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ABSTRACT

ETV6-RUNX1 gene fusion is an early or initiating genetic lesion of
Childhood Acute Lymphoblastic Leukaemia, followed, in disease progression, by a
modest number of recurrent or “driver’ copy number alterations. Among patients
diagnosed with this particular cytogenetic subtype of ALL cure rate reaches over
80%. However, treatment protocols are extremely demanding, and the molecular
mechanisms driving drug-resistance and relapse in the remaining 10% of patient
are still unknown. Recently a genetic signature of subclones arranged in a
complex non-linear or branching architecture has been identified in this leukaemia,
pioneering similar observations in many other cancer types. At present, most
reports of this intratumor diversity represent static, in-depth snapshots of clonal
diversity of tumours at a given time. “Real-time” longitudinal and spatial analysis of
subclonal evolutionary dynamics is required to understand the functional
characteristics of individual subclones. Such approach also promises to reveal the

overall clinical relevance of this phenomenon.

This project therefore aims to understand whether genetically distinct
subclones are also functionally different, particularly with respect to

chemoresistance.

A mouse model that allows for the independent exposure of the same
tumour to treatment multiple times, and the tracking of clonal dynamics by mean of
a selected pool of genetic markers was established. While the analysis is still
ongoing, preliminary data confirm that tumours generated from the same inoculum
are highly similar in their genetic makeup across recipients, that multiple clones

within a tumour can survive chemotherapy, but sensitivity of clones equally



represented within the bulk can vary, and unexpectedly that spatially segregated
subclones can be identified in this model of liquid cancer. The complete analysis of
the collected samples by mFISH as well as by single cell whole genome
sequencing will provide unprecedented insight into the impact of cytotoxic
treatment on intratumour genetic heterogeneity, and might reveal novel

mechanisms of chemoresistance and relapse.

Additionally, a lentiviral overexpression system was designed to
endogenously manipulate clonal interactions through the restored expression of
TEL and PAX5 in primary cells from patients, and evaluate their impact on clonal
relationships and hierarchies and to validate the results obtained from the first part
of the study. Lentiviral vectors for TEL and PAX5 second hit overexpression were
produced and tested by Western blot and gPCR. The TEL vectors were adopted in

a preliminary in vivo experiment, showing no effect on overall engraftment ability.
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CHAPTER1

INTRODUCTION



1.1 Haematopoiesis

Blood is a tissue that has very high turnover, with around one trillion (10'?)
cells produced daily in the bone marrow (BM) (Rieger and Schroeder, 2012).
Blood cells belong to a variety of distinct blood cell types, which can be classified
into two major subgroups: red and white blood cells (RBC and WBC). Red blood
cells, also called erythrocytes, are the most highly represented cells in the blood.
Their primary functions include delivery of oxygen to and removal of carbon
dioxide from the tissues. White blood cells can further be classified into
granulocytes (myeloid cells such as neutrophils, basophils and eosinophils) and
agranulocytes (like lymphoid cells and monocytes). There are two different types
of lymphocytes: B cells, responsible for the antibody—mediated immune response,
and T cells, responsible for the cell-mediated immune response. In the blood,
lymphocytes account for only 1% of the total volume while erythrocytes represent
45%. The process that supplies the human body with all of these different cell
types, and in the correct relative amount both to maintain normal homeostasis and
in response to environmental stress, is called haematopoiesis. Despite being
incredibly diverse, all blood cells are derived from a common precursor cell type
called the haematopoietic stem cell (HSC). HSCs sit at the top of a hierarchy of
multipotent lineage progenitors that progressively become restricted to single
lineages as they differentiate, and eventually give rise to mature cells (Doulatov et
al., 2012; Orkin, 2000). As the hematopoietic system must be able to respond to
environmental and physiological challenges by adapting the volume and ratios of
blood cells it produces, haematopoiesis is a dynamic process that is tightly
controlled by a wide variety of regulatory signals involving cell-cell communication

via the production of secreted proteins called cytokines. In addition to being



responsible for the production of differentiated blood cells, HSCs carry out a
second fundamental job: they self-renew in order to maintain a constant pool of
HSCs. Validation of a stem cell as such therefore requires that it operationally
displays both extensive self-renewal and differentiation abilities when transplanted
into sublethally irradiated mice. Stem cells that possess these abilities are
extremely rare, representing less than 0.05% of bone marrow cells (Spangrude et
al., 1988). In the mouse model it has also been possible to subclassify the HSCs
into two different categories: long-term reconstituting cells (LTRCs), which can
repopulate the mouse immune system for longer than 12 weeks, and short term

reconstituting cells (STRCs), which are capable only of transient engraftment.

The original pool of HSCs is produced during embryogenesis in different
embryonic tissues and sites (the yolk sac, the aorta-gonad-mesonephros region,
the placenta and the foetal liver) at different times during development. The first
blood cells, mostly erythrocytes and macrophages, are produced in the
extraembryonic yolk sac in specific structures called “blood islands” (Moore et al.,
1973). These cells are part of a transient population of progenitors responsible for
the so-called “primitive haematopoiesis”. The erythroid cells generated by this first
hematopoietic wave differ from adult cells in that they are bigger, rounder,
nucleated and express embryonic globin proteins. Their role is to enable tissue
oxygenation in the rapidly growing embryo. No lymphoid cells are produced by
these progenitors. The second and “definitive” wave of haematopoiesis produces
different progenitor cells detectable in the foetal liver at mid-gestation, and
subsequently in the bone marrow. Foetal haematopoiesis must concomitantly
meet the dual requirements of generating differentiated blood cells necessary for

the growth and survival of the developing embryo and producing a stock of HSCs



outside of the yet to be formed specialized postnatal haematopoietic niches. Given
the complexity of the task, while the liver is the main site of foetal haematopoiesis,
other regions are involved. Several studies have shown that the intraembryonic
region called aorta-gonad-mesonephros (AGM) gives origin to clusters of HSCs
forming the definitive haematopoietic stem cell population (Dieterlen-Lievre and
Martin, 1981; Dzierzak and Medvinsky, 1995). This region consists of the dorsal
aorta, its surrounding mesenchyme and the urogenital ridges, and HSCs emerge
asymmetrically from a functional niche localized in the ventral region of the AGM
(lvanovs et al., 2014). Within a short time from their emergence in the AGM, HSCs
can be found also in the yolk sac, placenta and foetal liver. Several studies have
suggested that HSCs can in fact independently originate from the yolk sac,
placenta and AGM, from which they then migrate to the foetal liver. By week 5
post-conception haematopoiesis fully resides in the foetal liver, while following
birth the bone marrow represents the main site of HSC-derived homeostatic

haematopoiesis in the human (Wang and Wagers, 2011) (Figure 1-1).
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The relationship between the primitive and definitive stages of human
haematopoiesis is still debated. It is possible that the first HSCs that colonise the
liver hail from the yolk sac and that all blood cells in the embryo, foetus and adult
are actually derived from a single small pool of cells during development. These
cells would then be replaced by the AGM-derived cells, which colonise the spleen,
and, at birth time, the bone marrow, the thymus and all the other regions known as
haematopoietic organs. However, only the direct imaging of the cells migration

would definitively prove this hypothesis.

Some cells, such as maturing lymphoid cells, complete their maturation in
the lymphoid tissues, including the lymph nodes and the spleen, while erythroid
cells undergo differentiation in the bone marrow and get released into the

circulation only once this process is fully completed.

As the sites of haematopoiesis change during embryonic development, the
environment to which stem cells are exposed in each is likely to differ. The
importance of understanding the key characteristics of these sites has become
very clear after it was shown that stem cells, both during primitive and definitive
haematopoiesis, are highly dependent on inputs from the cellular
microenvironment. Microenvironments that are able to support HSC survival, self-
renewal, quiescence and differentiation, are called niches (Schofield, 1978). The
niche concept includes the specific cell types, anatomical locations, soluble
molecules, signalling cascades and gradients, as well as physical factors, such as
shear stress, oxygen tension and temperature, that sustain homeostatic HSC self-

renewal at different stages of their ontogeny.



In vivo imaging of individual HSCs arising from the AGM strongly supports
the haemogenic endothelium hypothesis, which postulates that HSCs arise directly
from committed endothelial cells (ECs). This theory is only partially related to the
previously suggested haemangioblast hypothesis, which posited the existence of a
shared common bipotent precursor for both vasculature and blood cells. The
studies additionally suggested that the ECs that do not convert into HSCs can
provide those that do, and that rather than entering aortic circulation remain
embedded within the endothelium, with their first niche. When distinct somatic
endothelial precursors colonize the AGM its haematopoietic potential is revoked.
The molecular mechanisms that then allow the production of HSCs by the yolk sac
and placenta are not yet defined, but by analogy with the AGM, it is possible that
these also originate from heamogenic endothelium. The factors responsible for the
homing of HSCs to the foetal liver have not yet been fully defined either. However,
the chemokine CXCL12, expressed by stromal cells, and its G-protein coupled
receptor CXC chemokine receptor 4 (CXCR4 or CD184), expressed by
haematopoietic cells, have been shown to be required for proper HSCs functioning
and migration, not just to the foetal liver. Similarly, the signalling cascade activated
by the cytokine SCF, secreted by stromal cells, and its receptor KIT (also called
CD117), expressed on the membrane of multipotent haematopoietic cells, is not
only crucial to HSCs activity, but is also enhances foetal HSC responsiveness to

CXCL12. Additional factors capable of activating WNT signalling (e.g. « 4 integrin,

neural cadherin (N-cadherin), and osteopontin) and other key pathways are also

likely to be involved in these processes.

To date the adult bone marrow remains the best-characterised human HSC

niche. Haematopoiesis relocation to this specialized tissue only occurs following



the development of osteoblast and chondrocyte precursor cells, which enable the
formation of the HSC niche. This observation further supports a co-developmental
model of HSCs and niche cells mediated by their interaction throughout ontogeny.
The departure of HSCs from the foetal liver and their homing to the newly formed
bone marrow niche is at least partially mediated by the CXCL12-CXCR4, SCF-
KIT, TIE2-angiopoietin, integrin and CD44-epithelial cadherin (E-cadherin)
adhesion signalling cascades. The bone marrow is structurally complex, and data
collected so far recognize the existence within it of multiple microenvironments
suitable to host HSCs in postnatal life. The trabecular regions of the bone marrow
are home to many HSCs, which reside in, or in proximity to the endosteum (a thin
layer of tissue lining the medullary cavity), adjacent to the osteoblasts (Suda et al.,
2005). This represents the so-called “endosteal niche”. Additionally, HSCs have
also been found to reside in proximity to the sinusoidal blood vessels (Kiel et al.,
2005), within the so-called “’vascular niche™. If canonically the different niches
were though to be anatomically isolated and home to specific cell types uniquely
suitable to produce key factors necessary to local HSCs maintenance, recent
advances suggest that perhaps these sites are interlaced, and provide the cells
with redundant sources of microenvironmental cues. Imaging data have for
example recently demonstrated that although following transplantation LT-HSC
preferentially reside by the endosteal region of the BM both in the calvarium and in
the long bones, this area is also located in close proximity to perivascular cells,
concomitantly exposing the HSCs to the two microenvironments. However,
transplantations models might not reflect the true physiology of endogenous

HSCs, and it is possible that each niche represent a discrete entity, to which,



depending on the type of locally released factors, HSCs with different functional

abilities are homed.

Significant progress has been made in understanding the composition of
the adult bone marrow HSC niches. Genetic manipulation, for example, showed
that the Bone morphogenetic proteins (BMP) pathway, responsible for an increase
in the number of osteoblasts, also impacts HSC production, highlighting the
fundamental role of this cell type in HSC maintenance (Calvi et al., 2003; Zhang et
al.,, 2003). This is not entirely surprising since osteoblasts not only secrete
cytokines which support HSC survival and differentiation, such as granulocyte
colony-stimulating factor (G-CSF), granulocyte-macrophage CSF (GM-CSF) and
interleukin-6 (IL-6), but also express factors like angiopoietin, thrombopoietin,
WNT, Notch, N-cadherin, and osteopontin, which can directly affect HSC
production. However, the ability of HSCs to self-renew and differentiate during
foetal development, even before the formation of the trabecular bone marrow,
shows that during most of gestation these cells are maintained in the absence of
osteoblast cells. Interestingly, studies showing that Casr (calcium sensing
receptor) knockout mice are unable to establish proper BM haematopoiesis
suggest that HSCs engrafting the endosteal bone surface can sense Ca*'(Adams
et al., 2006). Within the perivascular niche several cell types, like mesenchymal
stem cells (MSCs), CXCL12-aboundant reticular cells (CAR cells) and neural cells

have been shown to regulate HSC function.

The overall picture is that the regulation of self-renewal, proliferation and
differentiation of a system as dynamic as the haematopoietic is likely equally
driven by cell-intrinsic processes, such as cell cycle regulators (i.e., Bmi1, p53,

p21) and the PI3-kinase signalling pathway (e.g. ATM, PTEN, mTOR, FoxO),



microenvironmental cues, requiring complex interactions between multiple stromal
cell types, and non-cell autonomous developmental pathways such as TGF-j3,
Whnt, Hedgehog and Notch. A better comprehension of the mechanisms of niche-
dependent regulation of HSC activity is particularly important in light of the
observation that blood malignancies can arise though alterations of the niche
(Wang and Wagers, 2011). These can be responsible for the haematopoietic
dysregulation, to which mutations in the HSC population contribute only as
secondary events. A compelling example of this phenomenon is the development
of myelodysplasia (in few cases with the progression of the same to myeloid
leukaemia) induced by the disruption of miRNA processing in the osteoblast
population (Raaijmakers et al., 2010). Additionally, changes in the cells that form
the microenvironment (e.g. increased mTOR signalling and ROS production) were
shown to synergize with HSC-intrinsic modifications in the insurgence of aging-
induced alterations into the HSC population, including the accumulation of
phenotypic HSCs with reduced repopulating abilities and a differentiation bias
towards myelopoiesis rather than lymphopoiesis (Chen et al., 2009; Wagner et al.,

2008).

Most of our knowledge of haematopoiesis comes from the mouse, as
functional repopulation assays were once the only technique allowing the
identification and quantification of HSCs, making the study of human HSCs
extremely challenging. More recently however, the development of
xenotransplantation models and of more reliable in vitro clonal assays, as well as
the identification of surface markers for the purposes of cell sorting have facilitated
enormous progresses towards the understanding of human blood formation (Orkin

and Zon, 2008). Although the gold standard technique to validate the stem cell

10



nature of a cell remains the mouse repopulation assay, thanks to technologies like
monoclonal antibodies and fluorescence-activated cell sorting (FACS) it is now
possible to prospectively isolate HSCs on the basis of their unique signature of cell

surface markers.

Even though there are many similarities between human and mouse
haematopoiesis, HSC activity in the two species lies within populations identified
by different surface markers. Mouse HSCs were first defined as a population of
bone marrow cells marked by cKit'/Thy1*/lineage™/Sca1* (KTLS) (Morrison and
Weissman, 1994). This heterogeneous KLTS population is composed of LTRCs,
STRCs, and multipotent progenitors (MPPs), which lack any self-renewal potential.
These three subpopulations can be further distinguished with the use of additional
surface markers. KTLS cells that are also CD34" correspond to LTRCs, and can
be alternatively defined through the use of lymphocyte activation molecules (SLAM
family) as CD150"/CD48" (Kiel et al., 2005). LTRCs correspond to 1 in 2/3 of the
KTLSs. In contrast, a heterogeneous population enriched for human HSCs can be
purified from umbilical cord blood, foetal liver, foetal bone marrow, adult bone
marrow, placenta and mobilised peripheral blood as CD34"/Thy1*/cKit°"/CD38
(Baum et al., 1992). However, a higher purity population of human HSCs can be
found within the Lin/CD34/CD45RA/CD90*/Rhodamine123'°%/CD49f" population
(Notta et al., 2011a). Both these signatures have however been challenged by a
recent paper suggesting that an even more primitive population of human HSCs
can be detected in the bone marrow as CD34", similar to the mouse (Anjos-Afonso

etal., 2013).

The self-renewal properties and multilineage potential of HSCs gradually

disappear as cells proceed through various multilineage, oligolineage and
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unilineage stages and eventually commit to erythroid, myeloid or lymphoid identity.
According to the classical model of haematopoiesis, the first population to arise
from HSCs is a subset of multipotent progenitors (MPPs) that retain transient
multi-lineage differentiation potential, but are distinguishable from their HSC
ancestors in that they lack self-renewal ability (Reya, 2003). This population has
been described both in human and mouse. MPPs subsequently further originate
two distinct populations of strictly separated progenitors. The first one, an early
lymphoid progenitor cell population, the common lymphoid progenitors (CLP)
(Lin"IL7Ra*SCA-1"°KIT"), is restricted towards the lymphoid lineage. The second
one, the common myeloid progenitor population (CMP) (Lin"SCA-
1"KIT*IL7Ra"FcyR°CD34"), gives rise to GMPs and megakaryocyte/erythroid
progenitors (MEPs), which can in turn commit towards the granulocyte/monocyte
(GM) and erythrocyte/megakaryocyte (MegE) lineages respectively (Doulatov et

al., 2012).

More recently however, evidence that the separation into common myeloid
and lymphoid pathways might not be the first lineage commitment step of
hematopoietic stem cells (HSCs) has been obtained through the identification of
myelo-lymphoid commitment within the MPP fraction of LSK cells that express
FMS-like tyrosine kinase 3 (FLT3) at high levels (Buza-Vidas et al., 2011). Such
analysis has proven the existence of a CMP-CLP-independent pathway for
lymphoid lineage commitment, proving the existence of a population with robust
and combined B and T lymphoid, as well as GM potential, but little or no MKE
potential. MLPs/LMPPs can hence produce B and T lymphocytes and natural killer
(NK) cells, as well as granulocyte/monocyte progenitors (GMPs) or fully

differentiated myeloid cells (Adolfsson et al., 2005), implicating a close
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developmental relationship between the Ilymphoid and GM lineages. The
population, first defined in the mouse, has been named Ilymphoid-primed
multipotent progenitors (LMPPs), while its human counterpart is termed MLPs

(multipotent lineage progenitors).

MPPs, have since then been further characterised as a heterogeneous
population composed of distinct subfractions with different lineage differentiation
potentials. Through the combined use of VCAM-1 and FIt3, Lai and Kondo further
subdivided the MPP population into 3 distinct subsets, FIt3°VCAM-1*, FIt3"'VCAM-
1%, and FIt3"VCAM-1~ MPPs, with variable in vivo differentiation potentials (Lai
and Kondo, 2006; Lai et al.,, 2005). FIt3°VCAM-1* MPPs represent true
multilineage progenitors, with the ability to give rise to MegE, GM, and lymphoid
lineages, FIt3"\VCAM-1* MPPs have lost MegE differentiation potential, but retain
high GM and T/B differentiation potential both in vitro and in vivo, while FIt3hi
MPPs are endowed with small MegE potential residing in a subset of cells that that

expresses the thrombopoietin receptor (Lai and Kondo, 2006).

1.1.1 Molecular basis of haematopoiesis

Transcription factors play key roles during haematopoiesis as intrinsic
determinants of stem cell maintenance, lineage commitment and differentiation. A
full understanding of their mechanisms of action would therefore provide an insight
into how HSCs develop during embryogenesis and how lineage-restricted
differentiation works (Orkin, 2000). Even though they are maintained in
undifferentiated state, HSC are not fully lacking of elements linked to maturation;

and in a process defined as lineage-priming they are maintained responsive to
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environmental cues promoting differentiation through low-level expression of
lineage-associated genes and activating epigenetic markers (van Galen et al.,
2014). Relevant data collected so far are mainly derived from gene knockout
experiments in mice, from overexpression experiments and from the analysis of
other model organisms (e.g. Zebrafish, Drosophila, Xenopus). Among the
transcription factors identified as key to the formation and proper function of HSCs
are SCL/Tal1, IM domain only 2 (LMO2), mixed lineage-leukaemia gene (MLL),
Runt-related transcription factor 1 (RUNX1), and E-twenty six (Kheifets et al.)
translocation variant 6 (TEL/ETV6). SCL/tal-1 and LMO2 are extremely important
for both primitive and adult haematopoiesis as they are required for the
specification of haemangioblasts, the embryonic precursors of hematopoietic cells,
and in their absence blood cells are not produced (Kim and Bresnick, 2007). MLL
and RUNX1 are required for the production of HSCs in the AGM (Orkin, 2000).
Lack of Runx1 affects the formation of HSC clusters in the dorsal aorta of mouse
embryos. This observation is consistent with other findings, as this factor lies
downstream of the NOTCH signalling cascade, activity of which was shown to be
key in triggering haematopoiesis in Zebrafish (Burns et al., 2005). MLL is involved
in supporting Homeobox (HOX) gene activity once it is switched on, and HOXB4
(and possibly other HOX genes) induce its expression during HSC specification.
When overexpressed in mouse HSCs, HOXB4 can push cells towards symmetric
division and increases stem cell production by around 1,000-fold on its own
(Antonchuk et al., 2002). Unfortunately, the transduction of human CD34" cells
with HOXB4 overexpression vectors is not sufficient to reproduce a similar effect

(only a 4-fold expansion is observed) (Amsellem et al., 2003; Buske et al., 2002).
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The decision making process begins with extracellular stimuli in the shape
of hematopoietic growth factors (cytokines), secreted from stromal cells as well as
other hematopoietic cells. These signalling molecules bind to surface receptors
(composed of homo or heterodimers) on the HSCs and progenitors to activate a
cascade of intracellular signal transduction pathways that influence and regulate
lineage commitment. Cytokines usually work in combination, as the integration of
signals coming from multiple cytokines is required to convert their stimuli into gene
expression changes that regulate cell fate choices (Rieger and Schroeder, 2012).
The majority of cytokines function via the Janus kinase (JAK)-signal transducer
and activator of transcription (STAT) pathways (JAK-STAT), although some of
them directly activate receptor tyrosine kinases (Orkin, 1995). Individual cytokines
can be lineage-specific or can broadly control multipotent cells acting on multiple
lineages. Moreover, the same cytokines are involved in basal and emergency
haematopoietic cell proliferation. In normal conditions several cytokines are
secreted at low levels to produce multiple blood cell types, while in response to
stress an additional dose of cytokines is released for a short period of time. Other
than stimulating proliferation and survival of target cells expressing the right
receptor, cytokines are also involved in mediating adhesion and migration in more
mature cells (Pixley and Stanley, 2004). Two hypotheses have been formulated to
address the role of cytokines during haematopoiesis. According to the permissive
(or stochastic) model cytokines do not have a directing role in stem cell
differentiation. Lineage commitment is seen as intrinsically driven by key
transcription factors controlling specific gene expression programs, while cytokine
action is limited to allowing the survival and multiplication of these cells. The

instructive model instead proposes that cytokines also play a role in transmitting
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specific signals to multipotent haematopoietic cells to regulate their lineage
commitment choices (Cantor and Orkin, 2001; Orkin, 2000). Evidence in favour
and against both of these theories has been reported, suggesting that both
scenarios are likely to reflect aspects of reality. It is now therefore becoming of
fundamental importance to gain a better understanding of how these two elements

of the decision making process are integrated with each other.

Among the best-characterised cytokines of the haematopoietic system are
interleukins  (ILs), colony-stimulating factors (CSFs), interferons (IFNs),
erythropoietin (EPO) and thrombopoietin (TPO). A key member of the interleukin
family is IL-7, a cytokine fundamental to lymphoid commitment. IL-7 and IL-7
receptor (IL-7R) knockout mice do in fact exhibit severely impaired B and T
lymphopoiesis due to a dramatic depletion in lymphoid progenitors (CLPs)
(Peschon et al., 1994; Puel et al., 1998; Tsapogas et al., 2011; von Freeden-Jeffry
et al., 1995). The CSF family of cytokines on the other hand is mostly in charge of
myeloid lineage commitment. Four CSFs with different colony-stimulating activities
have been described. In in vitro colony forming unit (CFU) assays GM-CSF
(CSF2) stimulates granulocyte and macrophage colony formation, M-CSF (CSF1)
stimulates macrophage colony formation, G-CSF (CSF3) stimulates granulocyte
colony formation, and multi-CSF (IL-3) stimulates a broad range of haematopoietic

cell colony types (Metcalf, 2010).

1.1.2 B-cell development
B-lymphocyte cells and the antibodies these produce are key to humoral

immunity and can fight a countless variety of pathogens. They originate from
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multipotent haematopoietic stem cells as part of a tightly controlled multistep
process of maturation and selection. Most our knowledge on B-cell specification
has been derived from the use to mouse mutant models. Multipotent MPPs take
their first step towards the lymphoid-cell lineage by giving rise to lymphoid-primed
multipotent progenitors (LMPPs) capable of differentiating into common myeloid
progenitors (CMPs) as well as into common lymphoid progenitors (CLPs), but
lacking erythroid and megakaryocyte potential. CLP cells arising from the LMPPs
are further restricted in their potential and can generate B and T cells, but not
myeloid cells. Subsequently, the first B cell-committed progenitor that is generated
from CLPs is named the pro-B cell. Pro-B cells are fully restricted to the B cell
lineage as they activate the recombination activating gene 1 (RAG1) and
recombination activating gene 2 (RAG2) and begin the rearrangement of the
immunoglobulin heavy chain (IgH) locus. Successful IgH gene rearrangement
generates pre-B cells that express the pre-B-cell receptor (pre-BCR). These then
undergo the rearrangement of the Ig light chain loci, which marks further
differentiation towards mature B cells. In this way a repertoire of antibody-

expressing cells is generated (Pieper et al., 2013).

The lineage progression and maturation of B cells requires the involvement
of a pool of transcription factors and signal transduction molecules that orchestrate
each step of this process (Figure 1-2). Reduction in the expression of genes
associated with stemness and multilineage-priming, in favour of expression of
factors linked to, in this case, B cell fate underlies the commitment of each
lineage-specific progenitor. Among the most important transcription factors
relevant to B cell commitment are IKAROS (IKFZ), PU.1 (PU.1), E2A, which are in

charge of controlling the lymphoid versus myeloid fate choice, and early B-cell
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factor 1 (EBF) and Paired box 5 (PAX5), which promote progression toward B cell
specification. IKAROS is an N-terminal conserved zinc-finger transcription factor of
the IKAROS, AIOLOS and HELIOS family. It is involved in suppressing the
expression of stem cell-associated genes at very early stages of haematopoietic
differentiation, while also inducing lymphoid specific genes (Ng et al., 2009). The
amino (N)-terminal domain of these factors mediates the binding to the DNA, while
the carboxy (C)-terminal domain is involved in the formation of homo- and
heterodimers. lkaros, like other members of the family, controls gene expression
by binding to the promoters of its target genes and recruiting specific chromatin
remodelling or repression complexes (Kim et al., 1999). Although only a few genes
have been identified as direct targets of IKAROS, this transcription factor is
fundamental for the further commitment of CLPs (Sabbattini et al., 2001). lkzf1™"
mice are in fact completely deficient in NK cells, T cells, and B cells, lacking the
pre-pro-B cell transitional population (Georgopoulos et al., 1994; Wang et al.,
1996a). These data were further confirmed by the analysis of homozygous mutant
mice expressing a hypomorphic lkzf1 allele (Kirstetter et al., 2002). Another
essential regulator of the early stages of lymphoid specification is the ETS family
transcription factor PU.1. Pu.7 knock down mice die at day 18.5 (E 18.5) of
embryonic development due to lack of B cells, T cells and granulocytes. The foetal
liver of these mice exhibits impaired production of MPPs, with the few cells that
are being unable to differentiate towards the B-lineage. B cell differentiation in
Pu.1" mice can be partially rescued by the expression of the a chain of the
interleukin 7 receptor (IL-7ra), the transcription of which is normally induced by
PU.1 binding (DeKoter et al., 2002). PU.1 levels are crucial in inducing progenitors

to differentiate towards either the lymphoid or myeloid lineages, and therefore
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need to be tightly regulated during development (DeKoter and Singh, 2000). E2A,
a member of the E protein (class 1) family of HELIX-LOOP-HELIX (HLH)
transcription factors (Dias et al., 2008), has three main roles during
haematopoiesis. Early it is required for HSC production, maintenance, and
lymphoid priming, later it is necessary for LMPPs generation and their restriction to
myeloid priming, and finally it has a key role in B cell differentiation via EBF, PAX5
and Forkhead box protein O1 (FOXO1). Among all of the cell types in which E2A
is expressed, B-lymphocytes show the most severe phenotype caused by defects
in the functioning of this gene. This is because in B cells E2A mainly acts via
homodimerization, while in other cell types it forms heterodimers with different E-
box factors. The expression of important factors required for B-cell commitment,
such as IL7Ra, RAG1, NOTCH and others, is impaired in E2a-deficient LMPPs.
As a consequence these cells are unable to differentiate into pro-B cells and
cannot complete the rearrangement of their IgH gene segments (Peschon et al.,
1994; von Freeden-Jeffry et al., 1995; Zhuang et al., 1994). As Ebf1 expression is
controlled by E2A, this protein is absent in aberrant E2a” pro-B cells or lkz1”"
mice. In contrast, E2a expression is not affected in Ebf” B cells (Reynaud et al.,
2008; Seet et al., 2004; Smith et al., 2002). EBF1 is a transcription factor uniquely
expressed by pro-B, pre-B and mature B cells in which, together with PAXS5, it
plays a key role in controlling B lineage specification. B-cells of Ebf1” mice are
blocked in their differentiation at the pre-pro-B stage and show no or reduced
expression of B lineage specific genes such as Pax5, Pou2af1 and Mb-1 (Lin and
Grosschedl, 1995). In normal conditions, Ebf1 activation induces the downstream
expression of Pax5 gene in pro-B cells (Fuxa and Busslinger, 2007). This protein

is, in turn, expressed in B-cells as well as in the nervous system. PAX5 is key to
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the expression of many B-cell specific genes, like CD19, Iga and lymphoid
enhancer binding factor-1 (LEF). Beyond being implicated in B-cell differentiation
and in the rearrangement of Vy gene segments, PAX5 is also critical for the
repression of genes associated with other lineages, allowing the cells to maintain a
B cell identity (Nutt, 1998). Interestingly, PAX5 regulates different targets during
early and late B lymphopoiesis (Revilla et al., 2012). Pax5 mutant cells can’t
complete their differentiation into B cells and Pax5 deficient embryos lack B
lymphopoiesis in the foetal liver, whereas in the bone marrow B cell development
in the absence of the protein proceeds to a progenitor-cell stage, suggesting a
differential requirement for Pax5 in foetal and adult B lymphopoieisis (Nutt et al.,
1997; Urbanek et al., 1994). However, pro-B cells generated in the absence of
Pax5 do acquire a high level of plasticity, allowing them to aberrantly differentiate
into different blood cell lineages when grown in vitro in the presence of selected

cytokines (Nutt et al., 1999).
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1.2 Acute lymphoblastic leukaemia

Defects in the complex regulatory mechanisms that control haematopoiesis
can lead to many common and serious diseases. And in fact, almost every gene
encoding a transcription factor contributing to this regulatory network has been
shown to be involved in leukaemogenesis (via chromosomal translocations,

amplifications and deletions).

Acute lymphoblastic leukaemia (ALL), in particular, is a malignant disorder
of early lymphoid cells, and is characterized by the clonal accumulation of
immature blood cells in the bone marrow (BM). ALL leukaemic cells, while
arrested at an immature stage of differentiation, concomitantly undergo continual
proliferation, and are responsible for suppression of normal lymphopoiesis and
haematopoiesis within the BM (Inaba et al., 2013). Under normal conditions, the
blasts, or immature cells of each blood lineage represent less than 5% of all cells
in the tissue. However, in ALL patients their frequency increases to 20% or more,
pushing these cells to abandon the marrow, enter the blood stream and become
abnormally detectable in the peripheral blood (Harris et al., 1999). According to the
World Health Organisation ALL is to be diagnostically classified as precursor B cell
acute lymphoblastic leukaemia/lymphoma (B-AL/B-LBL) or as precursor T cell
acute lymphoblastic leukaemia/lymphoma (T-ALL/T-LBL) (Teitell and Pandolfi,
2009). Most patients present with a pre-B-cell phenotype (80-85%), characterised
by normal expression of pre-B cell surface markers, although approximately 20%
of individuals also exhibit aberrant expression of myeloid lineage-specific cell

surface antigens on the B cells (Firat et al., 2001).
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ALL occurs in both children and adults, but with a peak incidence between
2-5 years of age, it is mainly a paediatric disease. It represents the most common
childhood cancer, accounting for 35% of all cancers in children and its incidence in
developed countries has been increasing by approximately 1% per year over the
past two decades (Linabery and Ross, 2008). Thanks to improvements in
diagnosis and treatment, overall cure rates for children with acute lymphoblastic
leukaemia currently approach 90%, but it still remains one of the main causes of
cancer deaths in children (Pui et al., 2011). Furthermore, the current treatment of
childhood ALL involves a very demanding 2-3 years long protocol, and it is now
recognized that further refinements, including the introduction of additional risk-
adapted therapeutic protocols, may improve cure rates for patients at high risk of

relapse, while limiting the toxicity of for patients with low risk.

Although a few cases of ALL (<5%) are associated with inherited
predisposing genetic syndromes (e.g. Down syndrome, Bloom syndrome, and
Fanconi anaemia) or exposure to ionising radiation and chemotherapeutic drugs,
the pathogenic events leading to ALL remain largely unknown (Buffler et al., 2005;
Kheifets et al., 2010). Two parallel infection-based theories supported by relevant
epidemiological data were formulated a few years ago, and are still recognized as
the most plausible hypotheses. Both infer that the disease could arise in
susceptible individuals as a result of an abnormal or deregulated immune
response to one or multiple common infections. According to the “delayed-
infection theory” of Greaves, ALL might derive from the lack of exposure to
infectious agents in young age. Later, this deficiency could result in an abnormal
immune response to otherwise common infections, creating a favourable

environment to promote leukemic transformation. In contrast, according to Kinlen’s
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“‘population mixing” theory, ALL could arise as a consequence of exposure,
through population movement and mixing, of non-immune children to unknown

infection(s) (Greaves, 2006a, b; Kinlen, 2004).

Regardless of its actual causes, malignant transformation in ALL is widely
recognized as a complex process, typically requiring at least two leukaemogenic
events (or hits) of various kinds that affect the properties of blood progenitors of
the lymphoid lineage or of haematopoietic stem cells with multilineage properties.
According to microarray-based genome-wide profiling, genes with altered
expression in ALL often encode important regulators of lymphoid commitment
(e.g., PAX5, IKZF1, and EBF1), other key transcription factors [ETV6, ETS-related
gene (ERG)], lymphoid signalling molecules [B- and T-lymphocyte attenuator
(BTLA), CD200, B-cell linker (BLNK), Immunoglobulin iota chain (VPREBT)], cell
cycle regulators and tumour suppressors [cyclin-dependent kinase inhibitor 2A/2B
(CDKN2A/CDKNZ2B), Ataxia telangiectasia mutated (ATM), retinoblastoma protein
(RB1), Phosphatase and tensin homolog (PTEN)], and more rarely regulators of
drug-responsiveness (e.g., the glucocorticoid receptor (Pui et al., 2004)). The
majority of initiating lesions in this leukaemia are classified as chromosomal
translocations that cause constitutive activation of kinase genes and alterations to
the function of critical transcription factors. ALLs are classified into specific
karyotype subtypes based on the nature of these translocations (e.g., ETV6-
RUNX1 Transcription factor 3 (TCF3)- pre-B-cell leukaemia homeobox 1 (PBX1),
breakpoint cluster region (BCR)- Abelson murine leukaemia viral oncogene
homolog 1 (ABL1), and rearrangements of MLL) (Yeoh et al., 2002). Additionally,

numerical chromosome copy number aberrations, especially hyperdiploidy, and
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gene-specific mutations, are also frequently detected among patients (Chen et al.,
2010) (Figure 1-3).
MYC(t(8;14),

t(2;8), t(8;22))
2%

E2A-PBX1(t(1;19))
5%

Hypodiploid (<45
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1% Others

22%
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1%

RG_/
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3%

TCF3-
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4%
MLL BCR-ABL (t(9;22))
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Figure 1-3: Frequency of abnormalities in paediatric Acute Lymphoblastic
Leukaemia [Adapted from (Mullighan, 2012)]. The chart shows the relative
frequencies of incidence of the most common genetic alteration detected in

paediatric ALL. The most frequent abnormality is the t(12;21) translocation.

1.2.1 Treatment of newly diagnosed Acute Lymphoblastic Leukaemia

Treatment of childhood acute lymphoblastic leukaemia (ALL) typically
involves 2 to 3 years of chemotherapy. The recommendations for newly diagnosed
patients include induction, consolidation and maintenance therapy alongside

nervous system (CNS) prophylaxis.

In the induction phase of chemotherapy patients are administered a
combination of either three or four drugs, depending on the treatment protocol and

on which risk group they belong to. The treatment core is composed of vincristine,
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a corticosteroid (prednisone or dexamethasone) and L-asparaginase, in
conjunction with intrathecal (IT) therapy. Vincristine is a vinca alkaloid agent that
binds tubulin dimers to disrupt the assembly of microtubule structures. This
particularly affects the formation of the mitotic spindle, and consequently arrests
mitotic cells in metaphase. Most treatment protocols prescribe the administration
of this drug with a dosage of 1.4 to 2 mg/m? on a weekly basis. For children
weighing 10 kg or less the starting dose is 0.05 mg/kg administered by weekly
intravenous injection. Dexamethasone is a potent synthetic member of the
glucocorticoid class of steroid drugs. Like prednisone, it binds intracellularly to the
glucocorticoid receptor (GR), inducing cell death by apoptosis. In children and
young adults undergoing the induction course, dexamethasone is typically
administered 6 mg/m? orally, with a maximum weekly dose of 10 mg. L-
asparaginase is an enzyme isolated from the bacterium Escherichia coli or Erwinia
carotovora, and it catalyses the hydrolysis of L-asparaginase to L-aspartic acid
and ammonia, depleting the cell of asparagine. Leukemic cells are unable to
synthesize this amino acid de novo, due to the lack or defective expression of the
enzyme asparagine synthase. L-asparaginase administration, usually at 25 000
IU/m? per dose, does therefore inhibit protein synthesis of the susceptible
leukemic cell populations, inducing their arrest in the G1 phase of cell cycle, and
consequently their apoptosis. Overall, complete remission (CR) rate following
induction treatment is greater than 95%, and response rapidity, measured as bone
marrow clearance at days 7 and 14 of treatment, is considered an informative
prognostic marker. Patients with slow or absent bone marrow response by day 14
or 15 after treatment initiation have poorer prognosis, and are often transferred to

more aggressive treatment regimens. Similarly, patients presenting with high-risk
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features do benefit from a more intensive induction regimen (four or five agents),
typically including an anthracycline compound (e.g., daunorubicin). Strikingly, even
after complete remission is achieved, further treatment is required, as in its
absence, over 90% of patients would present with recurrent leukaemia within

weeks or months.

The so-called consolidation or intensification therapy involves additional
systemic treatment in conjunction with CNS sanctuary therapy. The intensity of
this regimen varies considerably depending on risk group assignment and on
national protocols. Several countries are however attempting to limit, where
possible (standard-risk patients), the use of anthracyclines and alkylating agents,
responsible for increased side effects. Treatment for children at high risk of
relapse is often additionally coupled to autologous or allogeneic stem cell

transplantation.

The final step of treatment, or maintenance chemotherapy, lasts until 2-3
years of continuous remission are achieved. In most protocols the
recommendation is for daily oral mercaptopurine and weekly oral or parenteral
methotrexate. Additionally, many treatment regimens also prescribe the
continuation of intrathecal chemotherapy targeting the CNS sanctuary. Pulses of
vincristine and corticosteroid are also frequently added to the standard

maintenance backbone (Figure 1-4).
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Figure 1-4: Treatment of childhood acute lymphoblastic leukaemia (ALL):
guidelines of the National Cancer Institute. Treatment of childhood acute
lymphoblastic leukaemia (ALL) involves three major phases: induction,
consolidation or intensification, and maintenance. Treatment protocols can wildly
differ between countries, both in terms of drugs of choice and duration of each
phase. The figure summarises the National Cancer Institute (U.S.) treatment
guidelines.

1.2.2 t(12;21) Acute Lymphoblastic Leukaemia

Emerging in about one quarter of patients, the t(12; 21)(p13; gq22) 9TEL-
AML1) translocation is the most common chromosomal abnormality in childhood
B-cell precursor ALL (Mullighan, 2012) (Figure 1-3). By contrast, this fusion gene
is only rarely detected in adult ALL patients (3%). Event free survival (EFS) rates

among TEL-AML1 pre-B-ALL patients reach over 90%, unlike other karyotypic ALL
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subtypes. The rearrangement is therefore widely believed to associate with rather
favourable prognosis (Borkhardt et al., 1997; Kebriaei and Larson, 2003; Rubnitz
et al.,, 1997). A few years ago this notion was however challenged by multiple
studies showing similar incidence of the translocation at diagnosis and relapse
(Loh and Rubnitz, 2002; Seeger et al.,, 1998), and raising the concern that,
because of characteristic late onset of relapses among TEL-AML1+ patients,
inadequate follow-up times could have biased the results of previous studies.
Nevertheless, in 2004 the analysis of epidemiologic data for 372 patients, 94 of
which were TEL-AML1 positive cases, allowed a study, led by the Austrian Berlin-
Frankfurt-Minster group, to definitively prove that prognosis of TEL-AML1+
patients is significantly more favourable than that of TEL-AML1- patients. In
particular, TEL-AML1+ blast cells are characterized by a higher sensitivity to
corticosteroids, as indicated by the higher proportion of patients showing good

responsiveness at early stages of the treatment protocol (Attarbaschi et al., 2004).

The t(12; 21)(p13; g22) rearrangement is a submicroscopic reciprocal
translocation involving chromosomes 12 and 21. The translocation fuses the 5’
terminus of the TEL gene (residues 1-336) in frame with almost the entire coding
sequence (residues 21-480) of the AML1 gene. The genomic breakpoint most
frequently occurs between intron 5 of TEL and intron 1 of AML. However, in
another common translocation variant exon 5 of TEL and exon 3 of AML1 are
fused together in frame. The rearrangement gives rise to TEL-AML1 (ETV6-
RUNX1) fusion protein. Both TEL (ETV6) and AML1 (RUNX1) are transcription
factors essential to normal haematopoiesis, and both are involved in other

leukaemia-associated gene translocations.
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AML1 (RUNXT) gene is located on chromosome 21 at 21922.3. It encodes
a key component of the core binding factor (CBF) complex (i.e. CBFa/RUNX1),
expressed almost uniquely in cells of the haematopoietic lineage (Corsetti and
Calabi, 1997). Although AML1 protein on its own is able to regulate the expression
of various target genes, recruitment of the co-factor CBFp (core binding factor )
enhances its DNA binding affinity and protects it from ubiquitin-proteasome-
mediated degradation (Huang et al., 2001). Both AML1 binding to DNA and its
heterodimerization with the partner protein CBFB are mediated by the “Runt
homology domain” (RHD), an evolutionarily highly conserved region of 128 amino
acids shared by all the members of the RUNX gene family (RUNX1, RUNX2 and
RUNX3). AML1 binding either activates or represses expression of its target
genes, depending on the specific promoter and/or cell context. Its activity is
dependent upon the recruitment of non-DNA binding co-activators and co-
repressors that participate in the formation of a transcriptional complex. Among
AML1 partner co-activators are p300/CBP and HAT (histone acetyltransferase),
while mSIN3A, Groucho/TLE and HDAC (histone deacetylase) are some of the co-
repressors (Imai et al., 1998; Kurokawa and Hirai, 2003). As clearly demonstrated
by the observation that Aml/1 deficient mice never develop definitive
haematopoiesis, AML1 is essential for generation of HSCs in the embryo (Wang et
al., 1996b). By contrast, adult Am/1 conditional knockout mice display impairment
in the maturation of megakaryocytes and differentiation of T and B cells, while their
HSC pool is unimpaired (Ichikawa et al., 2004). These data were supported also
by a recent study showing that in B cell progenitors AML1 binds to enhancer

regions of genes critical for pre-B-cell transition (Niebuhr et al., 2013).
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TEL (ETV6) is a nuclear protein of the ETS (E-26 transforming specific)
family of transcription factors. All members of this family share an 88 amino-acids-
long, evolutionarily highly conserved domain, called ETS domain. This is involved
in DNA binding as well as in protein-protein interactions (Oikawa and Yamada,
2003; Wasylyk et al., 1993). A second highly conserved region of the gene is the
N-terminally pointed domain, also known as HLH domain or sterile alpha motif
(SAM), which is shared by several members of the family. This is implicated in
protein-protein interactions such as homo- and heterodimerization and in
transcriptional repression via binding to nuclear receptors such as SMRT, mSin3A,
and N-CoR co-repressors, as well as histone deacetylase 3 (Chakrabarti and
Nucifora, 1999; Irvin et al., 2003b; Kwiatkowski et al., 1998). Little is known about
the regulation and downstream signalling of TEL. PAX6, the only known upstream
regulator, represses TEL expression. Few downstream targets have been
reported, and only matrix metalloproteinase-3 (MMP3) and B-cell lymphoma-extra-
large (BCL-X;) promoters have been shown to be directly bound by TEL (Boily et
al., 2007; Cao et al., 2009; Fenrick et al., 2000; Irvin et al., 2003a). Even so,
multiple in vivo studies have suggested a fundamental role for TEL in several key
developmental pathways (Irvin et al., 2003). Tel knockout mice die at embryonic
day 10.5 (E10.5) due to a severe defect precluding them from maintaining the
developing vascular network of the yolk sac; haematopoiesis is however
unaffected. In contrast, this protein is a key regulator of post-natal HSCs within the
bone marrow, where it is required for the establishment of all blood lineages.
HSCs and progenitors are in fact dependent on this molecule for their migration
from foetal liver to the bone marrow, and for their ability to home and survive within

the new niche (Hock et al., 2004; Wang et al., 1997; Wang et al., 1998).

31



Congruently with its key role in normal haematopoiesis, more than 40
translocations involving TEL have been reported so far in cancer, often coupled

with a concomitant deletion of the non-rearranged allele.

Several studies on twins (Greaves et al., 2003) and on cord blood from
newborns (Mori et al., 2002b) have demonstrated that TEL-AML1 lesion arises in
utero, with a frequency in the population ~100 fold higher than the risk of
leukaemia. Furthermore, TEL-AML1 translocation only generates a pre-leukemic
clone that requires acquisition of secondary mutations in order to induce malignant
transformation (Mori et al., 2002a). Over the years, other studies have challenged
these findings, suggesting that perhaps TEL-AML1 initiating event is indeed as
rare as the disease itself, and that therefore a high proportion (possibly 100%) of
babies born with the fusion will eventually develop leukaemia (Lausten-Thomsen
et al., 2011). Even though the two different mechanistic models are still being
debated, the “two hit” model best explains the biology of the disease, and is
supported by the observations that this leukaemia is typically not overt until the
third or fourth year of life, and that TEL-AML1 fusion gene can be detected in the

blood of some healthy adults (Olsen et al., 2006) (Figure 1-5).
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Figure 1-5: TEL-AML1+ Acute lymphoblastic leukaemia is a multistep
disease [Adapted from (Inaba et al., 2013)]. The pre-LSC and its more
differentiated pro-B-like progeny form a pre-leukaemic pool prone to the
accumulation of additive mutations required to generate frank leukaemia. TEL-
AML1 forced expression alone does not translate into the emergence of a
leukemic clone until after a second hit is delivered (Hong et al., 2008). Additional
mutations in ALL impact key biological functions, acting (i) at the stem cell level
itself, (Cicalese et al., 2009) or (Hashimoto et al.) on more differentiated cells by
endowing them with stem cell-like properties (Huntly et al., 2004) (Krivtsov et al.,
2006).

TEL-AML1-positive leukemic cells are aberrantly arrested at the pro-B
stage of differentiation: they initiate, but fail to complete immunoglobulin gene
rearrangement (Panzer-Grumayer et al., 2005; Pui et al., 2004; Sloma and Eaves,

2009)._This is probably due to a TEL-AML1-dependent down-regulation of the
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transcription factors Spi-B (SPIB) and IKZF3, key regulators of pre-B transition
(Niebuhr et al., 2013). Indeed, an aberrant immature B cell population, identified
by the expression of CD34*CD38 CD19" surface markers, is linked to TEL-AML1*
expression in pre-leukemic cells (Hong et al., 2008). Additionally, lines of evidence
from both human and mouse models of TEL-AML1 transduction suggest that the
fusion might promote self-renewal of the differentiation-arrested early B cells,
causing accumulation of pre-B cells in the marrow (Ford et al., 1998; Hong et al.,
2008; Morrow et al., 2004). The biology of this pre-leukemic clone is however far
from being fully understood, and regardless of the timing and mode of TEL-AML1
expression, no mouse model of t(12;21) leukaemia has yet been able to fully
recapitulate the disease. When Gilliland and colleagues first established a TEL-
AML1 transgenic mouse model, in which the fusion gene was placed under the
control of the immunoglobulin heavy chain enhancer/promoter, not only did the
mice not develop leukaemia, normal haematopoiesis was also unaffected.
Subsequently similar results were obtained transplanting irradiated mice with
HSCs transduced with a retrovirus expressing the fusion gene (Andreasson et al.,
2001). In a different setting however, over-expression of the fusion in bone marrow
transplant experiments caused leukaemia in two out of nine transplanted mice (a
T-lineage ALL and a B-precursor ALL) and accumulation of both multipotent and
B-cell progenitors in additional two mice (Bernardin et al., 2002; Fischer et al.,
2005; Tsuzuki et al.,, 2004). Similarly, in Morrow’s experiments, transduction of
foetal haematopoietic cells caused an increase in BM repopulation by myeloid and
B cells, without perturbing differentiation of TEL-AML1" cells (Morrow et al., 2004).
Knock-in mouse models, in which TEL-AML1 expression was driven by the

endogenous Tel promoter, produced enhanced self-renewal of HSCs and foetal B
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progenitors and a predisposition to development of leukaemia following
mutagenesis (Schindler et al., 2009; van der Weyden et al.,, 2011). This
observation was consistent with the hypothesised role of TEL-AML1 in creating a
persistent pre-malignant clone, prone to the accumulation of additional genetic
lesions prior to the progression to overt leukaemia. Finally, by means of a TEL-
AML1 Sleeping Beauty (SB) transposase randomly inserting in the genome, Van
der Weyden and colleagues were able to induce B-ALL leukaemia in about 20% of

study mice (Schindler et al., 2009; van der Weyden et al., 2011).

TEL-AMLA1 fusion protein lacks the DNA binding activity of TEL, but retains
its ability to form homo- and heterodimers with wild-type TEL and other members
of the ETS family. For this reason the translocation is thought to convert AML1
from transcriptional activator to transcriptional repressor, imposing an altered
pattern of constitutive inhibition on its target genes (Chakrabarti and Nucifora,
1999; Chakrabarti et al., 2000; Irvin et al., 2003a). This hypothesis was validated
in a number of studies showing that the activity of haematopoietic-specific gene
reporter constructs is repressed upon transient over-expression of the fusion
protein (Fears et al., 1997; Hiebert et al., 1996; Uchida et al., 1999). This function
appeared to be largely mediated by the PNT domain and the central region of TEL
portion of the fusion protein, which, as for wild-type TEL, can recruit nuclear
receptor/histone deacetylase (HDACs) complexes (Petrie et al., 2003; Wang and
Hiebert, 2001). A more recent study has however found preliminary evidence for a
possible role of TEL-AML1 in promoting the expression of particular downstream
target genes. In particular the Phosphatidylinositol 3-Kinase/ thymoma viral
oncogene homolog/ mechanistic Target Of Rapamycin (PISK/AKT/mTOR)

pathway, as well as HSC gene expression signatures were highly enriched in the
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list of genes down-regulated upon shRNA-mediated knockdown of TEL-AML1 in
human leukemic cell lines (Fuka et al., 2011). The PI3K/AKT/mTOR signalling
pathway was subsequently shown to be critical for the survival of TEL-AML1
leukaemia, suggesting that, along with its function as wild-type RUNX1 antagonist,
the fusion might act to up-regulate this, and possibly other oncogenic pathways

(Fuka et al., 2012).

1.2.3 Cooperating mutations t(12;21)in Acute Lymphoblastic
Leukaemia

As shown by array comparative genomic hybridization, SNP microarrays
and high-resolution genome—wide analysis studies, at the time of diagnosis the
majority of ALL patients carry a mean of 6-8 DNA aberrations or copy number
alterations (CAN) in addition to the first mutagenic hit, and even more (up to 14.0)
at relapse (Mullighan et al., 2007; Mullighan et al., 2008) (Figure 1-6). MLL-
rearranged patients, who in contrast harbour very few additional genetic lesions,
represent an exception to this observation (Mullighan et al., 2007). Carried out
mainly in 2007-2008, these high-throughput studies have described more than 50
recurrent mutations. The nature and frequency of these lesions is highly
dependent on the cytogenetic subtype. Overall however, most of these secondary
events represent deletions targeting genes involved in lymphoid development (e.g.
PAXS, IKZF1, EBF1, and LMO2) or in cell cycle and tumour suppression pathways
(e.g. CDKN2A/CDKN2B, PTEN, and RB) (Bateman et al., 2010). Others target
genes act in a variety of additional key cellular pathways including lymphoid
signalling (BTLA, CD200, TOX, and the glucocorticoid receptor NR3C17), and

transcriptional regulation and coactivation (TBL1XR1, TEL and ERG). Several
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genes were found altered in different ways, including through copy number
abnormalities, translocations and, less commonly in this disease, sequence
mutations (Mullighan, 2012). In the context of TEL-AML1+ pre-B-ALL, PAX5
(~31.7% of cases) EBF1, E2A, IKZF3 and IKZF1 (~15%) are recurrently deleted
B-cell differentiation-related genes (Kuiper et al., 2007; Mullighan et al., 2007). In
mice, complete absence of Ebf1 or Pax5 results in arrest of B-cell development at
the early pro-B- or pre-pro-B-cell stage, while loss of Ikzf1 leads to an arrest at an
even earlier stage (Georgopoulos et al., 1994; Lin and Grosschedl, 1995;
Mullighan et al., 2007; Nutt et al., 1999). In adult haematopoiesis the expression of
the transcription factor PAX5 is switched on during the transition from pre-pro-B
cells to committed pro-B cells, and switched off again when B cells differentiate
into plasma cells. During these stages the protein acts to concomitantly down-
regulate genes “inappropriate” for B lineage differentiation and up-regulate
lineage-specific genes (like CD19, CD79A, BLNK and CD72) (Busslinger, 2004).
Four different patterns of PAX5 deletion were identified in a study published in
2007: focal deletions, most frequently involving only a subset of exons (intragenic),
broader deletions covering PAX5 as well as additional flanking genes, large
deletions of chromosome 9p, and deletions encompassing the whole arm of the
chromosome or even the whole chromosome (Mullighan et al., 2007). EBF1 and
E2A genes cooperate with PAX5 to orchestrate B cell development, which is

therefore arrested in absence of either of the two (Cobaleda et al., 2007).

Interestingly, loss of non-rearranged TEL allele is the most frequent second
hit of TEL-AML1+ leukaemia (70% of patients), leading to the speculation that the
function of the wild-type gene might be that of a tumour suppressor, possibly

acting during cell-cycle to arrest cells in G4 phase (Kempski and Sturt, 2000;
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Raynaud et al., 1996; Rompaey et al., 2000). The extent of the deletion is highly
variable among patients, ranging from a clearly detectable chromosomal deletion
or other abnormalities of 12p, to submicroscopic lesions (Raynaud et al., 1996).
Patients carrying an intragenic deletion, which can only be identified by FISH
(Fluorescence in situ hybridization), do however represent only a small proportion
of cases. In cases where LOH (loss of heterozygosity) is due to larger deletions, a
few other genes have been shown as often concomitantly deleted with TEL.
Among them is cyclin-dependent kinase inihibitor 1B (p27XF"), previously
implicated in other types of cancer (Kobayashi et al., 1994). In a high percentage
of patients (22%), amplification of the non-rearranged allele of AML1 is also
involved in TEL-AML1+ ALL leukemic transformation (Woo et al., 2005), while
trisomy 21 appears to be a second hit with higher frequency at relapse than at
diagnosis. In contrast the role played by the fusion reciprocal transcript is still
unclear. Several studies have reported that AML1-TEL can be detected only in a
small proportion of cases (about 13%) (Aguiar et al., 1996; Kempski and Sturt,
2000; Shurtleff et al., 1995). However, both deletion (8%) and duplication (4%) of
der(21)t(12:21) have been identified among ALL patients in a study which
postulated that, being detected in all of leukemic cells, the der(21)t(12:21) deletion
does likely occur at the same time as the translocation. Duplication of AML1-TEL
was instead proposed to be a secondary event resulting from mitotic
recombination errors, and is believed to almost exclusively be detectable in
patients at relapse (Loncarevic et al., 1999). This observation was contradicted by

a more recent study by Al-Shehhi and colleagues (Al-Shehhi et al., 2013).

Finally, the CDKN2A gene, encoding both p16™<*® and p14*7F is often

deleted (14% - 36.2% depending on the study) in ALL patients (Mullighan et al.,
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2008; Quesnel et al., 1995). Its inactivation neutralizes both the TP53 and the

retinoblastoma pathways (Pui et al., 2004).

Even though the above described genetic aberrations clearly play a role in
leukaemogenesis, whether or not any of these is involved in determining the
likelihood or timing of relapse of B-ALL is still object of study. Alterations of p76
(Heerema et al., 1999) and IKZF1 have so far been proposed as adverse
prognostic factors. In particular, alterations of IKZF1 have been shown to triple the
risk of treatment failure. PAX5 aberrations, on the other hand, are yet to be linked
to patient outcome (Mullighan et al.,, 2009), and the prognostic impact of TEL
deletion has long been debated. In 2004 Attarbaschi et al. reported that deletion of
the non-translocated TEL allele confers worse prognosis in patients, while in 2011
Ko et al. described it as linked to favourable prognosis. However, only the 2011
study did discriminate between true native TEL deletion and monosomy 12,
possibly explaining the different conclusions reached by the two groups

(Attarbaschi et al., 2004; Ko et al., 2011).

It is therefore clear that the biology of genetic alterations in t(12:21) ALL is
only superficially uncovered, and greater efforts will be required to fully understand
the role played by the different lesions in the development, diagnostics and

progression of the disease, both individually and as cooperating mutations.

1.2.4 Intratumour genetic heterogeneity and t(12;21) Acute
Lymphoblastic Leukaemia
Virtually every tumour displays wide intratumour cell-to-cell heterogeneity of

distinguishable phenotypic ftraits, including activation of signalling pathways,
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evasion of antitumour immunity, induction of senescence, production of secreted
factors, migration, metastasis, angiogenic capacity, genetic makeup, response to
anticancer agents, and activation of metabolic pathways. Even though this
phenomenon has been recognized since the early days of cancer research, the
role and cooperation of genetic diversity and non-genetic sources of heterogeneity
has only recently started to be elucidated, and the implications of both for cancer
development and treatment are still largely unknown (Almendro et al., 2013;

Marusyk and Polyak, 2010).

Tumours have historically been seen from a gene-centric perspective as the
result of a stepwise sequential accumulation of multiple genetic alterations
occurring in single cells and leading to the clonal expansion of the fittest clone to
the detriment of less competitive ones. Such a model equates cancer cells to
asexually reproducing unicellular quasi-species subject to Darwinian evolution,
and was first introduced by Peter Nowell in 1976 (Nowell, 1976). According to this
classic view of tumour evolution, the stochastic process of the acquisition of
driving mutations is constantly coupled to a strong positive and negative selection
process driven by the microenvironment, and it is also paired to accumulation of
innumerable passenger alterations that are neutral to tumour cell selection. In
other words, as for organisms, cancer clones are invariably competing for space
and resources. As a result, tumours at any stage of their progression are expected
to be homogenous for mutations that functionally matter, and simply represent
serial clonal expansions and outgrowths (‘selective sweep’) of the most

competitive clone (monoclonal evolution) (Figure 1-6a).

This longstanding model has recently been challenged by the much more

complicated image of tumour genetic architectures returned to us by modern high-
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resolution genome-wide studies. Such studies have led to a number of modified
clonal evolution theories, including models in which multiple clones of similar
fitness evolve simultaneously, and models in which coevolution of subclones with
potentially cooperative relations occurs. According to data collected in the past 3-4
years the maijority of individual tumours are in fact characterized by a multitude of
clones related to each other via complex and branching Darwinian-like speciation
trajectories (polyclonal evolution) (Figure 1-6b); rather than the ‘textbook’ model of

linear somatic evolution, as proposed by Nowell.

The first evidence of the unexpected clonally heterogeneous nature of
tumours came from the pioneer work of two research groups investigating
cytogenetically distinct subtypes of childhood ALLs. Anderson et al. characterized
a set of TEL-AML1+ ALL samples, while Notta et al. worked with a pool of Ph+
(Philadelphia chromosome+) ALL samples (Anderson et al., 2011; Notta et al.,

2011b).
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Figure 1-6: Different Models of tumour progression [Adapted from (Navin
and Hicks, 2010)]. (a-e) proposed models of tumour progression. (a) In the
classic model of monoclonal evolution a monogenomic, uniform, tumour is formed.
(b) Polygenomic tumours generated by a tumour evolving in polyclonal way. (c)
Self-seeding originates distant tumours with divergent genomic characteristics. As
a reinterpretation of the “seed and soil” theory of Paget, the self-seeding model
also proposes that the circulating tumour cells responsible for metastasis
formation and growth might eventually make a comeback to their site of origin
attracted by intrinsic homing mechanisms. (d) In the mutator phenotype generated
tumours are highly heterogeneous, (€) In the cancer stem cell model the tumour is

sustained by a minority of cells with self-renewal characteristics.
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Both groups clearly described the coexistence of many genetically diverse
subclones within the tumour bulk (up to 10 subclones), the former through
multiplex in situ hybridization assays (Martinez et al.), and the latter by single cell
single nucleotide polymorphism (SNP) arrays. Evolutionary trees showed complex
architectures in which subclones “late” in the branching were not necessarily the
dominant ones. The survival of clones with ancestral genomes alongside those
occupying the newest branches of the genealogic tree made it possible the fully
reconstruct the complex evolutionary processes that had played all along the
neoplasms’ progression without the need to infer intermediate clones. Moreover,
the observation of Anderson at al. that common or highly recurrent CAN were not
acquired in any preferential order and could arise more than once independently,
suggesting that their potency as oncogenic mutations may not had been
contingent upon other CAN, raised the possibility that some key mutated loci in
ALL might be targets of DNA damage. Evidence in favour of this hypothesis is the
recent identification of RAG recognition sequences near the breakpoint junctions
of many of the structural variants characteristic of TEL-AML+ ALL (Papaemmanuil

etal., 2014).

As challenging as the interpretation of the described polyclonal intra-tumour
genetic heterogeneity might seem, a possible explanation lies in the requirement
for consecutive mutations to occur within a larger time frame than that needed for
a clone to take over the tumour and promote linear evolution. Moreover, even in
the absence of particular time constrains, mathematical modelling of data collected
from primary tumours seems to suggest that the impact of driving mutations on
clonal selection and tumour homogenization is likely to be incredibly small, and

therefore insufficient to promote any selective sweeps (Bozic et al., 2010). Finally,
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it is very probable that in case of subsequent mutation arising independently in two
competitor clones, a phenomenon known as ‘clonal interference’, and described
as a growth restrain on both clones as a result of the mutual competition among
them, is triggered (Greaves and Maley, 2012). Spatial constraints therefore
promote tumour differentiation, as the competition among tumour clones would not

be equally fierce if these were topologically separated.

The data collected by Anderson et al. and Notta et al. are particularly
interesting in light of the fact that a relatively small number of genetic alterations
and driver mutations characterize ALL, and that the sequence of events leading to
overt leukaemia is broadly known, making the collected data an ideal model for the
analysis of cancers characterized by even more complex dynamics. Branched
evolution has since been in fact documented in a wide range of primary and
metastatic tumour types, including adenoma-to-carcinoma transition of the colon
(Thirlwell et al., 2010), secondary acute myeloid leukaemia (AML) (Walter et al.,
2012), chronic lymphoblastic leukaemia (CLL) (Landau et al., 2013), pancreatic
cancer (Campbell et al., 2010), renal clear-cell carcinomas (Gerlinger et al., 2012),
metastatic medulloblastoma (Wu et al., 2012), and breast cancer (Nik-Zainal et al.,
2012; Shah et al.,, 2012). Additionally, the investigation of solid tumours has
allowed the analysis of spatially separated and regionally separated cancer
samples through different sequencing technologies, including single-nucleus
sequencing and single-cell sequencing and immune-fluorescence in situ
hybridization (iFISH) (Almendro et al., 2014b; Campbell et al., 2010; Navin et al.,
2011; Navin et al., 2010; Yachida et al., 2010). By sequencing multiple distant
biopsies from the same primary clear renal carcinoma, glioblastoma, breast

cancer, pancreatic cancer or medulloblastoma, researchers showed the presence
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of spatially separated tumour subclones, harbouring different genetic alterations.
In this scenario metastatic clones from distinct distant sites were profoundly
different from each other, in some cases to the point that the mutational landscape
of a single biopsy was more closely related to metastasis from different primary
tumours than to adjacent biopsies of the same mass (Martinez et al., 2013). Yet,
clonal ancestry was not always traceable to the primary tumour, or only to low
frequency populations (Shah et al., 2009). These observations may suggest that
tumours progress following a self-seeding model, in which metastases are the
result of the early or late (parallel versus linear progression model) migration of a
single cell from the primary tumour into the vasculature, followed by its offsite
expansion (Ashworth et al., 2011; Klein, 2009) (Figure 1-6¢). As it is likely that
many more cells are involved in similar migratory attempts without being equally
successful, it is possible that metastatic clones are derived from a restricted
number of genetic subclones in the tumours of origin (Yachida et al., 2010). Once
the founding clone has reached the metastatic sites, the new microenvironment,
together with the selective pressures imposed by the process of metastasis
formation itself, will promote its additional genetic diversification prior to its
outgrowth, creating a large phylogenetic distance between the original
subpopulation in the primary tumour and the re-seeded clones (Navin and Hicks,
2010; Yates and Campbell, 2012). Indeed, the evaluation of genotypes across
longitudinal samples of breast cancer analysed at the single cell level by immune-
fluorescence in situ hybridization (iFISH) shows that overall genetic diversity of
distant metastasis is higher than that of lymph node metastasis, which in turn are
more heterogeneous than primary tumours. Moreover, the analysis of a limited

cohort of pre-treatment primary tumours and matching lymph node metastasis
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showed that while post-treatment lesions within the same patient were concordant,
clear genetic divergence could be detected between treatment-naive specimens
(Almendro et al.,, 2014b). In some tumours, like pancreatic cancer, genomic
instability has also been shown to hugely contribute to this process of continuous
genetic evolution from the early stages of the neoplasia to tertiary metastasis
(mutator phenotype model) (Figure 1-6d) (Campbell et al., 2010; Navin and Hicks,
2010). That said, some of the data collected so far describe a much more similar
genetic composition between primary and metastatic lesions, and report that
seeding clones can subsist at metastatic sites with fewer de novo driver mutations

beyond those found in the primary tumours (Burrell et al., 2013; Ding et al., 2010).

Additionally to providing evidence of the inadequacy of the clonal
succession model to describe the genetic evolution of cancer cells in ALL, both of
the mentioned leukaemia studies made use of xenograft models to test the ability
of genetically distinct clones to engraft NSG mice. The purpose of such
experiments was to functionally test the link between the leukaemia-initiating
property of some cancer cells and their underlying genetics and ascertain whether
the sub-clonal architecture of cancer is generated and sustained by genetically
distinct propagating cells with stem cell-like potency (Greaves, 2010). The cancer
stem cell (CSC) model (Figure 1-6e), alternative to the classical theory of clonal
evolution, proposes that cancer cells with similar genetic backgrounds but distinct
phenotypes can be hierarchically organized according to their tumourigenic
potential. According to this theory, similarly to normal tissues, at the apex of the
cell differentiation hierarchy in the tumour sit so-called cancer stem cells (CSCs),
or leukaemia initiating cells (LICs) in the case of haematological malignancies.

CSCs are the subset of the tumour endowed with self-renewal and extensive or
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indefinite replication potential, capable of giving rise to different types of transit-
amplifying cells as well as to more differentiated cancer cells. These cells are
functionally defined by their ability to produce long-term engraftment in the mouse
and sustain the tumour's growth in vivo. According to this model of cancer
progression only mutations hitting the CSC population can survive long-term, and
any alteration at the expense of transit-amplifying cells is diluted out by the inability
of these cells to persist within the tumour and be material for the selective process.
For this reason alterations to cells further down the differentiation hierarchy can
only partially account for the heterogeneity detected in a snapshot analysis of a
tumour. This is true unless the acquired mutation is capable per se to confer self-
renewal potential to the target cells, allowing it to de novo acquire stem cell-like
properties. Given their proposed correspondence to stem cells in normal tissues,
CSCs would be expected to represent a rare population within the tumour, and the
high frequency of cells with CSC-like functional properties within certain types of
cancers has previously made the CSC perspective waver. Although the two
hypotheses, clonal evolution and CSCs model, have often been treated as
mutually exclusive models of cancer development, they can be easily reconciled
as complementary explanations of tumour evolution and generation of
heterogeneity (genetic and phenotypic) (Michor and Polyak, 2010). What is still
unclear about the CSCs model is whether the CSC activity of cells classified as
such reflects non-genetic functional variation and even stochastic stem cell
plasticity of cancer cells fluctuating among different differentiation states, or
whether it is the deterministic and intrinsic property of specific genetically dominant
subclones (Greaves, 2010). This is especially challenging to assess since the

CSC compartment has so far been defined as such solely based on the
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experimentally described phenotypic heterogeneity of cancer cells in the context of
natural selection (in shape of cancer progression or resurgence post-treatment),
and both genetic heterogeneity and tumour cell plasticity provide reasonable
explanations to the observation that only a particular subset of cells (CSCs) has
the ability to propagate a tumour in the xenograft model. The concept of tumour
cell plasticity, introducing the idea that the majority of tumour cells can display
some degree of stemness depending on the environmental cues and/or intrinsic
(cell-autonomous) stochastic mechanisms influencing them, as opposed to the
CSC model, seems in fact to fit well the observations regarding the complex
evolutionary progression of cancer. Further evidence for this idea comes from the
observation that in some types of cancer, for example acute myeloid leukaemia,
leukaemia initiating cells can be identified among the undifferentiated as well as
among more differentiated compartments of the tumour (CD34- and CD34+)
(Taussig et al., 2010). Moreover, experimental evidence in favour of rigid
differentiation hierarchies is poor even in the context of normal tissue, reinforcing
the importance of considering a model in which genotypes on their own cannot
specify strictly defined phenotypes, but only a range of phenotypic manifestations
within a norm of reaction, allowing cells to behave distinctly even within a
genetically homogeneous population (Hill, 2006). Once more, it is however
important to stress that the concepts of cancer stem cells and phenotypic plasticity
are not necessarily mutually exclusive, and that genetic heterogeneity could be
important in both. It seems quite reasonable to imagine a scenario in which
oncogenic transformation is capable of increasing the plasticity of cancer cells,
(Chaffer et al., 2011), possibly explaining the differences in CSC numbers among

different tumours, and at different stages of a tumour’s progression. Similarly, the

48



ability of cancer stem cell to self-renew could be enhanced by an aberrant
genotype or aberrant epigenetic features, and the kind of genetic variation
described in leukaemia might confer adaptability on certain cancer stem cells in
addition to their intrinsic drug- and irradiation-resistance, allowing for their
selection via microenvironmental or therapeutic pressures (Greaves and Maley,
2012) (Figure 1-7). Given the current difficulty in directly interrogating the genome
of single CSCs from primary samples, so far the genetic heterogeneity of this
subset of cells has been inferred by comparing the subclonal architecture of
cancers pre- and post-transplantation. When Anderson et al. injected NSG mice
with either bulk or LSC-enriched subpopulations of leukemic cells, multiple genetic
clones repopulated the bone marrow; showing that CSCs in ALL are

unambiguously genetically diverse.
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However, if in some cases the regenerated patterns of subclonal variation
were highly concordant with the diagnostic sample, accurately reflecting the same
composition of the original leukaemia, this was not true for all of the patient
samples. In this regard additional data from Notta et al. seem to suggest that
xenografts concordance with the diagnostic sample can be reconnected to specific
genetic events in cancer (CDKN2A/B and PAXS5 deletion) gearing some cells for
clear competitive superiority, while the reduced competitive fitness of minor
subclones within the leukaemia possibly indicated the requirement for additional
genetic events in order for these cells to increase their aggressiveness. More
recently, Kreso and colleagues have carried out a similar study by tracing the fates
of lentivirus-marked single-cell derived clones of colorectal cancer across serial
xenograft repopulation assays. After having shown that in this type of malignancy
clones did remain stable upon serial transplantation, the group observed that,
despite the apparent genetic stability, proliferation and persistence properties were
variable among colorectal cancer clones. This provided additional indirect
evidence (via CNA profiling and sequencing of the bulk) of genetic heterogeneity
among cancer initiating cells, and described notable genetics-independent
differences in their behaviour. In fact, other than persistent and extinguishable
clones, clones with fluctuating proliferative properties were also identified, showing
that not all CSCs within the tumour contribute to its growth at any given time

(Kreso et al., 2013).

Mutation profiling studies also have the potential to delineate the
evolutionary history of relapse in cancers. This is particularly true for
haematological malignancies, in which spatial heterogeneity does not represent a

concern to sampling. However, not many studies on intra-tumour heterogeneity at
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diagnosis have ventured to complementary characterization of clonal composition
post-treatment. Deep sequencing of the whole genome of eight matching
diagnosis and relapse AML samples has recently allowed the identification of two
major patterns of clonal evolution across relapse. Both of these implied the
existence of an ancestral tumour-initiating pre-diagnostic clone from which at least
two distinct clonal lineages separately evolved through the acquisition of different
genetic lesions. In the first scenario, the founding clone at diagnosis drove relapse
following the acquisition of additional relapse-specific alterations. In the second, a
subclone of the founding clone at diagnosis escaped chemotherapy and continued
to evolve into the relapse clone. In any case, treatment in this setting clearly
proved inadequate to achieve the complete eradication of the disease.
Furthermore, as every relapse sample carried additional genetic abnormalities, it is
likely that chemotherapy plays an active role in leukaemia progression, by
increasing the rate of new mutations occurring within the founding clone or in its
subclones, therefore creating additional substrate for selection and expansion
(Figure 1-8c) (Ding et al., 2012). However, the suggestion is that at least some
genetic populations in AML seem to be sensitive to treatment, as in four out of
eight cases, specific primary subclones were lost at relapse, implying that genetic
heterogeneity might indeed play a role in drug resistance. Limited data of similar
nature where previously obtained for ALL (Anderson et al., 2011; Mullighan et al.,
2008; van Delft et al., 2011). When Mullighan et al. carried out a genome-wide
copy number analysis of bulk cells from 61 matching diagnostic and relapse
paediatric B-ALL and T-ALL samples, the inferred primary and relapse clones
displayed distinct patterns of copy number alterations (CNAs), pointing to the

existence of a bottleneck selection and evolution process during treatment (Figure
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1-8b). Once again, in the majority of the cases, relapse clones were recognized as
evolutionary products of minor diagnostic subclones, while only in a small
percentage of cases of relapse was driven by the major diagnostic clone, or a
clonal descendent of the same. Of note, the most frequently acquired additional
genetic lesions where, in this order, deletions of CDKN2A/B (mostly biallelic
covering p16, p14 and p15), TEL and regulators of B cell development (PAXS,
IKZF1, IKZF2, IKZF3, TCF3, RAG1/2 and EBF1). In few cases, however, it was
impossible to detect the ancestral clone within the diagnostic specimen. Identical
results were obtained by the group of Mel Greaves in the analysis of subsets of
TEL-AML1+ ALL samples (Anderson et al., 2011; van Delft et al., 2011). In these
studies SNP arrays were coupled to single cell FISH analysis, of one and five
samples respectively, in order to fully characterize the subclonal evolutionary
relationships linking genetic clones characteristic of TEL-AML1+ ALL in late
relapse, to those detected in the diagnostic specimens. Overall the data collected
in these studies suggest that relapse originates from the survival of chemotherapy
by likely multiple genetically distinct leukaemia propagating cells present at
diagnosis as either major or minor subclones, which generate a reservoir for
further diversification during treatment and remission. However, these data are
discordant with the recent work of Kreso et al. and Almendro et al. showing that
genetic diversity is not affected by chemotherapy in either colorectal cancer or
breast cancer. In mice engrafted with lentiviral-labelled colorectal cancer cells,
subsequent treatment with oxaliplatin, a common chemotherapeutic agent,
reduced the tumour burden but had no effect on either the number of clones
present or on their proportions within the bulk (Figure 1-8a) (estimated via CNA

arrays). However, through the transplantation of oxaliplatin-treated cancer cells
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into secondary recipient mice, the authors observed that chemotherapy had
altered the growth properties of the CSCs, preferentially eliminating persistent
(serially transplantable) clones and selecting for clones present below the
detection threshold in the diagnostic specimen. Having previously demonstrated
that behavioural differences of the CSC clones were not linked to their genotype,
these experiments provided indirect evidence of the role of non-genetic cellular
heterogeneity (stochasticity in gene expression and signalling pathways) and/or
epigenetic modulation in driving key phenotypic differences (Kreso et al., 2013;
Marusyk and Polyak, 2013). This innovative interpretation is in counter-current
with the widely accepted idea that relapse is either driven by relevant genetic
alterations or by preferential survival of dormant cancer stem cells (Lutz et al.,
2013). Similarly, Almendro and colleagues observed the lack of a detectable
treatment-driven bottleneck clonal selection process when assessing the effect of
neoadjuvant therapy on intratumour heterogeneity of breast cancer (47 samples
spanning the four major subtypes). Interestingly though, samples displaying lower
diagnostic genetic heterogeneity were more likely to reach complete pathologic

response to treatment.
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Moreover, making use of a technique named immune-fluorescence in situ
hybridization (iFISH), which allows for tracking of both phenotypic and genotypic
diversity of hundreds of single cells simultaneously, the researchers described
significant longitudinal changes in the tumours’ phenotypes. Most of the samples
displayed a shift in the cells’ phenotype from more differentiated (CD24" / CD44")
at diagnosis to more immature post-treatment (CD24 / CD44"). This observation,
in concomitance with the recorded decrease in cell proliferation rate, is compatible
with the possibility that chemotherapy preferential eradicates highly proliferative
cells (Almendro et al., 2014a). Therefore, unlike in colorectal cancer, phenotypes
seem to play a fundamental role in breast cancer treatment-resistance insurgence.
Overall, even though a limited number of studies have begun to dissect the role of
genetic diversity in treatment response, further work combining cytogenetic and
genomic tools is required to fully understand the role it plays in development of
chemo-resistance on its own and through interplay with phenotypic heterogeneity
(Navin et al., 2011). To complicate things, data collected so far in different types of
cancers are conflicting. While in AML and ALL preliminary evidence points towards
a possible relevance of genetic heterogeneity in influencing treatment response,
as displayed by the post-treatment emergence of minor subclones with resistance-
specific lesions, study of breast cancer in contrast highlights a greater importance
of phenotypes in driving the insurgence of drug resistance in presence of rather
stable genetic traits. Additionally, the analysis of colorectal cancer samples calls
the attention to the need of fully understand those non-genetic mechanisms that
are the sources of cellular and functional heterogeneity of tumour cells. It is likely
that drug-resistance and post-therapeutic tumour reappearance are influenced not

just by genetic heterogeneity and the stem-cell characteristics of some cells, but
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also by different alternative sources of diversity, such as epigenetic regulation,

noise in gene expression and variability in the microenvironment.

1.3 Aim of the study: a mouse model for ALL treatment and

investigation of Intratumour genetic heterogeneity

As stated in the introduction, the role of second hits in TEL-AML1 pre-B-
ALL is poorly understood. Our current knowledge is limited to the observation that
TEL-ALML1 by itself is not sufficient to give rise to overt leukaemia. A number of
additional genetic alterations are required for disease progression. However, how
and when these second hits arise, what pathways they deregulate, and more
importantly, what their role is in drug-resistance, is still to be clarified. Furthermore,
the recent discovery of an unexpected high degree of intra-tumour genetic
diversity within the leukaemia has added new challenges to these tasks and raised
numerous important questions. One among these, namely whether it is possible
that coexisting subclones within the leukaemia are endowed with distinct functional
abilities dictated by their underlying genetic lesions, is the subject of this thesis.
Answering this question would allow a better understanding of the roles played by
different recurrent second hits in crucial phases of the disease (e.g. tumour
formation and treatment response), concurrently shedding light onto the reason
behind their coexistence. Such knowledge is also expected to provide better
insight into the clinical implications of genetic tumour heterogeneity. As to whether
these recent data should or should not influence the way the disease is handled
from a therapeutic point of view is not yet clear. We approach these queries using

two different experimental design strategies. Underlying both is the idea that to
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and understand whether different genetic lesion are responsible for characteristic

clonal behaviours, the tumour must be challenged.

1) The first approach makes use of chemotherapy to test the influence of
genetics on the clones’ sensitivity/resistance to it. After a trial experiment with
CD34" cord blood cells, TEL-AML+ patient were injected into NSG mice. Mice
were then treated with a combination of drugs normally used in the induction
phase of treatment, and the ability of distinct leukemic clones to survive

chemotherapy was analysed.

2) Additionally, as TEL deletion and PAX5 deletions represent the most
common second hits in the context of TEL-AML1-positive leukaemia (Mullighan et
al., 2007), lentiviral vectors have been generated to restore the expression of one
or both in primary leukaemia cells. Upon transduction cells have been transplanted
into several recipient mice in order to test the effect of the genes’ restored
expression on engraftment ability and clonal dominance. The subsequent
characterization of the molecular pathways activated and/or repressed by the two

genes is the interest of a separate project in the laboratory.

3) In a combination of the two original approaches, genetically modified
cells have been treated with chemotherapy to test whether the drug-sensitivity of

clones is affected by the expression of the selected genes.

Given that there are multiple ways in which the selective pressure exercised
by the drugs could influence tumour diversity, these functional assays have
numerous possible outcomes. Chemotherapy might succeed in eliminating all of
the cancer cells no matter regardless of their underlying genetics, or it might

simply create a population bottleneck followed by the expansion of resistant
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clones, and lastly it might leave tumour heterogeneity unaffected. The current
consensus is that drug-resistance is the property of a minority of cells that differ
from the others in their genotype and/or phenotype (CSS) (Lutz et al., 2013).
According to this theory cells harbouring the “wrong” genotype or phenotype are
sensitive to treatment, and therefore preferentially eliminated by it, while, resistant
clone/s survive and are responsible for the eventual regrowth of the tumour.
However, whether or not the genomic makeup in reality affect responsiveness to
treatment is difficult to establish from data collected so far. Evidence in favour of
preferential elimination of specific genetic clones in leukaemia is preliminary, with
not many samples of matching diagnosis and relapse having been analysed at the
single cell level. Moreover, these observations are in direct contrast with what has
been described for other kinds of malignancies. In breast cancer, for example, cell
diversity (genotypic or phenotypic) is unaffected by treatment, suggesting that
most of the cells could be resistant to chemotherapy (Almendro et al., 2014a).
Even though it is possible that different cancers respond differently to
chemotherapy, and maybe even to different drugs, it can’'t be excluded that the
analysis of a single late time point in the disease’s eradication history might not be
informative enough. After a brief period of bottleneck selection tumour cells might
re-diversify as part of the process of regrowth of the tumour mass, and this kinetic
might very well elude us by the sole investigation of relapse samples. Additionally,
only exposure to treatment of the same clone multiple times would provide clear
link between genetic makeup and resistance. However, given the well
characterised extent of intertumour heterogeneity, only extensive analysis of a
large cohort of matching diagnostic, minimal residual disease (MRD), and relapse

samples could provide evidence of post-treatment bottleneck genetic selection of
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specific clones. These samples are however in very limited supply and often of
small size. Our in vivo xenotransplant model of paediatric acute lymphoblastic
leukaemia therefore offers a unique alternative platform for the study of genetic

basis of tumour resistance.
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CHAPTER 2

MATERIALS AND METHODS
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2.1 Molecular biology

2.1.1 Transformation of bacteria
Chemically competent sub-cloning efficiency NEB 5-alpha and library efficiency
NEB 5-alpha cells (New England BioLabs) were used to transform bacteria. 50 pl
of cells were pipetted into a 1.5ml eppendorf tube placed on ice, and 1-5 ul of
plasmid (0.5-1ug) DNA were added. The transformation mix was incubated on ice
for 30 minutes, heat shocked at 42°C for exactly 30 seconds, and incubated on ice
for additional 5 minutes. Subsequently 950uL of SOC outgrowth medium (New
England BiolLabs) were added and the mixture incubated at 37C for 1 hour in a
shaker (250 rpm). Following, a 10-fold dilution was plated onto pre-warmed
selection plates prepared with LB agar (1.5g Bacto Agar (BD Bioscience) per
100ml LB broth (1% w/v Bacto Tryptone (BD Bioscience), 0.5% w/v Bacto Yeast
Extract (BD Bioscience), 1% w/v Sodium Chloride (NaCl), [pH 7.0]) and 100pg/ml

Ampicillin (Sigma-Aldrich) and incubated at 37C overnight.

2.1.2 Isolation of plasmid DNA
Individual bacterial colonies were inoculated into 3ml LB broth containing
Ampicillin (100 pg/mL) and incubated in a shaker at 37C overnight. The bacterial
cultures were then used to extract DNA using the QIAprep® Miniprep Plasmid kit
(Qiagen) according to the manufacturer’s instructions. Briefly, the bacterial culture
was resuspended in 250ul of Buffer P1 and transferred to a micro- centrifuge tube
in order to lyse the bacterial cells. 250l of Buffer P2 were added and mixed
thoroughly by inverting the tube 4—6 times. Subsequently 350ul of buffer N3 were

added and mixed immediately and thoroughly by inverting the tube 4-6 times. The
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mixture was centrifuged for 10 min at 13,000 rpm in a table-top microcentrifuge.
The supernatant was transferred by pipetting to a QIAprep spin column and
centrifuged at maximum speed for 60 seconds; the flow-through was discarded.
The column was washed first by adding 0.5 ml Buffer PB (endotoxin removal
buffer) and centrifuging for 60s and then by adding 0.75 ml Buffer PE (column
wash solution containing ethanol) and centrifuging for 60s. The flow-through was
discarded at each step, and the column was finally centrifuged at full speed for an
additional 1 min to remove residual wash buffer. The QIAprep column was placed
in a clean 1.5 ml microcentrifuge tube and 50 ul Buffer EB (10 mM Tris-Cl, pH 8.5)
or water were added to the centre of each QlAprep spin column to elute DNA. The
solution was incubated for 1 min, followed by a 1 min max speed centrifugation of
the tube. The final DNA concentration was measured using a spectrophotometer

(NanoDrop.ND-1000, Lebtech International).

In order to obtain larger quantities of plasmid DNA from individual bacterial
colonies bigger culture volumes were set up, and HiSpeed Plasmid Midi Kit
(Qiagen) and HiSpeed or EndoFree Plasmid Maxi Kits (Qiagen) were alternatively

used according to manufacturer’s instructions.

2.1.3 Restriction enzyme digests
Restriction enzyme digests were performed according to manufacturer's
instructions. Typically, 0.3ul-0.5ul of DNA were digested in a mix prepared with
10U/l of restriction enzyme per pg of DNA, 10x restriction buffer and 100x BSA
10ug/ul to a final volume of 50-1-00ul adjusted with H,0. DNA was digested for 1-4
hours or overnight (ON) at 37C° or 65C°, depending on the characteristics and

efficiency of the restriction enzyme adopted. According the size of the generated
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fragment/s, the digested products were subjected to electrophoresis on 0.7-2%
w/v agarose gels [agarose (Invitrogen), 1x TAE buffer (National diagnostic), 0.5%

ethidium bromide (Sigma-Aldrich)] in order to be visualised and validated.

2.1.4 Gel extraction
Isolated digested DNA products were purified from the agarose gel using GFX
PCR DNA and Gel Band Purification Kit (GE Healthcare) according to the
manufacturer's guidelines. The DNA fragment was excised from the agarose gel
and weighed. 10ul of Capture buffer type 3 were added to the excised gel band for
each 10 mg of gel slice and incubated at 60C° for 15-30 minutes until the agarose
was completely dissolved. The Capture buffer type 3- sample mix was then
transferred onto an assembled GFX MicroSpin column and collection tube,
incubated at room temperature for 1 minute and spun at 16000g for 30 seconds.
The flow through was discarded by emptying the collection tube and the GFX
MicroSpin column washed with 500ul of Wash buffer type 1 to remove any salt
contamination. DNA was then eluted by centrifugation in 30-50ul of DNase/RNase

free distilled water (Life Technologies) or TE buffer (Qiagen).

2.1.5 Ligation
DNA fragment and vector were ligated to generate plasmid DNA. Depending on
the performed cloning, the molar ratio of choice between the fragment and the
vector varied from 1:1 to 5:1. Typically, 50ng of vector were ligated with the
required amount of DNA fragment in presence of 1X T4 DNA Ligase Reaction

Buffer [50 mM Tris-HCI710 mM MgCl>11 mM ATPT110 mM DTTCIpH 7.5 at 25°C]
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(NewEngland BioLabs), and 1 pl of T4 DNA Ligase (NewEngland BiolLabs), in a

total reaction volume of 20ul, made up with H,O. The mixture was incubated at
room temperature for at least 1h prior to transformation (see section 2.1).

2.1.6 DNA constructs

A schematic diagram of the lentiviral overexpression vector pHR-SIN-CSGW-IRES-
emGFP(CSI) backbone is shown in Figure 2-1.
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Figure 2-1:

Sffv promoter-containg virus is called CSI emerald; EFla promotor virus is calledCPI emerald - they are identical apart from the promotor

Basic structure of

the CSI overexpression vectors.
A variant of the backbone in which eGFP was replaced by ALNGFR as reporter
was also adopted.

2.1.6.1 TEL overexpression vectors

Full length human TEL (hTEL) was amplified from an hTEL cDNA fully sequenced

I.M.A.G.E clone (6014394) purchased from Source Bioscience. Primers were
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designed (Table 2-1) according to the sequence of hTEL mRNA (NCBI:
ENSTO00000396373) to generate the N-terminal tagged, C-terminal tagged or
untagged TEL product. PCR products were first subcloned into pGEM T-easy
vector (Promega) according to manufacturer instruction. The ligated vector was
then digested with Bglll (Bglll unique restriction sites were included within the
sequence of the amplification primers) to lift out TEL constructs and reclone it into
a lentiviral expression construct pHR-SIN-CSGW-IRES-LNGFR(CSI). CSI vector,
part of the Enver lab general plasmids stock, was before head digested with
BamHI at 37°C overnight (Figure 2-2). Both digestion products were then gel
purified, and the vector backbone was dephosphorylated (calf intestine alkaline
phosphatase — CIAP, NEB or Fermentas) to minimize self-ligation during the

subsequent ligation reaction.

2.1.6.1 PAX5 overexpression vectors
Full length human PAX5 (hPAX5) was amplified from a previously cloned plasmid
containing the gene. Primers were designed based on the sequence of hPAX5
mMmRNA (NCBI: ENST00000358127), and an HA (hemagglutinin) tag was added
either at the N- or C-terminus (Table 2-1). Following the same strategy previously
used to clone TEL, amplification products were first sub-cloned into T-vector and

then transferred into CSlemerald lentiviral vector (Figure 2-2).
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Cloning strategies
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Figure 2-2: Basic strategy for cloning into CSl overexpression vectors.
PRIMER SEQUENCE
PAX5_Forw ACGTAGATCTGCCACCATGGATTTAGAGAAAAATTAT
PAX5_Rev ACGTAGATCTTCATCAGCGTCGGTGCTGAGTAGC
PAX5_HAtag_Forw ACGTAGATCTGCCACCATGTACCCATACGATGTTCCAGATTACGCTATGGATTTAGAGAAAAATTAT
PAX5_HAtag_Rev ACGTAGATCTTCATCAAGCGTAATCTGGAACATCGTATGGGTATCAGTGACGGTCATAGGCAGT
TEL_Forw TACGTAGATCTCCACCATGTCTGAGACTCCTGCTCAG
TEL_Rev TACGTAGATCTCAGCATTCATCTTCTTGGTATATTTG
TEL_FLAGtag_Forw TACGTAGATCTCCACCATGGACTACAAGGACGACGATGACAAGATGTCTGAGACTCCTGCTCAG
TEL_FLAGtag_Rev TACGTAGATCTCACTTGTCATCGTCGTCCTTGTAGTCGCATTCATCTTCTTGGTATATTTG
Bsm-Nde-v5-Bgl-Spe GAATGCTCTCATATGGGCAAGCCCATCCCCAACCCCCTGCTGGGCCTGGACTCCACCTGAAGATCTACTAGT
Bsm-Nde-v5-Bgl-Spe_lower CTAGTAGATCTTCAGGTGGAGTCCAGGCCCAGCAGGGGGTTGGGGATGGGCTTGCCCATATGAGAG
Bsm-Nde-v5-Bgl-Spe_upper CTCATATGGGCAAGCCCATCCCCAACCCCCTGCTGGGCCTGGACTCCACCTGAAGATCTA
Bsm-v5-Bgl-Spe GAATGCTCTGGCAAGCCCATCCCCAACCCCCTGCTGGGCCTGGACTCCACCTGAAGATCTACTAGT
Bsm-v5-Bgl-Spe_lower CTAGTAGATCTTCAGGTGGAGTCCAGGCCCAGCAGGGGGTTGGGGATGGGCTTGCCAGAG
Bsm-v5-Bgl-Spe_upper CTGGCAAGCCCATCCCCAACCCCCTGCTGGGCCTGGACTCCACCTGAAGATCTA

Table 2-1: Amplification Primers.

2.1.6.1 Sequencing
Ahead of packaging of the lentiviral vectors for viral transduction, the newly
generated constructs were sequenced both following their insertion into pGEM T-
easy vector and once cloned into CSlemerald vector. The sequencing service was

provided by Source Bioscience Cambridge UK.
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2.1.7 Preparation of total protein lysate for western blot analysis
Cells were harvested and washed in PBS prior to a final centrifugation step at
350g for 5 minutes at 4°C. Cell pellets were lysed in 50uL of 1x RIPA buffer every
10° cells (Radio-Immunoprecipitation Assay) [150 mM NaCl, 1.0% Triton X-100,
0.5% Na Deoxycholate, 0.1% SDS, 50 mM Tris HCI, pH 8.0] to which 25X PIC
(Protease Inhibitor Cocktail) (Roche). Lysates were incubated on ice for 30
minutes, vortexed for 10 seconds, and centrifuged at 16,000g for 20 minutes at
4°C. Clear supernatants were removed to a fresh tube and, if required, stored at -
80°C. All samples were mixed 1:4 with 4x NuPAGE loading buffer (Invitrogen) and
denatured by heating at 95°C for 2-4 minutes before loading. When required
protein concentration was measured by mean of BCA protein quantitation kit
(Thermo Scientific Pierce) reading absorbance at a wavelength of 562nm on a
Ultrospec 2100 pro (Amersham Pharmacia Biotech) spectrophotometer.
Alternatively lanes were loaded with approximate cell equivalents. A NuPAGE
SDS gel system from Invitrogen was used for the purpose of protein
polyacrylamide gel electrophoresis. Bis-Tris 4-12% NuPAGE gels were run in MES
running buffer 45 minutes at 200 Volts. Following electrophoresis, samples were
transferred onto a polyvinylidenefluoride (PVDF) membrane (Millipore) for 1 hour
at 30 Volts at room temperature in a Tris-glycine-methanol transfer buffer [Glycine

28.8g, Tris 6.06g, metOH 400mL, SDS 20% 1.87mL brought up to 2L in water].

2.1.8 Western blot analysis
Membranes were blocked in Phosphate buffered saline (PBS) with 5% non-fat milk

and 0.05% Tween-20, and hybridized with the relevant primary (Table 2-2) and
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secondary horseradish peroxidise-conjugated antibodies (Table 2-3). For Proteins
detection a chemiluminescence (ECL) Western Blotting System (GE Healthcare)
was adopted according to the manufacturer’s instructions. For stripping purposes
membranes were incubated in a home-made stripping solution [tris HCI pH 6.8
100mM 2.26mL, B-mercaptoethanol (2-ME) 100mM 280 uL, SDS 20% 2 mL, milli-
Q water 33.16 mL] 30 minutes at 55°C. Following a wash in Tris-buffered saline-
Tween (TBST) the membrane was re-probed with different primary and secondary

antibodies. The exposed film was developed using the Xograph CompactX4

(BioRad) developer.

Antibody Supplier Cat no Diln.

Pax5 (N19) Santa Cruz sc-1975 1/500

Anti-HA High Affinity Roche 11867423001 1/250

Anti-ETV6 Sigma HPAD00264 1/500

Anti-ETV6 0. Bernard 1/500

Anti-FLAG Santa Cruz D85C807 1/500

Anti -tubulin Santa Cruz SC-9161 1/500

Table 2-2: List of primary antibodies used for western blot analyses in this
study. The anti—-N-terminal ETV6 antibody was kindly provided by O. Bernard
(U434 INSERM, Paris, France).

Antibody Supplier Cat no Diln.

Rabbit anti-Rat lgG (H+L) Secondary Antibody Pierce 31218 1/500
Donkey anti-goat IgG-HRP Santa Cruz sc-2020 1/1000
IP/WB Optima A anti-goat Santa Cruz sc-45038 1/5000
Anti-rabbit IgG HPR-linked whole antibody GE HealthCare NA934 1/5000

Table 2-3: Secondary antibodies used for western blot analyses in this
study.

2.1.9 Total RNA isolation
Cell pellets were resuspended and homogenized in Trizol reagent (Invitrogen),

and total RNA was isolated according manufacturer’s instruction. Briefly, addition
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of chloroform to sample lysates, followed by centrifugation, allowed for separation
of the solution into an upper aqueous phase containing RNA, and a lower phenol-
containing organic phase. The upper aqueous phase was transferred to a new
tube and the RNA precipitated by the addition of isopropanol followed by
centrifugation. After a wash with 75% ethanol, RNA pellets were dissolved in 30ul
of diethylpyrocarbonate (DEPC) treated water and concentrations were

determined with NanoDrop 1000 Spectrophotometer (Thermo Scientific).

2.1.10 cDNA preparation and quantitative Real-Time PCR
Equivalent amounts of total RNA from test and control samples were DNase
treated (RNase-free DNase, Promega), and reverse transcribed using Superscript
Il and random primers (250ng/reaction) according to manufacturers’ protocols. The
cDNA samples were analysed using inventoried Tagman gene expression assays
(Table 2-4) (Applied Biosystems) and ABI Prism Sequence Detector Systems

7000 (Applied Biosystems).

Gene Specles Probe Supplier Catno o |||II:.n|| Dye Exon Boundary
PAXS Hu Hs00172001_m1 _Life Technologies 4331182 116 FAM-MGB 7-8
ETVE Hu Hs01045746_m1 _Life Technologies 4331182 70 FAM-MGB &7

Table 2-4: Tagman probes used for western Real-Time PCR in this study.

2.1.11 FISH

2.1.11.1 Cytocell Aquarius probes
Locus specific FISH probes designed to hybridize to chromosomes 9, 12 and 21,

were purchased from Cytocell, through “my Probes”, a probes customized design
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and manufacture service. A mix of consisted of: one probe labelled in blue
fluorophore mapping to the specific region of chromosome 9p13.2 between
nucleotides 36,819,407 and 37,208,44 (PAX5 probe), one probe labelled in gold
fluorophore mapping on chromosome 9p21.3 on between nucleotides 21,862,429
and 22,055,767 (P16 probe), two probes labelled in green fluorophore mapping to
chromosome 12p13.2 to the regions between nucleotides 11,728,311 and
11,908,365 (TEL-A probe) and 12,055,716 and 12,223,559 (TEL-B probe), and
two probes labelled in red fluorophore mapping to chromosome 21g22.12 to the
regions between nucleotides 35,995,366 and 36,143,772 (AML-1A probe) and
36,305,204 and 36,305,204 (AML-B probe). The red fluorophore emitted in the
Texas Red spectrum, the green in the FITC spectrum, the Gold in the gold
spectrum and the blue in the Aqua spectrum. To segregate mixed fluorescent
signals and more clearly resolve the spatial contribution of each fluorophore
(emission fingerprinting), the following probes, MYB Gold, CCND1 FITC, RREB1

Texas Red, 6¢ Aqua were used.
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2.1.11.2 Karyotype preparation
Cells were harvested for FISH purposes as for karyotype preparation protocol.
Cells isolated from primary samples or from the bones or spleen of transplanted
mice were collected in a screwcap tube (106 cells maximum) and centrifuged
10min at 1500rpm. After the supernatant was removed, cells were resuspended in
700l of warm KCI (5.6g in 1L of purified water) and incubated at 37°C for 20
minutes. Cells were then prefixed by adding 200ul of fresh ice-cold fixing solution
mix (3 parts methanol and 1 part glacial acetic acid). Tubes were mixed by
inversion and centrifuged 10min at 1500rpm. Subsequently, a final cells fixing step
was performed adding 800ul of ice-cold fixing solution dropwise on a vortex (high
speed). Tubes were then stored at 4C for short-term storage and -20C for long-

term storage.

2.1.11.3 FISH protocol
Superfrost glass microscope slides (VWR) were immersed in 8ml of concentrated
acid (HCI) + 500 ml milli-Q water for 1h while shaking, then washed 6x in milli-Q
(still shaking) and finally stored in 100% ethanol until usage. Alternatively
superfrost plus microscopy slides (VWR) were used as purchased. Cells were
spotted on the slide, allowed to air dry, and aged at RT for 24h (long term storage
at -20 in a sealed box with silica gel). Slides were then immersed in 2X SSC for 2-
10 minutes, incubated in Pepsin Working Solution (Sigma-Aldrich) [Stock solution
250mg: 2,500-3,500 units/mg protein lyophilized powder dissolved to a
concentration of 100 mg/ml; Working solution: 0.05 mg/ml] at 37°C for 3 min, and
washed in PBS for 3-5 min at ambient temperature. Subsequently, slides were

fixed in 4% paraformaldehyde for 10-15 min, followed by 3x washes in PBS.
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Dehydration of the slides was performed by immersion in ethanol series (70%,
85%, 100%) 2 minutes at room temperature (RT) each. Slides were allowed to air
dry. Pre-denaturation of the test probe (5ul/slide) and slides was achieved by pre-
warming at 37°C for 5 minutes followed by spotting of the probe on the slide, while
this was maintained at 37°C. A 22x22 coverslip (VWR) was then applied over the
spotted area and sealed to the slide with rubber glue (fixogum). Probe and slides
were then co-denatured 2 minutes at 75°C on a hybridizer (Dako) and hybridized
at 37°C on the same for a period of 12-72 hours. Post-hybridization the fixogum
seal was removed and slides soaked in 2x SSC until the coverslip would come off.
A series of washes followed:; first 2 minutes in 0.4xSSC at 72°C for, then 30
seconds in 2xSSC/0.1% IGEPAL at RT. Slides were drained and 20ul of Cytocell
DAPI/antifade counterstaining diluted 1:4 in Vectashield (Vectorlabs) were applied
under a 22x50 coverslip sealed with nail polish. The fluorescence was allowed to
develop in the dark for at least 10 minutes, after which the slides could be

visualised under the microscope.

2.1.11.3 Microscopes and probe visualization
The simultaneous use of 4 probes labelled with different fluorochromes introduces
technical challenges as to their successful detection and imaging. When first
testing the probes numerous obstacles to the identification of a microscope
suitable for the purpose were encountered. Among the many microscopes
unsuccessfully tested were a Zeiss Axioplan 2 fluorescence microscope (based in
the UCL Royal Free Hospital Campus, London), a Leica SP-2 confocal
microscope (based in the UCL Wolfson Institute for Biomedical Research,

London), a Leica SP-5 confocal microscope (based in the MRC Laboratory for
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Molecular Cell Biology, London) and a Leica SP-8vis (based in the UCL
Department of Cell and Developmental Biology). Multiple confocal microscopes
(Leica SP2, Leica P5 and Leica-SP8vis) were tested. Three of these microscopes
were equipped with high sensitivity phototomulipliers (PMTs) for light
photodetection, and four lasers, allowing for sample excitation with seven tuneable
excitation wavelengths [405 nm, Argon (for excitation of 458, 488, 496, 514), 561
nm DPSS, 594 nm HeNe, 633 nm HeNe], However, only 4 detectors were
mounted on the microscopes requiring the imaging of the 5 dyes (4 probes +
DAPI nucleus staining) to be carried out either fully sequentially or as a
combination of the simultaneous acquisition into some channels and sequentially
into others. The microscopes were set up with the laser beam sharply focusing on
a particular focal plane in the specimen (multiple focal planes subsequently
scanned) and suitable excitation laser lines were selected according to the
fluorochromes used (see emission and excitation information below in table 2-5).
Unfortunately, the slides scanning with the confocal microscopes revealed a
strong spectral overlap between some of the dyes. The worst overlap was
detected between Green and Gold spectra. The excitation of either of the Green or
Gold resulted equal excitation the other fluorochrome, and an overlap in emission
spectra (phenomenon known as cross-talk or bleed-through) (Figure 2-4).
Additionally, a less worrying bleed-through of DAPI into the AQUA channel was

also detected.
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Dye Excitation .. [nm] Emission .. [nm]

0 Aqua 418 467
[ | Green 495 521
1 Gold 539 561
O Orange 551 572
[ Red 595 610

Table 2-5: Emission and Excitation wavelengths of the 4 fluorochromes used
for mFISH. Slides were additionally labeled with DAPI.

To address the issue and correct the cross-talk between the different channels,
singularly labelled control slides were prepared for each fluorochrome and their
excitation and emission spectra were imaged. The hope was that of making use of
a spectral unmixing algorithm to resolve the spatial contribution of each
fluorophome/probe (often referred to as emission fingerprinting) to the multi-probe
fluorescence images. However, the overlap between emission spectra of green,
gold and aqua fluorophores was so extensive (Figure 2-5) that this strategy could

not fully solve the problem.
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Figure 2-4: Bleed-through of Gold and Green fluorochromes when imaged by
confocal microscopy. The top images were collected with the laser line for Gold
(A) or FITC (B) deactivated, in turn. In these images the same signal pattern was
detected by both laser lines (C) indicative of an overlap between the two

fluorochromes’ excitation and emission spectra.
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Figure 2-5 Characterization of DAPI, AQUA, FITC, GOLD and TEXAS RED
emission spectra. A strong emission spectra overlap is detected between Gold
and FITC (B), as well as between AQUA and DAPI (A). The latter, however, is only

used for the purpose of nuclei staining in the background.

Consequently, after a few additional fluorescence microscopes were tested, a
Zeiss Axio Observer z1 Apotome fluorescence microscope (available at UCL) was
set up with selected filters commercialized and customised by Chroma {DEAC

49302, Texas Red 49008, GOLD 49034, FITC/TXR 59022}.

2.1.11.4 Establishing cut-off levels
In each case, at least 200 nuclei were scored for the presence of the TEL-AML1
fusion gene in combination with hemizygous or homozygous deletion of TEL,

AML1, PAX5 and P16, as well as gain of AML1 and TEL-AML1 fusion gene. Cut-
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off levels for each probe were calculated performing four-colour (+DAPI) FISH on
normal control bone marrow and peripheral blood PBMC (total or CD19" enriched)
slides. Combinatorial cut-off levels were established in a similar way by scoring
slides for the coexistence of any two lesions (except for the fusion, the presence of
which marked all cells) as well as by probabilistic evaluation of the event

likelihood.

2.2 Cell biology

2.2.1 Cell culture and cell lines
293FT (Human Embryonic Kidney 293 cells that contain the SV40 Large T-
antigen) (Invitrogen) packaging cell lines were cultured in Dulbecco’s Modified
Eagle’s medium (DMEM, Invitrogen Paisley) supplemented with 10% foetal calf
serum (FCS, Sigma-Aldrich), 100U/ml penicillin (Invitrogen), 100ug/ml
streptomycin (Invitrogen) and 2mM L-glutamine (Invitrogen) (complete DMEM).
Human lymphoblastoid leukaemia cell lines REH and UOCB6 (kind gift of Dr.
Owen Williams), and the human acute lymphocytic T leukaemia cell line JURKAT
were cultured in Roswell Park Memorial Institute (RPMI) medium (Invitrogen)
supplemented with 10% heat-inactivated FCS, 100U/ml penicillin (Invitrogen),
100ug/ml streptomycin (Invitrogen) and 2mM L-glutamine (complete RPMI). Each
cell line was cultured at between 0.2-0.8x10%/ml and sub-cultured every three to

four days according to the supplier’s instructions (DSMZ).

Primary cells were cultured in StemSpan™ Serum-Free Expansion Medium

(SFEM) (STEMCELL Technologies) supplemented with 20% FCS, 100ng/ml
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hSCF, 50ng/ml IL-7, 20ng/ml IL-3, 50ng/ml FLT-3), standard concentrations of

PSA and Glu, for the purpose of lentiviral transduction.

2.2.3 Cord blood CD34 cell enrichment
Prior to transduction and xenotransplantation, cord blood cells were enriched for
CD34 sing MACS® Cell Separation magnetic column and human CD34
MicroBead Kit (Miltenyi Biotec) following manufacturer instruction. The buffer used

for the enrichment procedure was made of PBS/0.5%FBS (Fetal bovine serum).

2.2.4 Primary patient samples
Diagnostic and follow-up ALL bone marrow (BM) samples were obtained upon
informed consent and approval of relevant research ethics committees from
patients at John Radcliffe Hospital, Oxford, UK; Centro Ricerca Tettamanti, Clinica
Pediatrica Universitaria Milano Bicocca; Great Ormond Street Hospital

for Children (GOSH) NHS Foundation Trust, London, UK; and other UK hospitals.

2.2.5 Cell Purification
Mononuclear cells were isolated from leukemic and normal bone marrow and
peripheral blood samples by Ficoll gradient centrifugation, and collected for further

processing (Table 2-6).
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PATIENT PHENOTYPE SEX AGE  CYTOGENETICS/KARYOTYPE MOLECULAR % RELAPSE  RELAPSE

N* (yrs) DIAGNOSTICS  BLASTS  (Y/N) (mths)
1 B-ALL M 4 46XY N
TEL-AML1+, No TEL deletion
11 B-ALL F 4 46XX N
TEL-AML1+, TEL deletion
72 B-ALL F 4 46XX N
TEL-AML1+, TEL deletion
76 B-ALL F 3 46XX N
TEL-AML+
107 B-ALL M 2 46 XY N
76/100 cells TEL-AML1+,
62/76 TEL deletion
111 B-ALL F 7 46 XX N

94/100 cells TEL-AML1+,
72/94 2 copies AML1, 4/94
cells 3 copies AML1

B B-ALL N/A TEL-AML1+, 90% N
No TEL
deletion
c B-ALL N/A TEL-AML1+, 98% N
Mo TEL
deletion
D B-ALL N/A TEL-AML1+, high N
No TEL
deletion
3 B-ALL M 3 46XY TEL-AML+ 99% N
TEL-AML+
7 B-ALL F 4 47, XX, +21[1)/46,XX[4] TEL-AML1+ 90% N
TEL-AML+
1988 D B-ALL F 3 N/A TEL-AML1+ 92% Y 10
1988 R 46 XX TEL-AML1+ NfA
2278 D B-ALL F 3 N/A TEL-AML1+ 98% Y 175
2278 d8 B-ALL N/A TEL-AML1+ 18%
MRD
2278R B-ALL N/A TEL-AML1+ N/A

Table 2-6: Detailed demographic, cytogenetic, and clinical information of

patients from whom BM biopsies were obtained.

2.2.8 Lentiviral packaging cell line transfection
Lentiviruses pseudotyped with the vesicular stomatitis virus G (VSVG) protein
were packaged by transient transfection of 293T cells with FuGene6 (Roche).
Briefly, 80-90% confluent 293T cells seeded in T75 flask were fed with 8ml fresh
medium. A DNA mix of 1uyg each of the required packaging plasmids,

pMDLg/pRRE (expresses HIV-1 GAG/POL), pSVrv (expresses HIV-1 REV),
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pMD2-G(VSV-G) (expresses VSV glycoprotein), and 2 pg of the vector of interest
was prepared and brought to a volume of 19.3pul per flask to be transfected with
TE buffer. The mix was then incubated 15 minutes at room temperature in
presence of 23.1ul of Fugene reagent (Promega) and 260ul Optimem (GIBCO). A
final volume of 302.4ul of reagent/DNA mix was then slowly added to each flask.
24h after the transfection the medium was then replaced with 12ml of fresh

complete DMEM.

Alternatively, 9x10° 293T cells were plated in 15 cm? dishes in complete DMEM.
16 hours later cells were starved in 15ml DMEM (no FBS) for 4 hours after which 3
ml FBS were added to each dish. An additional 4 hours later cell were transfected
as follows. A mix of 7.5ug VSV-g, 11.5ug gag pol, 17.5ug transfer vector was
prepared in a conical 50 ml tube for each dish to be transfected. 150ul 2M CaCl2
were added to the tube and the volume brought to 1,5 ml with sterile water.
Following, 1,5 ml of 2x HEPES-Buffered Saline (HBS) was added dropwise, while
vortexing the solution (1-2 drops per second). The transfection mix was then let sit
for 15 minutes and added to the plate dropwise. 12-14 hours after transfection, the
medium was replaced by 12ml complete DMEM auditioned with Sodium butyrate
0.3 mM (1:1000). Sodium butyrate treatment following transfection has been
reported to result in higher levels of transient expression. This effect is thought to

be mediated by a more “active” chromatin structure of newly transfected genes.

Independently from the transfection protocol used, ultracentrifugation was
performed to concentrate the virus 72 post-transfection. Briefly, the supernatant
from the transfected 293T cell cultures was collected, centrifuged 5 minutes at
350g and filtered with Minisart 0.45um filters (Sartorius Stedim Biotech) into

Nalgene™ Oak Ridge High-Speed PPCO Centrifuge Tubes. Up to 36ml of
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supernatant from cells transfected with the same vector were collected in an Oak
Ridge tube. A 5 ml sucrose cushion was added and the virus concentrated by
ultracentrifugation at 22000g for 2.5 hours at 4C in an Avanti J series centrifuge
system (Beckman Coulter). The supernatant was then discarded and the pellet

was resuspended in 30yl Optimem medium per culture flask.

2.2.4 Virus titration
Virus titration was performed on 293T cells followed by FACS analysis. Briefly,
10°/well 293T cells were plated in a 24-well plate, and left for 24 hour to adhere.
0.001 - 0.01 - 0.1 and 1yl of virus stock were then added to the relevant well. 48
hours later, cells were trypsinised in order to detach them from the bottom of the
wells, and washed 3 times with PBS to remove live viral particles. The percentage
of (GFP+) infected cells was then evaluated by FACS. The viral titer was
calculated according to the formula “viral particles/ml=(% GFP positive cells x10°)
/ volume virus added (ul) x 1000”, based on the viral dose that produced 5-

15%GFP+ cells.

2.2.5 Lentiviral transduction of leukaemic cell lines and of human
primary leukaemic cells
Reh, UOCBG6 and Jurkat, cell lines, cells were maintained in usual RPMI complete
medium and transduced by addition of the concentrated virus (volume dependent
on the required MOI) to the culture. The following day cells were washed 3 times

with PBS, and put back into culture.
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Primary leukemic BM mononuclear cells were seeded at 5x10° cells per well in
500ul of StemSpan™ Serum-Free Expansion Medium (SFEM) (STEMCELL
Technologies) supplemented with 20% FCS, 100ng/ml hSCF, 50ng/ml IL-7,
20ng/ml IL-3, 50ng/ml FLT-3), PSA, Glu and 4pg/ml polybrene (Sigma-Aldrich).
Cells were transduced in 48-well plates (Thermo Fisher Scientific) by spinoculation
(centrifugation at 2000rpm, for 90 minutes at 25 °C). 24 hours after transduction,
the medium was replaced with complete DMEM supplemented with growth factors:
100ng/ml hSCF, 50ng/ml IL-7, 20ng/ml IL-3, 50ng/ml FLT-3). 48 hours later
transduction efficiency was checked by flow cytometry or microscopy with the
EVOS® FL life Technologies Cell Imaging System (GFP expressing constructs

only).

2.2.6 Flow cytometry
Peripheral blood cells were obtained by mice tail bleeding. Cells were collected in
heparinized or EDTA treated tubes. Bone marrow cells were obtained either from
bone marrow aspirates collected from the tibias of mice into an insulin syringe and
transferred into eppendorf tubes containing PBS 0.5% FBS, or from crushed mice

bones (tibia, femur and pelvis of both sides) at the end of each experiment.

Cells were washed with wash buffer (PBS supplemented with 10% FBS). Primary
cells were treated with ACK buffer (0.15M NH4CI, 1.0mM KHCO3, 0.1mM EDTA)
to lyse red blood cells before staining. Peripheral blood cells were lysed a second
time with 2% Dextran. Cells were washed and pre-incubated with anti-mouse
Feylll/ll Receptor antibody (2.4G2; BD Biosciences) and human FcR-binding

inhibitor (Milteny Biotec) for 15 minutes on ice to block non-specific binding.
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Blocking reagents were diluted in PBS 1:200 the first and 1:10 the latter. Cells
were then stained with the appropriate fluorochrome-conjugated antibodies in PBS
10% FBS 15 minutes in ice, and washed with wash buffer prior to analysis. Anti-
mouse or human antibodies used in this study are listed in Table 2-7.
Fluorochrome-conjugated streptavidin (Ebioscience) was used to detect biotin-
conjugated antibodies (Ebioscience) (Table 2-8). Antibodies were pre-tested for
optimal working dilution and staining time. The appropriate unstained, single

colour and FMO controls were used for compensation set-up gate and definition.

For intracellular staining, REH cells were washed in PBS/EDTA (2mM)/1% FBS
(PEF), resuspended in 0.5 ml of (PEF) and 31.25pul 16% paraformaldehyde (PFA)
(1% final) and let sit in ice for at least 30 minutes to fix. 0.5ml of 0.2% Triton was
added to permeabilize membranes 15 minutes on ice. Cells were then blocked
and stained with the appropriate primary and secondary fluorochrome-conjugated

antibody, according to manufacturer’s instructions.

Antigen Conjugate Diln. Host/ Isotype Clone Supplier Cat no
Hu cD10 APC 1/50 Ms IgGl .k eBioCB-CALLA eBioscience 17-0106-42
Hu CD15 FITC 1/50 Ms Igh MMA BD 332778
Hu €019 PE 1/50 Ms 1gG1, k HIB19 BD 555413
Hu cD19 Pacific Blue 1/40 Ms IgG1, k HIB19 Biolegend 302223
Hu cD19 PE 1/80 Ms 1gG1 $J25C1 BD 345789
Hu cD19 APC-Cy? 1/50 Ms IgG1,k $J25C1 BOD 561743
Hu CD33 FITC 1/20 Ms IgGl P6l.6 BD 345798
Hu CD38 Blotin 1/100 Ms IgGl, k HIT2 eBloscience 13-0389-80
Hu cD38 PE 1/40 Ms IgG1 HIT2 BD 347687
Hu cD38 PE-TxR 1/40 Ms IgG1 HIT2 Caltag MHCD3817
Hu CD4as AF700 1/160 Ms 1gG1 HI30 Biolegend 304023
Hu CD66b FITC 1/50 Ms IgM G10F5 BD 555724
Hu CD34 APC 1/160 Ms IgG1 8G12 BD 345804
Hu cD34 PC? 1/40 Ms IgG1 581 Beckman Coulter AS1077
Hu CD271/NGFR PE 1/50 Ms 1gG1, k C40-1457 BD 557196
Hu CD271/NGFR AF647 1/50 Ms 1gG1, k C40-1457 BD 560326
Ms cpas FITC 1/100 Rat IgG2b, x 30-F11 BiolLegend 103108
Ms cpbas PE 1/100 Rat IgG2b, 30-F11 eBloscience 12-0451-83
Ms cDas PO 1/100 Rat IgG2b, k 30-F11 ufe Technologles MCD4530

Table 2-7: Flow cytometry antibodies used in this study.
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Dye Conjugate Supplier Catno Diln.

Strepavidin PB Life Technologies 5-11222 1/100
Hoechst 33258, pentahydrate({bis-benzimide) Invitrogen H3569 1mg/mil stock, 1/100

Table 2-8: Other dyes used in this study.

Appropriate secondary antibody single staining or 1gG isotype control antibodies

were included.

Flow cytometry experiments were performed on LRSIl (BD Biosciences), Gallios
(Beckman Coulter) or Cyan ADP (Beckman Coulter) analysers. An Aria Il cell
sorter (BD Biosciences) was used for sorting experiments (self run). Data was

analysed with FlowJo v8.6 (Tree Star) or Kaluza (Beckman Coulter) software.

2.2.7 Proliferation assays
REH cells transduced with TEL overexpression vectors or the overexpression
empty vector were plated at equal density (500-1000-1500cells/well in 100l
medium) in flat-bottomed 96-well plates and cultured in RPMI 10%FBS plus
antibiotics. After 1 week in culture cell proliferation rate was determined with
ATPlite kit (Perkin Elmer) by measuring the production of light caused by the
reaction of ATP with added luciferase and D-luciferin, proportional to ATP

concentration in each cell suspension, on a plate reader.

2.3 Animals

2.3.1 Animals welfare and maintenance
NSG mice were purchased from and kept at the BioMedical Service of John
Radcliffe Hospital (BMS) or Cancer Research UK London Research Institute

(Lincoln Inn field). Animal care was strictly in accordance with the Guidelines of
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University of Oxford and London Research Institute (Lincoln Inn field) and
experiments were performed according to United Kingdom Home Office
regulations. Animals were handled under sterile conditions. Lethal irradiation of
mice prior to bone marrow transplantation was performed according to regulation
of the relevant Project License. Starting from a week prior to their irradiation, mice
were given antibiotic water in order to minimize possible adverse effects and
infections caused by the irradiation procedure. In case of severe morbidity, e.g.
acute considerable body weight loss, mice were humanely sacrificed by an

approved schedule 1 method.

2.3.2 Bone marrow reconstitution assay
Xenotransplantation was performed by intratibial injection of 5-10 week old
NOD/SCID IL2Ry™" (NSG) mice. These mice lack mature T cells, B cells,
and natural killer (NK) cells. They are also deficient in multiple cytokine signalling
pathways, and carry defects in innate immunity. Mice were sub-lethally irradiated
either with 250 cGy of total body irradiation, split into two equal doses
administered within an interval of at least 4 hours before cell injection, or with a
single dose of 375 cGy. Mice were maintained on Baytril in the drinking water at
25.5 mg/kg for 2 weeks after injection. For most experiments 2 x 10° primary
leukaemia cells, resuspended in 40ul PBS 0.5% FBS, where injected per mouse.
Alternatively, an equal number of leukemic cells transduced with empty or TEL
overexpression vectors, or 1.6x10° CD34 enriched cord blood cells were injected
per mouse. Briefly, mice were anesthetized by isofluorane inhalation, the knee
was flexed, and 40 pL of cells suspension were injected through the knee joint into

the right tibia through a 28.5-gauge needle. At the time of injection mice were also
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ear notched for identification purposes. 12 weeks after transplant the injected bone
was then sampled by bone marrow aspiration and analysed for human
engraftment by flow cytometry. (hnCD45+ and/or hCD19"). Cord blood transplants
were also tested for multilineage reconstitution. Typically, mice displaying at least
30% human engraftment were assigned to either control or treatment groups and
treated consequently (see below). Five to 20 weeks after injection, mice were
culled and their tibias, femurs, pelvises, and spleen were removed. Bones were
crushed to isolate the marrow while spleens were homogenized. At the time of
cells harvesting, total BM and spleen cellularity were assessed through the
Sysmex XP-300™ Automated Haematology Analyzer. Cells were then stained for

FACS sorting.

2.3.3 Mice Treatment
Mice were treated with Vincristine and Dexamethasone. Both adopted compounds
are of pharmaceutical-Grade: Vincristine Sulphate 1 mg/ml Injection (Hospira) and
Dexamethasone 2mg tablets (Auden Mckenzie). Dosages were first optimised on
mice engrafted with cord blood cells by evaluating their cytotoxic effect on human
cells populations in the bone marrow and peripheral blood. The following regimens
were evaluated in a 4 weeks treatment trial. First week: 0,15 mg/Kg Vincristine IP
(intraperitoneal) and 3 mg/L Dexamethasone dissolved in water. Second and third
weeks: 0,30 mg/Kg Vincristine IP and 6 mg/L Dexamethasone dissolved in water.
Fourth week: 0,50 mg/Kg Vincristine IP and 6 mg/L Dexamethasone dissolved in
water. Consequently four weeks of treatment with 0,50 mg/Kg Vincristine IP and 6
mg/L Dexamethasone dissolved in water were shown to have stronger effects than

desired on primary cells (but not on cord blood cells). A final regimen of 7 days
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treatment 0,50 mg/Kg Vincristine IP and 6 mg/L Dexamethasone in water was
therefore established. Variants of the regimen tested for additional experiments
included a shorter treatment of 3 days or an increased dosage of dexamethasone,
9mg/L. The latter was associated with increased morbidity and mortality and

therefore excluded from further study.

2.4 Statistical analysis

Significance of pre- and post-treatment engraftment differences was determined

using a two-tailed paired t-test, and is reported in the scattered graphs as:

ns P > 0.05 (not shown)
* P <0.05
* P <0.01

= P<0.001
= P £0.0001

91



CHAPTER 3

ESTABLISHMENT OF THE TOOLS REQUIRED FOR TRACKING

OF CLONAL DYNAMICS OVER TREATMENT
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3.1 Introduction

In the past ten years xenograft mouse models of human leukaemia have
represented a unique tool to study diverse aspects of the disease, from basic
biology to more clinically relevant perspectives (e.g. the evaluation of novel
therapeutic drugs). Additionally, the injection and engraftment of leukemic cells
into mice has offered the possibility of in vivo amplification of patient samples, the
precious and scarce, but crucial material for leukaemia research (Meyer and
Debatin, 2011). These tumour graft models (also called patient-derived xenografts
or PDX) rely on the transfer, through different methodologies, of primary cancer
cells into, often preconditioned, immunodeficient recipients that do not reject
xenografts and support cell and tissue differentiation and growth (Siolas and
Hannon, 2013). The first mouse model ever developed for the purpose was a
strain carrying a mutation responsible for severe combined immunodeficiency
(SCID). Residual immunity in these mice does however result in low engraftment
efficiency. SCID mice were therefore backcrossed with non-obese diabetic mice
(NOD/Lt) to generate the so-called non-obese diabetic/severe combined
immunodeficiency (NOD/SCID) strain. These mice lack functional mature B and T
cells, carry defects in the natural killer cell population and are impaired in their
complement and macrophage functionality. They are therefore more permissive to
engraftment of both normal and malignant human hematopoietic cells, particularly
towards more aggressive patient samples. Since the early 2000s the development
of mouse strains with defective innate immunity and absent natural killer (NK)
activity, due to a defect in the interleukin-2 receptor gamma chain (IL-2Ry), namely
NOD/SCID/yc™" (NOG) and Rag2™'yc™" (NSG) (nearly identical but in NSG mice

the y-chain receptor is completely knocked down, while in NOG mice the
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intracytoplasmic tail is truncated), has allowed disease penetrance to reach even
higher levels, and also facilitated in vivo generation of properly differentiated
multilineage human hematopoietic cells upon HSC transplantation (Ito et al., 2012;
Meyer and Debatin, 2011). The increased permissiveness of these most recent
models had a large impact on the estimated frequency of leukaemia stem cells
(LSCs), and therefore on the debate over the veracity of the cancer stem cell
(CSC) model (Cobaleda et al., 2000). Similarly, it is possible that the xenograft
model adopted could also influence analysis of the evolution of genetic subclones
in ALL disease progression. It is however reassuring that NSG mice transplanted
with lymphoblastic or myeloid leukaemia samples were previously reported to
retain the overall phenotypic and genotypic characteristics of the original tumour
(Cox et al., 2004; Sanchez et al., 2009). Additionally, clonal diversity of paediatric
B-ALL, as well as of other blood and solid malignancies, was shown to be
preserved upon serial transplantation into NSG mice. These reports strongly
support the suggestion that an epigenetically uniform population of CSC (or LIC)
can be genetically diverse, validating the potential of PDX models for the study of
genetic heterogeneity. Prevalence within the bulk population of individual
subclones was however suggested not to remain necessarily stable upon
engraftment, pointing out that these might differ in their repopulation ability. Such
functional heterogeneity might be determined not just by the intrinsic oncogenic
potential of most of transplanted clones, but also to the lack of a strong system-
specific selective pressure (Anderson et al., 2011; Clappier et al., 2011; Notta et
al., 2011b; Piccirillo et al., 2009; Schmitz et al., 2011). The permissive cellular
environment provided by these immunodeficient mice is in stark contrast with the

selective pressures that the cancer is challenged with during treatment of
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leukaemia in patients. Understanding the behaviour of different subclones in
response to chemotherapy in an in vivo setting is therefore of fundamental
importance both from the perspective of seeking insight into the basic biology of

the disease and from a clinical standpoint.

This thesis describes the establishment of a mouse model for the in vivo
treatment of primary TEL-AML1+ leukemic cells. The model allows for the
characterization of the role of intratumour genetic heterogeneity and the dynamics
of different subclones, which may possess distinct functional features, in sensitivity

and resistance to chemotherapy, and ultimately in relapse.

It is unclear whether the rare leukaemic cells that survive chemotherapy in
patients are inherently more resistant to treatment-induced cytotoxicity,
determined by their specific genetic aberrations, or whether they persist by chance
alone. These two models, deterministic versus stochastic survival, are difficult to
distinguish through the analysis of primary samples alone. Because a mouse
model allows for challenging the same patient samples with chemotherapy
multiple times, it serves as a unique tool to test whether the survival of TEL-AML1*
leukaemic cells is deterministic or stochastic. The model also serves as a tool to
aid dissection of the mechanistic basis for the possible differential sensitivity of

some TEL-AML1" leukaemic cells to chemotherapy.

Such a study clearly relies on the establishment of a robust model for the in
vivo development of malignancies genetically resembling the leukaemia of origin,
as well as on the establishment of an effective treatment protocol and a reliable
single cell approach to track clonal dynamics over time and treatment. An obstacle

to the first is the observation that, even when transplanted in highly permissive
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mouse strains, not all primary leukaemia samples display equal engraftment
properties (Meyer et al., 2011). Given this observation, a preliminary screening of
the ability of collected candidate TEL-AML1+ samples to in vivo propagate the

disease was performed early on to identify samples suitable for the study.

Subsequently, we sought to establish a treatment regimen, analogous to
the induction phase of the clinical treatment of childhood ALL, to produce in vivo
partial remission. The clinical management of childhood ALL, structured in three
different phases, induction, consolidation/intensification and maintenance, focuses
on control of bone marrow and systemic disease, while preventing leukemic cells
from spreading to other sites, particularly the central nervous system (CNS). In
total the therapy lasts 2-3 years. The induction phase of the treatment achieves
most of the leukemic cell killing. Subsequently, the other phases aim at preventing
the regrowth of any remaining tumour. Current regimens for the induction phase
use a combination of vincristine (VCR), a glucocorticoid, and L-asparaginase
(ASP), with or without anthracycline (Figure 1-5). Two studies were priviously
published that adopted a VXL-DEX-Asp (Vincristine/Dexamethasone/L-
Asparaginase) regimen for the preclinical evaluation in xenograft models of the
efficacy of a new compound (ABT-737 a Bcl-2/Bcl-xL-Bcl-w inhibitor) in
comparison or in addition to standard treatment. In these studies, both run by the
same reseach group, NOD/SCID mice were inoculated via tail vein with 2.5x10°-
5x10° cells from a panel of ALL samples. When the percentage of hCD45+ cells in
the peripheral blood reached 1%, those mice assigned to the standard treatment
group were administerd a combination of vincristine 0.15mg/Kg in saline once per
week, dexamethasone 5mg/Kg in saline Monday-Friday, and L-Asparaginase

1000IU/Kg in saline Monday-Friday, for four weeks via IP administration (Kang et
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al., 2007). This treatment was efficient in causing delays in individual disease
progeression, and the magnitude of the response correlated with patient outcome.
However, higher drug doses (VCR 0.25mg/Kg, DEX 7.5mg/Kg and ASP 2500
U/Kg) resulted in high toxicity to the mice both when the drugs were administered
in combination and upon L-asparaginase administration on its own (Szymanska et
al., 2012). In contrast to these observations, a previous study had shown that both
vincristine at even higher dose, 0.5 mg/Kg, and dexamethasone at an intermidiate
dose 5mg/Kg did not cause any unwanted toxicity (Liem et al., 2004). Interestingly,
when administered as single agents at the attenuated dosages, L-asparaginase
and dexamethasone, but not vincristine, were ineffective (Szymanska et al., 2012).
This observation was confirmed in a study, in which L-asparaginase (7500 IU/Kg)
not only had no single-agent anti-leukemic effect in treatment of murine Ph+ ALL,
but did not further enhance dexamathasone-dependent event free survival (EFS)
either. The same work showed dexamethasone to be effective when administered
orally at 6mg/L for the first week and at 3mg/L for an additional week (Boulos et
al., 2011). In light of the work previosly pubblished we shaped our treatment
regimen to include the administration of both vincristine and dexamethasone. L-
asparaginase was not added to the treatment backbone due to its reported poor
efficacy and high toxicity. Xenograft mice engrafted with CD34" cord blood cells
were used for the establishement of a preliminary chemotherapy regimen, which

was subsequently further refined on patient-derived xenograts (PDXs).

Finally, the proposed characterization of intratumour clonal dynamics in
TEL-AML1" ALL requires the scrupulous genetic examination of cancer cells at
single cell resolution. For this purpose, we adopted a multiplex fluorescence in situ

hybridisation (Martinez et al.) approach. Four probes were custom designed and
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produced by Cytocell to simultaneously hybridize to PAX5, P16, AML1 and TEL
genes within an individual cell. The probes, described in detail in the materials and
methods section of this thesis, were directly labelled with Aqua, Gold, FITC, and
TexasRed fluorochromes respectively. The combinatorial use of the four probes
(mFISH) allowed for the description of the allelic status of each of the selected
genes (mono- or bi-allelic deletion, as well as amplification). Copy number
variations of these represent the frequent second hits of the leukaemia. The TEL
and AML1 probes in particular enabled the characterization of multiple variants:
presence of the fusion and its reciprocal (founder event of the leukaemia),
duplication or deletion of the fusion, deletion of TEL and amplification of AML1 and

chromosome 21.

3.2 Results

3.2.1 Selection of 6 TEL-AML1" primary samples with in vivo
engraftment potential

27 NSG mice (10-16 weeks old) were sublethally irradiated and intrabone
(tibia) injected with 2*10° freshly thawed cells from the diagnostic bone marrow
aspirates of 11 patients (duplicate or triplicate mice injected with each cell
inoculum) (Table 3-1). As the orthotopic transfer of cells directly into the bone
marrow niche was previously shown to lead to higher engraftment frequencies,
this methodology was preferred to the also widely exploited IV (intravenous)
injection. The poorer engraftment efficiency linked to IV injections is attributed to
the challenging homing process that cells injected via this route have to undertake.

First they enter the circulation through the blood and extravasate through the
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marrow vasculature, following which they must migrate to a supportive bone
marrow (BM) niche (Mazurier et al., 2003). Of note, preconditioning the mice by
irradiation is believed to improve engraftment as it favourably modulates the
murine environment. However, the transplanted mice often undergo a 5-10 day
irradiation sickness period, from which they typically recover within 14 days
(Duran-Struuck and Dysko, 2009). During the experiment described here, 6 newly
transplanted mice did not recover from the irradiation morbidity, and had to be
euthanized by day 21. The remaining mice were culled 12 weeks post-
transplantation. Their bone marrow was analysed by flow cytometry for the
presence of cells positive for the human antigen CD45, a molecule that labels
human cells of all hematopoietic lineages with the exception of mature red cells.
Additionally, the expression of mouse CD45 (mouse hematopoietic cells) was also
analysed. The ratio beetween human and mouse cells in the BM is indicative of
the agressiveness of the disease with higher proportion of human cells signalling
more advanced leukaemia, and more effective suppression of any residual mouse

haematopoiesis.

Of the 9 samples analysed, only five, pt11, ptB ptD, pt1988 and pt 2278, led to
manifestation of overt leukaemia in one or multiple recipients. The remaining
PDXs did not display any sign of disease within the observation time (Table 3-1).
Engraftment failure was defined as <2% human cells in the BM at 12 weeks post-
transplantation (Figure 3-1a). With the exception of 2 PDX injected with patient C,
all engrafted mice showed high levels of engraftment, with >25% human cells
(Figure 3-1b). Of the three mice injected with primary cells from pt.C, two
displayed low levels of engraftment and a third did not display any engraftment by

week 12. It is however possible that with longer observation times (e.g 20 weeks)
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and by injecting a higher dose of leukemic cells (at least 1*10°), almost all samples
would ultimately engraft, and show in vivo disease manifestation. In fact, in
subsequent experiments low engrafted mice (1-3% at week 12 post-engraftment)
did dispay fast progression of the disease when mantained for longer time, up to
week 20. Additionally, upon injection of a standard number cells from pt.111, 6 out
of 12 (4 mice euthanised early) new recipients developed leukaemia by week 16

(<20% human cells in 4 of 6 mice).

11 2 1 1
72 2 1 0
76 2 1 0
107 2 1 0
111 2 1 0

B 3 3 3

C 3 3 2

D 3 2 2
1988 D 3 3 3
2278 D 3 3 3

Table 3-1: Selection of TEL-AML1+ samples for in vivo studies. 27 NSG were
sublethally irradiated and intrabone injected with 2*10° thawed cells from 11
different patients (duplicate or triplicate mice for each sample). The number of
mice injected for each patient, the number of mice analysed, and the number of

those engrafted is reported.
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Figure 3-1: Representative FACS plot of the bone marrow of a non-engrafted
(A) and an engrafted (B) PDX. Live cells were gated on the basis of DAPI
exclusion, and then dissected into human (hCD45 AF-700") and mouse cells

(mCD45 FITCY).

Additionally to samples tested in this experiment, two specimens, whose
engraftment ability and heterogeneity were previously characterized, were
obtained courtesy of Prof. Mel Greaves. The samples were part of a collaborative
study on intratumour heterogeneity of ALL published in 2011 in Nature, and

discussed in the introduction to this thesis (Anderson et al., 2011).
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3.2.2 Establishment of a chemotherapy regimen for the in vivo

treatment of patient-derived xenografts

3.2.2.1 A cord blood trial

A trial experiment was set up to test tolerance of the NSG mice, to 4 weeks
of treatment with Vincristine and Dexamethasone, administered either as single
agents or in combination, as well as the cytotoxicity of the regimen on engrafted
cells. Given the evidence from previous studies suggesting that L-asparaginase if
more toxic than efficacacious, this drug was excluded from our regimen. To avoid
wasting any precious material, human cord blood cells, rather than leukemic cells,

were used for this preliminary experiment.

Twelve NSG mice were sublethally irradiated and transplanted with 1.6x10°
CD34-enriched cord blood cells. After 5 weeks, bone marrow aspirates were
obtained from each mouse, and assessed for level of human engraftment. In
addition to being analysed for viabilty and hCD45 expression (human
hematopoietic cells), cells were also stained with a cocktail of 6 antibodies
recognizing lineage-specific and differentiation markers: mCD45 (mouse
hematopoietic cells), hCD19 (B-lymphocytes), hCD33/CD15/CD66b (myeloid cells)
and hCD34 (early hematopoietic progenitors) (Figure 3-2). All mice showed very
high level of total human engraftment (between 68.7 and 98.6%). The majority of
human cells in the marrow were CD19+ B cells, with the remaining cells
composed of CD33+ myeloid cells. A well defined CD19°CD33/CD15/CD66b

CD34"population cells was also detectable.
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In accordance with the project license under which the experiments were

carried out, treatment administration was only started seventeen days after

engraftment was confirmed. This strategy allowed for an additional BM aspirartion

to be performed just 5 days after the start of treatment, offering insight into early

effects of chemotherapy. A final picture of the overall efficacy of the regimen was

exepected from the analysis of total bones engraftment at the of treatment (day

28). Moreover, in an effort to obtain as many “real-time” data points as possible,
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mice were bled two days before the administration of the first dose to evaluate

peripheral engraftment levels prior to their exposure to the drugs. The same was

also performed near the end of the third week of treatment (Figure 3-3).
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Figure 3-3: representative FACS

#Events %Parent %Total
s Wl plot of the peripheral
23124 89.4 402 .
Slis  ZHt tes analysis prior to treatment. Live
7,845 96.3 137

an S8 4 cells were gated on the basis of

19 0.2 0o

ar 5 i DAPI exclusion, and then subdivided

between human (hCD45 AF-700%)

and mouse cells (MCD45 PO"). Within human cells we looked at B-lineage cells
(CD19 PE"), subdivided on the base of differentiation status (CD34 APC
expression), and myeloid cells (CD15-CD33-CD66b").

As expected, the percentage of human cells in peripheral blood prior to treatment

was lower than in bone marrow, with most cells belonging to the B lineage.

Myeloid and primitive cells were barely detectable (0.2-13% and 0.7-3.7% of
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human cells respectively). A scheme of the treatment and sampling plan is
presented in figure 3-4, and bone marrow and blood engraftment levels for each

mouse are reported in table 3-2.

[ 1.6*10° CD34* CORD BLOOD cells ]

U

[ Irradiation and INTRABONE INJECTION ]

N

[ 5 weeks BM ENGRAFTMENT CHECK Day-17 ]

U

[ 7 weeks BLOOD ENGRAFTMENT CHECK Day-2 ]

3 mice 3 mice
[NO CHEMIOTHERAPY ] Day 0 [ VINCRISTINE+DEXAMETHASONE ]
3 mice 3 mice
DEXAMETHASONE VINCRISTINE
3mg/L in drinking 0.15 mg/kg IP once
water week
Day 5 BONE MARROW ]

[ TREATMENT ]\
Dexamethasone 6mg/L in drinking water
Day 14 [ TREATMENT }ﬁ Vincristine 0.3 mg/kg IP once week

BLOOD ]

TREATMENT D_exa_mgthasone 6mg/L in drinking water
Vincristine 0.5 mg/kg IP once week

BONE MARROW
Day 28 [ (mice sacrificed) ]

Figure 3-4: Experimental design diagram. The experiment was designed to
allow for monitoring of the leukemic burden during and following treatment by
estimating the proportion of hCD45" cells in murine bone marrow and peripheral
blood. The frequency at which bone marrow aspirates and blood samples could be
taken was dictated by rules stated in the project license. Each specimen collected

informed the following adjustments to administered drug doses.
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Mice were then randomized to receive drug or control treatment. Three
mice each received vincristine (0.15 mg/Kg), or dexamethasone (3 mg/L), three
received a combination of the two and another three mice did not receive any
compound. Vincristine was administered to the mice via IP injection once per
week, while dexamethasone was dissolved in the drinking water. As planned, 5
days later a bone aspiration was performed to evaluate early treatment effects on
total human CD45" and on lineage specific cells in the marrow. Surprisingly, none
of the regimens proved effective at this stage, as no significant global cytotoxic

effect was detected in any of the mice (Table 3-2).

Given this observation, the same mice were subsequently administered an
increased dosage of vincristine, 0.30 mg/Kg IP, and dexamethasone, 6 mg/L
dissolved dissolved in water, for an additional two weeks of treatment (IP
injections on Day7 and Day14). On day 18 the analyses of human peripheral blood
engraftment revealed no significant increase in cytotoxicity (Table 3-2). The
proportion of hCD45" cells in the blood of the mice was stable or even higher than
it was prior to drugs exposure. Consequently, on the last week of treatment (IP
injection on Day 21) mice were injected with an even higher dose of vincristine,
0.50 mg/Kg IP. The does of dexamethasone was mantained at 6 mg/L dissolved in
the water as this dose was in fact previously published as highly effective and to
result in plasma concentrations at least as high as those used in human patients
(Liem et al.,, 2004). Two days prior to the end of treatment one of the mice
exposed to dexamethasone experienced treatment-unrelated morbidity and was
sacrificed. The bones were collected and marrow cells frozen down. On day 28 all
mice were sacrificed, their bones harvested and bone marrow cells analysed by

FACS.
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BM BLOOD BM BLOOD BM
TREATMENT | ENGRAFTMENT | ENGRAFTMENT | ENGRAFTMENT | ENGRAFTMENT | ENGRAFTMENT
day 0 % day -14 % day -2 % day 5 % day 18 % day 24

Table 3-2: Bone marrow and blood engraftment percentages of each mouse.
Engraftment levels defined through FACS analysis as the percentage of hCD45"
cells within the total population of cells back gated on scatter, singlet and viability.
Bone marrow aspirates and peripheral blood samples were obtained twice each
(Day-17/Day5 and Day-2/Day18 respectively), once before and once during
treatment administration, and informed therapeutic decisions. At the end of the
experiment bones were harvested and total bone marrow analysed. One of the
dexamethasone treated mice displayed clear signs of morbidity and had to be
sacrificed prior to the end of treatment (3™ row mouse). Data from this mouse are
reported in the table but were not considered for any of the subsequent analysis,
as upon FACS evaluation most cells were found to be dead.

Total bone marrow engraftment was finally decreased compared to pre-
treatment levels (Table 3-2). As expected, control mice did not experience any
significant variation in engraftment levels during the course of treatment.
Dexamethasone displayed higher single agent cytotoxicity than vincristine, proving

about 10-fold more effective. When the two drugs were administered in
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combination, their effects were additive and provided the greatest anti-leukemic
activity. Bone marrow engraftment of mice treated with this combination of drugs
was on average 93% on Day 17, 88% on Day 5, and 25% on Day 28, which

marked the end of treatment. (Figure 3-5).

EZ] BM ENGRAFTMENT % day -14
E=] BM ENGRAFTMENT % day 5

100 E=] BMENGRAFTMENT % day 28

504

% hCD45*

Figure 3-5 Drugs cytotoxic activity as estimated by the reduction in human
CD45+ bone marrow engraftment. Bone marrow repopulation data prior to
treatment, on treatment day 5, and at the end of the experiment, when mice were
sacrificed and bones harvested. Drug dosages were modified along the course of
treatment according to their cytotoxic activity on bone marrow or blood
populations. Data are the mean (x SD) of 3 mice per group with the exception of

dexamethasone single-drug treatment (2 mice only).

The analysis of lineage-specific and differentiation markers allowed for the
assessment of the sensitivity of different human cell populations to treatment

(Figure 3-6).
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While vincristine, administered as a single drug was not particularly
effective against any specific cell lineage, dexamethasone showed preferential
activity toward B cells. Stem-like cells, on the other hand, dispayed high resistance
to vincristine alone or in combination. This observation is most likely related to the
quiescent nature of stem cells, which makes them resistant to chemotherapeutic

agents, like vincristine, that act on cycling cells (Lutz et al., 2013).

As shown in the representative FACS plots (Figure 3-7), dexamethasone
treatment was particularly cytotoxic to early B cells, 6-fold more effective than on
mature B cells. This phenomenon was previously reported, and studies have
shown that this drug equally affects pro-, pre-, and immature B cells of the bone
marrow (Gruver-Yates et al., 2014). Because differences in GR expression levels
represent a major determinant of cell sensitivity to glucocorticoids, the observation
that mature lymphocytes cointain 2500-5400 GRs/cell, while GR levels in
lymphoblastoid cells range between less than 1000 to greater than 20,000, was
suggested to at least partially explain the data (Estlin et al., 2000). In accordance
with this data, GR receptor levels in children with early pre-B and pre-B ALL were

reported to be on average two-folds higher than in children with T-ALL or B-ALL.
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Figure 3-7: Representative FACS plots showing in vivo preferential cytotoxic
activity of dexamethasone to proB cells. CD34 staining on the x-axis and CD19
staining is displayed on the y-axis . CD19"CD34" population is drastically reduced

upon treatment with dexamethasone.

3.2.2.2 Test of the treatment protocol efficacy on primary cells.

Following the good response of mice to the previously administered
treatment, a new test experiment was set up to evaluate the effect of similar
regimens on primary leukemic cells. The need for this second experiment was
dictated by the differential nature of cord blood and leukemic cells. CD34" cord
blood cells do produce multilineage reconstitution upon injection into mice.
However, while most cells can be identified as CD19" B cells, their differentiation
has, for the most part, progressed beyond the pro-B stage, and they do no longer
co-express CD34 antigen. In contrast, expression of TEL-AML1 in human cord

blood progenitor cells was previously proven to lead to the expansion of a
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preleukaemic cell population with an early B lineage phenotype (CD34'CD38~
"o"CD19%), which bears a differentiation deficit that results in reduced mature B
cell production in the marrow (Ford et al., 2009; Tsuzuki et al., 2004). Furthermore,
the phenotypic analysis of TEL-AML1" leukemic samples has shown that
CD34'CD38'CD19" pro-B-like cells together with an aberrant and rare
CD34*CD387°"CD19"* population account for the majority of leukemic cells in the

neoplasia (Hong et al., 2008; Kong et al., 2008).

With this data in mind, and given our previous observation of the higher
sensitivity of B-cells to dexamethasone, we sought to furter refine our pre-tested
two drug regimen on likely differentially sensitive leukemic cell populations. 12
NSG mice were sublethally irradiated and injected with leukemic cells derived from
pt.7. The cells used in this experiment were isolated from previously generated
primary xenografts. The mice were analysed for human engraftment twelve weeks
post-injection. Because only very low levels of human engraftment were detected
in the bones of all mice, animals were maintained for an additional four weeks and
then sampled again. This time hCD45" cells ranged from 18.50% to 86.50% of all
viable cells. Mice were at this point assigned to 4 treatment groups: untreated
controls (2 mice), treated with 0.15 mg/Kg vincristine 3 mg/L dexamethasone (2
mice), treated with 0.30 mg/Kg vincristine 6 mg/L dexamethasone (3 mice), treated
with 0.50 mg/Kg vincristine 6 mg/L dexamethasone (3 mice) and treated with 0.50
mg/Kg vincristine 9 mg/L dexamethasone (2 mice). The four regimens, with the
exception of the 9mg/L dexamethasone dosage, were previously utilized in the
cord blood trial. In this new experiment, however, only 2 drug regimens were
employed, as this had proven the most effective. Mice were administered

treatment for four consecutive weeks, and then sacrificed. Long before treatment
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termination one of the mice assigned to the mildest regimen showed signs of
distress, most likely related to the leukemic burden, and was sacrificed. Post-
treatment analysis of the remaining mice showed surprising results. Independently
of how aggressively mice were treated, and of their initial engraftment level,
harvested bones of all recipients were cleared of all leukemic cells (Fig 3-8A,B).
However control mice, which were poorly engrafted four weeks earlier, display an
increase in human repopulation (Fig 3-8A,B). FISH analysis of human cells
harvested from control mice, with Vysis LS| TEL/AML1 ES Dual Color

Translocation Probe, confirmed the leukemic nature of engrafted cells (Figure 3-9).
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A) EXAMPLE OF CTRL MOUSE

Data Set 9: 5AM4 00006610 097
[P]FL7 INT / FL1 INT

1Q— + Q++

mFISH

1:)‘ 10° 10

FL7 INT

Gate Number %Total %Gated
All 51,805 44.89 100.00
Q- 7,275 6.30 14.04
Q+ 2,845 247 5.49
Q+ 41,522 35.98 80.15
Q++ 163 0.14  0.31

B) EXAMPLE OF TREATED MICE

Data Set 7: SAM10 00006612 099 Data Set 4: SAM14 00006615 102
, [X] FL7 INT / FL1 INT . [AJ] FL7 INT / FL1 INT

s Y+t AK-+ AK++
10 1024

- 104 5

|

* = AK+-

Ly

=

a

o T T o T T

E 10' 10° 10° 100 10 102 10
hCD45 FL7 INT FL7 INT

Gate Number %Total %Gated Gate Number %Total %Gated

All 13,081 24.87 100.00 All 22,798 31.15 100.00

Y-- 10,499 19.96 80.26 AK-- 19,090 26.08 83.74

Y-+ 2,541 4.83 19.43 AK-+ 3,652 499 16.02

Y+- 18 0.03 0.14 AK+- 21 0.03 0.09

Y+ 23 0.04 0.18 AK++ 35 005 0.15

Figure 3-9: Representative FACS plots showing human engraftment in a
control and two treated mice at the end of treatment. A and B: dot plots
present hCD45 (x-axis) against mCD45 (y-axis) . After four weeks of treatment
human cell were completely cleared from the bone marrow of treated mice (B).
Over the same period, control mice engraftment remained stable (or increased).
FISH with a Vysis probe against ETV6-RUNX1 fusion gene confirmed cells as
leukemic. The typical signal pattern displayed by positive cells is: 2 red (1 large not
visible as on a different focal plan, 1 small RUNX1 signal), 1 green (ETV6 allele
not involved in the translocation), 1 red/green (yellow) fusion signal corresponding
to the ETV6-RUNX1 fusion gene. In the represented cell 2 yellow signals are

detected but no red signal, indicating the presence of a duplication of the fusion.
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In light of the striking effect of four weeks vincristine and dexamethasone
administration on PDXs (complete clearance of engrafted leukemic cells from the
marrow), we proceeded to test a milder treatment regimen. 9 NSG mice were
sublethally irradiated and injected with primary leukemic cells from pt.3. Twelve
weeks later, BM engraftment was assessed, and treatment started. Mice assigned
to treatment groups were injected with a single dose of vincristine 0.50 mg/Kg and
exposed to dexamethasone 6 mg/L for either 3 or 7 days (3 mice each). Mice were
subsequently sacrificed at the appropriate time. Control mice (3 mice) were also
culled seven days later. FACS analysis of the harvested bones revealed 20% and
70% mean reduction in human engraftment among mice treated for 3 or 7 days
respectively, confirming the high chemosensitivity of childhood ALL cells to the
selected drugs concentrations. As expected, engraftment of control mice over the
treatment time span was stable or increased (Figure 3-10). After 7 of days
treatment with 0.50 mg/Kg vincristine and 6 mg/L dexamethasone, which left about
25% residual human leukaemic cells in bone marrow of mice, 5*10*, 8.7*10° and
8.7*10° hCD45" cells could be sorted from each of the PDXs, showing that, while
the selected regimen was highly effective in applying selective pressure on the
leukaemic population, isolation of survivor cells enough for analysis was still

possible.
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Figure 3-10: Effect of 3 and 7 days chemotherapy regimens on primary pt.3
leukaemia cells. Mice were inoculated with 2*10° cells from pt.3, monitored for
engraftment, and treated with 0.50mg/Kg vincristine (single IP injection) and 6mg/L
dexamethasone (oral, dissolved in drinking water for either 3 or 7 days) in
combination. The graphs show the flow cytometric evaluation of the %hCD45"
cells of total murine mCD45" plus human hCD45" in the BM of recipient mice at
the time of engraftment and post-treatment. The values represent means (+ SD) of

8 mice per group.

3.3.3 Analysis of interphase nuclei and evaluation of the analytical
sensitivity of the FISH assays

Before proceeding to the evaluation of clonal heterogeneity in samples
selected through our xenograft models, we tested our probes on a normal
karyotype specimen and on REH, a childhood ALL cell line which bears TEL-
AML1 translocation (Fig 3-11). The probes, produced by Cytocell as directly
labelled with Aqua, Gold, Fitc, and TexasRed fluorochromes, allow the
simultaneous evaluation of copy number variations of PAX5, P16, AML1 and TEL

genes with single cell resolution. As shown in figure 3-11, in a normal karyotype
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individual two signals each can be detected for the four probes in both metaphase
and interphase cells. In REH cells however, a fusion signal (yellow signal resulting
from the overlap of AML1 in red and TEL in green) can be detected in both
interphase and metaphase cells. Additionally, these cells display amplification of
the residual allele of AML1 (two additional red signals are detected), as well as
homozygous loss of P16 (no orange signals), an observation in line with previous

reports (Shah et al., 2001).

Normal individual

Figure 3-11: Four-colors (+DAPI) mFISH test. Test of the FISH probes on cells
from a normal karyotype individual (A) or REH cell line (B) carrying TEL-AML1
translocation. PAX5-Aqua (blue), P16-Gold (orange), RUNX1-Texas Red (Red)
and TEL-FITC (Green) probes were hybridised to harvested karyotype
preparations. 1 metaphase and one interphase cell are shown for each specimen.
REH cells carry a homozygous deletion of p16, therefore no orange signal is

detected in the nuclei.
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The analysis of metaphase cells, which allows chromosome separation and
identification, while potentially more informative, does require overnight culturing of
proliferating cells in presence of Colcemid, a mitotic spindle inhibitor.
Unfortunately, primary ALL cells, as many other types of primary cells, are
extremely difficult to maintain in culture and barely proliferate in vitro. Therefore
only interphase cells were analysed in subsequent experiments. Scoring was

performed following the guidelines presented in figure 3-12.

Scored as 2 signals

Scored as 3 signals

Scored as 4 signals

OO0
OO0
IO

@ Scored as 1 signal

Figure 3-12: Schematic representation of scoring criteria. Shown in the
illustration are typical hybridization signal configurations referring to an individual
locus-specific probe. Only signals that are more than one signal width apart are
evaluated as distinct. Nuclei that have passed through the S phase of the cell
cycle may in fact be present as G2-paired signals (i.e., two smaller signals in very
close proximity). Signals joined by a string of hybridization are also considered as
one signal. Large probes, as the ones used for the study, can sometimes appear
as fused signals straddling both chromatids. In interphase nuclei these probes can
generate signals that present more diffuse or dispersed hybridization spots in the

chromatin of interphase nuclei.
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To establish cut-off levels of false positivity of individual and combined copy
number variations (CNA), we scored 250 interphase nuclei representing three
distinct positive control samples: unenriched PBMCs from normal peripheral blood,
as well as CD19-enriched cells from the bone marrow of two normal karyotype
individuals. The nuclei were scored and the percentage of nuclei exhibiting the
appropriate number of distinct signals was calculated (Figure 3-13). The
recommended analytical sensitivity for probes adopted in standard diagnostic
studies using FISH is 90%. However, when probes are intended to detect
mosaicism, as well as for detection of minimal residual disease, sensitivities 295%
are preferred. Reassuringly, all of the tested probes performed accordingly, and no
false positive rate exceeded 3% in an individual experiment, and 2% when data
from multiple experiments were averaged. Random co-localization of TEL (or
ETV6) and AML1 (or RUNX1) probes, while still within the target sensitivity range
295%, was however detected in a higher percentage (3.74% on average) of
normal cells. False positive rates for the co-occurrence of any two abnormalities
were estimated to be 0.45%. Using inference from the single probe copy number
variation found through scoring, the combinatorial probability rate for these two
probes was estimated to be 0.35%. This data allowed the establishment of a 2%
cut-off level for four-colour FISH, which we subsequently adopted in all
experiments. Subsequent analysis of leukaemia samples would later highlight the
existence, in several cases, of intermediate subclones, below the set threshold of
2% frequency (1-2%, at least three cells), displaying higher frequency in separate

recipients.
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PBMC from normal peripheral blood

Random
Hemizygous Homozygous Gain of Gene Gain of colocalization Any
Gene/ loss of 1 lossof 2  1signal fusion fusion Etv6 and Runxl two
region signal % signals % % % % % CNA
ETV6-
RUNX1 - - - 0.00 0.00 4.50
1.00 0.00 1.00
0.01% as scoring
1.00 0.00 0.50
0% as actual count
0.00 0.00 0.00
1.00 0.00 0.00
CD19+ cells from normal BM
Random
Hemizygous Homozygous Gain of Gene Gainof colocalization  Any
Gene/ lossofl lossof 2 1signal fusion fusion Etv6and Runxl two
region signal % signals % % % % % CNA
ETV6-
RUNX1 - - - 3.07
2.63 0.00 2.63
0.07% as scoring
0.88 0.00 0.00
0.87% as actual count
1.32 0.00 0.00
2.63 0.00 0.00
AVERAGE
Hemizygous Homozygous Random
Gene/ lossof 1signal lossof2  Gainof1 Gene Gainof colocalization Etvé Any two
region % signals % signal % fusion % fusion%  and Runxl % CNA
ETV6-
RUNX1 - - - 0.00 0.00 3.74
1.87 0.00 1.87
o -
0B 0G0 028 i 0.35% probability
0.45% scoring
0.70 0.00 0.00
1.87 0.00 0.00 - - - =

Figure 3-13: Cut-off levels for CNA variations false positivity. Cut-off levels
were established by scoring of 250 nuclei from three normal karyotype individuals.
Values are the mean percentage of nuclei exhibiting an aberrant number of distinct
signals. Scoring of the slides for the incidence of any combinations of false
positive signals, as well as probabilistic calculation of event incidence based on
single CNA data allowed the evaluation of overall analytical sensitivity of four

colour FISH with the relevant probes set.
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3.3 Discussion

The aim of this project is to establish a xenotransplantation model of ALL
that would serve as a platform for the characterisation of genetically driven
mechanisms of chemo-resistance in this disease. By in vivo exposure of
genetically heterogeneous leukaemia populations to chemotherapy agents
routinely used in treatment of the childhood disease, we aimed at bringing to light
key and clinically relevant functional properties of leukemic cells. Such a model
promises new insight into the relevance and the key aspects of intratumour
genetic heterogeneity for standard clinical practice, and would also serve as a
platform for additional mechanistic studies aimed at identifying new strategies for
eradication of resistant clones. The model relies on the establishment of multiple
PDXs, on the optimisation of a reliable induction-like treatment protocol, and on

the development of a single cell resolution technique for tracking clonal dynamics.

A preliminary screening of the engraftment ability of 11 TEL-AML1+ ALL
samples identified 5 samples with leukaemia initiating properties. Previous studies
looking at engraftmernt properties of B cell precursor ALL, AML and T-ALL in
mice injected with higher cell numbers of fresh cells (1-10*10° blasts per mouse),
reported engraftment failure in 4/39 (10.25%) B cell precursor ALL, 1/11 (9.09%)
AML and 1/4 (25.0%) T-ALL samples. The median time to engraftment was about
10 weeks for both B cell precursor ALL and AML, and 6.8 weeks for T-ALL blasts.
In this setting, engraftment of mice injected with low numbers of blasts, as
detected 620 weeks post-injection, was poorer, suggesting that when limited
number of cells are transplanted engraftemnt efficiency might reflect the original
disease aggressiveness and is possibly indicative of clinical outcome (median: B-

ALL: 25.4%, AML: 34.6%, T-ALL: 37.5%) (Woiterski et al., 2013). Among samples
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selected for further experiments specimens from pt.1988 and 2278 were isolated
from leukaemias that had progressed to relapse. Relapse samples, as well as a
treatment timepoint (d8) for pt.2278, were also obtained from both patients and
were available for further analysis. Unfortunaly, even though PDXs of pt.B
dispayed good engraftment, cell numbers for this sample were limiting. However,
two additional samples (from pt.3 and pt.7) were obtained courtesy of Prof. Mel
Greaves, for a total number of 6 engraftment-competent primary diagnostic

leukaemia suitabable for the study.

In order to establish an induction-like treatment regimen, which, while being
effective in killing the maijority of leukemic cells, would allow to uncover any
concomitant genetic bottleneck selection process, we first evaluated the safety
and efficacy of vincristine and dexamethasone chemotherapy on cord blood cells.
Subsequently, we optimised treatment regimens for leukaemic TEL-AML1" cells,
and report on their high sensitivity to treatment compared to cord blood. Four
weeks of single- or double-agent treatment was administered to mice with
multiliage engraftment, identifying the two drug regimen as highly effective due to
the additive activities of dexamethasone and vincristine. Analysis of engraftment in
the blood and bone marrow of the mice throughout the course of treatment
validated that a dose-escalated regimen of 0.50 mg/Kg of vincristine and 6mg/L of
dexamethasone, achieved the required cytotoxicity. Starting from an average total
BM engraftment of around 93%, CD45" human cells represented just 25% of all
viable hematopoietic cells at the end of the experiment. Reasurringly, no evident
signs of elevated treatment morbidity were detected. Upon administration of the
same regimen to mice engrafted with primary leukaemia cells, no leukemic cells
survived within the bone marrow of any of the mice by the end of the fourth week

of chemotherapy. This observation, which is in line with the excellent prognosis
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of TEL/AML1-positive ALL (Rubnitz et al., 1999; Zuna et al., 1999), forced us to
redesign our treatment protocol to cover a shorter drug administration period.
When pt.3 engrafted mice were administered 0.50 mg/Kg of vincristine (single
injection) and 6mg/L of dexamethasone for seven days human cell in the BM
reduced by 70%, highligting the suitability of the newly modified regimen for future

studies.

Analysis of clonal dynamics of TEL-AML1" ALL in our mouse model
required establishment and optimization of four colour FISH. Copy number
variations in TEL-AML1, TEL, AML1, p16 and PAX5 genes, were selected as
markers to dissect clonal heterogeneity and track the fate of individual subclones
over treatment. Evaluation of the analytical sensitivity of each probe and that of the
overall assay established that any clone detected in the population with a
frequency of 22% would fall within confidence range. The 2% threshold was in line
with cut-off levels previously established by Anderson et al, for three colour FISH
with a similar set of probes. In this case, use of a fourth probe increased the cut-off
to 6.9%, due to spectral overlap between Texas red (used to detect digoxigenin-
labelled probes) and Spectrum orange (used to label RUNXT in the commercial
ETV6—-RUNX1 ES probe). For this reason, earlier analyses were mostly carried
out through three-colour FISH (Anderson et al., 2011). While spectral overlap,
particularly between gold and FITC had proven problematic also in our hands,
through testing of multiple microscopy systems (described in the materials and
methods section) and filter sets, we were able to obtain sufficient dissection of the
contribution of individual fluorochromes to fluorescence in each channel, lowering

the threshold for four colour FISH to 2%.
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CHAPTER 4

IN VIVO TREATMENT OF 6 PATIENT-DERIVED TEL-AML1+

XENOGRAFTED LEUKAEMIAS
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4.1. Introduction

Genetic plasticity, or the ability of cancer to adapt as a result of continuous
accumulation of somatic mutations that create a substrate for selection, is one of
the hallmarks of cancer (Hanahan and Weinberg, 2011). Over the last decades
several reports have therefore elucidated the link between genotypic evolution and
phenotypic evolution of cancer, as well as the limitations it poses to standard
chemotherapy and precision medicine (e.g. emergence of drug resistant clones in
treatment of Ph+ patients with imatinib or dasatinib). However, it is only more
recently that we have learned that within individual cancers patterns of clonal
evolution that follow complex branching trajectories and lead to the co-existence of
multiple genetically diverse subpopulations competing for ascendency, are at least
as common as the more traditional linear model of sequential clonal expansions
(Bozic et al.,, 2010; Maley et al., 2004). While a natural corollary of these
observations is that intratumour genetic heterogeneity likely contributes to the
continuous reshaping of the malignancy landscape during disease progression,
particularly over treatment, the nature of the interaction between clonal evolution
and cancer therapy still remains unknown (Merlo et al., 2006), If preliminary
studies have collected evidence that chemotherapy might introduce de novo
mutations, actively participating in genetic diversification (e.g. in treatment of acute
myeloid malignancies), it is also expected that pre-existing sources of genetic
heterogeneity (or subclones), will participate in an over-treatment evolutionary
shifts (Ding et al.,, 2012; Parsons et al.,, 2008). Depending on factors like the
tumour type and its kinetics, as well as the nature of the treatment and its cytotoxic
efficacy, one might imagine that resistant clones could either be actively selected
by chemotherapy or survive treatment as the outgrowth of multiple diverse pre-

existing minor, but fit genetic variants. The first scenario of clonal evolution fuelled
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by treatment-induced selective pressure, exemplified by BCR_ABL T315] mutation
in CML, maybe particularly relevant to precision-based medicine aimed at
targeting particular genetic variants that might not be shared by all clones, thus
inducing evolutionary convergence at relapse of the clone bearing the resistance-
conferring mutation (Shah et al., 2002). The second scenario instead hypothesizes
that the emergence of more aggressive genetic subclones might be unlinked from
treatment-sensitivity and relate to treatment-induced mass-extinction effect (overall
reduction in the bulk tumour size), which, acting as a classic evolutionary
bottleneck, might reset clonal dynamic. It is in fact possible that depletion of the
dominant clone could shift the evolutionary landscape in favour of a more
aggressive variant (Landau et al., 2014). Such a model has found validation in the
observation that in CLL a higher preponderance of large subclones (>10% cancer
cells) can be observed in samples collected post-treatment compared to pre-
treatment specimens (Landau et al., 2013). While both described mechanisms are
likely to be at play to generate evolutionary shift in different contexts, the answer to
key questions, like which clones survive treatment and why, and whether

leukaemic clone survival deterministic or stochastic, are still lacking.

Only better comprehension of the relative fitness of clones in face of the
challenge of chemotherapy, and of the prognostic significance of the size of a
particular genetic variant will allow us to understand whether clones that survive
chemotherapy to emerge during relapse were intrinsically chemotherapy-resistant
(or more fit in the face of the challenge than other clones), or rather, have survived
by chance. To tackle this question, and contribute to scientific progress in the field
of cancer heterogeneity, particularly in the context of TEL-AML+ ALL, we decided
to make use of the model system and the single cell analysis method described in

the previous chapter of this thesis.
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Xenograft models have previously been used to shed light on the
hypothesis that the proportion of individual subclones within a patient sample
might reflect fitness differences dependent on clonal identity. It is however difficult
to obtain an answer to this question through the mere observation of clonal
heterogeneity within individual tumours, and even through cross-patient
comparison of tumours. Transplantation of samples from individual patients into
multiple mice was therefore adopted as the experimental approach to this
problem. The method has the potential to test whether leukaemia-initiating ability
is restricted to only one or a few subclones within a tumour, and whether the
proportions of engrafted subclones in the mouse reflected their proportions in the
patients. This work led to the observations that leukaemia propagating cells are
indeed genetically variegated, reflecting the overall heterogeneity of the tumour
bulk, and vary in their in vivo generating potential (Anderson et al., 2011; Kreso et

al., 2013).

While these studies gave us valuable insight into the relationship between
the genetic identities of the subclones and their disease-propagating abilities, the
ability to drive cancer growth does not necessarily correlate with sensitivity to
treatment. Assessing clonal dynamics in response to treatment is the object of this
thesis. To understand whether relapse in childhood ALL is linked to intratumour
genetic heterogeneity, either through selection of intrinsically treatment-resistant
cancer subclones, or through a process of size- (or probability-) dependent mass-
extinction and stochastic outgrowth of pre-existing aggressive minor genetic
variants, we have therefore exploited our previously established in vivo model. By
challenging the same heterogeneous tumour multiple times with the same

chemotherapy, we aimed at gaining enough statistical power to distinguish
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between deterministic and stochastic clone survival in the face of treatment

generated selective pressure.

4.2 Results

4.2.1 Experimental design

Having set up an effective treatment protocol, as well as a single cell-
resolution methodology to track clonal dynamics over treatment, we proceeded to
generate PDXs of 6 samples previously selected for their engraftment-
competency. We then expose them to chemotherapy. In order to obtain enough
statistical power, a large cohort of mice was injected with the same patient
inoculum. A fundamental characteristic of the experimental design was the
collection from each treated mouse, and control mouse, of pre- and post-treatment
samples for analysis, by mFISH, of treatment-induced changes to the overall

genetic heterogeneity landscape (Figure 4.1).
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Figure 4-1: Modified experimental design diagram. The original experimental
plan was adapted to the high sensitivity of the leukemic cells with administration of
a single course of chemotherapy. Mice were sacrificed 7 days post-treatment (3-
days in variations to the standard protocol). Human leukaemia burden was
evaluated by FACS analysis before and following treatment. At each stage, human
cells, defined as CD45" CD19", were cell sorted and harvested for mFISH.

Through statistical analysis of data produced by Anderson et al. on
diagnostic clonal heterogeneity regeneration across multiple pt.3 and pt.7 ALL
xenotransplantation recipients, it was possible to estimate that by including as
many as 10 mice in each treatment group all clones present in the diagnostic
material with a frequency of 1% or higher would likely be represented (engrafted)
and exposed to treatment in at least one or multiple recipients. Independent

exposure of most clones to chemotherapy in several PDXs was expected to allow
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for the distinction between genetically and stochastically driven mechanisms of

chemosensitivity and resistance.

Additionally, comparison of treatment survivor clones with those detected in
primary- and PDX-derived samples of patient 2278 day 8 MRD, and patients 2278
and 1988 relapse was hoped to fully reveal the potential of the mouse model.
Evidence for a similar genetic or stochastic bottleneck selection process taking
place over chemotherapy administration in matching patients and animal models
would allow the extrapolation of observation derived from the latter to reconstruct
the phylogenetic history of tumour seeding, survival to treatment and regrowth in

patients.

4.2.2 Treatment of PDXs of pt.3, pt.7, pt.D, pt.11, pt.1988 and pt.2278

In a multistep process, requiring at least two independent transplantation
experiments for each specimen, previously selected diagnostic BM samples were
injected into NSG mice, and subsequently exposed to treatment with vincristine
and dexamethasone. As in previous experiments, mice were preconditioned
through sublethal irradiation and injected with 2*10° cells per recipient. Twelve
weeks later engraftment levels were evaluated by BM aspiration and FACS
analysis (mCD45-hCD45-hCD19 staining). Successful BM aspirations provided
few thousands to few hundred thousands human cells. As downstream mFISH
requires the scoring of at least 250 stained nuclei, when less than 2000 cells were
retrieved, the procedure was, where possible, repeated a few weeks Iater.
Suboptimally engrafted mice (<40% engraftment) were maintained for an
additional 3-5 weeks before bone marrow sampling was performed again. In
experiments in which engraftment levels were very different among recipients,

downstream experimental procedures were completed at different times. If upon
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re-evaluation mice engraftment levels were still <40%, depending on engraftment
percentage, mice were either sacrificed (not engrafted) or included in the study
anyway (e.g. some recipients of pt.7 and pt.1988 cells). Typically, when
engraftment of human CD45" cells was higher than 40%, mice were assigned to

either treatment or control groups (Figure 4-1).

The treatment protocol backbone consisted of 6 days of a single IP injection
of 0.50m/Kg vincristine and 7-days oral administration of 6mg/L dexamethasone
6mg/L (Figure 5-1). Depending on the availability of primary cells, variations on
this protocol were also adopted in an attempt to establish a short kinetic of
leukemic cell killing, and thus obtain information as to dose and time related clonal
sensitivity. Additional xenografts of pt.3 and pt.7 were therefore treated with the
same regimen for a shorter time (3 days), while additional pt.11 xenografts were
administered a higher dosage of the drugs (0.60 mg/Kg vincristine and 12mg/L
dexamethasone) over the same duration of time (7 days). While being highly
effective on less sensitive leukaemia, this more aggressive regimen resulted in
high morbidity to the mice (more than 50% mice had to be humanely sacrificed

prior to experiment end point), and was therefore dismissed.

At the time of sacrifice tibias, femurs and pelvic bones were harvested from
each mouse, crushed, stained with a-hCD45 (AF700) and a-mCD45(FITC/PE)
antibodies, and analysed by FACS. Where hCD45 expression by leukemic cells
was evaluated as low, cells were co-stained with hCD19(PE/PE-Cy7) to confirm
the B-cell origin of the human CD45"" population. Human cells were flow sorted
and harvested for FISH. Only mice for which both aspiration and total bone

marrow sorting were successful were taken into account for analysis.
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Variable numbers of total human cells were retrieved from BM of treated
mice, 10*-10° depending on the leukaemia chemosensitivity. In the case of control
mice, 10® human cells were sorted from each recipient, while additional material
was banked for future experiments. In case of xenografts of pt.1988 and 2278, we
also harvested the spleen of several recipients. The organ was often enlarged,
and highly enriched in leukemic cells in control (untreated) mice, while the
splenomegaly was reverted in treated mice. Analysis of leukemic cells from
matching BM and spleen of control mice allows for the identification of clone-
specific migration and homing properties. In treated mice this also provides
information as to whether anatomically separated niches can provide chemo-

protection.

FACS analysis data presented in this chapter show leukemic burden, as
evaluated by estimate of the proportion of human CD45" in relation to total murine
(mCD45"%) and human (hCD45") cells, before and after treatment. Percentages of
human and mouse cells refer to values obtained after gating cell populations
based on FCS/SSC, doublets exclusion, and negativity for the viability dye

Hoechst 33258.

Among xenografts of pt.3 (Figure 4-2), a total of 24 mice injected with the
same inoculum were analysed. Recipients were treated with a single IP injection of
0.50mg/Kg vincristine and 6mg/L of dexamethasone by oral route, for either three
(8 mice) or six days (8 mice). Treated mice displayed dose-dependent reduction of
leukemic burden. In mice sacrificed after three days of exposure to chemotherapy,
human leukaemic engraftment in the BM was reduced to ~12% human cells
(significant) on average. Among the recipients of seven days of treatment the

reduction increased to ~70% human cells (significant). Within the same timescale
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(7 days) engraftment of control animals (8 mice) had remained stable or increased

to 100% human cells.
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Figure 4-2: In vivo response of pt.3 xenografts to by 3 or 7 days treatment
with VCR and DEX. Mice (10-16 weeks old) were inoculated with 2*10° cells from
pt.3, monitored for engraftment, and treated with vincristine (0.50mg/Kg, single IP
injection) and dexamethasone (6mg/L, oral, dissolved in drinking water) in
combination. Each data point on the graph represents the flow cytometric
evaluation of the %hCD45" cells versus total murine mCD45" and human hCD45"
in the BM of individual recipient mice at the time of engraftment (Day 0) and post-
treatment (Day 3 or Day 7). The mean (+ SD) of each data set (8 mice per group)

is also plotted.

Xenografts of patient 7 (Figure 4-3) were administered the same treatment
as PDXs of pt.3. Chemotherapy-induced cytotoxicity in these mice induced 25%

(non-significant) reduction in engraftment by day 3, and 45% (significant) by day 7.
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Figure 4-3: In vivo response of pt.7 xenografts to 3 or 7 days treatment with
VCR and DEX. Mice (10-16 weeks old) were inoculated with 2*10° cells from pt.7,
monitored for engraftment, and treated with vincristine (0.50mg/Kg, single IP
injection) and dexamethasone (6mg/L, oral, dissolved in drinking water) in
combination. Each data point on the graph represents the flow cytometric
evaluation of the %hCD45" cells versus total murine mCD45" and human hCD45"
in the BM of individual recipient mice at the time of engraftment (Day 0) and post-
treatment (Day 3 or Day 7). The mean (x SD) of each data set (11 mice per

group) is also plotted.

Xenografts of patient 11 were administered either the standard regimen of
0.50mg/Kg of vincristine and 6mg/L of dexamethasone or escalated doses of the
two drugs, 0.60mg/Kg vincristine and 12mg/L dexamethasone, for the same length
of time. Patient 11-derived xenografts were less sensitive to the standard
treatment protocol than patient 3 and patient 7 PDXs, as indicated by a significant
but mild (12%) mean reduction in human engraftment. The intensified treatment
regimen did however prove 6-fold more effective than the standard one, inducing a
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mean reduction in human engraftment of about 62% on average (Figure 4-4).
Unfortunately, the intensified treatment protocol was associated with high mouse

morbidity and was therefore dismissed.
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Figure 4-4: In vivo response of pt.11 xenografts to 7 days standard or high
dose treatment with VCR and DEX. Mice (10-16 weeks old) were inoculated with
2*10° cells from pt.11, monitored for engraftment, and treated with standard dose
(0.50mg/Kg, single ip injection) or high dose (0.60mg/Kg, single IP injection)
vincristine, and standard dose (6mg/L) or high dose (12mg/L) dexamethasone
(oral, dissolved in drinking water) in combination. Each data point on the graph
represents the flow cytometric evaluation of the %hCD45" cells versus total murine
mCD45" and human hCD45" in the BM of individual recipient mice at the time of
engraftment (Day 0) and post-treatment (Day 7). The mean (+ SD) of each data

set (8-11 mice per group) is also plotted.

A limited number of cells were available to generate patient D-derived

xenografts. Eight mice exposed to standard chemotherapy doses for seven days
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showed good response to treatment, with 45% mean reduction in human BM

engraftment (Figure 4-5).
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Figure 4-5: In vivo response of pt.D xenografts to 7 days treatment with VCR
and DEX. Monitoring of pre and post treatment frequencies of human leukemic
cells in murine BM relative to total human and mouse populations. Mice (10-16
weeks old) were inoculated with 2*10° cells from pt.D, monitored for engraftment,
and treated with vincristine (0.50mg/Kg, single IP injection) and dexamethasone
(6mg/L, oral, dissolved in drinking water) in combination. Each data point on the
graph represents the flow cytometric evaluation of the %hCD45" cells versus total
murine mCD45" and human hCD45" in the BM of individual recipient mice at the
time of engraftment (Day 0) and post-treatment (Day 7). The mean (x SD) of each

data set (7-8 mice per group) is also plotted.

Of note, multi-parametric flow cytometry analysis of this sample revealed
the coexistence within the leukaemia, at presentation and upon its in vivo
regeneration, of three distinct CD45"CD10" (haematopoietic cells of B-lineage)

phenotypic compartments (Figure 4-6), CD19734"38"(P5) CD19'3438" (P7) and
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CD19%34"387°" (P6). Cells with the immunophenotype CD34*CD387°"CD19*
appear, so far, to be unique to ALL. All three tumour populations were FACS
sorted in order to confirm by mFISH the existence within each of the genetic
complexity that characterizes the bulk leukaemic population, as previously

described by Anderson et. al, (Anderson et al., 2011).
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Figure 4-6: Flow sorting of leukemic pt.D BM populations for the evaluation
of subclonal diversity by FISH. Human CD45" CD19'34738"(P5), CD19°34°38"
(P7), and CD19734"38 (P6) were flow sorted from the harvested BM of 3 mice and
from the diagnostic material. All three populations were CD10"*. Representative

FACS plots in this figure show results obtained for mouse 12.
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Xenografts of patient 1988 were particularly difficult to establish. Not only
did several mice (4 out of 12) not develop high engraftment (>40%) within the
observation period, leukemic burden in these recipients was also associated with
unusually high morbidity. Out of 31 total injected mice only 5 control and 7 treated
mice developed good engraftment and reached the experimental end point.
Additionally, even though significant, sensitivity to treatment of these PDXs was
rather low (mean ~24% reduction in human BM engraftment) (Figure 4-7).
Unexpectedly, some control mice also showed a drop in engraftment levels (mean

~16% reduction in human BM engraftment, not significant) by day 7 post-

aspiration.
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Figure 4-7: In vivo response of pt.1988 xenografts to 7 days of treatment with
VCR and DEX. Monitoring of the frequencies of human leukemic cells in murine
BM at engraftment and after chemotherapy. Mice (10-16 weeks old) were
inoculated with 2*10° cells from pt.1988, monitored for engraftment, and treated
with vincristine (0.50mg/Kg, single IP injection), and dexamethasone (6mg/L, oral,
dissolved in drinking water) in combination. Each data point on the graph
represents the flow cytometric evaluation of the %hCD45" cells versus total murine
mCD45" and human hCD45" in the BM of individual recipient mice at the time of
engraftment (Day 0) and post-treatment (Day 7). The mean (+ SD) of each data
set (5-7 mice per group) is also plotted.
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FACS evaluation of the spleen of 4 control and 5 treated mice showed
higher percentages of leukaemia cells in the spleen (figures 4-7 and 4-8) than in
the BM, indicating that the spleen might be a preferential homing site for these

cells.
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Figure 4-8: Human splenic engraftment analysis in ctrl and treated pt.1988
derived xenografts. Mice (10-16 weeks old) were inoculated with 2*10° cells from
pt.2278, monitored for engraftment, and treated with vincristine (0.50mg/Kg, single
IP injection), and dexamethasone (6mg/L, oral, dissolved in drinking water).
Plotted in scatter chart are flow cytometric engraftment data analysed as the
%hCD45" cells versus total murine mCD45" plus human hCD45"values for each
individual mouse at the time of sacrifice, as well as groups’ (4-5 mice) means (+
SD).

Even though treated mice showed complete reversion of the leukaemia-
associated splenomegaly, not dissimilarly to what was observed for the BM, no
significant difference was detected in human splenic engraftment between control

140



and treated mice. We hypothesize that the physically reduced size of the spleen
may therefore relate to chemotherapy-associated reduction in extramedullary

haematopoiesis.

Having retrieved the samples from matching bone marrow and spleen of
treatment-exposed mice, we began the process of analysis of copy number
variations in TEL, AML1, PAX5 and P16 genes by mFISH. Results from a
representative mouse are shown in Figure 4-9 and the results discussed here. 250
interphase nuclei of each sample were scored, revealing higher clonal complexity
within the site of injection than within the spleen (12 subclones versus 7).
Additionally, the complement of identified subclones was significantly different
between the two sites, possibly indicating that only some of the clones engrafted in
the bone marrow had the competence to also infiltrate the spleen. Consistently
with this hypothesis, the two sites only shared the dominant clone (2xTEL-AML1/
1xAML1/ 1xTEL/ 2xp16/ 2xPAX5), which carried the TEL-AML1 translocation as
well the fusion reciprocal and a translocation duplication, but no other copy
number variations, and one of its direct descendent subclones (2xTEL-AML1/
1xAML-1/ OXTEL/ 2xp16/ 2xPAX5), which additionally harboured a deletion of the
second allele of TEL. The dominant clone accounted for 56.6% of leukaemic cells
in the marrow and 45% in the spleen, while its evolutionary progeny represented
5.7% and 25% of BM and spleen populations respectively. All of the other
subclones were site-specific and evolutionarily related to each other (with the sole
exception of a clone present in 5% of the spleen population), suggesting that any
possible clonal migration most likely occurred early in the engraftment history.
However, it is also worth noting that, according to treatment data, chemotherapy-
induced cytotoxicity in patient 1988 xenografts reached higher levels in the spleen

than in the BM, possibly encouraging greater clonal complexity at this site. An
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alternative interpretation is that both BM and spleen might had had the same
clonal structure before treatment, but the spleen, being a more chemosensitive
site, potentiated both elimination of some clones and expansion and/or generation
of others. Moreover, it is worth pointing out that in these samples clones seen at
below the 2% cut-off level tended to be located at the end of a putative subclonal
‘lineages” rather than intermediates. This may indicate that they are at low
frequency either because (i) they are genuinely unique subclones that have arisen
relatively late during the evolution of the leukaemia, or (Hashimoto et al.) their
apparently unique and complex karyotype is partially a result of false positive
signal(s). If the low frequency of these subclones were simply due to their poor
engraftment then they could lie anywhere in the hierarchy. Beyond these
observations only the analysis of more material from control and treated
xenografts of patient1988 and full characterization of the overall complexity of this

diagnostic sample will allow for the interpretation of this interesting result.
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Xenografts of patient 2278 proved highly resistant to treatment with
standard regimen, with the mean reduction in human BM engraftment post-
chemotherapy among these PDXs being only of 5% (not significant). Over the
same time frame control mice developed a significant 5% increase in BM

engraftment (Figure 4-10).
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Figure 4-10: In vivo response of pt.2278 xenografts to 7 days treatment with
VCR and DEX. Monitoring of pre- and post-treatment frequencies of human
leukemic cells in murine BM relative to total human and mouse populations. Mice
(10-16 weeks old) were inoculated with 2*10° cells from pt.2278, monitored for
engraftment, and treated with vincristine (0.50mg/Kg, single IP injection) and
dexamethasone (6mg/L, oral, dissolved in drinking water) in combination. Each
data point on the graph represents the flow cytometric evaluation of the %hCD45"
cells versus total murine mCD45" and human hCD45" in the BM of individual
recipient mice at the time of engraftment (Day 0) and post-treatment (Day 7). The

mean (x SD) of each data set (10-9 mice per group) is also plotted.

Flow cytometric analysis of splenic engraftment also showed no significant

difference between leukaemic burden in control and treated mice. However, as for
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xenografts of pt.1988, visual observation confirmed post-treatment reversion of

splenomegaly (Figure 4-11).
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Figure 4-11: Human splenic engraftment analysis in ctrl and treated pt.2278
derived xenografts. Monitoring the leukemic burden in the spleen at engraftment
and after chemotherapy. Mice (10-16 weeks old) were inoculated with 2*10° cells
from pt.2278, monitored for engraftment, and treated with vincristine (0.50mg/Kg,
single IP injection), and dexamethasone (6mg/L, oral, dissolved in drinking water).
Plotted in scatter chart are flow cytometric engraftment data analysed as the
%hCD45" cells versus total murine mCD45" plus human hCD45"values for each

individual mouse at the time of sacrifice, as well as groups’ (9 mice) means (+ SD).

Examination of bone marrow aspirates of two xenografts injected with
pt.2278 diagnostic material led to the observation that no fusion signal could be
detected in any of the screened cells. The sample was indicated as PCR TEL-

AML1 positive by the diagnostic laboratory of the hospital in which the specimen
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was collected, possibly suggesting the presence of an unusual breakpoint. We
however further validated the absence of the fusion using a different FISH probe
(AML1 break apart Cytocell probe) and a breakpoint-specific Tagman gPCR probe

(Figure 4-12).
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Figure 4-12: Analysis TEL-AML1 translocation status in pt.2278 BM cells.
Cells were screened with A) a locus specific AML1 break apart probe, designed
with two probes juxtaposed and differently labelled (orange and green) to allow the
detection of any rearrangement. Normal Cell: Two green-orange (2GO) fusion
signals representing the two normal AML1 loci, as in the image shown. Aberrant
Cell (typical results): One green (1G), one orange (10), and one green-orange
(1GO) fusion signals, indicating a chromosome break in the AML1 locus B) Qiagen
ipsogen ETV6-RUNX1 Kit designed for detection and quantification of ETV6-
RUNX1 (or TEL-AML1) fusion gene transcripts in bone marrow or peripheral blood
samples, relative to ABL control gene expression. Both tests proved the absence
TEL-AML1 fusion gene in the analysed cell population. Genomic DNA extracted

from REH cells was used as a positive control.
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Nevertheless, as the fusion represents the only copy number variation
shared by all the leukemic cells, we were still able investigate clonal heterogeneity
in the two samples. By comparing the phylogenetic trees of the two diagnostic,
pre-treatment samples (Figure 4-13), we were able to observe that all clones
detected with a frequency higher than 2%, with the exception of the grey subclone
in mouse 1 (2xAML1, 2xTEL, Oxp16, 0xPAX5) and the green subclone in mouse 2

(3XAML1, 2xTEL, 0xp16, 1xPAXS), were shared by both xenografts.
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This result was encouraging, and suggested that the detection of the same
subclones in multiple mice injected with the same inoculum could represent
additional useful criteria to determine probe significance thresholds, and thus
contribute to accurate “calling” of clones. The analysis of the total bone marrow of
one of the two aspirations at the end of the treatment showed signs of treatment-
induced changes in clonal composition (Mouse 2; Figure 4-14). Reassuringly, all
clones identified in the BM after chemotherapy were also originally detected in the
bone marrow aspirates. Clones originally detected at higher frequencies persisted,
although their frequencies were altered. One clone (2xAML1, 2xTEL, 0xp16,
1xPAXS5) showed a particularly large increase in frequency, from 37.8% to 56.6%.
Interestingly, the clone proposed to precede this in the original hierarchy
(2xRUNX1, 2xETV6, 1xp16, 1xPAX5) was not observed post-treatment, raising
the possibility that the treatment provoked the loss of the single remaining p16
allele. Overall only five clones were lost, an interesting result in light of the poor
drug efficacy on this leukaemia (Figure 5-10, 5-11). The majority of these clones,
with the exception of two (light blue and dark purple), were previously present at a
frequency lower than 2%, making it more likely that their elimination might have
been stochastic. However, the survival of the two clones that originally
represented only 0.5% and 1.4% of the leukemic cells, if confirmed in other treated
mice, could point towards a different conclusion. A stochastic model of
chemotherapy, in which the probability for minor subclones to be cleared from the
tumour bulk is expected to be higher than that of more abundant clones, cannot
easily be made consistent with the survival of treatment by clones present in the

starting population at such low percentages.
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4.2.2 Analysis of the leukaemia initiating properties of pt.1988 relapse
and pt.2278 d8 MRD and relapse clones

Twenty-one NSG mice were sublethally irradiated and injected with 2*10°
cells of one of either relapse or MRD samples (7 mice each). The frequency of
leukemic cells in the day 8 MRD sample of patient 2278, was previously estimated
to be 1.78% in the work of a former laboratory member (by PCR analysis of the Ig
rearrangements) (Lutz et al.,, 2013). Twelve weeks after injection engraftment
levels were evaluated, and after an additional three weeks, leukemic mice were
culled. Upon their collection and processing, spleen and bones were analysed by
FACS, and flow sorted human cells were harvested for FISH. The engraftment
levels for each mouse, as analysed by FACS, are plotted in scatter charts in

figures 4-15 and 4-16.

Of the seven mice injected with patient 1988 relapse cells, only two
displayed human engraftment. Interestingly, in both of these, but particularly in
one, the leukemic burden in the spleen was much higher than in the bone marrow
(95% versus 53%), a feature shared also by the diagnostic xenografts for this

patient (see Figure 4-7 and 4-8).

All of patient 2278 xenografts were highly engrafted in both organs at the
time of sacrifice, confirming the aggressiveness of this sample. At the time of bone
marrow aspiration three of the seven mice injected with patient 2278 MRD cells,
were highly engrafted. Three weeks later, however, one mouse still displayed high
engraftment levels in the spleen only (84% spleen, 2% BM) and one displayed
good BM engraftment but no human cells in the spleen (28% BM, 0%). BM
engraftment of all other mice was below 10%, while two of these showed 19% and

16% human cells in the spleen respectively. It is possible that the first wave of
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high engraftment had been driven by a pool of normal short-term repopulating
cells still present in the bone marrow of the child undergoing treatment,
underscoring the requirement for the experiment to be repeated with prior cell
sorting of the leukemic cells prior to injection. Nevertheless, a limited number of
human leukemic cells were sorted from the bones and spleen of injected mice,

awaiting to be examined by FISH.
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Figure 4-15: Cytometric evaluation of engraftment levels in the BM of pt.1988
relapse xenografts at the time of BM aspiration and harvesting. Mice (10-16
weeks old) were inoculated with 2*10° cells from pt.1988 relapse, monitored for
engraftment, and sacrificed. Flow cytometric enumerations for each individual
mouse at the time of BM harvesting are shown. Data are plotted as the %hCD45"

cells versus total murine mCD45" plus human hCD45".
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Spleen Pt.1988 and Pt.2278 MRD and relapse
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Figure 4-16: Cytometric evaluation of engraftment levels in the spleen of
pt.1988 relapse xenografts at the time of BM aspiration and harvesting. Mice
(10-16 weeks old) were inoculated with 2*10° cells from pt.1988 relapse,
monitored for engraftment, and sacrificed. Flow cytometric enumerations for each
individual mouse at the time of spleen harvesting are shown. Data are plotted as

the %hCD45" cells versus total murine mCD45" plus human hCD45".

4.3 Discussion

The aim of the here presented work is that of understanding whether
genetically distinct subclones are also functionally different, particularly with
respect to chemoresistance, thereby shedding light on the deterministic or
stochastic nature of treatment survival and disease recurrence in clonally

heterogeneous ALL leukaemia.
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We established a mouse model that allows for the independent exposure of
the same tumour to treatment multiple times and for the tracking of clonal
dynamics by mean of a selected pool of genetic markers. While the analysis is still
ongoing, this chapter described the successful generation of 6 xenograft models of
ALL. To fully understand and characterise clonal heterogeneity and its properties
in these samples, compared to the matching diagnostic specimen, multiple NSG
mice were injected. Engraftment onset and levels among mice injected with
different cell inoculums were highly variable but typically robust among xenografts
of the same patient. Relevant to this, differences in overt leukaemia occurrence in
SCID mice were previously shown to significantly correlate with patients’ prognosis
(Lock et al., 2002; Uckun et al., 1995). No clear explanation of this phenomenon
has been proposed yet; however, through the correlation of engraftment data with
mFISH results, that we will obtain from the analysis of both diagnostic and mouse
material, we propose to obtain a better insight into the potential role of clonal
heterogeneity. A high degree of clonal diversity correlates with increased risk of
progression and therapeutic resistance in breast cancer (Michor and Polyak,

2010), a feature that has not yet been evaluated in ALL.

Upon engraftment, mice were treated with vincristine and dexamethasone.
Again, in so doing, we observed large interpatient variations, as to leukemic cells
clearance upon the administration of the same regimen. Mice injected with cells
derived from patient 3, 7 and D were particularly sensitive to treatment with
0.50mgKg and vincristine 6 mg/L. Xenografts of patient 11 were less susceptible
to the cytotoxicity induced by these drugs at these dosages, but proved highly
sensitive to an escalated regimen. Finally, patient 1988 and particularly patient

2278 derived leukaemias were mostly resistant to treatment. This observation is

154



particularly interesting in light of the previously described statistically significant
correlation between xenografts in vivo sensitivity to dexamethasone - but not
vincristine - and patient outcome (Kang et al., 2007). Both patient 1988 and patient
2278 leukaemias did, in fact, in vivo relapse. In the context of the experiments
here descripted, inter-xenograft variations in treatment response provide an
additional opportunity for the assessment of a functional role for intratumour
genetic heterogeneity in chemosensitivity/resistance. Not just through the
observation of clonal disappearance kinetics within an individual heterogeneous
tumour, but also, by relating information retrieved from different samples to each
other; we will be able to assess the link between clonal diversity and clinically

relevant features.

The analysis of clonal diversity in different organs (bone and spleen)
infiltrated by the same leukaemia will provide an insight into the migration and
homing habits of different clones. At the same time, and with the introduction of
treatment, this might unravel the interplay between different sources of tumour
heterogeneity, both genetic and microenvironmental, in determining
chemoresistance. Interesting, but preliminary, data were collected assessing
variations in clonal heterogeneity among geographically separated regions of the
same leukaemia, mice engrafted from the same cells inoculum, and pre and post-
treatment samples from the same xenograft. While the BM and spleen of the same
mouse shared only the dominant clone, two individual animals xenografted with
patient 2278-derived material had in common all but one of the clones that were
present at a frequency of above 2%. In this scenario, chemotherapy induced
cytotoxicity caused the loss of the majority of minor clones, with the only subclone

above the detection threshold (3.6%, light pink) to be eliminated, being also the
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only one detectable in the other pt.2278 xenograft aspiration analysed. This
observation possibly suggests that engraftment potential might not necessarily
correlate with chemoresistance, and, that clones with evident propagative
potential, might not be equally fit to cope with the treatment generated selective
pressure. By fully characterising the relative abundance of specific genetic clones
in xenografts, of same or different origin, pre and post treatment, we aim to
explore the genetic heterogeneity of leukaemia resistance. Given the encouraging
nature of the data collected so far, it is likely that scoring of the rest of the
abundant material generated with the treatment of the patient-derived xenografts,
will produce the expected new precious data as to the functional relevance of
intratumour genetic heterogeneity in ALL, and may ultimately contribute to

improved treatment regimens.

With the aim of searching the relapsed leukaemia for the identification of
those clones, or their descendants that, being less sensitive to treatment, populate
the patient MRD sample and mice bone marrow. Xenografts from the relapse
material of patient 2278, and, in limited number, of patient 1988 were established.
The material collected from this will be analysed by mFISH, and provide useful
information as to clonal dynamics of leukaemia relapse. Without pre-sorting, 210°
cells leukemic cells from patient 2278 MRD were injected in each of seven mice.
Because the percentage of the leukemic cells in this bone marrow sample was
previously estimated as 1.78%, each mouse should theoretically have received
3,560 leukemic cells. . The fact that most of the sacrificed mice displayed very low
or no bone marrow engraftment past the 12" week post-injection, suggests that
the frequency of leukaemia initiating cells within this sample might be lower than

1/3,560. However, it is also possible that a longer observation time would have
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produced different results. The FISH analysis of retrieved human cells from these

mice will confirm whether any leukemic cell was present in low percentage.
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CHAPTER 5

GENERATION OF TEL AND PAX5 LENTIVIRAL VECTORS FOR

THE STUDY OF INTRACLONAL INTERACTIONS
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5.1 Introduction

Clonally heterogeneous tumours can be seen, from an ecological
perspective, as a mixture of distinct “species” (subclonal populations that differ in
their heritable traits), sharing the same systemic environment. From this point of
view, an expected feature of this coexistence is that clonal populations should
inevitably be involved in interactions with the hosting environment and with each
other. While the nature of these biological interactions is yet to be experimentally
characterized, a range of possibilities exist; the first and most likely of which is
competition. In an environment in which resources (oxygen, nutrients, growth
factors, and space) are limited, competition between cancer subclones probably
accompanies and shapes the entire tumour evolutionary process. However, as the
majority of cancers never reach fixation (complete outgrowth of a single dominant
clone), this process is likely limited by the heterogeneity of the tumour hosting
environment itself, causing tumour cells residing in distinct areas to be exposed to
different selective pressures. Additionally, ammensalism, or the ability of a clone to
inhibit other clones while only minimally affecting its own fitness, commensalism, a
relationship between two clones in which one of the two benefits from the other
without affecting it, and mutualism, a form of interaction from which both parties
benefit, leading to the at least temporary co-existence of clones with no clear
fitness superiority, can also be hypothesized to take place within a heterogeneous
tumour (Michor and Polyak, 2010). The reality of any speculated relationships
between tumour cell populations, and the possible role for genetic heterogeneity in
these are still awaiting verification. However, as it becomes clearer that cancer is
to be viewed, from an evolutionary perspective, as an ecology of different

populations in the context of their environment, preliminary data in support of the
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existence of complex co-dependency relationships between subpopulations, other
than competition, are also being collected (Bissonnette et al., 1992). The
understanding that complex evolutionary trajectories drive cancer has important
clinical implications that challenge the traditional design of cancer treatment and
force us to re-evaluate the ground rules of precision medicine. As clearly showed
by increasingly sophisticated cancer genomics studies, in a disease that is far from
being a single entity, rather represents a collection of related disorders
(intertumour heterogeneity), information on genetic lesions play an important role
in defining patient prognosis and informing molecular subtype-driven targeted
treatment. Molecular lesion-specific targeted treatments do in fact have the
potential to greatly improve therapeutic response (e.g. in case of FIP1L1-PDGFRA
eosinophilia-associated myeloproliferative disorders (Pardanani and Tefferi,
2004)). The existence of an additional dimension of intratumoural clonal
heterogeneity, which on its own is likely to play a role in chemoresistance, does
however suggest that in most cases it's not just the presence or absence of a
mutation that should be assessed in the effort of linking somatic mutations to
treatment outcome, but also its prevalence within the population. The value of this
concept is clearly exemplified by the observations that in CLL the existence of a
strong subclonal-driver mutation that is often likely to go undetected in canonical
genomic studies, nevertheless negatively impacts clinical outcome (Landau et al.,
2013), and that synthetic lethal approaches are highly effective when all cancer
cells contain the targeted variation, as it is for PARP (Poly ADP-ribose
polymerase) inhibitors in BRCA germline carriers (Fong et al., 2009). Altogether
these observations raise the question of whether it is preferable to target genetic
variations found on the “trunk” (present in all cells) or on the “branches” of the

evolutionary phylogenetic tree. If intuitively the former approach would be
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expected to lead to complete eradication of the disease, it is yet to be clarified
whether, with the acquisition of additional “branch”-specific genetic events, cells
remain addicted to the selected “trunk” target. It is likely that both strategies would
prove valuable in different settings. For example, targeting “branch” mutations with
the aim of promoting clonal equilibrium and discouraging the selection of more
aggressive genotypes, at the expenses of maximising cell kill, might prove
effective in less aggressive malignancies, such as CLL (Landau et al., 2014).
However, to fully appreciate the differential effect of targeting “trunk” versus
“branch” mutations, and acquire the ability to foresee and manipulate the
evolutionary ftrajectory of an individual over treatment (anticipation-based
chemotherapy), a deeper comprehension of the complex epistatic relationship
linking different genetic lesions within the same population is required. To
contribute to the elucidation of the dynamics of clonal interactions in childhood
ALL, as part of this project we designed a functional experiment aimed at
preliminarily assessing the impact of individual, variable genetic aberrations on
clonal competition and co-dependency. Our approach makes complementary use
of the previously established ALL xenotransplantation models and of newly
generated lentiviral vectors for the genetic manipulation of selected recurrent ALL

second hits.

To evaluate the impact of genetic variation on clonal hierarchies and
interactions of primary leukaemia, we aimed at restoring the expression of two
frequently deleted genes TEL and PAX5 in vivo. Overexpression vectors were
generated for this purpose. Our experimental plan is to transduce primary
childhood ALL cells using our vectors, followed by injection into recipient NSG

mice. We hope to test whether the genetic manipulation affects tumour
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engraftment properties of the leukaemia as bulk as well as of the individual clones.
FACS or fluorescence microscopy will facilitate rapid identification of transduced
cells on the basis of co-expression of LNGFR or GFP reporter molecules.
Intratumour clonal composition will be evaluated by performing multiplex FISH on
the engrafted cells. By comparing the prevalence of single clones within the
leukaemia of mice injected with cells transduced with the empty vector to that of
mice injected with cells carrying the gene of interest, we will be able to estimate

the importance of a single gene in regulating clonal dynamics.

5.2 Results

5.2.1 Generation and validation of lentiviral vectors for overexpression of

human TEL

Full length human TEL (hTEL) was amplified from hTEL cDNA IMAGE
clone with primers designed according to the sequence of hTEL mRNA in three
variants, either untagged or with the addition of a FLAG tag at the N- or C-
terminus. Amplification products were cloned into the backbone of the lentiviral
vector CSI-NGFR following an intermediate subcloning step into T-vector. The
bicistronic vector allowed for the co-expression of a truncated version of the low-
affinity nerve growth factor receptor (ALNGFR), utilized as a marker for the
identification of transduced cells (Figure 5-1A). To validate the vector we
transduced REH cells, a leukemic cell line derived from the peripheral blood of a
patient with TEL-AML1 positive preB-ALL, which also has TEL deleted, and
analysed the transduced cells by qPCR and western blot. Figure 5-1B shows

MRNA expression levels for TEL, as determined by real-time g-PCR, in cells
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transduced with LNGFR TEL, LNGFR FLAG TEL and LNGFR TEL FLAG vectors.
Expression was extremely high both compared to the mRNA level detected in
REH cells transduced with the control vectors and to those detected in JURKAT
cells, a cell line endogenously expressing TEL, which we used as a control. We
were able to confirm that transduction of each construct, untagged, N-terminal
tagged and C-terminal tagged resulted in production of Tel protein. As figure 5-1C

shows, the protein was detectable with both «c-TEL and «-Flag antibodies.
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Figure 5-1: TEL overexpression vectors. A) Schematic representation of the
CSI-LNGFR vector for overexpressing TEL. TEL overexpression vectors were
generated in three versions: targeted with FLAG tag at the N-terminal or C-
terminal of TEL sequence or not tagged at all. B) RT-PCR results confirmed TEL
overexpression in REH cells transduced with TEL vectors, and showed much
lower expression of the gene in REH untransduced cells, in REH cells transduced
with the empty vector and in Jurkat cells. Expression relative to HPRT (violet set of
data) or GAPH (purple set of data). C) Western blot confirmed TEL overexpression

at the protein level in transduced REH cells.
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As TEL mRNA and protein expression within the bulk populations of
transduced cells was extremely high relative to the Jurkat control, particularly for
LNGFR TEL FLAG vector, we tested whether it would be possible to select cells
expressing it at more physiological levels. TEL is a nuclear protein, which makes
sorting live cells directly on the basis of its expression problematic. However, we
took advantage of the surface protein encoded by LNGFR to FACS sort cells
expressing it at different levels. Through the analysis of the retrieved populations
by qPCR we were able to demonstrate that LNGFR expression correlates with
TEL expression at the mRNA level (Fig 5-2A). By optimizing a western blot TEL
antibody for intracellular FACS analysis, we were not only able to examine TEL
expression at the protein level, but were also granted a picture of its distribution
across the population. This analysis showed that higher LNGFR expression
corresponds to higher average TEL expression at the protein level, although all

populations contained some highly expressing cells (Figure 5-2B).
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Figure 5-2: Dissection of REH cells transduced with LNGFR TEL FLAG
vector. REH cells transduced with LNGFR TEL FLAG vector were sorted in four
different populations on the basis of LNGFR expression A). Evaluation of TEL
gene expression through qPCR was then shown to correlate with LNGFR
expression determined by FACS B). REH cells transduced with LNGFR TEL FLAG
vector were fixed and permeabilized in order to prepare them for intracellular
staining. Cells were then stained with a-TEL Santa Cruz C-20, normally used for
western blot, followed by an a-mouse APC conjugated secondary antibody. Finally
cells were surface stained with a-LNGFR PE conjugated antibody. LNGFR

expression was shown to correlate with TEL expression also at protein level.
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5.2.2 Results: infection of patient 7 leukemic cells with CSI-LNGFR control

vector and CSI-LNGFR-TEL and injection into NSG mice.

2.5*10° cells obtained from one of the previously established patient 7
xenografts were plated in equal amount in two wells of a multiwell plate. Cells of
patient seven were specifically selected as the sample was previously shown to
contain an almost equal load of clones deleted and non-deleted for the normal
TEL allele (Anderson et al., 2011). Cells were then infected by spinoculation with
one of the newly packaged CSI-Ingfr and CSI-LNGFR-TEL-FLAG overexpression
vectors (MOI 50). Over the infection period cells were mantained in SFEM medium
supplemented with 20% FBS, antibiotics at standard concentrations, and cytokines
(IL-7, IL3, FIt3, and SCF) (Figure 5-3). Three days after the spinfection was
performed the percentage of Ingfr positive cells was evaluated by flow cytometry
on a small sample. Both lentiviral construsts had infected cells with high efficiency
(94% CSl-Ingfr and 95.3% CSI-LNGF-TEL-FLAG) (Figure5-3 A/B), confirming the

high efficiency of the spinfection procedure.

Cells were then injected at 1.5*10° cells per mouse into 20 sublethally
irradiated NSG mice. Due to a bacterial infection that affected the majority of NSG
mice hosted in the animal house during the time frame of this experiment, as many
as 12 mice were culled in the early phases of the xenotransplantation procedure.
Nineteen weeks post-injection surviving mice were sacrificed, and their bones and
spleens were harvested. Cells were then stained and analysed by FACS for total
human and LNGFR" human engraftment. Engraftment levels were highly variable
within both groups, resulting in high standard variations, which reduced the
statistical power of our observation of the effect of TEL-overexpression on the

engraftment properties of the leukemic cells (Figure 5-3 C/D). Of note, a drop in
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LNGFR expression levels compared to values recorded at the time of injection
was observed for both vectors. A process of selection of the transduced cells over
the transduced ones could explain this, suggesting that sorting might be required

even in presence of very high transduction efficiency.
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Figure 5-3: TEL overexpression in pt.7 cells and xenografts generation.
Schematic representation of the experimental protocol for cells transduction and
bone marrow transplantation. Transduction efficiency prior to cell injection for cells
infected with (a) csi —Ingfr control vector and (b) cells infected with csi-Ingfr-tel-flag.
(c) BM transduced cell engraftment efficiency presented as percentage of total
hcd45*ngfr* cells. (d) Spleen transduced cell engraftment efficiency presented as
percentage of total hcd45"ngfr* cells.
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5.2.3 Generation and \verification of Ilentiviral vectors for

overexpression of human PAX5

Full length human PAX5 (hPAX5) was amplified from a previously cloned
plasmid containing the gene. Primers were designed based on the sequence of
hPAX5 mRNA, and HA (hemagglutinin) tag was added either at the N- or C-
terminus. Amplification products were sub-cloned into T-vector and then
transferred into the lentiviral vector CSlemerald (Figure 5-4A). In this case eGFP
was used as a reporter for PAX5 expression. The transplantation results may
indicate a requirement for simultaneous manipulation of more than one second hit,
which will necessitate combinatorial use of the two vectors, and will be facilitated
by use of a different reporter in this second construct. A T cell leukaemia cell line,
JURKAT, was used to validate the expression upon transduction (Figure 5-4B). As
for TEL, mRNA expression of PAX5 was validated and shown. Both constructs, N-
terminal tagged and C-terminal tagged, led to the production of PAX5 protein, as
detected by western blot upon hybridization with a ««-PAX5 antibody (Fig 5-4C,
upper panel). However, following the staining with a «-HA antibody, only the C-
terminal tagged version of the protein was detectable on the membrane (Fig 5-4C,
lower panel). Most likely, the tag affects the confirmation and stability of PAX5

when positioned at its N-terminus).
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Figure 5-4: PAX5 overexpression vectors. (A) Schematic representation of the
CSl-emerald vectors for PAX5 overexpression. PAX5 overexpression vectors were
generated in two versions: targeted with HA at the N-terminal or at the C-terminal.
(B) RT-PCR results confirmed the change in Pax5 gene expression upon
transduction of JURKAT cells with each of the vectors. Expression data are
normalized to HPRT (blue set of data) or GAPH (red set of data. (C) Pax5 protein
was detectable by western blot upon overexpression of both constructs, however
the tag was functional only when positioned at C-terminus (as the a-HA antibody

did otherwise not detect it).

5.3 Discussion

We hope to gain understanding of the impact of individual genetic
aberrations on clonal dynamics in childhood ALL by restoring expression of
common second hit deletions in an in vivo model. To this end we have generated
and validated a set of TEL and PAX5 overexpression vectors. As well as

representing a useful tool for the study of clonal interactions in ALL, the central
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interest of this thesis work, the vectors also represent a valuable asset to other

investigations carried out in the laboratory.

We transduced primary ALL cells with TEL lentiviral overexpression vector
to assess the effect of the restoration of TEL expression on the engraftment
properties of leukaemic cells. Some unfortunate and unforeseeable events
unrelated to the experiment drastically reduced the number of mice available for
analysis and negatively impacted its statistical power. The drop in percentage of
the LNGFR" human cell population, both for CSI-LNGFR and CSI-LNGFR-TEL-
FLAG transduced cells, further complicated the interpretation of the results.
However, the experiment was successful in that a good number of LNGFR,
expressing cells were sorted from the bone marrow and spleen of engrafted mice
and harvested for mFISH analysis. By comparing clonal architectures, and
frequencies, in the LNGFR" population of cells transduced with either the empty
vector or TEL overexpression vector, it should be possible to highlight any direct
effect of TEL restored expression on functional behaviour (engraftment and/or
migratory properties) of individual clones. Moreover we speculated that if tumours
do indeed possess properties of complex ecological systems, within which cells
may compete and/or cooperate with each other, then selectively hitting highly
recurrent genetic lesion could reveal and affect clonal interactions that are
responsible for natural leukaemia progression. As a consequence, new clonal
relationships might be established that allow for previously disadvantaged clones
to expand. Even though it has not yet been demonstrated, genetic diversity is
likely to impact the functional properties of cells with tumour propagating

properties. Whether this manifests as variations in niche occupancy, quiescence,
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or drug resistance, perturbing the seemingly steady state of genetic heterogeneity

of a tumour promises insight and clues of the existence of the phenomenon.
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CHAPTER 6

FINAL REMARKS AND FUTURE PLANS
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The aim of the work presented in this thesis was the establishment of an in
vivo model for the study of functional genetic heterogeneity in TEL-AML1+
childhood ALL. This disease, like many other cancers, has recently been
described as characterized by patterns of branching clonal evolution (Anderson et
al., 2011). However, although genetic heterogeneity in ALL has been studied, data
collected so far are limited to static snapshots of clonal diversity at a given time.
Therefore, in an attempt to interrogate ALL clonal dynamics during tumour
progression and treatment, and to link these to biologically relevant clonal
features, we established an in vivo model that includes a chemotherapy induction-
like regimen based on the administration of vincristine and dexamethasone. The
treatment was optimized to induce good cytotoxicity in newly generated patient-
derived xenografts. The treatment was included in order to induce a selective
pressure that would challenge the clones’ clinically important “survival” skills.
Interestingly, in the model, the efficacy of the drugs in killing leukaemia cells
inversely correlated with the tumour aggressiveness in the patient. Specifically, of
the samples that we tested, the only two leukaemias that relapsed in human we

found to be resistant to the chemotherapy in our mouse model.

While in the human a given leukaemia can only be analysed once prior to
treatment and once post-treatment, often leaving data difficult to interpret given the
lack of statistical power, the xenograft model offers the unique opportunity to in
principle expose the same tumour to chemotherapy as many times as required to
provide replicates. Enrolment of more transplanted mice into the study easily
overcomes the issue that in reality not all clones contribute to tumour propagation
on all occasions and in all recipients. To ensure that even clones present in the

diagnostic population at a very low percentage would be represented in a number
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of mice sufficient to ensure data reproducibility, we injected each sample in at

least ten mice per treatment group.

Two to three samples were collected from each mouse. A snapshot of
genetic heterogeneity in every xenograft was obtained prior to their assignment to
a treatment group. Additionally, karyotype preparations for the examination of
clonal heterogeneity were prepared from the bone marrow and the spleen of the
mice at the time of sacrifice. Overall, more than 300 samples were harvested for
FISH. Data as to treatment efficacy were reported in chapter 4 of this thesis. Once
all FISH results are obtained, the analysis of pre- and post-treatment genetic
architectures will be combined with treatment efficacy data to obtain an insight into
the relationships between intratumour genetic heterogeneity in TEL-AML1 ALL

and cancer treatment.

Preliminary observations obtained so far from the FISH analysis of TEL,
AML1, P16 and PAX5 genomic loci in three pairs of matching samples have
already allowed for some interesting speculations. First, the longitudinal sampling
of paired BM and spleen of a control mouse revealed a much higher degree of
clonal diversity in the primary tumour site. The dominant clone (2xfusion,
1XRUNX1, 1XETV6, 2xPAXS5) (56.6% in the BM, 45% in the spleen) as well as one
of its progeny subclones (2xfusion, 1XRUNX1, OxETV6, 2xp16, 2xPAX5), an
intermediate subclone in the BM, which had become the second most abundant
variant in the spleen (25 %), were the only two shared variants. The fact that no
other subclone was detected in both sites could be due to (i) the early migration of
the aggressive dominant BM clone/s to the spleen, followed by its further genetic
differentiation within the new environment, or (Hashimoto et al.) to the weaker

treatment protection offered to clones by the splenic microenvironment. It was also
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particularly interesting to find in the spleen, but not in the BM, 4 clones (out of 7),
with frequency between 5-10%, carrying the deletion of the non-rearranged allele
of AmlI1. This genetic lesion represents a highly uncommon feature for to this

leukaemia.

Analysis of bone marrow aspirates from two mice injected with a sample
from patient 2278 showed that 5 clones were shared by both xenografts. Even
though these variants repopulated the marrow of both xenografts, their
frequencies tended to vary between the two. For example the dominant clone
(2xRUNX1, 2xETV6, 1xp16, 1xPAX5) in the BM marrow of a mouse (61.7%)
represented only 33.3% of the total leukemic cells of a second mouse. Moreover,
in this second xenograft a novel clone of almost identical frequency was identified
(3XRUNX1, 2xETV6, 0xp16, 1xPAXS). This clone was absent from mouse 2, and
appeared to be a direct evolutionary product of the first one (gain of an additional

copy of Runx1).

Analysis of the matching pre- and post-treatment material of a xenograft
injected with cells from patient 2278 showed that the majority of clones lost over
treatment represented variants detected in the population at frequencies below
probes’ cut-off levels. However, a clone sitting early in the branching evolution
tree, and with the estimated 3.6% frequency (2xRUNX1, OxETV6, Oxp16,
1xPAXb5), was also cleared from the leukaemia. In contrast, a different subclone,
positioned at the bottom of the phylogenetic tree, survived treatment, even though
it only represented 0.5% of the tumour. Although these data are awaiting
validation, they point in the direction of the possibility that the genetic identities of
clones partake in determining resistance to treatment. This is particularly likely in

light of the fact that pt.1988 and 2278 were previously validated as poor
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responders to chemotherapy. We are optimistic that the scoring of multiple
xenografts injected with the same cell inoculums and exposed to the same
treatment will, in a continuation of the presented project, allow for the identification
of reiterative clonal behaviours relevant to critical features of tumour biology (like

aggressiveness and tumour resistance).

Additionally, the genetic manipulation of recurrent genetic lesions in TEL-
AML1 ALL (second hits) represents an opportunity to perturb clonal interactions
that might be responsible for the hierarchical organisation of clones within the
tumour. For this purpose TEL and PAX5 overexpression vectors were successfully
generated. TEL vectors were then used to restore the expression of the gene in
cells of patient 7 retrieved from primary xenografts. TEL overexpression did not
affect the growth properties of the cells overall, as these were still able to engraft
mice. Transduced cells were therefore sorted and harvested for FISH. The
evaluation of the effects of the overexpression on clonal hierarchies remains to be
completed. As loss of the non-rearranged TEL allele represents the most frequent
second hit of the leukaemia, often involving a high percentage of cells within the
tumour, restoring its expression within the leukemic population might be expected

to affect clonal competition.

Overall the thesis work presented here reports the successful establishment
of an in vivo model for the study of clonal dynamics of TEL-AML1+ ALL in
response to chemotherapy-induced selective pressure. Additionally the model has
also been adapted to study the effect of genetic manipulation of clonal populations

on interclonal relationships.

The feasibility and potential of the study has been demonstrated by the
collection of preliminary results obtained from the analysis of paired longitudinal
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and treatment spanning samples. We are confident that the tools generated here
will contribute to the characterization of the role of genetic heterogeneity in clonal
dynamics, providing important insights into their relevance to the treatment of

leukaemia.
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