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Abstract

Despite recent improvements in cancer treatment, many patients still relapse after initial
treatment and survivors often exhibit serious long-term health effects. Therefore, more
cancer specific treatments, leading to increased survival and reduced long-term toxicities are

required.

Cancer cells exhibit consistent and dramatic changes in global DNA methylation patterns. Our
group has recently developed a new bioinformatic approach which integrates these changes
in global DNA methylation with genome-wide expression data to identify candidate subtype
specific synthetic lethal genes in specific cancer subtypes. A limitation to this approach, is that
any potential therapeutic targets identified are only relevant in the specific subset and not all
patients with that cancer type. However, as highly similar methylation changes are shared
across all B-cell derived malignancies, we hypothesised that this approach could be expanded
to allow comparison between different types of B-cell malignancies to allow the identification
of Disease Specific Dependency Genes (DSDG) and disease specific tumour suppressor genes
(TSG), which would be functionally important in all subtypes of a particular cancer type. This
analysis was able to provide proof-of-principle that the bioinformatic approach could
successfully identify candidate functionally relevant genes at the whole disease level. In total,
13 candidate genes (seven DSDG and six TSG), were identified. Functional assessment of DSDG
candidates did not identify any clear functional impacts of targeting DSDG by siRNA-mediated
knockdown, however, this approach resulted in only partial, temporary reductions in
expression and alternative approaches to allow stable knockdown will be required. Functional
assessment of TSG candidates in ALL identified SLC22A15, as a novel negative regulator of ALL
cell growth across all tested ALL genetic subtypes. These results provide initial proof-of-
principle that our original approach for identifying functionally relevant genes at a subtype
specific can be expanded to the whole disease level and can uncover previously unknown

functionally relevant genes.
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1 INTRODUCTION
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1.1 General View of Haematopoiesis

The haematopoietic system is composed of distinct cell types, each specialised for a
unique purpose. It is a highly regenerative and adaptable tissue and its cells have different
features, including very different life spans, cell morphology and function [1]. These cell types
originate from hematopoietic stem cells (HSCs), which are primarily located in the bone
marrow (BM) that is the key site for adult blood cell production [2]. According to their self-
renew capacity, hematopoietic stem cells consist of three different cell populations: long term
self-renewing HSCs (LT-HSCs), short-term self-renewing HSCs (ST-HSCs), and multipotent
progenitors (without detectable self-renewal potential)[3]. LT-HSCs are quiescent at the
steady-state to maintain permanent capacity for reconstitution, but when exposed to stress,
they can be reactivated then enter cell cycle [4]. ST-HSCs have finite self-renewal capacity and
produce multipotent progenitor population (MPPs) which have both a higher mitotic activity
and increased differentiation activity, but no detectable self-renewal ability, compared to ST-

HSCs and LT-HSCs [3].

Differentiation after this point occur stepwise manner. The first step begins with MPPs
differentiating into either common lymphoid progenitors (CLPs) that only possess lymphoid-
restricted differentiation ability or common myeloid progenitors (CMPs) that have the capacity
to differentiate into both megakaryocyte/erythrocyte progenitors (MEPs) and
granulocyte/macrophage progenitors (GMPs). These oligo-potent progenitors produce
lineage-restricted haematopoietic cells which cannot dedifferentiate and do not possess self-
renewal capacity. Finally, these differentiate to unipotent progenitors that produce a single

blood cell lineage. Ultimately, this process leads to the production of mature blood cells [4-6].

The traditional hematopoietic hierarchy model is broadly in depicting the stepwise
differentiation of hematopoietic stem cells (HSCs). However, the discovery of novel
hematopoietic cell subsets requires revisions to this classic hierarchy model. Revised
hematopoietic hierarchy models has additionally Intermediate-term HSC (IT-HSCs) population
between ST-HSCs and LT-HSCs based on their self-renewal capacity [7, 8]. Moreover, in this
model, the MPP population consists of MPP1, MPP2, MPP3, and MPP4 subpopulations which
exhibit differences in cell-cycle distribution, immunophenotype, differentiation ability [9-11].

In this model, MPP1 is more similar ST-HSCs and even though MPP2 and MPP3 are distinct
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myeloid-biased MPP subset, they work with lymphoid-primed MPP4 subpopulations to

regulate cell production [9] (Figurel.1).

(A) (B)

Figure 1.1.The Classical and Revised Models of Hematopoietic Hierarchy.

(A) In the classical model, LT-HSCs and ST-HSCs are both capable of differentiating into
multiple cell types but occupy distinct levels in the hierarchy due to their varying self-renewal
capacities. As HSCs develop into MPPs, their ability to self-renew decreases. Further
downstream, MPP cells differentiate into myeloid and lymphoid lineages. CLPs can generate
lymphocytes while CMPs diverge into MEP and GMP cells. (B) In the revised model, LT-HSCs,
IT-HSCs, and ST-HSCs/MPP1 cells have multipotent capabilities but differ in terms of their
capacity for self-renewal. HSCs differentiate different MPPs subpopulations which are MPP2,
MPP3 and MPP4/LMPP at branching point. MPP2 and MPP3 cells primarily differentiate into
CMPs while MPP4/LMPP cells predominantly give rise lymphoid lineages. Abbreviations: CLP,
common lymphoid  progenitor;, CMP, common  myeloid progenitor;, GMP,
granulocyte/macrophage progenitor; IT-HSC, intermediate term hematopoietic stem cell;
LMPE, lymphoid-primed multipotent progenitor; LT-HSC, long-term hematopoietic stem cell;
MEPB, megakaryocyte/erythrocyte progenitor; MPP, multipotent progenitor; ST-HSC, short-term

hematopoietic stem cell. Figure is obtained from[12].
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1.1.1 B-Cell Differentiation

Adaptive immunity in humans has been categorised as cellular or humoral. T
lymphocytes mediate cellular responses by recognising and attacking their targets directly or
indirectly with the help of other immune cells, whereas antibodies, which are produced by B
lymphocyte and plasma cells, mediates humoral response [13]. Antibodies, in other words
immunoglobulins, are glycosylated protein structures and they are either found on surface of
B cells as antigen receptors (BCR) or are released from cells into extracellular space to bind
and neutralise their target antigens. An antibody consists of two heavy protein chains and two
light protein chains, held together by disulfide bonds. The N-terminus region include one
variable domain of both heavy and light chain making the binding site for antigens. These
variable domains include complementary-determining regions that shows sequence variance
so plays role in determining specificity of antibody. On the other hand, the C terminus of both
chains, called the constant region, do not involve antigen binding. Instead, it has effector roles
designed to eliminate antigen. Five isotype or classes Ab have been discovered, which vary in

their heavy chain constant regions: IgM, IgD, IgG, IgA, and IgkE [14].(Figurel.2)

Light Antigen-
chains bln_c:mg
site
Hhea!vy
/ chains \ >. Fab

Figure 1.2 Antibody Structure.
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Antibodies are consisting of two heavy chains (VH and CH) and two light chains (VL and CL).
The antigen-binding fragment, Fab, is formed from one variable domain from each heavy and
light chain (VH and VL). The variable domains include the complementarity determining
regions (CDRs) that exhibit the high sequence diversity so that play a role in defining antibody
specificity. The constant domains CH2 and CH3 of the heavy chain comprise the crystallizable
fragment, Fc, which play a effector role by binding receptor on the cells. VH; Variable region
of heavy chain, VL; Variable region of light chain CH; Constant region of heavy chain, CL;

Constant region of light chain. Figure is adapted from [13].

Three B cells subpopulations have been distinguished based on their ontogeny and anatomic
location: B1, B-2 and regulatory B cells in human. The B1 cell population, which consist of B-
1la and B-1b subsets, originates from fetal liver and then persists as self-renewing populations
after birth in the bone marrow. They have a key role as part of innate immune system by
producing IgM to show rapid immune defence based on T-independent antigen which does
not require T-cell help to trigger antibody production [13, 15]. On the other hand B-2 cells,
produced from adult BM and found in secondary lymphoid organs, plays a role on adaptive
immune system via differentiation into both follicular B cells (FOB) and marginal zone B cells
(MZB) which are differentiate into memory B cells. Another B cell subpopulation is regulatory
B cells, namely Bregs, which functions to suppress the immune response [16]. MZB are
produced in the marginal sinus of the spleen and IgM is released from it to defends body from
bloodborne microorganism. Like B-1 cells, they act as part of innate immunity via mediating
rapid IgM responses FOB cells originate from transitional B cells in the spleen and are
subsequently located in the spleen and lymph nodes. Their main role is producing long-lasting

and high affinity IgG antibodies after infection [13].

B cells go through three major stages: development, maturation and function. B cell
development starts in BM with an antigen independent (Ag-independent) manner. Following
the differentiation of HSCs into common lymphoid progenitors (CLPs) these then further
differentiate to produce distinctive intermediate B cell populations; progenitor B (pro-B) cells,
precursor B (pre-B) cells, and immature B cells based on their specific cell surface marker and

rearrangements of the immunoglobulin (Ig) heavy (H) and light (L) gene segments [17].

Ag-independent development in the BM starts with recombination-activating endonuclease

activity of the RAG1/RAG2 complex which promotes the formation of the p chain by allowing
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V-D-J joining of Ig heavy chain gene segments. It also facilitates the transition of CLP cells into
pro-B cells by promoting the expression of markers specific to the B cell lineage, such as B220,
terminal deoxynucleotyl transferase (TdT), mb-1, and B29. Next, 4 chains, Iga/IgB, and the
surrogate light chains (VpreB and A5), which are expressed on the surface of B cells, form
together to produce the pre-BCR. Thereafter, pre-BCR expression induces Ig kappa and/or Ig-
lambda of L-chain rearrangement and following replacement of the surrogate light chains,
then IgM is expressed on surface of immature B cell. This identifies that the precursor B
lymphocyte is at the final stage of antigen-independent development and it is ready to leave
BM for Ag-dependent development in the periphery [17]. Cells expressed BCRs (B cell
receptor) are tested for autoreactivity in BM, before they go into peripheral to move spleen.
Among this cell population, only cells which do not show robust autoreactivity, now termed
transitional B cells, migrate to the spleen to complete their maturation to either follicular or

marginal zone (MZ) B cells [18]. (Figure 1.3)

Bone Marrow Spleen Spleen and Lymph Node

Ag-independent

Ag-dependent

Figure 1.3 B-cell Development.

The differentiation of B cells occurs in both the BM and peripheral lymphoid tissues, such as
the spleen. Within the BM, B cell development progresses through the pro-B-cell, pre-B-cell,
and immature-B-cell stages. During this process, rearrangements at the immunoglobulin locus
led to the generation and surface expression of the pre-B-cell receptor (pre-BCR, which is
comprised of an Igu heavy chain and surrogate light chains (VpreB or VA5)) and eventually a
mature B cell receptor (comprised of rearranged heavy- and light-chain genes) capable of

binding antigen. At the immature stage, B cells undergo a selection process to prevent the
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further development of self-reactive cells. Cells that successfully complete this checkpoint leave
from the BM and enter secondary lymphoid organs (i.e., spleen) where become transitional B
cells (T1land T2), eventually maturing into either mature follicular B cells or marginal-zone B-
cells (not shown in the figure). Following an immune response, antigen-specific mature B cells
leave germinal centre and differentiate into either plasma which secretes antibody or memory
B cells. Abb, BCR; B-cell Receptor. Ag-independent; antigen independent, Ag-dependent;

antigen dependent. Figures is adapted from [19].

MZ B cells responsible of initially defence against the infections are predominantly located in
the spleen. When encounter with antigens, MZ B cells then rapidly develop into IgM-secreting
plasma cells. On the other hand, antigen needs to be transferred to the B cell follicles of
secondary lymphoid organs to enable activation of follicular B cells. Following to the antigen
recognition and activation, follicular B cells have the capacity to present their antigen on MHC
Il to T-helper cells so that second additional activation signal provided by T-helper cell and
cytokines is received. Activated follicular B cells are stimulated to differentiate into rapidly
proliferating blasts that generate germinal centres (GC) [18]. Cells in the GC regions of
secondary lymphoid organs express the enzyme activation-induced deaminase (AID), which
deaminates cytidine residues in the VDJ and switch regions of the Ig gene, resulting in somatic
hypermutation (SHM) and class switch recombination (CSR). There is a 10° times higher
estimated mutation rate in the Ig variable (V-) regions during SHM in the GC when compared
with normal somatic mutation. In addition to Ig loci, AID can target ssDNA when transcription
occurs, leading to genomic damage that may result in mutations in oncogene, chromosome
translocations and potentially drive the development of GC lymphomas [20]. Ig SHM, CSR and
regulation of the complex network made by stroma cells, follicular dendritic cells (FDC), T cells,
and the factors they express or produce give rise to the development of long lived plasma cells
which have capacity to secrete class- switched immunoglobulins or memory B cells which

express surface 1gG, IgE or IgA [17, 18]. (Figure 1.4)
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Figure 1.4 Stages of B-cell Development and Differentiation.

Stages of B-cell Development and Differentiation. (A) In the BM, HSCs are differentiating into
lymphoid progenitors and B-lineage progenitor cells develop into pre-B cells, pro-B cells and
immature B cells. (B) Mature naive B cells exit the BM and encounter T cell-independent
antigens in the bloodstream, prompting their differentiation into short-lived plasma cells that
secrete low-affinity IgM antibodies. These IgM-producing plasma cells lack somatically
mutated immunoglobulin genes and ultimately undergo apoptosis at the site of their
activation. (C) Mature naive B cells migrate into secondary lymphoid organs, where they form
germinal centres. Within the dark zone of a germinal centre, the mature naive B cells become
activated, proliferating and differentiating into centroblasts. The proliferating centroblasts
initiate a process known as somatic hypermutation. These centroblasts then migrate to the
light zone of the germinal centre, where they transition into centrocytes. The centrocytes
interact with T helper cells and follicular dendritic cells, receive survival signals to escape
apoptosis. In contrast, centroblasts have unfavourable mutations undergo apoptosis.
Furthermore, these centrocytes continue to proliferate and undergo selective processes.
Additionally, the immunoglobulin genes of numerous centrocytes are remodelled through class
switching that substitutes the originally expressed immunoglobulin heavy-chain constant
region genes with those of another class (i.e., 19G, IgA, IgE or IgD). Ultimately, the selected
centrocytes differentiate into either memory B cells or plasma cells and depart the germinal

centre. (D) Post-germinal centre plasma cells migrate to the BM and become long lived. Figure

24



is obtained from [21]. BM: Bone marrow; FDCs: Follicular dendritic cells; HSCs: Haematopoietic

stem cells; IgM: Immunoglobulin M; TH: T helper.

1.2 Haematological Malignancies

1.2.1 Leukaemia Overview

The term “leukaemia” is made up from two Greeks words; ‘leukos™ which means white and
“hamia” which means blood. Leukaemia is used to describe various type of blood cancer that
are categorized based on their morphology, immunophenotype, genetic abnormalities and
clinical characteristics. Excessive white blood cells in the bloodstream of patients is indicative
of leukaemia. Leukaemia clinically can be classified into four main group based in origin of
lineage; myeloid or lymphoid and onset; acute or chronic [22]. While acute leukaemia refers
excessive proliferation of immature white blood cells or blasts, chronic leukaemia indicates
excessive proliferation of mature cells. In regards of origin of white blood cells, lymphoid origin
refers T or B cells, and myeloid origins refers neutrophils, basophils, eosinophils, and monocytes
lineages. In the light of these information, leukaemia is divided into acute lymphoblastic
leukaemia (ALL), acute myeloid leukaemia (AML), chronic lymphocytic leukaemia (CLL) and

chronic myeloid leukaemia (CML) [23].

The development of AML is the result of a transformation in progenitor myeloid or precursor
myeloblast cells, causing a blockage in differentiation. This leads to an accumulation of poorly
differentiated blast cells in the BM, along with disturbance in the regular production of blood
cells [24]. According to the Cancer Research UK, each year around 3000 new AML patients are
diagnosed in UK that counts less than 1% of all newly diagnosed cancer [25]. And around 2700
death related to the AML occur in UK every year and this counts for 2% of all cancer death in UK

[26].

In respect of CML; it is defined by the unregulated proliferation of myeloid cells at various
maturation stages. The translocation between the long arms of chromosome 9 and 22 (t(9;22))
is detected in nearly all patients. The t(9;22) results in the BCR::ABL fusion oncoprotein that has
constitutive tyrosine kinase activity that drives uncontrolled cellular proliferation [27]. According
to the Cancer Research UK, each year around 830 cases are diagnosed with CML [28] and around

230 death caused by CML occur in UK [29].
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1.2.1.1 Acute Lymphoblastic Leukaemia

ALL is the most common childhood malignancy and is classified as B-cell precursor
(BCP-ALL) produced from B lineage and T-cell precursor (T-ALL) produced from T-lineage [30].
More than 80% are B-cell precursor ALL (BCP-ALL), with the rest being T-lineage ALL [31]. Both
BCP-ALL and T-ALL are characterized by multiple subtypes that are defined by structural
chromosomal alterations, which are considered initiating lesions. In addition, secondary
somatic alterations, such as DNA copy number alterations and point mutations also contribute
to leukemogenesis. Aneuploidy and chromosomal rearrangements can lead to oncogene
deregulation or the production of chimeric fusion genes. Identification of these alterations are
important in terms of accurate diagnosis, risk classification, and in some cases, targeted
therapy [30]. On the other hand, exposure to environmental factors like ionizing radiation,
pesticides, certain solvents or viruses such as Epstein-Barr Virus can act as predisposing factors

[32].

According to Cancer Research UK, ALL accounts for less than 1% of newly diagnosed cancers,

with 790 new cases per year in the UK. The highest incidence occurs in individuals aged 0-4

years [33].
Cases Proportion of all cases Age
791 less than 1%
O ) 0-4
m years
m I I .
New cases of acute Percentage acute Peak rate of acute
lymphoblastic lymphoblastic lymphoblastic
leukaemia each year, leukaemia is of total leukaemia cases,
2016-2018 average, cancer cases, 2016- 2016-2018, UK
UK. 2018, UK

Figure 1.5 ALL statistics in UK.
Data is obtained from Cancer Research UK [33].ALL; Acute Lymphoblastic Leukaemia
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1.2.1.1.1BCP- ALL

BCP-ALL in children generally has a favourable prognosis, with cure rates reaching
around 90% for patients treated on modern risk-adjusted protocols. In spite of these
advancements in treatment response, ALL remains a significant cause of cancer-related
mortality in children due to relapse or treatment-related complications. Patients who survive
after ALL treatment, also suffer from long-term effects of toxic chemotherapy. For these
reasons, it is crucial to keep identifying patients who can benefit from less intensive therapy
and to explore new targets for developing novel therapeutic agents with lower toxicity [31].
Because leukaemia has such a wide range of biological characteristics, consistent diagnostic
criteria are required. The suggested categorization by the World Health Organization (WHO)
aims to evaluate a broad range of available information on morphology, immunophenotype,
biology, genetics, and clinical data pertaining to leukaemia [34]. According to the WHO
Precursor B-cell lymphoblastic leukaemia/lymphomas are classified 11 major subgroups [35].

(Tablel.1)

B-lymphoblastic leukaemia/lymphoma, NOS

B-lymphoblastic leukaemia/lymphoma with high hyperdiploidy

B-lymphoblastic leukaemia/lymphoma with hypodiploidy

B-lymphoblastic leukaemia/lymphoma with iAMP21

B-lymphoblastic leukaemia/lymphoma with BCR::ABL1 fusion

B-lymphoblastic leukaemia/lymphoma with BCR::ABL1-like features

B-lymphoblastic leukaemia/lymphoma with KMT2A rearrangement

B-lymphoblastic leukaemia/lymphoma with ETV6:: RUNX1 fusion

B-lymphoblastic leukaemia/lymphoma with ETV6::RUNX1-like features

B-lymphoblastic leukaemia/lymphoma with TCF3::PBX1 fusion

B-lymphoblastic leukaemia/lymphoma with IGH::IL3 fusion

B-lymphoblastic leukaemia/lymphoma with TCF3::HLF fusion

B-lymphoblastic leukaemia/lymphoma with other defined genetic abnormalities

Table 1.1 WHO Classification of Haematolymphoid Tumours.

WHO Classification of Haematolymphoid Tumours, 5th edition: B-cell lymphoid proliferations
and lymphomas is adapted from [35]. NOS; not otherwise specified.
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1.2.1.1.2  Genetic Risk Factors and Cytogenetic Subclasses of BCP-ALL

BCP-ALL is made up of various subtypes that are identified by recurring genetic
abnormalities responsible for initiating the disease and are crucial for risk stratification. These
genetic abnormalities are either aneuploidy which is chromosomal number alterations via
gaining or loosing whole chromosomes or chromosomal translocations that perturb genes
through the formation of chimeric fusions or position of them near the enhancers involve
hematopoietic transcription factors, epigenetic modifiers, cytokine receptors, and tyrosine
kinases [30]. Thanks to genetic research, ALL subclassification has been further elucidated and
inherited and somatic genetic changes in ALL development are found. Identifying these
changes is important not only for diagnosis and risk-stratification purpose but also it is

important to development of novel and targeted approaches [36].

Aneuploidy, which is changing in the number of chromosomes, is detected 30% of B-ALL cases

by karyotype analysis [37]. B-ALL includes 3 subclasses based on numerical changes;

High hyperdiploidy is defined by gaining extra chromosomes resulting in 51 to 65
chromosomes in the leukemic cells. It constitutes around 25% of BCP-ALL and is more common
in children but rare in both infants and adults. It is one of the favourable outcome subtypes of
B-ALL and survival rates are above 90% [35]. The chromosomes which are gained are not
random and generally include chromosomes 4, 10, 14, 21 and X. Additionally, other genetic

events like mutations of the Ras pathway and epigenetic modifiers are seen in this group [38].

Another type of numerical changes B-ALL is hypodiploidy which is characterised by loss of at
least one or more chromosomes. It is divided into three subclasses according to the total
chromosome number in the cell which are near haploid with 24-31 chromosomes, low-
hypodiploid with 32-39 chromosomes and high-hypodiploid with 40-43 chromosomes [35].
The incidence of hypodiploidy in adult B-ALL is 10%, while it is rare in children. Prognosis is
poor and direct correlation between lower chromosome number poorer outcome is detected

[39].

In regard of last subtype of numerical alteration in B-ALL is iAMP21. It is characterized by
intrachromosomal amplification of a portion of the long arm of chromosome 21 and seen more
prevalent in older children (median age 10 years) and rare occurrence in patients over 30 years

old [40].
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B-ALL can also be divided into four further subclasses based on translocations;

The t(12;21)( p13; g22) translocation results in the ETV6::RUNX1 fusion and is found in
approximately 25-35% of B-ALL patients that one of the highest prevalence along with high
hyperdiploidy. It mostly seen in children ages between 2 and 10 and uncommon in adults (less

than 3%) and infants. Cure rate with favourable prognosis is good [41].

Fusion involving the KMT2A gene is most common subtype of B-ALL in infants lower than 1
years old, and also shows a 15% incidence in adult ALL. It is characterised with poor prognosis
in all age groups [42]. KMT2A (formerly known as MLL) is gene located in 11923 and numerous

partners are identified associated with translocations of KMT2A [36].

BCR::ABL1 fusion (also known as Philadelphia chromosome) is produced by a translocation
between the BCR gene on chromosome 22q11.2 and the ABL1 gene on chromosome 9g34.1.
It results in expression of a constitutively active tyrosine kinase, leading to elevated
downstream signalling which promotes cell growth and survival [41]. It is frequently seen in
adult cases (around 25%) but is quite rare in children, with a frequency of around 2%—-5% [43].
Outcome is typically poor, however this has been improved by combining chemotherapy with

tyrosine kinase inhibition [36].

The TCF3-PBX1 fusion is caused by t(1;19)(g23;p13) and is found in about 4% of BCP-ALL
cases. Although initially considered high risk, the treatment outcomes for these patients

have greatly improved with modern therapies [31].

1.2.1.2 Chronic Lymphocytic Leukaemia (CLL)

According to the Cancer Research UK data based on 2016-2018, approximately 3800
cases per year are diagnosed in the UK. Diagnosis is strongly age related with a peak rate
between 85-89 [44]. In regard of mortality, total 976 death are associated with CLL each year.
Also, the percentages of CLL-related mortality in female and male are 39% and 61%

respectively. The peak rate of ages in death relation with CLL is over 90+ years [45].
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Figure 1.6 CLL statistics in UK.
Data is obtained from Cancer Research UK [44]. CLL; Chronic Lymphoblastic Leukaemia

CLL is characterized with accumulation of mature B cells in the blood, BM, lymph node and
spleen [46]. Patients with CLL shows diverse clinical progress like some patients experience
slow progression while others showed rapid disease course with more insensitive to therapy
and overall, relatively short survival. Several clinical factors such as gender, age, Rai/Binet stage,
IGHV mutational status, ZAP70 status, and genetic abnormalities detected by FISH play a
significant role in determining prognosis. Of these factors, IGHV mutational status is an
important independent prognostic indicator, with IGVH unmutated cases being associated with
poorer outcome[47]. CLL often begins with the loss or gain of chromosomal change,
subsequently, additional mutations drive more aggressive disease. At least one of four common
chromosomal alterations, del(13q), del(11q), del(17p), or trisomy 12, are detected around 80%
of CLL patients [48], [49].

CLL is classified into two main subgroups depends on mutational status of IGHV which codes
variable region of the immunoglobulin heavy chain [50]. CLL with exhibit a high level of IGHV
somatic hypermutation (M-CLLs) are related to favourable outcome while CLL have low or
absent IGHV mutation (U-CLLs) shows 98% homology to germline sequence and associated with
poorer clinical outcome compared to mutated counterpart’s [50], [51]. It was inferred that CLL
cells which include an unmutated IGHV region are derived from a B cell in the germinal centre
because they have not gone through somatic hypermutation in the IGV(D)J region. Conversely,

M-CLLs originated from B cells post-germinal centre [51], [52].
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1.2.2 Lymphoma Overview

Lymphoma encompasses a range of cancer neoplasms formed by lymphocytes, and
may affect the lymphatic tissue, BM, or outside of the lymph nodes. According to the WHO's
categorization system, over 90 distinct subtypes are identified [53]. It is initially and broadly
divided as Hodgkin and Non-Hodgkin lymphoma (NHL) then stratified by cell type of origin (B-
cell, T-cell or natural killer cell). Further subclassification is determined by morphology,
immunophenotype, genetic and clinical features [54].

According to the analysis based on UK’s Haematological Malignancy Research Network
between 2004 and 2012, 5796 lymphoma patients diagnosed. Among them, Mature B-cell
malignancies accounts approximately 95% while rest of identifies as subtype of T-cell
malignancies. Non-Hodgkin lymphomas are more common (86% of cases), while Hodgkin

lymphoma accounts for around 14% of cases.

Non-Hodgkin lymphoma is further subdivided into multiple subtypes. Diffuse large B
cell lymphoma has the most frequent incidence (around 40% of total cases) with a median
diagnostic age of 70 years. Around 5% of total cases comprise Mantle Cell Lymphoma with
75.5 median diagnostic age [55] (Figure 1.7). Other major subtypes are Follicular Lymphoma
(FL) accounts for around 20% among the lymphomas and it is derived from GC type b-cells
[56]. Most cases are linked with BCL2-IgH translocation [57]. Marginal zone lymphomas (MZLs)
constitute of 10% of all NHLs. It derived from post-GC memory B-cells in the marginal zone of
lymph nodes [58]. Burkitt’s lymphoma (BL) is counts for around 2% of NHLs and it is aggressive
type of mature B-cell NHL [56]. Most of cases shows translocations of MYC along with three
immunoglobulin genes result in constitutive overexpression of MYC oncogene [35] (Figure
1.7). In regards of risk factor for lymphoma, individuals who have first- degree relatives with
lymphoma have increased risk to be lymphoma [59]. In addition, infection contributes to risk of
lymphoma via immunosuppression or direct transformation of lymphocyte. Tobacco, obesity

and long-term pesticide exposure have also been identified as risk factors [54].
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Figure 1.7 Frequency of Mature B-Cell Non-Hodgkin Lymphomas.
Figure is adapted from [56].

1.2.2.1 Mantle Cell Lymphoma

MCL as incurable type of B-cell lymphoma is characterized by t(11;14) (q13;q32)
translocation leading to overexpression of cyclin D1 [60]. MCL accounts for approximately 5%
of non-Hodgkin lymphomas [61]. Classification based on The 2016 WHO is divided to two
subtypes show different molecular pathway resulting with distinct clinical presentations;
classical MCL (C-MCL) that involves to lymph node and extra nodal site and leukemic non-nodal
MCL (L-NN-MCL) that involves to BM, peripheral blood and spleen [53]. C-MCL consist of 90%
of patients, who also present with expression of the transcription factor SOX11 and unmutated
IGHV and are associated with an aggressive clinical progression. L-NN-MCL accounts for 10% of
patients, who are SOX11 negative, mutation of CCND1 and TLR2, and somatic hypermutation
of IGHV, resulting in an indolent clinical presentation [60]. C-MCL is derived from mature B cells
that have not entered the germinal centre and they often develop additional abnormalities in
cell cycle, DNA damage response and cell survival pathways. On the other hand, L-NN-MCL is
generally indolent, but can become more aggressive with gain additional abnormalities like

TP53 mutations [62]. (Figure 1.8)
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1.2.2.2 Diffuse Large Cell Lymphoma

Diffuse large B cell lymphoma (DLBCL) is the most prevalent type of B-Non-Hodgkin
Lymphoma (B-NHL), accounting for approximately 40% of new diagnosis in adulthood. It can
be de novo or evolve from less aggressive B-NHL like FL or CLL [63]. Its name suggests large
cells with nuclei that are at least twice size of lymphocytes. It can be involved both nodal and
extra-nodal sites [64]. According to gene expression data, it is classified into two major groups;
the germinal centre B-cell-like (GCB) subtype which arising from GC light zone B cells and
activated B-cell-like (ABC) which is from later stage of GC differentiation when B cells are
committed to plasmablastic differentiation. About10-15% of cases are unclassified [65], [66].
This separation based on different stages of lymphoid differentiation is also associated with
distinct tumorigenic mechanisms [67]. The median age of diagnosis for DLBCL is around the
mid-60s, with about 30% of patients being over 75 years old. Research indicates that there is
association between of DLBCL and inherited immunologic deficiency diseases like ataxia-
telangiectasia, immune dysregulation such as autoimmune lymphoproliferative syndrome, viral

such as HIV infection or environmental exposures, such as pesticides [64].

Abnormal somatic mutations are found in over 50% of DLBCL and include mutations of genes
such as PAX5 and MYC, which are believed to play important roles in tumour development [68].
Chromosomal translocations resulting in rearrangements of BCL-6, which is a transcriptional
repressor expressed by germinal centre B cells to regulate GC formation, are seen in
approximately 30-40% of DLBCL [69]. Further common chromosomal rearrangements
underlying GBC-DLBCL target MYC and BCL2, which are also seen in Burkitt and FL, and are
identified in approximately 10% and 40% of GCB-DLBCL respectively [70]. On the other hand,
two primary events identified as underlying development of ABC type DLBCL; include the
continuous activation of NF-kB and also prevention of terminal differentiation into plasma cells
by inactivation of PRDM1 transcription factor to trigger plasma cells differentiation [63].
(Figure 1.8)
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Figure 1.8 Schematic overview of origin of major Non-Hodgkin Lymphoma subtypes.

Schematic overview of origin of major Non-Hodgkin Lymphoma subtypes. Mature naive B cells
move into secondary lymphoid organ’s dark zone where form germinal centre (GC) become
centroblast. In the dark zone, centroblast undergo proliferation and somatic hypermutation.
Germinal centre (GC) B cells serve as the normal counterparts of certain B-cell malignancies,
including follicular lymphoma (FL), Burkitt lymphoma (BL), and the GC subtype of diffuse large
B-cell lymphoma (GCB-DLBCL). In contrast, the activated B-cell subtype of DLBCL arises from
post-GC cells. Multiple myeloma (MM) originates from terminally differentiated plasma cells.
Chronic lymphocytic leukaemia (CLL) may develop from either naive or differentiated memory
B cells. Additionally, mantle cell and marginal zone lymphomas arise from B cells situated

within the mantle and marginal zones of lymphoid follicles, respectively. Figure is obtained

[71].

1.2.2.3 Primary Central Nervous System Lymphoma

Primary central nervous system lymphoma (PCNSL) is a rare type of extra-nodal NHL
affecting brain, leptomeninges, eyes or spinal cord without widespread involvement at initial
diagnosis [72]. According to the WHO classification, Primary CNS diffuse large B-cell ymphoma

is classified as distinct subtype of DLBCL [35]. 90% of non-HIV-associated PCNSL are DLBCL while
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the remaining cases encountered low grade lymphomas such as T-cell lymphomas or Burkitt

lymphomas [73].

The only established risk factor for PCNSL is congenital or acquired immunodeficiency and
PCNSL patients with HIV show significantly higher incidence compared to the general
population by 3600-fold [74]. The median age of PCNSL is ranges from 53 to 57 years old in
immunocompetent patients versus 31-35 years old in immunocompromised patients. With
respect of gender distribution, male and female ratio is nearly same in immunocompetent
patients (1.2:1.0), while there is a pronounced male bias in AlDS-associated PCNSL (male to

female ratio, 7.38:1) [75].

Rubenstein et al. compared the gene expression profiles of 23 patients with PCNSL and 9
patients with lymph node DLBCL. Their analysis revealed that individual PCNSL cases could be
classified into GCB, ABC, or type because most of PCNSL samples expressed either GCB marker
(Bcl-6) or ABC marker (MUM1). Furthermore, PCNSLs were parted from DLBCL by elevated
expression of regulators in terms of regulators of unfolded protein response (UPR) pathway,
by oncogenes c-Myc and Pim-1 and by divergent apoptosis regulators [76]. Montesinos-
Rongen and colleagues found that PCNSL were similar expression pattern of late germinal
centre B cells and PCNSL and DLBCL are not markedly distinct from each other based on their
gene expression patterns. Lastly, PCNSLs expression profile resemble of each type DLBCL by
gene expression profiling analysis of 21 PCNSL comparing with brain tissue, normal B- cells and
systemic DLBCL [77]. Moreover, elevated expression of multiple extracellular matrix and
adhesion related pathway genes are found in PCNSL when compared to non-CNS lymphomas
[78]. This difference may be linked to specific interactions between tumour cells and
extracellular matrix proteins in the CNS that could explain the neuro invasion observed in

PCNSL [79].

1.3 Epigenetics

Epigenetic term was coined the first time by Conrad Waddington in 1942 as combining
two words; epigenesis and genetics [80]. He refers that genetic and environmental factors
influence development process [81]. David Nanney suggested that environmental influences
play a role in shaping epigenetic mechanisms, which in turn regulate gene expression and

are maintained through cell divisions. In this way, he addressed heritable regulation of
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epigenetic and it's control upon gene expression [82]. Wu and Morris defined epigenetic in
2001 that epigenetic pattern of gene expression continues through cell division (mitosis and
meiosis) without any alteration of DNA sequence [83]. Epigenetic marks in multicellular
organisms during development could be essential for producing a wide variety of phenotypes
from the same genotype and also help to adaptations to respond intrinsic and extrinsic stimuli
throughout life [84]. The first epigenetic modification discovered was DNA methylation in
1940s [85] and its role in the controlling gene expression was identified after approximately
thirty years later [86], [87]. Since then, epigenetic studies have shifted from its initial focus
on development to examine the regulatory role of epigenetic modifications in gene
expression. Along with DNA methylation, other type of DNA modification like hydroxy
methylation and post-translational histone modifications like acetylation, methylation,
phosphorylation, ubiquitination, SUMOylation and ADPribosylation among others, have been
identified so far [88]. The genetic material in mammals is packaged in the chromatin. The
arrangement of chromatin to get three-dimensional compact form is influenced by enzymatic
DNA methylation and histone modifications that create epigenetic layers for controlling gene
expression and cellular processes without changing the actual DNA sequence. In addition to
these mechanism, non-coding RNA has effect on regulation of gene transcriptional activity in
different physiological pathways like cell division and apoptosis. (Figure 1.9). Dysfunctional
epigenetic patterns have been linked to abnormal development as well as diseases such as

cancer [89].
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Figure 1.9 Types of epigenetic modifications.

A represents histone modifications including phosphorylation (Ph), methylation (Me) and
acetylation (Ac). These modifications are involved in chromatin remodelling and transcriptional
regulation. B indicates DNA methylation that adding methyl group at 5° carbon of cytosine
bases and is catalyses by DNA methyltransferase enzyme to repress gene activity. C shows
repressing transcriptional and translational processes by microRNAs which is a class of

noncoding RNA (ncRNA). Figure is adapted from [90].

1.3.1 DNA Methylation

The most extensively researched epigenetic modification in humans is cytosine
methylation. DNA methylation in mammals occurs specifically at cytosines and involves the
addition of a methyl group to 5th carbon on the cytosine ring, leading to the formation of 5-
methylcytosine (5mC) (Figure 1.10). DNA methylation was initially identified by Rollin
Hotchkiss in 1948 with the identification of a modified cytosine (5-methylcytonise) [85], after
decades with several studies that DNA methylation with other key player is major epigenetic

process changing transcriptional activity in the cell [86], [87].
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Figure 1.10 Schematic representation of DNA methylation.

DNA methyltransferases (DNMTs) catalyse addition of methyl group from S- adenyl

methionine (SAM) to cytosine to form 5- methyl-cytosine. Figure is adapted from [91]

Role of DNA methylation as suppressor on gene transcription occur by three ways modifying
the affinity of transcription factors for a gene promoter, affecting the binding of specific

methylation recognition factors to promoters or gene bodies and changing the structure of
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chromatin and the accessibility of transcription factors and other DNA-binding proteins

[89](Figure 1.11).

YY1 Peg3

5@@ o M

= Peg3 sl

YY1 RNA Pol
B RNA Pol MeCP2 .

gl o
SSt Llll ?
CREB1 UU A Bl
CREB1

Figure 1.11 Representative model of how DNA methylation affects gene expression.

A indicates that transcription factors like YY1 are sensitive to methylated DNA and cannot
initiate transcription in presence of DNA methylation. B indicates that methyl binding proteins
(MBD) proteins (MeCP2 in figure) can bind to methylated DNA, thereby inhibiting transcription
factor (CREB1 in the figure) access. C indicates that methylated DNA can be compacted by
chromatin remodelling enzymes thereby cause restricting transcription factor binding and
access to heterochromatin. Lolly with red heads (in figure A, B) and red dots (in figure C)
represent methylated CpG dinucleotides; orange curves represent RNA transcripts. Figure is

obtained from [89].

DNA methylation is essential for establishing genomic imprinting, whereby genes are
expressed from only one of the two inherited parental alleles, as seen in X chromosome
inactivation and tissue-specific gene expression [92]. In addition to, it has an important role
upon preventing genome from chromosomal instability via methylation of transposable and
viral elements which accounts for around 45% of mammalian genome and can cause gene

distribution[84].
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1.3.2 Basic Mechanism of DNA Methylation

The enzymes which are involved in regulation of biological activities due to DNA
methylation can be divided into three classes: writers, erasers, and readers, writers refer to
enzymes can catalyse the addition of the methyl group to cytosine. Readers are group of enzymes
that recognise and bind to methyl groups to change gene expression whereas erasers can modify
and remove then methyl group [92].

DNA methylation is catalysed by a family of enzymes (DNMTs) which catalyse the transfer
of a methyl group from S-adenosyl methionine to cytosine residues in DNA. Five DNMT family
members have been identified in mammals; DNMT1, DNMT2, DNMT3a, DNMT3b, DNMT3L [93].
DNMT1 is known as a maintenance methyltransferase and is the predominant enzyme involved
in replicating the pattern of DNA methylation in newly synthesised DNA when cell divide. During
DNA replication, DNMT1 localises to the replication fork where newly synthesised DNA is hemi-
methylated (i.e. methylation is only present on the old, and not the newly synthesised, DNA
strand) and targets the nascent DNA strand to methylate the unmethylated cytosine in the newly
synthesised strand, in the context of a palindromic CpG site. In this way the methylation pattern

from the original cell is copied to the two daughter cells [94], [95] (Figure 1.12-B).

Two other family members, Dnmt3a and Dnmt3b, also have important catalytic roles in
establishing the cellular methylation patterns. Contrary to Dnmt1, these enzymes do not show a
pronounced preference for hemi-methylated DNA and are predominantly involved in methylation
of regions of the genome which were previously unmethylated. Thus, these enzymes are referred
to as de novo DNMTs [96]. DNMT3a and DNMT3b are de novo DNMTs which are thought have
responsibility for establish methylation pattern during embryonic development after fertilization
and are highly expressed in embryonic stem cells. Both enzymes are then downregulated once

cells differentiate [93] (Figure 1.12-A).
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Figure 1.12. Schematic representation of DNMTs family.

A) Dnmt3a and Dnmt3b are referred to as the de novo DNA methyltransferases, and they are
responsible for adding methyl groups (red) to previously unmethylated DNA. B) In contrast,
Dnmtl maintains the existing DNA methylation profile during DNA replication. As DNA
undergoes semiconservative replication, the parental DNA strand retains its original
methylation pattern (gray). Dnmt1 localizes to the replication foci and preserves the existing
DNA methylation pattern by adding methyl groups to the newly synthesized daughter strand
(blue). Figure is obtained from [92].

Reading of DNA methylation is directed by group of methyl binding proteins. Adding methyl
group to cytosine bases causes direct suppression of gene expression by inhibiting transcription
factor binding to their target sequence on gene promoter. In addition, DNA methylation allows
accumulation of specific transcriptional repressor proteins to methylated DNA causing indirectly
blocks transcription factor binding. One of the well-known protein family to target methylated
DNA is methyl-CpG-binding domain (MBD). MBD proteins contain a conserved methyl-CpG-
binding domain which enhances their affinity for single methylated CpG sites [97] and
transcriptional repression domain (TDR) to bind variety of repressor complexes (review in [92]).
TDR domain of MeCP2 protein, first identified member of the MBD protein family, can attach to

a corepressor complex containing the transcriptional repressor mSin3A and histone deacetylases
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and suppress transcription [98] (Figure 1.13). Against the other methyl binding proteins, The
UHRF (ubiquitin-like, containing PHD and RING finger domain) proteins are not directly bind to
DNA and suppress it, instead of initially interact with DNMT1 via its SET and RING DNA-binding
domain then locate it to the hemi-methylated DNA to maintain DNA methylation especially

during DNA replication [99].
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Figure 1.13 lllustration of transcription repression by cytosine methylation through MeCP2

protein.

A) Active transcription is demonstrated by the presence of unmethylated CpG sites, which
enable transcription factors (TF-blue) and RNA polymerase Il (green) to bind and initiate
transcription. However, (B) histone deacetylase activity (HDAC-purple) can lead to a blockage
at the transcription start site, preventing the binding of transcription factors and RNA
polymerase Il (Black arrow with cross indicates transcriptional repression). Figure is adapted

from [98].

DNA demethylation is classified as either passive or active. Passive DNA demethylation takes
place in dividing cells. During cell replication, Dnmtl actively preserves DNA methylation;
however, its inhibition or malfunction results in the retention of unmethylated cytosine and
subsequently reduces the overall level of methylation after each cell division. Active
demethylation of DNA can operate in both dividing and nondividing. This process involves
enzymatic reactions to convert the 5mC through deamination by AID/APOBEC (activation-
induced cytidine deaminase/apolipoprotein B mRNA-editing enzyme complex) or oxidation
reactions by TET (ten-eleven translocation) family enzymes into a form recognized by the base

excision repair pathway, which then replaces the modified base with unmodified cytosine [92].
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1.3.3 Locations of DNA Methylation

The majority of DNA methylation occurs on cytosines that come before a guanine
nucleotide, known as CpG sites [100]. 5mC only accounts for 1% of nucleic acids in the human
genome [101]. The dinucleotide CpG has been gradually depleted from higher eukaryotic
genomes during the evolution [102]. Cytosine methylation seems play an essential role in
this process because most of CpG sites lost resulted from mutagenic potential of methyl
cytosine to thymine through deamination [103]. The remaining CpG sites are distributed
throughout the genome, being highly methylated except for CpG islands. CpG island is
region where longer than 200bp with at least 50% of G+C content as a higher than rest of
genome and the ratio of CpG to GpC of at least 0.6 and generally unmethylated [104]. Around
70% of gene promoters are located in the CpG island [105] and they are found unmethylated
therefore they are preserved through evolution [106] and this result in interaction of
transcription factors with gene promoters and allow to gene expression [94]. Because of the
many transcriptions binding site in promoter have high GC content, CpG island in those
regions are likely facilitating accessibility to DNA and promote transcription factor binding. In
addition to CpG island in promotor region, CpG island located in chromatin is usually highly
acetylated, does not have histone 1 and contain nucleosome free region. Therefore, these
make it open chromatin structure may allow interaction of transcription factors to gene
promoters [107]. On the other hand, methylation of CpG island is associated with
suppression of gene expression result from that inhibit the binding of transcription factors,
recruit repressive methyl-binding proteins. However, CpG island especially linked to gene
promoters are rarely methylated [92]. CpG islands located at transcription start sites rarely
associate with tissue-specific methylation patterns. Regions closely proximal to CpG islands
are referred to as CpG island shores which are defined as 2kb upstream or downstream of
CpG islands with lower CpG density. Methylation in these regions is more frequently
associated with tissue-specific expression pattern (Fig 1.14). Methylation of CpG island shore

is linked with gene suppression like methylation of CpG island [108].
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Figure 1.14 lllustration of the realtionship of CpG Island, CpG shore and CpG shelf regions.

CpG island in located transcription start sites. the region is termed as CpG island shore is found
2kb upstream/downstream of the CpG island. CpG shelves are defined as another 2kb
upstream/downstream of the of the CpG shores. The remaining genomic regions make up the

inter-CGI annotation. Figure is obtained from [109].

1.3.4 Other Epigenetic Mechanism
1.3.4.1 Histone Modifications

Histone proteins play an essential role as part of nucleosomes, and their post-
translational modifications are linked to the structure of chromatin [98]. There are five
primary types of histones: H1, H2A, H2B, H3, and H4. They have a high amount of positively
charged amino acids such as lysine and arginine. Nucleosomal histones are considered highly
conserved proteins with nearly 100% homology in their amino acid sequences across all
eukaryotic organisms. The nucleosome is the basic component of chromatin, octamer of the
four core histones (H3, H4, H2A, H2B) around which 147 base pairs of DNA are wrapped —
forming the nucleosome core unit [110]. These units are then linked together by histone H1
to form 30 nm fibrils (Figure 1.14). Linker histone, H1, plays a role in stabilizing chromosomes
and creating more complex structures. Histones, especially their tails, are notable for the
numerous and diverse modified residues they contain and with its modifications influencing

the formation of heterochromatin and transcriptional activation [111].
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Figure 1.15 lllustration of Structure of Nucleosome.

Octamer of the four histones (H3, H4, H2A, H2B) makes nucleosome core and this unit is linked

by linker histone, H1. Figure is adapted from [112].

Histone modifications serve two main functions: creating global chromatin contexts
and regulating DNA-related biological processes. These alterations aid in organizing the
genome into separate domains such as euchromatin and heterochromatin, facilitating
accessibility of DNA for specific tasks such as transcription and replication [113]. The human
genome can be divided into two distinct chromatin types based on their transcriptional
activity: transcriptionally silent heterochromatin and transcriptionally active euchromatin.
Heterochromatin plays a crucial role in protect chromosome ends and ensuring proper
chromosome separation during mitosis. on the other hand, euchromatin has a loose
configuration to allows flexibility to DNA in biological processes like transcription and
typically contain high expression genes [12]. Epigenetic alterations may serve as one of the
indicators for distinguishing between different types of chromatins; for instance,
euchromatin often exhibits high levels of acetylation while heterochromatin tends to have
low acetylation levels. A diverse range of histone modifications have been identified until
now, and they are crucial for regulating chromatin state and controlling transcription
processes during cell proliferation. These posttranslational modifications include
methylation, acetylation, sumoylation, glycosylation, phosphorylation, poly-ADP-

ribosylation, and ubiquitination [112] (Figure 1.16).

Histones can undergo simultaneous modifications at multiple sites. Each core histone
forming the nucleosome can carry numerous modifications, leading to interactions between

different marks. Interactions among histone modifications can take place within the same
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site and across different histone tails. Consequently, a single modification on a histone does
not solely determine the outcome; instead, it is the collective presence of all modifications

in a nucleosome or region that determines the result.

Figure 1.16 Schematic Overview Post-Translational Modifications of the Histone Tails.

The location of each modification is shown in black, and the amino acid modified at each
position is also shown (K = lysine, R = arginine, S = serine, T = threonine). The modifications to
each amino acid are visually represented using a colour scheme (green = methylated, pink =

acetylated, turquoise = phosphorylated, beige = ubiquitinated). Figure is obtained from [114].

Acetylation of lysine is controlled by two opposing enzyme families: histone
acetyltransferases (HATs) and histone deacetylases (HDACs) [115]. Acetylation refers to
transfer acetyl group of acetyl-CoA to the e-amino group of the internal lysine residue where
near the amino termini of histone proteins by histone acetyltransferases (HATs) (Table 1.3)
[116]. Adding acetyl group cause neutralization of positive charge of lysine leading disruption
of the electrostatic interaction between histones and DNA subsequently decreased affinity
of histone for DNA, modification/ relaxing of condense heterochromatin structure, impact
gene organization then result in activate transcription process [117]. To support this
hypothesis, histone acetyltransferase (HAT) activity of several transcriptional activator
complexes in mammalian cells have been discovered (reviewed in [89]). On the other hand,
removing acetyl group from lysine is performed by enzymes called histone deacetylases
(HDACs). This results in the restoration of the positive charge of lysine, resulting in increased
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histone-DNA affinity, compaction of chromatin and consequent transcriptional repression

[118].

Histone methylation takes place on amino acids; arginine, lysine, and histidine [119].
Moreover, there is an additional layer of complexity in this modification; lysine can undergo
mono-, di-, or tri-methylation, while arginine may be mono-, di-methylated. Differ from
acetylation and phosphorylation, however, histone methylation does not change the charge
of the histone protein [115]. Histone methylation is regulated by functionally two opposing
group enzymes: histone methyltransferases and histone demethylases. These enzymes have
a crucial role in regulating transcription and changing chromatin structure leading to
coordinating gene expression, cell survival, and differentiation [120]. Lysine
methyltransferases play a role in transfer methyl group from S-Adenosyl-L-methionine (SAM)
to specific lysine’s e-amino group residues on histones which are most common in this process
H3K4, H3K9, H3K27, H3K36, H3K79, and H4K20 [121], [122] (Table 1.3). Mono-, di- or tri-
methyl group can be added to lysine residue but, different histone methyltransferase shows
different affinity to different substrate, so each has different capacity about catalysing of
different level of methylation [123]. In regards of arginine methylation, the enzymes which add
methyl group to arginine residue is divided into two-classes; type-l and type-Il enzymes. Both
types facilitate the transfer of a methyl group from SAM to the w-guanidino group of arginine
in various substrates [118] (Table 1.3). Histone methylation has been linked to a range of
cellular processes, including transcription, DNA replication, the response to DNA damage
and repair, the formation of heterochromatin, and somatic cell reprogramming. Among
these functions, transcriptional activation and repression have received the most attention.
H3K4 trimethylation is associated with euchromatin and promotes active transcription by
recruiting the RNA polymerase Il complex. Conversely, H3K27 trimethylation is commonly
viewed as a mark for repressing transcription [124]. On the other hand, arginine methylation
of histones (H3 or H4) generally promotes transcriptional activation mediated by arginine
methyltransferases (PRMTs) [125].

Phosphorylation of histones occurs predominantly at serine, threonine and tyrosine

amino acids in N-terminal tail. This process is regulated by two enzymes family; kinases which

use ATP for transfer phosphate group to target amino acid chain and phosphatases which

remove phosphate group [126], [127]. Histone phosphorylation may act by recruiting

chromosome condensation elements. Histone phosphorylation is linked with the compaction
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of chromatin that takes place during mitosis and meiosis. Phosphorylation is suggested to be a
crucial stage in the condensation of higher-ordered chromosomes, which plays a significant role
in subsequent chromosome alighnment and separation during cell division. Multiple sites
undergo phosphorylation such as H3510, H3T3, and H3T11 during mitosis or meiosis. Heavily
compacted metaphase chromosomes exhibit substantial phosphorylation at all these locations
[128].

Histones can undergo mono- and poly-ADP ribosylation on glutamate and arginine
residues (Table 1.3). The process of histone poly-ADP-ribosylation is mediated by the enzymes
from the poly-ADPribose polymerase family, while it is reversed by the enzymes belonging to
the poly-ADP-ribose-glycohydrolase family. These two groups of enzymes work in coordination
to regulate levels of poly-ADP ribosylated histones, which have been associated with a relatively
open chromatin state [129].

Ubiquitin, a 76-amino acid polypeptide, is linked to histone lysine residue through
the coordinated activity of three enzymes: El-activating, E2-conjugating, and E3-ligating
enzymes [130] (Table 1.3). Notably, two distinct sites, H2A and H2B, are found related to this
process. While H2AK119ub1 contributes to gene silencing, the presence of H2BK123ub1 is
critical for transcriptional initiation and elongation [131].

Sumoylation modification is a process linked to ubiquitylation and it takes place
attaching small modifier molecules, similar to ubiquitin, to histone lysine through E1, E2, and

E3 enzymes (Table 1.3). It has primarily been associated with suppressive function [132].

Chromatin Modifications Residues Modified Functions Regulated

Acetylation K-ac

Transcription, Repair, Replication

Methylation (lysine)

K-mel, K-me2, K-me3

Transcription, Repair

Methylation (arginine)

R-mel, R-me2a, R-me2s

Transcription

Phosphorylation S-ph, T-ph Transcription, Repair, Condensation
Ubiquitylation K-ub Transcription, Repair

Sumoylation K-su Transcription

ADP ribosylation E-ar Transcription

Table 1.2 WHO Classification of Haematolymphoid Tumours

List of common histone modifications. Table is adapted from [133].

1.3.4.2 Non-Coding RNAs

More than 70% of the human genome is transcribed into non-coding RNAs (ncRNAs),

making them the largest component of the genome [134]. NcRNAs can be categorized as
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housekeeping (including ribosomal RNAs (rRNAs), transfer RNAs (tRNAs), small nuclear RNAs
(snRNAs) and small nucleolar RNAs (snoRNAs)) and the other category is regulatory ncRNAS
commonly further divided based on their lengths into small ncRNAs such as small interfering
RNAs (siRNA s), micro RNAs (miRNAs) and piwi-interacting RNAs (piRNAs) and long non-
coding RNAs (IncRNAs) [135].

A category of small non-coding RNAs consists of 15—200 nucleotide (nt) transcripts long that
play a role in regulating gene expression after transcription. Small non-coding RNAs have
been found to be involved in various fundamental processes, including maintaining stemness
and germline, development and differentiation, as well as silencing genes at both
transcriptional and post-transcriptional levels [136].

miRNAs represent the most extensively researched category of small ncRNAs, consisting of
evolutionarily conserved transcripts ranging from 17 to 25 nt. They function in regulating
gene expression post-transcriptionally by either suppressing target mRNA translation or
inducing mRNA degradation [137]. miRNAs exhibit complete complementarity with their
mRNA targets, they can directly endonucleolytic cleavage of transcripts or supressing their
translation by partially binding on 3'UTR of a target mRNA [138].

Small interfering RNA (siRNA) is made from external origin retrotransposons and viral via
processing by Dicer enzyme as a long fully complementary double strand RNA in 20-24
nucleotides length and linear form. siRNA can suppress the translation by cleavage of perfect
complementary matched mRNA. It is also observed that siRNA induce heterochromatin
epigenetic marks and cause direct sequence-specific transcriptional gene silencing [138],
[139].

When compare siRNA to miRNA, there are some differences like dsRNA (30-100 nt length) can
be transcribed or artificially introduced to the cell then Dicer process it into siRNA. Precursor
of miRNA (7-100 nt length), however, produced inside the nucleus by RNA Pol Il then cleaved
by Drosha then transported to cytosol. In addition to, for Endonucleolytic cleavage of target
MRNA by siRNA must be fully complementary matched between guide siRNA and target
MRNA, in contrast partially complementary matched between guide miRNA and target mRNA
will result in either degradation or translational repression of target mRNA in some cases when
complementary level is high between miRNA and mRNA, endonucleolytic cleavage of mRNA

[140].
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In contrast to the two prior categories of small ncRNAs, piRNAs originate from a single-
stranded precursor rather than a double-stranded RNA, and their production are not relied
on the Dicer enzyme. It is 26—31 nt-long piRNAs and name comes from interaction to Piwi
protein that play a role in epigenetic regulation [141]. The main role of piRNAs is protect
genome against to transposon activity. They are involved in translational suppression of
transposon mMRNA degradation by identify transposon sequence then guide cleavage of

transposon sequence match with 3" or 5° UTRs of mRNAs with PIWI proteins [139].

1.3.4.3 Crosstalk of Different Epigenetic Layers

DNA methylation and histone modifications are closely connected and depend on
each other to preserve the epigenetic state of mammalian cells. CoG methylation can act as
a signal for histone modifications. Specifically, methyl binding proteins MeCP2 and MBD not
only bind methylated CpGs but also interact with enzymes involved in modifying histones
such as deacetylases and lysine methyltransferases [142]. Simultaneous interaction of MBD1
with methylated CpG and SUV39H1 enables this protein to serve as a connection between
CpG methylation and histone H3K9 methylation. This dual binding capability of MBD1 plays
role as bridge between two distinct epigenetic level control DNA methylation and histone
modification, thereby guaranteeing the silencing of targeted genes through epigenetic
mechanisms. Histone methylation may also attract DNMTs. The recruitment of DNMT3a/3b
to H3K9 methylated chromatin occurs through direct interaction with the heterochromatin
protein HP1, which binds to methylated H3K9 via its chromodomain [143]. DNMT1 also can
be recruited by methylated H3K9 through UHRF1, guaranteeing the accurate transmission
of DNA methylation during mitosis [144] (Figure 1.17). This illustrates that in
heterochromatin, methylated H3K9 is involved in controlling DNA methylation. In addition
to, a number of miRNAs have been reported to target DNA methyltransferases or enzymes
responsible of DNA demethylation, consequently influencing the state of DNA methylation

[145], [146].
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SUV39H1

Figure 1.17 lllustration of Epigenetic crosstalk between different mechanism.

H3K9 methylation and DNA methylation are coupled processes. The MBD1 protein can identify
methylated DNA and recruit the H3K9 methyltransferase SUV39H1. Similarly, the HP1 protein
binds to K9-methylated histone H3 and recruits DNMT3 to allow de novo methylation to
nascent DNA; UHRF1 can recognize H3K9 methylation and guide DNMTI1-mediated
maintenance of DNA methylation. Lolly with red heads represent methylated CpG
dinucleotides; blue dots represent methylated H3K9; black dots represent S-adenosyl

methionine substrate for DNMTs. Figure is obtained from [89].

1.3.5 Role of DNA methylation on Haematopoiesis and Haematological
Malignancies

Hematopoietic stem and progenitor cells (HSPCs) can undergo either self-renewal by
mitotic division to produce identical stem cells with their developmental potential or
differentiation which leads to the production of differentiated daughter cells from same
mother cells. Cellular fate, whether to undergo self-renewal or differentiation, is carefully
coordinated by network of specific transcription factors, genes, signalling pathways and

epigenetic regulation via changing gene expression pattern [147], [148].

Among the epigenetic changes DNA methylation, histone modifications as well as the non-
coding RNAs play crucial role upon regulating B cell fate related genes at both the

transcriptional and post-translational level [17].

Throughout early stages of HSC development, genes which have a role in maintaining cell
number in BM via self-renewal and multipotency are in an open-access state to transcription

and actively transcribed. In contrast, genes with specific functions in lineage commitment are
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epigenetically suppressed. As differentiation proceeds, lineage-specific genes become active

whereas genes linked to pluripotency are inactivated by epigenetic mechanisms [149].

It has been showed that DNMT1 is required for HSC differentiation from stem cells to
multipotent progenitors to lineage-restricted myeloid progenitors in mice [150]. In addition,
loss of DNMT3a leads to aberrant expression of self-renewal genes (Runxl and Gata3),
resulting in expansion of HSC population and blocking differentiation. Moreover, specific
deletion of both DNMT3a and DNMT3b in HSC causes activation of B-catenin signalling that

results in enhanced self-renewal over differentiation [151].

Hypomethylation and hypermethylation of DNA are terms used to indicate lower or higher
levels of methylation compared to a standard DNA, which in the context of cancer
epigenetics is normal tissue [152]. Global DNA hypomethylation is frequently observed in
cancer and may be linked to chromosomal instability, transposon reactivation and loss of the
genomic imprinting [153], [154]. On the other hand, it has been showed that aberrant
methylation occurs in 5-10% of normally demethylated promotors in cancer. Therefore,
tumour suppressor gene can be inactivated by abnormal hypermethylation and cause
tumorigenesis. Moreover, this abnormal methylation effect non-coding RNA expression that
contribute malignant transformation as well [155], [156]. Promoter hypermethylation
appears to be as prevalent as the disruption of classic tumour-suppressor genes through
mutation in human cancer and may potentially be even more common. Approximately 50%
of the genes that lead to familial cancer when mutated in the germline are known to undergo
silencing associated with methylation in various sporadic forms of cancer [157]. Epigenetic
silencing plays a crucial role in the development of non-hereditary forms of cancer, as
demonstrated by research on the BRCA1 gene. This gene was previously believed to be
significant solely for familial breast cancer. However, it is now evident that 10-15% of women
with the non-familial version of this disease have tumours in which BRCA1 is hypermethylated

[158].

To investigate epigenetic relationship between normal B cell development and cancerous
process, Kulis et al compared B-Cell cancers in comparison to their healthy cell counterparts
by DNA methylome analysis. They compared different types of malignancy with normal cells
at an equivalent stage of differentiation, i.e. ALL with precursor B cells (preBCs), DLBCL-GCB
type with germinal centre B-cells (gcBCs) and multiple myeloma (MM) with plasma cells. Their

results showed that a significant proportion of differentially methylated CpGs in tumours are
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methylated through normal B cell differentiation ranging from 53% to 82% for
hypermethylated sites and 29% to 84% for hypomethylated sites [159].

In addition, Norlund et al studied methylation level of 663 patients with paediatric B-ALL and
101 patients with paediatric T-ALL, and their results showed that each ALL subtype exhibited
a particular methylation signature, and these signatures could be help to predict genetic

subtype of paediatric ALL [160].

Genome-wide loss of methylation and site-specific gain of methylation were identified in CLL
by different techniques and groups [161], [162]. Kulis et al compared subset of CLL in
comparison to their healthy cell counterparts by DNA methylome analysis. They compared
different subtypes of CLL (U-CLL and M-CLL) with normal cells at an equivalent stage of
differentiation, i.e. U-CLL with naive B cells, M-CLL type with memory b-cells and compared
two subtypes of CLL each other. Their results showed that U-CLL were epigenetically resemble
to naive b-cells, whereas M-CLL resembled memory b-cells. Also, global hypomethylation that
found gene body and enhancer region between both CLL subtypes and b-cells differentiation

suggesting DNA methylation outside of promotor regions has a function [162].

1.4 Cancer Overview

Cancer is disease in which cells divide continuously and excessively because of the
pathophysiological changes [163]. Cancer is recognised as one of the leading causes of disease-
associated mortality worldwide every year. According to the Global Cancer Statistics 2020 data
by Hyuna Sung et al [164], 19.3 million cancer patients were newly diagnosed and around 10
million death were recorded due to cancer in 2020 in 185 countries (GLOBOCAN). According
to the data, the most common cancer types regardless of gender are breast, lung, and prostate
cancer. The leading causes of cancer-related deaths are lung, liver, stomach, and breast cancer.
Gender-specific trends show that lung, prostate, non-melanoma skin, and stomach cancers are
most prevalent in men, while breast, lung, and cervical cancers are most prevalent in women

[164] (Figure 1.19).
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Figure 1.18 Percentage of total incidence and percentage of total death of 20 cancer types

over 185 countries.

This graph was reproduced from Sung, H., et al [164].
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Figure 1.19 Percentage of total incidence and percentage of total death of most common
cancer types in male (A) and female (B).
This graph was reproduced from Sung, H., et al [164].

1.4.1 Genetics of Cancer

A genomic role in cancer development was proposed by David von HanSEMann [165]
first, then by Theodor Boveri [166] based on microscopic observation of dividing cancer cells
revealed unusual chromosomal abnormalities. They proposed idea that cancers form of
abnormal cell clones caused by hereditary material abnormalities. Cancer as a genetic
disease arises from accumulation of mutations in genes controlling cell division, survival,
invasion and other hallmarks of transformed phenotype [167]. The transformation process
from normal to cancerous cell requires changes at both the genomic and epigenomic levels
[168]. Family background and increasing age are can be key risk factors for many cancers type,
indicating that both inherited and acquired factors which play roles in development of cancer
[169], [170]. Germline mutations are congenital genetic alterations in reproductive cells
derived from either sperm or egg and are typically present in every cell of the resulting
offspring's body. Somatic mutations accumulate throughout an individual's lifetime as a
result of internal and external factor that induce DNA damage. Detection of germline

mutations is intended to determine inherited malignancies and identify high-risk families, and
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detection of somatic mutation is proposed to find targeted drugs, monitor tumour loading for

guided therapy, and evaluate prognosis [171].

Somatic mutations can take a number of different forms; base substitutions which change one
base with another one, insertions or deletions of DNA segments, rearrangements that involve
breaking and rejoining of DNA segments to other locations in the genome, copy number
variations, either due to gain or loss of large chromosomal sections, or more localised gene
amplification or deletion [172]. As an example, Philadelphia chromosome is produced by a
translocation between the BCR gene on chromosome 22ql1.2 and the ABLI1 gene on
chromosome 9qg34.1. It results in expression of a constitutively active tyrosine kinase, leading
to elevated downstream signalling which promotes cell growth and survival (mentioned in

section 1.2.1.1.2) [41].

The DNA sequence in normal cells is constantly exposed to mutagens originating from both
intrinsic and extrinsic sources. Exposure to high levels of external mutagens such as tobacco
smoke carcinogens, aflatoxins produced by fungi, and various forms of radiation like
ultraviolet light can further elevate mutation rates While most of this damage is repaired, a
small portion may result in permanent mutations (170). These exposures have been linked
to increased incidences of lung, liver, and skin cancer respectively. Somatic mutations in
types of cancers often display specific mutational patterns that are linked to the causative
mutagens (i.e., codon 249 mutation inTP53 gene was associated with exposure to aflatoxin
B1 (AFB1) in hepatocellular carcinoma) [173]. Moreover, entirely new DNA sequences from
external sources derived from particularly virus like human papillomavirus, Epstein-Barr
virus and hepatitis B virus may have been embedded cancer cell genome and contribute

pathway of some cancer types [174].

Cancer-associated genes are generally categorized into two main groups: proto-oncogenes
and tumour suppressor genes (TSGs). Proto-oncogenes are commonly associated with
pathways that stimulate the growth of cells. Activation of these genes through mutations or
chromosomal alterations can promote cellular transformation. Mutations in proto-oncogenes
generally exhibit dominant characteristics and mutant versions of proto-oncogenes are called
as oncogenes [175]. On the other hand, TSGs involve several essential cellular pathways like
DNA damage repair, inhibition cell division, initiation of apoptosis and repression of
metastasis. Thus, loss of TSG function contributes to the initiation and promotion of cancer

development [176].
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1.4.1.1 Tumour Suppressor Genes

TSGs can be involve various type cellular pathway [177], including genes code
intracellular proteins which responsible to control a progression from G1 to S phase of the
cell cycle like pRB which controls progression from G1 to S phase [178], genes which encode
either receptor or signal transducer for secreted hormones and encode signals to inhibit cell
proliferation such as transforming growth factor (TGF)-B and adenomatous polyposis coli
(APC)] [179], genes coding for cell cycle checkpoint control proteins which normally function
to arrest the cell cycle in response to unrepaired DNA damage or chromosomal
abnormalities like BRCA1 and p16 [180], genes coding proteins which are responsible for
regulation of cell death mechanism, such as apoptosis, like p53 [181] and genes coding
proteins take apart DNA mismatch repairing pathway like DNA mismatch repair protein 2

(MSH2) [182].

TSGs have been proposed to fall into three subclasses based on the role of their protein
product in tumorigenesis: gatekeeper, caretaker and landscaper [183]. The “gatekeeper”
term encompasses direct inhibition of cell growth via suppressing proliferation, inducing
apoptosis, or promoting differentiation [184].

The concept of the "gatekeeper" was first introduced to elucidate the function of the APC
TSG, which consistently undergoes mutations early in colorectal tumorigenic pathway.
Mutations of the APC are thought to be a rate-limiting step for tumour initiation because if
APC is functional, mutations of other genes, like p53, are unable to induce tumorigenesis
process. On the other hand, “caretaker” class of TSGs play indirect a role on inhibit growth
by maintaining the accuracy of the DNA code through repair of DNA damage or prevention
of genomic instability like chromosome instability. And many DNA repairs genes can be
included in this class. Also, loss of function of caretaker TSGs promotes cancer development
via increasing DNA mutation rate [184], [185]. TSG known as "landscaper" are expected to
influence the tumour cell microenvironment, potentially through regulating extracellular
matrix proteins, cell surface markers, adhesion proteins, or secreted growth/survival factors.
If a 'landscaper' TSG loses its function, it could lead to abnormal functioning and facilitate

adjacent epithelial cells' transformation into neoplastic cells [184] (Figure 1.20).
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Figure 1.20 Gatekeeper, caretaker, and landscaper mutations.

Tumour-promoting genes have been categorized into gatekeepers, caretakers, and
landscapers based on their roles. Gatekeeper genes produce proteins that control various cell
activities such as growth, differentiation, or death. Mutations in these genes are strongly
associated with the risk of cancer due to their direct influence on abnormal growth
regulation. Caretaker genes encode proteins responsible for maintaining genome integrity
and preventing the accumulation of mutations that could lead to oncogenic growth.
Meanwhile, mutations occurring in the cells surrounding the tumour site can create a
supportive microenvironment for tumorigenesis, and these associated genes are referred to
as landscapers. As mutations in landscaper genes primarily play a supportive role without

significant impact alone. Figure is obtained from [186].

Knudson first coined the term two-hit hypotheses as an explanation for how mutation of TSG
occurred during cancer development. In this model, an inherited mutation in one copy of a

TSG predispose of cancer, with a second, acquired mutation in the remaining copy occurring
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during the individual's lifetime, leading to tumour initiation and progression based on study
heredity cancer Retinoblastoma (Rb) [187]. Rb is most common eye neoplasm in children and
is strongly linked to mutations of the RB1 gene, which is localized on chromosome 13q14.2 led
to these malignancies [188], [189]. Rb is often hereditary, around 40% of cases are linked to
the inheritance of an autosomal dominant mutant of the Rb gene. During tumour
development the second RB allele becomes sporadically inactivated, leading to a deficiency in
the Rb protein (pRb) which impairs normal regulation of the of cell cycle and leads to
uncontrolled cell proliferation [190] (Figure 1.21).

Multiple studies have conclusively demonstrated that tumours can persistently harbour
mutations in one allele of a gene while the other allele is epigenetically silenced through
hypermethylation, resulting in functional inactivation of the gene. Furthermore, in cases of
familial cancer where one allele of a gene is mutated in the germline, the resulting tumour
often retains both alleles, with hypermethylation serving as the second inactivating
mechanism [191], [192], [193]. As mentioned in section 1.3.3., BRCA1 gene was previously
believed to be significant solely for familial breast cancer. However, it is now evident that 10-
15% of women with the non-familial version of this disease have tumours in which BRCAL1 is

hypermethylated [158].

ﬁﬁ RB1 Rettlnal cell RB1 b1
at birt u

- RB1/RB1-normal RB1/rb1-inherited
cell growth RB1 mutation:
First & normal cell growth
mutation
RB1 rb1
Two Second
mutations mutation
RB1/rb1—normal
cell growth
Second l
mutation
rb1 rb1 rb1 H IJ rb1
rb1/rb1-loss of rb1/rb1-loss of
growth control growth control
A Eyetumor B Eye tumor

58



Figure 1.21 Knudson’s two-hit hypothesis in Retinoblastoma both inherited and sporadic.

(A) Sporadic fraction of retinoblastoma cases; independent de novo mutations occur in the
two copies of RB gene during the lifetime and cause Retinoblastoma development. (B)
Hereditary retinoblastoma; individual born with germline mutation in one copy of RB gene
following the second mutation (hit) result in Retinoblastoma development. RB1 and rbl

represents wild type and mutated allele respectively. Figure is obtained from [194].

1.4.1.2 Oncogenes

Proto-oncogenes in normal cells play crucial role in various cellular processes, serving
as growth factor, transmitters of cellular signals and transcription factors [195]. In normal
cell, expression of pro-oncogene is to allow the gene to respond various physiological signals.
Depending on the metabolic requirements of cells, their expression can be at low levels or be
elevated when required [196]. Proto-oncogene can become oncogene due to structural
changes caused by point mutations result in substitution of single base by new one led to
changing of amino acid in oncoprotein and elevate its activity such as point mutation at codon
12 in RAS oncogene, re-arrangements resulting in gene fusion or proximity to enhancer
elements as an example MYC translocation in Burkitt’s lymphoma or by gene amplification
which incorporation of multiple copies of oncogene led to elevated production of oncoprotein
[197], [198].

Activation of oncogene through these mechanisms provides growth advantages or
enhanced survival of the cells which carry these alterations. Each mechanism results in either
changes in the structure of the gene itself or deregulation of its expression [199]. Mutations
and translocations happen at initiation of tumorigenesis or during tumour progression while
gene amplification generally happen during progression [200]. Oncogene products can be
classified into six main categories according to their roles: transcription factors, chromatin
remodelers, growth factors, growth factor receptors, signal transducer and apoptosis

regulators [201].

Vast majority of tumour cells rely on constant activation of oncogenic signalling for their
survival which is concept know as oncogene addiction [202]. Identification of new therapies
have taken advantage of inhibition oncogene addiction based on hypothesis that eliminate

tumour cells with elevated oncogenic signalling whereas preserving normal tissue [203]. A
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variety of new drug, small molecule, and monoclonal antibodies to directly impact oncogene
product have been developed [201].

As an example of oncogenic addition targeting, Imatinib Mesylate is a targeted therapy
commonly used for CML patients with the BCR-ABL oncogenic fusion protein and is selective
inhibitor of ABL and its derivate tyrosine kinase protein [204]. Imatinib inhibits the BCR-ABL
tyrosine kinase by binding to its ATP-binding site, preventing activation and downstream
signalling that drives disease progression in CML [205]. While it is effective for most CML
patients particularly in the chronic phase, significant proportion of patients in the advanced
disease phase and a minority of chronic phase patients have refractory disease or develop
resistance, leading to relapse over time [206]. While cancer treatments can initially result in
tumour regression, the subsequent emergence of drug-resistant clones often leads to disease
relapse. In addition to strategies targeting oncogenes can only be applied to a limited number
of genes. A potential approach to overcome this limitation may be to shift the focus from only
targeting oncogenes on which cancer cells depend, instead identify genes are not inherently

oncogenic but tumour specifically depends on its activity [207].

1.4.1.3 Non-Oncogene Addiction

In the cell, there are buffering systems allowing cells to respond to changes in the
environment. An example of these buffering system is functional redundancy, such as non-
homologous genes operating in the same cellular process or in back-up pathways. Therefore,
systems in the cell that maintain homeostasis ensure that important cellular processes do not
depend on only single component that could be perturbated by mutation or environmental
effects [208]. However, because of the disruptions to normal cellular function that occur in

tumour development, the buffering capacity of cancer cells is often reduced [207].

The continued survival of cancer cells relies on numerous factors that set them apart
from normal cells, not only oncogenic stimulants but also, they depend on mechanisms to
cope with elevated stress levels. Even though the genes and pathways do not directly cause
the development of cancer, their optimal functioning is crucial for cell survival, a
phenomenon referred to as "non-oncogene addiction" [209]. For example, as most synthetic
lethal partners of oncogenic driver genes are not contributing to tumorigenesis, but tumour

cells might depend on constitutive function of that synthetic lethal partner gene, so synthetic
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lethality can be regarded as a specific subtype of non-oncogene addiction [207]. Another
example is cancer dependency genes that support tumour cells to overcome stress, which is
augmented specifically in cancer cells as compared to normal cells, through by intrinsic and
extrinsic mechanism. Thus, key benefit of targeting these genes and pathways is less toxic and

more effective [210] (Figure 1.22).
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Figure 1.22 Schematic representation of cellular effects of oncogene and non-oncogene

addiction: synthetic lethality and cancer dependency gene/pathway.

A) Oncogene addiction refers to the reliance of cancer cells on continuous oncogenic signalling
for their survival, as depicted by the increased signalling pathways represented by the arrows.
B1) In contrast, synthetic lethality occurs when the mutation of individual genes is compatible
with cell viability, but the combined mutation of these genes leads to cell death. B2) Cancer
Dependency Gene/Pathway describes how cancer cells harbour elevated levels of various
stresses, stemming from collateral events during the tumorigenic process. These tumour cells
can be specifically targeted and killed by the application of additional stress or the inhibition
of specific salvage pathways, while normal cells can tolerate such perturbations. Figure is

adapted from [207].

1.4.1.3.1 Synthetic Lethality

The proposed idea that non-oncogenic addiction can be used to for new therapeutic

approach in cancer treatment based on phenomenon called “synthetic lethality’. Synthetic
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lethality (SL) was first reported by Calvin Bridges, based on observation that when fruit flies
were crossed, specific non-allelic genes caused lethality only when combined, even though
the homozygous parents were perfectly viable [211]. The term "synthetic lethality" was later
coined by Theodore Dobzhansky after observing a similar phenomenon in Drosophila
pseudoobscura about two decades later [212]. Synthetic lethality refers to the situation
where functional changes in two genes or their product results in cell death, whereas survival

is maintained if either gene was changed on its own [213] (Figure 1.23).

PEHGEHOEH® E

alive alive alive lethal

Figure 1.23 Schematic overview of synthetic lethality.

Two genes are synthetic lethal only when their simultaneous inactivation results in cellular or
organismal death. In this example, deletion of either gene A or gene B does not affect viability

whereas inactivation of both at the same time is lethal. Figure is produced from [208].

A synthetic lethal interaction in context of cancer is linked to a mutation specific to cancer,
such that the mutant tumour cell’s survival relies on the activity of synthetic lethal partner
gene so it is referred as non-oncogene addiction [207]. The protein product of a gene that has
a synthetic interaction with a commonly occurring tumour specific somatic mutation could
serve as an effective target for anticancer drug therapy. Exploiting this type of interaction in
therapy should lead to favourable treatment outcomes, where only tumour cells carrying the
mutation would be impacted by the treatment. In addition, synthetic lethal interactions can
broaden the range of targets for anticancer treatments by indirectly targeting non-druggable
cancer mutations through identifying an associated synthetic lethal target that may be
druggable [214].

The existence of various DNA damage repair mechanisms, such as homologous
recombination (HR), Non-homologous end joining (NHEJ), and base excision repair,
guarantees that normal cells can manage the genetic damage they experience. DNA repair

genes, such as BRCA1, are frequently inactivated or mutated during tumour development.
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Intriguingly, if cancerous cells no longer have one particular repair pathway functional, they
appear to rely highly on the other remaining pathways for their continued existence [215].
This discovery has resulted in the development of specific treatments that target a synthetic
lethal vulnerability in two distinct DNA damage repair pathways. The idea of synthetic
lethality between Homologous Recombination (HR) and single strand break DNA repair is
being explored for the treatment of breast and ovarian cancers with BRCA mutations [216].
Loss of function in BRCA1 or BRCA2 leads to impaired HR, leading to a critical dependence
on NHEJ for the repair of double-stranded DNA breaks leading to an increase in unrepaired

DNA and ultimately triggering cell death selectively in BRCA-deficient tumours [217].

1.4.1.3.2 Cancer Dependency Gene

Cancer dependency genes are not able to drive malignant transformation by
themselves as they are not inherently oncogenic, but their overexpression is essential
supporting oncogenic phenotype of cancer cells however, they are not required to same
degree for the viability of normal cells [209]. Tumour cells frequently exhibit elevated levels
of different types of stress. The process of tumorigenesis causes a reorganization of
numerous cellular processes and results in heightened levels of cellular stress, including
increased DNA damage and replication stress, metabolic stress, as well as proteotoxic and
oxidative stress [210], [208]. Maintenance of mis activation of cellular stress in cancer cells
mostly depend on overexpression of cancer dependency gene. In order to take advantage of
this unique stress feature of cancer cells, two strategies have been suggested which would
impact tumour cells while preserving normal cells. One of them is that inactivating stress-
reducing processes is likely to critically elevate stress levels specifically in tumour cells and
result in cancer cell death. The other potential approach would be to apply additional stress
to selectively kill cancer cells because of their lower buffering capacity compared to normal
cells [210]. The sensitivity of cancer cells to their augmented stress levels is suggested as
promising for novel therapeutic target [209]. For example, intrinsic genomic instability in
cancer cells triggers a chronic DNA damage response, leading to the production of altered,
misfolded, or dosage-perturbed proteins. As a homeostatic mechanism to manage this 'stress
phenotype', cancer cells overexpress chaperone proteins and enhance proteasome activity,

to which they become 'addicted [209], [218]. Therapeutically, proteasome inhibitors for
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multiple myeloma (MM) is one of the examples of first-in-class agents developed in this regard

[219].
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Figure 1.24 Illustration of oncogene and non-oncogene addiction through tumour

development.

According to a commonly accepted theory, the process of malignant transformation is initiated
by genetic or epigenetic events that give cells an advantage, typically involving increased
proliferation or resistance to cell death, over their non-transformed counterparts. However,
these changes often lead to heightened cellular stress due to elevated metabolic and
proliferative rates. This results in the activation of protective stress-response pathways. Only
malignant precursors that adapt to this cellular stress as imposed by oncogenesis are able to
survive and, eventually developing into clinically detectable neoplasms as they acquire
additional alterations enabling immunoevasion. Thus, tumour progression usually requires
persistent oncogenic signalling (oncogene addiction) along with constant activation of non-
oncogenic stress response pathways stimulated by driver events (non-oncogene addiction).
Based on this conceptual framework, examples of both oncogene and non-oncogene addiction
have provided numerous targets for the development of effective anticancer treatments.

Figure is obtained from [220].

64



1.5 Novel Bioinformatic Approach to Identify SL / Disease Specific
Dependency Gene(s)

Our group has recently developed a novel bioinformatic approach [221] which was
originally designed to combine genome wide DNA methylation and expression data to allow
the identification of synthetic lethal genes. The basic principles of how this was initially used
to identify SL genes is outlined in Figure 1.19. Briefly, the early stage of cancer development
includes widespread hypermethylation effecting thousands of genes. Crucially, the genes
involved are highly reproducible within a specific cancer type. Clonal expansion, driven by an
initiating genetic change will then result in a selective process which essentially “tests” the
pool of hypermethylated genes for synthetic lethality. If any of the hypermethylated genes are
synthetically lethal with a specific genetic initiating mutation, then the final cancer will be
selected to have low methylation and retention of expression of this gene. In contrast, for all
other genetic drivers (for which the gene is not synthetically lethal) there will be no selection
against acquisition of methylation, which will result in cancers in which the gene is
hypermethylated and not expressed. Thus, SL genes can be identified due to the specific failure

to acquire methylation in one specific genetic subtype (Figure 1.25).

Although our pipeline was primarily designed to identify SL genes, we also
hypothesised that this approach would allow us to identify subtype specific TSG. These would
be loci that were not affected by the reproducible methylation. Changes in the disease as a
whole and also did not become methylated in proliferating normal cells, but exhibited

methylation, and loss of expression, only in one specific subtype of the cancer being studied.
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Figure 1.25 Outline of the Process That Leads to the Proposed Generation of SL Genes in ALL.

Stepl- Methylation of thousands of promoters associated CpG islands occurs early in the
tumour development. By chance, some cells (show in red) have hypermethylation of genes
synthetically lethal with the initiating genetic change. Other cells (shows in green) lack this
methylation. Step 2- Additional genetic change drives clonal expansion of epigenetically
disrupted cells. Step 3- cells in which a SL gene for the specific initiating genetic events is
methylated and inactivated will be lost during clonal expansion (red cells), while cells with no
SL genes methylated/inactivated will clonally expand. Subsequently we can identify SL gene
partners of the initiating genetic event for specific subtype of ALL based on their unusual
methylation patterns (i.e., high methylation in all other subtypes, but very low methylation in
the specific genetic subtype for which the gene is specifically lethal).Figure is obtained from
[221].

1.6 Hypothesis and Aims of Project
1.6.1 Hypothesis

Initially the bioinformatics pipeline outlined above was developed to identify SL gene

and tumour suppressor genes that were specific for a single genetic subtype in ALL. The
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approach was subsequently expanded to other cancer types, as the patterns of methylation
changes that underly the approach are essentially shared across all cancer types. This current
project involves a further expansion of the approach to enable comparison between different
cancers derived from the same normal cell type. This expansion will result in the identification
of genes that are more accurately described as disease specific dependency genes (DSDG) as

opposed to our original terminology of SL genes.

A limitation of the previous analysis is that SL genes can only be identified for specific
subtypes within a cancer type and thus the identified targets would only be relevant for a
subset of patients. This limitation could potentially be overcome if the approach could be
expanded to comparing multiple cancer types and thus aim to identify novel targets that would
be relevant to all patients with a particular cancer type. This may be possible when multiple
cancer types derived from the same normal cell type, assuming the methylation changes
across the genome would therefore be highly similar. To assess this, differential methylation in
B-lymphocyte-derived cancers was compared at 7107 CpG sites previously identified as
hypermethylated in all ALL subtypes [222]. All five types of B-cell malignancy, as well as normal
memory B cells, showed similarly increased in methylation across this same set of CpG sites,
even though they were initially identified specifically in ALL. Thus, as opposed to being disease
specific, altered methylation at these sites was observed in all subsets of B-cells that had
proliferated extensively (i.e. b-cell derived cancers and normal memory B-cells). In contrast,
normal B-cell progenitor cells (which are in a similar differentiation state as ALL but will not
have proliferated extensively) do not share the same methylation changes. Naive B cells exhibit
partial acquisition of the methylation pattern. This suggests these methylation changes shared
in all B-lymphocyte-derived cancers are related to proliferation of B cells [221], [Xia M.
unpublished]. It also confirms that similar methylation changes are seen across all tested B-

cell malignancies (Figure 1.26).

Overall, this suggests that the high overlap in methylation patterns seen in different B-cell
malignancies is similar to the high overlap between different subtypes of a single B-cell
malignancy. Thus, the approach of identifying loci that specifically fail to acquire methylation
could potentially be expanded to whole disease level. Candidate genes identified by this
method would be DSDG as they would not be linked to a specific genetic change but would

instead relate to a shared aspect of biology for the disease being assessed.
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Figure 1.26 Average beta values of 7107 CpG sites across B-Cell Malignancies and normal B

cells.

7107 CpG sites previously identified as hypermethylated in all ALL were assessed in across five

B-cell malignancies as well as normal B-cell populations. Cell populations which have
proliferated extensively, B-cell malignancies and memory B-cells, exhibited very clear
hypermethylation. While cell populations which will not have previously proliferated
extensively, B-cell progenitors and naive B-cells, shows low methylation. Furthermore, the
extent of methylation changes is also reflective of the extent of B-cell proliferation, with B-cell
progenitor exhibiting the lowest methylation, followed by naive B-cells and memory B-cell.
Similarly, the more aggressive and proliferative B-cell malignancies such as ALL, DLBC and
PCNSL shows higher methylation than the more indolent MICL and CLL. Figure is obtained from
(Xia M. unpublished).

Hypothesis of project is that the similarity in methylation changes seen across all B-cell
malignancies will enable us to expand our initial approach for the identification of SL and TS
genes to identify DSD/TS genes at a disease wide level which would enable the identification
of novel therapeutic targets that would be relevant for most or all individuals with a particular

B-cell malignancy.
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1.6.2 Aims of the Project

The primary aims of our project were:

1) To determine whether the bioinformatics pipeline designed originally for identifying
subtype specific SL genes, could be used to identify DSD genes and/or TS genes relevant for
all patients with a particular B-cell malignancy by using the individual B-cell malignancies as

the “subtypes”.

2) Functional analysis of the TSG candidates identified by the approaches in aims 1 to
determine if the candidate genes identified are functionally relevant in the expected

disease/genetic subtypes.

3) Functional analysis of the DSDG candidates identified by the approaches in aims 1 to
determine if the candidate genes identified are functionally relevant in the expected

disease/genetic subtypes.
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2 MATERIALS AND METHODS
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2.1 List of Reagents
SDS Lysis buffer

e 2%SDS
e  50mM Tris-HCI (pH 6.8)
e 10mM EDTA
o 10% Glycerol
SDS loading buffer (5X)

e 250 mM Tris-HCl, pH 6.8,
e 10% SDS,

e 30% Glycerol,

e 10 mM DTT,

e 0.05% Bromophenol Blue
Running/Electrode Buffer (10X), pH 8.3

e 0.25MTris
e 1.92 M Glycine
e 1%SDS

Transfer buffer (10X)

e 25 mM Tris
e 192 mM glycine

e 20% methanol
TBS (10X)

e 250mM Tris
e 27mM potassium chloride

e 1.37M sodium chloride
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TBS/Tween (TBST) (1X)

0.01M Tris-HCl pH 7.5
0.1M Nadl
0.1% Tween-20

Blocking solution

5% dried non-fat skimmed milk powder in TBST (X)

Laemmli Buffer (2X)

0.125M Tris

20% Glycerol

4% SDS

0.002% Bromophenol blue

10% Peta-mercaptoethanol

2.2 Cell Culture Methods
2.2.1 Cell Lines

addition, the cell line of human embryonic kidney fibroblasts, 293T, which was used as a
packaging cell line for production of lentiviral particle. All leukaemia and lymphoma cell lines
were grown in Roswell Park Memorial Institute (RPMI) 1640 medium (Sigma, Dorset, UK)
containing 10% foetal calf serum (FCS) and 1% penicillin/streptomycin in humidified incubators
(Incu Safe, Sanyo, IL, USA) at 37°C with 5% CO2. The 293T cell line was grown in DMEM
(Dulbecco’s Modified Eagle Medium, Sigma, Dorset, UK) containing 10% foetal calf serum (FCS)
and 1% penicillin/streptomycin in humidified incubators (Incu Safe) at 37°C with 5% CO2. Cell
culture was carried out under sterile conditions in class Il containment hoods. (Biomat2,
Medair Technologies, MA, USA). Mycoplasma infection of cell lines was regularly checked

(once every two months) for by using Mycoalert® Detection Kit (Lonza, Basel, Switzerland).

The leukaemia and lymphoma cell lines used in this study are shown in table 2.1. In
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Cell Lines Disease *Cytogenetic Abnormalities Expression of Fusion Gene
PreB697 BCP-ALL t(1;19)(q23;p13.3) TCF3-PBX1

REH BCP-ALL t(12:21)(p13.2;922.1) ETV6-RUNX1

RCH-ACV BCP-ALL t(1;19)(q23;p13.3) TCF3-PBX1

SEM BCP-ALL t(4;11(g21923.3) KMT2A-AFF1

NALM-6 BCP-ALL t(5;12) (933.2;p13.2) DUX4-rearrangement
TOLEDO DLBCL t(14;18)(g32;921) IGH rearrangement with BCL2
OCI-Ly-18 DLBCL t(14;18)(g32;921) IGH rearrangement with BCL2
DAUDI Burkitt lymphoma t(8;14)(g24;932) IGH rearrangement with MYC
JIYOYE Burkitt lymphoma t(8;14)(g24;932) IGH rearrangement with MYC

Table 2.1 Clinical features of the ALL and Lymphoma cell lines in the present study

*Main cytogenetic change used for diagnosis and or molecular subgrouping

2.2.2 Passaging and seeding of cells

Based on the number of cells required for an experiment, the cell lines were grown in
different sized flasks: 25cm?, 75cm? (Corning, Amsterdam, Netherlands). The cell lines were
passaged every 2-3 days. To passage suspension cell lines the cells were collected in the 15ml
falcon tube. They were centrifuged for three minutes at 125g, and the supernatant removed.
The cell pellet was then re-suspended in fresh RPMI 1640 medium All cell lines were passaged

three times a week, maintaining the cultures at the concentrations reported in Table 2.2.

To passage 293T cells, the cells were washed with phosphate-buffered saline (PBS) and then
incubated with 1X trypsin (trypsin-EDTA (Sigma-Aldrich, USA) for approximately two minutes
and the cells detached by tapping gently. To stop the action of trypsin, DMEM media containing
10% FCS was added with three times the added trypsin volume. The cell suspension was then

added to a 15ml falcon tube and centrifuged for five minutes at 500g. Then supernatant was
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removed, and the cells resuspended in fresh DMEM medium. The cell line was passaged three

times a week, maintaining the cultures at the concentrations reported in Table 2.2.

For long term storage, cells were counted by haemocytometer to get 1 to 3 million cells.
Following to determination of the cell density, cells were centrifuged at 400g for 5 minutes
and supernatant was discarded. Cell pellets were resuspended in 1mL of freezing medium (FBS
supplemented with 10% (v/v) dimethyl sulphoxide (DMSO, #D4540, Sigma Aldrich)) and
transferred into cryovials (Invitrogen Life Technologies) prior to freezing at - 80°C using a Mr.
Frosty (freezing container, Nalgene) for 24 hours. Frozen cryovials were subsequently

transferred into liquid nitrogen for a long-term.

CELL LINE MINIMUM DENSITY MAXIMUM DENSITY
PREB697 0.5x10° cells/ ml 2-3 x 108 cells/ml
REH 0.5x10° cells/ ml 3-5 x 106 cells/ml
RCH-ACV 0.5x10° cells/ ml 4 x 108 cells/ml

SEM 0.2x10° cells/ ml 3-4 x 106 cells/ml
NALM6 0.5x10° cells/ ml 4-6 x 10° cells/mll
TOLEDO 0.3x10° cells/ ml 3 x 10° cells/ml
OCI-LY-18 0.5x10° cells/ ml 3.5 x 10° cells/ml
DAUDI 0.5x10° cells/ ml 1.7 x 10° cells/ml
JIYOYE 0.3x10° cells/ ml 2 x 10° cells/ml

293T 2 x10° cells/ 75cm flask 20x10° cells/ 75cm flask

Table 2.2 Culture densities of the cell lines used in this study

2.2.3 Counting cells to estimate cell densities

A Neubauer haemocytometer (Appleton Woods LTD, UK) was used to estimate the
concentration of cell suspensions. 10pul of cell suspension was added on both grid sides of the
haemocytometer. Cells were counted within two 5x5 grids (1 mm?) manually for both sides of
the haemocytometer using a light microscope (Olympus, CKX53, Tokyo, Japan). The average
number per grid was calculated and multiplied by 10* to provide a measure of cells per ml. In
case of calculation of alive cells, Trypan Blue 0.4% stain (Sigma-Aldrich, USA) was used as
Trypan blue can enters only dead cells and stain their cytoplasm. At a 1:1 ratio, 10ul of cell
suspension was mixed with 10ul trypan blue dye solution afterward counted by

haemocytometer.
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2.3 Transduction of cells with lentiviral expression constructs

2.3.1 Production of Expression Vector (pSIN-SIEW-)
2.3.1.1 Recombination of target sequence into Plasmid

In order to transfer of gene of interest from pDNOR (as entry clone) to pSIN-SIEW-GTW
(expression vector), gateway technologies (Gateway™ LR Clonase™ Il Enzyme Mix, Invitrogen)
were used. The pSIN-SIEW-GTW vector is a modified form of pSIN-SIEW lentiviral vector (self-
inactivated HIV derivated), which recombination sites, AttR, have been introduced to allow
use of the Gateway cloning system and kindly provided by Dr Paul Sinclair, Newcastle
University. pDNOR vector include target sequence of THEM4 was purchased from
GeneCopoeia (GC-11844) and include target sequence of SLC22A15, TTC12 and MAP9 were
purchased from Genescript (SC1200). For three of the candidates, SLC22A15, THEM4 and
MAPY, there is only one known transcriptional variant. However, there are four variants for
TTC12. Variant 1, which is the full-length variant, was used for this analysis. pDNOR has also
sequence called AttL to be recognised by recombinase enzyme provided by kit. The sequence
between the two (AttL) sites is removed and incorporated between the two destination
sequences AttR in the empty pSIN-SIEW-GTW expression vector (the cloning steps based on
gateway cloning system shortened in the diagram below). Briefly, destination vector at 150ng
was added 2pl, entry vector at 100-300ng was added between 1-10ul and 4ul LR clonase
enzyme mix and 4ul 5X LR clonase buffer was used and necessary amount of TE buffer was
added to cover 20pul total volume. The LR Clonase enzyme mix was thawed on ice for two
minutes and vortexed before adding to the mix. After that, the reaction was incubated at 25°C
for one hour. Lastly, 2ul proteinase K solution was added to stop reaction and the mixture was
incubated at 37°C for 10 minutes. pSIN-SIEW-THEM4, pSIN-SIEW-TTC12, pSIN-SIEW-MAP9 and
pSIN-SIEW-SLC22A15 were generated.

AttL1-gene-AttL2 x  AttR1-ccdB-AttR2 -  AttPl-ccdB-AttP2 +  AttBl-gene-AttB2

(Donor vector)  (Empty expression vector) (Donor vector) (Expression vector)

2.3.1.2 Transformation of competent bacteria

Luria-Bertani (LB) (Invitrogen, Cat N0:22700025) agar plates were prepared, including
the ampicillin (amp) antibiotic as pSIN-SIEW vector structure has amp resistance site. To make

LB agar plates, 3.2 g LB Agar (Invitrogen) was weighed and dissolved to give a final volume of
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100ml distilled water and then autoclaved. Following autoclaving, the LB agar was cooled to
50°C and antibiotics (100 pg/ml ampicillin) was added. This was poured into 10cm plates and

allowed to cool. Plates were stored at 4°C.

Library Efficiency® DH5a™ Competent Cells (Invitrogen, Cat No0:18263012) were used for
transformation. As per protocol, 100ul competent cells were thawed on the wet ice and added
to chilled polypropylene tubes. DNA ligation reactions from recombination step were diluted
5-fold in TE buffer and 1ul added to the competent cells and incubated on ice for 30 minutes.
Cells were the heat shocked in 42°C water bath for 45 seconds. The reactions were placed on
ice for 2 minutes. Then, 0.9ml Super Optimal broth with Catabolite repression (S.0.C) medium
was added to the reaction. The whole reaction was shaken at 225rpm (37°C) for 1 hour. In the
final step, 200pl and 500l of rection volumes were spread at two LB agar plates including the

100ug/ml ampicillin antibiotic and the plate was incubated overnight at 37°C.

2.3.1.3 Extraction of Plasmid DNA

Following transformation, single colonies were picked from agarose plates and used to
inoculate 5ml of LB Broth Base (Invitrogen, Cat No:12780052) containing the appropriate
antibiotic (100 pg/ml ampicillin) which was prepared and autoclaved previously. Cultures were
then incubated overnight at 37°Cin a heated shaker (225rpm). Plasmid DNA was isolated using
a miniprep plasmid DNA isolation kit (QlAprep Spin Miniprep Kit, Qiagen Cat No: 27104).
According to the manufacturer’s instructions, the bacterial cells were harvested by
centrifugation at >8000 rpm (6800 x g) in a conventional table-top microcentrifuge (Cat no:
5423 Eppendorf) for 3 min at room temperature. The harvested bacterial cells were
resuspended in 250ul Resuspension buffer with RNase A by vortex until totally dissolved.
250ul Lysis buffer was added and then mixed by inverting the tube. After that 350ul
precipitation buffer added and mixed by inverting tube. The suspension was centrifuged for
10 min at 13,000 rpm (~17,900 x g) in a table-top microcentrifuge. This by followed by transfer
800ul supernatant to QlAprep 2.0 Spin Column. After washing the spin column with 750l PE
Buffer, DNA was eluted by adding 50ul Buffer EB. DNA samples were quantified with a
Nanodrop (Thermo Fisher Scientific Fisher) to determine the DNA concentration and the
A260/A280 ratio. The DNA samples were stored at +4°C. The extraction method was used to
extract plasmid DNA from expression vectors: the pSIN-THEM4 and pSIN-SLC22A15, pSIN-
TTC12 and pSIN-MAP9
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2.3.1.4. Restriction Endonuclease Digestion and Agarose Gel Electrophoresis

Restriction endonuclease digestion was used for confirming the presence of the
expected insert in plasmids. EcoRl restriction endonuclease (New England BiolLabs Cat No:
R0101S) was used for confirming pSIN-THEM4, pSIN-TTC12 and pSIN-MAP9 and Pstl restriction
endonuclease (Thermo Fisher Scientific) Cat No: ER0611) for pSIN-SLC22A15. EcoRI digests
vector at two sites and one sites on THEM4 insert, one sites on TTC12 insert and two sites on
MAPS9 insert. Pstl digests pSIN-SLC222A15 vector at three sites and also cuts four times within
the expected insert. In addition, number of control vectors from previous version of vector
different genes (HOXA4 and MSC) cloned into were used to confirming whether both enzyme

(EcoRlI and Pstl) digestion properly digest.

Each reaction total volume was 20ul, including 2ul 10X buffer, 1ul enzyme, 150-500ng
of plasmid DNA and distilled water up to a final volume of 20ul. Digestion was conducted at
37°C for 1 hour. Meantime 0.8% agarose gel was prepared;1.2g agarose was melted in 150ml|
TBE buffer. Following digestion, the 20pul digested products and 4ul Gel Red (Biotium) were
mixed and loaded onto the agarose gel. 100bp DNA ladder (Cat No; G2101 Promega) and 1kb
DNA ladder (Cat n0:11581625, Thermo Fisher Scientific) was used as a marker. Electrophoresis
was conducted at 150V approximately 45 minutes (BioRad Horizontal Electrophoresis and
power supplies system) and the gel was viewed under the UV light (ChemiDoc BioRad
Documentation System).To get higher concentration and total amount of plasmid DNA,
bacterial colonies, containing the pSIN-SIEW-expression vector, on the agar plate were sent
to MRC DNA sequencing and Services, Dundee University, for maxi prep plasmid isolation and
sequencing to confirm insert matches the published coding sequence of the genes being
studied. To allow long term storage of plasmids, 30% glycerol was added to the bacterial

culture containing the plasmid, mixed and stored at -80°C.

2.3.2 Lentiviral production using the 293T packaging cell line

As a subfamily of retroviruses, lentiviruses are capable of delivering large amount of
genetic material into host cells and incorporating it into cellular genome [223]. Lentiviral
production is enabled through co-transfection of three plasmids to produce the necessary
proteins to enable packaging of the expression vector. The lentiviral system used in this study
belongs to the second generation of lentiviral vectors and is composed of three different
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plasmids: the expression vector (pHR’- SIN-cPPT-SIEW), the packaging plasmid (pCMVAR8.91)
and a third vector (pMD2.G) expressing the envelope glycoprotein (VSV-G in this work)
required to bind the receptor sites to the host cell (Figure 2.2). The first, the pCMVA8.91 vector
encodes () packaging element which is essential for regulating the packaging process of the
viral RNA genome inside the capsid (Figure 2.2-B). Also, codes necessary element for
integration, reverse transcription and synthesis of capsid. The second plasmid is envelope
plasmids called pMD2.G encodes envelope glycoproteins derived from vesicular stomatitis
virus envelope glycoprotein (VSV-G) that enables virus cells entry to host cell (Figure 2.2-C).
And last one is pSIN-SIEW which is an expression vector expressed gene of interest. pSIN-SIEW
is the class of self-inactivating (SIN) vectors, in which a deletion within the 3’ long terminal
repeat disrupts the viral promoter, so that effectively prevent the virions from replicating
themselves. Moreover, auxiliary viral genes, such as vpr, vpu, nef and vif, have been deleted
from the viral genome in order to provide a degree of biosecurity [224]. The expression of the
gene of interest is controlled by the spleen focus-forming virus long terminal repeat (SFFV)
where is located to immediately downstream the gene of interest is the internal ribosome
entry site (IRES), which allows for the concomitant transcription of the eGFP along with the
gene of interest to monitor basically transduction efficiency on transduce and non-transduce
mix cell populations. In addition, the vector contain additional viral elements like central
polypurine tract (cPPT) which improves replication of viral genome and the woodchuck
hepatitis virus post-transcriptional element (WPRE) which is increases level of the expression

of transgene cloned into the lentiviral vector [225] (Figure 4A).
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Figure 2.1. Schematic representation of vectors used for producing the lentiviral

supernatant.

A)-pSIN-SIEW, B) packaging pCMVAR8.91 vector and C) - pMD2.G vector. The following
elements contribute to the structure of these vectors: GAG = group specific antigen, RRE =Rev
responsive element, cPPT = central polypurine tract, SFFV=spleen focus forming virus, IRES=
internal ribosomal entry site, eGFP= enhanced green fluorescent protein, WPRE=Woodchuck
hepatitis virus post transcriptional regulatory element, SP6 and SP6P= transcription factor
(RNA polymerase promoters), pUC ori=origin of replication for propagation in E. coli. AMPr =
confers resistance to the antibiotic ampicillin in E. coli cells. LTR= long terminal repeat, a control
center for gene expression. CMV= Cytomegalovirus promoter, SD=splice donor. AW= packaging
signal. Pol= DNA polymerase, SA= splice acceptor, TAT= trans-activator of transcription, REV=
a trans-activating protein that is essential to the regulation of HIV1 protein expression, Poly A=
poly-adenylation signal, SV40 ori= simian virus regulates viral genome replication and
expression in the host cell upon infection, gpt= guaninephosphoribosyl! transferase, regulating
virus replication, gpt = guanine-phosphoribosyl transferase virus replication. BG-pA= beta
globin polyadenylation signal, cloned in place of the 3’LTR, serves as transcriptional

termination signal, VSV-G = pseudo-typed G protein of the vesicular stomatitis virus. B-Gl = 8-
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globin intron replace the LRT for viral self-inactivating. PBR322 ori= pBR322 origin of

replication in E.Coli. (Figure kindly provided by Dr Paul Sinclair, Newcastle University).

To allow production of lentiviral particles, EndoFectin™ Lenti Transfection Reagent
(GeneCopoeia ™) was used transfect the packaging cell line (293T) with the lentiviral construct
containing the gene of interest and the two packaging plasmids pCMVAR8.91 and pMD2. The
day prior to transfection, 293Ta cells were trypsinised and counted, after that 5*10° 293T cells
were seeded in a 10-cm dish to achieve 70-80% confluency at the time of transfection.
DNA/Endofectin complex was prepared according to the protocol. 10ug expression vector
(pSIN-THEM4, pSIN-TTC12, pSIN-MAP9, pSIN-SLC22A15), 2.5ug pPCMVAR8.91 and 7.5ug pMD?2
were diluted in 200ul Opti-MEM® | (Gibco Cat no: 31985062) in sterile polypropylene tubes.
15ul Endofectin was diluted in 200ul Opti-MEM in a sterile polypropylene tube separately.
Diluted EndoFectin Lenti reagent was added dropwise to the DNA solution while gently
vortexing. The mixture was incubated for 20 minutes at room temperature to allow the DNA-
EndoFectin complex to form. After the incubation, DNA-EndoFectin Lenti complex was added
directly to plate by gently scrambling. The cells were incubated in a CO; incubator at 37°C
overnight. 16 hours post-transfection the media was replaced with fresh DMEM medium
supplemented with 2—5% heat-inactivated fetal bovine serum and penicillin/streptomycin and
continue incubation in the CO2 incubator at 37°C. Lentivirus-containing media was collected
48 hours after transfection. Virus-containing medium was transferred into a 15ml tube and
centrifuged t 500xg for 10 minutes to avoid any cell debris. The medium was microfilter using
a 0.45 um polyether sulfone filter; the supernatant was aliquoted (1000 pl/tube) and stored
at -80°C.

In some cases, to get high number virus particles, six to ten transfections were carried
out at same time then after 48 hours incubation, viral preps were concentrated using the Lenti-
X Concentrator (Takara Bio, Cat No: 631231), according to the manufacturer’s protocol. Briefly,
supernatant was collected into 50ml tube then centrifuged at 500Xg for 10minutes. Clarified
supernatant was transferred to a sterile container, with three volumes of supernatant
combined with 1 volume of Lenti-X Concentrator. Following mixing by inverting, this was
incubated at 4°C overnight. The next day, the sample was centrifuged at 1500g for 45 minutes
at 4°C. Afterwards samples were aliquoted into microcentrifuge tubes (1ml per tube) and

stored at -80.
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2.3.3 Lentiviral Transduction of cell lines

2.5 x 10° of the target cells was plated per well in a 12-well plate at in 1ml fresh RPMI
1640 media, containing 5% calf foetal serum then 500 pl lentiviral-containing media was added
to each well in a total volume of 1.5ml. This was incubated at 37°C and 5% CO2 for 16-20 hours.
Untreated (parental) and mock-treated cells were used as negative controls. After incubation,
at post-transduction day 1, cells were washed twice with PBS and 1.5ml fresh RPMI 1640 media
added. This was then incubated in the standard growth conditions, as described above, so
that infected cells could be analysed by flow cytometry at day 3-4 post infection to measure

the fraction of transduced cells.

2.3.4 Assessing GFP expression by flow cytometry

Flow cytometry was used to assess the fraction of GFP positive cells following lentiviral
transduction. All flow cytometry analysis was performed using the BD FACS Bioscience Canto
Il and BD Bioscience LSRFortessa X-20. Measurements were taken at 488/530/30 to assess GFP
expression. Data was analysed using FCS Express 7 software. Cells were gated using FSC-A vs
SSC-A graph to restrict subsequent analysis to viable cells and. GFP levels were typically

determined at days 4, 8, 11/12, 21, 28/29 post transductions.

2.4 Cell Death Experiments
2.4.1 Assessment of Cell death by Annexin V and PI staining

Level of cell death was initially assessed by APC Annexin V and Pl staining (BioLegend
Cat No: 640932), consistent with manufacturer’s instructions. This assay has been designed to
distinguish apoptotic and necrotic cells based on annexin V and Propidium iodide (Pl) staining
Annexin V binds to phosphatidylserine (PS). PS is located on intracellular layer of the healthy
cells’ plasma membrane, but it translocates on external layer of early apoptotic cells because
of the losing membrane asymmetry on early apoptosis. Annexin V staining does not
differentiate between early apoptotic and late apoptotic and/or dead (necrotic) cells. For this
reason, Pl was used along with annexin V. Pl is cell- impermanent dye that binds DNA on late
apoptotic or necrotic cells that no longer have intact membranes [226]. For the assay, cells

(untreated, mock treated and treated) were washed twice with cold staining buffer (BioLegend
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Cat No: 420201). Then 100,000 cells were resuspended in 100ul Annexin V binding buffer.
100ul of this cell suspension was transferred into polystyrene test tube, and 5ul of APC
Annexin V and 10ul of Propidium lodide solution were added. Following 15 minutes incubation
at room temperature (25°C) in the dark, 400ul Annexin V binding buffer was added to each
test tube and this was then analysed by flow cytometer on 640 670/30, 561 610/20 channel
(Annexin V and Pl respectively) along with GFP assessment on 488 530/30 channel. This allows
three different subpopulations to be distinguished. Viable cells were negative for both dyes,
annexin V positive but Pl negative cells refer early apoptotic cells and both stains are positive
on late apoptosis and/or dead cells. Flow cytometry was performed on the FACS Fortessa X-20

and FCS Express 7 software was used to analyse results.

2.4.2 Assessment of apoptosis by caspase activation

As a second confirmation of cell death that triggered by apoptosis induction, Caspase-
Glo 3/7 Assay (Promega UK, Cat No:8091) system was used. Caspases are protease enzymes
that play an important part in apoptosis. Among them, Caspase 3 and 7 have the role as

executioner caspases in apoptotic pathway [227].

To assess effect of re-expression of SLC22A15 gene on cell lines, caspase 3/7 activity
was measured at post-transduction day 3, 4 and 5 according to the manufacturer protocols.
Initially, cells were counted, and 10,000 cells seeded into 96 well plates in a 80ul volume.
Caspase 3/7 buffer and substrate were equilibrated to room temperature, and mixed until the
substrate had totally dissolved. When reagent was ready to use, 80ul reagent was added to
each well to provide 1:1 ratio of Caspase-Glo® 3/7 reagent volume to sample volume. Blank
wells, with only reagent and media without cells, were used as blank controls. Untreated
(parental) and mock-treated cells were used as negative controls. All experiments were
performed in triplicate. Plates were gently mixed using a plate shaker at 300-500rpm for 30
seconds then incubated at room temperature for 1 hour. Luminescent reading was taken using
FLOUstar Omega (BMG LABTECH). The reading from blank wells were subtracted prior to

calculation of final results.
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2.4.3 Assessment of apoptosis indirectly by Caspase Inhibition Assay

The caspase inhibitor Ac-DEVD-CHO (Selleckchem Cat no: 7901) was used to assess the
importance of caspase activity in SLC22A15 driven cell death. The inhibitor was resuspended
in Nuclease-free water (nf-water) to obtain a 20mM stock solution. This was further diluted in
nf-water to prepare a 20uM working solution. Briefly, transduction was conducted as
described above on Reh and PreB697 cell lines. On the day2 post-transduction, the working
solution was prepared then added to each well which contained transduce cells with either
pSIN-SLC22A15 or pSIN-EV. In addition, same amount of nf-water with inhibitor was added to
each well both untreated parental cell and transduce cells (pSIN-SLC22A15 and pSIN- EV). Post-
transduction at day3, 4 and 5 cells were washed with PBS prior measurement of caspase 3/7
and GFP experiments, to remove any remaining Ac-DEVD-CHO. Caspase 3/7 activation was
measured with Caspase-Glo 3/7 Assay and GFP level was measured in the transduced
population at post-transduction day3/4/5. The Caspase 3/7 Glo (Promega UK, Cat No:8091) kit
was used according to the manufacturer’s instructions (detailed in previous section). The
fraction of GFP-positive cells was assessed by flow-cytometer Fortessa X-20 (BD Bioscience

LSRFortessa X-20). This experiment was performed three times.

2.5 Assessment Of Cell Proliferation After Lentiviral Transduction

Staining with, eBioscience™ Cell Proliferation Dye eFluor™ 450 (Invitrogen Cat No: 65-
0842-85) was used to assess cell proliferation in transduced leukaemia cell lines. This
fluorescent dye is able to cross cell membranes and bind covalently to amine groups on cellular
proteins, thus becoming fixed within the cells. Following staining, with each cell division, the
dye passes equally to each daughter cell leading to a halving of the fluorescent intensity with
each round of cell division. This allows the extent of cell division to be followed for up to 7
generations. Staining was carried out according to the manufacturer’s instructions., 10mM
stock solution was prepared before the experiment. After lentiviral transduction on day3,
250,000 cells were washed two times with pre-warmed PBS, then resuspended in 500l PBS.
20uM dye was prepared for each sample from the stock solution in 500ul volume for each
sample to be stained. This was immediately applied to 500ul cell suspension and mixed by
vortexing to get 1:1 ratio then incubated at 37°C for 10 minutes in the dark. After the

incubation period, 4-5 volumes of cold complete media were added to each sample and
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incubated on ice for five minutes to stop the labelling process. Afterward, cells were washed
three times with complete media then cultured as normal. Samples were analysed
approximately from 48 hours to 96 hours until day 17 post-transduction, after which
fluorescent levels dropped too low to see detectable differences after additional rounds of cell

division. FCS Express 7 software was used to analyse results.

2.6 RNA Extraction and cDNA Synthesis

To assess gene expression at the mRNA level, total RNA was extracted using a GenelJET
RNA Purification Kit (Thermo Fisher Scientific, Cat No: KO731) according to the manufacturer’s
protocol. Briefly, cells were collected from samples and washed with PBS, then 600ul Lysis
buffer was added to samples and vortexed quickly to mix, then 360ul ethanol (% 96-100) was
added and mixed by pipetting. On the second step, cell lysate was added to a RNA binding
column and was centrifugated for 1 min at 212000 x g and tis step repeated until the all-cell
lysate was added to column. Then, the column was washed with wash-1 and wash-2 buffer,
respectively. 50ul to 100ul water was added on the last step then centrifuged for 1 min at
>12000 x g to elute RNA. The extracted RNA was stored at -20°C (for use in the short term) or

at -800C if long term storage was required.

The purified RNA was quantified using the Nanodrop ND-1000 spectrophotometer
(Nanodrop, Delaware, USA). About 2ug of RNA was used for cDNA synthesis using the High-
Capacity cDNA Reverse Transcription Kit (Applied Biosystems, UK Cat No: 4368814) according
to the manufacturer’s protocol. 10uL of master mix and 10uL of RNA (total volume made up
with RNAse free water if concentration was higher than 200ng/ul) was added to a 0.2mlL thin-
walled PCR tubes for a total of 20uL reaction (Table2.3). The mixture was then loaded onto a
thermal cycler, using a program of 25°C (10 minutes), 37°C (120 minutes), 85°C (5 minutes)
and lastly 4°C (5 minutes). Samples with no reverse transcriptase (RT) were also included in

the reaction to act as a control in subsequent PCR reactions.
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Component of Master Mix Volume
Samples with RT Samples without RT
10X RT Buffer 2ul 2pl
25X dNTP Mix (100 mM) 0.8l 0.8ul
MultiScribe™ Reverse 1l -
Transcriptase
Nuclease-free H20 4.2ul 5.2ul
10X RT Random Primers 2ul 2ul
Total per reaction 10yl 1ol

Table 2.3 Master mix component and their volume for cDNA reaction.

2.7 gRT-PCR

All gPCR reactions were carried outed using Platinum SYBR Green gPCR
SuperMix-UDG with ROX (Invitrogen, UK) following to the manufacturer’'s protocol. Total
volume per reaction was the 10ul. This includes 5ul Syber Green Master mix, 2ul CDNA, 0.8ul
primers mix (Eurofins Genomics, Luxembourg) and 2.2ul water to top up 10ul. Each sample
was performed in triplicate in a 384- well plate (Thermo Fisher Scientific) and sealed with
MicroAmp optical adhesive film (Applied Biosystem Cat No: 4311971). A water control, and no
RT controls were included along with assay samples. The samples were run on a QuantStudio
7 Flex Real-Time PCR system and analysed using QuantStudio Real-Time PCR software v1.2
(both Applied Biosystems). GAPDH was used as reference. gRT-PCR conditions were shown in

Table 2.4 and primer sequences used for running the qRT-PCR are listed in Table 2.5.
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Temperature Time Number of Cycle

UDG incubation 50°C 2 minutes 1

Initial Denaturation | 95 °C 10 minutes 1

Denaturation 95°C 15 seconds 40

Anneling 60 °C 30 seconds

Melt curve stage 95°C 15 seconds

Melt curve stage 60°C 1 minute 1

Melt curve stage 95°C 15 seconds

Table 2.4qRT-PCR conditions

Gene Primer Type | Sequence *Average Ct Value in expressing
leukaemia/lymphoma cell lines

THEMA4 RT-FW TCTGTGCCTGCCGCCAGTA ND
RT-RW CTGGGGTTGGGGACAGAAC

TTC12 RT-FW GGTGTTTTTCCACAGCAGG ND
RT-RW TATCACTAGCACACGCTGG

MAPS RT-FW CTGATGGGTGTGAAGACATTG 285
RT-RW TGATCATCTGTGTCAAGGCTG

SLC22A15 RT-FW TCAGCATTTCTGTGCCTAGG 28.4
RT-RW ACAAGGAATGGCTGTTCACC

BMP2 RT-FW GCAGCTTCCACCATGAAGA 30.4
RT-RW CTGAGGTGATAAACTCCTCC

CTGF RT-FW GGAAGAGAACATTAAGAAGGGC 26.1
RT-RW CGTCGGTACATACTCCACAG

NPY RT-FW CATCAACCTCATCACCAGG 26
RT-RW GTCTTCAAGCCGAGTTCTG

GAPDH RT-FW TCAACGGATTTGGTCGTATTGG 18.7
RT-RW ATTTGCCATGGGTGGAATCATAT

BMPR1B RT-FW CATGCCTTGTTGATAAAGGTTCAG 34.2
RT-RW CCATCCTCTTTCTTGGTGCC

ACVR1 RT-FW GGAAGTGGCTCTGGTCTTCC 28.4
RT-RW ATACCTGCCTTTCCCGACAC

ACVR2A RT-FW CCGAGGAAGACCAGGGAAC 28
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RT-RW CTGATCTACCAAGTATAGCACTGA

ACVR2B RT-FW CTGTGCGCCGGCTCTG 293
RT-RW CATCTAGCCAGCAGCCCTTC

BMPR2 RT-FW CGTTTCTGCTGTTGTAGCAC 25.6
RT-RW GAGACTGATGCCAAAGCAATG

BMPR1A RT-FW GCCAACATCTTGGAGGAGTCG 27.2
RT-RW CCAGATTCTGTCCTTGAACACG

NPYR2 RT-FW AACTCCTAGAGGTGAACTGG 38
RT-RW TGGAGCAGTAGGCCAATATG

NPYR5 RT-FW ATCGGTAACAACTGACCTGC ND
RT-RW TCTCTGTGGCAAGTGTCTTG

Table 2.5 Primers and their sequence used for qRT-PCR

*Average Ct value of primer set based on housekeeping gene (GAPDH). ND; not detectable in any
assayed cell line.

2.8 Preparation Of Cell Pellets and Protein Extraction

After 1-3 X 106cells were collected, they were initially centrifuged at 400xg 5 minutes
after that supernatant was discarded and pellet washed and resuspended in 5ml PBS.
Following the 400Xg 5 minutes centrifuge, supernatant discarded again then resuspended
either with sodium dodecyl sulphate (SDS) Lysis Buffer or Radioimmunoprecipitation assay
buffer (RIPA) (Sigma-Aldrich, USA Cat No: R0278) with proteinase inhibitor cocktail tablets
(Complete MINI protease inhibitor (Roche, UK). For purification with SDS Lysis buffer, briefly,
cell pellet was rinsed with PBS after harvested then resuspend in 40ul SDS Lysis buffer
afterward lysate placed on heating block for 10min at 100°C. Before checking the
concentration of the purified protein samples, they were sonicated on ice (at 5 mA 5 seconds
repeated two times). For purification with RIPA buffer, one tablet of proteinase inhibitor was
added to 10mL RIPA buffer. Following cell harvesting, samples were washed with 750ul PBS
twice, then 60l RIPA buffer (with protease inhibitors) solution was added to samples and
incubated on ice 5 minutes. After sonication (as descried above), samples were centrifuged at
8000xg for 10 minutes at 4°C. Protein concentrations were determined by Pierce® BCA Protein
Assay Kit (Fisher Scientific UK, Leicestershire, UK) as described below. Protein samples and

aliquots were stored at -20°C freezer if not used immediately.
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2.9 Determination of Total Protein Concentration By Pierce® Bca
Protein Assay

Estimation of total protein concentration was conducted with Pierce BCA protein Assay
Kit (Thermo Fisher Scientific) based on manufacturer’s protocol. The kit includes two Reagents
referred to as A and B and bovine serum albumin (BSA). Initially, BSA protein was prepared as
a standard in different concentration to generate a standard curve. Double distilled (ddH20)
was used either dilute standards to get different concentrations or samples to get 1:10
dilutions. BCA working solution was made of Reagent A and Reagent B in a 50:1 ratio.200ul of
this was added for blank wells and 190ul for wells to which standards and samples would be
added, in 96 well plates (Cat No: 3598, Corning CoStar, UK). Finally, 10ul aliquot of standards
and samples were added to the 190l of BCA reagent mix in quadruplicate. The 96-well plate
was incubated at 37°C for 30 minutes. After incubation, absorbance at 560nm was taken with
96-well plate reader (FLUOstar Omega, BMG Labtech) and absorbance values were exported
into Microsoft Excel (Microsoft Corporation, United States of America (USA)). Initially, the
correlation (linear regression) between absorbance and concentration values was calculated
using absorbance values of protein standards (with known concentrations). This was then

utilised to determine the concentration of the protein samples.

2.10 SDS Page And Western Blot

The Laemmli method [228] was used for electrophoretic separation of proteins. 15 to
30ug of protein samples were treated with Laemmli buffer and heated at 100°C for 5 minutes
to allow denaturation of proteins, with the exception of analysis of SLC22A15 expression. No
denaturation step was used for protein samples for SLC22A15 protein expression because, due
to its hydrophobic feature, SLC22A15 protein forms large aggregates when heated and remains
at the top of the gel following electrophoresis. Samples were instead incubated at room
temperate for 5 minutes. Following the protein denaturation step, samples was loaded to
Mini-Protean TGX precast gels (12% (456-8045), for THEM4 and BMP2, 7.5% (4568023) for
SLC22A15, Any kD (4569034) for NPY) (Bio-Rad UK) for separation according to their molecular
weights. Mini-PROTEAN Tetra Vertical Electrophoresis Cell (Bio-Rad, UK) system was used, and
tank was filled with electrode buffer (ingredients in section 2.1). PageRuler Plus Prestained

protein ladder (Thermo Fisher Scientific Cat No: 26619) was used to allow size estimation
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following electrophoresis which was performed using a PowerPac Basic (Bio-Rad, UK)
electrophoresis power supply. Electrophoresis was performed at 180V for 40 minutes. After
electrophoresis the proteins were then transferred onto Polyvinyl difluoride transfer
membranes (Immuno- Blot PDVF Membrane, Bio-Rad, UK). To activate PVDF membrane before
the transfer step, it was soaked in 100% methanol for 1-2 minutes then inserted into mini-
transblot cassette (Bio-Rad, UK) with sponges, filter paper, (Cat no: 1703932, Bio-Rad UK) and
gel in a sandwich fashion (filter paper-gel-transfer membrane-filter paper). Finally, the
sandwich cassette was placed into a transfer tank (Bio-Rad UK) then filled with transfer buffer.
Transfer was performed using a PowerPac Basic (Bio-Rad Laboratories) power supply running

at 100V for 30 minutes.

Following completion of protein transfer, the membrane was blocked in blocking
solution which was made up from 5% dried skimmed milk with TBST (1 mM Tris-base, 5 mM
NaCl, 0.01% Tween 20, TBST) for 1 hr at room temperature to prevent non-specific binding of
the primary or secondary antibody. Membrane incubation with primary antibody solution
(diluted in blocking solution) was performed overnight at 4°C on a roller (Table 2.6). Thereafter,
membrane was washed three times with TBST solution on roller at room temperature for 10
minutes to avoid unbound antibody. Following the washing steps, the membrane was
incubated with anti-mouse or anti-rabbit secondary antibody conjugated to the horseradish
peroxidase (HRP) solution for one hour at room temperature on roller. Subsequently, three
washing steps with TBST solution were performed. Afterward, ECL detection agent (Pierce ECL
Western Blotting Substrate, Thermo Fisher Scientific Cat No: 32106) was prepared and
incubated with the membrane for one to two minutes. Chemidoc Imaging system (Bio-Rad
Laboratories) was used to capture chemiluminescent (corresponding to protein signal) and
colorimetric (corresponding to visible protein ladder marking relative position) images of the

membranes.

Membrane stripping was performed in case target proteins size were close to each
other for different primary antibodies. Stripping buffer (Thermo Fisher Scientific Cat No:
21059) was added to the membrane for 15 minutes at room temperature on a roller. Following
one washing with TBST, the membrane was incubated with blocking buffer for one hour at

room temperature on a roller, then re-probed with another primary antibody.

To quantification SLC22A15 protein expression in leukaemia and lymphoma cell lines

at day 8 post-transduction, images were captured using a GBox Chemi XL1.4 device and
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GeneSys software (Syngene, UK) was used for protein quantification. Protein bands were

guantified relative to the total signal captured from the reference band, which was assigned a

value of 1.00.
Antibody Host Type Supplier Cat No *Dilution
THEM4 Rabbit Polyclonal Novus Bio NBP2- 1:1000

94437

SLC22A15 Rabbit Polyclonal Proteintech 20626-1-AP | 1:1000
NPY Rabbit Monoclonal | Cell Signaling | 11976 1:500
BMP2 Mouse Monoclonal | Rndsystem MAB3551 1:500
B-actin Mouse Monoclonal | Abcam ab49900 1:10000
Secondary Anti Mouse | Goat Polyclonal Dako P0447 1:5000
Secondary Anti Rabbit | Goat Polyclonal | Abcam Ab6721 1:5000

Table 2.6 List of antibodies used in this project

* Dilution used for western blotting

2.11 siRNA Mediated Transient Knockdown Of Target Genes In
Leukaemia And Lymphoma Cell Lines

SMARTpool CTGF siRNA, Individual BMP2 siRNA were purchased from Dharmacon (L-
012633-01-0010 and J-011219-06 respectively) and AlexaFluor488-labelled non-Targeting
siRNA were purchased from Qiagen (AllStar Neg. siRNA, Qiagen, Cat No: 1027292 (Table2.7).
And FUGENE siRNA reagent (FUGENE Sl transfection reagent, Cat No:SI-1000) was used for
transfection. Stock solutions of targeted and non-targeted siRNAs were initially resuspended
at 20uM using nuclease free water. According to the manufacturer’s protocol, briefly, cells was
counted then 50,000 cells was resuspended in 450ul of RPMI 1640 media (without penicillin
and streptomycin) on 12 well-plate (Corning, Costar). Afterward, transfection reagent was
prepared with mix 22ul pre-warmed Opti-MEM (Gibco, Cat No: 31985062), 3ul FuGene SI
transfection reagent and 25pul siRNA (20uM stock) to make a final siRNA concentration of
100uM per well. The complex mixture was then incubated for 15 minutes to allow sufficient
time for complex formation. Subsequently after, this reagent:siRNA complex mixture was
added to the cells and incubated at 37°C during different time point depending on further

experiments such as cell viability or apoptosis assay. Level of knockdown at the RNA level was
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assessed using qRT-PCR at post-transfection day2 (detailed described at section 2.7). Each of
transfection and following experiments were repeated three times on separately tests.

(detailed siRNA method described in section 5).

siRNA target gene siRNA target sequence Company and Catolog No

BMP2- Individual seq-6 | CCAGGUUGGUGAAUCAGAA Dharmacon, J-011219-6

CTGF smart pool ACAAUGACAUCUUUGAAUC

AGGAAGAUGUACGGAGACA Dharmacon, L-012633-01-0010

CGAUUAGACUGGACAGCUU

GAGAGACAUUAACUCAUUA

Non-Targeting siRNA Qiagen, 1027292

Table 2.7 List of siRNA target gene and sequence used in this project

2.11.1 Checking transfection efficiency by Flow-cytometer

Transfection was carried outed by using non-targeting siRNA conjugated with
AlexaFlour488 on different leukaemia and lymphoma cell lines. 24 hours after transfection,
cells were collected then subsequently washed with PBS twice to remove any fluorophore
which couldn’t pass the cell membrane so that found in media efficiency. Efficiency of
transfection was determined by FACS (Bioscience LSRFortessa X-20). Measurements were
taken at 488/530/30 and data was analysed using FCS Express 7 software. Gating was applied

to FSC-A vs SSC-A graph to determine percentage of viable cells.

2.11.2. Cell Viability assessment by XTT

Cell viability was conducted using XTT assay. This assay based on determination of live
cells to investigate rate of cell proliferation and cytotoxicity after treatment. The assay contains
N-methyl dibenzopyrazine methyl sulphate (PMS) and 2,3-Bis-(2-Methoxy-4-nitro-5-
sulfophenyl)-2H-tetrazolium-5-carboxanilide, disodium salt (XTT) (Biotium, USA, Cat
No:30007). XTT is technique that can assess the number of viable cells based on changing
mitochondrial enzymes activity in live and dead cells. Viable cells have capability reduce XTT

while dead cells do not. This colorimetric assay measures the metabolic activity of cells by
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detecting the reduction of a yellow tetrazolium compound (3,4-tetrazolium]-bis benzene
sulfonic acid hydrate or XTT) to an orange formazan dye by metabolically active cells [229].
Therefore, reduction of XTT in the solution results in a colour change, which can then be
measured using a plate reader. Firstly, 3mg PMS was resuspended in 1ml of PBS and 4mg XTT
resuspended in 4ml RPMI medium then working solution was prepared according to the
manufacturer’s protocol. Samples incubated at 37°C until day three and six post transfection
of BMP2 and CTGF, pre-warmed 2.5ul activation reagent (PMS) was mixed with pre-warmed
1ml XTT solution in the dark to make working solution. After that, 50l of this working solution
was immediately added to each well. Plates were immediately covered with tinfoil, as XTT is
light-sensitive, and incubated for 3-4 hours at 37°C with 5% CO2. Post incubation, the plates
were placed on plate-reader Fluostar-Omega (BMG Labtech) then shaken at 300-500
revolutions per minute (rpm) for 30 seconds to mix the dye in the solution before absorbance
at 475nm wavelength was measured. The results were used to assess the effect of siRNA
transfection on cell viability and readings from cells transfected with non-target siRNA was

used as reference.

2.11.3 Assessment of caspase activation to assess apoptosis

To assess effect of knockdown of target gene on samples, Caspase 3/7 (Promega UKk,
Cat No0:8091) was carried outed at post transfection day 2 according to the manufacturer's
instruction. Initially, cells were counted, and 10,000 cells seeded into 96 well white flat bottom
plates (Cat No;3598, Corning CoStar, UK) in a 50ul volume at day?2 after transfection. Caspase
3/7 buffer and substrate were equilibrated to room temperature, and mixed until the substrate
had totally dissolved. When reagent was ready to use, 50l reagent was added to each well to
provide 1:1 ratio of Caspase-Glo® 3/7 reagent volume to sample volume. Blank wells, with only
reagent and media without cells, were used as blank controls. Untreated (parental) and mock-
treated cells were used as negative controls. All experiments were performed in triplicate.
Plates were gently mixed using a plate shaker at 300—-500rpm for 30 seconds then incubated
at room temperature for 1 hour. Luminescent reading was taken using FLOUstar Omega (BMG

LABTECH). The reading from blank wells were subtracted prior to calculation of final results.
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2.12 Treatment Of Cell Lines with Cytotoxic Agent

To investigate role of BMP pathway on ALL, LDN-193189 (ab278073) was used as
selective inhibitor of BMP Typel receptors to treat cell lines at different working concentration
from OuM to 0.1uM, 0.25uM, 0.5uM and 1uM. Nf-water was used for dilution to make stock
solution on 10mM LDN-193189. Further nf-water was used to prepare working solution
immediately prior to use. Experimental design briefly, cells were counted, and 10.000 cells
seeded in a 100ul volume into 96 well plate and each sample was triplicated thereafter seeded
wells was treated with required amount of inhibitor at day 0 and were incubated at 37°C with
5% CO2 until 48 hours and 96 hours. To assess effect of inhibitor on cell lines at different time
point (48 hours and 96 hours), two different plates were prepared as explained above at day
0. To test cell viability, XTT was performed 48 and 96 hours following the end of the treatment.

(XTT experiment is detailed in section 2.11.2)

2.13 ELISA Assays To Assess Protein Secretion

To assess extracellular BMP2, NPY and CTGF protein expression enzyme-linked

immunosorbent assays (ELISA) were performed, according to manufacturer instructions.

BMP2 concentration in the cell culture supernatant was checked by Human BMP2
ELISA Kit Abcam (ab119581) according to the manufacturer’s protocol. Assay range was 31.2
pg/ml - 2000 pg/ml and is designed to quantitative measurement of Human BMP2 in bone
tissue, cell culture supernatants and serum. Experimental design briefly, all cells were seeded
atadensity 1 x 10° cells in 2ml RPMI growing media per well in a six-well plate in and incubated
at 37°C with 5% CO2 during 2 days. On the experiment day, standards were freshly prepared
according to the serial dilution principle by reconstitution of 10ng/ml stock standard with
sample diluent buffer (from 1000pg/ml as highest, standard 1 to lowest concentration,
standard 6 (31.2pg/l)). Meantime samples were centrifuged at 400X g at 5 minutes then
supernatant collected at 1.5 ml Eppendorf tube. If required, sample diluent buffer was used to
dilute samples. Samples and standards were equilibrated to room temperature prior to the
experiment then 100ul added to 96 well plates which were precoated with BMP2 specific

mouse monoclonal antibody. This was then incubated for 90 minutes at 37°C, RPMI media
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alone sample served as blanks and standard diluent buffer was used as zero (control) well.
Meantime, biotinylated anti-human BMP2 antibody and Avidin-Biotin-Peroxidase Complex
was diluted at 1:100 ration with antibody diluent buffer and ABC diluent buffer respectively to
make it 1X concentration and working washing buffer (1X) was diluted at 1:25 ratio with
distilled water. Following to the incubation period, the supernatant in each well was discard
and 100ul 1X biotinylated detection monoclonal mouse antibody was added. This was
incubated at 37°C for 60 minutes. Thereafter, supernatant was removed from each well then
300ul 1X washing buffer added and following the 1-minute incubation, washing buffer
removed from wells and this step was repeated three times. Subsequently 100ul 1X Avidin-
Biotin-Peroxidase Complex was added to each well then incubated at 37°C for 30 minutes.
Afterward, unbound conjugates were washed away with 1X washing buffer this process was
repeated five times and buffer stayed in 1-2 minutes each time. 90ul TMB (3,3°,5,5'-
tetramethylbenzidine) solution was used to visualize the HRP enzymatic reaction in which TMB
was catalysed by HRP to produce a blue colour. This was incubated 37°C for 15-25 minutes in
dark. Incubation time was determined according to the shades of blue colour in standard wells
from highest to lowest concentration of standards. Then, 100ul of TMB Stop Solution was
added into each well, the colour changed into yellow immediately. The density of yellow
coloration is directly proportional to the Human BMP2 protein concentration of the sample
captured on the plate. Absorbance at 450 nm was measured at plate-reader Fluostar-Omega
(BMG Labtech) within 15 minutes. Levels of protein were determined by subtracting the value
from medium alone. Each assay was performed in two independent preparations. And each

sample of independent experiments was duplicated.

Human NPY ELISA Kit Abbexa (abx052317) was used to determine NPY concentration
in the cell culture supernatant, according to the manufacturer’s protocol. Assay range was 4.94
pg/ml - 400 pg/ml and designed to assess human NPY concentrations in serum, plasma, tissue
homogenates, cell lysates, cell culture supernatants and other biological fluids. Briefly, all cells
were seeded at a density 1 x 108 cells in 2ml RPMI growing media per well in a six-well plate
in and incubated at 37°C with 5% CO2 for 2 days. On the experiment day, standards were
freshly prepared according to the serial dilution principle by sample diluent buffer (from
400pg/mL as highest, standard 1 to lowest concentration, standard 5 (4.94pg/ml)). Meantime
samples were centrifuged at 1000X g at 20 minutes then supernatant collected at 1.5ml

Eppendorf tube. If required, sample diluent buffer was used to dilute samples. Samples and
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standards were equilibrated to room temperature prior to the experiment then 50ul added to
96 well plates which were precoated with NPY specific antibody Afterward 50ul detection
reagent A which was freshly prepared from 100X concentration with diluent A to 1X was added
to each well then concentration incubated for 90 minutes at 37°C, RPMI media alone samples
served as blanks and standard diluent buffer was used as zero (control) well. Meantime,
detection reagent B was diluted at 1:100 ratio with diluent B and to make it 1X concentration
and working washing buffer (1X) was diluted at 1:30 ratio with distilled water. Following the
incubation time, the supernatant was removed from each well then, the plate was washed 3
times with X wash buffer then 100ul X concentration detection reagent B was aliquoted into
each well then incubated 37°C for 30 minutes. Right after the incubation, supernatant was
removed from each well then each well used was washed 5 times with X wash buffer. Then
90ul TMB substrate was added into each well, and incubated 37°C for 10-20 minutes in the
dark. After incubation, 50ul of TMB Stop Solution was added into each well, the colour
changed into yellow immediately. Absorbance at 450 nm was measured at plate-reader
Fluostar-Omega (BMG Labtech) within 15 minutes. Levels of protein were determined by
subtracting the value from medium alone. Each assay was performed in two independent
preparations. And each sample of independent experiments was duplicated. The assay is
based on competitive reaction between biotin-labelled NPY and unlabelled-NPY so there is an
inverse correlation between colour development (or OD measurement) and sample

concentration.

To determine extracellular CTGF protein level, Human CTGF Mini ABTS ELISA
Development Kit (PeproTech, Cat No: 900-M317) and ABTS ELISA Buffer Kit (PeproTech, Cat
No: 900-K00) were used by manufacturer's instructions. Assay range was 32 pg/mL - 4000
pg/ml and designed to assess human CTGF concentrations. Briefly, all cells were seeded at a
density 1 x 108 cells in 2ml RPMI growing media per well in a six-well plate in and incubated at
37°C with 5% CO2 during 2 days. Capture ab was diluted by 1:100 ration with PBS A 96-well
plate was coated with capture antibody (rabbit anti-human CTGF) one day before the
experiment by incubating overnight at room temperature. Next day, following the discard
capture ab from each well and washing 4 times with X wash buffer, 300ul blocking buffer was
added to each well and the plate was incubated for 1 hour at room temperature. During the
incubation samples and standards from 4000pg/mL as highest to standard 1, 31.5pg/mL were

prepared. After incubation period, each well used on the plate was washed 4 times with X
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washing buffer and then 100ul sample and standards, media alone for blank and just diluent
as zero (control) were aliquoted into each well. The plate was incubated at room temperature
for 2 hours. Each well used on the plate was washed 4 times with X washing buffer then 100ul
X concentration detection ab (biotinylated rabbit anti-human CTGF) was added to each well
and incubated at room temperature for 2 hours. Afterward, the plate was washed 4 times with
X washing buffer then 100ul X Avidin-HRP conjugate was added to into each well and incubated
at room temperature for 30 minutes. Following the 4 times washing step, with X washing
buffer, 100ul ABTS substrate solution was pipetted to each well and the plate was then
incubated at room temperature for colour development. Colour development was measured
at absorbance 405nm, with wavelength correction set at 650nm by plate-reader Fluostar-
Omega (BMG Labtech). The density of yellow coloration represented directly proportional to
the Human CTGF protein amount of sample captured in plate. Levels of protein were
determined by subtracting the value from medium alone. Each assay was performed in two

independent preparations. And each sample of independent experiments was duplicated.

2.14 CTGF Inhibitor Antibody Experiment

To investigate role of CTGF pathway on ALL, Pamrevlumab (FG-3019) (Sellectchem, Cat
No; A2042) was used as selective inhibitor antibody against to CTGF to treat cell lines at
different working amount from Oug to 100ug/ml and 30ug/ml. Nf-water was used for dilution
to make stock solution on 1mg. Further nf-water was used to prepare working solution
immediately prior to use. Experimental design briefly, cells were counted, and 10.000 cells
seeded in a 100ul volume into 96 well plate and each sample were triplicated thereafter
seeded wells was treated with required amount of inhibitor at day 0 and were incubated at
37°C with 5% CO2 until 48 hours and 96 hours. To assess effect of inhibitor on cell lines at
different time point (48 hours and 96 hours), two different plates were prepared as explained
above at day 0. To test cell viability, XTT was performed 48 and 96 hours following the end of

the treatment. (XTT experiment is detailed in section 2.11.2)

2.15 Bioinformatic Analyses

2.15.1 DNA methylation Datasets used

All methylation data used in this study was derived from Infinium HumanMethylation
450K Beadchip array, which is cover 99% of RefSeq genes, 96% of CpG island from UCSC
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database. The 450K chip includes two assay design. In design |, at the unmethylated CpG sites,
the U-shaped bead with the tail A is matched with unmethylated CpG sites to produce a signal,
however, the M-shaped bead with the tail G cannot be recognized so that there is no signal.
On the other hand, at the methylated CpG sites, M-shaped beads produce the signal, but the
U-shaped type does not. In design I, the bead will be added to a base instead of being divided
into U-shaped or M-shaped. Furthermore, using fluorescent labels, the type of base can be
determined to determine the methylation state (Figure 2.2). The quantitative measurement of
DNA methylation (beta value [B]) was calculated as B = M/(M+U+a), the ratio of fluorescent
signals from the methylated alleles to the sum of the signals from the methylated and
methylation free alleles and a = 100 (recommended by lllumina). Beta values ranged from 0,
for completely unmethylated alleles, to 1 for completely methylated alleles [230]. Therefore,
it allows us to estimate percentage of methylation differences between CpG sites under study

group in comparison with all others like 0.4 B -value differences reflect 40% differences in

methylation.
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5 N TGS
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Figure 2.2. Overview of the Human Methylation 450K BeadChip arrays.
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Design I: Type | probes which have two bead types (U and M), methylated site (C) and other
for the unmethylated site (T) of the bisulphite modified DNA. Design II- Type Il probes which

have only one bead type corresponds to each target CpG site. Figure is obtained from [230].

All of methylation data used were publicly available from Gene Expression Omnibus
(GEQ), and The Cancer Genome Atlas (TCGA), European Genome-phenome Archive (EGA)
(Table 2.8). All DNA methylation data used in this study from the Infinium HumanMethylation
450K Beadchip array datasets. The coverage on the array includes CpG sites mapping to
different genomic regions such as promoter regions (TSS200 and TSS1500 representing 200bp
and 1500bp upstream of transcriptional start site respectively), 5" UTR, 1st exon, gene body, 3’
UTR, CpGisland, Shore (N and S) 2kb flanking CpG islands and Shelf (N and S) 2kb flanking the

shores.

The DNA methylation data has 8 data sets, including five types of B-lymphocyte-derived
cancers, naive B cells, memory B cells and B-cell progenitor cells According to the degree of
differentiation stages, progenitor B- cell samples were divided into four different groups based
on the level of CD34 protein expression and expression of the B cell marker CD19. S1
population represent predominantly Multipotent progenitors (MPP) but also containing
common lymphoid progenitors (CLPs) and stem cells. S2 population represents pre-B-I cells,
S3 population represent pre-B-Il cells that expressed slgM-CD19+ and S4 populations
represent immature B cells that express slgM+CD19+ [231]. Details of all the methylation data

sets used in the study are listed in Table 2.8.
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Type of Data Source No of Samples
ALL GSE49031 [222] and GSE69229 [232] 517
CLL EGAD00010000254 [162] and in-house dataset 187
MCL EGAD00010001012 [233] 86
DLBCL GSE37362 [234] and TCGA-DLBC [235] 79
PCNSL GSE92676 [236] 95
Progenitor cell GSE45459 [231] 22
Memory CS EGAD00010000254 [231] 3
Memory NCS EGAD00010000254 [231] 3
Naive B cells EGAD00010000254 [231] 3
Total 995

Table 2.8 Methylation data set used in study.
GSE - Gene Expression Omnibus accession numbers, EGA — European Genome-phenome
Archive.

2.15.2 Cleaning and processing methylation data

The majority of methylation data used in this study were obtained as raw unprocessed
file in “IDAT” format. These files represent the direct output from the methylation array as
two-coloured signal intensities (red — unmethylated and green — methylated) of each probe.
However, the study also includes processed files such as B-cell Progenitor cell (GSE45459) or
MCL (EGAD00010001012), obtained either as beta values (B) representing the methylation
level of each CpG site or methylation and unmethylation score corresponding to signal
intensities. All methylation data used in this study were already processed by a previous
student Lalchungnunga, normalisation and processing were performed using the R package
“Minfi” [237] to filter out poorly performing probes that may have confounding effects on
downstream analyses. Briefly, array background fluorescent signal bias correction was
performed by ‘noob (normalexponential out-of-band)’ [238], probes that had detection p-
value >0.01in 50% of samples were removed, cross-reactive probes [239] were also removed,
as were probes from X and Y chromosomes and, probes with proximal SNPs with a minor allele

frequency of 5% or greater and maximum distance (from CpG to SNP) of 2 bases. Methylation
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score (Bvalue) for the remaining probes was extracted which range from 0 to 1. Batch effect
correction for the source of the materials was performed by using the removeBatchEffect

function of the limma package v.3.52.1 [240].

2.15.3 Gene expression datasets

All of the samples used in this study came from a publicly accessible data source. The
majority of the samples were obtained as raw unprocessed files in “CEL” format that contains
probe intensity data corresponding to the level of gene expression on an Affymetrix GeneChip.
The study also includes processed files such as for CLL (EGAD00010000252) containing the
level of expression for all the genes present in the array. All datasets used in this study were
already processed by previous student Lalchungnunga. Details of all the expression data sets

used in the study are listed in Table 2.9.

Type of Data Source No of Samples
ALL GSE12159 [241] 326
CLL EGAD00010000252 [242] 143
MCL GSE93291 [243] 122
DLBCL GSE11318 [244] 203
PCNSL GSE34771 [245] 34
Progenitor cell GSE4560 [231] 31
Memory CS GSE24759 [246] 5
Memory NCS GSE24759 [246] 5
Naive B-cell GSE24759 [246] 5
Total 879

Table 2.9 Gene expression data set used in study.

GSE - Gene Expression Omnibus accession numbers, EGA — European Genome-phenome

Archive.
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2.15.4 Integration DNA methylation and gene expression data

In order to subsequent analysis, DNA methylation and expression data need to be
integrated via R. After obtaining methylation data, they were normalised and processed by
using R package called “Minfi” by previous student Lalchungnunga. Briefly, methylation B-
value matrixes were calculated based on Infinium HumanMethylation450 Bead Chip then
these data can be merged directly according to the name the CpG sites probe and poorly
performed probes were separated. On the second stage, even though gene expression matrix
data were obtained from Affymetrix Human Genome Array, these datasets correspond to
different version of the array, including U219 Array, U133 Plus 2.0 Array, U95 Version 2 Array,
and U133 Array. In these different versions of the array, the same gene corresponds to different
probes with variable numbers. In addition, CLL data, in which its probe name is represented
by Ensemble ID, is different from other datasets. Based on these, in the integration process,
initially the probe name is converted to the corresponding gene name in their respective
versions, and these probes which cannot correspond to the gene name are filtered. Then the
average value of the probe with the same gene name is retained. Finally, the genes common

these five types of cancers were kept by intersecting these datasets.

2.15.5 Identification of DMR and Cancer Specific DSD/TS genes candidates

Bioinformatic analyses to identify cancer specific DSDG/TSG in present study were
undertaken using R v3.4.0 (https://www.r-project.org/foundation). This method was used
initially to identify SL partner gene for specific genetic subtype of ALL by comparison of five
common subtype of ALL [221]. The first step before identification of DMR, “cpg.annotate’
package in R were used to analyse differences and annotate of single methylated site.
Subsequently, these single methylated site results were used to identify cancer specific DMR

candidates by DMRcate package in R [247].

To sum up bioinformatic pipeline analysis, the first step is identifying differentially
methylated regions (DMRs) between the group under study (ETV6-RUNX1, in the example
shown in Figure 2.3 and all other groups combined. Initially DMRs were selected by comparing
average B-value for the group under study versus all other groups combined using DMRcate.

The region is selected if the B-value difference is greater than 0.2 (equivalent to approximately
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20% methylation difference), with a p-value of <0.0001 (step 1 in Figure 2.3). To restrict the
analysis to regions more likely to impact gene expression DMRs that were located further than
20kb from any transcriptional start site are removed. As the identified DMRs can vary
significantly in size, we then identify the region of biggest change within each DMR (which
must include 2 or more adjacent CpG sites) (step 2 in Figure 2.3).This is done by identifying the
single CpG site with the biggest change in beta value and then assessing the neighbouring
upstream and downstream CpG sites to find the pair with the highest average beta value
difference. This region is then potentially expanded both up and/or downstream but only if
adding in the next neighbouring CpG site does not result in a reduction in the average beta
value change of the region. The region of biggest change is then compared between the group
under study and all other groups individually and only DMRs in which the region of biggest
change is specific for the group under study (i.e. are different between this group and every
other group individually) are retained. The cut-off value at this step can be varied, although to
increase stringency a b-value difference of 0.4 (40% difference in methylation) with p value of
less than 0.0001 is generally used (number 3 in Figure 2.3). In the last step, final candidate
genes were identified by integrating with gene expression data (step 4 in Figure 2.3). Genes
associated with DMRs that had met all above criteria (and had reduced methylation levels)
were selected as SL candidate genes for the relevant group if the gene showed higher
expression in the group of interest compared with all other groups individually. Similarly, genes
associated with DMRs that had met all above criteria (and had increased methylation levels)
were selected as TS candidate genes for the relevant group if the gene showed lower
expression in the group of interest compared with all other groups individually. No absolute
differences in the extent of differential expression were required other than being higher or
lower, respectively, than all other groups. This approach was taken to account for the extensive
differences in expression levels between genes such that for some genes even relatively small

differences in gene expression levels may be biologically significant.

In addition to above explanation about how candidate genes generated by our
bioinformatic analysis, it is worth to add that methylation differences of gene(s) between
disease of interest versus all other B-cell disease understudy was looked. Genes shows high or
low methylation are not take account of for analysis. Because of the methylation status of each
gene is same scale from zero to one in terms of B value, we could have cut-off value when

comparing disease of interest versus others like 0.4 for identifying ALL specific candidates.
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However, having cut-off is not applicable for absolute expression values of gene(s). Because
even small absolute expression differences between genes might have strong impact on gene
function. Absolute expression differences when comparing between disease of interest and
other B-cell disease is just taking forward if SLG candidate shows higher expression in absolute
terms in disease of interest than all other B-cell diseases or shows lower / absent expression

in just relevant disease than all other B-cell diseases.
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Figure 2.3. Flow-chart of Bioinformatic Pipeline for Identification SL Genes.

(1) All DMRs for a specific subtype of cancer under study (in this example ETV6/RUNX1) are
initially selected using DMRcate. (2) The initial region is then further analysed to identify the
maximally divergent region. (3) This region is then tested in comparison with all other B-cell
malignancies under study and only regions that are divergent from all other types of cancer
are retained as markers of potential DSD genes. (4) Gene expression data sets are used to

analyse the expression of the nearest gene from loci derived from step 3. Genes in which
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expression is exclusive to the cancer of interest are taken forward as DSDG candidates. Figure

is obtained from [221].

2.16 Statistical Analysis

Student t-test was performed on Excel 2021 (Microsoft Corporation, USA). If not
otherwise stated, statistical analysis was conducted utilising a two-tail Student’s t-test. The
correlation between fraction of lost of GFP and mRNA transcript level or protein level of
SLC22A15 after transduction described in Section 4.4.5 and 4.5.6, was determined by linear

regression using Excel 2010 (Microsoft Corporation, USA).

104



3 RESULTS OF IDENTIFICATION OF TSG AND
DSDG CANDIDATES VIA NOVEL
BIOINFORMATIC APPROACH IN B-CELL
MALIGNANCIES
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3.1 Introduction

Epigenetic alterations in ALL can be divided into changes that are common across all
subtypes likely due to extensive proliferation and those specific to each subtype based on
biological differences induced by diverse genetic initiating events. Specific patterns of DNA
methylation and gene expression might be chosen for subtype specific SL like genes, referred
to as subtype specific vulnerability genes (SSV) partner gene related to the particular genetic
change causing the cancer [221]. Identifying cancer SSV genes will be beneficial for novel
therapeutic strategies that design for specifically kill cancer cells on the other hand,
decreased toxicity in normal cells. These vulnerability genes are only required for the growth
and survival of cells when partner gene is mutated or disrupted. If this other mutation is
cancer-inducing, targeting the vulnerability gene should enable the selective killing of cancer

cells while sparing normal tissues from toxicity.

Our group has developed novel bioinformatic approach to identify SSV gene partner in
specific genetic subtype of cancer by using genome level DNA methylation and gene
expression data. Briefly, among the numerous affected genes in the methylation wave
dependent on B-cell proliferation, those essential for cell growth and survival due to a
specific genetic initiating mutation will be strongly selected to maintain low levels of
methylation (if high methylation negatively affects gene expression). This will lead to
decreased methylation in that particular genetic subtype, while there will be increased
methylation in all other subtypes. This differs from genes necessary for the overall survival
of progenitor B-cells, which would show low methylation across all ALL subtypes and normal

cells.

It is important to note that DNA methylation acts in cis and effect only adjacent gene
so this method exploiting identified difference in methylation which can only affect the
expression of the associated gene, enabling identification of the specific target involved in
this selective process. In addition to, genome-wide methylation analysis is combined with
genome-wide expression data to narrow down the analysis to sites where the changed DNA
methylation is linked to a corresponding change in gene expression. In addition to favourable
expression of the target gene in the specific subtype, SSV genes should show minimal or

absent expression in all other subtypes.
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Initially the bioinformatics pipeline outlined section 2.15.4 was developed to identify
SSV gene and tumour suppressor genes that were specific for a single genetic subtype in ALL.
The approach was subsequently expanded to other cancer types, as the patterns of
methylation changes that underly the approach are essentially shared across all cancer types.
According to Schwalbe et al, methylation change in ALL was highly predictive of changes in
other B-cell malignancies and was highly predictive of mirroring methylation change in healthy
memory B cells and similar methylation changes are seen across all tested B-cell malignancies
[221]. High overlap in methylation patterns seen in different B-cell malignancies is similar to
the high overlap between different subtypes of a single B-cell malignancy [221]. Thus, the
approach of identifying loci that specifically fail to acquire methylation could potentially be
expanded to whole the whole disease level. Candidate genes identified by this method would
be DSDG as they would not be linked to a specific genetic change but would instead relate to

a shared aspect of biology for the disease being assessed.

3.2 Aims of the Chapter

- To determine whether the previously designed bioinformatic approach for identifying
subtype specific functionally relevant genes could be repurposed to identify DSD
gene(s) relevant for all patients with particular B-cell malignancies by using the
individual B-cell malignancies as the “subtypes”.

- Toidentify TS and DSD genes candidates via bioinformatic pipeline that could function

as novel therapeutic target across five different types of B-cell malignancies.

3.3 Results

Bioinformatic analyses to identify DSDG for specific B-cell malignancies tested was
performed using same pipeline and criteria with initial bioinformatic analysis (mentioned in
section Figure 3.1). Same bioinformatic pipeline was repeat to identify candidates for each of

five malignancies.

All methylation data used in the previous and current study, are derived from Illumina
beadchip arrays (lllumina 450k or Methylation EPIC arrays). The data used in the analysis was

primarily publicly available from Gene Expression Omnibus (GEO), and The Cancer Genome
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Atlas (TCGA), European Genome-phenome Archive (EGA). DNA methylation data was

integrated with publicly available gene expression data sets for all five-cancer types. Number

of samples and their source for both methylation and expression were included in Table 3. 1.

Methylation of Data Number of | Expression Data Number of Data
Data
ALL *[222], * [229] 517 ALL * [234] 326
CLL **[162] 187 CLL [235] 143
MCL ** [233] 86 MCL * [236] 121
DLBCL *,% [234], [235] 79 DLBCL * [237] 203
PCNSL * [236] 95 PCNSL * [238] 34
Progenitor (S1, S2, S3, S4) * [231] 24 Progenitor (S1, S2, S3, S4) * [228], * [239] | 35
Memory CS **[231] 3 Memory CS * [239] 3
Memory NCS ** [231] 3 Memory NCS * [239] 3
Naive **[231] 3 Naive * [239] 3
CD5 Naive ** [231] 3 CD5 Naive * [239] 3
CD19++ ** [231] 14 CD19++ * [239] 14

Table 3.1 Data Information that was used for Bioinformatic Analysis

* GEO, **European Genome-phenome Archive (EGA, EGAD00010001012). ¢ The Cancer

Genome Atlas (TCGA)

Criteria to identify DSD/SL genes and TSG are shown in Table 3.2 (1) and example of

genes which are both fulfilled the criteria for being candidate of DSDG and non-candidate are

shown in Figure 3.2. In addition to, any DMR which even fulfil criteria to be DSDG candidate

was removed from list, in case it has been already associated with being oncogene in any

cancer such as CCDN1 gene was removed from candidate list for MCL even though it matched

with candidate criteria (Figure 3.3).
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DSDG candidates

Disease Specific TSG

Methylation status

*Hypomethylation in relevant vs

*Hypermethylation

in relevant S

Relevant Vs Other | Hypermethylation All other disease | Hypomethylation all other disease type
Disease/Subgroups type

Expression status Higher expression of relevant disease | Low expression in relevant vs Higher
Relevant 'S Other | vs Low or absent expression of other | expression of other disease

Disease/Subgroups

disease type

Methylation status

Disease type vs Healthy cells

Hypomethylation of relevant disease vs

Memory B cells

Hypermethylation of disease vs B-cell

subsets

Table 3.2 Criteria for Identification of Candidate Disease Specific Dependency and Tumour

Suppressor Genes

* Indicates that differences in B value is greater than 0.4 in some cases 0.3 when stated
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Figure 3.1. Represent examples that does not meet (A) and does meet (B) methylation and

expression criteria for DSDG for ALL.

A) This gene (TNCR6B) would fail on the methylation expression criteria. For methylation,
although different from the other diseases the difference is too small also reflects differences
in methylation between B-cell progenitors and differentiated B-cells. For expression, the level
is lower than CLL but similar to other diseases and thus reduced expression is not ALL specific.
This would also not be a CLL-specific DSDG candidate because the low methylation is not CLL-
specific. B- This gene (BMP2) shows specific hypo-methylation for ALL while all the other types
have higher methylation. On the other hand, upregulation of candidate genes in ALL compared
to all the other types of B cell-malignancies and progenitor B cells. Methylation beta values on
Y-axis ranges from 0 (un-methylated) to 1 (complete methylation). B-cell progenitor cells which
is include S1, S2, S3 and S4 population. According to the degree of differentiation stages,
progenitor B- cell samples were divided into four different groups. S1 population represent
predominantly MPP (Multipotent progenitors) but also containing CLPs (common lymphoid
progenitors) and stem cells. S2 population represents pre-B_I cells, S3 population represent
pre-B-Il cells that expressed slgMCD19+ and S4 populations represent immature B cells that

express slgM+CD19+.
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Figure 3.2. Methylation and Expression pattern of CCND1 gene.

This gene shows specific hypo-methylation for MCL while all the other types have higher

methylation. On the other hand, upregulation of candidate gene in MCL compared to all the
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other types of B cell-malignancies and progenitor B cells. Methylation beta values on Y-axis

ranges from 0 (un-methylated) to 1 (complete methylation).

3.3.1 ALL specific candidate genes

To identify ALL specific DSDG/TSG candidates, genome-wide methylation and
expression data of ALL samples compared across the other four type of B-cell malignancies
using the bioinformatic pipeline, with the minimum beta value differences across the DMRs
set at 0.4 (approximately equivalent to a differences of 40% methylation). This analysis
identified a total of 375 cancer-specific/absent DMRs. 61 of them was lack of expression value.
Possible reasons might be there was no gene within the 20kb cut-off what we used for analysis
and either the gene associated with this DMR was not represented in the expression array data
what we used for analysis or has different name on array that could not matched up. 79 out
375 were excluded because average [3 value methylation differences between ALL and other
individual (or all together) did not reach cut-off point 0.4 (40% differences). 227 of 375 were
ruled out because methylation pattern did not correspond with expression value. Only
remaining eight DMRs fulfilled criteria, four of them count for TSG and another four counted

for DSDG (mentioned in section 3.3, Table 3.2).

3.3.1.1 ALL specific TSG candidates

We identified four ALL-specific TSG candidates; SLC22A15, THEM4, TTC12, and MAP9.
All candidate’s DMR were overlapping with the genes transcriptional start site. In addition, the
DMRs of all four candidates had a high density of CpG sites, ranging from 11 to 13. Median
methylation for all four candidates in ALL lies between beta values of 0.6 to 0.8 (i.e. 60 and
80% methylation). Methylation and expression pattern of all candidates seen in Figure 3.4. For
all four candidates significantly, increased methylation was almost entirely restricted to ALL
samples. Indeed, although the analysis had set a high minimum threshold for the difference in
methylation (beta value of >0.4), the differences in the identified candidates were generally
well above this cut-off. For all four candidates ALL samples exhibited lower expression than all
other B-cell malignancies (as would be required to meet the expression criteria) and also
exhibited low expression levels overall, compatible with the very high levels of promoter
methylation identified at all four loci. For three of the four candidates the results do show both

a minority of samples with lower methylation and a minority of samples with higher expression
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(with the exception of TTC12, where almost all samples exhibit relatively low expression).
However, as the DNA methylation and gene expression data sets for ALL are derived from
different sample sets it was not possible to directly assess the correlation between expression
and DNA methylation in the ALL samples to determine if lower methylation was associated

with high expression.

Two of the candidates, MAP9 and SLC22A15, have not previously been associated with
B-cell derived cancer. THEM4 and TTC12 have also not been widely studied in ALL although
they have been reported to be hypermethylated in ALL (references [248] and [249]

respectively).
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Figure 3.3. Methylation and expression data.

Methylation and expression data are shown for A) SLC22A15, B) THEMA4, C) TTC12, D) MAPS.
Methylation beta values on Y-axis ranges from 0 (un-methylated) to 1 (complete methylation).
The candidate genes show specific hyper-methylation for ALL while all the other populations
have lower methylation. Expression data shows downregulation of candidate genes in ALL

compared to all the other types of B cell-malignancies.

3.3.1.2 ALL specific DSDG candidates

We identified total four DSDG candidates; BMP2, CTGF, NPY, and ZNF423. For three of
four candidates, the DMR was overlapping with the TSS (BMP2, CTGF, NPY). However, for the
other candidate (ZNF423), the DMR was located distal to the TSS (18461bp), although within
the limit of 20kb. The number of CpG sites within the DMRs for BMP2, CTGF, NPY, and ZNF423
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was 11, 14, 10, 2 respectively. Among these genes, ZNF423 [250], [251] and CTGF [252] have
been shown to be associated with ALL, while the other two candidates have not previously
been suggested to have a functional role in B-Cell malignancies. However, elevated expression

of NPY and BMP2 in B-ALL samples has been reported [253], [254] respectively.

Methylation and expression levels, for each of the candidates, are illustrated in Figure
3.5. The candidates appear to split into two slightly different groups. Two of them (BMP2, NPY)
are consistent with our original approach for identifying genes on the basis of specifically
failing to acquire methylation in the disease of interest. For those genes methylation is low in
normal progenitor cells and is then acquired in more proliferated normal B-cell subsets (e.g.
naive and memory B-cell populations). Similarly, all other B-cell malignancies also acquire
methylation similar to the more proliferated normal cell populations. A potential complication
with this analysis is that the methylation pattern for these two loci is also linked to
differentiation status — i.e. ALL is similar to normal progenitor cells, while the mature B-cell
malignancies are similar to B-memory cells. Thus, an alternative explanation could be that the
differences in methylation are just a reflection of differentiation status and not an active
selection against methylation (and thus for retention of expression of the candidate DSDG.
However, several features argue against this interpretation. Firstly, methylation in the
differentiated B-cell malignancies does not reflect their specific stage of differentiation. For
example, MCL and most CLL cases are thought to be derived from a stage equivalent to naive
B-cells, but their methylation levels are much higher than naive B-cells and similar to memory
cells. Similarly, DLBCL and PCNSL are derived from a stage between naive and memory B-cells
but do not have intermediate methylation levels and instead show methylation level well
above the level seen in memory B-cells. In contrast, the patterns of methylation at these genes
across the mature B-cell malignancies and normal cell populations essentially perfectly reflects
the pattern of proliferation related methylation seen in most CpG sites found methylated in
ALL (see section 1.6 figure 1.25) and thus the methylation patterns of these genes is
indistinguishable from other loci though to result as a by-product proliferation. Lastly,
expression of the two genes is increased relative to normal progenitor cells as well as in
comparison to other B-cell malignancies, consistent with this upregulation being specific for

ALL.

The second two identified DSDG (CTGF, ZNF423) exhibit similar differences in

methylation within the B-cell malignancies but show differences from BMP2 and NPY in normal
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cells, in that normal cells also exhibit very high methylation at these loci. Thus, in these cases

it appears that ALL exhibits specific demethylation of the loci, as opposed to retention of a low

methylation level.
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Figure 3.4. Methylation and expression data.

Methylation and expression data are shown for A) BMP2, B) CTGF, C) NPY, D) ZNF423.
Methylation beta values on Y-axis ranges from 0 (un-methylated) to 1 (complete methylation).
The candidate genes show specific hypo-methylation for ALL while all the other types have
higher methylation. On the other hand, upregulation of candidate genes in ALL compared to

all the other types of B cell-malignancies and progenitor B cells.

3.3.2 MCL specific candidates

To identify MCL specific DSDG/TSG candidates, genome-wide methylation and
expression data of ALL samples compared across the other four type of B-cell malignancies
using the bioinformatic pipeline, with the minimum beta value differences across the DMRs
set at firstly 0.4 (approximately equivalent to a differences of 40% methylation). However, any
candidate had not been identified therefore cut-off was reduced 0.3 which differs from that
used in ALL to account for the broadly lower levels of acquisition of methylation changes seen
in some of the other b-cell malignancies especially CLL and MCL (see section 1.6 figure 1.25).
Overall, 219 cancer specific DMRs were identified in this analysis. 32 of them have lack of
expression data (possible reasons mentioned in section 3.3.1). 173 out 219 were failed
because lack of consistency in methylation differences between MCL and other b-cell
malignancies especially similar lower levels of methylation as those seen in CLL. 12 of

them did not display inverse correlation between methylation and expression value.
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Only remaining three DMRs fulfilled criteria for being DSDG; SOX11/ MFHAS1/ CCDNI1.
However, CCDN1 has already referred to oncogene so that it was removed from candidate list.

Unlike ALL, we did not identify any TSG candidate for MCL.

The DMR of SOX11 overlaps with its TSS, in contrast, the DMRs for MHFAS1 are located
proximal to their TSS (1636bp). In addition, the DMR’s include 11, and 6 CpG sites respectively
for SOX11, and MFHAS1. Median methylation for two candidates in MCL lies between beta
values of 0.1 to 0.4 (i.e. 10 and 40% methylation). Methylation and expression levels, for each
of the candidates, are illustrated in Figure 3.6 SOX11 is consistent with our original approach
for identifying genes on the basis of specifically failing to acquire methylation in the disease of
interest. For those genes methylation is low in normal progenitor cells and is then acquired in
more proliferated normal B-cell subsets (e.g. naive and memory B-cell populations). Similarly,
all other B-cell malignancies also acquire methylation similar to the more proliferated normal
cell populations except ALL. Methylation differences between ALL and MCL (median 0.2 and
0.1 respectively) is lower than cut-off 0.3 value. However, two ALL genetic subtype
(ETV6/RUNX1 and TCF3/PBX1) is highly expressed SOX11 gene comparing other cytogenetic
subtype ALL based on Leukaemia MILE study data [255] (Figure in 3.7). SOX11, has been widely
studied for its role in MCL and used as a diagnostic marker [256]. The gene codes a
transcription factor that plays important roles in cell survival, suppression of apoptosis and
induction of angiogenesis, in many cancer types [257], [258], [259]. Overall, when either

methylation / expression pattern or it’s role considered, SOX11 was chosen candidate for MCL.

The second identified DSDG for MCL was MFHSA1 exhibits similar differences in
methylation within the B-cell malignancies even DLBCL and PCNCL show hypomethylation
comparing less proliferated B-cell malignancies, CLL and ALL. In normal cells also exhibit very
high methylation at these loci. Thus, in this case it appears that MCL exhibits specific
demethylation of the loci, as opposed to retention of a low methylation level. In addition,
MFHAS1 has been implicated as a potential oncogene in malignant fibrous histiocytomas [260]

and mutation in MFHAS1 gene has been associated with DLBCL [261], [262].
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Figure 3.5. Methylation and expression pattern of MCL DSDG candidates.

Methylation and expression data are shown for A) SOX11, B) MFHAS1. Methylation beta values
on Y-axis ranges from 0 (un-methylated) to 1 (complete methylation). The candidate genes
show specific hypo-methylation for MCL while all the other types have higher methylation. On
the other hand, upregulation of candidate genes in MCL compared to all the other types of B

cell-malignancies and progenitor B cells.
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Figure 3.6. SOX11 expression on panel of ALL subtypes, and other Leukaemia Types.

SOX11 expression is specifically high in ETV6/RUNX1 and TCF3/PBX1 genetic subtypes of ALL.
It’s expression is limited in other subtype of ALL, CLL,, AML, T-ALL and normal healthy bone

marrow cells. Figure is obtained from [255].

3.3.3 CLL specific candidates

To identify CLL specific DSDG/TSG candidates, genome-wide methylation and
expression data of CLL samples compared across the other four type of B-cell malignancies
using the bioinformatic pipeline, with the minimum beta value differences across the DMRs
set at firstly 0.4 (approximately equivalent to a differences of 40% methylation). However, any
candidate had not been identified therefore cut-off was reduced 0.3 which differs from that
used in ALL to account for the broadly lower levels of acquisition of methylation changes seen
in some of the other b-cell malignancies especially CLL and MCL (section 1.6, figure 1.25). As
CLL has similarly lower level of methylation as those seen in MCL, the same reduced 0.3 cut-
off was used. Total 684 DMRs were identified, although 120 of them has lack of expression
data (possible reasons mentioned in section 3.3.1). Out 491 was failed because lack of
consistency in methylation differences between CLL and other b-cell malignancies especially
similar lower levels of methylation as those seen in most cases MCL. 72 of them did not display
inverse correlation between methylation and expression value. Only remaining one DMR

fulfilled criteria SNX18. Similarly, to MCL, we did not identify any TSG candidates for CLL. SNX18
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codes membrane-associated protein that plays role in intracellular traffic and protein
haemostasis in the cell [263]. There are no current studies implicating SNX18 in haematological
malignancies, although a single study identifies a potential role for SNX18 in pancreatic cancer

metastasis [264].

The DMR of SNX18 overlaps with its TSS, and it's DMR include 11 CpG sites. Median
beta value of methylation of CLL candidate was approximately 0.1 (i.e. 10% methylation).
Methylation and expression level of the candidate is illustrated in Figure 3.8. The DMR shows
demethylation specifically in CLL across the other B-cell malignancies however, some samples
in PCNSL show low levels of methylation but difference between median CLL methylation and
the next lowest group, PCNSL higher than cut-off 0.3. Corresponding methylation value,
highest expression of SNX18 gene was seen in CLL compared the other B-cell malignancies and

normal B-cells.
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Figure 3.7. Methylation and expression pattern of CLL specific DSDG candidate, SNX18.

Methylation and expression data are shown for SNX18. Methylation beta values on Y-axis
ranges from 0 (un-methylated) to 1 (complete methylation). The candidate gene show specific
hypo-methylation for CLL while all the other types have higher methylation. On the other hand,
upregulation of candidate gene in CLL compared to all the other types of B cell-malignancies

and progenitor B cells.
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3.3.4 PCNSL specific candidate

To identify PCNSL specific DSDG/TSG candidate(s), genome-wide methylation and
expression data of PCNSL samples compared across the other four type of B-cell malignancies
through novel bioinformatic approach using minimum beta value differences across the DMRs
was set 0.4 up (approximately equivalent to a differences of 40% methylation). Total 867 DMRs
were identified, although 139 of them have lack of expression data (possible reasons
mentioned in section 3.3.1). 584 was failed because lack of consistency in methylation
differences between PCNSL and other B-cell malignancies especially similar levels of
methylation as those seen in most cases DLBCL. PCNSL is known to have a significant overlap
with DLBCL, and clustering analysis performed on all the b-cell malighancy methylation data
(Lalchungnunga, Atasoy manuscript in preparation) has suggested that DLBCL and PCNSL form
two overlapping clusters (unlike other B-cell malignancies, which were clearly differentiated
from each other. Therefore, most of DMRs do not show median methylation B-value cut-off
(0.4) differences between PCNSL and DLBCL. Therefore, out of 584 did not considered as
candidate for PCNSL. 143 did not display inverse correlation between methylation and
expression value. Only remaining one DMR fulfilled criteria as TSG candidate, FSNC1. Unlike

ALL, MCL and CLL, there was no DSDG candidate identified.

The DMR of FSCN1 overlaps with its TSS, and it’s DMR include 9 CpG sites. Median beta
value of methylation in PSNCL was approximately 0.7 (i.e. 70% methylation). This loci
specifically hyper-methylated in PCNSL samples comparing other B-cell malignancies, even
though some samples of DLBCL samples exhibit similar level of methylation with PCNSL,
median beta value of methylation in DLBCL was closed to fully methylated level 0. FSNC1
overall expression in PCNSL samples exhibited lower expression than all other B-cell
malignancies. FSCN1 codes actin-binding proteins plays a role in cell migration, invasion,
metastasis [265] and it already has been shown as disease marker for Reed-Sternberg cells in
Hodgkin's lymphoma [266], and specific overexpression in AML [267]. Methylation and

expression data for FSCN1 are shown in Figure 3.9.
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Figure 3.8. Methylation and expression pattern of PCNSL TSG candidate, FSCN1.

Methylation and expression data are shown for FSCN1. Methylation beta values on Y-axis
ranges from 0 (un-methylated) to 1 (complete methylation). The candidate gene show specific
hyper-methylation for PCNSL while all the other types have lower methylation. Expression data
shows downregulation of candidate gene in PCNSL compared to all the other types of B cell-

malignancies and progenitor B cell.

3.3.5 PCNSL & DLBCL specific candidate

Similar analysis was carried out to identify candidate DSD and TS genes in DLBCL and
PCNSL individually. However, PCNSL is known to have a significant overlap with DLBCL, and
clustering analysis performed on all the b-cell malignancy methylation data (Lalchununga,
Atasoy manuscript in preparation) has suggested that DLBCL and PCNSL form two overlapping
clusters (unlike other B-cell malignancies, which were clearly differentiated from each other).
Furthermore, analysis of DLBCL as a single subtype did not identify any candidates and this
analysis revealed a strong overlap between differentially methylated genes in DLBCL and
PCNSL. Therefore, we ran the analysis amalgamating DLBCL and PCNSL as a single entity to
identify DSDG/TSG that were relevant for both DLBCL and PCNSL. As a cut-off value, a beta-
value difference of 0.4 (40% difference in methylation) was used. A total of 817 DMRs were
identified, although 130 of them have lack of expression data (possible reasons mentioned in
section 3.3.1). 526 out 817 was excluded because average 3 value methylation differences
between PCNSL&DLBCL and other individual (or all together) did not reach cut-off point 0.4

(40% differences). 160 of 817 was ruled out because methylation pattern did not correspond
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with expression value. Only remaining DMR fulfilled criteria as a TSG candidate for both
malignancies, SDK2, was selected based on both the required methylation and gene

expression differences.

The DMR for this candidate was located in the TSS and contains 14 CpG sites. Median
beta value of methylation of the candidate was approximately 0.5 (i.e. 50% methylation) in
DLBCL and approximately 0.7 in PCNSL. The candidate genes show specific hyper-methylation
for DLBCL and PCNSL while all the other types have lower methylation. SDK2 shows
downregulation of candidate genes in DLBCL and PCNSL compared to all the other types of B
cell-malignancies and has similar expression pattern in progenitor B cells. Methylation and
expression level of the candidate is illustrated in Figure 3.10. The SDK2 gene encodes an
adhesion molecule that plays a role in synaptic connections in the retina [268]. There were no

previous studies linking the genes to b-cell malignancies.
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Figure 3.9. Methylation and expression pattern of the DLBCL/PCNSL TSG candidate SDK2.

Methylation and expression data are shown for SDK2. Methylation beta values on Y-axis range
from 0 (un-methylated) to 1 (complete methylation). The candidate gene shows specific hyper-
methylation for DLBCL and PCNSL, while all the other types have lower methylation. Expression

data shows reduced expression of the candidate gene in DLBCL and PCNSL compared to all the

other types of B cell-malignancies.
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3.3.6 Overall Results

In the light of our criteria, this approach has been successful in identifying total 13 DSD
and TS gene candidates across all the B-cell malignancies under study as shown in Table 3.1.
Seven of them were DSDG and six of them were TSG candidates. Four of seven DSDG
candidates for ALL and two of seven DSDG candidates for MCL and one of seven DSDG for CLL
were identified. However, there was not any DSDG candidate for DLBCL and PCNSL. On the
other hand, four of six TSG candidates for ALL and one of six TSG candidates for PCNSL and
one of six for shared DLBCL and PCNSL were identified and there was no any TSG candidate for
CLL and MCL.

Three of seven DSDG candidates across the five types of B-cell malignancies have been
associated with haematological malignancies , SOX11 [249], MFHAS1 [261], [262] and ZNF423
[251]. On the other hand, there are no functional studies for four of seven DSDG candidates in
leukaemia/ lymphoma. However, rest of them have been associated with multiple cancers.
Regards of TSG candidates, only one of six candidates has been previously linked with B-
lymphocyte-derived cancers [258]. However, there were not any functional studies for rest of
TSG candidates in haematological malignancies beside there were only limited functional
studies in other cancers. (Table 3.3). To sum up, 5 of 13 candidates have been linked with B-
lymphocyte-derived cancers before, suggesting that this method is effective to identify cancer
related genes. In contrast, 8 of 13 candidates across the B- cell malignancies under study have
not been associated with leukaemia/lymphoma, indicating that the method has the ability to

find cancer therapeutic genes that cannot be identified in other ways.
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Candidate Type Gene Name | Function of Gene Product Investigated in any cancer Investigated in Leukemia/Lymphoma

DSDG for CLL SNX18 A member of the sorting nexin family is involved in | Pancreatic cancer metastasis [264] | -
intracellular trafficking and protein homeostasis
[263]

DSDG for MCL SOX11 Transcription factors, promoting cell survival, | In many cancer [257], [258], [259] | Diagnostic marker for MCL [256]
suppress apoptosis, inducing tumour angiogenesis DNA  hypomethylation and high
[256] expression ALL cell lines [269]

DSDG for MCL MFHAS1 A potential oncogene whose expression is enhanced | Malignant fibrous histiocytomas | Mutation on the DLBCL [261], [262]
in some malignant fibrous histiocytomas (MFH) | [260]
[260]

DSDG for ALL NPY A neuropeptide that plays role in cell growth, | Reviewed in [270] Elevated serum level on B-Cell
migration, angiogenesis, and metastasis [270] Leukaemia [253]

DSDG for ALL BMP2 A secreted ligand of the transforming growth factor- | In many cancer [272], [273], [274] | Elevated expression on B-cell ALL [254]
B (TGF-B) superfamily, plays essential roles in many
cancerous processes by like angiogenesis, epithelial-
mesenchymal transition (EMT), and cancer stem
cells [271]

DSDG for ALL CTGF A mitogen that is secreted by vascular endothelial | In other cancer [275], [276] shRNA knockdown of CTGF in B-ALL cell
cells. The encoded protein plays a role proliferation, line (Reh) cause suppression of cell
adhesion, migration, and metastasis [252], [275], growth [252]
[276]

DSDG for ALL ZNF423 It is a transcription factor and play role as both | In other cancer [277], [278] In ALL, inhibits transcriptional factor of
activator and suppressor [250] B-cell differentiation (EBF1) resulting in

B-cell maturation arrest [251]

TSG for ALL THEMA4 Carboxyl-terminal modulator protein, inhibit | In few cancers; breast cancer | Hypermethylated in B-ALL [248]
phosphorylation and activation of Protein kinase B | [280], glioblastoma [281], lung
(PKB) which play critical role upon cell survival and | cancer [282]
transformation [279]

TSG for ALL MAP9 Microtubule associated protein 9, a gene critical for | Itis downregulated in few cancers; | -

spindle assembly and cytokinesis. Suppress cell
proliferation and inducing cell cycle arrest [283]

hepatocellular carcinoma [283]
breast and colorectal cancer [284]
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TSG for ALL SLC22A15 Organic ion transporters [285] Promote epithelial-mesenchymal | -
transition (EMT) in pancreatic cell
line [286]
TSG for ALL TTC12 Cytoplasmic protein that plays a role in the proper | Loss of function in adult germ cell | Hypermethylated in ALL [249]

assembly of dynein arm complexes [287]

tumour [288]

TSG for DLBCL & PCNSL | SDK2

Adhesion molecule [268]

Mutation in triple-breast cancer
[289]

TSG for PCNSL FSCN1

Actin-binding proteins plays a role in cell migration,

invasion, metastasis [265]

Reviewed in [265]

Marker for Reed-Sternberg cells in
Hodgkin's lymphoma [266]

Found elevated express in AML not ALL
serum samples [267]

Table 3.3 All candidate information about function and investigation on both any cancer and leukaemia/lymphoma
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Candidate Type Gene Chr Distance | DMR start DMR ends | No of
Name to TSS CpG

DSDG for CLL SNX18 5 0 53813164 53817963 | 15
DSDG for MCL SOX11 2 0 5831147 5834638 11
DSDG for MCL MFHAS1 8 1636 8748536 8749494 6
DSDG for ALL NPY 7 0 24323128 24323939 |10
DSDG for ALL BMP2 20 0 6748710 6751435 11
DSDG for ALL CTGF 6 0 132270033 | 1.32E+08 14
DSDG for ALL ZNF423 16 18461 49872492 49873368 |2
TSG for ALL THEMA4 1 0 1,52E+08 1.52E+08 11
TSG for ALL MAP9 4 0 1,56E+08 1.56E+08 13
TSG for ALL SLC22A15 |1 0 116518738 | 1.17E+08 12
TSG for ALL TTC12 11 0 113184936 | 1.13E+08 13
TSG for DLBCL & PCNSL | SDK2 17 0 71638531 71641669 | 14
TSG for PNCSL FSCN1 7 0 5631189 5632476 9

Table 3.4 DSD and TS genes candidates identified in five types of B-cell malignancies.

TSS refers the transcriptional starting site, Chr refers chromosome.

3.4 Discussion

Identifying genes with roles on non-oncogenic pathways which are required for

cancer cell survival is one of the promising approaches to design new therapies that kill

specifically tumour cells and prevent normal cell toxicity [290]. Our group present new

bioinformatic approach based on integration genome wide methylation and genome wide

gene expression data which was originally designed to identify molecular subtype specific

SL like genes, referred to as subtype specific vulnerability genes (SSV). The idea beyond

this approach based on that identifying genes which are selectively protected from

acquiring methylation in the presence of specific cancer-driving mutations or pathways.

This selective retention of gene expression in the presence of cancer-driving genetic

events suggests that these subtype-specific vulnerability genes could be promising targets
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for developing novel cancer therapies that specifically target malignant cells while
minimizing toxicity to normal cells. This original approach was applied across multiple
cancer types, initially focussing on genetic subtypes of ALL then medulloblastoma, and has
been shown to be able to identify candidate genes in the all but one cancer subtypes
assessed and was identified candidate gens in almost all subtypes assessed which had a
high rate of functional confirmation (80% of candidates analysed) [221]. A limitation of the
above approach is that SL genes can only be identified for specific subtypes within a cancer
type and thus the identified targets would only be relevant for a subset of patients. This
limitation could potentially be overcome if the approach could be expanded to comparing
multiple cancer types. This may be possible for multiple cancer types derived from the
same normal cell type, assuming the methylation changes across the genome would

therefore be highly similar.

We applied this method to the analysis of five types of B-lymphocyte-derived
cancers and identified total 13 candidates across the five types of B-cell malignancies.
Seven of thirteen candidates were DSDG candidates, for ALL (BMP2, CTGF, NPY, ZNF423),
CLL (SNX18) and MCL (SOX11, MFHAS1). No DSDG candidates were identified for DLBCL
and PCNSL. Consistent with a functional role for the identified candidates, four of the
genes (CTGF, ZNF423, SOX11, MFHAS1) have been previously linked to in B-cell
malignancies (leukaemia/ lymphoma). The SOX11 gene codes for a transcription factor
that play critical role in tumour progresses by supressing apoptosis and inducing tumour
angiogenesis and cell survival and it has been already used as a diagnostic marker to
distinguish MCL from other b-cell malignancies because it is not detected in other mature
B-cell malignancies and normal lymphoid cells [256]. In addition, MFHAS1 has been
proposed as a potential oncogene, associated with malignant fibrous histiocytomas [260].
Furthermore, it's mutation is linked with DLBCL [261], [262]. In terms of CTGF, this gene
encodes a mitogen that is secreted by vascular endothelial cells. The encoded protein
plays a role proliferation, adhesion, migration, and metastasis in many cancers [275],
[276]. It has been found to exhibit elevated expression in B-ALL [291]. In addition, it has
been shown that knock down by shRNA in an ALL cell line caused suppression of cell
growth [252]. ZNF423 gene codes transcription factor which has been implicated in both

suppression and activation of tumorigenesis [250]. It has been associated with ALL
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through suppression of the EBF1 transcription factor leading to B-Cell maturation arrest
[251]. For the remaining DSDG candidates, there are no functional studies regarding their
potential roles in leukaemia/lymphoma malignancies, however, elevated NPY protein

expression [253] and increased BMP2 expression [254] have been reported in B-ALL cases.

This study also identified a number of novel tumour suppressor gene candidates.
Against our initial approach that allow to identify SL gene for subtype-specific level (only
detect 21 SL not any TSG candidate), we could identify total six (six of thirteen) TSG
candidate across the five types of B-malignancies. Four of six TSG candidates account for
ALL (SLC22A15, THEMA4, TTC12 and MAP9), This included one for PSNCL (FSCN1) and one
(SDK2) for shared between DLBCL and PCNSL and four TSG candidates in ALL (SLC22A15,
THEMA4, TTC12 and MAP9). Interestingly this contrasts with our original subtype specific
approach which identified 21 synthetic lethal candidates in specific ALL subtypes but no
TSG candidates. Of the TSG candidates identified here, FSCN1, has been linked to B-cell
malignancies in a previous study and was suggested as a marker for Reed-Sternberg cells
in Hodgkin's lymphoma [265]. Among of the other five genes, there are not any functional
studies previously published in haematological cancers but THEM4 [248] and TTC12 [249]
have been found hypermethylated in B-ALL. Although MAP9 has not been studies any B-
cell malignancies yet, it has already nameable as potential tumour suppressor gene in
colorectal [292], hepatocarcinoma [293] and gastric cancer [294]. SLC22A15, and SDK2

have not previously been implicated in any haematological cancers.

Additional method called “methylation mapping” was done by previous PhD
student in our group by using same data set used in this project. A key aim of methylation
mapping was that screening out of methylation changes that are driven by non-disease
phenomena would allow identification of true cancer-related methylation changes. This
study further emphasises the similarity in methylation patterns between different cancer
types derived from the same normal cell type. Thus, although this study expanded the
bioinformatic approach to compare whole disease together, as opposed to different
subtypes of the one disease, the extent of differential methylation between the different
diseases remains relatively low and thus the number of potential candidates genes
identified was quite small. As will be discussed in more detail in the following chapter, a

key underlying reason for this is likely to be that only a small fraction of the differences
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observed between B-cell cancers and normal B-cells are actually related to disease
development and the primary driver of altered methylation is likely the process of
proliferation and occurs in essentially the same fashion in either transformed or normal

cells which have proliferated to the same extent [221], XIA M. unpublish)

According to the result, only a very small fraction (about 3%) of DNA methylation
changes in B-cell cancers are disease related, with the overwhelming majority (97%) being
driven by normal biological processes, predominantly cell proliferation. Furthermore, the
low level of true disease-specific changes can potentially simplify identification of
functionally relevant DNA methylation changes, allowing identification of previously
unappreciated candidate drivers of cancer development. Furthermore, 15 candidate
genes were identified end of the analysis (Lalchununga, Atasoy manuscript in preparation).
These exhibit a highly significant overlap with the candidates identified through both
methods. While, due to the differences between the approaches, each identifies some
additional unique candidates, the number of candidates identified remains low, further
suggesting that the number of functionally relevant methylation changes in B-cell
malignancies is low, even though large number of methylation changes shared across B-

cell malignancies.

The method we initially developed, focussing on identifying genes of functional
relevance in a subtype specific manner, identified 21 SLG candidates with at least one
candidate for each subtype have been identified for five common subtypes of ALL,
however, any TSG candidate could not be identified. Similarly, in medulloblastoma, a total
15 SLG candidates were identified across the four medulloblastoma subtypes [221]. In
contrast, the results presented here, identify a smaller total number of candidates, a total
13 candidate genes identified across five B-cell malignancies versus the 21 and 15
candidates identified by the original approach in single diseases. This is perhaps somewhat
surprising as different diseases (such as ALL and MCL) might have been expected to exhibit
greater variety in methylation patterns than different subtypes within the same disease.
However, at least in this study, this did not correlate with a higher number of functionally

relevant DNA methylation changes.

Our previous subtype specific analysis also found that more specifically define

molecular entities generally led to identification of a higher number of candidates (e.g.
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seven candidates were identified in the ETV6-RUNX1 subtype (all of which are
characterised by acquisition of the same fusion protein) while only two candidates were
identified in the less homogenous high hyperdiploidy subtype (characterised by
acquisition of a variable number of additional chromosomes). Thus, the lower number of
candidates found per disease in the current approach may be reflective that pathologically
defined disease entities could be more accurately thought of a set of closely related, but

molecularly distinct, diseases.

As another factor, ploidy potentially could impact methylation status of individual
genes and wasn’t accounted for in this analysis. This could be a particular concern in cases
where genes exhibit allele specific differences in methylation, such as in the case of
imprinted genes. In such cases gain or loss of a chromosome would result in changes in
the level of methylation pattern at this loci. This would also be the case if allele specific
differences in methylation developed by a part of cancer development. However,
differences in methylation driven by stochastic gains or losses of methylation results
proliferation, may not be significantly impacted. If the average rate of gain or loss of
methylation across all alleles was broadly the same, then the change in average

methylation is still would be similar.

Another factor that would impact DNA methylation levels is tumour cell content.
Only ALL and CLL dataset used in these analyses have information about percentage of
tumour cell content (>90% in both datasets) and thus it was not readily possible to
incorporate this aspect into the analysis. However, this can be partially estimated by
assessing the extent of methylation changes at CpG sites which were consistently
methylated across all B-cell disease (see Fig. 1.6). Lower average tumour cell content
would result in lower average change at these CpG sites. This will also be impacted by the
rate of methylation change in each of the different B-cell malignancies. While this reduces
the ability to utilise this data to estimate the impact of tumour cell content, it is the
combination of both these effects which is most important to be accounted for in the

analysis shown here.

Overall, the approach presented here is a promising new approach to uncover
previously unidentified cancer dependency and tumour suppressor genes as new

therapeutic targets with the potential to enable the development of more cancer specific
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therapeutic approaches. Furthermore, using the disease level approach utilised in this
study, as opposed to the subtype specific approach we previously reported, has the

potential to aid in the development of therapeutic approaches in a disease that could be

applicable to all patients with the disease.
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4 FUNCTIONAL ASSESSMENT OF ACUTE
LYMPHOBLASTIC LEUKAEMIA-SPECIFIC
TUMOUR SUPPRESSOR CANDIDATES IN

CELL LINE MODELS
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4.1 Introduction

Based on our bioinformatic pipeline results, we have identified TSG and DSDG
candidates across the five type B-cell malignancies. The approach enabled to identified
total 13 candidates, including eight candidate genes for ALL. Furthermore, a separate
ongoing project in the lab used a technique referred to as ‘'methylation mapping™ (which
aims to map the derivation of all methylation changes in cancer as being induced by
proliferation, differentiation or cancer development) identified a similar set of 15
candidates across the five type B-cell malignancies. This included 77% of the candidate
identified in chapter 3 and all but one of the eight candidates identified in ALL (Table 4.1).
Thus, both approaches identified similar sets of candidates, found the highest fraction of
candidates in ALL and all four ALL TSG candidates identified in chapter 3 (SLC22A15,
THEM4, TTC12, MAP9) were also identified by this second approach.

Methylation  Subtype
Disease Gene Candidate type® mapping®  Analaysis®
ALL THEMA4 TSG Yes Yes
ALL MAP9 TSG Yes Yes
ALL SLC22A15 TSG Yes Yes
ALL TTC12 TSG Yes Yes
ALL DTD1 TSG Yes No
ALL NPY DSDG Yes Yes
ALL BMP2 DSDG Yes Yes
ALL CTGF DSDG No Yes
ALL ZNF423 DSDG Yes Yes
ALL SMIM3 DSDG Yes No
ALL CMTM?2 DSDG Yes No
CLL SNX18 DSDG Yes Yes
MCL SOX11 DSDG Yes Yes
MCL MFHAS1 DSDG No Yes
PCNSL FSCN1 TSG Yes Yes
PCNSL STMN4 DSDG Yes No
PCNSL GNG7 TSG Yes No
PCNSL&DLCBL SDK2 TSG NA® Yes®

Table 4.1 Identified candidate functional genes
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aTSG; tumour suppressor candidate, identified as having disease specific hypermethylation and loss
of expression. DSDG; disease specific dependency gene candidate, identified as having disease
specific lack of acquired methylation and increased expression

bldentified by the methylation mapping approach

‘See chapter 3

9As PCNSL and DLBCL are highly similar diseases, a combined analysis was used in chapter 3 which
identified SDK2. However, a combined analysis was not used in the methylation mapping study.

4.1.1 Lentiviral system for a gene-delivery

Lentiviruses belong to the Retroviridae viral family and are distinguished by
their utilization of viral RT (reverse transcriptase) and IN (integrase) to effectively
integrate viral genetic material into the host genome. Lentiviral vectors have been
established as an efficient technique for delivering specific genes into target cells
[223]. Using lentiviral vectors for gene delivery has a number of benefits; it can be used
in both dividing and non-dividing cells, it can infect wide-range cell types (including cell
lines that are traditionally hard to transfect), it stably integrates into the host genome,
resulting in long-term expression of gene of interest and has a high packaging capacity
(up to 10kb) [225]. In addition, the specific expression vector to be used (pSIN-SIEW)
includes an internal ribosomal entry site (IRES), downstream of the Gateway cloning
site. This allows the expression of the reporter gene GFP and the gene of interest
simultaneously from the same transcript, but as separate proteins (Figure 4.1). This enables
the identification of successfully transduced cells using flow cytometry and facilitates
monitoring of the transduced population over time by monitoring the fraction of GFP
positive cells. The lentiviral vector system was used in this study to investigate the

potential functional role of candidates in cell lines models.
* o sumll— sl mesul— el sl
B SWIR—— sV~ " Geneofmsterest  ,— IRes|—— eGmR|— IR

Figure 4.1. Schematic diagram of main features of expression vector.

A) Empty control vector (pSIN-SIEW), B) pSIN-SIEW- gene of interest (SLC22A15, THEMA4,
TTC12 or MAP9). pSIN-SIEW vector with the stated gene of interest cloned at the Gateway
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cloning site. SFFV: spleen focus-forming long terminal repeat (requlating the expression of
the gene of interest); IRES, internal ribosome entry site (allows for the concomitant
transcription of the eGFP along with the gene of interest in a bicistronic messenger RNA,);
eGFP, enhanced green fluorescent protein; triangles represent the Gateway recombination

signals AttB.

4.2 Aims of The Chapter

— Functional assessment of four ALL-specific TSG candidates to determine if their
re-expression results in negative impacts on growth/survival of ALL cells.
— Investigation of the specificity of any identified impacts of TSG candidate re-

expression in cell line derived from ALL versus other B-cell malignancies.

4.3 Functional Assessment

4.3.1 Expression of TSG candidates

As the TSG candidates were identified as relevant for ALL as a whole (i.e. for
all/most ALL genetic subtypes) a panel of cell lines was chosen that included
representatives of multiple different cytogenetic ALL subtypes. To confirm lack of
expression, all candidate genes expression were confirmed across the different subtypes
of ALL in primary samples (Figure 4.2A) and confirmed in the cell lines to be used by qRT-
PCR, (Figure 4.2 B). The analysis of expression in primary samples confirmed the low
expression in all ALL subtypes included in the dataset derived from the leukaemia MILE
Study [295] with higher expression being seen in normal bone marrow and CLL. As can be
seen in Figure 4.2-B, there was no detectable THEM4 and TTC12 transcript in any of the
five ALL cell lines and there were no detectable SLC22A15 mRNA transcript on four of five
ALL cell lines (with low level expression detectable in Rch-acv (describe in section 4. 4,5)).
In contrast to the other TSG candidates, MAP9 was clearly detected at the RNA level in

some of the ALL cell lines. Three of five ALL cell lines, PreB697, Rch-acv and SEM expressed
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MAPSI transcript. This is also consistent with expression reported on R2 database [296].

There was no detectable MAP9 mRNA expression on NALM6 and Reh cell lines.
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B Expression of Each Candidate Genes on Cell Line Models

35
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ESLC22A15 mTHEM4 mTTC12 mMAP9

Figure 4.2. Expression pattern of each candidate genes on both primary sample and

model cell lines.

A) Expression level of SLC22A15, THEM4, TTC12 and MAP9 across the different cytogenetic
subtypes in primary ALL samples are lower than normal bone marrow and CLL. B)
Expression in the cell line models largely corresponds with primary samples, with the
exception of MAP9, where Ct values of expression of the transcript was detectable in
PreB697, Rch-acv and SEM cell lines. Also, SLC22A15 expression only was detectable on
Rch-acv cell line. Data shown here are representative of single qPCR experiment.

Expression of the housekeeping gene GAPDH was used for normalisation.

4.3.2 Cloning of the Candidate TSG Into the Lentiviral Expression Vector

To ensure accurate long and the correct orientation of the derived THEM,
SLC22A15, TTC12 and MAP9 clones, restriction digests were carried out to assess the size
and orientation of the insert present in the clone. Expected band sizes for each vector is
shown in Table 4.2. And the resultant fragments after digestions are shown in Figure 4.3.
Based on this analysis clones could be identified for all four candidates in which the
expected insert was present and also cloned in the correct orientation. Furthermore,

clones with correct digestions patterns were sequenced to ensure that full sequence
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matched the known genomic sequence. The sequencing data confirmed that the sequence
matched the reference sequences for the entire coding regions for all candidates
(NM_053055.5, NM_001318533.1, NM_001039580 and NM_018420, THEM4, TTC12,
MAP9 and SLC22A15 respectively).

Vectors and Expected Band Size

pSIN-THEM4 pSIN-TTC12 pSIN-MAP9 pSIN-SLC22A15

EcoRl EcoRlI EcoRlI Pstl
500bp 549bp 409bp 87bp

800bp 2076bp 923bp 167bp

9682bp 9682bp 1101bp 460bp

9682bp 615bp

792bp

1328bp

8366bp

Table 4.2 Expected bans size for the EcoRIl and Pstl digest of pSIN-GTW vectors.
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Figure 4.3. An electrophoresis results of pSIN-TEHM4/SLC22A15/MAP9/TTC12 after DNA

digestion.
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A) Anticipated band size was observed after digest with EcoRl for THEM4. Numbers above
gel indicates sample on each line. Wells 1-5 control samples with/out digest. Well 6 was
pSIN-THEMA4 without digest and Well 7 was pSIN-THEM4 with EcoRlI digest. B) Anticipated
band size was observed after digest with Pstl for MAP9 and TTC12. Well 1 and 2 were pSIN-
MAP9 after digestion. Well 3, 4 and 8 were pSIN-TTC12 after digestion. Well 5,6,7,9 and
10 were not correct colonies for pSIN-TTC12. C) Anticipated band size was observed in well
1 after digest with Pstl for pSIN-SLC22A15. 460bp, 167bp and 87bp were present although
they were feint and not clear on the figure. 100bp marker was used for gel electrophoresis
to visualise THEM4 anticipated bands. 1kb ladder was used as marker to visualise MAPS,
TTC12 and SLC22A15. (+) indicates right clone which had predicted size of bands, (-)
indicates wrong clone which had not predicted size of bands. Clone 1 indicates HOXA4,

Clone 2 indicates MSC.

4.4 Functional Validation of SLC22A15

4.4.1 Impact of SLC22A15 gene re-expression following transduction of ALL
cell lines

Five ALL cell lines (PreB697, Reh, SEM, Rch-acv and NALM®6) were used to assess
the impact of SLC22A15 re-expression following transduction with the pSIN-SLC22A15
expression vector. All cell lines were transduced with pSIN-SLC22A15 (which expresses
SLC22A15 and GFP), and with the pSIN-EV control vector (which only expresses GFP and
is referred to as “empty vector”) as a control. Any selection against cells transduced with
pSIN-SLC22A15 (and thus re-expressing SLC22A15) could then be monitored by assessing
the fraction of GFP-positive cells in the transduced cell population (using flow cytometry),
i.e. if the re-expression of SLC22A15 resulted in reduced growth or survival, GFP levels
would be expected to fall in the pSIN-SLC22A15 transduced cells (while remaining stable
in the control pSIN-EV transduction). The fraction of GFP positive cells was determined at
days 4, 8, 11, 15, 22 and 29 after transduction. Day 4 was the first time point assessed as
previous studies in the lab with the same expression vector had shown that expression
typically peaks on this day, even for genes that have a detrimental effect on cell
growth/survival. Roughly 80% of loss of GFP was seen on TCF-PBX cytogenetic cell lines

models, PreB697 and Rch-acv, also ETV6-RUNX1 cytogenetic cell line model Reh by the

144



Fraction relative to GFP%: at day4

Fraction relative to GFP%: at day4

end of period assessed. There was statically significant difference between pSIN-SLC22A15
transduce cell population and control group (p< 0.001). Cell lines can be categorised as
more sensitive to expression of SLC22A15 than other two ALL model cell lines. 50% of cells
transduce with the SLC22A15 expressing vector was lost from culture by post-
transduction day 29 so statistically significant reduction of GFP loss was observed on
NALMSG cell line. In regard od SEM cell line result as KMT2A-AFF1 genetic subtype of ALL,
around 30% of pSIN-SLC22A15 infected cell line population was lost during the time
course. There were slightly significant differences between pSIN-SLC22A15 transduce cell
population and control group (p< 0.001). SEM and NALM®6 were less sensitive cell lines to
SLC22A15 expression compared to other three ALL cell lines assessed. Overall, SLC22A15
expression levels (assessed by fraction of GFP positive cells) significantly dropped
throughout the time course in all cell lines assessed, suggesting that SLC22A15 expression

show a detrimental impact on cell growth/ survival on ALL cell lines assessed. (Figure4.4)
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Figure 4.4. Results of Re-expression of SLC22A15 in ALL cell lines.

Five ALL cell lines (as indicated) were transduced with pSIN-SLC22A15 and separately with
the empty vector control and the fraction of GFP positive cells assessed over time. Results
are expressed as a fraction relative to the percentage of cells in the transduced population
at day 4 post-transduction. As expected, the fraction of positive cells remains essentially
constant over time in the empty vector control transductions in all five cell lines. By
contrast, the fraction of GFP positive cells falls over time in the pSIN-SLC22A15 transduced
populations in all five cell lines, with more rapid loss seen in three cell lines (PreB697, Reh,
Rch-Acv) and a lower rate of decline seen in NALM6, and SEM. Data shown in here
produced from two independent experiment results and bars represent standard error
between experiments. Statistical analyses were performed with unpaired two-tailed t-test

and * indicates p < 0.001 and ** indicates p < 0.05.

4.4.2 Cell survival impact of re-expression of SLC22A15 on ALL cell lines
4.4.2.1 Assessment of apoptosis using binding of annexin V

The above analysis indicates that re-expression of SLC22A15 had a negative impact
on cell growth or survival across multiple cell lines. To begin to assess the mechanism by
which this occurs staining with Annexin V/PI was used to determine if re-expression of
SLC22A15 was associated with increased rates of cell death. The PreB697 and Reh cell
lines were transduced with pSIN-SLC22A15 and pSIN-EV. On day 3, 4 and 5 post-
transductions, cells were harvested and stained with APC-annexin V and PI kit (BioLegend
Cat No: 640932). The cells were then analysed by flow cytometry to allow assessment of

Pl and annexin V in the whole cell population which refer both transduce and non-
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transduce cells. Meantime, GFP level assessed on same day by flow-cytometer to verify
GFP decreasing reflect cell death on cell population transduced with SLC22A15 expressed
vector. Based on this analysis cells were defined as non-apoptotic (Annexin V-/ PI-), early
apoptosis (Annexin V+/Pl-) or late apoptosis (Annexin V+/PI+) (Figure 4.5). Total cell death
was calculated by adding early apoptosis cell population percentage (Annexin V+/Pl -) to

late apoptotic cells percentage (Annexin V+/ Pl+).

The results, summarised in Figure 4.6, demonstrate that SLC22A15 expression in
both cell lines exhibited a small, non-statistically significant, increase in cell death at day3,
which increased and reached statistical significance at days 4 and 5 after transduction
when compared to control group that expressed just GFP (* p< 0.05 and **p< 0.005)
(Figure 4.6-A for Reh cell line and B for PreB697 cell line). In addition, as can be seen on
graphs, the fraction of GFP positive cells reduced in both cells lines across the three days
assessed in the SLC22A15 re-expressing cells, while GFP expression was stable in control
vector transduced populations over the course of time (Figure 4.6-A for Reh cell line and

B for PreB697 cell line).
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REH — EV- DAY3-GFP REH — EV- DAY4-GFP REH — EV- DAY5-GFP

M2
1 51.35%

REH — SLC22A15- DAY3-GFP REH — SLC22A15- DAY4-GFP REH — SLC22A15- DAY5-GFP
Figure 4.5. Representative flow cytometer results of Annexin V/PI and GFP in Reh cell

line after transduction with psin-SLC22A15.

A and B) Annexin V and Pl staining was performed at days 3, 4, 5 post-transduction with
either transduction with pSIN-SLC22A15 or control (pSIN-EV) vectors. The X axis represents
APC-Annexin V and Y axis represents Pl staining. Intact cells are located in the lower left
quadrant, while early (lower right quadrant) and late (upper right quadrant) are positive
for Annexin V or double positive (Annexin V/Pl), indicating early and late apoptosis,
respectively. As can be seen from the profiles in the pSIN-SLC22A15 transduced Reh cell
the fraction in the two right hand quadrants is increased at days 4 and 5, indicating
increased cell death following SLC22A15 re-expression. In contrast, levels remain
essentially stable in at days 4 and 5 in the pSIN-EV control vector transduced cells. C) Stable
GFP expression was observed on control group at post-transduction day3, 4 and 5.
However, the percentage of GFP of cell population expressed SLC22A15 on was 73.40 on
day3 after transduction (D) and it was dropped to 51.35 at day5 (D). Histograms (with the
X axis assessing GFP intensity) come from single experiments after analysis by FCS Express
Program. (The M1 marker illustrates the position of non-transduced cells, while the M2

marker indicates GFP expressing cells).
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Figure 4.6. Cell death assessed by annexin V/PI staining following re-expression of

SLC22A15 in Reh and PreB697 cell lines.

Binding of Annexin V//Pl was used to assess cell death at days 3, 4 and 5 post-transduction
with the pSIN-SLC22A15 or pSIN-EV vectors in Reh (A) and PreB697 (B) cell lines. Evidence
for increased cell death is initially seen in both cell lines at day 3 and increases to
statistically significant levels (* p< 0.05 and **p< 0.005) on day 4 and 5 in both cell lines.
Concomitant with the increase in cell death, both cell lines also demonstrated decreasing
levels in the fraction of GFP positive cells in the pSIN-SLC22A15 transduced cell
populations. Data comes from three independent experiment and bar represent standard

error within experiments.

4.4.2.2 Assessment of Caspase 3/7 activity following SLC22A15 re-
expression

The above results suggest that re-expression of SLC22A15 was associated with
induction of cell death. To determine if this was associated with caspase activation,
Caspase 3/7 activation was assessed in PreB697 and Reh cell lines at day 3, 4 and 5
following transduction with pSIN -SLC22A15 or EV control. In addition, the GFP-positive

fraction in each cell population was assessed pSIN-SLC22A15 over the same time period.
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This analysis demonstrated a very clear Caspase 3/7 activation triggered following pSIN-
SLC22A15 transduction compared with the EV control group at days 3, 4 and 5 in both cell
lines. Results closely mirrored those in the Annexin V staining experiments above. Caspase
activation reached statistical significance at day3 (unlike the annexinV staining), however,
there was a similar increase in the extent of caspase activation as days 4 and 5. In addition,
the fraction of GFP positive cells reduced specifically in the SLC22A15 expressing
populations (Figure 4.7). Overall, these results demonstrated that re-expression of
SLC22A15 resulted a clear activation of caspase activity in a time scale that closely

mirrored the increase in cell death detected by annexin-V/PI staining.
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Figure 4.7. Caspase 3/7 activation after SLC22A15 re-expression.

Caspase-glo 3/7 was performed to assess caspase activation after transduction with pSIN-
SLC22A15, compared with the EV control, at days 3, 4 and 5 post-transduction. Caspase
3/7 induction was detectable by day3 and reached a maximum at day4/5 after re-
expression of SLC22A15 when compared to control group that expressed just GFP in Reh
(left panel of A) and PreB697 (left panel of B) cell lines (* p< 0.05 and **p< 0.005). In both
cell lines the fraction of GFP-positive cells fell specifically in the pSIN-SLC22A15 transduced
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populations. Data comes from three independent experiments and bars represent

standard error between experiments. GFP results were normalised at day3.

4.4.2.3 Assessment of the ability of caspase inhibition to block the induction
of cell death following SLC22A15 re-expression

Based on the Annexin V/PI staining, total cell death was significantly induced by
day4 and days5 after re-expression of SLC22A15 however, there was little evidence of any
increase in early apoptotic cells (i.e. annexin-V+/PI-) during the experimental time period
(day3, 4 and 5). The lack of an early apoptotic population may suggest a mechanism of cell
death other than apoptosis, while the corresponding caspase activation is more consistent
with apoptotic cell death. Therefore, we wanted to verify whether the cell death observed
following SLC22A15 re-expression was caspase dependant or not. Therefore, the
combined caspase 3/7 inhibitor Ac-DEVD-CHO was used to inhibit caspase 3/7 activation
after transduction, to determine if this would overcome the negative impact of SLC22A15
expression in ALL cell lines. Transduced cell populations were treated with Ac-DEVD-CHO
at post-transduction day2 (dose for Ac-DEVD-CHO was derived from previous publication
[297] and as shown in figure 4.8 resulted in complete inhibition of caspase 3/7 activity).
Then at day3, 4 and 5 cells were washed with PBS, to remove any remaining Ac-DEVD-
CHO, and caspase 3/7 activation was measured with Caspase-Glo 3/7 Assay. In addition,
GFP was measured in the transduced population to determine if caspase inhibition
prevent loss of SLC22A15/GFP expressing cells. Untreated parental cells and transduced
cells (both pSIN-SLC22A15 and with pSIN-EV) without inhibitor, pSIN-SLC22A15 were used
as controls. Assessment of caspase activation demonstrated that Ac-DEVD-CHO treatment
was a highly effective inhibitor of caspase 3/7 activation in both empty vector infected
and pSIN-SLC22A15 infected cells (Figure 4.8 left upper/below) in Reh and PreB697 cell
lines. Even at day 5 post transduction (72 hours after treatment with Ac-DEVD-CHO),
caspase activity in both the pSIN-SLC22A15 and EV transduced populations was essentially
undetectable and below the background level of untreated parental control cells (Figure
4.8). As expected, caspase 3/7 activation was readily detectable by day 3 in the cell

populations which were transduced with pSIN-SLC22A15, while no increase in caspase
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activity was seen in the untreated EV vector transduced cells. However, suppression of
caspase 3/7 activity in treated pSIN-SLC22A15 infected cell group did not alter the rate of
loss of GFP-positive cells in either cell lines. The fraction of GFP reduction in treated and
untreated pSIN-SLC22A15 transduced group was indistinguishable. Therefore, these
results suggest that caspase 3/7 activation is not required for induction of cell death

following SLC22A15 re-expression in the cell lines tested.
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Figure 4.8. Caspase 3/7 inhibition does not impact of GFP-positive cells after
transduction with pSIN-SLC22A15.

Caspase 3/7 activity was measured post-transduction at days 3, 4 and 5, either with or
without treatment with the caspase inhibitor Ac-DEVD-CHO (at day2). The inhibitor
treatment fully suppressed caspase activation at all time points (left hand panels) graph
on Figure. Inhibition of caspase activity had no detectable impact on loss of GFP-positive
cells following re-expression of SLC22A15 (right hand panels), as rate of loss of GFP was
indistinguishable between populations treated/not treated with the caspase inhibitor.
Data shown here comes from three independent experiment and bars reflect standard

error between experiments. GFP level was normalised at day3. Parental represents
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untreated, EV (control group) represent mock treated, EV+DRUG represent mock treated
with inhibitor, SLC22A15 represent testing group, SLC22A15+DRUG represents testing

group with inhibitor.

4.4.3 Assessment of the impact of re-expression of SLC22A15 on cell
proliferation

To assess if re-expression of SLC22A15 in ALL cell lines impacted cell proliferation,
proliferation assays were performed with the eFluor 450 dye in the Reh and PreB697 cell
lines. Staining was performed at day 3 post-transduction and used to assess any changes
in cell proliferation at days 5, 6, 10, 12 and 17 (Figure 4.9). As eFluor 450 dye permanently
stains cells, the intensity of staining only reduces when cells divide. Thus, as can be seen
in Figure 4.9, staining of the cell population steadily reduces in control cells until it reaches
background levels (at day 17). Staining of both EV and pSIN-SLC22A15 transduced
populations was very similar across the time course. There was very minor cell delay at
day 6,10 and 12 for Reh, at day 5, 6 and 10 for PreB697 cells compared with the control
group. However, the extent of the difference was minimal and there was no evidence of
a cell cycle arrested population (which would have remained at the right-hand side of the
histograms). Thus, the assay indicates that re-expression of SLC22A15 did not significant
impact the rate of proliferation or induce cell cycle arrest. This implies that the loss of
SLC22A15/GFP expressing cells identified above was due to induction of cell death and

was not related to cell cycle inhibition.
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Figure 4.9. SLC22A15 re-expression does not impact the rate of cell proliferation in ALL

cell lines.

e-Floure 450 staining was carried out at day 3 post-transduction. On the same day flow

cytometry was performed to record initial staining intensity levels. As can be seen on
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histograms for Reh (A) and PreB697 (B) cell lines, there was no major differences in staining
intensity (X axis) between SLC22A15 expressing and control populations over the time
period assessed in either cell line. Represented data comes from single experiment. Black
line represents control population (EV) and the red line represents SLC22A15 expressing

cell populations.

4.4.4 Impact of re-expression of SLC22A15 on lymphoma cell lines

To investigate whether the impact of SLC22A15 expression is specific for ALL or
not, four lymphoma cell lines were transduced with the SLC22A15 expressing and control
vectors. The fraction of GFP positive cells was then measured at day 4, 8, 11, 15, 22 and
29 by flow-cytometry. As shown in figure 4.10, all four lymphoma cell lines demonstrated
a gradual reduction in GFP levels across the time course. Two of the cell lines, Jiyoye and
Oci-Ly-18, showed only comparatively minor changes in the fraction of GFP positive cells,
reaching approximately 20% and 33% reductions over the time course respectively,
relative to empty vector control cells, and there was statistically significant differences
between pSIN-SLC22A15 transduce cell population and control group (p< 0.05) (Figure
4.10-A). The other two lymphoma cell lines, Toledo and Daudi, exhibited a slighter greater
loss of GFP, reaching approximately 60% by day 29 and there was statically significant

difference between pSIN-SLC22A15 transduce cell population and control group (p< 0.05).

Comparison of ALL and lymphoma cell lines (Figure 4.10B), showed that ALL cell
lines generally exhibited greater sensitivity to SLC22A15 expression, but the difference
was not absolute, with 2/5 ALL cell lines exhibiting rates of loss of the GFP fraction of the

population following transduction with pSIN-SLC22A15 similar to the lymphoma cell lines.
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Figure 4.10. Impact of re-expression of SLC22A15 on Lymphoma cell lines and comparing

results with ALL cell lines.

(A) Lymphoma cell lines were transduced with the pSIN-SLC22A15 and control (EV) vectors
then GFP assessed during the time course, at the indicated times. Re-expression of
SLC22A15 resulted in a gradual loss of GFP positive cells in the lymphoma cell lines, which
was clearest in Daudi and Toledo and more borderline in Jiyoye and Oci-Ly-18. (B)
Comparison of the ALL and lymphoma cell lines showed that three ALL cell lines (Reh,

PreB697 and Rch-acv) showed sharpest decrease, NALM6, Toledo and Daudi cell lines
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showed medium reduction and SEM, Jiyoye and Oci-Ly cell lines showed slightest decrease
of the GFP expressing cell population. Data comes from two independent experiments and

bar represent standard error between experiments. GFP level normalised at day4.

4.4.5 Assessment of mMRNA-expression of SLC22A15 after transduction in Al
and Lymphoma cell lines

Responses to re-expression of SLC22A15 varied across the cell lines. One potential
explanation would be related to the level of expression achieved in each of the cell lines.
Thus, mRNA expression of SLC22A15 in parental samples and samples infected with pSIN-
SLC22A15 vector was quantified by qRT-PCR after transductions at day8. If parental (non-
transduced)/EV transduced samples expressed SLC22A15, this value was subtracted from
the total level of expression to specifically identify increased SLC22A15 expression
following transduction with the SLC22A15 expressing lentiviral vector. Also, corrections
were made to account for differences in transduction efficiency between the cell lines
(based on fraction of GFP positive cells assessed on the same day as used for RNA
extraction) (Figure 4.11-B). This allows comparison of expression level in the successfully

transduced cells, independent of the efficiency of transduction in each cell line.

As can be seen from the raw expression analysis in Figure 4.11A, expression levels
were similar in both lymphoma and ALL cell lines following transduction (the average in
the lymphoma cell lines was slightly higher, although this was not statistically significant)
and was clearly greater than the endogenous expression observed in several of the
lymphoma cell lines. However, following correction for transduction levels, the highest
expression in successfully transduced cells in the Toledo cell line which had approximately
double the expression level of the next highest cell line (Oci-Ly-18). While the two highest
expressing cell line were lymphoma cell lines, another lymphoma cell line, Jiyoye, was the
lowest and there were no consistent differences in SLC22A15 expression after correction
for transduction levels, with lymphoma cell lines overall averaging slightly higher
expression than ALL cell lines. To check correlation between level of mMRNA expression and
fraction of loss of GFP between day4 and dayl5 post-transduction, linear regression

analysis was formed and there was no statically significant (p> 0.05 and R?= 0.035)
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Figure 4.11. SLC22A15 in transduced and parental cell lines.
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SLC22A15 transcript level was assessed by gRT-PCR post-transduction at day 8 in pSIN-
SLC22A15 transduced (labelled as SLC22A15 in figure) and parental cell lines (labelled as
parental in figure). For cell line exhibiting positive expression in the parental sample this
value was subtracted from the pSIN-SLC22A15 transduced to obtain the additional
expression caused by transduction, although as parental expression levels were generally
low this had minimal impact. Results are expressed as a fraction of the highest expressing
cell line (NALM6) and the corresponding transfection efficiency at day 8 is shown above
the graph (A). (B) The SLC22A15 expression level adjusted for the fraction of cells
successfully transduced in each cell lines, again expressed as a value relative to NALMG.
Data shown here comes from single experiment. GAPDH was used as housekeeping control
to normalise expression data after qRT-PCR. In figure A- blue colour represent lymphoma
cell lines untreated group, red represents ALL cell lines untreated group, yellowish
represents testing samples of lymphoma cell lines and pinkish colour represents testing

samples of ALL group.

4.4.6 Assessment of protein expression of SLC22A15 by Western blotting

SLC22A15 re-expression at protein level on samples was assessed by western
blotting. To show re-expression of SLC22A15 and it's reduction during the time course,
post-transduction day 8 and day 29 samples of each cell line as well as empty vector
infected samples (pSIN-EV) as control group were used for western blot experiment
(Figure 4.12 — A-C). According to the results, each ALL-cell lines showed clear reduction of
SLC22A15 protein from day4 to day29. This confirms that loss of GFP corresponded with
loss of SLC22A15 protein in transduced ALL cell line (Figure 4.12 -A, B). For the three ALL
cell lines that showed rapid loss of SLC22A15/GFP expressing cells by flow cytometry
SLC22A15 expression was found to be completely or nearly completely absent by day 29
(Figure 4.12A). Even for ALL cell lines where loss of SLC22A15/GFP expressing cells by flow

cytometry was less rapid the loss of protein expression at day 29 is pronounced.

Loss of SLC22A15 protein expression was less clear in the lymphoma cell lines. Two of the

cell lines (Daudi and Toledo) showed a readily visible reduction of SLC22A15 protein
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(Figure 4.12 B-C). For Toledo the bands at both day 8 and 29 are faint due to the low
transduction efficiency in this cell line. On the other hand, the two remaining lymphoma
cell lines, Jiyoye and Oci-Ly-18, showed no evidence of a visible reduction of SLC22A15
between days 8 and 29 even though approximately 20% and 30%, respectively, reduction

of GFP express cells was observed at day 29 post-transduction (Figure 4.12- C).

As shown above (figure 4.11) there was no correlation between expression measured at
the RNA level and the sensitivity of cell lines to SLC22A15 re-expression. However, as RNA
expression levels are not always reflective of protein expression, a similar analysis was
performed to determine if protein expression in the cell lines was correlated with
sensitivity to the SLC22A15 re-expression vector. SLC22A15 protein level of all samples at
post-transduction day8 was quantified with densitometry analysis. SLC22A15 protein was
then normalised to the loading control (B-actin) (Figure 4.12-D). On the next step, protein
level of each cell lines corrected to transduction level assessed by flow cytometer at same
day to estimate SLC22A15 protein expression specifically in the successfully transduced
cells. The original values calculated by densitometry are shown in figure 4.12D and the

values after correction for transduction efficiency are shown in Figure 4.12E.

Similar to the analysis of expression at the RNA level, protein expression level at day 8 is
not clearly correlated with the impact of SLC22A15 re-expression (as assessed either by
loss of protein expression by day 29 or by loss of GFP expression in the transduced cells).
Several of the cell lines with the highest levels of protein expression after correction for
transduction efficiency (e.g. Oci-Ly-18, Daudi, SEM) show no or only partial loss of
SLC22A15 protein by day 29 and there was no significant correlation between protein
expression level at day 8 and the rate of subsequent loss of SLC22A15/GFP expressing cells

(R%= 0.0007, p> 0.05).
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Figure 4.12. Retention of SLC22A15 protein expression following transduction.

SLC22A15 protein was assessed on all cell lines at day 8 and day29 compared with control
(labelled as EV in these figures). Reduction of SLC22A15 protein between day8 and day29
after transduction was clear on all ALL cell lines along with two lymphoma cell lines (Toledo
and Daudi) (A, B, C). In contrast, there were no visibly detectable reduction of SLC22A15
protein in the other two lymphoma cell lines, Jiyoye and Oci-Ly-18 between day 8 and
day29 (C). There was no any SLC22A15 protein expression on control group in any cell lines
(A, B, C). (D) SLC22A15 protein level was assessed on transduced cell lines at day 8 then
normalized to the loading control (B-actin) by densitometric analyses. (E) To investigate if
the effect of SLC22A15 expression on cell lines was related to the level of expression in
transduced cells, the expression level of SLC22A15 protein was corrected for the
percentage of cells transduced in each cell line. And cell lines were categorized according
to the extent of loss of SLC22A15 protein (either no detectable, partial or complete). All

data shown here come from single experiment. B-actin was used as loading control.

4.5 Functional Validation of THEM4
4.5.1 Re-expression of THEM4

Functional assessment of THEM4 was initially conducted using four ALL cell lines
(PreB697, Reh, SEM, and NALMS®6). and utilised the lentiviral system described above. All
cell lines were infected with pSIN-THEM4 vector, and the pSIN-EV as a control group. Any
selection against expression of THEM4 could then be monitored by assessing the GFP
expression, as described above. The fraction of GFP positive cells was determined at days
day 4, 8, 11, 15, and 22 after transduction. THEM4 expressing cells (assessed by fraction
of GFP positive cells) were rapidly lost between day 4 and 22 in the PreB697 cell line
(Figure 4.13A, 4.14), while the GFP positive fraction remained constant in the EV control
transduced cells. In contrast, transduction of any of the other cell lines tested with the
pSIN-THEM4 construct resulted in completely or near completely stable levels of GFP
positive cells, which mirrored the stability seen in the EV control (Figure 4.14). This is not

consistent with the identification of THEM4 as a candidate tumour suppressor across all
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ALL genetic subtypes but could be consistent with a more specific role in the TCF3-PBX1
subtype, from which PreB697 cells are derived. To address this possibility, a second TCF3-
PBX1 subtype cell line, Rch-acv cell lines, was obtained from DMSZ and assessed as above.
However, this also failed to replicate the rapid loss of GFP positive cells in the pSIN-THEMA4
transduced cultures and instead found the stability of the post transduction GFP positive

population to match that seen in the control EV transduced cells (Figure 4.14).
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Figure 4.13. Representative Flow-Cytometer Results of transduction both testing group

and control group on PreB697 Cell Line post-transduction at day4 and day22.
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Stable GFP expression was observed on control group at post-transduction day4 (left on B)

and day22 (right on B). However, the percentage of GFP of cell population expressed

THEM4 on was 49.56% on day4 after transduction (left on A) and it was dropped to 9.67%

at post-transduction day22 (right on A). Histogram data (X axis represent GFP intensity)

comes from single experiment after analysis by FCS Express Program. (M1 and M2 marker

were created by FCS Express program during the analysis and M1 marker represent not

GFP expressed cell population while M2 marker represent GFP expressed cell populations).
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165



More than 80% reduction of GFP was observed in PreB697 cell line while the control group
had stable GFP expression during the time course. However, Rch-acv, SEM and NALM6 cell
lines showed stable GFP expression in the both groups which were pSIN-SIEW-THEM4
vector infected and control. Even though there was small reduction of GFP expression on
Reh cell line, there was no statistically significant differences comparation with control
group. amount of THEM4 gene expression was retained on REH cell line by end of the time
course. Data shown in here produced from two independent experiment results and bars
represent standard error between experiments. Results was normalised to GFP% at day4.
Blue line represent vector expressed THEM4 and GFP (called THEM in the figure, orange

line represents vector express just GFP (called EV in the figure).

4.5.2 Assessing THEMA4 protein expression on ALL cell lines after
transduction

To clarify whether infected cell lines expressed THEM4 protein after transduction,
western immunoblotting was performed on samples at post-transduction day4 and day22
infected with pSIN-THEM4 vector and pSIN-EV in the PreB697 cell line, in which GFP levels
fall rapidly and in the NALM®6 and Reh cell lines, where the GFP fraction remains largely
constant in the pSIN-THEM4 transduced cells. This analysis found that THEM4 protein was
detectable at day4 in PreB697 cells, but no longer detectable at day 22. By contrast,
THEM4 protein expression was largely constant between day4 and day22 in NALM®6 and
Reh cells, although a small reduction in THEM4 protein was seen at day 22 in the Reh cell
line, consistent with the small reduction in GFP levels seen in Figure 4.15. This result
further confirms that the negative impact of THEM4 re-expression appears to be specific
for a single tested cell line and that this is not due to other mechanisms impacting THEM4
protein stability in the other cell lines nor is it due to higher expression levels in the one
impacted cell line, as PreB697 cells exhibited clearly lower expression than Reh cells and

similar levels to NALM6 cells.
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Figure 4.15. THEM4 protein expression following transduction with the THEM4 re-

expression construct

Western immunoblotting was performed to show THEMA4 protein expression after
transduction at day4 and day22 along with control, EV transduced, group which expressed
just GFP in PreB697, NALMG6 and Reh cell lines (as indicated). Clear reduction of THEM4
protein was seen on PreB697 cell line between day 4 and day22 post-transduction but with
little or no change in THEM4 expression in the other cell lines. B-actin was used as a loading

control. Data is derived from a single western blot experiment.

4.6 Functional Validation of TTC12

4.6.1 Re-expression of TTC12 in leukaemia cell lines

Five ALL cell lines (PreB697, Reh, SEM, Rch-acv and NALM6) were used for
functional assessment of TTC12 using the lentiviral system described above. All cell lines
were transduced with pSIN-TTC12 vector and with the control pSIN-EV vector. The

fraction of GFP positive cells was determined at days day 4, 8, 11, 15, 22 and 29 post-
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transductions. As can be seen from figure 4.16, Rch-acv was only cell line showed
reduction of GFP (around 30%) by the end of time course and there was statistically
significant differences between control group and testing group which infected with pSIN-
TTC12 vector (p<0.05). However, PreB697 cell line as another TCF-PBX1 subtype of ALL
did not show rapid loss of GFP positive cells in pSIN-TTC12 transduce cell populations
against the Rch-acv cell line. This is not consistent with the identification of TTC12 as a
candidate tumour suppressor across all ALL genetic subtypes. In addition to, GFP
expression was essentially constant from day 4 to day 29 in the other ALL cell lines, Reh,
SEM and NALM6 and was not readily distinguishable from the EV control. This result
suggesting that TTC12 is neither not an ALL tumour suppressor gene or that its function is

not adequately modelled in the ALL cell lines (Figure 4.16).
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Figure 4.16. Retention of GFP positive cells following transduction with the pSIN-SIEW-
TTC12 vector

Five ALL cell lines were transduced with the TTC12 lentiviral expression vector and with the
control empty vector (expressing just GFP). Cultures were monitored from day4 to day 29
after transduction. GFP level was stable during the time course in PreB697, Reh, NALM6
and SEM cell lines similar to control group. There was small reduction of GFP/TTC12
expression in the Rch-acv cell line, although the rate of loss of expression was low and the
majority of transduced cells (about 70%) still retained expression at day 29. Data shown in
here produced from two independent experiment results and bars represent standard

error between experiments. Results was normalised to GFP% at day4. * p<0.05.

4.6.2 mRNA expression level after TTC12 re-expression

A potential explanation for the lack of impact of the TTC12 expression construct
could be that it either fails to express TTC12 or that TTC12 expression falls even though
GFP levels remain constant. To confirm TTC12 expression and it's stability during the
period assessed, qRT-PCR experiment was performed at post-transduction day4, 11, 22
and 29 on transduced cell lines PreB697, Reh, Rch-acv and NALM®6. This was done using
cell pellets collected at the same time points as the GFP levels were assessed by flow
cytometer analyses. As can be seen from below figure 4.17, although there was
fluctuation of the measured TTC12 mRNA level across the time course, TTC12 transcript
expression level remained broadly similar across the time course and was not significant
lower at the end of the assessment period at day 29 than it was at day 4 in each of the cell
lines (Figure 4.17). Thus, the resistance of the cell lines to transduction with the pSIN-

TTC12 expression construct is not due to a lack of TTC12 mRNA expression.
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Figure 4.17. TTC12 expression at the mRNA level following transduction of the ALL cell

lines

MRNA expression of TTC12 expression at post-transduction days 4, 11, 22 and 29 was
assessed in the ALL cell lines. This analysis found no clear evidence of consistently reduced
TTC12 expression across the study period. The results closely reflect the flow cytometry
results that shows GFP changing after transduction on same period of time. Data shown
here are representative of single experiment. GAPDH was used to normalised data and

relative expression was calculated with at day4 on log scale.

4.7 Transduce All Cell Lines With pSIN-MAP9 Vector

Five ALL cell lines (PreB697, Reh, SEM, Rch-acv and NALM®6) were used for
functional assessment of MAP9 by using lentiviral system, described above. All cell lines
were transduced with pSIN-MAP9 vector and with pSIN-EV a corresponding “empty
vector” The fraction of GFP positive cells was determined at days 4, 8, 11, 15, 22 post-
transduction[297]. However, following transduction with the pSIN-MAP9 vector GFP
expression was either undetectable or largely undetectable. An example, using the Reh
cell line, is shown in Figure 4.18A. In the third panel, transduction with the pSIN-SIEW-

MAP9 vector does not result in any evidence of a separate GFP positive peak as would be
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expected (profiles for control empty vector and pSIN-TTC12 transduced Reh cells are
shown for comparison). Similar results were obtained for all cell lines and in multiple
separate transductions. While there was some evidence of a slight shift in the peak to the
right, suggesting that there may be a very low level of expression, this made measuring
any change in GFP levels unreliable and would not enable any definitive conclusions to be
drawn, as a lack of impact of the transduced construct could be explained by the very low

gene expression level.

While in this project and others in the lab, expression from the pSIN-SIEW vector
can be variable depending on the cloned gene, the complete inability to observe any clear
GFP expression was not something that had been noted before. A potential explanation
could be post transcriptional targeting of the transcript, which could represent a second
tumour suppressor mechanism leading to MAP9 downregulation in ALL cells. If this was
so, it would be expected that the lack of detectable expression would also be specific for
ALL cells. To test this, the 293T cell line (derived from human embryonic kidney cells) was
transduced with the pSIN-MAP9 and control vectors then assessed on day4 by flow
cytometer. While the control empty vector resulted in very high expression of GFP in close
to 100% of the cells, transduction with the pSIN-MAP9 vector did not result in any
detectable GFP expression (Figure 4.18). As described earlier original expression
construct was sequenced to confirm the correct sequence the cloning position of the
insert. Furthermore, multiple separately generated viral preparations all failed to
generate separate GFP positive peaks. Notably, these results are not similar to poor viral
preparations that generate low levels of transduction, as this would still generate a clearly
separate peak, even if the height of the peak (i.e. the fraction of transduced cells) was
very low. Overall, the results suggest that cloning the MAP9 sequence into the expression
vector resulted in either an inhibition of transcription or the production of a highly
unstable transcript. The results thus are not able to provide any evidence to support or

refute the hypothesis that MAP9 is an ALL specific tumour suppressor.
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Figure 4.18. Examples of GFP expression in Reh and 293T cell lines at day4 after

transduction with various expression constructs

(A), Transduction with either the EV control (middle) or TTC12 expressing construct (left)
results in two clear cell populations at day4, while there was no clearly detectable separate
population based on GFP expression following transduction with the pSIN-MAP construct
(right). (B) For the 293T cell line parental, non-transduced cells, give a single peak as
expected(left). This shifted clearly to the right following transduction with the empty vector
(middle). However, no GFP expression was detectable after transduction with pSIN-SIEW-
MAP9 vector at post-transduction day4 (right). Data comes from single experiment after
analysis by FCS Express Program. (M1 and M2 marker were created by FCS Express
program during the analysis and M1 marker represent not GFP expressed cell population

while M2 marker represent GFP expressed cell populations).
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4.8 Discussion

In the present study, based on novel bioinformatic approaches, we identified four
TSG candidates (SLC22A15, THEMA4, TTC12 and MAP9) for ALL. In this chapter, we begin
the initial process of functionally assessing these identified candidates. A key difference
between the work reported here and our previous work in the area was to expand the
approach from being cancer subtype based to covering whole diseases. Thus, a crucial
element of this assessment was to identify genes that were functionally relevant across
multiple genetic subtypes. Therefore, the analysis was carried out using a panel of ALL
cells lined derived from multiple cytogenetic subtypes. To explore potential tumour
suppressor role of candidates, re-expression of the candidates in the cell lines was
achieved via transduction with a lentiviral expression construct, into which each of the
genes were cloned. The constructs also co-expresses GFP from the same transcript to
allow transduced cells to be readily identified by flow cytometry. Correct cloning and lack
of genetic disruption of the candidates in the expression construct as confirmed by

sequencing.

Members of the SLC22A family facilitate the transfer of various endogenous compounds
and xenobiotics substances across the cell membrane [298]. One of orphan member of
these family, SLC22A15, does not have any known substrates or inhibitors. Despite being
classified as a carnitine transporter based on genetic analyses, there has been little
research aimed at determining its physiological substrates or how it transports them
[299]. Yee et all have identified SLC22A15 can transport these substrates; eight
zwitterions like ergothioneine, carnitine, carnosine, gabapentin, four cations such
including MPP+, thiamine and cimetidine and additionally carnosine was identified as
specific substrate of SLC22A15 among the SLC22A transporter family [285]. Although
there are no previous studies demonstrating a direct functional role for SLC22A15 in
carcinogenesis, the role of carnosine in cancer has been studied in multiple different
cancer types as an anti-tumour metabolite [300], [301], [302]. Therefore, downregulation
of carnosine uptake may be important in the functional role of SLC22A15 in ALL. To begin
to assess the potential tumour suppressor role of SLC22A15 in ALL, the gene was re-

expressed in a panel of ALL cell lines. Following re-introduction of the gene, there was a
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clear decrease in GFP/SLC22A15 positive cells across the time course (while control empty
vector transduced cells demonstrated stable GFP expression levels). Importantly, while
there was variation in the rate of loss of SLC22A15 expressing cells in the different cell
lines, all five ALL cell lines did exhibit a decline in SLC22A15 positive cells across the time
course, consisted with a potential functional role for SLC22A15 in ALL that was
independent of cytogenetic subtype. To investigate the mechanism by which SLC22A15
impacts ALL cells, cell death and cell proliferation assay were performed, using two of the
cell lines (PreB697 and Reh) which exhibited more rapid loss of SLC22A15 expressing cells.
This analysis determined that SLC22A15 re-expression appear to have little or no effect on
the rate of cell proliferation, but a clearly significant effect on cell survival. The co-
appearance of annexin V positive staining cells with activation of caspase 3/7 (detectable
from day three post-transduction) suggested that SLC22A15 re-expression was inducing
an apoptotic cell death mechanism. However, use of a caspase inhibitor that completely
blocked activation of caspase 3/7 did not prevent or reduce the rate of loss of SLC22A15
expressing cells. This suggests that either the main mechanism of cell death induced
following SLC22A15 re-expression is not apoptotic, and that activation of caspases is a by-
product of the actual cell death mechanism or that blocking apoptotic cell death resulted

in activation of a second cell death mechanism.

Another key aspect of the original bioinformatic approach is that the identified candidates
should be specific for ALL and play no role or a lesser role in other B-cell derived cancers.
Thus, to begin to asses this SLC22A15 was also re-expressed in several mature B-cell
malignant cell lines, including two Burkitt lymphoma and two DLBCL cell lines The results
of this analysis were partially consistent with ALL specificity for SLC22A15. While, all four
cell lines showed at least some evidence of loss of SLC22A15/GFP expressing cells across
the assay period, this was generally at a relatively low level and none of the mature B-cell
cell lines displayed the rapid loss of SLC22A15/GFP positive cells seen in 3/5 ALL cell lines
and the average loss of SLC22A15/GFP positive cells was significantly higher in ALL cell
lines than in the lymphoma cell lines. However, these results did not identify an absolute
requirement for loss of SLC22A15 in all ALL cell lines versus lymphoma cell lines. There
was clearly some evidence of selection against SLC22A15 expression in the mature B-cell

malignancy derived cell lines and two of the ALL cell lines (NALM6 and SEM) exhibited
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response largely similar to those seen in the lymphoma cell lines. Further work would also
be required to delineate more clearly any differences between ALL subgroups (as most
are only represented by a single cell line) and whether differences in the impact of
SLC22A15 may exist between different types of mature B-cell malignancy (for example,
CLL and MCL were included in the bioinformatic analysis but not represented in the cell
line study). Overall, the results are consistent with a tumour suppressive like role for
SLC22A15 that is at least partially ALL specific but may also indicate that other aspects of

cellular background may modify the functional impact of SLC22A15 expression.

Quantitation of SLC22A15 expression at the protein level was carried out by western
blotting. As we expected protein level of SLC22A15 sharply declined after between day 8
and day 29 post-transduction in three ALL cell lines, Reh, PreB697, Rch-acv and limited
reductions was seen in SEM, NALM6 and two lymphoma cell lines, Daudi and Toledo. In
contrast, there was no evidence of decrease of SLC22A15 protein between day 8 and day
29 at lJiyoye and Oci-Ly-18 cell lines. Thus, reduction in GFP expression following
transduction with the SLC22A15 expressing vector was mirrored by a similar reduction in

SLC22A15 expression at protein level.

THEM4, also known carboxy-terminal modulator protein (CTMP), was also identified as a
tumour suppressor candidate by the bioinformatic analysis and assessed in the cell line
models. A number of studies have linked THEM4 to important pathways in cancer
development, including as a negative regulator of AKT [279], [281]. Maria and colleagues
showed that THEM4, as a component of PKBa signalling, interacts directly with Akt and
cause inhibits its phosphorylation at threonine 308 and serine 473serine/threonine
residues in the C-terminal of PKB (protein kinase B) at the plasma membrane and leads to
inhibition of AKT phosphorylation. This results in preventing inappropriate kinase
activation as well as further cell growth and proliferation [279]. On the contrary, Ono and
colleagues found that THEM4 protein specifically binds to N terminal of PKB to facilitate
phosphorylation so that AKT phosphorylation and anti-Initial assessment of THEM4 in the
apoptotic activity are enhanced in breast cancer cell tumorigenesis [303]. These findings
suggest that THEM4 may have different functions in different cancer types but also
demonstrate that it regulates key pathways involved in cell growth and therefore could

potentially have a tumour suppressor function in some cell types. However, there are no
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functional studies regarding any potential role in leukaemia although it had previously
been identified as hypermethylated in ETX6/RUNX1 subtype of ALL [248]. Initial
assessment of in four ALL cell lines provided only partial evidence for a functional impact
of THEM4 re-expression. In one cell line (PreB697) THEM4 re-expressing cells were rapidly
lost for the population, whilst in all other cell lines THEM4 expressing cells were largely
retained at the Day 4 post-transduction levels. Testing a second TCF3-PBX1 derived cell
line (as PreB697 is TCF3-PBX1 positive) also failed to show specific specificity for this
genetic subtype. Thus, it remains unclear if the impact of THEM4 re-expression in PreB697
cells is reflective or a more general role in ALL whose importance has been lost in most
ALL cell lines, is reflective of a role in a subset of ALL due to other aspects of cellular
background (other than cytogenetic subtype) or a cell line phenomenon in the PreB697
cells that is not relevant for primary ALL. Overall, while the limitations of the cell line
model system mean that a tumour suppressor role in ALL generally cannot necessarily be

ruled out, the results presented here do not provide clear evidence supporting such a role.

TTC12 gene located at 1123 and code cytoplasmic protein that plays a role in the proper
assembly of dynein arm complexes [287]. Although the function of TTC12 has not been
identified yet, TTC12 gene has been found specifically methylated in ALL [249]. Four
different protein variants (designated 1, 2, 3 and 5) are listed in the NCBI protein database.
The encoded proteins are highly similar but vary slightly in lengths due to alternative
splicing (711 aa, 705 aa, 680 aa and 706 aa in length, respectively). In current study, variant
1, longest variant, was used for expression of TTC12 in cell lines. Consequently, it is hard
to predict whether the different isoforms would have important functional differences
that might impact their role in ALL. This would be achieved by performing qRT-PCR by

primer would pick up all variants to identify which variants are expressed.

In terms of re-expression of TTC12 four ALL cell lines did not identify any cell lines in which
TTC12/GFP expression was rapidly or clearly lost. On the contrary, Rch-acv cell line
showed reduction of TTC12/GFP cell population. However, assessment of expression at
the RNA level further confirmed that TTC12 mRNA expression was retained at largely the
same levels at the end of the assay period as at the first assessed time point (day 4). A
clear limitation to cell line based assessment of candidate genes is that there is no

modelling of the microenvironment or ALL cell interactions with other cell types.
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However, although a negative role in ALL development cannot be ruled out on the basis
of the results, the results do not currently provide any support for an important functional

role for TTC12 in ALL.

MAPS9 belongs to MAP family, which regulates microtubule dynamics [304]. MAP9
has not been very widely studied to date, however, there are a number of papers which
have reported potential tumour suppressor roles for MAP9 in colorectal cancer [292], in
hepatocellular carcinoma [293] and gastric carcinoma [294], No studies have yet been
reported investigating the role of MAP9 in ALL or other B-cell malignancies. The results
presented here also fail to shed any clear light on the potential of a tumour suppressor
role for MAP9, as transduction of ALL cell lines with the lentiviral expression construct
failed to give any clear evidence that the cloned transcript was expressed. Multiple lines
of evidence suggest this was due to a failure to obtain significant expression from the
lentiviral vector as a result of the cloning of the MAP9 sequence. Firstly, although a clear
GFP expressing peak was not seen in any cell line post-transduction, some of the cell lines
did exhibit a small widening of the peak compatible with very low expression levels.
Notably, this is different from very low transduction efficiency (potentially due to poor
quality viral preps) as this would still give a very small, but still distinct peak. Furthermore,
similar results were obtained with multiple separate transactions and with multiple viral
preps. While, for the other expression constructs, variability in quality of viral preps was
observed, this never resulted in a complete failure to identify at least a low level of clearly
transduced/GFP-expressing cells. Lastly, although such low expression of contracts based
on the pSIN-SIEW vector have not been observed previously in the lab, either in this
project or a number of other utilising the same lentiviral vector, it has previously been
observed that cloning of different upstream sequences has significant positive or negative
results on the efficiency of expression driven by the vector. Sequencing of the construct
demonstrated that the gene had been appropriately cloned and that the sequence was

correct and intact.

A potential hypothesis to explain the unexpectedly low expression would have
been a second mechanism in ALL cells that served to suppress MAP9 expression through
destabilisation of the MAP9 transcript, such as a miRNA. If such a mechanism did underlie

the ALL specific tumour suppressor function for MAP9 then it would be predicted that
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expression in non-ALL cells would be detectable. However, transduction of a non-ALL cell
line, 293T, with same lentiviral construct, resulted in a similar failure to identify a GFP
positive peak post transduction (even though expression from the viral promoter is usually
very high in this cell line). Thus, as no evidence could be obtained that MAP9 had been
successfully expressed in the cells, no conclusions could be drawn about the activity of the

MAP9 protein.

Overall results suggesting that of the four candidates assessed only three provided
interpretable results and of this one exhibited a clear negative impact on cell survival in
ALL cells that was seen across multiple genetic subtypes consistent with its identification

as a pan-ALL tumour suppressor gene.
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5 FUNCTIONAL ASSESSMENT OF ACUTE
LYMPHOBLASTIC LEUKAEMIA-SPECIFIC
DISEASE SPECIFIC DEPENDENCY
CANDIDATES IN CELL LINE MODELS
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5.1 Introduction

According to the novel bioinformatic pipeline develop by our group, we have
identified TSG and DSDG candidates across the five type B-cell malignancies. The approach
enabled to identified total 13 candidates, including eight cancer dependency gene
candidates which are four for ALL, two for MCL and one for CLL specific. Therefore, we
chose to analyse functional relevance for the ALL candidates, as it has highest number of
candidates among the five types of malignancies. BMP2, CTGF, NPY and ZNF423 were the
identified ALL-specific candidates. Due to time limitations for laboratory work, we decided
to focus on BMP2, CTGF, NPY for the functional analysis (as all three genes had a DMR at
their TSS, while for ZNF423 the DMR was over 18kb away from the TSS). All ALL cell lines
used in this analysis were assessed for DNA methylation and gene expression of the
candidate genes, which confirmed low levels of promoter associated methylation
correspond with high level of expression for all candidates by a previous student in our
group. To determine whether these candidates have specific roles in ALL, siRNA mediated
knockdown against to BMP2 and CTGF was performed on two ALL cell lines and two
lymphoma cell lines as a control group. Inhibitors for the BMP pathway, and NPY receptors
and antagonistic Ab for CTGF were used as a second approach to assess functional roles
of the candidates. Also, all three candidate genes encode proteins that are typically
secreted. Therefore, ELISA assays were carried out in the untreated (parental) cell line
samples to determine if secreted proteins, with the potential for autocrine activation of

cell surface receptors, could be detected.

5.1.1 siRNA mediated knockdown

Targeted degradation of mRNA for individual genes provides a method for post-
transcriptional silencing of gene expression. RNA interference (RNAI) technology is one
of the most commonly used methods for inducing this type of gene-specific RNA
degradation [305].

RNA interference involves multiple steps. Upon introduction of double-stranded RNA into

cells, Dicer, a member of the RNase Il family ribonuclease, first recognizes and processes
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it into small interfering RNAs (siRNAs) with 21-23 base pairs [306]. In practical
applications, siRNA can be artificially created and introduced directly into the cell without
requiring Dicer activity. In the presence of siRNA in the cytoplasm, siRNA incorporates into
protein complex known as RNA induced silencing complex (RISC) [307]. Argonaute-2 is a
versatile protein found in RISC, which unwinds the siRNA and then cuts the sense strand
(also known as passenger strand) [308]. The activated RISC with the antisense strand (or
guide strand) of the siRNA identifies and degrades mRNA that is complementary to the
antisense strand [309]. The cleavage of mRNA takes place between nucleotides 10 and 11
on the complementary antisense strand [310]. Following this process, the activated RISC
complex can proceed to eliminate further mRNA targets, leading to continued gene
silencing [311]. This enhanced efficacy provides a therapeutic effect for 3—7 days in rapidly

dividing cells and several weeks in non-dividing cells [312] (Figure 5.1).
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Figure 5.1. Schematic representation of siRNA interference in a mammalian cell
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Step 1; Upon exposure to double stranded RNA (dsRNA), the cell triggers a response
mediated by the enzyme Dicer. This results in the cleavage of dsRNA into fragments
consisting of 21-23 base pairs, known as siRNA. The next step (Step 2) involves loading
siRNAs into a multiprotein complex named RNA Induced Silencing Complex. Within RISC,
one strand (referred to as the passenger strand) is discarded and degraded, while the
guide strand remains as a template during silencing reactions. Subsequently (Step 3), the
guide strand forms a functional siRNA-RISC complex by binding to Ago protein. Following
this assembly, target mRNAs are identified through base pairing and captured by the
SiRNA-RISC complex. As a result of these interactions, mRNA degradation is initiated
(Step 4); once complete, dissociation from siRNA occurs and allows for further processing
of mMRNA targets by releasing the siRNA-RISC complex for additional rounds of action.
Figure is obtained from [313].

5.1.2 Targeting DSDG candidates as a therapeutic strategy
5.1.2.1 BMP2 Pathway

Bone morphogenetic proteins (BMP) belong to a subset of the transforming
growth factor B family and consist of more than 25 protein ligands. BMPs interact with
two classes of cell surface receptors known as BMPR-I and BMPR-Il. The BMPR-I receptor
class includes three types of receptors, including activin receptor-like kinase-2 (ALK-2
(ACVR1A), ALK-3(BMPR-IA) and ALK-6 (BMPR-IB), while the BMPR-II receptor class
consists of three different types BMPR-Il, ACVR2A, ACVR2B. Upon binding with BMPs,
heterotetrametric complexes are formed, comprising two type | and two type Il
receptors. Each BMP receptor contains an intracellular serine/threonine kinase domain
as well as an extracellular binding domain. Subsequent to the binding process,
constitutively active type Il receptor kinases phosphorylate the kinase domains of type |
receptors that subsequently phosphorylate SMADs 1, 5, and 8 which are responsive to
BMPs. These SMAD proteins can then translocate into the cell nucleus where they act as
transcription factors. Phosphorylation of these particular SMADs leads to various
impacts on the cells, such as controlling growth and promoting cell differentiation [314].
Urist and colleagues reported on a group of proteins that directly influenced bone

development, which they named bone morphogenetic proteins [315]. Within the
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transforming growth factor B family, the BMPs constitute the largest subgroup,
comprising 18-20 members [316] and BMP2 is one of the most extensively studied BMPs
and has garnered significant therapeutic interest for its potential applications in bone
regeneration and repair [317]. Human BMP2 is synthesised as precursor proteins (396
amino acid (aa)) comprising three distinct regions: the N-terminal signal peptide (23 aa
long) that directs the protein to the secretory pathway; the pro-domain (259 aa long),
crucial for protein folding and cleavage of the secreted protein and the C terminal is
mature domain (114 aa long) [318] (Figure 5.2). After synthesis of preproprotein form of
BMP2, it enzymatically cleaved. Mature monomeric BMP2 is 14kDa and glycosylated
monomeric peptide is 18kDa [319]. BMP2 activated through the dimerization of two 114-
amino acid monomers, resulting in a protein with a molecular weight of 26kDa [320].
Additionally, extracellular protein, Furin, is required for cleave of preprotein BMP2 to
produce the mature protein [321]. Canonical BMP2 signalling pathway is activated by
through type | (BMPR1A and BMPR1B) and type Il receptors (BMPR2, ACTRIIA and
ACTRIIB) [322]. The signalling cascade is triggered when BMP2 binds to its receptor, which
possesses serine/threonine kinase activity. Transphosphorylation takes place following
the binding of BMP2 to type Il receptor, which then proceeds to phosphorylate the type |
receptor. The downstream consequences of the phosphorylation of type Il and type |
receptors are the phosphorylation of Smad transcription factors then cause upregulation
of gene has role on bone formation [323]. Once secreted, the soluble forms of BMP2 have
a very short half-life, often only lasting for a few hours [324]. Half-life in circulation is

shorter when it is administered systematically averaging 7-16 minutes [325].

Signal Peptide Propeptide Mature BMP2

Amin.o.acid 1 23 24 282 283 396
position

Figure 5.2. Schematic representation domains of human BMP2
Figure is adapted from [326].

To determine if inhibition of BMP signalling showed evidence of ALL specific effects, ALL
and lymphoma cell lines were treated with LDN-193189 a selective inhibitor for which
targets ACVRLI, ACVR1, BMPR1A and BMPRI1B causing inhibition of BMP signalling
effectors SMAD1, SMAD5 and SMADS.
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5.1.2.2 CTGF Pathway

Connective tissue growth factor is member of CCN family which has N-terminal
signal peptide for protein secretion. The CTGF gene encodes an extracellular matrix-
associated protein, full size is 36kDa with/out associated glycosylation, and 10-20kDa size
was associated with secreted form of CTGF after cleavage of full-length protein [327]. CTGF
has been found to associate with a range of proteins, such as integrins, bone
morphogenetic proteins, transforming growth factor-B. CTGF has been found to plays a
role in the production of extracellular matrix, as well as cellular processes like proliferation,
survival, adhesion, migration, and metastasis [328], [329], [330]. CTGF has been widely
studied and associated with tumour progression, poor prognosis in breast cancer,
glioblastoma [331], [332] and an antibody directed against CTGF causes decreased tumour
growth and metastasis in pancreatic cancer [276]. FibroGen screened a collection of
human anti-CTGF antibodies and identified the FG-3019 antibody, which effectively
bound to CTGF and demonstrated activity in both in vitro and in vivo disease models.
[333]. Pamrevilumab, a fully recombinant human monoclonal antibody targeting
connective tissue growth factor, has emerged as a promising therapeutic candidate for the
treatment of idiopathic pulmonary fibrosis [334].

In present study, Pamrevlumab (FG-3019) was used as alternative method for siRNA

mediated knockdown to target CTGF in ALL and lymphoma cell lines.

5.1.2.3 NPY Pathway

Neuropeptide Y is a 36-amino acid neuropeptide that acts as a neurotransmitter
and has widespread distribution in the central nervous system. It was first discovered
and isolated in 1982 by Tatenoto et al. during their examination of pig brain tissue [335].
Neuropeptide Y exerts its effects through four functionally relevant receptor subtypes:
Y1, Y2, Y4, and Y5. All cloned NPY receptors are part of the G-protein-coupled receptors
superfamily but have different ligand affinity profiles [336]. NPY role in various cancer
progress such as promoting cell proliferation, migration, survival and cell differentiation

has been found with growing evidence (reviewed in [337]).
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5.1.2.4 Crosstalk between candidates

We have identified total four DSDG candidates for ALL. Three of four candidates
encoded secreted protein. BMP2 and CTFG among them have been previously linked to
each other in different cell type and conditions. Chang M. et al demonstrate that he effect
of BMP2 on upregulation the expression of CTGF is facilitated by the ALK2/ALK3-mediated
SMAD-dependent signalling pathway on human granulaso cells [338]. In addition,
Takigawa and his colleague BMP2 has the strongest affinity for CTGF among the osteogenic
BMPs. Importantly, the combined application of CTGF and BMP2 inhibited both BMP2-
induced phosphorylation of Smad1/5/8 and the proliferation of human chondrosarcoma-
derived cell line HCS-2/8 [339]. Moreover, Yan et al found that CTGF enhances the BMP-2
expression and phosphorylation of Smad1/5/9 pathway activity by directly interfacing
with BMP-2 in periodontal ligament stem cells (PDLSCs) [340].

ZNF423 is a member of family of multi-zinc finger proteins that can function as both
transcriptional activators and repressors [341]. Domain analysis of the ZNF423 protein has
demonstrated that zinc fingers 2—-8 comprise the DNA-binding domain for ZNF423
homodimers, while zinc fingers 9-13 form the DNA-binding domain for the ZNF423—-
SMAD1-SMAD4 complex, which recognizes BMP response elements. The interaction with
the phosphorylated SMAD1-SMAD4 complex is facilitated by zinc fingers. ZNF423
multimerization and binding to EBF1 involve zinc fingers 20-30 in human. Consistent with
its diverse functional capabilities, ZNF423 participates in various other signalling
pathways, including retinoic acid signaling, Notch signaling, and the DNA damage response

[342].

ZNF423 has been found to interact with a phosphorylated SMAD1-SMAD4 complex in
a mutually exclusive manner upon BMP2 stimulation [343]. ZNF423 has not been found
constitutively expressed and played a role in normal haematopoiesis [341]. However, its
aberrant activity has been found in B-cell malignancies [251], [344], [345]. Furthermore,
Harder and colleagues showed that hypomethylation of CpG island at the genomic ZNF423
locus leads to a permissive transcriptional state of ZNF423, which is activated by BMP2

signalling in ALL [251].
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5.2 Aims of the Chapter

— Functional assessment of three ALL-specific DSDG candidates to determine if
reduced expression results in negative impacts on growth/survival of ALL cells.
— Investigation of the specificity of any identified impacts of targeting the DSDG

candidates in ALL versus other B-cell malignancies.

5.3 Results

5.3.1 Expression Profiles of DSDG Candidates in cell line models

Five ALL cell lines (PreB697, Reh, SEM, NALM6 and Rch-acv) and four lymphoma
cell lines (Toledo, Oci-Ly-18, Daudi and Jiyoye) were assessed mRNA expression of the
candidate genes. qRT-PCR was performed to verify gene of interest expression on cell lines
tested. In addition to, mRNA expression of BMP2 and NPY receptors were determined in

same method.

5.3.1.1 BMP2 Expression Profile

Expression of DSDG candidates was determined by qRT-PCR. Three of the five ALL
cell lines strongly expressed BMP2 mRNA. Expression was present but >10-fold lower in
SEM and no detectable expression was observed in the NALM®6 cell line. On the other
hand, only one of four lymphoma cell lines, Jiyoye, expressed BMP2 and even in this cell
line expression was far lower than the levels observed in the positive ALL cell lines. (Figure
5.3). These results correspond with methylation pattern of BMP2 locus in four of five ALL
cell lines; low methylation pattern consist with high expression in Reh, Rch-acv and SEM
cell lines, and high methylated locus of BMP2 in NALMG6 cell line corresponded with lack

of expression.
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BMP2 mRNA Expression
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Figure 5.3. Representative graph of BMP2 mRNA expression on parental ALL and

Relative BMP2 Expression

Lymphoma cell lines

qRT-PCR was performed to determine BMP2 gene expression at the mRNA level. All the
genes expression were normalised against house-keeping gene GAPDH and show relative
expression to the highest expressing cell line (Rch-acv). Data is derived from single

experiment.

In addition to the BMP2, functional BMP receptors is required for BMP signalling pathway
(detailed in section 5.1). In this matter, we determined BMP receptors expression on
MRNA level to identify functional receptors in all cell lines by gqRT-PCR. Type | BMP
receptors (BMPR1B, BMPR1A and ACVR1) and type || BMP receptors (BMPR2, ACVR2A and
ACVR2B) mRNA expressions are shown in Table 5.1. All ALL cell lines tested had detectable
transcript of at least two type | receptors; BMPR1A, ACVR1 and two type |l receptor
BMPR2, ACVR2B. Similar to the ALL cell line results, all lymphoma cell lines tested
expressed the type | receptor BMPR1A mRNA and the type Il receptor BMPR2 mRNA. On
the other hand, ACVR1, ACVR2A and ACVR2B receptors transcripts were detected on all
lymphoma cell lines tested except Daudi. As a result, functional BMP type | and type Il

receptors present in all cell lines.
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BMPR1B BMPR1A ACVR1 BMPR2 ACVR2A ACVR2B
SEM - + +
NALM6 -
RCH-ACV -
PREB697 -
REH +
TOLEDO -
OCl-LY-18  +
DAUDI -
JIYOYE

+ + + + + o+ o+
+ + + + + +

+ + + + + + + o+ +
1

+ + + + + o+ o+ o+

+

Table 5.1mRNA expression status of BMP receptors in ALL and Lymphoma cell lines
from in-house unpublished data.

+ indicates that transcript expressed, - indicates that undetectable on cell line. Red colour indicates Type |
and black colour indicates type Il receptors.

5.3.1.2 CTFG Expression Profile

As can be seen in Figure 5.4, four of five ALL cell lines expressed CTGF although
the expression level was lower in Rch-acv. There was no detectable CTGF mRNA expression
in three of four lymphoma cell lines and only one of lymphoma cell lines, Oci-Ly-18 showed
weak expression of CTGF. Conversely, expression was not detectable in the lymphoma cell

lines, apart from low expression observed in the Oci-ly-18 cell line.
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Figure 5.4.Representative graph of CTGF mRNA expression on parental ALL and
Lymphoma cell lines
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gRT-PCR was performed to determine CTGF gene expression. All the genes expression were
normalised against house-keeping gene GAPDH and show relative expression to the

highest expressing cell line (PreB697). Data is derived from single experiment.

5.3.1.3 NPY Expression Profile

As can be seen in Figure 5.5, all five ALL cell lines expressed NPY, although the
expression level was lower in SEM in comparison to the other cell lines. There were no
detectable NPY mRNA expression on lymphoma cell lines except Oci-Ly-18, which showed
weak expression of NPY. To sum up, strong gene expression of the NPY as ALL relevant
DSDG candidate based on bioinformatic analyses across B-ALL cell lines was observed
against the lymphoma cell lines expressed significantly lower level on Oci-Ly-18 or non-
detectable in other three cell lines tested. Expression levels of potential NYP receptors,
NYPR2 and NPYR5, was also assessed. This analysis found that only the PreB697 cell line
expressed the NPYR2 transcript (Ct mean was 38), while there was no detectable mRNA
transcript of NPYR2 in other ALL and lymphoma cell lines tested. There was no detectable
NPYRS5 transcript on any cell lines tested. Data not shown in detail as only one cell line was

positive for one of the assessed receptors.
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Figure 5.5. Representative graph of NPY mRNA expression on parental ALL and
Lymphoma cell lines
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gRT-PCR was carried out to determine NPY gene expression. Gene expression was
normalised against house-keeping gene GAPDH and calculated relative expression to the

highest expressing cell line (Rch-acv). Data is derived from single experiment.

5.3.2 Functional analysis of BMP2
5.3.2.1 Assessment of secreted BMP2 protein by ELISA

The ELISA technique was used to determine secreted BMP2 protein on ALL and
lymphoma cell lines media and was repeated on two occasions. Standard curve was
plotted after each experiment based on mean absorbance of protein concentration
standards. Samples were diluted on 1% ELISA experiment as kit recommendation.
However, all sample were below the detectable level. Thus, the ELISA was repeated, but
on this occasion the samples were used without dilution to increase sensitivity for
detection. RPMI media was used to control for background noise in each experiment. In
regard to second ELISA results, standard curve was plotted as explained above (Figure 5.6-
A) then absolute concentration and percentage coefficient variance (CV%) of
standard/samples were calculated by Omega Data Analysis program (BMG Lab Tech
version 3.32) (Figure 5.6-B). As can be seen in Figure 5.6-B, absolute concentration of
standards was very similar level at the kit's suggestion. On the other hand, most of the cell
lines gave readings of at or below the level of control media alone. Of the five cell lines
that did give readings higher than media alone, the levels were only slightly above the
control and rest of four cell lines with potential low positive readings came from cell lines
with no detectable BMP2 transcript. Therefore, it is not clear whether the ELISA assay was
able to detect any clear evidence of secretion of BMP2 protein in the cell lines assessed

(Figure 5.6-B).
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STANDARD S5 | 104.84 7.7
STANDARD S6 | 66.218 14.9
STANDARD S7 | 22.732 28.4
SEM 156.581 0.6
NALM6 72.776 29.3
REH 196.884 29.8
PREB697 113.171 51.9
RCH-ACV 121.955 30.7
JIYOYE 141.765 74.4
DAUDI 196.043 447
TOLEDO 203.663 3
OCI-LY-18 172.537 26.3
MEDIA 156.062 38.3

Figure 5.6. ELISA result of BMP2 protein expression in parental ALL and Lymphoma cell

line's media

ELISA was performed to check BMP2 protein concentration in media of parental ALL and
Lymphoma cell lines. A-Standard curves was plotted by mean of OD450nm reading on Y

axis and concentration of standards on X axis. B- Concentrations and coefficient variant
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(%) of standards and samples which are ALL and Lymphoma cell lines. Absolute
concentration of standards was same as kit range and CV% was lower than 20% except
lowest standard. Concentration of BMP2 protein in each cell line media were at the
background level that was RPMI growing media. CV% was higher than 20% except SEM
and Toledo cell lines. Data is shown derived from single experiment. (r> was 0.99)

**picogram per ml. ** percentage of coefficient variation (%CV).

5.3.2.2 Determination of intracellular BMP2 protein expression in cell lines
by Western Blotting

The ELISA results suggested that secreted BMP2 protein was low or undetectable
in all cell lines. Therefore, we further wanted to check whether BMP2 protein was being
produced inside the cell but not secreted. Western blotting was carried out to assess
intracellular BMP2 protein expression in ALL, lymphoma cell lines along with U20S cell line
which was positive control and Toledo, Daudi and NALM6 cell lines were used as negative
control based on a lack of transcript being detected by gRT-PCR. On the first attempt, there
was clear detectable band on all cell lines even negative control, Toledo, NALM6 and Daudi
cell lines because of the there was 100% cross reactivity human BMP4. Then we order new
ab against BMP2 confirming with supplier there were less than 1% cross reactivity with
other type human BMPs. Therefore, western blot was performed with second antibody
against to BMP2. The predicted band size was 15-16kDa for mature monomer of BMP2
protein (against which the antibody was raised). However, no band of that size was
detected in any of the cell lines, including the positive control cell line U20S [346], (Figure
5.6). A band was observed band was around 35-36kDa size on all cell lines samples tested,
although faint in U20S cell line. However, there was no clear difference in band intensity
between cell lines that were strongly positive by gRT-PCR and cell lines without detectable
transcript. Thus, it does not appear that this band represents an earlier, not fully
processed, BMP2 protein. On the other hand, B-actin was used as loading control and
observed band was on the correct size (42kDa). Therefore, mature monomer peptide of
BMP2 protein in these samples was not detected by this antibody and western blot results

is not reflective of the gRT-PCR results.
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Figure 5.7. Determination of intracellular BMP2 protein by Western Blotting on ALL and
Lymphoma Cell lines

Western blotting was performed to detect BMP2 protein in panel of ALL and lymphoma
cell lines samples along with positive and negative control samples. Antibody detected an
unknown band at 35-36kDa size but this did not match the predicted size for BMP2 and
was present at similar levels in transcript positive and negative cell lines. B-actin was used
as a loading control. Data is derived from a single western blot experiment. MW;moleculer

weight.

5.3.2.3 Determination of BMP inhibitor effect to ALL and Lymphoma cell
line's growth

As the above BMP2 protein expression analysis was inconclusive, and the cell lines
are all positive for BMP receptor expression, ALL except NALM6 because of lack of BMP2
expression, and lymphoma cell lines were treated with increasing doses (from 0-1uM) of
the BMP inhibitor LDN-193189 and incubated in up to 4 days (96 hours) then assessed by
XTT on both day2 (48 hours) and day4 (96 hours) to identify any impact on the numbers
of viable cells. As can be seen from Figure 5.8, ALL cell lines started to exhibit reduced

growth at the 0.25uM dose, reaching statistically significant differences comparing control
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was seen at 0.5uM and 1uM concentrations on day2 and day4 comparing non-treated

group (p< 0.05) (Figure 5.8- A and C). The four lymphoma cell lines tested showed little

evidence of toxicity at 0.5uM but showed clear reduction in viable cells was seen after

treatment with 1uM at day2 and day4 (p<0.05) (Figure 5.8- B and D).

Comparing average reduction in growth of all ALL-cell lines at 0.5uM concentration

at day2 and day 4 (45 and 35, respectively) versus the lymphoma cell lines at same

concentration at day 2 and day4 (10 and 8, respectively), there was statistically significantly

greater decrease in cell growth in the ALL cell lines at day 2 (p<0.05) although this fell short

of statistical significance at day 4 (Figure 5.8- E and F).
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Figure 5.8. Effect of BMP inhibitor on proliferation of ALL and Lymphoma Cell Lines

Graphs show impact of LDN-193189 on proliferation of ALL cell lines (A, C) and lymphoma

cell lines growth (B, D) results at day2 and day4 respectively. Growth inhibition of ALL cell

195



lines after exposed to BMP inhibitor at 0.5uM and 1M concentrations either day2 or day4
showed statistically difference comparing untreated group. There was statistically
significant on reduced cell growth of lymphoma cell lines at just 0.5 uM concentrations at
both day2 and day4. Average reduced cell growth of ALL cell lines at 0.5uM concentration
was significantly differences with average reduced cell growth of lymphoma cell lines at
day2 (*p < 0.05). Data represent average of three independent experiment and bars
represent standard error between experiments. Results normalised based on untreated

group (OuM). * p< 0.05, ** p<0.005.

5.3.2.4 BMP2 siRNA transfection on ALL and Lymphoma Cell Lines

The above results provide some evidence of preferential sensitivity of ALL cell lines
to BMP inhibition. However, the inhibitor used above is not specific for BMP2. Thus, to
further investigate the potential functional role of BMP2 in ALL, siRNA mediated
knockdown method was attempted on ALL cell lines along with lymphoma cell lines. As
described in section 5.3.1.2, PreB697 as strongly expresses BMP2 while SEM expressed at
a clearly lower level. Oci-Ly-18 and Toledo were included as negative controls. To assess
whether impact of reduced expression of BMP2 on ALL cell lines cell growth and survival,
XTT and caspase 3/7 experiments performed post-transfection at 72 hr/144 hr and 48

hours respectively on both ALL and Lymphoma cell lines.

5.3.2.4.1 Transfection Efficiency

To optimise the transfection conditions cell lines were initially transfected with
fluorescent non-silencing siRNA to allow assessment of transfection efficiency and cell
viability by flow cytometer after 24 hours of transfection. Whole cell populations of
PreB697, SEM, Toledo and Oci-ly-18 shifted right (i.e. exhibited increased fluorescence) at
50uM concentration when compared with the parental cell populations, indicating that
the transfection was successful and transfection efficiency was close to 100% (Figure 5.9).
In addition, cell lines viability in the transfected cell cultures were close to the parental cell

populations (Figure 5.9).
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Figure 5.9. Determination of Transfection Efficiency of ALL and Lymphoma Cell Lines

PreB697 (B), SEM (D), Oci-Ly-a8 (F) and Toledo (H) were transfected with non-silencing
SiRNA duplex labelled with a AF488 fluorescence tag. Flow-cytometer was performed at 24
hours after transfection. In addition to, parental cell population of PreB697 (A), SEM (C),
Oci-Ly-18 (E) and Toledo (G) were used to show differences of transfection efficiency and
cell viability after transfection. Histograms which are located on left in the figure represent
each cell population showed increased intensity and relate to entire cell population shifted
right when compared to the parental cell population as a result of high transfection
efficiency. Graphs which are located on right in figure based on size scatter (SSC-A in the
figure) on Y axis and forward scatter (FSC-A in the figure) on X axis shows cell viability There
was minimal effect of transfection reagent on cell viability in testing group when compared

non-transfected parental cell populations. Data is derived from single experiment in this

figure.
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5.3.2.4.2 Knockdown Efficiency of BMP2-siRNA Transfection

Cell lines were transfected with BMP2 specific siRNA (and a non-silencing control)
using the optimised conditions defined above. gRT-PCR was carried out to assess the
reduction in BMP2 transcript after BMP2 siRNA mediated transfection in both ALL and
lymphoma cell lines at 48 hrs post-transfection. This identified only minimal evidence of
knockdown, with the PreB697 cell line averaging knockdown efficiency of 20% and no
detectable knockdown in the SEM, Oci-ly-18 and Toledo cell lines. Experiment was

repeated three time and average presented in Figure 5.10.
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Figure 5.10. siRNA mediated knockdown result of BMP2

Expression level, relative to cells transfected with the non-silencing control siRNA, in
preB697 cells 48 hours after transfection with BMP2 specific siRNA. Data is an average
from three gRT-PCR replicates of three independent transfections. Error bars represent

SEM.

5.3.2.4.3Effect of BMP2 siRNA transfection on Cell Proliferation

The above analysis suggests that transfection with BMP2 siRNA had a relatively
limited effect on BMP2 expression. However, even minor reductions in expression could
potentially impact cellular function. To assess if this was the case, XTT assays were
performed at post-transfection 72hours and 144 hours to assess whether negative effect

of BMP2 siRNA mediated transfection or not upon cell proliferation in ALL and lymphoma

199



cell lines. For both groups, although there was slight decrease on cell proliferation on both
72 hours and 144 hours after BMP2 siRNA mediated transfection when compare non-
silencing control, is the difference was not statistically significant and there was no

evidence of specificity for cell lines that express BMP2 (Figure 5.11).
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Figure 5.11.Cell Proliferation after BMP2 siRNA transfection in ALL and Lymphoma cell
lines

Cell lines were transfected with the indicated siRNA (or untransfected (parental)) and assessed
for viable cells by XTT assay at 72 and 144 hours post transfection. Data comes from average of
three independent experiment results and bars depict standard error between experiments.

Results normalised to the values obtained with parental (non-transfected) cell lines.

5.3.2.4.4 Effect of BMP2 siRNA transfection on Cell Survival

Caspase-glo 3/7 assay was carried out at 48hours post-transfection to determine
whether the BMP2 siRNA transfection resulted in induction of cell death and whether this
was specific for ALL cell lines. As shown in Figure 5.12, SEM, there was no statistically
significant increase in caspase activity (p>0.05) compared with the control group (non-
silencing siRNA) (Figure 5.12). Increased caspase activity is seen following transfection in
the PreB697 cell lines; however, this was not significantly different between the control
and BMP2 specific siRNAs and thus is likely a non-specific effect as a result of the

transfection procedure.
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Figure 5.12. Results of Caspase 3/7 activation after BMIP2 siRNA mediated transfection
on ALL and Lymphoma Groups

There was no increase in caspase activity detected in any of the cell lines after transfection with
the BMP2 siRNA versus the control (non-silencing). Data comes from average of three
independent experiment results and bars depict standard error between experiments. Results

normalised on parental.

5.3.3 Functional analysis of CTGF
5.3.3.1 Determination of secreted CTGF protein on cell lines media by ELISA

As for BMP2, CTGF is a secreted protein and could impact on cell growth via an
autocrine mechanism. However, attempt to detect secreted CTGF (using the human CTGF
Mini ABTS ELISA Development Kit (from PeproTech)), were not successful. The ELISA was
repeated three times, however, the absolute standard concentrations based on standard
curve plot was not reflective of the expected values and CV% of standards was very high
because of the variation between duplicates of standard/samples. Therefore, the data
obtained was not reliable (data not shown) and alternative approaches may be required

to assess if ALL cells do indeed secrete CTGF.
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5.3.3.2 CTGF siRNA transfection on ALL and Lymphoma Cell Lines

To investigate functional role CTGF expression in ALL as DSDG candidates, siRNA
mediated knockdown method was attempted in two ALL and, as controls, two lymphoma
cell lines. As described in section 5.3.1.2.2, PreB697 exhibited the highest expression of
CTGF at the RNA level, while SEM expressed about 20-fold lower levels. Oci-Ly-18
expressed BMP2 mRNA transcript at a very low level and Toledo was negative. Either
synthetic CTGF siRNA smart pool or non-silencing duplexes as a control were used for
transfection. To assess impact of reduced expression of CTGF on ALL cell lines whether
result in cell growth and/or survival, XTT and caspase 3/7 experiments performed post-
transfection at 72 hr/144 hr and 48 hours respectively on both ALL and Lymphoma cell

lines.

5.3.3.2.1 Knockdown Efficiency of CTGF-siRNA Transfection

gRT-PCR was carried out to assess whether reduced CTGF transcript after CTGF
siRNA mediated transfection in both ALL and lymphoma cell lines, cell pellets were
collected from each cell lines at 48 hrs post-transfection. For the ALL cell line, the average
knockdown efficiency was relatively low for both cell lines, with 22.9% and 29.9% for
PreB697 and SEM respectively. In the lymphoma cell lines, average knockdown efficiency

was 30.4% for Oci-ly-18 cell line. The Toledo cell line does not express CTGF (Figure 5.13).
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Figure 5.13. siRNA mediated knockdown result of CTGF
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gRT-PCR was performed to assess KD% efficiency at pot-transfection 48 hours. Average KD
efficiency was 29.9% for PreB697, 22.9 % for SEM and 30.4% for Oci-Ly-18 cell lines when
compared to control (non-silencing siRNA transfection Data based on qRT-PCR of three
independent experiments and bars depict standard error. qRT-PCR results were normalised

against to house-keeping gene GAPDH.

5.3.3.2.2 Effect of CTGF siRNA transfection on Cell Proliferation

Although, the efficiency of knockdown following siRNA transfection was low, it was
consistently detectable in all CTGF expressing cell lines. Thus, to determine if this impacted
on cell growth or survival, the XTT assay was performed at 72hours and 144 hours post-
transfection. As can be seen on Figure 5.14, PreB697 and SEM cell lines exhibited a slight
reduction on cell growth following CTGF siRNA mediated transfection, particularly at 144-
hours post-transfection when compare non-silencing control. However, this difference did
not reach statical significance (p>0.05) when compare non-silencing control. In the
lymphoma cell lines, there was generally no reduction in the CTGF siRNA transfected cells
versus the control siRNA, except a small, again non-significant, reduction in Oci-ly-18 at 72

hours post transfection.
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Figure 5.14. XTT results after CTGF siRNA transfection

CTGF siRNA transfection displayed slightly negative impact upon cell proliferation on ALL cell

lines at 72 hours and 144 hours but there were no statistically significant differences compared

with the control. Of the lymphoma cell lines, only Oci-ly-18 cell lines gave a small decrease at 72

hours, however, this was also not statically significant. Data comes from average of three
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independent experiment results and bars depict standard error. Results (or absorbance at

450nm) normalised to the parental, non-transfected cells.

5.3.3.2.3 Effect of CTGF siRNA transfection on Cell Survival

Following to transfection at 48 hours, the Caspase-glo 3/7 assay was carried out to
determine whether CTGF2 siRNA transfection resulted in induction of caspase activity. As
can be seen in Figure 5.15, there was no clear CTGF siRNA specific increase in caspase
activation in any of the cell lines. Non-specific activation of caspase activity was seen in
PreB697 cells (as previously observed above following transfection with control and
BMP2-specific siRNA). There was a higher level of caspase activity in this cell line following
transfection with the CTGF siRNA (versus control) but this difference was not statistically

significant (p>0.05).
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Figure 5.15. Detection of apoptosis dependent cell death after CTGF siRNA mediated
transfection

Caspase-glo 3/7 assay was performed at post-transfection 48 hours showed no significant
activation of caspase activity specifically associated with the CTGF siRNA transfections.
There was small increase in the PreB697 cell line, but this was not statistically significant.
Data is average from three independent experiment and bars represent standard error

between experiments. Luminescence reading normalised to the parental cells.
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450nm Abs normalised on parental

5.3.3.3 Antibody against to CTGF

As mentioned in section 5.3.3.1, ELISA results were inconclusive to determine
secreted CTGF protein by cell lines as requirement of functional autocrine signalling,
therefore, we wanted to test whether secreted CTGF in cell lines media and if so, inhibiting
extracellular CTGF via anti-CTGF ab to determine role of CTGF on ALL. Thus, ALL and
lymphoma cell lines were treated with the anti-CTGF Ab (Pamrevlumab (FG-3019) at
100ug/ml and 30ug/ml to determine if this impacted cell growth/survival due to blocking
of any secreted CTGF. The concentration of FG-3019 was selected based on a previous
report [347] and [348]. After addition of the inhibitory antibody, the XTT assay was carried
out at 48 hours and 96 hours post treatment. At 48hrs, there was no and/or only a slight
reduction of cell growth in all cell lines and no statistically significant reductions were seen
(p>0.05 for all cell lines). At 96 hours, again no statistically significant decrease in viable
cells was seen (p>0.05, for all cell lines). In the lymphoma both cell lines showed slightly
reduction of cell proliferation when treated with the 30ug /ml dose on both day (p>0.05)
(Figure 5.16). However, this wasn’t consistently seen, and no reduction was seen with the
higher dose of antibody. Overall, there was no clear evidence that anti-CTGF antibody
impacted the growth of either ALL or lymphoma cell lines regardless of their CTGF

expression status.
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Figure 5.16. Results of anti-CTGF antibody on All and Lymphoma cell Lines

XTT assay was performed at 48 and 96-hours post-transfection. None of the cell lines exhibited
consistent statistically significant reductions in viable cells at either of the doses tested. Data
comes from average of two independent experiment results and bars depict standard error

between experiments. Results (or absorbance at 450nm) normalised on parental.
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5.3.4 Functional assessment of NPY
5.3.4.1 Determination of secreted NPY protein in cell lines media by ELISA

An ELISA assay was used to assess secreted NPY protein in media taken from ALL
and lymphoma cell line cultures. The assay used was a competitive ELISA and consequently
there was inverse correlation between OD measurements and concentration of NPY in the
assay samples. A standard curve was plotted after each experiment based on mean
absorbance on Y axis and protein concentration of standards on X axis (Figure 5.17-A).
Then absolute concentration and percentage coefficient variance (CV%) of
standard/samples were calculated by Omega Data Analysis program (Figure 5.17-B). The
assay was repeated twice and gave similar results showing that the standards gave results
close to the expected values and with relatively low coefficients of variation (CV%) in the
majority of standards, although the second and lowest standard had higher CV% (31 and
45%, respectively). However, as can be seen in Figure 5.17-B, all samples gave
undetectable readings, even though several of the cell lines were strongly positive in the
gRT-PCR assay. Furthermore, this lack of ability to identify secreted NPY was not limited to
ALL cell as two further positive (by qRT-PCR) cell lines were included SKNAS and GIMEN

(both neuroblastoma cell lines) and these also gave undetectable reading.
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Sample Concentration (pg/ml) * | %CV**
STANDARD 1 2140,178 0
STANDARD 2 990,439 30,9
STANDARD 3 509,74 4,3
STANDARD 4 248,913 14,4
STANDARD 5 122,033 44,6
PREB697 Undetected™*** n.a.
REH Undetected*** n.a.
RCH-ACV Undetected™*** n.a.
SEM Undetected*** n.a.
NALM6 Undetected™*** n.a.
DAUDI Undetected*** n.a.
JIYOYE Undetected™*** n.a.
TOLEDO Undetected*** n.a.
OCI-LY-18 Undetected™*** n.a.
SKNAS Undetected*** n.a.
GIMEN Undetected™*** n.a.

Figure 5.17. ELISA result of NPY protein expression in parental ALL and Lymphoma cell
line’s media

ELISA was performed to assess the presence of NPY protein in media used to grow ALL and
Lymphoma cell lines. A-Standard curves was plotted by mean of OD450nm corrected to the
blank reading on Y axis and concentration of standards on X axis B- Concentrations and
percentage coefficient variant of standards and samples. Assessed Concentration of
standards was similar to the known concentrations and percentage CV was lower than
20% except second and lowest standard. There was no detectable NPY protein in ALL,
lymphoma or positive control cell lines and readings were at the background level derived
from unused RPMI media. Data is shown derived from single experiment. (r’ was 0.99)
**picogram per ml. ** percentage of coefficient variation (%CV). ***Undetected refer to
a reading at or below the reading given in the control media alone (i.e. fresh media never

used for growing cells) wells.

5.3.4.2 Determination of intracellular NPY protein by Western Blotting

From the results described above it is clear that most of the ALL cell lines are clearly

positive for NPY expression at the RNA level, but that secreted protein could not be
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detected. This could be because the transcript is not translated or it is translated, but some
or all of the NPY protein that is produced remains intracellular. Therefore, we further
wanted to check whether intracellular NPY protein could be identified in ALL and
lymphoma cell lines. The ALL cell lines SEM, PreB697 and NALM6 were used for ALL, as all
three are positive, but SEM expresses about 100-fold lower levels of transcript. Three
lymphoma cell lines (Daudi, Jiyoye and Toledo) were used as negative controls based on
an absence of any detectable NPY mRNA expression (detailed in 5.3.1.2.3). Two
neuroblastoma cell lines, SH-SY5Y and GIMEN were also included as additional non-ALL
cell lines that were also strongly positive at the RNA level. According to the manufacturer,
expected size of mature NPY protein was 11kDa size but as can be seen in Figure 5.18,
there was no detectable NPY protein on any cell lines tested, even those strongly positive
for the transcript. All samples (excluding Jiyoye) gave a clear positive with the B-actin
loading control. A background band was seen at around 80kDa, however, this is too large
to represent NPY and is a known background band reported by the manufacturer for this

antibody. The western blot was repeated with the same cell lines however, results was

identical.
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Figure 5.18. Detection of intracellular NPY protein

Western immunoblotting was performed to assess NPY protein expression in ALL and
lymphoma cell lines. GIMEN and SHSY5Y cell lines were included as additional, non-ALL,
cell lines that were positive at the RNA level. No mature NPY protein, with an expected size
of 11kDa, could not detected at any of the cell lines. B-actin was used as a loading control.

JIYOVYE failed to exhibit any bands, even for B-actin, suggesting that there was a technical
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issue with this sample, but detection of B-actin was as expected for all other cell lines. Data

is derived from a single western blot experiment.

5.4 Discussion

The original bioinformatic analysis identified four DSDG candidates (BMP2, CTGF,
NPY and ZNF423) predicted to be specific for ALL. The primary aim of this chapter was
investigating the potential functional role of the identified DSDG candidates in ALL with
the aim of identifying novel therapeutic targets that could contribute to improving the
management of ALL. To represent different cytogenetic subgroups, multiple ALL cell lines
were chosen for functional validation that are derived from different ALL cytogenetic
subgroups. BMP2, CTGF and NPY genes were chosen for functional tests in this study. The
role of ZNF423 in ALL has been identified and also both DMR was located over 18kb away
from the TSS and limited time in the laboratory, ZNF423 gene was removed from

functional tests.

5.4.1 All Candidate Expression Profile
5.4.1.1 mRNA expressions of Candidate Genes

As three candidate genes tested in here are secreted proteins. To understand their
functional roles in ALL, we started to investigation with analyses their mRNA expression
along with their receptors. In addition, ELISA was performed to determine they were
secreted by ALL cell line to investigate whether they have functional autocrine pathway.
Also, intracellular protein expression of candidate’s genes were carried out by western

blotting.

We started investigation of BMP2 on ALL with we wanted to check BMP2 mRNA
expression, it's receptor expression at RNA level, secreted BMP2 protein on cell lines
media and intracellular BMP2 protein expression. To identify whether functional BMP2
signalling present on ALL cell lines, BMP2 and its relevant mRNA expression were
determined by qRT-PCR. Four of five ALL cell lines were found as expressed BMP2

transcript (except NALM6 cell line). In addition to, as requirement of functional BMP2
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signalling, type | and type Il BMP receptors expression identified; detectable mRNA
expression of BMPR1A, ACVR1 and two type Il receptor BMPR2, ACVR2B have been
determined on all ALL cell lines. Conversely, BMPR1A and BMPR1B were type | receptors
that associated with BMP2 and BMPR2, ACVR2A and ACVR2B were type Il receptors that

associated with BMP2 based on Phylogenetic analysis in previous reports [349] [350].

Similar to BMP2 results, CTGF mRNA expression was detected in all ALL cell lines apart
from NALMG. This results consistent with previous results that CTGF was found specifically
elevated in 70-80% B-ALL samples compared with T-ALL and normal peripheral blood/
hematopoietic bone marrow samples [351], [254], [352], [291]. Also, Reh, RS4;11 cell lines
were found expressed CTGF transcript while NALMG6 cell was reported as negative cell line

based on CTGF mRNA transcription in previous report [252].

Regarding with NPY gene results, all of ALL cell lines showed strong positive NPY mRNA
expression. Expression levels of potential NYP receptors, NYPR2 and NPYR5, was also
assessed. only the PreB697 cell line was found weakly expressed the NPYR2 transcript
while there was no detectable mRNA transcript of NPYR2 in other ALL and lymphoma cell

lines tested. There was no detectable NPYR5 transcript on any cell lines tested.

5.4.1.2 Protein expression of Candidate Genes

All three of the genes that were assessed as potential DSDG were all encoding
proteins that are typically expected to function following secretion from the cell. However,
in none of the cases could secreted protein be identified. For one of the ELISA assays used
there were significant issues with the controls and thus the results of this assay (for CTGF)
cannot be takes as reliable. However, for the NPY and BMP2 assays the control standard
curves suggested the assays were functioning as expected, but still not protein could be
identified. This could indicate that the proteins were either not secreted or that they were
secreted at levels too low to be readily identified. In addition, although the standard
curves in these two ELISA assays suggested that the assay was working well, secretion
could not be identified in any cell line. There was no standard “high secretion” cell line,
known to be positive by ELISA, that could be identified for either assay and so it can be
excluded. In contrast to our result of BMP2, Dai Q. et all [353] found elevated BMP2

protein expression detected by ELISA in B-ALL patients serum comparing control. The
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reason behind these results might be short half-life of BMP2 protein that mentioned on
previous report [324]. BMP2 and CTGF were previously identified as upregulated gene in
primary B-ALL sample’s bone marrow by microarray analysis [254]. Contrary to our results
of NPY, one study report that plasma NPY level in patients with paediatric B- cell precursor
ALL comparing control group by radioimmunoassay technique [253]. Potentially, this could
be explained by increased stability of NPY protein in serum versus in vitro conditions or if

the assay used was more sensitive than the assay used in this study.

Western blotting was performed to eliminate reason behind the ELISA results that might
be lack of intracellular mature BMP2 and NPY protein expression, however because of the
limited time in the laboratory CTGF western blot could not be attempted. In terms of
BMP2 protein results, there were no detectable protein for BMP2 in any cell line. The
underlying reasons might be that in vivo extracellular Furin protease is required to obtain
mature BMP2 protein [321] and antibody may not recognise the pre-cleaved form of
BMP2. In addition, the half-life of BMP2 protein has been reported to be very short [319],
[320], [324], therefore it may not have been detected in any cell line tested in this study
due to lack of stability. Regards of NPY western blot, there were no excepted band for
mature NPY protein in these cell lines tested. Similarly, for NPY, the antibody was against
the mature version may not recognised non-fully processed NPY if mature version of the
protein is not produced by ALL cells. Alternatively, the NPY protein may not be stable in

the ALL cell lines or mRNA of NPY may be blocked from translation.

5.4.2 siRNA mediated knockdown of candidate genes

To explore potential role of candidates as cancer specific gene, siRNA transfection
was performed to knockdown of BMP2 and CTGF then subsequently cell proliferation
assay, XTT, and cell survival experiment Caspase 3/7 were carried out to identify whether
knockdown of the gene have negative effect on cell growth/survival. Although high
transfection efficiency, knockdown efficiency was not optimal and significant amount of
candidate genes expression remained in cell lines tested. Therefore, role of BMP2 and
CTGF on ALL was not determined in present study. This may suggest that assessment of

these genes will require a different approach. In the lab we are currently investigating the
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potential for using a CRISPR/CAS9 based approach to allow more efficient assessment of

the potential function of identified DSDG and synthetic lethal gene candidates.

Contrary, a previous study by Hongbo Lu and colleagues found that silencing of CTGF
expression via shRNA in Reh and RS4;11 cell lines resulted in reduction of leukaemia cell
lines™ growth due to inactivation of the AKT/mTOR pathway and elevated level of cyclin-

dependent kinase inhibitor, p27 [252].

5.4.3 Inhibitors

Due to the technical challenge of siRNA on suspension cell line models, we decided
to perform inhibitor of candidate to assess whether they have role on ALL. As mentioned
in section 5.1.2.1, there is no available selective inhibitor for BMP2, therefore a less
selective inhibitor of BMP signalling, that targets multiple receptors, including those
expressed on ALL cells, was utilised. There was statistically significant reduced growth of
ALL cell lines at 0.5uM and 1uM concentrations after treated with specific inhibitor of BMP
receptors compared with the untreated control. Comparison of ALL and lymphoma cell
lines treated with BMP inhibitor shown statistically significant difference between growth
inhibition in the ALL and lymphoma cell lines at 0.5uM dosages at day2. Briefly, these
results suggest that there was significant effect of BMP pathway inhibition on specifically

ALL cell line model’s growth comparing lymphoma cell line models.

For the same purpose mentioned above, an antibody against to CTGF (Pamrevlumabor
FG-3019) was used to inhibit activity of CTGF in cell lines. There was no evidence of growth
disadvantage in the cell lines after treated with inhibitor ab against CTGF. These results
was similar to the previous report results that FG-3019 was used to investigate role of
CTGF inhibition on ALL [252] and pancreatic cell line models [348] , FG-3019 did not impact
of cell growth in vitro. To overcome, Lu et all examined FG-3019 combination with/out
conventional therapeutic agent in the xenograft using patient-derived leukemic cells. Their
results displayed that when conventional chemotherapy is combined with FG-3019
resulting in prolonged survival in mouse models however, FG-3019 did not show effect on

progression of leukaemia in vivo [252].
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Because of the non-sufficient mRNA expression of NYP receptors (NPYR2 and NPYR5), this

approach did not apply to NPY candidate gene.

Overall, we have identified four DGDS gene candidates across the ALL. BMP2, CTGF
and NPY genes were chosen for functional analysis to determine their role in ALL. All
candidates tested encodes secreted protein. However, cell lines models were not precisely
imitate microenvironment so ELISA experiments might the failed to detect this secreted
protein. In addition to, siRNA mediated transfection to knockdown of candidates was
failed. Therefore, their role in ALL could not be identified in the present study. To overcome
this, trying different silencing methods like short hairpin RNA (shRNA) or Clustered
Regularly Interspaced Short Palindromic Repeats (CRISPR) would be worthwhile in the

future to verify candidates” disease specific dependency role on ALL.
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6 FINAL DISCUSSION
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6.1 Overview of Study

The development of cancer is associated with the accumulation of genetic and
epigenetic changes within cells resulting in uncontrolled cell growth and proliferation,
[354]. Two key changes in DNA methylation pattern in cancer cells have been observed
including global reductions in the in total 5-methylcytosine levels and increased
methylation at promoter-associated CpG island [355]. Tumour suppressor genes may
acquire hypermethylation at their promoter CpG islands, resulting in gene inactivation
[152], on the other hand, some highly methylated genes and repetitive sequences can be
over-expressed or activated due to hypomethylation, potentially contributing to genomic
instability and cancer development [356]. Consequently, DNA methylation pattern in
cancer is quite complex [357]. Even though DNA methylation is complex in cancer and can
appear to be stochastic, individual types of cancer clearly display cancer type-specific DNA
methylation patterns. Moreover, different cancer types which arise from same normal
cells, such as leukaemia and lymphoma derived from B lymphocytes, display altered
patterns of DNA methylation which are highly similar [152], suggesting that the cell of

origin is a key driver of the abnormal methylation patterns seen in cancer cells.

Prior to this study, our group reported a novel bioinformatic approach which based
on integration genome-wide methylation data with genome-wide expression data to
identify functionally relevant genes in specific cancer subtypes. The hypothesis underlying
this approach was that the vast majority of methylation changes that occur in cancer
development are predictable consequences of proliferation of the specific cell type
involved and the failure of these predictable changes to occur at a specific gene in a
specific subtype implies that a selective pressure must exist in that subtype to prevent the
acquisition of methylation of that gene and so enable retention of expression. This
original approach was initially applied to ALL genetic subtypes but subsequently expanded
to multiple types of haematological and solid tumours and was found to identify candidate
genes in almost all subtypes assessed which had a high rate of functional confirmation
(80% of candidates analysed to date). However, a limitation to this approach is that any
genes identified could only be relevant in a single molecular subtype which would often

represent a very small number of patients. In this study, we have aimed to build on this
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initial approach by expanding the main level of analysis from a molecular subtype to the
whole disease level and in this way aim to identify potential new therapeutic targets that
would be applicable to larger patient groups (i.e. all patients from a single cancer type).
We hypothesised that this may be possible for multiple cancer types derived from the
same normal cell type as the “default” pattern of acquired methylation due to cell
proliferation would be the same. Indeed, a project carried out in parallel with this study,
aimed at mapping the derivation of all methylation changes occurring in B-cell derived
malignancies, determined that the vast majority (88%) of methylation changes in B-cell
malignancies were related to cellular proliferation and independent of disease state (with
9% of changes related to differentiation status and only 3% cancer specific) ( Lalchununga,
Atasoy manuscript in preparation). Therefore, these results indicating that the similarity
in methylation changes seen across all B-cell malignancies will potentially enable us to
expand our initial approach and identify methylation changes which are only selected for
in the context of specific diseases and would be compatible with a disease specific
function. In this analysis we were able to provide initial proof of principle that this disease
level approach was able to identify candidate genes based on highly disease specific
methylation and expression patterns. Consistent with the high degree of similarity in
methylation patterns between the disease this analysis did not detect a high number of
genes with disease specific methylation and expression differences, and only a total of 13
candidate DSD/TSG genes across five B-cell malignancies were identified. While the total
number of DSDG candidates identified was quite low it was notable that four of the seven
candidates (SOX11 [256], MFHSA1 [261] (for MCL) and CTGF [252], ZNF423 [251] (for ALL)
have been already linked B-cell malignancies, suggesting that the genes identified by this
approach are likely to include those with a genuine disease specific functional role. In
addition to elevated mRNA and serum expression of BMP2 [254] and NPY [253]
respectively, have been found in ALL samples but their functional roles, if any, in ALL is
currently unknown. The final identified DSDG candidate, SNX18, identified in CLL, has not
previously been reported to be associated with CLL or any other B-cell malignancy. This
results partially suggest that novel bioinformatic approach designed by our group is
effective to identify candidate genes at a disease specific level which could lead to the
identification of noel therapeutic targets. However, functional tests done in present

project to assess the potential role of several of the ALL-specific DSDG candidates failed
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to give definitive results and further assessment of the candidates is required to get a
clearer idea as to whether the candidate genes identified by this approach are likely to
include genes with crucial disease specific functional roles. This could be achieved by
targeting candidate DSDGs by other RNA interference techniques, such as shRNA or gene
manipulation technique like CRISPR system, that can lead to more complete and stable
gene inactivation. In addition to, as mentioned in chapter 3, three of four ALL specific
DSDG candidate’s product were proteins whose normal function is largely dependent on
secretion of the protein. Further work would be needed to confirm protein secretion in the
assessed cell lines models, either through more sensitive ELISA analysis or mass
spectrometry approaches., If secretion can be confirmed, in vivo model system might be
more appropriate to assess the functionalrole in ALL disease, as this would allow impact

on the microenvironment to be taken into account..

In addition to DSDG candidates, this analyse determined that the disease level approach
was also able to identify TSG candidates, although again the total number of candidates
(six across five B-cell malignancies) was low. Unlike the identified DSDG candidates, most
of the identified TSG candidates are novel and have not previously been clearly linked to
B-cell malignancies. Interestingly, four of the six TSG candidates were identified in ALL.
This contrasts with our initial subtype specific approach which identified 21 SL gene
candidates but did not identify any subtype specific TSG candidates. Three of the four
candidates were assessed for potential tumour suppressor function in ALL cell line models,
leading to the identification of SLC22A15 as a potential novel functionally relevant gene
in ALL. These results also provide evidence that the approach trialled in this project is able

to identify novel, functionally relevant, genes.

In this analysis we have focussed on the identification of candidate genes in B-cell
malignancies. However, the original subtype specific approach was expanded to multiple
other tumour types (medulloblastoma, neuroblastoma and hepatocellular carcinoma),
raising the question about whether the disease level analysis reported here could also be
expanded to other cancers. A key feature of the B-cell malignancies utilised in this project
that was identified in advance was the strong similarity in methylation patterns between
the diseases. Thus, prior to attempts to expand this approach to other types of cancer,

such as paediatric brain tumours, it would be important to compare already existing
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genome wide methylation profiles to identify sets of diseases that exhibit strong overlaps
in their patterns of altered DNA methylation. As methylation profiles on relatively large
sample sets are publicly available for many cancers types this analysis would be readily

achievable.

Our bioinformatic approach potentially could be expanded to identify functionally
relevant genes like SL partner for specific genetic lesions shared between multiple cancer.
This could be done using essentially any biological or clinical aspect that allows
stratification into different subgroups, such as key clinical factors, response to therapy
and, in particular, specific genomic lesions. Taking advantage of specific genetic lesions
that occur in multiple cancer like p53 mutation, MYC amplification, SL gene partner
identified in one cancer type may be similarly targetable in other cancer types with same
genetic lesion such as that Poly (ADP-ribose) polymerase (PARP) inhibitors against both

breast and ovarian cancer cells which have BRCA1/2 mutation [358].

Further work section — The functional analyses of the DSDG candidates in ALL presented
here failed to clearly determine if the DSDG candidates were functionally relevant or not.
The studies had a number of technical difficulties that resulted in a failure to achieve
sufficient specificity of inactivating the candidate genes or their protein products. A key
part of this was difficulties in achieving substantial knockdown using siRNA transfections.
Therefore, trying alternative knockdown/knockout methods like shRNA and CRISPR
methods may allow for more efficient but also longer-term knockdown of the candidate
DSDG genes. Recently, we have initiated a project to establish a CRISPR/CAS9 based
system which includes a fluorescent marker to allow rapid assessment of genes without
the need for a selection step (essential for the assessment of genes predicted to be lethal
when inactivated). This project is initially focussing on medulloblastoma, but a similar
approach could be used to more thoroughly assess the potential of the identified DSDG

candidates to be investigated as novel therapeutic targets.

Our results suggest that there might be cell death mechanisms, other than caspase
dependent apoptosis, that are induced following re-expression of SLC22A15 in ALL cell
line models. Therefore, investigation of other potential cell death mechanisms, would be

merited. For example, autophagy could be assessed by analysis of autophagy specific
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protein markers by western blot or flow cytometry identification of the specific pathways
that are altered due to loss of SLC22A15 expression may allow the identification of
potential targets in SLC22A15 deficient ALL cells. In addition, identification of SLC22A15
protein location within the cell membrane by immunofluorescence microscopy, may allow
determination of potential interactions with other proteins to gain greater insights into
the normal function of SLC22A15. In addition, this may allow clarification of whether
mislocation inside the cell, such as localising to the cytoplasm and/or nucleus could occur
specifically in ALL disease. Furthermore, identification of SLC22A15 specific ligands by

mass spectrometry might suggested possible pathways for targeting SLC22A15 absence.

Overall, current project presented here shows that our original bioinformatic approach
could be modified to allow the identification of candidate genes at a whole disease level
and that this approach is able to identify previously unappreciated function genes, such
as SLC22A15, which have functional relevance across all molecular subgroups of a specific

cancer type.
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