HSPCs in cell cycle was lower in subtype A (n=7) AMLs than controls (n=9)
(p=0.002). Adapted from Miraki-Moud et al, PNAS, 2013"
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1.5.2.3 Corroborative data
Since this paper was published, encouraging corroborative findings have been published by an
unrelated group. Cheng et al developed a non-irradiated murine model of AML, by retroviral-
mediated introduction of the MLL-AF9 fusion gene into B6-Ly5.2 (CD45.2) mice. The resultant
leukaemia cells were harvested, and introduced into B6-Ly5.1 (CD45.1) mouse recipients,
which subsequently developed AML within 21 days. Flow-based analysis of the CD45.1 normal
haematopoietic populations showed relative preservation of LT-HSC numbers in comparison to
more committed progenitors, until the last stages of AML development. BRDU incorporation
studies suggested that these HSCs are more quiescent than those extracted from

untransplanted mice.

Gene expression analysis of the murine HSC populations performed at Days 7 and 14 showed
differential expression of a number of quiescence-associated genes, including the transcription
factor Egr3, which was overexpressed in murine stem cells exposed to AML, relative to

136

controls". Members of the Egr family are transcription factors, whose previously described

137 138,139

roles include the control of HSC™’ and lymphocye proliferation

Further evidence was presented for a potential role for Egr3 expression in mediating the effect
of AML on HSCs. Retrovirally induced overexpression of Egr3 in murine stem cells led to a
quiescent phenotype both in vitro and in a murine transplant model. The reverse effects
where observed when Egr3 expression was reduced in murine stem cells by shRNA knock-

down.

1.5.3 The interaction between AML and stromal cells may affect the niche and
therefore HSC development indirectly

An alternative, but by no means mutually exclusive theory to explain the changes seen in

haematopoiesis in AML is that, rather than solely directly inhibiting normal HSCs, AML cells

might induce changes in the microenvironment and bone marrow niche such that it is no

longer able to support normal haematopoietic development.

Support for this concept is provided by recent work looking at the effect of AML on
mesenchymal stromal cells isolated from human AML diagnostic BM samples. The growth of
these cells, as assessed in vitro by colony-forming unit fibroblast activity and population
doubling time, was significantly lower than controls. The cells also exhibited reduced
osteogeneic differentiation, and differential DNA methylation. Importantly, mesenchymal

stromal cells also showed a reduced ability to support normal haematopoietic development as
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evidence by reduced growth of normal CD34" cells in a 7 week culture assay . Similar

findings have also been described in murine models*****3,

More radically, some sources have suggested that acquired mutations within stromal cells
might themselves be a driver for leukaemia development. In a murine model, selective
deletion of the miRNA processing endonuclease Dicerl in mesenchymal osteoprogenitors
resulted in abnormal haematopoietic development, characterised by MDS-like changes and

144

AML development™". Blau et al investigated the genetic makeup of MSCs on 96 AML samples
and 36 controls. They found chromosomal changes within the MSCs of patients who had
developed leukaemia to be significantly more common than within controls, and particularly
associated with the development of poor risk AMLs. However, the actual patterns of
chromosomal aberrations seen in AML and stromal cells were different. Whether there exists a

causal relationship between these findings is not clear'®.

1.5.3.1 Potential mechanisms for signalling between AML and HSCs: do exosomes play a
role?

Our previous work described observed changes in HSC and progenitor behaviour in the context

of AML development, but did not include an explanation for how these changes might be

brought about, or what signalling mechanisms might be important. As detailed above, others

have subsequently proposed a role for Egr3 in mediating the observed HSC quiescence*®.

An interesting hypothesis is that exosome secretion from AML blasts might prove a means of

modulating HSC and/or stromal cell behaviour that does not require direct cell-cell contact™*>.

Exosomes are tiny (30 to 100nm diameter), cell-derived vesicles, which contain protein, RNA
and miRNA. They were first identified in reticulocytes, but have since been associated with a
range of different cell types'*®. Exosomes have been found in the plasma, bone marrow and

urine in healthy humans'’.

Exosomes are produced either by the fusion of vesicular bodies with the cell surface
membrane, or by budding of the plasma membrane itself. Whilst the normal physiological
functions of exosomes are still being explored, it is clear that the vesicles retain the ability to
fuse with other cells, deposit their contents into the recipient cell, and as a result, modulate

cell behaviour.
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However, exosome secretion is not simply observed in normal cells, but also by a range of
malignant cells. It has been hypothesized that exosome secretion is one way in which cancer

cells can modulate their microenvironment to a more permissive state.

The presence of exosomes in fluid surrounding both AML primary samples and cell lines has
been demonstrated by density-gradient centrifugation of culture medium and subsequent
transmission electron microscopy studies. The transfer of membrane proteins in real time was
visualized by staining AML cells with N-Rh-PE, which was imaged localizing to the cell
membrane before subsequent budding-off. Fusion of these exosomes with stromal cells was
illustrated by exposure of murine stromal cells to PKH26-labelled exosomes from the HL-60
AML line. Subsequent RNA analysis of the murine cells after 48 hours showed the presence of

8 The transfer of exosome contents to

human derived CXCR4 transcripts within the cells
stromal cells has been shown to reduce their expression of SCF and CXCL12. The same paper
also identified a number of exosome-induced changes seen directly in HSCs including CXCR4
and cKit downregulation, as well as repression of transcription factors such as c-Myb and
CEBP-B. Whether it is via the loss of supporting signals from stromal cells, or direct changes
induced in normal HSCs, the secretion of exosomes may be one way in which AML induces

guiescence in normal HSCs.

Other authors have reported similar changes in stromal cell behaviour induced by exosomes,
as well as the abrogation of these effects when extravesicular transport was inhibited. One
paper identified a particular role for MiR-7977 secretion within exosomes in the induction of

HSC quiescence149.

154 Caveat: How normal are the “normal” HSCs in acute myeloid leukaemia
samples? The pre-leukaemic stem cell concept

There have been a number of excellent recent papers examining the HSC fraction within AML

samples for the presence of early, leukaemia associated mutations. Evidence for the existence

of a pre-leukaemic stem cell population dates back to clinical observation of one patient, in

remission from t(8;21) associated AML. Lin"CD34'CD38°CD90" HSCs isolated from the patient

up to 150 months after therapy, produced normal myeloid colonies in methylcellulose in vitro

clonal progenitor cell assays, yet contained detectable AML1-ETO transcripts **°.

The Majeti group from Stanford separated Lin'CD34°38 TIM3™ cells from six patients with
normal karyotype FLT3-mutated AML. Having identified genetic mutations in AML by exome

sequencing, they went on to study the separated HSCs and their progeny (derived from
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subsequent murine transplantation) for the presence of the same mutations by targeted
sequencing. In five of these samples, 32 of a total of 51 mutations found in the leukaemia cells
were also found to be present in the residual HSCs. Moreover, 7 of 13 mutations in genes
recurrently mutated in AML were also present in the residual HSC population, with the notable

absence of FLT3-ITD in all five cases™".

A similar study was performed by John Dick’s laboratory, using NPM1/DNTMT3A mutated AML
samples. In this case, HSCs, common myeloid progenitors (CMPs) and mature lymphocytes
were flow sorted from the leukaemia sample and the resultant cell fractions sequenced for the
presence of mutations. DNTMT3A mutations were commonly found in all normal cellular
fractions, whereas the NPM1 mutation was found only in the blast populations. The authors
highlight the fact that the DNTMT3A mutated HSCs appear at a competitive advantage in serial

transplantation assays over non-mutated cells'”’.

Clinical data supporting the idea of pre-malignant HSC mutations come from Jaiswal et al, who
performed whole exome sequencing on blood samples from 17182 people (previously
recruited into a national Type |l Diabetes surveillance study and therefore unselected for
haematological disease), looking for the presence of mutations within 160 genes recurrently
identified in haematological malignancy'®. Mutations were common (most commonly in
DNTMT3A, TET2 and ASXL1), with an increase in incidence with rising age. 9.5% of patients
aged 70 to 79 were found to have one or more mutations in the studied gene set. Moreover, in
long term follow up studies, the presence of a somatic mutation was associated with a
significantly increased risk of developing a haematological malignancy (hazard ratio 11.1). For
those patients who had serial samples available, sequential studies revealed persistence of the
mutations over time. Similar findings have been made by others™? and have led to the

concept of clonal haematopoiesis of indeterminate potential (CHIP)**3.
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Chapter 2 Materials and Methods
2.1 Samples and Ethics

Samples of peripheral blood and bone marrow from patients with AML and controls (obtained
pre-treatment from patients with Stage | and Il lymphoma and normal blood counts) were
obtained by the Tissue Bank maintained by the Centre for Haemato-Oncology at Bart’s Cancer
Institute. This tissue bank is maintained according to the Human Tissue Act 2004 (Licence no.
12199). All patients had to sign consent forms to allow storage of specimens for research

purposes after appropriate counselling, in accordance with the Declaration of Helsinki.

Both cord blood and G-CSF mobilised peripheral blood (GMPB) were used as sources of
enriched stem cells for optimisation of experimental techniques, controls where stated, and
for the source of stem cells within the AML Co-Culture assay. GMPB was obtained with consent
from the excess donations of healthy donors and patients undergoing primed stem cell
collection at Bart’s Hospital. Cord cells were derived from donated umbilical cord samples

from the Delivery Suite at the Royal London Hospital.

This project was approved by the East London and City HA local research ethics committee 2
with REC reference 06/Q0604/100 titled “Characterisation of leukaemia stem cells and their

interactions with normal bone marrow cells”.

2.2 Sample Handling Techniques

2.2.1 Collection of Fresh Bone Marrow Aliquots for Immediate Analysis

A standard operating procedure was used to ensure that the BM samples used for
quantification of HSCs were obtained from the first pull of the aspirate and in a small volume
(less than 0.5ml) to reduce haemodilution. Samples were decanted into eppendorfs containing
100pl Anticoagulant Citrate Dextrose Solution (Haemonetics, Cat: 426C). Samples with visible
clots at the time of analysis were discarded. 200pl of fresh BM was mixed with 4ml ammonium
chloride solution (Stem Cell Technologies, Cat: 07850), and incubated at 4°C for 10 minutes to
induce red cell lysis. 1ml FCS was added and the sample pelleted (1500rpm, 5 minutes). The
cells were re-suspended in 50 pl 2% HAG, mixed well and incubated for 20 minutes at 4°C. 5yl
of CD34-PerCP (BD, Cat: 345803 (clone 8G12)) and CD38-Pecy7 (BD, Cat: 335825 (clone HB7)
were added, and the sample incubated for 30 minutes at 4°C. The sample was then washed in
4ml 2% PBS, and re-suspended in 300ul 2% PBS/DAPI/DNase. Cell counting was facilitated by
the addition of 50ul CountBright™ Absolute Counting Beads (Life Technologies, Cat: C36950).

Analysis was performed using a BD Biosciences LSR Fortessa.
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2.2.2 Tissue Bank Processing of Samples for Delayed Analysis
Bone marrow aspirate samples were collected into EDTA collecting tubes (from multiple
suppliers) at Bart's Hospital. On arrival in the Tissue Bank, extraction of mononuclear cells was
performed following the Departmental SOP. In brief, samples were layered on top of 4ml
Lymphoprep™ (Stem Cell Technologies, Cat: 07851) in a 15ml Falcon tube, and centrifuged
with brakes off (1500rpm, 25 minutes). The resultant mononuclear cell layer was removed
using a pipette, and added to a Falcon tube containing 9ml of RPMI Medium (Sigma, Cat:
R8758). Cell count and viability was assessed using the Beckmann Coulter Vicell XR Cell

Viability Counter.

The sample was then centrifuged (1300rpm, 10 minutes), and the resultant pellet resuspended

in 1ml freeze mix (7 parts RPMI; 1 part DMSO; 2 parts FCS), before gradual freezing to -198°C.

2.2.3 Processing of G-CSF mobilised peripheral blood and cord blood

Excess aliquots of leucophoresis blood obtained from patients or donors undergoing G-CSF
mobilised peripheral blood harvests at St Bartholomew’s Hospital, London, were obtained
after obtaining written informed consent. Alternatively, samples of cord blood were obtained

post-delivery at the Royal London Hospital, after written informed parental consent.

These samples were diluted 1:4 with PBS, and overlaid onto Lymphoprep™ (Fresnius, Cat
2015-06). The samples were centrifuged with breaks off (1550rpm, 30 minutes) at room
temperature, to produce separation of red cells and a layer enriched in mononuclear cells.
After removal of the mononuclear layer using a pipette, the cells were washed in PBS and re-
pelleted. Pelleted cells were re-suspended in 10ml ammonium chloride (Stem Cell
Technologies Cat 07850) and incubated at 4°C for 10 minutes to induce red cell lysis. Lysis was
terminated with the addition of 1ml FBS, the sample pelleted and re-suspended in 10ml 2%
PBS. Cell number was counted and viability assessed using the Beckmann Coulter Vicell XR Cell

Viability Counter.

If cells were frozen at this juncture, a freezing mix was made, consisting of 95% FBS to 5%

DMSO. Cells were frozen to a maximum concentration of 100x10° cells/ml.

2.2.3.1 Lineage Depletion of GMPB or cord samples to enrich for the presence of HSCs

Samples of cord or GMPB can be enriched for the presence of immature cells using negative
selection for cells expressing lineage specific antigens (Lin depletion). This technique utilises
the EasySep Human Progenitor Cell Enrichment Kit (Stem Cell Technologies; Cat: 19056) and

the EasySep magnet (Stem Cell Technologies; Cat: 18000).
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Unselected mononuclear cells were pelleted and resuspended at a concentration of 100x10°
cells/ml in 2% PBS, to a maximum volume of 2ml in 5ml polystyrene tubes (BD Falcon, Cat:
352052). EasySep Human Progenitor Cell Enrichment Cocktail (Stem Cell Technologies, Cat:
19056) was added at a concentration of 50ul/ml; the suspension was mixed and incubated (15
minutes, room temperature). EasySep Magnetic Nanoparticles (Stem Cell Technologies, Cat:
19056) were left at room temperature for at least 15 minutes, and mixed thoroughly to ensure

even distribution. The nanoparticles were then added at a concentration of 50ul/ml to the

tube, mixed and left to incubate (15 minutes, room temperature).

2% PBS was then added to the polystyrene tube to bring the total tube volume to 2.5 ml, and
the tube gently mixed. The tube (without cap) was placed in the EasySep Magnet (Stem Cell
Technologies, Cat: 18000), and left for 10 minutes at room temperature. Leaving the tube in
the magnet, the contents of the tube were then decanted into a 50ml tube. The magnetic

beads, bound to unwanted, Lin-expressing cells, remained in the polystyrene tube.

The yield of Lin-negative immature cells was increased as follows. The 5ml polystyrene tube
was removed from the magnet, and the cells and beads re-suspended by adding 2.5ml 2% PBS.
The tube was replaced in the magnet, incubated for 10 minutes at room temperature, and

contents decanted into a 50ml Falcon tube. This was repeated twice.

Cell number and viability was then assessed using the Beckmann Coulter Vicell XR Cell Viability

Counter.

2.2.4 Tissue Bank storage of bone marrow serum samples
Bone marrow samples were collected into SST tubes (multiple manufacturers) and centrifuged

(3000rpm, 3 minutes). The resultant serum supernatant was aliquoted off, and frozen at -20°C.

2.2.5 Cell Thawing

On removal from liquid nitrogen storage, cells were rapidly thawed at 37°C in a water bath for
one to two minutes. In order to minimise cell loss through cellular clumping, 500ul DNase was
added immediately post-thawing, and the vial left for 2 minutes at room temperature. The vial
contents were immediately diluted in 20ml 2% PBS, to limit the toxicity from DMSO. The cell
suspension was then centrifuged (1500rpm, 5 minutes) and re-suspended to the required

volume.
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2.3 Cell Counting

2.3.1 Automated Assessment of Cell Numbers

Automated assessment of cell number and viability was performed using the Beckmann
Coulter Vicell XR Cell Viability Counter. This is a video imaging system, which automates
assessment of the ability of live cells to extrude trypan blue dye. The cell numbers in 30 fields
were assessed, and an average calculated. The machine is calibrated to assess cell numbers
most accurately at concentrations between 0.5x10° and 100x10° cells/ml, so samples were

diluted appropriately before analysis.

2.3.2 Manual Counting of Cell Numbers

For low cellular concentrations, below the resolution of automated counting, manual
assessment of cell concentration using a haemocytometer was performed. A 10ul aliquot of
cells was added to 90ul trypan blue (P2100102, Cell Viability Inc), and mixed well, to produce a
1:10 dilution. 10p! of this mixture was injected into the top of a 1/400 mm? haemocytometer
(Weber Scientific, Cat: 3048-12), under a coverslip. Using a microscope, cell numbers were
counted in each of the four large corner squares of the haemocytometer and a mean taken. A
mean cell number of a calculated using this technique, gives a cellular concentration (post-
dilution) of ax10” cells/ml; and therefore pre-dilution with trypan blue, a cellular concentration

of ax10’ cells/ml.

2.4 Flow Cytometry
2.4.1 Background

Flow cytometry is a technique designed to measure the characteristics of single cells flowing
through a detector system. Fluorescent antibodies are used to identify the expression of
specific cell surface or internal glycoproteins. Single cell suspensions are introduced to the
cytometer in a cell-free buffer called the sheath fluid, which flows towards a laser. Laminar
flow of the sheath fluid forces the cells to line up in single file as they approach the laser. The
bound antibody-fluorophore absorbs the laser energy and subsequently releases it in the form
of a specific wavelength of light as cells pass through the laser. The emitted light is detected by
an optical system sensitive to various wavelengths, allowing information on multiple surface
markers to be read simultaneously. The specificity of detection is controlled by optical filters,
which block certain wavelengths while transmitting others. Photodetectors convert the light
signal into a current, whose voltage has an amplitude proportional to the total amount of light

received. These data are then plotted graphically.
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Basic information on cell size is represented by the forward scatter parameter (FSC),
quantifying light scattered at a small angle and detected by a sensor on the opposite side of
the 488-nm blue laser. Light that scatters off the cell at a 90° angle is called side-scatter (SSC),

and reflects cell granularity.

Fluorochromes are dyes, which accept light energy at a given wavelength (in this case from a
laser) and re-emit it at a longer wavelength, processes called excitation and emission. At a
basic level, a good fluorochrome will absorb and emit light at significantly different
wavelengths, a phenomenon known as the Stokes shift, which will enable the machine to

clearly differentiate emitted light, from the unabsorbed light emitted by the laser itself.

A variety of fluorochromes are commercially available that individually emit light of specific
different wavelengths, whilst absorbing light of the same wavelength. This enables us to study
a number of different parameters simultaneously, which is a key principle of the work in
Chapters 4 and 5. An ideal fluorochrome has an extremely narrow emission spectrum, read by
only one detector, but in practise, this does not occur in a system adapted for multi-colour
analysis. Because the emission spectra of fluorochromes overlap to different degrees, a single
detector may see fluorescence originating from more than one fluorochrome; this spill-over of
readings from other fluorochromes in the detectors not assigned to them is removed using an
algorithm called compensation. Cells stained with a single fluorochrome are run through the
detector separately, and the signal detected in the channels not assigned to them is noted and

removed from the final analysis.

2.4.2 Fluorescence Activated Cell Sorting (FACS)
Fluorescence Activated Cell Sorting (FACS) uses the principles of flow-cytometric based cell

labelling to separate cells of different types.

Labelled single cell suspensions are introduced to the FACS machine, and laminar flow of the
sheath fluid ensures the cells approach the lasers individually. After cells are interrogated by
the laser in the flow chamber, the single cell stream is broken accurately into tiny droplets by a
fine nozzle vibrating at ultrasonic frequency. The scatter and fluorescence signal is compared
to the sort criteria set on the instrument. If the particle matches the selection criteria, the fluid

stream is charged as it exits the nozzle of the fluidics system.

The speed of flow sorting depends on several factors including particle size and the rate of

droplet formation.
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2.4.3 Specific Uses of Flow Cytometry in this Thesis
Flow cytometry has been used heavily in this project for several purposes: to quantify HSCs in
diagnostic AML samples; to characterise the expression of a variety of antigens both on the
surface and cytoplasm of stem cells; to identify stem cells prior to sorting, and to identify

erythroid progenitors in bone marrow samples.

The number of cells stained varied dependant on the individual experiment, and the rarity of
the cell type under investigation. In general, when working with valuable bone marrow

samples, all available thawed cells were stained, and the whole sample analysed.

All flow cytometry analysis was performed on a BD LSR Fortessa, equipped with 405, 488, 561

and 641 nm lasers.

2.4.4  Fluorochrome Panel Selection

Combinations of fluorochromes were always optimised before performing multicolour flow
cytometry. Up to seven colours were used simultaneously in some experiments. The particular
combinations utilised in this study were chosen based on local experience of best
discrimination of the rare stem cell phenotype, in combination with knowledge of the optimal
stains for the machine which we use in the lab. We attempted to pick the brightest colours for
rarely expressed antigens, and to minimise spill-over between important discriminating
antigens. For commonly studied antigens (i.e. CD34), a range of fluorochromes were
commercially available to select from, whereas others presented a more restricted selection
(i.e. ALDH activity, as assayed by the Aldefluor™ reagent kit, can only be assessed in the FITC

channel).

2.4.5 Specific Techniques

2.45.1 Surface Staining

All staining procedures on live cells were undertaken at 2 to 8°C to avoid antibody capping and
internalisation. For any staining procedure involving more than one antibody, the cells were
pre-stained with a solution of human y globulin (at a concentration of 50ul 2% HAG/1.5x10°
cells) for 20 minutes at 4°C to reduce non-specific binding of antibodies. Each antibody was
optimised to determine the best volume for surface staining, which ranged from 1 to 20ul/10°
cells. The samples were then incubated for 30 minutes in the dark. The cells were then washed
in 4ml 2% PBS and re-suspended in 300ul 2% PBS/DAPI to allow for live/dead cellular

discrimination. Cells were kept in the dark until analysis to reduce fluorochrome bleaching.
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2.4.5.2 Intracellular Assessment of Aldehyde Dehydrogenase (ALDH) Activity
Internal ALDH activity was assessed by the Aldefluor™ reagent kit. The activated reagent is a
fluorescent substrate for ALDH, which freely diffuses into viable cells. In the presence of ALDH,
the reagent is converted into a substrate which is internalised within cells. The amount of
fluorescence produced is proportional to the ALDH activity within cells and is measurable in
the FITC channel of a cytometer. Active efflux of the reaction product is inhibited by an efflux
inhibitor in the Aldefluor™ assay buffer. Cell staining was optimised at a concentration of Spl
Aldefluor™ reagent per 1x10° cells, prior to incubation for 60 minutes at 37°C in a water bath.
To minimise efflux, all further handling of cells was performed at 4°C, and analysis was
undertaken as rapidly as possible (normally within two hours of Aldefluor™ staining). Further
washing and suspension of cells was undertaken in Aldefluor™ buffer rather than PBS, for the
same reason. Similarly, when using HAG to minimise non-specific antibody binding,
optimisation experiments showed that the cells remained ALDH"™®™ if HAG diluted in

Aldefluor™ buffer was used, rather than with 2% PBS as standard.

2.4.5.3 Intracytoplasmic Staining

Any intracellular staining technique involves membrane permeabilisation to allow the
antibodies to pass into the cytoplasm. In this context, DAPI cannot be used for live/dead
discrimination of cells, as it normally stains dead cells by passing through non-intact
membranes, and binding AT rich portions of DNA. Live/dead discrimination is therefore
performed using a fixed viability dye (Fixed Viability Dye eFluor 780 (E Biosciences, Cat: 65-

0865)), before surface staining.

For 1x10° cells, cells were re-suspended in 1ml of diluted Fixed Viability Dye (1pl Fixed Viability
Dye, premixed with 1 ml PBS), left to incubate at 4°C for 30 minutes, and then washed in 2%
PBS.

Cell fixation and permeabilisation was then undertaken using the BD Fixation/Permeabilization
Solution Kit (BD, Cat: 554714). Cells were resuspended and membranes permeabilized by the
addition of 100pI Cytofix/Cytoperm per 1x10° cells, followed by incubation for 15 minutes at
room temperature. All subsequent washing of cells was performed using 1ml PermWash

buffer per 1x10° cells.

Internal blockade of non-specific binding was performed by the addition of a goat
serum/glycine mix (50l per 1x10° cells of 10% normal goat serum, 0.3M glycine) to cells for 20

minutes at 4°C. Internal primary and secondary antibody staining was performed at room
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temperature, with incubation for 30 minutes, followed by careful washing to remove unbound

antibody.

Extracellular surface antigen staining was performed after the completion of internal staining

as previously described, albeit with the continued use of PermWash buffer for the wash steps.

2.4.5.4 Controls

Unstained controls were used to set the voltages in the flow cytometer. Isotype controls were
used in experiments where there was not expected to be a significant population of target
antigen negative cells. Fluorescence minus one (FMO) controls were also used for certain

experimental conditions.

Compensation was set using single stained controls, where the cells were known to express
the target antigens. For experiments utilising fixed cells, the compensation cells also

underwent fixation before staining.

2455 FACS
All cell sorting for these experiments were performed on a BD FACSAria II™, supplied with 405,
488, 561 and 641 nm lasers. Sorting tiny numbers of cells from large samples involves a

number of challenges to optimise sort purity.

Live cells were stained as described, and resuspended in a stock solution of 2%
PBS/DAPI/DNase at a concentration of 8x10° cells/ml. This concentration had previously been
optimised by our group as appropriate for sorting out cells of rare phenotype from AML
samples. DNase was added to the pre-sort suspension to reduce cellular clumping, and for the
same reason cells were filtered immediately prior to sorting to remove cellular debris (Cell
Strainer Cap, BD Falcon, Cat: 352235), to reduce the chance of nozzle blockage. An 85um
nozzle was used for all sorts, and a slow flow rate of between 10 to 30uL/minute was used at

all times.

To increase cell survival, cells were sorted into polypropylene tubes (BD Falcon, Cat 352063)
containing 2% PBS, in order to remove the electrostatic charge from the sorted droplets prior

to further processing.

Cells stained with ALDH reagent were sorted into ALDH buffer media to reduce ALDH efflux

prior to purity assessment.
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The purity of the sorted population was always checked immediately post sort, irrespective of
cell numbers collected. Between sorting and purity checked, the machine was flushed for a
minimum of five minutes to reduce cellular debris. If the purity of the sorted population was

found to be below 90%, resorting was undertaken.

Sorted cells were then pelleted (1500rpm, 10 minutes) and the supernatant removed using a

Gilson Safe Aspiration Centre.

2.45.6 Flow Cytometric Analysis

All analysis was performed using the FlowJo v 10 package. Figure 2-1 illustrates the gating
strategy applied to the test samples. A first gate defined live cells from debris on the basis of
FSC and SSC. A second gate excluded doublets from the analysis, on the basis of SSC-A and SSC-
width. A third gate was applied on the basis of DAPI/fixed viability dye and SSC-A to exclude
dead cells from the analysis. Therefore all subsequent analysis of fluorochrome intensity was

performed on compensated, live-singlet cells.
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Figure 2-1 lllustrating the successive flow gating strategy used to select single, live cells

2.5 Tissue Culture Methods
2.5.1 MS5 Culture

Unless otherwise stated, all liquids were pre-warmed to 37°C in a water bath prior to cell
contact. To reduce the chances of cell-line infection, antibiotics were added to all media to a

concentration of 1% (Streptomycin/Penicillin (Sigma, Cat: P4333)).

Cells from the MS-5 cell line (DSMZ, Cat ACC-441) were initially thawed, washed and
resuspended in 20ml of 10% IMDM. Cells were pipetted into a flask (75cm? Cell Culture Flask,
Coning Cat: 430720U), and incubated at 37°C, 5% CO2. MS-5 cells are surface-adherent, and
therefore flasks were placed flat in the incubator. Flasks were inspected daily for cellular
appearance, and split before a confluence of 80% was reached. To split cells, the adherent cell

layer was washed with PBS twice, to remove traces of FBS. 3ml of trypsin-EDTA (Sigma, Cat:
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T4299) was added to the flask, and left to incubate at 37°C for 4 minutes. Flask contents were
visually inspected to confirm loosening of the adherent stromal cells, and further activity of the
trypsin inactivated by the addition of 10ml 10% IMDM. Cells were centrifuged (1300rpm, 5
minutes), resuspended in 10% IMDM, and split into the required number of flasks for ongoing

culture.

MS-5 cells were kept in culture for a minimum of 2 weeks from thawing prior to their use as a
feeder layer in the LTC-IC assay. Cell lines were not passaged indefinitely: after two months in
continuous culture, cells were discarded, as local experience had shown their effectiveness as
a feeder line to be reduced over repeated passaging (personal communication, Dr Anjos-

Afonso).

If required, cells were frozen to a concentration of 5x10° cells/ml in freeze vials in a mixture of

19 parts FCS to 1 part DMSO.

2.6 In vitro assays of stem cell function

2.6.1 Methylcellulose Assay (for the presence of CFU)

Bone marrow samples were thawed, counted, stained and sorted (under sterile conditions) as
described above. Cells were centrifuged (1500rpm, 10 minutes), and the supernatant aspirated
using the Gilson Safe Aspirator Station, leaving a small volume (approximately 50ul) of residual
fluid in the tube. The pelleted cells were resuspended, and transferred to a tube containing
4ml Methylcellulose (MethoCult H4435 enriched, Stem Cell Technologies, Cat: 04435). Cells
were carefully mixed throughout the methylcellulose using a standardised technique with a
1ml pipette and a 16G blunt hub needle (Monoject Blunt Needle, Kendall, Cat: 8881202322),
and left to settle for 2 minutes. 1ml of the cells and methylcellulose mixture was transferred
using the same syringe and needle to a small culture dish (Culture Dishes for Optimal Colony
Growth in Methylcellulose Based Assay, Stem Cell Technologies, Cat: 27150), trying to avoid
the introduction of bubbles. Plates were set up in triplicate for each experimental condition.
Into one, larger 10cm diameter tissue culture dish were placed two small culture dishes
containing methylcellulose, along with one open small culture dish containing 6ml sterile
water to maintain an appropriate humidity. The plates were then incubated at 37°C, 5% CO,

for two weeks.

After two weeks, the myeloid and erythroid colonies visible under the microscope were
counted using a graticule. Plates with visible colonies were then re-plated to assess growth

over a further two weeks. For test conditions which had produced more than five colonies per
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plate, one of the three available replicated plates was used. If there were five or less colonies
per plate, colonies from all three plates were pooled. Using a 1ml pipette and 16G blunt
needle, cells and methylcellulose were removed, and placed into a 50ml Falcon tube. The plate
was washed with 1ml 2% PBS, and the washings added to the Falcon tube. This was repeated a
further two times. The Falcon tube was topped up to a volume of 50ml with 2% PBS,
centrifuged for 1500rpm for 5 minutes, and the supernatant discarded. The pelleted cells were
washed again with 50ml 2% PBS, pelleted and re-suspended in 500ul PBS and counted using a
Haemocytometer. 40,000 cells were then added to a tube containing 4ml methylcellulose,
mixed well and re-plated as described above. The re-plated colonies were then incubated for a

further two weeks.

At the end of two further weeks culture, cell colony numbers were assessed. Cells were
removed from the culture medium and washed as described, prior to placing onto slides for

FISH based analysis.

2.6.2 Long Term Culture Initiating Cell Assay

A 96 well flat bottom cell culture plate (Costar, Cat: 3598) was coated with collagen using the
following method. 50ul of Collagen Solution (Stem Cell Technologies, Cat: 04902) was added to
each well, and left to dry for two minutes before the excess collagen was removed. The plate
was left open under a hood to dry for at least an hour. Subsequently, each well was washed

with 100ul PBS.

Meanwhile, MS-5 cells were prepared at a concentration of 1x10° cells/ml in IMDM/10%FCS,
and placed in a 50ml Falcon Tube. The cells were irradiated at a dose of 70Gy (RadSource
2000, X-ray emitter). Cell viability 1 hour post-irradiation was assessed using a Beckmann
Coulter Vicell XR Cell Viability Counter. Cells were pelleted, and re-suspended in MyeloCult™
H5100 (Stem Cell Technologies, Cat: 05100) to a concentration of 125,000 cells/ml. 100ul of
cell/H5100 suspension was added to 60 wells per plate, having filled each of the outside wells

with 100ul water.

The following day, HSCs were sorted as previously described. Cells were pelleted (1500rpm, 10

minutes), diluted and distributed at different concentrations between wells in triplicate.

The plates were then placed in a long term incubator at 37°C, 5% CO,. Weekly, for five weeks
of culture, the media was changed as followed. Taking care to not disturb the bottom of each
well, 65ul of media was removed from the top of each well using a multichannel pipette. This
was replaced with 75pl of MyeloCult™ H5100.
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At the end of week 5 of culture, the media was removed from each well, using a Gilson Safe
Aspiration Station, having taken care not to disturb the 10 to 20ul at the bottom of each well
containing cells. Using a Gilson Distriman pipette, 100ul of MethoCult H4435 enriched
Methylcellulose medium was added to each well, and the plates returned to the incubator.
After a further two weeks culture at 37°C, each individual well was examined for the presence
of myeloid and erythroid colonies and their numbers recorded. If growth was noted, cells were

removed, washed and placed on slides for FISH analysis as described in Section 2.7.1

2.7 Histological techniques

2.7.1 Preparation of Slides

If greater than 5000 cells were collected, slides were made as follows. Cells were pelleted and
re-suspended in 150 to 600ul 2% PBS, dependant on the number of slides required. Cell
numbers did not exceed 500,000 per slide, to prevent overcrowding. Using a clean glass slide
clipped into a slide holder, 150ul of 2% PBS/cell suspension was added to the well. Slides were
spun (8500rpm, 6 minutes) using a Stat Spin Cytofuge 2. Excess liquid was removed using a

Gilson Safe Aspirator Station, and the slides allowed to air-dry.

If handling less than 5000 cells, the cells were resuspended after initial centrifugation in 50l
2% PBS. This was removed using a pipette, and transferred onto a dry slide. The slides were

air-dried without spinning.

2.7.2 Immunocytochemistry and Microscopy

2.7.2.1 Background

Immunocytochemistry involves the use of fluorescent antibodies to identify the presence and
location of particular antigens in a cell, when studied using a laser microscope designed to
detect the fluorescence. There are two forms of immunocytochemistry: direct and indirect.
Only indirect methods, which involve consecutive antibody staining were used in this project,

and so will be described below.

A primary antibody specific to the antigen of interest is applied to a specimen. After binding,
its presence is revealed by staining with a secondary antibody against the immunoglobulin of
the species used for primary antibody production. Primary antibodies are generally unlabelled,
whereas secondary antibodies contain a tag for detection. The use of a preliminary blocking
step prevents non-specific binding of antibodies. The choice of blocking buffer is based on the
secondary antibody used. Dissolving the blocking agent in saponin increases the cells’

permeability.
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2.7.2.2 Methodology
After drying, slides were fixed and permeabilized. 50ul Cytofix/Cytoperm Buffer (BD, Cat:
554722) was applied to the slide, and left to incubate in a damp box for 30 minutes. Slides
were rinsed in PBST (0.1% Tween-20 (Sigma P1379) in PBS).

Slides were then blocked with donkey serum (Sigma, Cat: D9663) (0.1% saponin, 5% donkey
serum in PBS). 50ul of 5% donkey serum was added to slides, which were left to incubate for

30 minutes in a damp box. Slides were then rinsed in PBST.

Primary antibody concentration was optimised, based on manufacturers’ instructions. 50ul of
antibody was applied to slides, which were then incubated for 1 hour. Slides were washed

twice, in between 5 minute agitation periods on a Stuart Scientific Platform shaker STR6.

Secondary antibody staining was performed using a labelled monoclonal antibody against the
species used in the primary antibody. Secondary antibody concentration was also optimised
for each experimental set up. 50ul of secondary antibody was added to slides, which were left
to incubate for 1 hour in a damp box. Slides were then washed three times with PBST as

described above. The slides were covered during the washing process to reduce light exposure.

Slides were then mounted with 1 drop of Vectashield Hardset™ Mounting Medium in Dapi
(Vector, Cat: 1500), and a coverslip added. Examination was performed using the Confocal

Zeiss Laser Scanning Microscope SM 5100.

2.7.3 FISH Staining

| am extremely grateful for the assistance of Marianne Grantham of the Cytogenetics
department, Royal London, who performed all the FISH based staining and analysis detailed in
this thesis. Her technical expertise was invaluable, as was her assistance in probe selection to
detect less common karyotypic abnormalities. Her patience in dealing with the considerable

challenges of FISH staining of small numbers of cells was also much appreciated.

FISH (Fluorescence In Situ Hybridisation) describes a technique where fluorescent probes bind
to complementary sequences of DNA or RNA within cells. Subsequent examination with
fluorescent microscopy can then be used to detect the presence of the probes. FISH based
analysis of bone marrow, using probes specific for commonly found translocations or

mutations, is part of the routine AML diagnostic process.
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In brief, probes are added to cells fixed onto slides, and are left to hybridise for 12 hours,
before the removal of unbound probe by washing. For DNA binding probes to anneal to
complimentary sequences, the chromosomal material inside the cells has to be accessible

(cells either in interphase or metaphase).

Table 2-1 FISH probes used in this thesis with expected signal patterns in normal and mutated cells

MUTATION NORMAL MUTATED CELL
PROBE NAME DETECTED PROBEDESIGN | )1 siGNAL SIGNAL
Cytocell CBFB-MYH11 v(16) DUAL COLOUR, 2 RED, 2 FUSION, 1 RED,

(LPH 022) DUAL FUSION 2 GREEN 1 GREEN
Cytocell PML-RARA {15:17) DUAL COLOUR, 2 RED, 2 FUSION, 1 RED,
(LPH 023) ’ DUAL FUSION 2 GREEN 1 GREEN
(Cgbol\ﬂ//;mi/gg {8:21) DUAL COLOUR, 2 RED, 2 FUSION, 1 RED,
' DUAL FUSION 2 GREEN 1 GREEN
(LPH 026) UALFUSIO c 6
Kreatech DEK/NUP 214 46:9) DUAL COLOUR, 2 RED, 2 FUSION, 1 RED,
£(6;9) ’ DUAL FUSION 2 GREEN 1 GREEN
Cytocell MLL (KMT2A) DUAL COLOUR,
11 2 FUSION FUSION
(LPH 013) ¥ BREAK APART uslo 3 FUSIO
Cytocell Del(7q) 2 RED,
(LPH 025) Del(7) DUALCOLOUR | " oont 1 RED, 2 GREEN
TRIPLE
Cytocell BCR/ABL/ASST | 1. v 0q34 | COLOUR DUAL 2 RED, 3 RED, 3 AQUA
(LPH 038) SO 2 AQUA

A variety of different probe designs exist. Fusion probes detect translocations which bring two
genes of interest together. They normally involve the use of two different coloured probes,
which when brought together in close physical proximity, produce a third colour visible by eye.
Break-apart probes are designed to bind sequences which under normal circumstances are
found close together. If a translocation separates the two regions, the probes produce two

distinct colours.

Table 2-1 details the probes used in this study, as well as the specific changes they were used
to detect and the expected signal patterns in normal and mutated cells. Some probes were
used for their standard commercial purpose i.e. the Cytocell CBFB-MYH11 probe for the
detection of inv(16). Imaginative use of other probes allowed identification of other, rarer
abnormalities. For example, the MLL break-apart probe, which normally binds to chromosome
11, was in this case used not to detect mutations within the MLL gene specifically, but trisomy

11.
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2.8 Genetic Techniques

2.8.1 DNA Extraction modified for small cell numbers
DNA extraction from small populations of cells was performed using the QlAamp DNA Blood
Mini Kit (Qiagen, Cat: 51104), designed for purification of up to 12ug DNA. All components

listed below are included within this kit.

After washing, and pelleting of cells (1500rpm, 10 minutes), the supernatant was removed
using the Gilson Safe aspiration centre. Cells were gently resuspended in 100ul PBS and 100ul
AL lysis buffer (Cat: 1014594), and transferred into a 1.5ml Eppendorf tube. After vortexing for
30 seconds, 40pl Proteinase K (0.1mg/ml) (Cat: 1045166) was added, the tube briefly vortexed
and then put to incubate for 10 minutes at 70°C. 210ul of 100% Ethanol (Sigma, Cat: E7023)
was then added, the tube vortexed and 500ul of the solution added to the spin column. The
column was spun (8000rpm, 1 minute), and the supernatant discarded. The spin column was
placed in a clean collection tube, and 500ul of wash buffer AW1 (Cat: 1014790) added, before
centrifugation (8000rpm, 1 minute). The collection tube was again replaced, and a further
500ul of wash buffer AW2 (Cat: 1014592) added, prior to centrifugation (14000rpm, 3

minutes).

The spin column was then placed in a clean 1.5ml eppendorf tube, and between 20 and 50ul of
AE (Cat:1014574), pre warmed to 45°C, was added (volume added is dependent on initial cell
numbers collected: for samples of between 100 to 5000 cells, 20ul of AE was added; for
samples up to 50,000 cells, 50ul of AE was added). The tube was then left to incubate at room
temperature for 5 minutes, and then centrifuged (8000rpm, 1 minute). The resultant DNA

concentration was measured using the Nanodrop ND-1000 Spectrophotometer, prior to PCR.

2.8.2 RNA extraction modified for small cell numbers

Cells for RNA extraction were pelleted (3000rpm, 10 minutes, 4°C), and the excess supernatant
removed using the Gilson Safe Aspirator Station. Cells were kept on ice during RNA extraction,
which was performed under a hood to reduce contamination of samples. RNA extraction was
performed using the RNeasy MicroKit, designed for extraction of up to 45ug RNA (Qiagen, Cat:
74004).

To each sample, 75ul of buffer RLT (Cat: 1015750) (premixed in a ratio of 100:1 with 6-
Mercaptoethanol (Sigma, Cat: M6250)), was added and the mixture vortexed. The liquid was
then added to a QlAshredder spin column (Qiagen Cat: 79654), and centrifuged (13,000rpm, 2
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minutes). An additional 75ul of RLT/6-Mercaptoethanol was added to the spin column and

centrifugation repeated.

150ul of 70% Ethanol was then added to the filtrate, before transfer to an RNeasy MinElute
spin column (Cat: 1026497), and repeat centrifugation (8000rpm, 15 seconds). The flow-
through was then discarded. 350ul of buffer RW1 (Cat: 1014567) was then added to the
column, centrifuged (13,000rpm, 15 seconds) and the flow-through discarded. This step was
repeated to reduce 280nm contamination. A mixture of 10ul DNase | stock Solution and 70pl
Buffer RDD (Cat: 1023460) was added to the top of the column, and left to incubate (room
temp, 15 minutes). 350ul of buffer RW1 was then added to the column, before centrifugation
(13000rpm, 15 seconds). The spin column was then placed in a fresh 2ml collection tube, and
500ul of buffer RPE (Cat: 1017974) added to the column, before centrifugation (13,000rpm, 15
seconds). The flow-through was discarded, before the addition of 80% ethanol to the spin
column, which was then centrifuged (13,000rpm, 2 minutes). The spin column was then placed
in a clean, dry collection tube, and centrifuged (13,000 rpm, 5 minutes) with the lid open. The
spin column was then placed in a 1.5ml collection tube, 14ul of RNase free water (Cat:
1017979) warmed to 45°C was added to the spin membrane, and incubated at room
temperature for two to three minutes. Elution of the RNA was then performed by
centrifugation (13,000rpm, 1 minute). The resultant RNA was then stored at -80°C before

subsequent use.

2.8.3 DNA sequencing (for the NPM1 gene)

2.8.3.1 PCR for NPM1 Exon 12

Cells for sequencing were pelleted and DNA extracted as described in Section 2.8.1. The
resultant DNA concentration was measured using the Nanodrop ND-1000 Spectrophotometer,

prior to PCR.

Standard PCR for the NPM1 gene Exon 12 was performed as follows. DNA was diluted to a
concentration of 100ng/ul with AE solution. Forward and reverse primers with the following
sequences were ordered from Sigma- NPM1 Forward (F) Primer: 5’

cttaaccacatttctttttttttttttccag 3’; NPM1 Reverse (R) Primer: 5’ ggacaacatttatcaaacacggtag 3.

Master mix was made up in the following proportions for each sample: 20ul Reddy mix PCR
MasterMix (ThermoScientific, Cat: AB-0575/LD/A); 1ul F Primer (10uM); 1ul R primer (10uM);
2ul Water. 1pul of DNA (100ng/ul) was added to 24pl of master mix, and the sample mixed by

pipetting.
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A negative control was also made up containing Forward and Reverse primers, ReddyMix and
3ul water. The DNA and master mix solution was placed into small PCR tube, and run on the
following PCR cycle (using MJ Research PTC 225 Peltier Thermal Cycler): 95°C for 5 minutes;
94°C for 30 seconds, 62°C for 30 seconds, 72°C for 1 minute for a total of 40 cycles; 72°C for
10 minutes; hold at 12°C.

2.8.3.2  Confirming the Production of a PCR Product

The PCR product was run on an agarose gel to check for the presence of a band prior to
sequencing. A 2% agarose gel was first made up as follows. 1g agarose (Ultrapure™ Agarose,
Invitrogen, Cat: 15510-027) was dissolved in 50ml TBE buffer by heating in a microwave for 6
minutes until completely dissolved. 5ul of Gel Red Nucleic Acid Stain (Biotium, Cat: 41003-1)
was added to the gel, which was then poured into the plate mould. Bubbles were removed,

and a comb inserted into the liquid gel, which is then allowed to set at room temperature.

When dry, the plate was placed in a horizontal 