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Abstract

Abstract

Chronic lymphocytic leukaemia (CLL) is a disease predominantly of elderly people and
therefore is becoming increasingly important given Australia's ageing population. One
of the most important prognostic markers in CLL is a deletion of the short arm of
chromosome 17 (dell7p), which harbors a tumour suppressor gene (TP53). Loss of
function of the encoded p53 protein, either by deletion or mutation, results in
aggressive disease. However, it has been hypothesised that low frequency loss of
TP53 genes (<25% of cells carrying dell7p) may not carry the same clinical
significance, particularly early in the disease course. To further confound this issue, it
has not previously been possible to identify the additional genetic mutations which
may be contained within these small del17p sub-clones in CLL. Clinicians are faced
with these fundamental issues when selecting best therapy, which is usually guided
by risk calculations based on the genetics of the disease. Therefore, to address this
gap in knowledge, this study investigated primary CLL samples containing del17p low
frequency clones, including their baseline characteristics, genomic profiling and

relationships with other genetic aberrations.

With respect to the intra-clonal heterogeneity of low frequency dell7p CLLs, this study
has demonstrated a sub-clonal architecture and hierarchy that is different to current
assumptions. From the data presented, it is apparent that del13q associates with low
frequency dell7p sub-clones; this association is not evident in the patients where
dell7p forms the dominant or high-risk clone. Additionally, through the application of
high-throughput laser scanning FISH analysis, it is evident that dell7p sub-clones

arise independently or at least simultaneously with del13q clones, which is currently
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thought to represent a founder event. Whilst determining the clinical impact of this
finding requires larger studies, this finding demonstrates a clear genetic difference
between dominant and non-dominant dell7p clones, and may help to explain the

differences in their clinical course.

A direct comparison of the clinical application of three current FISH techniques was
also undertaken, incorporating analysis of trisomy 12 CLL samples with the
chromosome 12 centromeric probe. This work clearly demonstrates the clinical

applicability of automated approaches to FISH analysis.

In order to identify the underlying driver mutations in low frequency dell7p CLL sub-
clones, a reliable technique is required to identify and analyse these small sub-clones.
This study has demonstrated the ability to utilise fluorescence in situ hybridisation in
suspension (FISH-1S), a method which combines a state of the art flow cytometer with
image analysis of individual cells, to capture and record thousands of cells by
ImageStreamX. This study has provided the first demonstration of the
sensitivity/accuracy of FISH-IS in distinguishing aneuploidy subgroups at 1% with
various centromere enumerate probes (CEP) on CLL samples. This is also the first
report of a locus-specific probe set being used to identify low frequency dell7p in CLL
by FISH-IS, with the fluorescence signal made analysable by the use of a 17p BAC
probe contig (consisting of labelled bacterial artificial chromosome DNA from the RP11
library). This method enables a prognostic test to reliably detect very low frequency
dell7p sub-clones with a reliable number of cells monitored at 3%, with the potential

for these cells to be genetically analysed as a separate sub-clone.
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Hence, the ultimate aim of this work was to flow sort low frequency del17p sub-clones
and genetically analyse these cells specifically. This has been accomplished as a
proof of principle experiment, which is the first time the genomic landscape of dell7p
sub-clones has been able to be interrogated in an unbiased manner. Taking this work
forward, this technique will enable, for the first time, a specific and in depth genetic
analysis of the untreated low frequency dell7p sub-clones, with a view to being able
to identify the early genetic abnormalities that accompany this event. This method will
thereby provide information regarding the differences between early and late events
that may lead to the chemo-refractoriness and aggressive CLL phenotype
accompanying higher frequency TP53 genes loss. Critical to further understanding of
the relevance of early minor sub-clones is the determination of the genetic profiles of

these sub-clones and the identification of potentially druggable driver mutations.
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Chapter 1 — Introduction

1 Chapter 1 - Introduction

1.1 Normal biology of B lymphocytes - IgHV
1.1.1 B-cell development

B lymphocytes are derived from a hematopoietic lineage and represent an
important part of the cognate immune system (Lai et al. 2008, Montecino-
Rodriguez et al. 2012). The different pathways of B cell development are
regulated by an ordered rearrangement of the antigen receptor genes. Early B
cells undergo several gene rearrangements which encode for heavy (H) and
light (L) chains, containing variable (V) and constant (C) regions (reviewed in
Pieper et al. (2013)). As B-cell development continues, cells with appropriate

receptor molecules are selected through an antigen recognition process.

In order to become fully functional, there are two waves of immunoglobulin gene
rearrangements, first involving the heavy chain, and then the light chain gene
loci to form functional immunoglobulin genes. The heavy chain genes are
assembled from one of several V region genes, one of several D segments,
and one of several J segments. In the first step, B cell precursors that performed
Du-Ju rearrangement at their heavy chain genes are named pro-B cells,
followed by the rearrangement of Vn to Du-Jn segments that are termed pre- B
cells. If successful, these cells will attempt to transcribe and then translate the
K chain which feeds back on the complete mechanism of heavy chain gene

rearrangements.

The next step is the rearrangement of light chain genes (2 types: kappa and

lambda), which will combine from one of several VL region genes and one of
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several JL segments. Once VL -JL joining has occurred, cells expressing
complete B-cell receptor (BCR) (Pinto et al. 2011) on their surfaces depart the
bone marrow as naive B cells. They migrate from the bone marrow to the
peripheral blood and the secondary lymphoid organs, including lymph nodes,
spleen and Peyer’s patch where they encounter antigens. Contact with antigen
and helper T-cells triggers B cells to differentiate further. The activated B cells
migrate to the germinal centres (GC) and proliferate extensively; they also
undergo clonal expansion, somatic hyper-mutation (SHM) (Grubor et al. 2009),
affinity selection and class switching (reviewed in Pieper et al. (2013)). During
SHM, mutations are acquired in the immunoglobulin (lg) genes, B cells that
acquire disadvantageous mutations or bind with low affinity to their cognate
antigen undergo apoptosis, whereas B cells that acquire high affinity are
positively selected (Wagner et al. 1996). Finally, antigen-selected B cells can
differentiate into memory B cells or terminally differentiated plasma cells which
secrete antibody and leave the germinal centre microenvironments (Hagman

et al. 1994, Thompson 1995, Oscier 1997).

The control of this process depends on the successful down-regulation of RAG
gene expression, that is, RAG1 and RAG 2 proteins (Grawunder et al. 1995,
Giachino et al. 1998, Herzog et al. 2009, Chiorazzi et al. 2011, Pieper et al.
2013). Additionally, there are many transcription factors involved in the
development of B cells, including Pu.l, E2A, ENF, Pax-5, Bcl-6, IRF4, BLIMP1,
XBP1, etc. (Scott et al. 1994, Shen et al. 1998). Recently, it has become
obvious that B cell differentiation is not only regulated at the transcriptional level

by these transcription factors, but also at the posttranscriptional level by small
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noncoding RNA, termed micro-RNAs (mi-RNA) (Chen 2004, Ferrajoli et al.

2013).

1.1.2 Somatic hyper-mutation and class switch recombination

Somatic hyper-mutation in immunoglobulin heavy chain variable region genes
(IgHV genes) is a valuable prognostic marker of patient survival in CLL (Grubor
et al. 2009). In fact, SHM is a process which allows point mutations to be
introduced into productively or non-productively rearranged variable region
genes (IgV) at a rate of 10-2 per base pair per generation (Kocks et al. 1989).
The pattern of SHM is not random, using an intrinsic preference for transitions
over transversions and hot-spot motifs. Indeed, V-region gene mutations occur
at a high ratio to increase affinity for antigens in SHM. The immunoglobulin
heavy chain locus (IgH) is located on chromosome 14g32.33, and the functional
genes have been categorized into 7 subgroups depending on their nucleotide

homology, including IgHV1 to IgHV7 (Okazaki et al. 2002).

1.1.3 Cell surface immunoglobulin and B cell receptor in normal B-

lymphocytes

Lymphocytes (and other leukocytes) express different functionally important
molecules on their membranes, termed “cluster of differentiation” (CD). These
CD markers can be used to categorise different leukocyte subsets. CD19 and
CD20 are the principle markers used to identify human B cells. In adult humans,
B cells account for roughly 5-15% of the circulating lymphoid pool and are
defined by the presence of surface markers, namely immunoglobulin. This
associates with other molecules on the B cell membrane such as CD79a (Ig a)

and CD79b (Ig B) which form the BCR.
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B lymphocytes expressing CD5 are the predominant population in early life (in
the foetus or the first year after birth) and they rarely undergo germinal centre
reactions evidenced by unmutated V regions. As a result, in adults, the CD5+
B cells only account for approximately 15% of B lymphocytes in the peripheral

blood (Geiger et al. 2000, Pieper et al. 2013).

1.2 Overview of chronic lymphocytic leukaemia

Chronic lymphocytic leukaemia (CLL) is the most common adult leukaemia in
western countries, usually affecting individuals in their 7th decade of life and
beyond (Altekruse et al. 2010). This disease results from a clonal overgrowth
of B-lymphocytes in the blood and bone marrow, but also involves other
compartments such as lymph nodes and spleen. In addition, CLL is an
extremely heterogeneous disease, and is characterized by a highly variable

disease course where survival can range from months to decades.

The development of modern techniques has significantly improved the ability to
prognosticate for CLL, thereby impacting the choice and timing of therapy of
CLL. The mortality rate for CLL, however, remained unchanged for nearly three
decades in Australia with 1.4 deaths per 100,000 people in both 1982 and 2010.
The overall survival (OS) five-year rate for CLL remained relatively consistent
over these years in Australia and was 70.3% for the period 1982-1987 and

72.6% for the period 2006-2010 (CLL_statistics 2014).
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1.3 Pathology of CLL

CLL is an accumulative disease of B-lymphocytes, which are immature and
non-functional with a low rate of proliferation. These CLL cells result from B-
lymphocytes arrested at the GO/G1 phase in the cell cycle and failure to

undergo apoptosis (Dameshek 1967).

1.3.1 Cellular origin(s) of CLL

It is difficult to understand the origin of CLL even with a good understanding of
the normal B lymphocyte life cycle (Chiorazzi et al. 2011). The natural
processes of Ig V (D) J rearrangement, somatic hyper-mutation (SHM), and
class switching create unique sequences that not only provide a tracking device
for tumour detection, but also reveal the clonal history of the cell from its
parental B cell. Usually, the immune-phenotype of the tumour cells and/or the
identical histology of tumour cells demonstrate their origins. (Kuppers et al.

1999, Chiorazzi et al. 2003, Klein et al. 2010, Fabbri et al. 2016).

The different derivations of CLL cells can be seen in Figure 1.1. According to
current hypotheses, these can be divided into two subgroups: one originating
from pre—germinal centre B cells, with no somatic hyper-mutations (U-CLL), the
other from post-germinal centre B cells with mutations (M-CLL) (Klein et al.

2010, Seifert et al. 2012).
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Figure 1.1. A model for different derivations of CLL cells.

Naive B-cells may migrate to germinal centres (IgHV mutated) or not (IgHV
unmutated). Next these cells could receive ongoing activation through antigens
and accumulate genetic aberrations. This could lead to multiple clones with an
MBL phenotype or result in CLL transformation.

Adapted from Klein et al. (2010).

By contrast, experiments conducted on xenograft mouse models revealed that
the genetic aberrations and epigenetic lesions presented in haematopoietic
stem cells (HSCs) might develop into CLL clones (Kikushige et al. 2011).
Similarly, further reports demonstrated that the somatic mutations acquired in
CLL were found in HSCs, suggesting that CLL resulted from an expansion of
clonally pre-leukemic HSCs (Figure 1.2) (Damm et al. 2014, Genovese et al.

2014, Jaiswal et al. 2014).
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Figure 1.2. Development of CLL model from haematopoietic stem cells.

Adapted from Kikushige et al. (2011).

1.3.2 Monoclonal B lymphocytosis (MBL) and familial CLL (F-CLL)

The presence of monoclonal B cells in peripheral blood without any
lymphoproliferative disorder is called monoclonal B-cell lymphocytosis (MBL)
(Marti et al. 2007). MBL is an asymptomatic haematological condition
characterized by small B cells clones (fewer than 5000 B lymphocytes/uL) with
similar CD markers on the surface to that of CLL (e.g. CD5 and CD19) (Goldin
et al. 2010). The risk of transformation to CLL from MBL is approximately 1%
to 2% annually (Rawstron et al. 2008). In addition, this concept allows the
separation of two types of CLL: familial CLL (F-CLL), defined as a CLL case

with at least three blood relatives with CLL (Goldin et al. 2010).
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People of Australia, the USA and Europe (Western countries) show a high
incidence of CLL, whereas it is rare in China, Japan, or Southeast Asian
countries. The reasons for these differences are not conclusively known. It is
probable that additional genes confer a significant risk as part of the inherited
susceptibility which is called inherited predisposition (Houlston et al. 2003). The
ability to identify these susceptible genes for CLL in large scale genomic studies
by screening whole genomes for loci will play an important role in unfolding of
the etiologic pathways of CLL (Fuller et al. 2008, Goldin et al. 2010, Tegg et al.

2010).

1.3.3 Infection factors in the origin of CLL

It is hypothesised that CLL may result indirectly from the processes that result
in normal B lymphocytes continuing to divide without restraint after they have
reacted to an antigen; however, the mechanism is currently not understood
(Loeb 1947, Klein et al. 2008). Recently, it was suggested that MBL is an
immune trigger from infectious disease exposure (Casabonne et al. 2012).
Furthermore, it has been hypothesised that viruses might play an important role
in inducing CLL, but there is no evidence for this. Specifically, such a concept
presupposes that viruses are present, though in an inactive state, in all specific
organs or tissues. These viruses enable the normal cells to undergo a
cancerous change if stimulated by unknown sources which can cause somatic

mutations or other cancer promoting pathways (Casabonne et al. 2013).
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1.3.4 MicroRNAs in the pathogeneses of CLL

MicroRNAs (miRNAs) are small non-coding RNAs (approximately 22
nucleotides) that function as gene expression regulators, including for cell
proliferation and apoptosis (Subramanian et al. 2010, Chen et al. 2017). In CLL,
MiRNA has been reported to act as surrogate tumour suppressor genes and/or
oncogenes. Calin et al. (2002) was the first to demonstrate that loss of miR15
and miR16 (located at chromosome 13q14) was correlated with developing CLL
tumours. Subsequently, Cimmino et al. (2005) provided evidence that these
mMiRNAs induce cell apoptosis, negatively regulating the BCL2 genes (anti-

apoptosis).

1.4 Diagnosis of CLL
1.4.1 Clinical characteristics of CLL patients

Unlike other leukaemia, CLL patients present with a variety of disease
behaviours from indolent to aggressive forms; patients might or might not have
fever and sweats (or severe infections), weight loss, fatigue, anaemia, or a
propensity to bleed (thrombocytopenia). Palpable lymph nodes and hepato-
splenomegaly can be present and are a hallmark of clinically progressive CLL

(Hallek et al. 2008).

The heterogeneity of the genomic landscape of CLL has been characterized in
several large cohorts using SNP array analysis and massively parallel
sequencing. In addition to the four common chromosomal alterations (tril2,
dell13qgl4, dell1g22 and dell7p13); Dohner et al. 2000) (see section 1.6.3), A

landmark study by Landau (2015) suggested that CLL may be initiated with
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large chromosomal abnormalities (eg, dell3q, delllq, or tril2) followed by
additional mutations which may lead to the CLL clone becoming more
aggressive. This study also identified two distinct initiations of del13qg and tris12.
Landau et al. (2015) identified 44 recurrent mutated genes and 11 recurrent
somatic copy number variations in CLL, including NOTCH1, MYD88, TP53,
ATM, SF3B1, BIRC3, FBXW7, RPS15, IKZF3, ZNF292, POT1, CHD2, ZMYMS,
ARID1A and PTPN11l. The five common genes analysed in this study
(NOTCH1, TP53, ATM, SF3B1 and BIRC3) were described in section 3.1. A
shorter progression free survival (PFS) was reported in cases of TP53, SF3B1,
BIRC3, NOTCH1 and RPS15 mutations. The proliferation and/or survival from
B-cell malignancies depends on several major pathways including B cell

receptor (BCR), inflammatory responses, Wnt signaling and NOTCH signalling.

1.4.2 Rai and Binet staging systems

Both CLL staging methods, the Rai system (common in North America) and the
Binet system (used throughout Europe) are used in daily practice and clinical
trials. The original Rai classification (Rai et al. 1975) has five staging groups in
CLL, while the Binet staging is defined into three prognostic groups (Binet et al.

1981) (Table 1.1).

Ultimately, both these staging systems, which solely rely on physical
examination and blood count, classify CLL patients into three relatively parallel
groups with distinct prognoses: low, intermediate and high risk. However, these
systems alone are not sufficient to distinguish within these groupings, patients
who will have stable disease for some time from those who will have a more

aggressive form of disease (Shanafelt et al. 2006). Reliable prognostic markers
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are therefore needed to predict disease behavior, responses to therapy and
long term patient outcomes that facilitate insight into the biology of the highly

variable course of CLL.

Table 1.1. Clinical stage according to the Rai and Binet systems.

A. Clinical stage according to Rai (Rai et al. 1975).

0 Blood and bone marrow involvement only, no cytopenia.

I 0 + lymphadenopathy

Il 0 + splenomegaly/hepatomegaly with or without lymphadenopathy

0 + anaemia with haemoglobin < 110 g/L, with or without
organomegaly

0 + thrombocytopenia with platelets count < 100 x 10°/L, with or
without anaemia or organomegaly

B. Clinical stage according to Binet (Binet et al. 1981).

Number of involved lymph Haemoglobin (g/L) Platelets

node areas* (10°/L)
Binet A <3 > 100 > 100
Binet B >2 > 100 > 100
Binet C any <100 <100

*Each of the following five regions counts as one area: palpable nodes in the neck,

axillae and groins, clinically enlarged spleen and liver.

1.4.3 Laboratory features for diagnosis

To confirm the diagnosis of CLL, it is typical to evaluate the blood count,

examine blood smears by microscopy, and the immuno-phenotype of
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peripheral blood lymphocytes using flow cytometry (Hallek et al. 2008, Hallek
2013). In peripheral blood, the threshold for diagnosis is at least 5 x 10° B-
lymphocytes/L (or 5000/uL), however, a large number of patients develop
counts as high as 100,000 - 200,000/uL. The clonality of B-lymphocytes needs
to be confirmed by flow cytometry. Then, the most common morphological form
of CLL cells found in the blood smear are characterised by their small sized,
mature lymphocytes with a narrow border of cytoplasm and a dense nucleus

lacking discernible nucleoli and having partially aggregated chromatin.

1.4.4 Immuno-phenotype

The diagnostic and prognostic assessment of B-cell CLL (B-CLL) requires an
immuno-phenotype to be established due to its similar clinical presentations to
other B-cell malignant lymphoproliferative disorders, including mantle cell
lymphoma, hairy cell leukaemia, follicular, and non-Hodgkin’s lymphoma

(Jennings et al. 1997).

According to the International Workshop in CLL guidelines (Hallek et al. 2008),
CLL cells co-express the T-cell antigen CD5 and B-cell surface antigens CD19,
CD20, and CD23. The levels of surface immunoglobulin, CD20, and CD79b are
characteristically low compared with those found on normal B cells. Each clone
of leukaemia cells is restricted to expression of either kappa or lambda
immunoglobulin light chains. In short, CLL B cells typically express an antigen
profile including CD5+, CD19+, dim CD20, CD23+, CD27+, CD79b dim, CD22
dim, FMC7-, and low levels of surface membrane Ig (Dillman et al. 2008).
However, the percentage of cells within a given clone expressing individual

molecules can vary and the expression may offer some prognostic significance
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such as CD38. Some surface molecules, FMC7 and CD10 are often not
displayed on CLL cells and so their lack of expression helps to distinguish from
other lymphomas (e.qg. diffuse large B- cell ymphomas) (Uherova 2001, Oscier

et al. 2004).

1.5 Treatment

1.5.1 Criteria for initial treatment

In general practice, newly diagnosed CLL patients without any symptoms or at
the low risk stage (Rai O, Binet A), should be monitored. No current standard
treatment is effective in prolonging OS at these early stages unless they show
evidence of disease progression. This was demonstrated by the French
Cooperative Group on CLL (Dighiero et al. 1998), the Cancer and Leukaemia
Group B (CALGB) (Shustik et al. 1988), the American group (Raphael et al.

1991), and then confirmed by a meta-analysis.

Patients with both intermediate (Rai Stages | and Il or Binet stage A) and high-
risk disease (Rai Stages Il and IV or Binet Stage B or C) usually benefit from
the initiation of treatment or can be monitored without therapy until they show
evidence of progressive or symptomatic/active disease as defined by

International Workshop on CLL (iwCLL) guidelines (Hallek et al. 2008).

1.5.2 Treatment Components

1.5.2.1 Chemotherapy

1.5.2.1.1 Alkylating agents
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Historically, chlorambucil is the oldest standard treatment for CLL. It induces
partial remission in 60-70% of cases but no complete remissions (Rai et al.
2000, Hallek et al. 2004). Early CLL clinical trials looked at combinational
therapy approaches with chlorambucil, such as co-administering
corticosteroids and cyclophosphamide, but this was associated with a high

incidence of infections (Montserrat et al. 1988, Raphael et al. 1991).

1.5.2.1.2 Purine analogues

Treatment of CLL was rapidly revised by the introduction of purine analogues
(i.e. predominantly fludarabine, also pentostatine and cladribine), which inhibit
DNA polymerase and ribonucleotide reductase, promoting apoptosis (Grever
et al. 1987). Fludarabine is currently considered the most effective
monotherapy in CLL with CR ranging from 7-40%; failure of response to
fludarabine has been associated with poor prognosis (Raphael et al. 1991, Rai
et al. 2000, Keating et al. 2005). However, in CLL patients the response is short-
lived and the disease often becomes refractory to repeated courses of
treatment with the same drug, and single agent therapy has not been shown to

alter OS in CLL (Keating et al. 2002).

1.5.2.2 Immunotherapy

1.5.2.2.1 Rituximab

In theory, the expression of CD20 is reserved to B lymphocytes but its
expression is lost once the B cells differentiate to plasma cells, as the antigen
is not internalised or shed (Stashenko et al. 1980, Darzentas et al. 2013).
Therefore, despite little being known about the natural ligand and its precise in

vivo function, CD20 has become an ideal target for monoclonal antibody
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therapy in lymphoproliferative disorders (LPDs). Its role has been demonstrated
as a cell membrane calcium-acting channel (Uchida et al. 2004). Since 1998,
the introduction of rituximab to traditional chemotherapy based treatments has
improved the response rates in CLL and other LPDs, dramatically changing the

standard of care for these conditions (Marcus et al. 2007, Hagemeister 2010).

However, the OS rates (the percentage of patients who are alive for a certain
period of time from first time of diagnosis or first treatment) are relatively low
(23-45%) and complete remission is rare if the therapy contains only the single

agent rituximab (Byrd et al. 2001).

1.5.2.2.2 Alemtuzumab

Another antibody, campath-1H (or alemtuzumab) is a monoclonal antibody
against CD52, which is found on normal/malignant B and T lymphocytes
(Treumann et al. 1995). Its mechanism of action has been investigated over
several decades and is thought to induce cell death in three different ways:
complement activation (Heit et al. 1986), antibody dependent cellular
cytotoxicity (Greenwood et al. 1993) and apoptosis (Rowan et al. 1998). Early
studies demonstrated that alemtuzumab is an effective therapy in CLL but is
significantly associated with the incidence of severe opportunistic infections
that are the main cause of death. This is likely due to the presence of CD52 on
both B and T cells, which leads to a complete suppression of key components
of the immune response. Alemtuzumab has been considered as an alternative
option for poor prognosis patients for whom fludarabine treatment has failed
(Osterborg et al. 1997, Keating et al. 2002, Wendtner et al. 2004, Ferrajoli et

al. 2008). However, recent advances in therapies has relegated alemtuzumab
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to an infrequently used modality of therapy. Other studies have taken the
approach that alemtuzumab will be more effective in the management of

minimal residual disease (MRD) (Hillmen et al. 2007, Hertlein et al. 2013).
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1.5.2.3 Chemo-immunotherapy

While the combination of chlorambucil and fludarabine induces a similar
response as fludarabine alone, greater toxicity has been observed (Rai et al.
2000). The synergy between fludarabine and cyclophosphamide has proven

more effective (Eichhorst et al. 2006, Wierda et al. 2006, Eichhorst et al. 2009).

According to iwCLL guidelines, regimes containing fludarabine,
cyclophosphamide and the immunotherapy agent rituximab (FCR) are currently
the standard therapy for CLL (Hallek et al. 2008) and have greatly advanced
clinical outcomes for CLL patients including increased complete remission (CR)
rates, prolonged clinical remissions and evidence of increased OS using the
FCR chemotherapy regimen pioneered by Keating et al at the MD Anderson
Cancer Centre. (Byrd et al. 2003a, Keating et al. 2005, Tam et al. 2008, Robak

et al. 2010a, Robak et al. 2010b, Badoux et al. 2011a, Parikh et al. 2011).

1.5.2.4 New drug agents and other combinations in preclinical use or in

the clinic.

Many promising drug agents are still being studied. Most are based on targeting
various key proteins in BCR signalling and different pathways of apoptosis
(BCL2 and BH3 mimetics) (Hallek 2013). Following the promising results from
other haematological malignancies, immunomodulatory drugs are currently
being investigated in CLL (Sher et al. 2010) including chimeric antigen receptor

(CAR) T cells (Lorentzen et al. 2015).

A huge number of other treatment combinations have been investigated around
the world, such as clonidine with rituximab, methylprednisolone with rituximab

followed by alemtuzumab, or rituximab plus alemtuzumab, etc. Their detailed

44



Chapter 1 — Introduction

outcomes vary from paper to paper; however, until recently, none has been
proven to have higher efficacy than FCR (Elter et al. 2005, Elter et al. 2011,

Fischer et al. 2011, Bauer et al. 2012, Lepretre et al. 2012).

Several new agents in CLL treatment have had many successes in
preclinical research, which has then led to clinical trials. Examples of these
novel treatments include: monoclonal antibodies such as ofatumumab,
obinutuzumab (GA101), alemtuzumab (against CD52); targeting B-cell
signaling with idelalisib (Class | phosphatidylinositol 3-kinases (PI13Ks)),
ibrutinib (bruton tyrosine kinase (BTK)); B-cell lymphoma 2 (Bcl-2) inhibitors

with venetoclax (ABT-199). (Hallek, 2017)

1.5.2.5 Stem Cell Transplantation

Stem cell transplantation (SCT) is not widely used in CLL therapy for a number
of reasons. Firstly, more than 80% of CLL patients are aged above 65 years,
and due to both their age and the presence of co-morbidities, they are generally
not fit enough to suffer the highly toxic and risky SCT procedure (Dreger et al.
2007). Secondly, the cost-effectiveness of SCT and the quality of life are
guestionable, ranging from the long periods of time waiting for a suitable HLA
donor to the isolation protection needed for the patient after the heavy
chemotherapy required prior to SCT (Dreger et al. 2007, Le Dieu et al. 2007,
Schetelig et al. 2008, Tam et al. 2009a). Furthermore, allo-SCT may overcome
the unfavourable effect of unmutated IgHV genes in CLL patients who are in a
considerably poor risk group when treated with FCR approaches (Moreno et al.

2005). However, the decision to treat with allogeneic transplantation has
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increased during the last 5 years due to the excellent results achieved with new

emerging therapies (Montserrat et al. 2015).

1.5.3 Aim of treatment

The iwCLL has given detailed criteria of the different categories/levels of
treatment response or definitions of refractory disease. However, whichever
available therapies are used, the ultimate aim of treatment is to achieve the
maximum disease eradication to less than detectable MRD as soon as and for

as long as possible (Nabhan et al. 2007, Varghese et al. 2010).

Regarding the technology to measure MRD, the quantitative methods to assess
MRD with flow cytometry are more accurate than consensus polymerase chain
reaction (PCR), but allele specific PCR provides the most sensitive results in
determining disease response and predicting clonal evolution (Maloum et al.
2002, Moreno et al. 2006). However, this procedure has not yet been taken up
in routine practice (Hallek et al. 2008, Bottcher et al. 2012). MPS approaches
have also been used but immuno-phenotyping remains the most widely

accepted tool for MRD detection.

1.6 Markers for prognosis

While the diagnosis of CLL is quite simple, itis very challenging to prognosticate
individual outcomes of CLL due to its highly variable clinical course. Classically,

the significant prognostic factors are identified as follows:

1. Clinical characteristics such as age, sex, performance status,
lymphadenopathy, and hepato-splenomegaly (Cramer et al. 2010,

Shanafelt et al. 2010).
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2. Haematological/laboratory = parameters: blood Ilymphocyte count,
lymphocyte doubling time (LDT), haemoglobin level, and platelet count.
According to Montserrat et al. (1986), an LDT of >12 months is also
indicative of the good prognosis associated with longer treatment free period

(TFP) and OS.
3. Biochemical laboratory parameters:

- Markers of tumour burden: serum albumin, calcium, uric acid, lactate
dehydrogenase, alkaline phosphatase and creatinine. Increased levels of
lactate dehydrogenase have been associated with poor outcomes (Han et

al. 1985).

- Serum parameters (Bergmann et al. 2007): B2 microglobulin, Thymidine

kinase (TK) and soluble CD23 (sCD23) (Hallek et al. 1999).

In recent decades, thanks to significant technological developments, the most
prominent molecular markers encompass the mutational status of the IgHV
gene, chromosomal aberrations assessed by FISH and also membrane

markers (CD38 and ZAP70).

1.6.1 IgHV gene mutational status

The mutational status of the IgHV genes are identified by comparing the
homology between DNA sequencing of CLL patients with similar germ line
genes. Unmutated is defined as an IGHV sequence = 98% identity to germ-line
(Damle et al. 1999, Hamblin et al. 1999). Patients with unmutated CLL (U-CLL)
have inferior prognosis whereas CLL patients with mutated IgHV often have

slower progression with long OS. IgHV mutational status is also predictive of
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better response to therapy with FCR (Hamblin et al. 1999, Krober et al. 2002,

Lin et al. 2003, Thompson et al. 2016).

1.6.2 CD38

During B-lymphocyte development, CD38 expression changes over time, is
upregulated before B cells enter the germinal centre, and decreases during
differentiation, and is completely absent on memory B cells (Moreno-Garcia et
al. 2004). The establishment of appropriate cut-off levels to distinguish CD38
positive and CD38 negative cases has been challenging to define. Indeed,
Damle et al. (1999) showed a strong association between IgHV mutation status
and CD38 expression with the typical cut-off of 30%. The association between
CD38 positivity and poor clinical outcome in CLL has been well documented
(Zucchetto et al. 2006, Van Bockstaele et al. 2009, Kempin 2013). This
relationship could be explained by the fact that the presence of CD38 is
predominately found on cells in the proliferative compartment of CLL, so a high
expression of CD38 corresponds with more aggressive disease (Jelinek et al.

2001).

1.6.3 Cytogenetic markers

Cytogenetic markers are now considered the most important prognostic
markers in CLL. Dohner et al. (2000) established the use of cytogenetic
analysis by standard fluorescence in situ hybridisation (FISH), which has shown
that more than 80% of CLL patients have genetic aberrations that can be
identified among their malignant clones. The most common cytogenetic
aberrations are shown in Figure 1.3, including trisomy 12, deletions of 13q14,

11922 and 17p13 (Dohner et al. 2000). Based on cytogenetics, del13q as sole

48



Chapter 1 — Introduction

abnormality had the superior outcome, median groups had normal-by-FISH and
trisomy 12, followed by delllg which had poor prognosis. It is evident that
dell7p had the worst prognosis with probability of survival less than 20% after
48 months. In addition, this study also showed that the median survival time of
sole abnormality del13q, normal karyotype, trisomy 12, del11q and dell7p were

133,111, 114, 79 and 32 months, respectively (Figure 1.3).
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Figure 1.3. Kaplan-Meier graph showing overall survival of CLL patients

according to five common genetic categories.

Adapted from D6hner et al. (2000).

1.6.4 Conventional fluorescence in situ hybridisation (conventional

FISH)

1.6.4.1 General conventional FISH technique
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FISH is a cytogenetic technigue used to detect and localize the presence or
loss of specific DNA sequences on chromosomes. Labelled probes are used
that bind to specific regions of the chromosome with which they show a high
degree of sequence complementarity. Either radio-, fluorescence-, or antigen-
label can be used to label these probes. The cells labelled with the probes are
visualized by autoradiography, fluorescence microscopy, or

immunohistochemistry respectively, according to probe type (Jin et al. 1997).

The earliest FISH technique was performed in the late 1960s with radiolabelled
probes (Gall et al. 1969). The first report on chromosome identification by
fluorescence hybridisation was in 1986 (Pinkel et al. 1986). The FISH technique
has been developed continuously as a very powerful tool in both clinical setting
genome diagnostics and in scientific research (Heng et al. 1997, Jensen 2014).
FISH can be applied to cell samples (smears, cytospins, etc.) or on tissue
sections, either frozen or fixed in paraffin. Fixation is required to preserve

DNA/RNA and cell/tissue morphology (Jensen 2014).

Fluorescence probes can be labelled by either enzymatic or chemical methods.
In addition, there are two types of fluorescence probes: direct and indirect.
Direct detection methods after hybridisation use Fluorescein, Rhodamine,
Cyanin and Alexa dyes. Indirect visualisation methods detect haptenized
probes by subsequent amplification signals including biotin, digoxigenin and
fluorescein. (van der Ploeg 2000). Probes directly conjugated with
fluorochromes can eliminate background noise compared with secondary
detection steps (Gozzetti et al. 2000). Nick translation is the most common

technique to label probes with a hapten or modified deoxynucleotide
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triphosphate fluorophore (Rigby et al. 1977). Other less common methods
include random priming using smaller fragment probes (Feinberg et al. 1984)
and digoxigenin introduced as a hapten (Kessler et al. 1990). In general,
double strand DNA probes can be classified into three groups: (1) whole
chromosome painting probes; (2) chromosome specific repetitive probes, for
example, the centromere of chromosomes with a- and 3- satellite sequences

and (3) unique (single locus) sequence probes (Gozzetti et al. 2000).

Overall, a conventional FISH procedure contains four major steps: cell fixing
and permeabilisation, probe hybridisation to the target sequence, washing
away of excess and nonspecific binding probes, and visualisation (Amann et al.
2008). The aim of cell fixing is to preserve the macromolecules and structure of
the cytoskeleton to prevent cell lysis and to prevent nucleic acid degradation
during subsequent steps. Fixation permeabilises the cell/nuclear membrane
allowing probes to enter the cell. Probe hydridization is the main step of the
FISH procedure, in which fixed cells are incubated with labelled probes in
optimal conditions (pH, temperature, components, etc.). These stringent
conditions allow specific binding of probes to targeted sequences with a high
degree of homology inside fixed cells during a period of time. The cells are then
washed with high stringency to remove unbound probes or non-specific binding
of probes. Lastly, hybridised cells are scored by fluorescence microscopy or

imaging flow cytometry.

In CLL, FISH is carried out with a specific probe to detect chromosomal
abnormalities, such as deletions of the 17p13 region which contains the TP53

gene. The limitations of this technique however include: false-positive signals
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due to probe positioning in a three-dimensional nucleus that allows probe
signals to overlap, diffuse probe signals in cells due to the spreading of
chromatin, or random loss or gain of fluorescence signals (Gozzetti et al. 2000,
Best et al. 2012). Furthermore, accurate interpretation of microscopic imagery
is not only dependent on probe size, slide preparation technique, and observer
bias, but results can be subjective, qualitative, and laborious (Wiktor et al. 2006,
Smoley et al. 2010). Importantly, the sensitivity of these microscopy-based
methods is limited by the low number of cells (200 nuclei) evaluated among the

abundance of the abnormal cells in the samples.

1.6.4.2 Normal reference ranges of FISH probes

The FISH method is an essential tool for diagnosis/monitoring of diseases;
hence it requires precise and accurate normal cut-offs to interpret the clinical
results of each fluorescence probe. The cut-off will vary according to the probes
and the methods used. However, the methods to validate the normal reference
range of each probe for FISH are not in consensus across the laboratories in
the world (Ciolino et al. 2009). Many different statistical methods have been
applied to measure the normal cut-off of probes, including a binomial treatment
(Ciolino et al. 2009), the B inverse function (Wiktor et al. 2006) and Gaussian

statistics (Dewald et al. 2000).

It is notable that the false positive signals in FISH could be minimized by an
experienced scientist in carefully performing FISH slide preparation on high
quality sample cells, but the problem of false positive signals cannot be
eliminated. False positive signals may occur for a variety of reasons. Firstly, the

false negative/positive signals during scoring of FISH may be due to the 3D
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positions of the probes within the nucleus, resulting in overlapping or/and
amalgamated signals, especially where the chromatin is less condensed.
Secondly, there are random losses or gain of probe signals during the FISH
technique procedure (hybridisation, washing), due to poor specificity or
stringency issues, also dependent on sample types, the quality of samples or
slide preparation. Thirdly, observer bias could give a miscounted result due to

lack of experience or tiredness (Wiktor et al. 2006).

A review by Ciolino et al. (2009) compared the results of several available
statistical tests in calculating the normal reference cut-off of conventional FISH.
This review suggested that Gaussian distribution statistics (mean, standard
deviation) were able to evaluate the cut-off with 95% confidence interval.
Dohner et al. (1995) used the mean plus three times of SD to calculate the
cut-off level of TP53 probe. In this present study, the average scores (mean)
plus three times of the SD on normal healthy (control) samples were used to

determine the normal cut-off.

1.6.5 Laser scanning cytometry (LSC)

In an attempt to overcome these limitations, the microscope-based laser
scanning cytometer (LSC) was developed in the mid-1990s by Dr. Louis
Kamentsky (Kamentsky et al. 1991, Kamentsky et al. 1997, Kamentsky 2001),
and has since been updated with the new iGeneration of LSC Research
Imaging Cytometer (e.g. iCys by Compucyte) and complemented by analysis
software (Luther et al. 2004, Holden et al. 2005, Henriksen et al. 2011). These
advances have allowed large-scale automated quantification of conventional

FISH data. The two main advantages of the LSC method, compared to the
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conventional FISH method, is that LSC is able to analyse a significantly larger
number of cells, and the process of automated spot counting solves the
problem of scorer fatigue and human error, resulting in more consistent results

(Pozarowski et al. 2013).

Furthermore, LSC has been widely applied across a number of fields, ranging
from cell cycle analysis (Zhao et al. 2008, Darzynkiewicz et al. 2011),
enumeration of fluorescence probes within the nucleus (Kobayashi et al. 2000,
Baumgartner et al. 2001), immuno-phenotyping (Gerstner et al. 2000, Al-Za'abi
et al. 2008, Takahashi et al. 2009), interactions of in situ cells-cells (Claytor et

al. 2001), to supporting the new drug discoveries (Krull et al. 2011).

1.6.6 Single nucleotide polymorphism array (SNP array)

FISH can only detect known genetic aberrations with designed probes. It cannot
identify other unknown changes nor can it screen all chromosomes, unlike SNP
arrays, a type of DNA microarray, which can perform these functions. Similar
to the FISH technique, SNP array generally contains allele specific
oligonucleotide probes and fragments target sequences. However, SNP array
uses solid surface DNA capture during the hybridisation step and different
hybridisation signal detection systems. In the last decade, the most advanced
SNP array technique uses approximately 950,000 probes and can cover >90%
of known copy number of variants (Song et al. 2016). SNP array enables
genome-wide analysis of genetic abnormalities in terms of copy number
alterations and allelic imbalances in cancer cells, including in acute
lymphoblastic leukaemia (ALL) (Irving et al. 2005, Mullighan et al. 2007), in

acute myeloid leukemia (AML) (Bullinger et al. 2010), and in CLL (Edelmann et
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al. 2012). However, SNP array is unable to detect chromosomal translocations,
and the identification of small clones less than 25% can be compromised (Mao

et al. 2007, Gondek et al. 2008).
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1.6.7 Sanger sequencing

Sanger sequencing was developed by Frederick Sanger and his group in 1977
(Sanger et al. 1977a, Sanger et al. 1977b). This method of DNA sequencing is
based on the incorporation of chain terminating di-deoxynucleotides during
DNA replication by DNA polymerase. The different oligonucleotides are then
recorded with four colour labels and identified by size using gel electrophoresis
(Maxam et al. 1977). From raw data, sequencing scanner software (Applied
Biosystems) can display the nucleotide chromatograms and compare them with
reference sequences to detect abnormalities, representing polymorphisms or

mutations.

For nearly 40 years, Sanger sequencing has become the gold standard for
confirming genomic variations because it can provide unbiased sequence data
with mutations in the targeted region. However, this technique has all the
limitations of PCR amplifications and limited sensitivity, as variants with a lower
allele frequency (less than 20%) may be indistinguishable from noise or

sequencing errors (Dong et al. 2011, Chin et al. 2013, Hagemann 2015).

1.6.8 Massive parallel sequencing (MPS)

Sanger sequencing was considered as the “first generation” of sequencing.
New high throughput genome-wide sequencing applications, namely massively
parallel sequencing (MPS) methods (also known as next generation
sequencing) are replacing Sanger sequencing. The reason for this is that in the
last decade, the benefits of the MPS technique outweigh Sanger sequencing,
especially in haematological malignancies (Hutchison 2007, Gupta et al. 2014).

Sanger sequencing is limited to a few genes at one time within targeted DNA
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regions of 800-1000 bp. On the other hand, MPS can produce the data of
thousands of genes in megabases or gigabases rapidly and efficiently in one

assay at lower cost (Lee et al. 2014a).

In addition, MPS approaches can be used to detect low frequency clones with
additional information regarding genome wide mutational events. MPS
instruments capable of generating vast quantities of sequencing data at modest
cost have enabled scanning for somatic mutations across the exome,

transcriptome or even the entire genome (Rehm et al. 2013).

In this study, my original intention was to employ the Illumina platform to
sequence the exomes of patients enrolled in the CLL5 clinical trial expression
profiling to better understand the biology of low frequency TP53 deleted clones

in CLL.

1.6.9 Fluorescence in situ hybridisation in suspension (FISH-IS)

In flow cytometry, cells can be measured by fluorescence intensity, forward
scatter and side scatter; however, this technique preferences plasma
membrane analysis. Images from standard microscopes are able to
demonstrate many subcellular structures, locations and other features (Basiji
et al. 2007). As a consequence, there has been continuous development of the

techniques combining microscopy and flow cytometry.

Over the last 40 years, various techniques have been reported for this
combination of imaging and flow cytometry (IFC) (Baerlocher et al. 2002, Han
et al. 1987). One of the earliest applications using the combination of FISH and

flow cytometry was published in 1988 (Trask et al. 1988) to quantify the amount
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of target DNA in male diploid cells. However there has been a paucity of
publications in this field since, despite the potential utility of this method. The
emergence in the last decade of the ImageStreamX Mark Il imaging flow
cytometer has enabled integration of the rapid analysis of large cell populations
with the utility of the fluorescence microscope, bringing FISH-IS (FISH in

suspension) back to the fore.

Based on conventional FISH, the new technology, namely FISH in suspension
(FISH-1S), combines conventional FISH images with the high-throughput
detection afforded by flow cytometry. The ImageStreamX instrument merges
the speed, statistical power, and fluorescence sensitivity of flow cytometry with
the collection of multi-parameter images. 12 high-resolution images of each cell
can be seen directly at flow rates of 1000 cells per second, enabling the
guantification of genetic abnormalities and retaining the fluorescence sensitivity
of standard flow cytometry. This also implies that more than 10,000 cells can
be analysed per experiment. Interestingly, the detection of rare cells (small sub-
clones) can be tracked at levels below 0.001%, as these instrument systems
can capture images of millions of cells in minute (Basiji et al. 2015). In addition,
IDEAS software accompanies the ImageStreamX system to investigate data,
in which each image can be used to calculate more than 40 quantitative
features, allowing roughly 250 different masking features. As a result, this new
technology could potentially enable an advance in cytogenetic research with
the capacity to demonstrate low frequency clones, e.g. containing loss of 17p,

and possibly facilitate co-characterisation with immuno-phenotyping.
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In terms of the methods, the major difference between conventional FISH
methods and FISH-IS is the immobilization of cells. In FISH, the cells are fixed
and then mounted onto slides, whereas with the new FISH-IS technique the
cells are in suspension as they are visualised by flow cytometry. One of the first
ideas about imaging in flow cytometry was introduced by Kay et al. (1979). It
took over 25 years for the first commercial imaging flow cytometry to emerge
from this work. By 2015, it had been applied in over 500 peer-reviewed scientific

research papers (Basiji et al. 2015).

Research to date has demonstrated the application of FISH-IS using probes to
telomeres (Baerlocher et al. 2006) or chromosome-specific centromere probes
(CEP) (Minderman et al. 2012). Such repetitive targets provide high
fluorescence intensity at the target site due to a large number of bound probes.
Minderman et al. (2012) reported the limit of detection of monosomies by FISH-
IS with CEPs as 1%. However, adaption of this assay to single locus-specific

targets (locus-specific identifier (LSI)) has not been demonstrated.

1.7 TP53 aberrations in CLL

1.7.1 Tumour suppressor gene TP53.

In 1979, the p53 protein was discovered by two independent groups studying
SV40-transformed cells showing a 55-kDa protein co-precipitated with the
large-T antigen (Lane et al. 1979, Linzer et al. 1979). Since then, many
researchers have investigated the role of p53 in tumour cells, but it took nearly
10 years to determine its tumour suppressor behaviour (Eliyahu et al. 1989,

Finlay et al. 1989).
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The p53 protein is encoded by the TP53 gene, which is located on chromosome
17p13.1 with a length of 19144 bp, and 11 exons (UCSC Genome Library). It
is obvious from the published literature that TP53 provides an important link
between DNA damage and apoptosis (Wang 2001, Bartkova et al. 2005,
Bartkova et al. 2006, Bartek et al. 2007a, Bartek et al. 2007b). Faced with
stress, the p53 protein induces cell-cycle arrest, DNA repair, and apoptosis
(Wattel et al. 1994, Vousden et al. 2002, Goh et al. 2012). Therefore, it has
been considered as “the guardian of genome” since 1992 due to its role as a
checkpoint for DNA damage, preventing genome mutations (Lane 1992, Wattel

et al. 1994).

Normally, p53 exists at low levels in cells, and then rises rapidly
(overexpression) when damage to the DNA occurs (e.g. due to genotoxic
exposure). This induces apoptosis by transcriptional regulation in

circumstances of irreparable damage (Xu-Monette et al. 2012).

Regarding TP53 target genes, there are several microRNAs involved (Mraz et
al. 2009b, Suzuki et al. 2009, Subramanian et al. 2010). For instance, Chin et
al. (1992) showed that mutated TP53 enhances the upregulation of miRNAs
involved in regulating the expression of multidrug-resistance gene 1 (MDR1),
which inhibits therapy efficacy. It is reported that the promoters of miR-34 bind

to TP53 to stimulate the expression of miR-34 (Merkel et al. 2010).

There are three members in the miR-34 family, including miR-34b and miR-34c,
which are both not expressed in CLL, while miR-34a has high level expression

in cases with normal TP53 and is down regulated in cases with defective TP53
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(Mraz et al. 2009a). For this reason, low expression of miR-34a in CLL is linked

to worse prognosis and chemo-refractoriness (Zenz et al. 2009b).

Furthermore, the ATM- p53- miR-34a pathway has been commonly proposed
for CLL pathogenesis (Zenz et al. 2009a, Balatti et al. 2013b). In detail, delllq
leads to loss of the ataxia telangiectasia mutated (ATM) gene. ATM deletion
causes an unbalanced post cleavage complex and misguided checkpoint in the
cell cycle, normally necessary for VDJ rearrangements. These broken BCR
genes may lead to malformations in B lymphocytes (Bredemeyer et al. 2006).
However, without the effects of oncogenic stress, ATM produces ATM kinase
to stabilise DNA complexes during V(D)J rearrangement (Bredemeyer et al.
2006). Under activation stress, ATM phosphorylates p53 through check point
kinase 2 (CHK2), which inhibits p53 from binding to MDM2 (murine double
minute-2) and being degraded by proteasomes (Michael et al. 2002, Michael et
al. 2003, Stommel et al. 2004, Vassilev et al. 2004, Deng et al. 2005,
Meulmeester et al. 2005, Stommel et al. 2005, Vassilev 2007). Next, MDM2,
located on chromosome 12 (12g15), directly inhibits p53 in the MDM2-p53 auto-
regulatory feedback cycle as a negative regulator (Haidar et al. 1997, Harris et

al. 2005, Gryshchenko et al. 2008).

1.7.2 Overview of the role of TP53 abnormalities in CLL

The Cancer Genome Atlas study revealed that in various human cancers, TP53
was the most common mutated gene (42% of samples) among 3218 tumours
from 12 cancer types by MPS (Kandoth et al. 2013). Many studies also
confirmed the associations between TP53 mutations and aggressive outcomes

in many different kinds of tumours (Wattel et al. 1994, Harutyunyan et al. 2011,
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Cleary et al. 2013, Churi et al. 2014, Tirode et al. 2014, Moreira et al. 2015,

Parry et al. 2015).

Interestingly, TP53 mutations are less frequent in haematological malignancies,
varying from 5-20%, compared to solid tumours at over 40%
(http://p53.iarc.fr/SelectedStatistics.aspx) (Soussi et al. 1994, Olivier et al.
2010). However, the prognostic value of TP53 mutations is very significant in
haematological malignancies (Zenz et al. 2008a, Zenz et al. 2008c, Olivier et
al. 2010, Stengel et al. 2014, Parkin et al. 2015). Particularly in CLL, studies
showed that TP53 mutations are found in approximately 8.5 — 17.5% of patients
and confirmed the association of these mutations with chemo-refractoriness
and poor clinical outcome (Malcikova et al. 2009, Zenz et al. 2010a, Seiffert et
al. 2012). Similar to TP53 mutations, patients with 17p deletion (i.e. loss of
TP53 gene) had the worst prognosis with a median survival of 2 to 3 years from
initial diagnosis (Dohner et al. 1995, Cordone et al. 1998, Dohner et al. 2000,
Stilgenbauer et al. 2010, Stilgenbauer et al. 2014). It is noted that the incidence
of del17p was found to be around 5-10% at CLL diagnosis, which increased up

to 50% in refractory/relapse stages (Tam et al. 2007, Malcikova et al. 2015).

Regarding the relationship between dell7p and TP53 mutations in CLL, mono-
allelic TP53 mutations were identified in about 4-23% without dell7p, as
assessed by FISH (Dal-Bo et al. 2009, Malcikova et al. 2009, Rossi et al. 2009,
Butler et al. 2010, Zenz et al. 2010a). 80% of dell7p samples had bi-allelic

TP53 inactivation (Zenz et al. 2008c, Rossi et al. 2009, Gonzalez et al. 2011).

In addition, according to many studies, CLL lymphocytes with dell7p are

resistant to treatment with either sole purine analogues or combined with
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alkylating agents (Wattel et al. 1994, Dohner et al. 1995, O'Brien et al. 2001,
Pettitt 2003, Eichhorst et al. 2006, Catovsky et al. 2007, Ricci et al. 2009), and
Rituximab (Silber et al. 1994, Byrd et al. 2003b, Robak 2005, Byrd et al. 2006,
Hallek et al. 2010, Keating 2010). The combination of fludarabine,
cyclophosphamide and rituximab (FCR) (standard treatment for CLL) has not
improved the OS rates (Wierda et al. 2005, Hallek et al. 2010, Hallek 2013).
The explanation is that loss of the TP53 gene induces a defect in activating pro-
apoptotic responses after DNA damage including that elicited by chemotherapy

(Stankovic et al. 2004).

Consequently, despite del17p now being widely accepted as a unique powerful
prognostic marker in resistance to therapy (chemo- refractoriness) and poor
outcomes in CLL, there are currently no standard protocols for the first line
treatment of symptomatic patients with del17p CLL, unless patients are eligible
for an allogeneic hematopoietic cell transplant (Schetelig et al. 2008, Dreger et
al. 2014, Kharfan-Dabaja et al. 2016). Many different new drugs with p53
independent pathways have been tested either alone or in combined
approaches, including antibody-based treatment (alemtuzumab), ofatumumab,
immuno-modulating drugs (lenalidomide), CDK inhibitors (flavopiridol), an
inhibitor of Bruton’s tyrosine kinase (BTK) (ibrutinib), B-cell receptor (BCR)
inhibitors (idelalisib) and an inhibitor of BCL-2 (venetoclax) (Zenz et al. 2009b,
Choietal. 2012, Jain etal. 2012, Byrd etal. 2013, Furman et al. 2014, Wiestner

2015, Stilgenbauer et al. 2016).
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1.7.3 Clonal evolution of TP53 genes defects

Nowell (1976) foundation paper of established the landmark of the evolutionary
somatic mutation process in cancer cells and sub-clonal selections. Since then,
it has been demonstrated that these mutations cause genomic instability in
tumour cells and clonal evolution and are the main characteristic of most
cancers (Lengauer et al. 1997, Hanahan et al. 2000, Sieber et al. 2003, Eyfjord
et al. 2005, Gorgoulis et al. 2005, Negrini et al. 2010, Hanahan et al. 2011,

Shen 2011, Greaves et al. 2012, Yates et al. 2012, Burrell et al. 2014).

In this sense of dynamic genomics, there are two types of genetic alterations:
transient (passenger mutations) and persistent state (driver mutations) (Bozic
et al. 2010). As a result, the driving mutations of tumorigenesis which are
substantially modified in cancer cells promote further acquired DNA
aberrations, resulting in heterogeneity within (sub) clonal progression in
tumours (Hackett et al. 2002, Sieber et al. 2003, Schwartz et al. 2006,
Halazonetis et al. 2008, Loeb 2011, Gerlinger et al. 2012, Fisher et al. 2013,

Apostoli et al. 2016, Gatenby et al. 2017).

Recently, based on sequencing data, massive studies of multiple types of
cancers have explored the somatic mutations (sub) clonal phylogeny
underlying tumour progression, for instance, in breast cancer (Goswami et al.
2015), ovarian cancer (Bashashati et al. 2013), small cell lung cancer
(McFadden et al. 2014), acute lymphoblastic leukaemia (Li et al. 2001) , acute
myeloid leukaemia (Ding et al. 2012, Parkin et al. 2013), and in CLL (Schuh et

al. 2012, Landau et al. 2013, Landau et al. 2015, Puente et al. 2015).
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Particularly in CLL, many common crucial driver genes have been identified,
involving the following pathways: DNA damage/repair or cell cycle control
(TP53, ATM, BIRC3 genes), NOTCH signalling (NOTCH1 gene), and RNA
splicing (SF3B1 gene) (Wang et al. 2011, Campregher et al. 2014).
Interestingly, despite the detection of novel driver genes in CLL, TP53
mutations stand out as the most frequent driver mutations (Zenz et al. 2010a,

Puente et al. 2011, Wang et al. 2011, Rossi et al. 2014).

As already stated, regarding the evolution of TP53 loss clones, they are
uncommon at diagnosis (5% to 10%), but their frequency significantly increases
to 40%-50% as detected by conventional FISH in relapsed or treatment-
refractory patients (Stilgenbauer et al. 2007, Tam et al. 2007, Rossi et al. 2009,
Zenz et al. 2009a, Badoux et al. 2011a). This results from the fact that
chemotherapy treatments are able to eradicate the drug sensitive clones and
the normal cells, but small clones harbouring TP53 loss persist due to the
central role of TP53 in cell death following chemotherapy (Joerger et al. 2008).
A report of Landau et al (Nature 2015) was demonstrated that there was a
significant increase of TP53 and dell7p in relapse cases. The frequency of
TP53 deleted sub-clones increases presumably due to the exposure to DNA
damaging drugs and the inherent genomic instability associated with the loss
of TP53 and/or the selection of clonal evolution/chemotherapy pressure; they
possibly also acquire other genetic abnormalities or may transform to Richter’s

syndrome (Rossi et al. 2011b).

Despite genomic studies which depict the landscape of the dell7p clonal

complexity of CLL, little is known about the dynamics of small subclones that
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may be present and which are commonly undetected or unappreciated in the
abundance of the leukemic cell population (Schuh et al. 2012, Landau et al.
2013, Ouillette et al. 2013). The prognostic clinical impact of having dell7p
depends on the time when it was identified: del17p CLL patients within one year
of diagnosis had a OS of 4.7 years (Shanafelt et al. 2006), whereas those who
had acquired dell7p at a later stage had OS of 1.3 years (Shanafelt et al. 2008).
TP53 mutations can be classified as late driver mutations in CLL clonal
evolution (Figure 1.4). This is in agreement with many longitudinal analyses,
where small del17p clones identified at pre-treatment become the predominant
clones at the time of CLL relapse and predict the development of chemo-
refractoriness (Tam et al. 2008, Zenz et al. 2009b, Rossi et al. 2011b,

Pospisilova et al. 2012, Rossi et al. 2014, Stilgenbauer et al. 2014).
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Figure 1.4. A model of inferring the clonal evolution in CLL.

Adapted from Landau et al. (2013).
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1.7.4 Low frequency del17p sub-clones (TP53 genes loss in small

clones)

Currently, there is a large changeable threshold for detection of del17p nuclei
in conventional FISH. According to the German CLL Study Group (Stilgenbauer
et al. 2014), there are no relevant clinical outcomes matching the threshold of
dell7p nuclei; they used the normal cut-off (5-10%) to classify positive or
negative dell7p. In contrast, a study at the MD Anderson Cancer Center and
the Mayo Clinic (Tam et al. 2009b) identified and followed up treatment naive
CLL patients who were reported to have dell7p by FISH. They found that CLL
patients with less than 25% 17p-deleted nuclei had the best prognosis; those
with 25% to 74% 17p-deleted nuclei had intermediate outcomes, and the worst
prognosis was in those who had at least 75% 17p-deleted nuclei. Similarly, a
United Kingdom study (Catovsky et al. 2007) showed that the percentage of
17p-deleted nuclei resulting in inferior OS was >20%. Furthermore, Best et al.
(2012) demonstrated that two out of three major groups failed to find an
accurate predictive threshold for dell7p nuclei by conventional FISH

techniques.

Conversely, Rossi et al. (2014) used ultra-deep massive parallel sequencing to
retrospectively confirm very minor TP53 mutated clones (down to 0.3% of all
CLL cells) that were missed by Sanger sequencing due to their very low
frequency. These minority sub-clones present at diagnosis developed into the
predominant population over time as the disease progressed, resulting in the
development of chemo-refractoriness at relapse. This evidence showed the

importance of TP53 as a driver mutation.
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As aresult, patients with low frequency del17p sub-clones are in the “grey zone”
of prognosis and decisions regarding treatment (including whether to treat or
not) and the initial therapeutic regime for these patients are serious challenges

that the clinical physician faces in treating patients with this disease.

With respect to the classification of del17p clone size, the cohort study by Tam
et al. (2009b) showed that the cut-off point of 25% was able to demonstrate
different outcomes and an OS rate of 92% compared with 54% for < 25% and
= 25% 17p-deleted nuclei, respectively. In this present study, less than 25% of
dell7p nuclei were classified as low frequency, from 25% to 75% of del7p nuclei

as mid-frequency and more than 75% of del7p nuclei as high frequency dell17p.

1.8 Purpose of this study

Currently, there is a gap in knowledge about how to predict treatment outcomes
in CLL with a low percentage of 17p-deleted cells as identified by conventional
FISH. Thus, the accuracy in calculating the percentage of TP53 loss in CLL
appears significant for outcome, and this question has been debated by many
researchers (Sturm et al. 2003, Zenz et al. 2008b, Tam et al. 2009b, Best et al.
2012, Stilgenbauer et al. 2014). According to the UKCLL4 cohort study
(Catovsky et al. 2007), the defined cut off was 20%; however, in this trial, it was
reported that there was one case with del17p in less than 20% of cells identified
by FISH initially, but the patient did not respond to therapy (FCR as first line
treatment) and after 5 months, the proportion of del17p increased significantly
to 77% of nuclei. In another study, the percentage of del17p nuclei identified by
conventional FISH rose from 16% at diagnosis to >95% at the time of relapse

(after 8 months) (Zenz et al. 2008b). At the other extreme Rossi et al. (2014)
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demonstrated that clones detectable at 0.3% of all CLL cells present at
diagnosis are capable of resulting in chemo-refractoriness at relapse. While this
is thought to be due to the genotoxic stress of alkylator and fludarabine therapy,
clearly the genomic instability of the sub-clone, resulting from lack of TP53 gene
function is important. Therefore, Zenz et al. 2008b questioned, “how little is too
much?” of the percentage of dell7p. Hence, patients with low frequency 17p
deletion sub-clones are in the “grey zone” of prognostics and treatment
decisions and present serious challenges. As a result, there is a need to further

study the low frequency dell7p CLL underlying genomic landmarks.

The overall aims of this study were to seek evidence to explore the following
hypotheses. Firstly, that minor del17p sub-clones detected in CLL at diagnosis
are an important driver of the subsequent disease course in association with
other genetic events that have occurred within that sub-clone. Secondly, that
low frequency dell7p sub-clones in CLL demonstrate lower levels of genomic
instability than present in patients with high frequency clones at the time of first
treatment. In order to address these hypotheses, the aim of the work contained
in this thesis were to characterise the genomic profile of low frequency dell7p

sub-clones in CLL.
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The broad aims of this study were as followings:

1. To analyse the baseline clinical and genetic characteristics (using a variety
techniques: conventional FISH, LSC and MPS) of the CLL5 clinical trial
cohort, with a specific focus on all del17p cases including patients with low
frequency dell7p CLL (Chapter 3).

2. To determine the lower limit of sensitivity of the FISH-IS technique on
primary CLL samples with centromere probes (Chapter 4).

3. To develop a FISH-IS technique to detect and enrich CLL cells based on

the dell7p status (Chapter 5).
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2 Chapter 2 - Materials and Methods

This chapter describes the general materials and methods used in this study.

Specific or novel methods are presented in the relevant chapters.

2.1 Materials

Lymphoprep™ (Stemcell™ technologies, Norway); Trypan blue (Sigma-
Aldrich, Australia); DMSO (Chem-supply, Australia); RPMI 1640 (Roswell Park
Memorial Institute) medium (ThermoFisher, Australia); Penicillin, Streptomycin
(ThermoFisher, Australia); Fetal Calf Serum (Bovogen, Australia); phosphate
buffered saline (PBS) (Sigma-Aldrich, Australia); methanol (chem-supply,
Australia), acetic acid (Chem-supply, Australia); potassium chloride (KCI)
(Sigma-Aldrich, Australia); saline-sodium citrate (SSC) (Sigma-Aldrich,
Australia); NP-40 (IGEPAL® CA-630, Sigma-Aldrich, Australia); sodium
hydroxide (NaOH) (Sigma-Aldrich, Australia); hydrochloric acid (HCI) (Sigma-
Aldrich, Australia); mounting medium with DAPI (Vectashield, USA); CEP Y,
CEP X, CEP 9, CEP 12 probes (Abbott Molecular, USA); CEP hybridisation
buffer (Abbott Molecular, USA); spectrum orange (or spectrum green-dUTP)
(Life Science, Australia); salmon sperm (Life Technology, Australia); 3M
sodium acetate (pH 5.5) (ThermoFisher, Australia); Tris—EDTA (pH 8) (Sigma-

Aldrich, Australia).

2.2 Collection of peripheral blood from CLL patients

All CLL samples were collected before treatment. The sample sizes were
calculated based on the aims of CLL5 clinical trial. These samples were

obtained from the Australian Leukaemia and Lymphoma Group (ALLG) clinical
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trial CLL5, in which participant patients signed informed consent forms for the
ALLG Tissue Bank. In addition, CLL samples from Flinders Medical Centre
(FMC) patients with the written consent forms (FCREC 216.56) and blood from
healthy donors with written consent forms (FCREC 136.067) were also
collected as required. Whole peripheral bloods from CLL patients were

collected in 10 mL Lithium Heparin and 10 mL EDTA coated tubes.

2.3 Isolation/cryopreservation of peripheral blood

mononuclear cells from whole blood

Whole blood was diluted 1:2 in sterile PBS and then layered on 10 mL of
Lymphoprep™ and centrifuged at 500 x g for 20 mins. The interphase layer was
collected by transfer pipette, washed in PBS, and then centrifuged at 1000 x g
for 5 mins. Cell pellets were resuspended at 4 x107 cells/mL in 50% RPMI 1640
media and 50% FCS for immediate use, or frozen. Following PBMC isolation
and cell counting, lymphocytes from Lithium Heparin tubes were aliquoted into
cryovials at a maximum concentration of 4 x107 per vial, then resuspended in
RPMI 1640 media containing 25% FCS and 15% DMSO, in 2 mL total volume.
Vials were preserved in the vapour phase in a liquid nitrogen tank for a minimum

of 24 hours, and transferred to liquid nitrogen (-196°C) until required.

Peripheral blood mononuclear cells (PBMCs) for subsequent DNA extraction
were divided into 1.5 mL microcentrifuge Eppendorf tubes at a maximum
concentration of 1 x 107 cells/tube, then washed in PBS followed by
centrifugation at 500 x g for 5 mins. The supernatant was removed and the

pellet was stored at -80°C until required.
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2.4 Counting and viability of PBMCs by trypan blue analysis

Cells were diluted 1:2, 1:10 or 1:100 (depending on the predicted concentration
of cells) in 0.4% trypan blue in PBS and 10 pL was added to a Neubauer
chamber haemocytometer. Cells were visualised with a microscope (Leitz
Wetzlar, Germany) at 40x magnification and the number of both blue cells
(dead cells) and unstained cells (viable cells) was counted in two 1 mm? areas.
The number of cells per mL was calculated by the following formula:
concentration of cells/mL = average number of cellss/mm? area x dilution ratio

X 104,

2.5 Thawing cells from liquid nitrogen storage

The vials from the liquid nitrogen tank were removed and transferred
immediately into a water bath pre-warmed at 37°C until all ice crystals in the
cell suspension had disappeared. The cell suspension was then transferred to
a 15 mL sterile tube and 1 mL media was slowly added in a drop-wise manner
over 5 mins, followed by an additional 10 mL media. The cells were then
centrifuged at 500 x g for 5 mins. The supernatant was removed and the cell
pellet was resuspended in 1 mL RPMI 1640 media supplemented with 10%

FCS.
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2.6 Conventional fluorescence in situ hybridisation

(conventional FISH)
2.6.1 Conventional FISH Buffers

Carnoy’s fixative buffer — 75% (v/v) 4°C methanol and 25% v/v acetic acid.

Buffer was freshly prepared prior to each use.

5.6 g/L KCI: 5.6 g KCI (Sigma-Aldrich, Australia) was resuspended in 1000 mL

dH20. Prior to use, an aliquot was taken and warmed to 37°C.

20X SSC: 132 g 20X SSC (Sigma-Aldrich, Australia) was resuspended in 500

mL purified H20 (Milli-Q) and pH was adjusted to 5.3 with 1M HCI as required.

Wash 1 (0.4X SSC + 0.3% NP-40): 20mL 20X SSC was combined with 980 mL
purified H20, followed by the addition of 3 mL of NP-40 (Sigma-Aldrich,
Australia). The pH was adjusted to 7.0 with 1M NaOH or 1M HCI (Sigma-

Aldrich, Australia) as required.

Wash 2 (2X SSC, 0.1% NP-40): 100 mL 20X SSC was combined with 900 mL

purified H20, followed by 1mL of NP-40, then adjusted to pH 7.0.

2.6.2 Conventional FISH method

Chromosome Enumerate Probes (CEP) were as follows: CEP Y (DYZ1)
Spectrum Orange probe, CEP 9 Spectrum Orange probe, CEP X (DXZ1)
Spectrum Green probe, and CEP 12 (D12Z3) Spectrum Green probe. All
probes and CEP hybridisation buffer were obtained from Abbott Molecular

(USA).
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Conventional FISH was carried out on CLL patient PBMCs. On day 1, cells
were fixed by resuspending PBMCs in 500 pL of RPMI 1640 media + 10% FCS,
followed by the addition of 9 mL 0.075M KCI, pre-warmed to 37°C. The tube
was inverted several times and then incubated at 37°C for 30 min in a water
bath. Following the incubation, 1 mL of Carnoy’s fixative was added and cells
were mixed by inversion, then centrifuged at 300 x g for 10 mins. The
supernatant was then discarded, leaving approximately 500 uL of fixative in the
tube which was gently vortexed to resuspend the pellet. Ten millilitres of fresh
fixative was added. The tube was then inverted 2-3 times, followed by
centrifugation at 300 x g for 10 mins. This step was repeated twice, and the
pellet was finally resuspended in 1 mL of Carnoy'’s fixative and stored at -20°C

for a minimum of 4 hours or until required.

On the following day, slides were placed in 100% methanol for a minimum of
10 mins, then removed and wiped clean. Slides were then placed in a coplin jar
containing dH20. To prepare the samples, fixed cells were removed from the
-20°C freezer and centrifuged at 300 x g for 5 mins, followed by resuspension
in fresh fixative to form a slightly cloudy solution of approximately 1 x 10
cells/mL. Cleaned slides from the dH20 coplin jar were stood upright and
allowed to drain until only a thin film of water covered the slides. Sample
specimens were dropped onto the slides using a Pasteur pipette (1 drop/slide
area), and then slides were tapped on the bench (hard) 4-5 times to allow
draining (maximum of 2 mins). Once dry, a black dot was made on the reverse
side of the slides in the centre of the sample drop, and used as a guide for cover
placement and scoring. Two microlitres of probe was added to each slide and

covered with 12 x 12 mm glass coverslips (Sigma-Aldrich) and pressed gently
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to remove any bubbles. The edges of the coverslip were then sealed with
rubber cement. Sealed slides were then heated to 78°C for 4 mins, followed by

incubation in a dark humidified box at 37°C for 14 hours for probe hybridisation.

On the following day, coverslips were removed and slides were washed
(wash 1) (pre-warmed to 73°C) for 2 mins. Slides were then transferred to room
temperature and wash 2 was performed for 30 seconds, and slides dried by
standing upright in a dark box for 15 mins. 20 pL of Vectashield® (Vector
Laboratories) containing DAPI was loaded onto the slides and coverslips were
placed on the cells. The excess DAPI was removed with blotting paper and the
edges of the coverslip were sealed with transparent nail polish. To score the
hybridised nuclei, 200 nuclei were manually scored by two independent scorers
by visualisation with the appropriate fluorescence channel on a BX50
fluorescence microscope (Olympus, Japan). The DAPI signal was used to
locate the nuclei, then the 100x magnification lens was used to score
fluorescence signals with appropriate fluorescence channels. The average of
the two scores was taken as the final result. If the two scores differed more than

10%, a third scorer was required for the final results.

2.7 Laser scanning cytometry (LSC)

A CompuCyte iCys™ l|aser scanning cytometer (Thorlabs, USA) was used to
analyse the slides which were similarly prepared for conventional FISH. This
machine was located at the South Australian Medical Health Research Institute
(SAHMRI)  (https://www.sahmriresearch.org/our-research/research-facilities-

and-equipment/flow-and-laser-scanning-cytometry-facility).
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A brief outline of the LSC protocol is shown in Figure 2.1A. An initial low-
resolution scan at 405 nm (channel blue for detecting nuclei staining of DAPI)
was performed to determine the location of the nuclei (Figure 2.1A, B). For high-
resolution scanning, the appropriate wavelength for DAPI and each of the
hybridised probes, including 488 nm for spectrum green probe (FITC) and 561
nm for spectrum orange probe (Cy3) were used. Regions were then randomly
selected for high-resolution scanning as indicated by a blue rectangle (Figure
2.1C, D). The threshold, laser voltage, offset, focus and any required additional
filtering were slightly adjusted on a slide-by-slide basis, resulting in images such
as those shown in Figure 2.1E. The selected areas of the slides were

automatically scanned in 0.2 um sections until the scan was completed.
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Figure 2.1. Laser scanning cytometry protocol for FISH analysis.

(A) FISH analysis using laser scanning cytometer protocol. (B) A slide
containing cells for analysis with the scanning area gates in blue colour on a
computer-generated image (low-resolution scan). (C) Areas were randomly
selected for high resolution scanning demonstrated by cyan boxes in (D). (E)
Final high-resolution scan images with nuclear contour of DAPI (blue), 13q14-
FITC probes (green) and 17p13-Cy3 probes (red).
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The acquired data was analysed by the iCys software, which carries out a detailed
statistical analysis and displays the data using scatterplots and histograms (similar to
flow cytometry analysis). Single cells were first gated on the nuclear marker (DAPI)
based on their size and perimeter (Figure 2.2 A and Figure 2.3 A). In the single cells
gate, an event table containing information on each cell, including an ID number and
the number of green or red spots, is generated (Figure 2.2B and Figure 2.3B). The
software also provides the in-slide position of each cell, enabling the user to cross
check the morphology images of individual nuclei ((Figure 2.2C and Figure 2.3C). This
also permitted the exclusion of those cells in which spots were outside the contour of

DAPI. This analysis enabled data to be recorded for more than 2000 nuclei per slide.

A B
DAPI Id Well Region | Count (FITC)
5 22 1 1 3
[
- 29 1 1 3
30 1 1 2

Ared

Perimeter

Figure 2.2. Analysis workflow of laser scanning cytometry data for centromere
12 probe.

(A) Single nuclei (R1) gated based on perimeter versus area (size) of nuclei (DAPI).
Cells above this region are doublet nuclei and DAPI staining below is debris. (B)
Examples of data exported to Excel. Numbers represent the identification of individual
images. (C) Representative images of centromere 12 probes (FITC, in green) and
nuclei (in blue), with location annotated as in (B).
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A B
DAPI Id Well Region |Count (FITC)|Count (Cy3)
2 2 85 1 2 2
N 6 85 1 1 1
4 86 1 2 1
6 86 1 1 2

Area

25
0 Perimeter 1

Figure 2.3. Analysis workflow of laser scanning cytometry data for DLEU/TP53
probes.

(A) Single nuclei (R1) gated based on perimeter versus area (size) of nuclei (DAPI).
Cells above this region are doublet nuclei and DAPI staining below is debris. (B)
Examples of data exported to Excel. Numbers represent the identification of individual
images. (C) Representative images of DLEU (13q) probes (FITC, in green), TP53
(17p) probes (Cy3, in red) and nuclei (DAPI, in blue), with location annotated as in (B).

2.8 Fluorescence in situ hybridisation in suspension (FISH-IS)
2.8.1 FISH-IS buffers

All of the following buffers were freshly prepared for each experiment.
1X PBS + 1% BSA: 0.5 g BSA was added to 50 mL 1X PBS at 4°C.

2X SSC + 0.1% NP-40: 4 mL of 20X SSC and 40 pL of NP-40 were combined and
made up to 40 mL with 1X PBS. The pH was adjusted to 7.0 with 1M NaOH or 1M HCI

as required.
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0.4X SSC + 0.3% NP-40: 800 pL of 20X SSC and 120 pL of NP-40 were combined

with 40 mL of 1X PBS. The pH was adjusted to 7.0 as required.

2.8.2 FISH-IS method

The FISH-IS protocol used in this study was adapted from the report by Minderman et
al. (2012). PBMCs were fixed according to the day 1 protocol described in section
2.6.2. Three millionfixed cells were washed in 5 mL of 1X PBS + 1% BSA followed by
centrifugation at 300 x g for 4 mins, and repeated. Cells were then washed in 2 mL of
2X SSC + 0.1%NP-40 followed by centrifugation at 300 x g for 4 mins, and the
supernatant was removed. Cells were counted on a haemocytometer (see section
2.4) and 1.5 x 10° cells (per each hybridisation tube) were transferred to a 1.5 mL non-
stick microfuge tube. Cells were then resuspended in 500 pL of 2X SSC + 0.1% NP-
40, centrifuged at 1000 x g for 4 mins and the supernatant discarded. The cell pellet
was resuspended in a master mix containing 28 uL of CEP hybridisation buffer, 2 pL
of CEP probe and 10 pL of nuclease-free water, then transferred to a 0.2 mL tube.
Samples were then incubated at 80°C for 5 mins, followed by incubation at 42°C for
13 hours. On the following day, the samples were washed in 200 pL of 2X SSC + 0.1%
NP-40 at room temperature, followed by centrifugation at 2000 x g for 5 mins. Cells
were then resuspended into 200 pL of 0.4X SSC + 0.3% NP-40, pre-warmed to 73°C
and incubated at 73°C for 2 mins in order to degrade any remaining excess probe.
Cells were then centrifuged at 2000 x g for 5 mins at room temperature. The
supernatant was discarded and cells were resuspended in 30 pL of 2% FCS + PBS
and 10 pL of 5 pg/mL DAPI. Prior to analysis on the ImageStreamX Mark Il (Amnis,
Seattle, USA), samples were carefully resuspended by drawing through a 25G needle

several times in order to prevent cells clumping.
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Details of fluorochrome laser settings used for ImageStreamX analysis are presented
in Table 2.1. The Compensation Wizard instructions (INSPIRE) were followed to
create a compensated matrix file for each colour used. Briefly, all channels were
enabled and brightfield and scatter laser were turned off. A file (*ctm) was created
whilst recording 500 events, and the compensation file (*ctm) was applied to the .rif
file when analysing. For each analysis, 20,000 events were imaged at 60x
magnification with slow flow speed. All imaging data were collected with extended
depth of field (EDF), which enabled analysis of in-focus spots ranging from 4 to 16 um

(Ortyn et al. 2007).

Table 2.1. Properties of fluorochromes used in ImageStreamX analysis.

Channel Bands Laser Laser Applicable Excitation ~ Emission
(nm) (nm)  Power (mW) Fluorochrome (nm) (nm)
Channel 1  420-480 - - Brightfield - -
Channel 2 480-560 488 50-100 Spectrum Green 496 520
Channel 3 560-595 561 100-200 Spectrum Orange 560 576
Channel 7 430-505 405 30-80 DAPI 358 460

Fluorochromes are analysed within channels which analyse a certain band width.
Lasers are then selected according to wavelength. The power, fluorochrome

excitation/emission wavelengths are noted.
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Following data collection, hierarchical gating strategies were established with IDEAS
Software version 6.1 by using Spot Count Wizard. In brief, cells were gated for best
focus, single intact cells were selected, and fluorescence spots were assigned with
both low and high range intensity. The IDEAS V6 Spot Count Wizard software
automatically calculated the number of spot counts by scoring the fluorescence FISH

signals. Features utilised in the IDEAS software analysis are summarized in Table 2.2.

Table 2.2. Brief descriptions of features used in IDEAS software analysis.

Feature name on IDEAS software Meaning

A measure of pixel value variation. Used to

Gradient root mean square (RMS) select the cells in focus

Minor Axis divided by the Major Axis.
Indicates the roundness of the cell and is

Aspect Ratio used to discriminate single cells from

doublets.
Number of microns squared to determine
Area :
single cells.
. The background subtracted pixel values
Intensity

within the masked area of the image.

The largest value of the pixels contained in

Raw Max Pixel the input mask.

The algorithm examines each pixel based

Spot count on the masks input.

Intensity of the bright spots that are 3 pixels
Bright detail intensity R3 in radius or less with the background
around the spots removed.
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2.9 Bacterial artificial chromosome (BAC) probe labelling by nick

translation

Prior to labelling, the REPLI-g Midi Kit (QIAGEN, Germany) was used to replicate each
RP11 BAC clone (https://bacpacresources.org). In brief, approximately 1 ug of BAC

DNA was made up to 2.5 pL with water, briefly centrifuged, and 2.5 pL of buffer D1 (

Table 2.3A) was then added. The solution was briefly vortexed and then centrifuged,
and samples were incubated at room temperature for 3 mins, after which 5 pL of Buffer
N1 (Table 2.3B) was added and mixed well by gently vortexing. The master mix (Table
2.3C) was prepared and 20 yL was added to each reaction, and incubated at 30°C for
16 hours, followed by 65°C for 10 mins to inactivate the REPLI-g Mini DNA

Polymerase. The amplified DNA was stored at -20°C.

Table 2.3. Preparation buffers used in the REPLI-g Midi Kit.

A. Preparation Buffer D1

Component Volume
Reconstituted Buffer DLB 9 uL
Nuclease-free water 32 uL
Total volume 41 pL

B. Preparation Buffer N1

Component Volume
Stop solution 12 pL
Nuclease-free water 68 uL
Total volume 80 uL
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C. Preparation of Master Mix

Master mix per reaction Volume
Nuclease-free water 6 uL

REPLI-g Midi Reaction Buffer 13.5uL
REPLI-g Midi DNA Polymerase (thawed on ice) 0.5 uL
Total volume 20 pL

Nick translation labelling of the BAC DNA was carried out as per manufacturer's
instructions (Abbott Molecular, USA). Briefly, 2 uL of replicated DNA was combined
with 15.5 pL of nuclease-free water, 2.5 uL of 0.2 mM spectrum orange (or spectrum
green-dUTP) (Life Science, Australia), 5 uL of 0.1 mM dTTP, 10 pL of dNTP mix and
5 pL of 10x nick buffer. The solution was quickly vortexed and pulse centrifuged.
10 pL of REPLI-g midi DNA polymerase was then added and the solution was gently
pipetted up and down to mix, followed by incubation at 15°C for 16 hours, 75°C for 5
mins to inactivate this enzyme, and finally, stored at 4°C. 5 pyL of 10 mg/mL salmon
sperm (Life Technology, Australia) and 5.5 uL of 10% 3M sodium acetate (pH 5.5)
(Thermo Fisher, Australia) were added to the sample, followed by the addition of 151
pL of 100% ice cold ethanol. Samples were then placed at -70°C for 1 hour, followed
by centrifugation at 15,000 x g for 15 mins at 4°C. The supernatant was discarded and
DNA was washed in 900 uL of 70% ethanol, followed by centrifugation at 15,000 x g
for 15 mins at room temperature. The supernatant was discarded, and the DNA was
desiccated at 45°C for 30 mins, followed by resuspension in 45 pL of Tris—EDTA (pH

8) (Sigma-Aldrich, Australia) and storage at -20°C until required.
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2.10 Statistical analysis

Statistical analysis of data was carried out with GraphPad Prism Version 6.0
(GraphPad Inc, USA) and SPSS version 22 (IBM Corporation, USA). A minimum of 2
or 3 samples were used in each experiment, and experiments were repeated a
minimum of two or three times. In all tables and figures, data are presented as mean
+ the standard deviation (SD) unless otherwise stated. The differences in the
geometric means were calculated by a student t-test or ANOVA test. Statistically

significant differences were reported when p < 0.05.
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3 Chapter 3 - Genomic analysis of CLL5 ARC cohort

3.1 Introduction

The clinical impact of the presence of low frequency dell7p clones is an area of
ongoing research and a fundamental research question in this study. It is clear that
some patients with low frequency clones do well and even require no treatment while
in other patients the presence of these sub-clones results in early disease progression
and also treatment failure (Tam et al. 2009b). To explore this question, analysis of
patients enrolled in the CLL5 clinical trial was performed to further understand clinical

and genetic characteristics of patients with low frequency dell7p clones.

The CLL5 clinical trial was conducted by the CLL Australian Research Consortium
(ARC) of which our laboratory is a founding member and one of the two central
investigative laboratories for the clinical trials. 120 patients who were treatment-naive,
fit and elderly, with symptomatic CLL, were enrolled with standard inclusion and
exclusion criteria (Appendix Table 1) and randomized to receive fludarabine based
therapy with either fludarabine, cyclophosphamide, rituximab (FCR) 3 or 5 days, or
fludarabine and rituximab (FR) (Appendix Figure 1 and Appendix Table 2) and
monitored for toxicity. The primary end-point of the study was tolerability and safety of
delivering fludarabine based therapy in an elderly population of patients. However,

clinical response has also been determined.

The translational research aim of this part of the study was to characterise the study
patients in terms of their baseline clinical characteristics, IgHV mutational status,
genomic molecular profiling and FISH analysis of deletions of chromosomes 17p, 13q,

11qg and trisomy 12. With respect to the more specific aims of this chapter, the cohort
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was analysed with a focus on the low frequency dell7p subgroups, including methods
of detection and better characterisation of their clinic-pathological features. Genomic
mutational assessment of 5 commonly mutated genes in CLL (TP53, ATM, BIRCS,
SF3B1 and NOTCH1) (Campregher et al. 2014, Landau et al. 2015, Nadeu et al. 2016)
was conducted in this subgroup and analysed by massive parallel sequencing. The

targeted genes are outlined below.

- The tumour suppressor TP53 gene is located on chromosome 17p13.1, and
plays a key role in controlling cell cycle and apoptosis through DNA damage response
pathways (Pietsch et al. 2008, Trbusek et al. 2013). In a cohort analysed by Rossi et
al. (2014), approximately 14% of CLL patients had TP53 disruption (mutation and/or
deletion), and TP53 mutations were an independent predictor for shorter OS and
being refractory to chemo-immunotherapy, conferring the worst outcomes (see further

detail in section 1.7.2).

- Ataxia telangiectasia mutated (ATM) gene is located on chromosome 11g22.3
and ATM mutations result in impaired DNA damage responses (Austen et al. 2005,
Stankovic et al. 2014). ATM genetic alterations accounted for approximately 11% of
CLL patients (Nadeu et al. 2016), whereas in comparison with the high frequency of
TP53 mutations, ATM mutations were only identified in 36% of CLL patients having
delllg (Austen et al. 2007, Wang et al. 2011). CLL patients with bi-allelic ATM
disruption had shorter survival and worse response to chemotherapeutics (Austen et

al. 2007).

- A gene located near the ATM gene is the BIRC3 gene (at 11922.2). The BIRC3
gene plays a role as a negative regulator of the alternative NF-kB signalling pathway

(Rossi et al. 2012a). This mutation was found in only 4% of CLL patients prior to
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treatment but up to 24% of cases of fludarabine refractory CLL patients (Puiggros et
al. 2014). Furthermore, Rossi et al. (2012a) also confirmed that BIRC3 mutations were

associated with fludarabine chemo-refractory CLL patients.

- The splicing factor 3b subunit 1 (SF3B1) gene is located on chromosome
2033.1, and encodes a component of the ribonucleoprotein (spliceosome) which helps
to form the mature mRNA (Scott et al. 2013). The study of Te Raa et al. (2015)
revealed SF3B1 mutation is associated with increased direct DNA damage and results
from DNA damage response aberrations. Several recent studies have found that
SF3B1 mutation is associated with poorer clinical outcome (Quesada et al. 2011,

Rossi et al. 2011a, Wan et al. 2013).

- NOTCH1 gene is located on chromosome 9934.3 and encodes a type 1
transmembrane protein, which affects the development of numerous cells and organs,
especially lymphoid systems (Kojika et al. 2001, Yuan et al. 2010). Several recent
studies have examined the tumour suppressor role of NOTCH1, in which the NOTCHL1
gene was considered as an oncogene in specific diseases (Lobry et al. 2014). In T-
cell ALL, the deregulation of the NOTCH1 signalling pathway was found in nearly 50%
of patients (Paganin et al. 2011, Tzoneva et al. 2012). In CLL, NOTCHL1 plays a key
role in B cell apoptosis (Rosati et al. 2009). NOTCH1 mutations have been found in
4% to 10% of CLL patients at diagnosis and up to 30% of relapsed and/or refractory
CLL patients (Oscier et al. 2013). Interestingly, NOTCH1 mutation is increased in the
subgroup of CLL with unmutated IgHV genes, and in the trisomy 12 subgroup: trisomy
12 CLL patients carrying NOTCH1 mutations associate with a significantly worse
outcome compared with those with wild type NOTCH1 (Del Giudice et al. 2012, Lopez
et al. 2012, Balatti et al. 2013a). Additionally, Rossi et al. (2012b) demonstrated that

NOTCH1 mutations were solely able to confer an inferior outcome in CLL patients
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irrespective of other factors, and this poor prognosis was similar to TP53 defective

patients.

Detail analysis of the CLL5 cohort affected by TP53 aberrations and TP53 mutation

status are presented in this chapter.

The specific aims of this chapter were:

1. To characterise the CLL5 cohort baseline characteristics, conventional FISH
analysis and genomic molecular profiles, more specifically in all dell7p and low

frequency dell7p CLLs (section 3.3.1-3.3.3, 3.3.5-3.3.6);

2. To determine using laser scanning techniques the correlation between del17p and
other chromosomal events in individual primary CLL cells in the CLL5 cohort (section

3.3.4); and

3. To determine if the low frequency dell7p sub-clones can be detected by MPS in the

CLL5 cohort (section 3.3.7).

3.2 Materials and methods

3.2.1 Conventional FISH

Of the 120 patients in the CLL5 clinical trial, 95 patients underwent FISH analysis. The
standard protocol (see Methods 2.2.1) of conventional FISH was performed on CLL5
clinical trial patient samples. These samples were collected at diagnosis before
treatment and FISH was conducted with the diagnostic XL CLL kit probes
(MetaSystems, Germany) (see mapping in Appendix Figure 2), including four genetic
categories to identify trisomy 12 (12p11.1-q11), deletions at 13q14.2-q14.3 (D13S319,
including DLEU2, miR15a/miR16-1), 11922.3 (ATM) and 17p13.1 (TP53). Cut-off

values were determined by calculating the average scores plus three times the
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standard deviation for six normal healthy (control) samples (performed in our
laboratory by Dr Melanie Hayes): for the 13914 probe and the centromere 12 probe,
the cut-off level was 4% and for the 17p13 and 11922 probes, the cut-off level was
5%. Data were interpreted as positive with a specific genetic aberration if the final
values were above these cut-off values. All CLL5 conventional FISH results are

presented in Appendix Table 3.

3.2.2 Laser scanning cytometry (LSC)

To further investigate the co-occurrence of del13q and dell7p sub-clones, LSC was
performed on the FISH slides (according to the conventional FISH protocol, see
section 2.6) of the 11 patients with both low frequency dell7p and dell13q, following
the LSC protocol (see Methods 2.7) with XL DLEU/TP53 probes (Metasystems,
Germany) (see mapping in Figure 7.3). This technique enables analysis of thousands
of interphase nuclei, increasing the ability to detect small sub-clones in these patients.
Five normal controls and patients who were normal by conventional FISH analysis
were also examined by this method to independently establish cut-offs. Mean plus 3
standard deviations of the 5 healthy normal controls was used as a cut-off for each

sub-clone.

3.2.3 Massive parallel sequencing (MPS) analysis

Raw CLL5 sequencing data (*fastq) and quality control were conducted by Dr Xavier
Badoux and his research team (University of Sydney). DNA extraction and DNA
purification of all of the CLL5 samples were undertaken using the Wizard Genomic
DNA Purification kit (Promega). A NanoDrop (ThermoScientific, Wilmington, USA)
with OD260/0D280 values was used to measure the concentration and optimal quality

of extracted DNA. The DNA was sequenced on an lllumina MiSeq sequencer following
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the manufacturer’s protocol. This was targeted sequencing with a custom amplicon
panel designed by lllumina to cover well-known recurrent mutations in CLL prognostic
genes. The quality control of data was rechecked by lllumina Analysis Viewer
(lumina, Hayward, USA). The sequencing panel undertaken by Dr. Xavier Badoux
contained 8 CLL target genes including TP53, ATM, NOTCH1, SF3B1, BICRS3,
MYD88, XPO1 and FBXW?7, whilst the sequencing carried out as part of this study
contained 5 CLL target genes including TP53, ATM, NOTCH1, SF3B1, BICR3 which
were previously described in section 3.1. Therefore, for the purposes of this analysis,
only the sequence data from the 5 genes that both panels had in common were
analysed. NextGENe software V2.4.2 (Next generation sequencing software for
biologists) was used to analyse these raw data (.fastq) files for trimming, mapping and
variant analysis and copy number variation (CNV) (see manual instruction on website:

http://www.softgenetics.com/PDF/ NextGENe_UsersManual_web.pdf).

The FASTQ format file containing both reverse and forward reads (R1, R2) was
trimmed by converting them into *_1. fasta and *_2. fasta files. The aim of this step
was to filter out the low-quality sequences (based on PHRED score < 20 (< 1:100), a
read length of less than 20 bases), and the quality filtering was implemented with other
FASTQ files. Both of these trimmed files were mapped by aligning them to the human
reference genome (Human_V37pl10_dbsnpl35) and the amplicons (*bed file). Data
were generated by allowing mapping of 100 bp sequences with the default value 85%
of read matching to the reference genome for the read to be aligned to the reference.
The resulting variants were lined up to the reference sequence (shown in Alignment
Viewer), and this project was saved under *ngjob file. Otherwise, variants that did not
map were recorded under *_unmatched file. For variant calling, files were also

exported to *vcf file for further analysis by lllumina Variant Studio™ 3.0 software.
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To generate the Copy Number Variation (CNV) report, the CNV tool carried out parallel
comparisons of the copy number variations in projects that were aligned independently
to the same reference sequence. One project file (*pjt) must be the sample and
multiple other project files (of the disomic 17p samples) must be the control. Finally,
the normalised coverage ratio value and the amount of noise in each region were
measured based on the length of the reference region and the total number of aligned
reads, in order to create the CNV classifications for each region, including duplication,

normal, deletion, or uncalled.

For the process of the potential genetic mutations identification, I[llumina
VariantStudio™ 3.0 software was used (see instruction in the website:
https://support.illumina.com/content/dam/illumina-support/documents /documentation
/software_documentation/variantstudio/variant-studio-v3-0-user-guide-1504890-

01.pdf). The variants in >5% populations were filtered out. Furthermore, identified
variants were compared to the catalogue of somatic mutations in cancer (COSMIC)
(http://cancer.sanger.ac.uk/cosmic): the SNP database (http://www.ncbi.nlm.nih.gov
ISNP/), the IARC TP53 database (http://p53.iarc.fr/TP53GeneVariations.aspx), and
the ClinVar database website (https://www.ncbi.nlm. nih.gov/clinvar/). According to the
guidelines of interpretation of MPS variants recommended by American College of
Medical Genetics and Genomics and the Association for Molecular Pathology
(Richards et al. 2015), there are five categories of clinical significance: pathogenic,

likely pathogenic, uncertain significance, likely benign, and benign.

In addition, the mutational status of the IgHV gene was determined using the

LymphoTrack IGH assay on the lllumina MiSeq platform. Unmutated CLL (UM-CLL)
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was defined as an IgHV sequence with 298% identity to the most homologous

germline sequence. The follow up IgHV data were not received until now.

3.2.4 Statistical methods

Baseline characteristics were analysed using descriptive statistics including counts,
frequencies, median, mean, and SD. The outcome (complete remission and overall
response rate) of each subset was compared using the Cox proportion hazard model,
log-rank (Mantel-Cox) test, Fisher's exact test, and multi-way tables for the Pearson's
chi-square test. Progression free survival (PFS) was then calculated from the start of
therapy until CLL progression or death; OS was calculated from the date of the start
of therapy until death. The Kaplan-Meier curve was performed in PFS analyses among
different subsets of the cohort with 95% confidence intervals. A hierarchical log linear
statistical test was applied to evaluate the correlation between each matching

aberration(s) co-occurrence among the CLL5 cohort.

3.3 Results

3.3.1 Baseline characteristic of the CLL5 cohort

CLL untreated patients were characterized by age, gender, Binet and Rai stages
(according to criteria in Chapter 1, Table 1.1), physical fithess (CIRS score), serum
concentrations of 32 micro-globulin, concentrations of lactate dehydrogenase (LDH),
zeta-chain associated protein kinase (ZAP-70) expression, white blood cell, platelet
and IgHV mutational status, as shown in Table 3.1. Mean patient age was 71 years
(range 65 to 80 years); two thirds were male (66.4%); a nearly equal proportion of

each stage was present according to the Binet stage (ranging A-C), and most were fit
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(Cumulative lliness Rating Scale (CIRS) score of <6). CIRS scores criteria are

described in detail in Appendix Table 4.

In addition, the mutational status of the IgHV gene was determined using the
LymphoTrack IGH assay on the lllumina MiSeq platform. Unmutated CLL (UM-CLL)
was defined as an IgHV sequence with 298% identity to the most homologous
germline sequence. Of the 67 cases with IgHV sequence information, 54% had a

mutated IgHV and 46% had an unmutated IgHV.

Table 3.1. CLL5 patients’ baseline characteristics at enrolment.

Characteristic Number (%) (n=116)
65-69 44 (37.9)
Age group 70-74 44 (37.9)
75-79 20 (17.2)
80-84 8 (6.9)
Age (years) Mean = SD 71.4+49
Median [range] 71 [65 — 82]
Gender Female 39 (33.6)
Male 77 (66.4)
A 37 (31.9)
Binet stage B 39 (33.6)
C 40 (34.5)
0 6 (5.20)
I 24 (20.9)
RAI stage I 37 (32.2)
1] 26 (22.6)
\Y, 22 (19.1)
0-2 62 (53.4)
CIRS score group
3-4 37 (31.9)
5-6 17 (14.7)
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Beta-2 microglobulin (mg/L) Mean + SD 43+1.9
Median [range] 3.9[0.1-10.7]
LDH (U/L) Mean = SD 300.8 £ 169.6
Median [range] 259111 — 1355]
ZAP-70 expression Mean = SD 30.5+26.3
Median [range] 19.1 [0 —91]
White blood cell (x10%/L) Mean + SD 104.8 £ 82.2
Platelet (x10%/L) Mean = SD 1545+ 77.4
IgHV Mutated 36/67 (53.7)
Unmutated 31/67 (46.3)

3.3.2 Conventional FISH characteristics of the CLL5 cohort and overall outcome.

CLLS5 trial outcome data (CR, ORR) were recorded for 116 patients (out of 120 patients in
total) and FISH analyses were performed on 95 patients (Table 3.2). Of 95 patients, 34.7%
had del13q, 15.8% had trisomy 12, 9.5% had dell11q, 21.1% had del17p, and no abnormality
was detected in 18.9% of patients. Furthermore, dell7p patients with a clone size of <25%
deleted nuclei (low frequency dell7p) accounted for 15.8% of patients, and dell7p with

clone size 225% accounted for 5.3%.

The data of treatment response of each genetic abnormality subgroup are shown in Table
3.2. All the response criteria are described in Appendix Table 5, including complete
remission (CR) and overall response rate (ORR). ORR is inclusive of CR, nPR, or PR

(nodular partial remission (nPR), partial remission (PR)).

Table 3.2. Treatment response according to cytogenetic characteristics as

determined by conventional FISH.

Conventional FISH Number (%) Number CR (%) Number ORR (%)
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All patients 120 (100) 65/116 (56 [47-64]) 105/116 (90.5 [89-92])
Not Done 25/120 (20.8)  14/24 (58.3 [40-75]) 24/24 (100 [100-100])
Dell7p 20/95 (21.1)  10/19 (52.6 [30-74])  16/19 (84.2 [76-91])

Dell7p (<25%)  15/95 (15.8) 8/14 (57.1[33-80])  13/14 (92.9[89-97])

Dell7p (>25%) 5/95 (5.3) 2/5 (40 [18-98]) 3/5 (60[20-99])
Delllq 9/95 (9.5) 1/9 (11.1 [50-72]) 8/9 (88.9[81-97])
Trisomy 12 15/95 (15.8) 9/15 (60 [39-80]) 14/15 (93.3[89-96])
Del13q 33/95 (34.7)  18/33 (54.6[38-70])  32/33 (97[95-98])
Normal-by-FISH 18/95 (18.9)  13/16 (81.3[71-90])  16/16 (100[100-100])

Complete Remission (CR), Overall response rate (ORR) (any CR, nPR or PR).
Results represented as n (% [95% Confidence Interval)).

One patient can have more than one aberration.

It is noted that there were no statistically significant differences in the PFS time between
dell7p patients and non-dell7p patients (p=0.25) (Figure 3.1A) or with other aberration
subsets. However, the study was not designed for outcome determination as a primary aim
and not prospectively powered for subset analysis. The monitoring time is relatively short
(24 months), therefore the CR of TP53 deleted cases is high; it is predicted that this will
reduce with a longer follow-up time. With this limitation in mind, it is noted that patients with
low frequency dell7p had similar response rates (CR and ORR) as all patients, with CR of
57% versus 56% and OR 93% versus 90% respectively, whereas patients with >25% dell17p
nuclei deleted had the worst response rates with 40% of CR and 60% of ORR. These
subsets were analysed by Kaplan-Meier curve survival demonstrating a trend to superior
PFS of patients with low frequency dell7p compared to high frequency dell7p, but the

difference was not statistically significant (p = 0.07) (Figure 3.1B).
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Figure 3.1. Kaplan-Meier curves demonstrating progression free survival of patient

subsets according to dell7p status as determined by conventional FISH analysis.

(A) There was no progression free survival difference for patients with (n=18) or without
dell7p (n=95) (p=0.25). (B) There was a trend to superior progression free survival in
patients with low frequency dell7p (n= 13) versus high frequency dell7p (n=5) (p=0.07).
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3.3.3 Further investigations of conventional FISH data of the CLL5 cohort

Our cohort showed that 77/95 (81.1%) CLL patients had at least one genomic aberration.
Of these, 44 (46.3 %) had a sole aberration, 19 (20%) had 2 concomitant aberrations and
14 (14.8%) had = 3 aberrations (complex karyotype) (Table 3.3). In the sole aberration
group, dell13g mono-allelic abnormalities accounted for 28.4%, followed by trisomy 12 for
10.5%, while there were few dell7p, delllq and bi-allelic del13q patients at approximately
2.1% to 3.2%. (Table 3.3). Bi-allelic 13q deletion was classified as only one genetic

aberration as the deletion has affected the same chromosome and the same genes.

The data in Table 3.3 demonstrate that the response rate to treatment of complex karyotype
was 78.6%, which was inferior to the response rates of patients with no, sole or 2
aberration(s) (p=0.023). There were no statistical differences in CR or ORR between other

groups (p>0.05).

In the literature, certain sole aberrations have clear prognostic impact, as discussed in
Chapter 1 (section 1.6.3). It has been reported that complex karyotypes result in the worst
outcomes (Dohner et al. 2000, Thompson et al. 2015). However, the determination of 3
chromosomal events representing a specific subgroup is likely only to be a marker of wider
genetic instability. The presence of 2 aberrations has unclear impact on prognosis and
clinical outcomes and may be dependent on the serendipity of 2 individual genetic events.
Therefore, | further investigated in detail the presence of two co-existent chromosomal
aberrations in patients enrolled in the study, in particular the poor prognostic variant del17p
in association with the good prognostic abnormality del13q, to further delineate any potential
associations of the two events. G-banding data of CLL5 were not available for analyse

complex karyotype.
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Table 3.3. Response to treatment according to the number of genetic abnormalities as characterised by conventional FISH in

CLL5 cohort (n=95).

The number was too low to interpret any significant comparisons.

Conventional FISH

Number (%)

Number CR (%)

Number ORR (%)

No abnormality 18 (18.9) 13/16 (81.3) 16/16 (100)
Sole aberration 44 (46.3) 22/42 (52.4) 38/42 (90.5)
Dell7p only 3(3.2) 1/2 (50) 1/2 (50)
Mono-allelic del13q only 27 (28.4) 15/26 (57.7) 25/26 (96.2)
Bi-allelic del13q only 2(2.1) 1/2 (50) 2/2 (100)
Delllqg only 2(2.1) 0/2 (0) 1/2 (50)
Tril2 only 10 (10.5) 5/10 (50) 9/10 (90)
2 aberrations 19 (20) 9/19 (47.4) 16/19 (84.2)
Dell7p + mono-allelic del13q 5(5.3) 3/5 (60) 4/5 (80)
Dell7p + bi-allelic del13q 2(2.1) 1/2 (50) 1/2 (50)
Dell7p + delllq 1(1.1) 0/1 (0) 1/1 (100)
Dell7p+ tril2 2(2.1) 2/2 (100) 2/2 (100)
Mono-allelic del13q + delllq 4 (4.2) 0/4 (0) 4/4 (100)
Mono-allelic del13q + tril2 3(3.2) 2/3 (66.7) 3/3 (100)
Bi-allelic del13q + delllp 2(2.1) 1/2 (50) 1/2 (50)
= 3 aberrations 14 (14.7) 8/14 (57.1) 11/14 (78.6)
Total 95 (100) 52/91 (57.1) 81/91 (89)
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3.3.4 Relationship between 17p deletion and 13q deletion in the CLL5 cohort

3.3.4.1 17p deletion and 13q deletion in the CLL5 cohort

Nineteen out of 95 patients had 2 concomitant chromosomal aberrations (20%). Within this
subgroup, the most frequent association was between dell7p and mono-allelic del13q at
26% (5 patients) (Figure 3.2). A hierarchical log linear statistical analysis was applied to
explore the co-occurrence among the five chromosomal aberrations; mono-allelic del13q,
bi-allelic del13q, trisomy 12, delllq and dell7p in CLL5 samples. There was a significant
relationship between dell7p and dell3g mono-allelic (p< 0.001) (Appendix Table 6).
Although Dohner et al (2000) reported the association between 13q and 17p, no further
analyses on this relationship has been done. Furthermore, we found a higher percentage of

this co-occurrence than expected by chance
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Figure 3.2. Frequency of co-occurrence of 2 genomic aberrations by conventional
FISH in CLL5 cohort.

Concomitant dell7p and dell3g accounts for the greatest percentage of genomic

aberrations.

3.3.4.2 17p deletion and 13q deletion in dell7p samples in the CLL5 cohort

To investigate this association further, the CLL5 cohort was reviewed for specific
associations between dell7p and dell3q. There were 20 patients in whom dell7p was
apparent: 15 samples had low frequency dell7p (defined by having less than 25% of 17p-
deleted nuclei (Tam, C.S et al 2009b); one sample with mid- frequency dell7q (41% of the
total cell population) and four other samples with high frequency ranging from 85% to 91%

dell7p nuclei deleted (Table 3.4).

In the specific group of low frequency dell7p (15 samples), 11 samples had concomitant
dell3q (73%). Specifically, within this subgroup, there were 9 samples with co-occurrence
mono-allelic del13qg, 1 sample with concomitant bi-allelic del13q and 1 sample with co-
occurrence of both mono-allelic and bi-allelic del13q in different sub-clonal populations

(Table 3.4).

According to Dohner et al (2000), del13q has the highest frequency and dell7p has the
lowest; therefore, their co-occurrence cannot be explained by the prevalence of each

individual lesion.

Regarding other prognostic factors, of the cases with dell7p samples, 50% (10 of 20
samples) had an unmutated IgHV, 40% had a mutated IgHV, while the IgHV rearrangement
failed to amplify in the remaining 10% (Table 3.4). There was no statistical difference in

mutational status between the dell7p subgroups (p>0.05).
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Table 3.4. List of conventional FISH results of CLL5 samples with 17p deletion (n=20).

del13q (%) dell3q (%) trisomyl2 delllg dell7p

ID 9HV " mono-allelic  bi-allelic (%) (%) (%)

Low frequency dell7p (<25%) (n=15)

1 RNSO11 M 4 0 55 2 6
2 STV004 UM 9 0 <1 2 7
3 HOBO12 UM 13 0 51 9 7
4  STV059 UM 4 0 1 9 8
5 RNSO030 M 79 0 <1 2 8
6 HOBO31 M 88 0 <1 9 8
7  PAHO08 UM 4 0 2 4 9
8 QEH101 UM 95 0 <1 95 9
9 RNSO021 M 96 0 <1 5 10
10 RNSO019 UM 6 0 2 88 11
11 SCGO018 ND 4 93 1 5 12
12 GEEO1l6 UM 96 0 3 9 12
13 CANO37 M 95 0 1 4 12
14 MMNO46 M 60 27 <1 4 22
15 GCHO058 UM 4 0 73 5 22

Mid/High frequency del17p (=225%) (n=5)

16 SCGO063 M 4 95 <1 9 41
17  FMCO089 M 0 89 <1 <1 85
18 SCGO054 ND 2 0 <1 3 88
19 STGO66 UM 10 0 <1 4 90
20 MMCO085 UM 1 0 <1 2 91

All data are showed in percentages. M: mutated, UM: unmutated, ND: poor quality sample.
Cut-off value for dell3q mono-allelic & bi-allelic: 4%, trisomy 12: 4%, delllq: 5%, and

dell7p: 5%. All positive results (above the cut-off value) are shown in red.
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While there was no statistically significant survival advantage with dell7p and dell3q
concomitance as opposed to dell7p alone at the 24 months analysis time-point (p=0.31),

further follow-up of those patients is awaited with interest (Figure 3.3).
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Figure 3.3. Kaplan-Meier curves demonstrating progression free survival of dell7p
patient subsets according to dell3q status as determined by conventional FISH

analysis.

The graph demonstrates progression free survival in patients with concomitant dell7p and
dell3q (n=12) at a time point of 21 months, compared to del17p as a sole abnormality (n=8)
(p=0.31). Although there appears to be a plateau on the dell17p with concomitant 13q curve,
the short follow-up of patients and low total patient numbers precludes further interpretation.
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3.3.4.3 Investigation of del17p and del13q intra-tumour sub-clones by laser

scanning cytometry
Prior to carrying out LSC on CLL samples, the normal cut-off reference of XL DLEU/TP53
probes on LSC was determined. This was determined by identifying five healthy normal
controls (age matching > 65 years old) from the blood bank. Conventional FISH analyses of
these individual samples confirmed that they had normal karyotypes. Cells from each of
these five healthy samples were hybridised with the above probes (in duplicate) and then

scored with LSC. The data are presented in Table 3.5.

Table 3.5. Laser scanning cytometry results of normal healthy control PBMCs.

Total 17p+/+ 17p+/+ 17p+/+ 17p+/- 17p+/- 17p+/- 17p-/- 17p-I- 17p-/-
cells 13g+/+ 13g+/- 13g-/- 13q+/+ 13g+/- 13g-/- 13g+/+ 13g+/- 13qg-/-

1 5907 97.02 1.79 0.03 0.96 0.07 0.02 0.03 0.02 0.05

2 6966 9535 0.26 2.20 1.29 0.52 0.32 0.04 0.03 0.00

3 8654 9532 1.46 0.66 0.65 1.18 0.14 0.13 0.24 0.23

4 9378 9298 1.24 1.14 1.65 1.78 0.55 0.32 0.29 0.04

5 3564 9245 3.03 1.82 1.60 0.45 0.36 0.08 0.06 0.14

Mean+3SD 99.67 4.25 3.51 2.38 2.62 0.84 0.44 0.47 0.36

All data are shown in percentages (%), except for the first column which shows total number

of cells.
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Following the LSC analysis in normal samples, this analysis was performed with
XL DLEU/TP53 probes on 11 patients who had a concomitant loss of del17p and del13q by
conventional FISH. The intention of this LSC analysis was to analyse vastly increased
numbers of cells per sample in order to better interrogate the sub-clonal frequencies and
co-occurrences at an individual cell level. In addition, three normal karyotype by FISH CLL
samples were also analysed in parallel as additional controls (MMNO13, PAH026 and

AUSO079). Data are presented in Table 3.6.

It can be seen in Table 3.6 that the majority of the values in the three normal-karyotype CLL
samples were less than the normal cut-off reference for each sub-clone; only in MMNO13
was there 0.57% (17p-/- &13g+/+) (normal cut-off is 0.44%). This suggests that normal-by-
FISH karyotyping probably identifies a subgroup of CLL with very stable genomes and truly
low incidence of chromosomally abnormal sub-clones, within the restricted analysis of
chromosomes applied by the currently employed conventional FISH method. The
confidence of interpreting very low sub-clone numbers was increased by LSC methodology
with 10.5 to 45 times the number of cells evaluated and the achievement of consistently low

cut-offs even under stringent statistical analysis.

Of the 11 CLL patient samples which had previously been identified to have both dell7p
and dell13q sub-clones, there were 3 clones which were found to exist at high frequency: a
normal clone (17g+/+ & 13q+/+; patients 1, 2 and 7), a mono-allelic del13q clone (17p+/+ &
13g+/-; patients 3-6 and 8-10) or a bi-allelic del13q clone (17p+/+ & 139-/-; patients 10 and

11) (Table 3.6 and Figure 3.4).

- In the cases where the normal clone predominated (patients 1, 2 and 7), the low
frequency (17p+/+ & 13q+/-) and (17p+/- & 13g+/+) sub-clones were in similar
frequencies, suggesting that these sub-clones were arising and competing at similar

levels.
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Where the predominant clone was mono-allelic dell3q (17p+/+ & 13q+/-; patients 3-6
and 8-10), the co-occurrence of dell7p and dell3q (17p+/- & 13g+/-) was present at a
lower but substantial level, suggesting that hierarchically the (17p+/- & 13g+/-) sub-clone
was arising secondarily and that the dell7p event was occurring within the dell3q
dominant clone. This scenario best fits the current paradigm of the later development of

dell7p sub-clones.

Two samples had a high frequency bi-allelic del13q clone (17p+/+ & 13q-/-; patients 10
and 11). In patient 11, the bi-allelic del13q sub-clone was the predominant clone at a
frequency of 87.6%. However, it was found that the sub-clone containing del17p (present
at 8.8%) occurred in association with a mono-allelic loss of 13q. This suggests that the
second loss of 13q occurred after the 17p loss, but that the bi-allelic del13q has a survival
advantage over the mono-allelic 13q deletion. Likewise, in patient 10, the clones with
mono and bi-allelic loss of 13q were approximately equal (43.5% and 41.8%); however,
the dell7p clone (8.2%) occurred essentially only in the setting of mono-allelic loss of
13g. From these observations, it can be inferred that the dell7p event in these CLL
patients happened in the same clone as the mono-allelic del13q event, but the bi-allelic

dell3q event occurred in separate clonal events.

In addition, it was evident that the sub-clone containing both del17p and mono-allelic del13q

(17p+/- &13qg+/-) was seen at the next highest frequency, ranging from 6% to 12% in all

samples (Table 3.6 and Figure 3.4). Again, these findings are consistent with mono-allelic

dell3q and dell7p events occurring early in the evolution of the sub-clones. In comparison,

with respect to the order of these 2 events, in samples 1, 2 and 3 the clone with both

abnormalities (17p+/- &13g+/-) was slightly larger than the clones with mono-allelic del13q

alone (17p+/+ &13g+/-). In these cases, it remains possible that del17p was acquired as a

second-hit within the del13q clone.
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The most interesting finding from this targeted analysis is that del17p did not always occur
within the clone harbouring the del13q, and in each patient containing levels of the dell7p
13g+/+ above background, 2.5-3% of nuclei bearing dell7p alone was observed in a
minimum 1000 cell analysis (Table 3.6 and Figure 3.4). It is therefore possible that dell7p
had arisen independently of the del13q, which is traditionally considered a founder event.
This depth of analysis has not previously been possible and it is likely that further analysis
of these individual clones at a genomic level would provide information about other non-

chromosomal mutational events occurring in these sub-clones.

In conclusion, these analyses demonstrate that there are potentially more branched
evolutionary patterns evident within the sub-clonal populations and highlight the complex
intra-clonal heterogeneity of these concomitant del17p and del13q samples. These warrant

further evaluation to understand the early molecular events in CLL.
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Table 3.6. Analysis of sub-clonal chromosomal architecture in CLL samples with concomitant del17p & del13q and normal-by-FISH.

Total 17p+/+ 17p+/+ 17p+/+ 17p+/- 17p+/- 17p+/- 17p-/- 17p-/- 17p-/-
ID cells &13q+/+ & 13q+-  &13g-/-  &13g++  &13q+/-  &13q/-  &13g++ & 13g+- & 13q-/-

1 STV004 1648 83.13 4.37 1.45 3.00 5.95 1.40 0.20 0.20 0.30
2  HOBO12 1448 74.50 8.50 2.11 2.90 10.10 0.69 0.40 0.30 0.50
3 RNS030 1863 13.00 74.85 1.30 1.00 9.30 0.10 0.30 0.10 0.05
4 HOBO31 3463 2.70 82.00 1.67 2.50 10.50 0.50 0.00 0.05 0.08
5 QEH101 3123 1.20 81.30 2.60 3.00 10.70 0.80 0.05 0.30 0.05
6 RNS021 1803 2.23 82.35 0.60 2.70 10.75 0.50 0.07 0.75 0.05
7  RNS019 1257 82.30 3.89 2.02 2.94 7.95 0.07 0.45 0.08 0.30
8 GEE016 1632 1.10 83.52 1.70 1.90 10.20 0.08 0.40 0.50 0.60
9 CANO37 1587 0.30 83.45 0.80 1.45 11.80 0.90 0.70 0.40 0.20
10 MMNO46 3005 3.00 43.50 41.80 1.80 8.20 1.10 0.30 0.10 0.20
11 SCGO018 2062 0.50 0.40 87.60 2.05 8.80 0.30 0.05 0.20 0.10
12 MMNO13 1965 93.00 1.58 0.46 2.10 1.72 0.25 0.57 0.27 0.05
13 PAH026 2164 95.90 0.69 0.09 1.70 1.02 0.23 0.05 0.14 0.18
14 AUS079 2309 93.55 2.16 0.82 1.47 1.34 0.13 0.17 0.22 0.13
Normal cut-off (mean+3SD)  99.67 4.25 3.51 2.38 2.62 0.84 0.44 0.47 0.36

Samples 1 — 11 contained a low frequency dell7p sub-clone in addition to varying levels of del13q, as determined by conventional FISH analysis.
Samples 12 — 14 did not carry deletions of 13q or 17p, as determined by conventional FISH analysis. The cut-offs for normal healthy controls are
shown in comparison (taken from Table 3.5). All data are shown in percentages, except for the first column with total number of cells. All the

positive results (above the normal cut-off value) are shown in red.
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Figure 3.4. Sub-clonal frequencies by laser scanning cytometry in cases harbouring both low frequency dell7p and del13q.

(A) Full data of sub-clonal distributions, the part of the graph in the blue box data are displayed enlarged in (B). (B) Expanded section of graph (A)
defined by the blue box in A.
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3.3.5 Genomic molecular profiling characteristics of the CLL5 cohort

DNA sequencing data was available for 83 patients. The MPS were analysed using
Nextgene software with human reference genome (Hg19). The workflow analysis detail is
reported in the Methods (section 3.2.3). From this analysis, the data demonstrated many
potential mutations in the whole cohort. The mutations and FISH data are combined in Table
3.7 and show that 5/5 (100%) mid/high frequency dell7p samples had TP53 mutations,
while only 3/15 (20%) low frequency dell7p patients had TP53 mutations, 2/14 (14.3%) of

normal-by-FISH had TP53 mutations and 1/4 (25%) of those not analysed by FISH.

Furthermore, the distribution of mutations overall in the genes analysed was at greatest
frequency in the dell7p high frequency group, followed by the trisomy 12 group. The low

frequency dell7p, delllq, del13q and other groups had similar distributions (Table 3.7).

Looking at mutational status of each of the 5 genes in the CLL5 cohort, these mutations
ranged from 12% to approximately 13%, except 2.4% of BIRC3 mutation (Table 3.8). The
worst outcomes were found in TP53 mutation, patients only 27% reaching CR and 82%
ORR. Neither of the 2 patients with the BIRC3 mutation achieved CR (Table 3.8). No
statistically significant association between OS and 5 genetic mutations were found in this

small cohort (p>0.05).
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Table 3.7. Associations between the genomic mutations identified by targeted sequencing and conventional FISH analysis in the

entire CLL5 cohort.

Conventional FISH

Del17p Del17p (low frequency) Delt1q Trisomy 12 Del13q Normal by FISH Not
(mid/high analysed

frequency

NOTCHI

DNA mutations

SF3B1

Each column represents a patient (n=83). Black box indicates variant.

BIRC3
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Table 3.8. Frequency of 5 gene mutations and treatment responses.

Mutation Number (%) Number CR (%) Number ORR (%)
TP53 11/83 (13.3) 3/11 (27.3) 9/11(81.8)
ATM 10/83 (12.1) 4/10 (40) 10/10 (100)

NOTCH1 11/83 (13.3) 6/10 (60) 9/10 (90)

SF3B1 11/83 (13.3) 10/11 (90.9) 10/11 (90.9)
BIRC3 2/83 (2.4) 0/2 (0) 2/2 (100)

3.3.6 Investigations of mutational profile of patients containing TP53 mutation

The 20 dell7p samples containing mutations in TP53 or other genes and all samples
harbouring TP53 mutations in the CLL5 cohort were analysed and are shown in Table 3.9.
Among the low frequency dell7p subgroup, there were a total of 5 variant mutations (4 TP53
mutations and 1 ATM mutation), whereas twice the number of mutations was found in the
high frequency del17p subgroup (5 TP53 mutations, 2 ATM mutations, 2 NOTCH1 mutations
and 1 SF3B1 mutation). In addition, 2 samples normal-by-FISH (RMHO001, PAH048) had
TP53 mutations and 1 sample with no FISH analysed results (WES029) also harboured
TP53 mutations. It was also noted that all mutations harboured the variant allele frequency
(VAF) at a higher than 20%. All variants were analysed in depth by the Illumina Variant
software, ClinVar database, COSMIC database and IARC TP53 database. The results are
summarised in Table 3.9 and showed that 11 of 12 (92%) TP53 mutations were missense,
and only 1/12 (8.3%) was nonsense. Most of the variants were located in exon-7 (42%) and
exon-6 (25%), while only one was located in each of the following exons: 4, 5, 8 and 11. Out
of 15 low frequency dell7p CLLs, only 4 samples had mutations, of which only half had
pathogenic mutations, while all 5 high frequency dell7p CLLs contained pathogenic
mutations. This interesting data needs to be validated by Sanger sequencing and a larger

cohort.
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Table 3.9. Patients with TP53 mutations and other variant alleles identified by MPS stratified by dell17p frequency

ID /F?SH-ZEAJ) Gene Transcript variant Aemler]rgt%:rI\d VAF nErﬁObner Translation Effect Clinical Significance Citation Source
Low frequency dell17p
TP53 C.776A>T p.D259V 0.47 7-exon Missense Uncertain significance Clinvar
STV004 7 - -
TP53 c.637C>T p.R213* 0.45 6-exon Nonsense Pathogenic Clinvar
QEH101 9 ATM €.1537C>T p.Q513* 0.56 10-exon Nonsense Pathogenic Clinvar
SCGO018 12 TP53 c.646G>A p.vV216M 0.21 6-exon Missense Uncertain significance Clinvar
MMNO046 22 TP53 c.1129A>C p.T377P 0.23 11-exon Missense Benign Clinvar
Mid/High frequency dell17p
SCG063 a1 TP53 €.395A>G p.K132R 0.43 5-exon Missense Uncertain significance Clinvar
ATM €.4324T7>C p.Y1442H 0.48 29-exon Missense Uncertain significance Clinvar
FMC089 85 TP53 C.743G>A p.R248Q 0.38 7-exon Missense Pathogenic Clinvar
SCG054 88 TP53 c.818G>A p.R273H 0.52 8-exon Missense Pathogenic Clinvar
NOTCH1 C.7560G>A p.W2520* 0.41 34-exon Nonsense Pathogenic COSMIC
TP53 C.742C>T p.R248W 0.86 7-exon Missense Pathogenic Clinvar
ATM €.2548G>T p.E850X 0.17 20-exon Missense Pathogenic COSMIC
STG066 90 SF3B1 €.2098A>G p.K700E 0.47 15-exon Missense Likely pathogenic Clinvar
NOTCH1  ¢.7537_7538insC  p.E2515fs* 0.49 34-exon Insertion - Not reported COSMIC
Frameshift
MMCO085 91 TP53 c.733G>A p.G245S 0.84 7-exon Missense Pathogenic Clinvar
No dell7p containing TP53 mutations
RMHO001 0 TP53 c.707A>G p.Y236C 0.89 7-exon Missense Likely pathogenic Clinvar
NOTCH1 c.931A>C p. T311P 0.21 6-exon Missense Pathogenic COSMIC
PAHO048 0 TP53 €.215C>G p.P72R 0.99 4-exon Missense Uncertain significance Clinvar
WES029 NA TP53 c.596G>A p.G199E 0.41 6-exon Missense Benign COSMIC

VAF, variant allele frequency. NA: not analysed by conventional FISH.
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3.3.1 Assessment of the low frequency del17p detection by analysing MPS data.

A MPS approach has been used widely to identify mutations in patient samples. However,
my research question is whether this MPS method can ascertain the presence of dell7p
sub-clones, especially at low frequency. To answer this question, the raw sequencing data
was analysed to detect the low frequency dell7p samples. Based on the designed panel,
only 8 amplicons were used for the short arm of chromosome 17 sequencing, spanning the
TP53 exomic regions. For the long arm of chrl7, 17 amplicons were used spanning GRB2
exon region and 7 amplicons were used for CD79B exon region (Appendix Table 7.7). In
short, there were a total of 3 genes covering the chrl7 exon region, including TP53, GRB2

and CD79B.

In 2013, due to some limitations of the CLC Genomics software, Dr Gareth Elvidge (Illumina
sequencing specialist) helped to generate the graph in Figure 3.5. The CLL5 samples with
low, mid and high frequency dell7q, especially two females and one male in the low
frequency group, were analysed to identify the deleted proportion based on MPS data. In
this analysis, the data showed the normalised coverage of each amplicon, and a 50% drop
in chromosome X for male samples when compared to the female sample could quite clearly
be detected (blue box). Chromosome 18 amplicon regions demonstrated clustered lines
between samples representing or demonstrating the pattern where there is no loss or gain
of the chromosome. Whereas a 90% dell7p sample (STG066, orange line) was quite
separate from other samples in the TP53 amplicons (blue box), a mid/low frequency dell7p
sub-clone could not be distinguished from a wild type 17p sample (AUS084, green line), as

all sample lines were clustered in most of the amplicons covering the TP53 exon region.
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Subsequently, new analysis software became available for MPS data, namely Nextgene
software, allowing re-analysis of these amplicons by an alternative method which utilises
copy number variant (CNV) analysis. On chromosome 17 (blue box) in Figure 3.6, most of
the SNPs were located on the average line in AUS084 (3% dell7p sample, control)
compared with other chromosome regions. There was a clear decline in SNPs (in red dots)
in the case of STG066 with 90% dell7p, with the CNV dropping to approximately 30%
compared with the average line. However, CNV in 41% dell7p (SCG063) did not decline
consistently, and there were no measurable differences in 10% and 22% dell7p in CNV
changes, compared with normal del17p. These results exhibited similarity with my previous

normalised coverage analysis despite the upgraded software (Figure 3.7).
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Figure 3.5. Normalised MPS coverage of read analysis from the 5 gene panel.

This graph was generated the normalised coverage of read on chromosome 17, 18 and X region, with the help of lllumina sequencing
applications specialist (Dr Gareth Elvidge) on the following samples. AUS084 (3% dell7p), RNS021 (10% dell17p), GEEO16 (12% dell17p),
GCHO058 (22% del17p), MMNO046 (22% dell7p), SCGO063 (41% dell7p) and STG066 (90% dell7p).

AUS084, RNS021 and MMNO046 are female (F); GEE016, GCHO058, SCG063 and STG066 are male (M).
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Figure 3.6. Percentage dell7p identified by copy number variant analysis of TP53

gene region.

This graph was generated by copy number variation (CNV) report tools of NextGENe
software V2.4.2 (see section 3.2.3) on the following samples: AUS084 (3% del17p), RNS021
(10% dell7p), MMNO046 (22% del17p), SCG063 (41% dell7p) and STG066 (90% dell7p);
dell7p percentages were determined by conventional FISH.

X-axis, ratio of sample/total. Small gray dots show the CNV at individual SNPs. CNV which

fall below the average line indicate deletion and are shown in red.
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3.4 Discussion

In the D6hner et al. (2000) study, patients were aged between 30 to 87 years (median at
62 years) while my cohort age range was 65 to 82 years (median at 71 years). It is evident
in the published literature that the level of chromosomal aberrations increases with
increasing age (Sinclair 2003, Wojda et al. 2006, Mladinic et al. 2010). Laurie et al. (2012)
analysed over 50,000 DNA samples from peripheral blood of normal individuals of all ages.
They found that the number of people less than 50 years of age with one or more mosaic
DNA aberrations within 5 life-years was less than 0.5%, whereas this increased to 3.2% in
subjects more than 80 years old. Consequently, it was expected that more genomic

aberrations would be identified in our elderly CLL cohort.

Our FISH data identified that our cohort (Table 3.2) demonstrated the specific genomic
aberration(s) in similar distributions as expected compared with the Déhner et al. (2000)
study, with some notable exceptions: 18% had no abnormality, 36% del13q, 14% trisomy
12. However, in our cohort, delllg had a lower percentage than expected at 9.5%, and
dell7p accounted for a higher proportion at 21.1% in comparison with 17% and 7%,

respectively in the Dohner et al. (2000) study.

In comparison, Van Dyke et al. (2016) demonstrated that there were up to 12% dell7p and
11% delllq among 1585 patients with treatment naive CLL. Of note, the majority of the
identified dell7p samples in my study were low frequency with 25% (5/20) of samples
containing greater than 25% dell7p cells, which is thought to be the more clinically
significant threshold for deletion of 17p by conventional FISH. The increase in the low
frequency clones may be age related. However, there are insufficient age relevant published
data at this level of analysis of sub-clonal architecture by conventional FISH to allow direct

comparison.
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Additionally, the low frequency dell7p clones are likely to be under-represented in the
reported literature and few manuscripts actually outline their technical cut-offs. In a
comprehensive technical study of five laboratories reporting conventional FISH for CLL, the
technical cut-offs varied from 5-8% (Smoley et al. 2010). The clinically significant cut-offs
varying from 20-25% have been reported (Tam et al. 2009b, Oscier et al. 2010), while low
frequency dell7p (<25% deleted nuclei by FISH) patients were not associated with poor
outcomes (Catovsky et al. 2007, Rudenko et al. 2008, Tam et al. 2009b, Oscier et al. 2010,

Badoux et al. 2011b).

Our data showed that approximately 16% (15/95) had low frequency dell7p (<25% of nuclei
deleted). This ratio is similar to the report by Tam et al. (2009b) with approximately 17.%
(11/64). A publication by Van Dyke et al. (2016) demonstrated that 49% (59/120) CLL
patients had low frequency dell7p (defined as <20% nuclei deleted). Therefore, these
reports suggest that the low frequency dell7p accounts for a significant proportion in the
dell7p population. In both of these published papers the outcome of low frequency dell7p
patients is superior to high frequency dell7p. A recent paper of Yu et al. (2017) identified
other concomitant driver genetic aberrations besides TP53 mutations in the del(17p) CLL
subgroups. However, they did not identify the CLL patients as low or high frequency del17p.
Hence the question of whether the low frequency dell7p CLL subgroup may behave
differently with distinct pathogenic mechanism compared with high frequency dell7p in CLL,

remains unanswered.

In terms of the complexity of chromosomal aberrations, our cohort data (Table 3.3) showed
a similar proportion of the number of aberration(s) in individual samples to the Déhner et al.
(2000) study. Of the 325 patients, they analysed by interphase FISH, 268 had abnormal

FISH analyses (82%), including 175 (54%) having one aberration, 67 (20.6%) with 2
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aberrations and 26 (8%) with = 3 aberrations. However, of note, there were slightly more
complex karyotypes in our cohort with 14.8% = 3 aberrations found, which may again be
explained by the age of our cohort population or may simply be due to the smaller cohort
size. Gentile et al. (2016) studied 279 elderly, previously untreated CLL patients from up to
33 centres (29 Italian, 3 Israeli and 1 German) to test the safety and efficacy of
bendamustine-rituximab (BR). This study had a similar median age of 70 compared to the
71-year-old median in our study, as well as similarity in the follow-up time of 24 months. In
their study, they showed 18/192 (9.4%) cases had dell7p and these dell7p had an ORR of
66.7%, which is comparable with our ORR ratio in the high frequency dell17p group. Again,

these results parallel the CLL10 clinical trial (Eichhorst et al. 2016).

There was no statistical significance in any outcome (OS or PFS) analysis associated with
the underlying FISH abnormalities in our study, also most likely confounded by the small
sample size and short follow-up, resulting in no differences in individual cytogenetically
defined subgroups. Within the recognised constraints of the trial being powered to answer
the question of toxicity and tolerability and not outcome, the lowest ORR to treatment was
observed in the subgroup of complex karyotype by FISH (78.6%) when compared with the
no, sole or 2 aberration(s) groups. This corresponds with the literature (Travella et al. 2013,
Thompson et al. 2015, Le Bris et al. 2016, Rigolin et al. 2016, Puiggros et al. 2017, Yu et al.

2017).

Additionally, in our data, among 14 patients with complex karyotype, there were 6 patients
with the co-presence of complex karyotypes and dell7p (43%) despite these samples being
naive to treatment. Hence, our data demonstrated the enrichment of del17p in the complex
karyotype subgroup, which was in accordance with many previously observed frequencies

ranging from 26.7% up to 50% (Haferlach et al. 2007, Jaglowski et al. 2012, Baliakas et al.
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2014b, Herling et al. 2016, Collado et al. 2017, Puiggros et al. 2017, Yu et al. 2017). The
usual explanation for this finding is that the loss of 17p or loss of TP53 causes underlying
genomic instability, correlating with a defective DNA damage response, leading to complex

karyotype (Bartek et al. 2007a, Dicker et al. 2009).

Nevertheless, Puiggros et al. (2017) found that the prognosis of CLL patients with complex
karyotype was independent of 17p deleted status. This report also mentioned that current
conventional FISH analyses may cause underestimation of the real complex karyotype,
compared with chromosome banding analysis; this has also been claimed in several other
reports (Jaglowski et al. 2012, Travella et al. 2013, Baliakas et al. 2014, Herling et al. 2016,

Puiggros et al. 2017).

A number of researchers have recently reported that besides clinical characteristics, TP53
disruption, complex karyotype, and IgHV status are the most significant prognostic markers
in CLL (Delgado et al. 2014, Rossi et al. 2015, International-C.L.L.1.P.l.group 2016, Le Bris
et al. 2016, Yu et al. 2017). Regarding the IgHV mutational status of our entire cohort, the
interpretation of data was restricted, as | lacked the results of many patients (nearly half).
But, all of the patients in the dell17p subgroup were examined for IgHV mutational status,
and our data showed that only 50% had an unmutated status. This proportion is compared
with other reports, in which the unmutated IgHV in the dell7p group ranged from 44% to
81% (Hamblin et al. 1999, Gladstone et al. 2012, International-C.L.L.I.P.l.group 2016).
Additionally, it has been reported that mutational status may influence the response to
therapy in dell7p CLL cases (Krober et al. 2006, Quijano et al. 2008, Rassenti et al. 2008,
Puiggros et al. 2014). This apparent discrepancy may be another reason for the favourable
performance in our cohort in terms of response to therapy, besides the restriction of the

small sample size.

124



Chapter 3 - Genomic analysis of CLL5 ARC cohort

Our finding revealed the highest frequency of variant mutations for the 5 genes analysed, in
the high frequency dell7p subgroup compared with other chromosomal aberration
subgroups and this subgroup conferred the worst outcome. This finding is in accordance
with the finding of Yu et al. (2017), in which the increase of somatic mutation number was
associated with poor outcome. In addition, Yu et al. (2017) also revealed that dell7p was
not the only driving event in CLL progression, especially as the other driving clones could
compete with dell7p clones. Therefore, an unbiased technique was needed to unravel the
genomic landscape of dell7p sub-clones, which would afford detailed analysis of each of
the sub-clones. Single cell sequencing with its associated expense and potential bias may
be only one solution to the problem of understanding complex sub-clonal mutational

landscapes (discussed further in Chapter 6).

Different gene mutations associated with specific cytogenetic alterations strongly suggest
synergy in driving pathogenesis. Our data showed that the highest frequency of NOTCH1
aberrations was found in the trisomy 12 group, while ATM alterations harboured a higher
frequency in the group of delllq patients. In particular, 100% of the high frequency dell7p
samples had TP53 mutations, but the coincidence of low frequency dell7p and TP53
mutations was only 20%. This latter finding is in contrast with literature which found that
>80% of the remaining TP53 allele in dell7p samples were mutated (Dicker et al. 2009,
Zenz et al. 2010b, Seiffert et al. 2012). However, sub-clonal frequencies are not always

stated.

Our 5 gene panel mutations have been considered as major and common gene drivers in
CLL (Rossi et al. 2014, Sutton et al. 2015, Nadeu et al. 2016, Rasi et al. 2016, Rossi et al.
2016). Our data additionally showed that 43% (36/83) of patients were harbouring at least

one of these five mutations, compared with 63% in the Sutton et al. (2015) study; and 23%
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in Nadeu et al. (2016) research. The Nadeu et al. (2016) study was a clinical study on
untreated CLL, and the same 5 genes as in our study were investigated by targeted ultra-
deep sequencing. Their results showed that there were 10.6% of TP53 mutations, 11.1% of
ATM mutations, 21.8% of NOTCH1 mutations, 12.6% of SF3B1 mutations and 4.2% of
BIRC3 mutations among 406 CLL patients. These results were similar to our data which had
TP53 mutations (13%), ATM mutations (12%), SF3B1 mutations (13%), BIRC3 mutations
(2.4%). However, the observed NOTCH1 mutations in our data were noticeably lower at
13%. This could be explained by the fact that the ultra-deep panel in the Nadeu et al. (2016)
study had higher average sequencing coverage of read at 2310x, compared with 1000x in
our assays. For in silico TP53 variant analysis, our findings correspond with those of
Malcikova et al. (2015) who found 79% missense mutations, 4% nonsense mutations and

6/330 (1.8%) patients identified with more than one TP53 variant.

To date, the relationship to outcome of the concomitance of del13q and dell7p has not been
explored. This study provides the first demonstration of a positive association of del13g and
dell7p concomitant sub-clones in CLL. Studies confirmed that LSC can replace manual
scoring for conventional FISH (Adler et al. 1996, Baumgartner et al. 2001). The number of
cells analysed and the reduction in bias that occurs with a manual scoring technique may
provide greater reassurance of sub-clonal frequencies compared with purely manual
methods of only 200 cell counts. Through the detailed intracellular analysis by laser-
scanning cytometry on FISH slides, the intra-patient clonal heterogeneity of CLL has been
clearly demonstrated. Our data pointed out a different sub-clonal architecture and hierarchy
than has been previously recognised: and dell7p sub-clones appeared to occur
independently of dell3q. However, the frequencies were always low and would require
further analysis to confirm. If found to be valid these findings would challenge the

assumption that acquisition of del17p is necessarily a late-driver event in leukaemogenesis
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(Baliakas et al. 2014a, Landau et al. 2015, Winkelmann et al. 2015) and may precede or co-
occur in parallel with deletion 13q in some cases. The literature reports that many CLLs start
with a dell13q (considered as indolent) and then develop other aberrations (Balatti et al.
2013b, Balatti et al. 2016). Our data supports the novel assumption that it is possible that
dell7p occurred first, or as a simultaneously competing clone (presuming that these are
dell7p CLL indolent or have not acquired other damaging mutations at that early time point),
and then possibly another hit (mutational event) occurs to stimulate cell division/survival and
change the CLL phenotype. These multi-hit processes are likely to be similar to other cancer
genome patterns (Bozic et al. 2010, Davoli et al. 2013, Truger et al. 2015). However, it is
clear that in an elderly previously untreated cohort, a not insignificant percentage of patients
have low frequency loss of 17p, and that this is associated with a higher than by chance
alone association with mono-allelic del13q, which is not seen once the dell7p clone

predominates.

Currently the extensive MPS approach is being applied in routine CLL clinical practice to
detect mutational frequency in the IgHV gene. However, the wholesale use of genomic
analysis by MPS is far from established and the cytogenetic tests such as FISH or SNP
array still need to be conducted to assist with treatment decisions. Therefore, my question
was whether MPS can replace conventional FISH to identify dell7p, especially low
frequency dell7p. The mid/low frequency dell7p were unable to analyse based on my
available raw MPS data. This can be explained in that the amplicons covering the 17p arm

were likely insufficient for determining low frequency allele loss.

To identify the low frequency dell7p samples based on the coverage and read depths a
specific calculation needs to occur. The assumption is that, 10% dell7p means that 10% of

cells have a deletion on the short arm of one chrl7 (TP53 exon region), which equates to a
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5% read loss. In an ideal situation, to cover the non-deleted 17p sample with 30x coverage
using 8 amplicons (TP53) implies 240 reads spanning TP53; while the 10% dell17p would
mean a 5% reduction in the TP53 exon region that has loss, and equal 228 reads spanning
the TP53 region. The difference of 240 reads versus 228 reads comprises the limit of

detection for counting read differences.

Another reason for the insensitivity of MPS in detecting CNV is that MPS uses short
sequences (approximately 100 bases), and therefore, large deletion at 17p demonstrates
the limitations of this technique, and also in PCR reactions. In addition, the method to
normalise coverage of the genome was not very accurate in the case of targeted exome

sequencing, but would be more precise in the case of whole exome sequencing.

3.5 Conclusion

The techniques described in this chapter (conventional FISH, LSC, MPS) have limited power
to detect very small sub-clones of dell7p and even less capacity to determine what
mutations are co-occurring within individual cells in this early phase of CLL. It is clear from
the work of Rossi et al. (2014) that the patients who relapse after therapy do so with the
clones that harbour TP53 mutations. However, this analysis was performed retrospectively
and does not identify the early events that accompany with the TP53 mutations in a
prospective manner that help us predict an individual patient’s course. Therefore, a new
technique was needed to develop in order to identify and separate, or purify, the low
frequency dell7p sub-clone in dell7p CLL samples, to better understand what the early
events are driving the change from indolent CLL not requiring treatment to aggressive CLL,

subsequently seen at relapse or sometimes at time of first treatment.
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4 Chapter 4 - Development of FISH-IS to detect aneuploidies
in CLL

4.1 Introduction

Cytogenetic analysis currently plays a vital role in identifying chromosomal abnormalities.
Conventional FISH has been the gold standard for the diagnostic test since the first
application in the early 1980s (Bauman et al. 1980). In addition, conventional FISH was
reported with better analytical power in genetic aberrations detection compared to
conventional karyotyping (Cox et al. 2003). However, FISH results are based on analysis of
200 nuclei per patient sample, meaning that potentially clinically relevant sub-clones of cells
carrying a specific chromosomal abnormality may be missed (Dewald et al. 1998a).
Furthermore, the only regions of the chromosomes that can be examined are those to which
the designated probes bind. Currently, SNP array techniques are set to take over the role of
FISH with whole genome coverage; however sub-clones less than 20% will be variably
identified according to the techniques employed (Hagenkord et al. 2010, Puiggros et al.

2014).

Another technigue that has not yet been applied in routine diagnosis is using laser scanning
cytometry to score the conventional FISH slides. This microscope-based laser scanning
cytometry has the advantage of increasing the larger number of cells evaluated due to the
automated scoring. However, due to the vast number of cells evaluated, a high throughput
technique, perhaps in suspension (rather than on a slide) is better suited, especially for the
evaluation of the presence of low frequency sub-clones amongst a high number of cells.
Conventional flow cytometry can provide very rapid data with a large number of cells, with
an average speed of approximately 5000 cells/seconds (Basiji et al. 2007). The major

disadvantage of conventional flow cytometry is the absence of any information about sub-
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cellular fluorescence localization and cell morphology; it only provides fluorescence
intensity-based data. Hence, a fluorescence microscope can help to overcome these
instrument compromises with the ability of characterised sub-cellular visualisation and
guantification. Many studies have attempted to combine fluorescence microscopy and flow
cytometry, but the development of imaging cells in flow only began in 1979 (Kay et al. 1979).
The first imaging flow cytometry instrument, ImageStream100 was commercially launched
in 2005, to be followed in early 2010 by the next generation of imaging flow cytometers,
ImageStreamX Mark Il manufactured by Amnis Corp. (Seattle, USA). This new machine
provides high-throughput flow cytometry combined with imaging to generate high-resolution
digital images of individual cells. As a result, a new technique, FISH in suspension (FISH-
IS) was developed based on this new instrument. FISH-IS is able to analyse thousands of
cells per second and the generated images are captured by a computer. The associated
IDEAS software enables automated analysis of the captured data, quantifying
characteristics such as cell shape, cell size, fluorescence intensity of the hybridised signal,
and colocalization of signals. At the commencement of this study (in 2013), there was only
one publication (Minderman et al., 2012) which reported the application of the FISH-IS
technique to determine chromosomal abnormalities in both healthy and disease cells,
demonstrating the utility of this method in detecting the presence of trisomy 8 in acute
myeloid leukaemia (AML) samples. However, their analysis was limited to this specific

abnormality in this single disease.

The objective of this research was to detect clinically relevant chromosomal abnormalities
in CLL and determine whether the FISH-IS technology can be utilised in CLL disease, with

the potential to replace conventional FISH in the detection of low frequency sub-clones.
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The specific aims of this chapter were:

1. To optimise and to apply the FISH-IS protocol using various centromere probes in CLL

samples (section 4.3.1 — 4.3.4);

2. To determine the lower limit of detection of FISH-IS to accurately identify aneuploidy sub-

clones in CLL (section 4.3.5 — 4.3.7);

3. To apply Spot Count Wizard software for automated annotation of the hybridisation

signals inside CLL cells (section 4.3.8); and

4. To compare the detection of trisomy 12 by three available cytogenetic methods

(conventional FISH, LSC and FISH-IS) to establish relative clinical utility (section 4.3.9).

4.2 Materials and methods

4.2.1 FISH-IS with centromere probes protocol

See Methods section 2.8.

4.2.2 Laser scanning cytometry

See Methods section 2.7. Slide FISH were hybridised with centromere 12 probe and scored

by two different scorers. Then, slides were scanned by LSC twice for each slide.

4.2.3 Statistical methods

To directly compare between the observed and the expected data in individual case,
uncorrected Fisher’s Least Significant Difference (LSD) test was applied. Any significant

difference is considered if p<0.05.

131



Chapter 4 - Development of FISH-IS to detect aneuploidies in CLL

4.3 Results

4.3.1 Optimisation of the FISH-IS protocol with CLL cells

The FISH-IS protocol used in this study was adapted from the method of Minderman et al.
(2012). The details of the FISH-IS protocol with commercial centromere probes were
described in section 2.8. Figure 4.1 gives some examples of the type of issues which were
encountered (and resolved) when developing this method for CLL cells. The final critical

modifications to the original method were as follows:

- Cells must be treated gently, not vortexed and the centrifuge speed must not exceed
2000 x g, otherwise there is a higher incidence of cell membrane damage leading to loss

of interpretable data (Figure 4.1A).

- In the wash steps, the cells must be resuspended very carefully to remove as much of
the adherent probes as possible to reduce background staining. The procedure is highly
temperature dependent and wash steps must be performed quickly so as to minimise
the loss of temperature. A loss of temperature increases background staining through
non-stringent hybridisation of the probe. This leads to multiple “false” spots in the spot-

count analysis (Figure 4.1B) and increased background staining (Figure 4.1C).
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Frequency

Spotcount

Figure 4.1. Examples of technique failures whilst developing the FISH-IS protocol.

(A) Brightfield shows cell morphology, which have been damaged due to either vortexing or
high-speed centrifugation. (B) Spot count analysis incorrectly interpreted as increased spots

due to shorter washing time. (C) Images of cells with a high background signal.

In order to carry out a consistent analysis, a pipeline for analysis with the IDEAS V6 software
was also developed (Figure 4.2). Initially, cells are visualised with the brightfield channel,
and data are represented as a histogram, with the contrast gradient root mean square (RMS)
on the x-axis and frequency of cells on the y-axis (Figure 4.2A). Cells which are in focus
will have a higher RMS, and previous research has shown that selection of cells with an
RMS greater than 55 is optimal (Minderman et al., 2012). The ‘in-focus’ cells are then
analysed with a scatter plot, with the brightfield area on the x-axis and aspect ratio on the y-
axis (Figure 4.2B). Single cells will have a high aspect ratio (from 0.5 to 1) and a low area
(50-200). Upon visual inspection, the cell populations contained within these parameters
were found to be single, round, and have high contrast morphology, all of which indicate
good quality cells suitable for further analysis. The fluorescence intensity of the FISH signal
from the single in-focus cells is then recorded and can be displayed relative to cell frequency
(Figure 4.2C) or the brightest pixel in the signal (raw max pixel, Figure 4.2D). In addition,
the Spot Count Wizard program, contained within the IDEAS V6 software, can then be

trained for spot detection by manual identification of cells with a specific number of spots
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(Figure 4.2E). An example of the generated data is shown in Figure 4.2F. This optimised

method and analysis pathway was subsequently used for all FISH-IS experiments.
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Figure 4.2. Analysis of FISH-IS data pipeline.

(A) Histogram enables identification of the cells in best focus (higher contrast gradient RMS),
which are then selected for further analysis. RMS: root mean square. (B) Dot plot of best
in focus cells, with single cells selected as indicated by the boxed region (brightfield area of
100-200 and aspect ratio of 0.5 to 1). (C) Overall fluorescence can be represented relative
to the normalised frequency of the cells, or (D) the single highest pixel intensity (raw max
pixel). (E) The Spot Count Wizard is trained for spot detection by manual identification of
appropriate cells (for example, the top image is recorded as representative for cells with one
spot-count; the bottom image is recorded as being representative for cells with two spot-
count). (F) The Wizard then analyses all single cells based on the representative cells in

order to gate cells according to spot count.
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4.3.2 FISH-IS protocol produces auto-fluorescence of CLL cells

CLL cells have a very densely packaged nucleus and aggregated chromatin (Hallek et al.
2008), which can result in an increase in autofluorescence of cells after fixation (Stewart et
al. 2007). Therefore, the auto-fluorescence of CLL samples in FISH-IS without probe
hybridisation was measured. The auto-fluorescence of CLL cells within the
emission/excitation range of spectrum green was found to be greater than that of spectrum
orange with or without hybridisation buffer 1.6 x 103 versus 1 x10% and 6.3 x 102 versus
5.1 x 108, respectively (Figure 4.3). It is interesting to note that the addition of hybridisation
buffer resulted in an increase to nearly double the number of intact cells for analysis; 8953

cells versus 4351 cells (Figure 4.3).
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Figure 4.3. Determination of auto-fluorescence of CLL cells.

(A) No hybridisation buffer and (B) with hybridisation buffer. X-axis, mean fluorescence
intensity of cells; y-axis, raw max pixel. Focus & single cells represent the number of intact

cells counted. Data are representative of 3 different CLL samples analysed in triplicate.
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4.3.3 FISH-IS is able to detect monosomy in CLL cells

As FISH-IS analysis had only previously been applied to healthy and AML cells (Minderman
et al. 2012), it needed to be established that CLL cells would be amenable to analysis with
this method. The simplest analysis for determining chromosome ploidy is the identification
of a monosomy. Therefore, a model of FISH-IS analysis of monosomy was tested in CLL
cells, consisting of hybridisation with a commercial probe to the centromere of chromosome
Y on male CLL samples. This probe detects the highly repetitive satellite DNA present at
the Y chromosome centromere, resulting in an extremely strong signal (recorded as
maximum pixel intensity). Results of this analysis found that all cells discriminated into one
population based on fluorescence, and 100% of best-focus intact single cells had one spot
count when analysed with Spot Count Wizard (Figure 4.4). This confirmed that CLL cells
can be analysed with the high-throughput FISH-IS method and that this method accurately

detects monosomy in CLL samples.
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Figure 4.4. FISH-IS is able to accurately detect monosomy Y in CLL cells by

fluorescence intensity and spot count.

(A) Fluorescence intensity and normalised frequency indicate a single population of cells.
(B) Single CLL cells discriminate into one population based on raw max pixel and
fluorescence intensity of the Spectrum Orange Y chromosome centromere probe. Each spot
represents a cell. (C) An example of a male CLL cell from this FISH-IS analysis. Nuclear
staining (DAPI) is shown in purple, centromere Y is shown in yellow (Spectrum Orange). (D)
Spot Count Wizard indicates 100% of cells have one spot. Data are representative of

3 different CLL samples analysed in triplicate.
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4.3.4 FISH-IS can detect disomy by fluorescence intensity but not by spot count

Chromosome 9 aneuploidy aberrations are not commonly found in CLL (D6hner et al.
2000). Therefore, FISH-IS was carried out with the chromosome 9 centromere probe on
CLL cells in order to confirm that FISH-IS is able to detect disomy in CLL cells. When
analysed based on fluorescence intensity, the cells clustered in one population (Figure 4.5A,
B) and all of the individual cells contained 2 spots (Figure 4.5C). However, the spot count
algorithm found that 22.3% of cells contained only 1 spot, indicating monosomy of
chromosome 9 in these cells (Figure 4.5D). As this was unexpected, these cells were

interrogated further.

139



Chapter 4 - Development of FISH-IS to detect aneuploidies in CLL

A B
3 1e4
2.5 8e3 -
&
s 2-
2 T 6e3
2 o
w15 ©
=2 = 4e3 -
8 :
z - :
2 2e3
0.5 5
0 95

T T T T T T T T T

) led 2ed4 3ed 4ed Sed 6Bed Ted 0 1ed 2e4 3ed4 4ded 5S5ed Ged Ted
Fluorescence Intensity Fluorescence Intensity

0 24pots

Freauency
&

=]

e

Spot count

Figure 4.5. FISH-IS is able to accurately detect disomy 9in CLL cells by fluorescence

intensity but not by spot count.

(A) Fluorescence intensity and normalised frequency indicates a single population of cells.
(B) Single CLL cells discriminate into one population based on raw max pixel and
fluorescence intensity of the Spectrum Orange chromosome 9 centromere probe. Each spot
represents a cell. (C) An example of a CLL cell from FISH-IS analysis. Nuclear staining
(DAPI) is shown in purple, centromere 9 are shown in yellow (Spectrum Orange). (D) Spot
Count Wizard indicates only 64% of cells have the expected two spots. Data are

representative of 3 separate experiments with 3 different CLL samples in duplicate.
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Comparison of the total fluorescence intensity within individual cells revealed that cells that
were classified as having one spot had the same overall fluorescence as cells that were
classified as having 2 spots (Figure 4.6A-C). This suggested that these cells had the same
amount of probe hybridisation, indicating they were likely to be disomic for chromosome 9.
Furthermore, visual interrogation of cells which were annotated as having 1 spot found that
98.4% of these cells did, in fact, have 2 hybridisation signals. However, these signals were
found to be either partially or entirely overlapping, or adjacent to each other, causing the
Spot Count Wizard software to inaccurately identify the two signals as one spot (Figure

4.6D).

Additionally, reanalysis of the 3-spot population also identified using the Spot Count Wizard
found that 93% of these cells had either 2 spots within the cell which were incorrectly
annotated as 3 spots or spots located outside of the cell were incorrectly included in the spot
count (Figure 4.6D). After comprehensive manual curation of the images of all cells was
carried out, it was determined that 96.4% of the total cells analysed were indeed diploid for

the centromere 9 signal (Figure 4.6E).
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Figure 4.6. FISH-IS is able to enumerate centromere 9 spots in CLL cells only by

manual correction of the automatic spot count.

(A) Histogram of fluorescence intensity of hybridised probe for cells automatically identified
as having 1l-spot. (B) Histogram of fluorescence intensity of hybridised probe for cells
automatically identified as having 2-spots. (C) Overlapping fluorescence intensity of (A) and
(B), indicating that the cells automatically identified as having 1-spot actually have 2-spots
based on fluorescence intensity. (D) Examples of cells that were automatically recorded as
having one (top) or three (bottom) hybridisation signals by the Spot Count Wizard software.
Nuclear staining (DAPI) is shown in purple, centromere 9 is shown in yellow. (E) Manual
correction of automatic gating based on spot count shows 96.4% of cells have the expected
two spots. Data are representative of 3 separate experiments with 3 different CLL samples
in duplicate.

142



Chapter 4 - Development of FISH-IS to detect aneuploidies in CLL

4.3.5 FISH-IS signal intensity in CLL cells is not sample dependent

The sensitivity and robustness of this method could be determined by a number of samples
analysed with a wide range of known ratios of diploid:aneuploid cells. To this end, an artificial
mixing assay was used, combining CLL cells from different patient samples with known
genetic content, in known ratios. For example, mixing of male and female cells in known
ratios, followed by hybridisation with a centromere X probe enables assessment of the ability
of FISH-IS to discriminate between monosomy (the male cells) and disomy (the female
cells). However, a complicating factor is the possibility that CLL samples from different
individuals may react differently to hybridisation; one sample may respond better to the
hybridisation process than another, resulting in a brighter signal from these cells,
irrespective of their genetic content. In order to confirm that any results from the artificial
mixing assays were a direct result of the genetic content of the cells and not due to other
features of the individual samples, mixing experiments were undertaken combining two male
CLL samples in known ratios (80:20 and 50:50), followed by hybridisation with a probe to
the centromere of the Y chromosome. As Figure 4.7 clearly shows, these combined CLL
cells cluster together in one population, based on both raw maximum pixel intensity (left)
and normalised frequency (right) compared to the total cellular fluorescence intensity.
Therefore, the mixing model appears to be a valid assay to be used to determine the ability
of the FISH-IS assay to accurately determine aneuploidies in CLL cells using centromeric

probes.

143



Chapter 4 - Development of FISH-IS to detect aneuploidies in CLL

A
i
dad - %
s 3
g D18
e I
= 2ad e
L ©
= w1
2 ©
F tes- E
o 0.5
z
D e " [J .
0 564 185 1585 285 2565 o Se4 105 1.505 265
Fluorescence Intensity Fluorescencelntensity
B
&
5 7
_ 3ed- 5
L11]
= © 1,54
o -
X Zed - 7
= 2 1
[+
5 g
¥ led - E 05
z
- I...-:.I I | | 0l : : I l |
185
o Sed 1e5 1.5e5 2e5 2.5e5 0 S &S 1565 _M 255
Fluorescence Intensity Fluorescence Intensity

Figure 4.7. Hybridisation of fluorescence probes in CLL cells is not sample-
dependent.

(A) Two male CLL samples were combined in 50:50 ratios and hybridised with the
centromere X probe. (B) As for (A), two male CLL samples were combined in an 80:20

ratios. Data are representative of 3 separate experiments.

144



Chapter 4 - Development of FISH-IS to detect aneuploidies in CLL

4.3.6 FISH-IS is able to differentiate between monosomy and disomy in CLL cells

In order to determine if FISH-IS can differentiate aneuploidies within a single sample, male
and female CLL cells were combined in known ratios to generate a mixing model containing
both monosomy and disomy of the X chromosome. Analysis of these mixed samples with
FISH-IS following hybridisation with the X chromosome centromere probe was carried out.
The mixing experiments were carried out from 0.1 to 100% monosomy. An example of FISH-
IS carried out on a 10% male: 90% female mixed CLL sample is shown in Figure 4.8. ltis
clear that cells discriminate into 2 populations based on their chromosomal content when
analysed by fluorescence intensity (Figure 4.8 A-B). Figure 4.8C shows examples of cells
which were contained within the monosomic population (top panel) and the disomic
population (bottom panel), each containing the expected number of hybridisation signals.
This analysis demonstrates that FISH-IS is indeed able to discriminate between monosomy
and disomy by fluorescence intensity. However, as with the chromosome 9 analysis, the
automatic spot-count application within the IDEAS software did not give the expected 10: 90

ratios of 1- and 2-spot cells (Figure 4.8D).
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Figure 4.8. FISH-IS is able to accurately differentiate between monosomy and disomy

with centromere X probe in CLL samples by fluorescence intensity.

(A) Fluorescence intensity and normalised frequency indicate two populations of cells. (B)
Single CLL cells discriminate into two populations based on raw maximum pixel intensity of
the spectrum green centromere X probe and the total cellular spectrum green intensity. Each
spot represents a cell. (C) Examples of CLL cells with monosomy X (top) and disomy X
(bottom). Green, centromere X signal from hybridised probes; purple, DAPI nuclear staining.
(D) FISH-IS spot count with centromere X probes. Representative results shown are from
mixed 10% male CLL and 90% female CLL PBMCs. Data are representative of 3 separate

experiments.
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Statistic test (uncorrected Fisher’'s Least Significant Difference (LSD) was applied, it was
reported that none of the first six mixing samples were statistically significant (p>0.05), while
the last two mixing ratios were statistically significance with p<0.05 (Table 4.1). As a result,
based on the fluorescence intensity of probe, the data demonstrated that FISH-IS is able to
accurately identify the sub-clone at low threshold at 1% and higher percentages; however,
at a level of 0.1% and 0.01%, the level of observed was greater than expected, by

approximately 10 times and 40 times, respectively (Table 4.1).

Table 4.1. Detection of FISH-IS with predictable model of aneuploidy in CLL samples

with centromere X probe.

CLL mixes (%) Monosomy X Monosomy X observed (%)

Male: Female  expected (%) (mean + SD) pvalue
100: 0 100 99.61 + 0.50 0.08
50: 50 50 49.34 £ 0.40 0.19
30: 70 30 30.11+1.4 0.66
10: 90 10 9.96 £ 0.61 9.87
5:95 5 490042 0.66

1: 99 1 1.10+0.18 0.66
0.1: 99.9 0.1 0.91+0.30 0.03
0.01: 99.99 0.01 0.46 £0.12 0.01

Data are the mean of 3 separate experiments £ SD. The differences between percentages
of monosomy X observed and expected were determined by uncorrected Fisher's LSD

statistic. Significance (p value <0.05) is indicated in bold.
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In addition, it can be seen in Figure 4.8D, 21.8% of cells were automatically classified as
having 1-spot. Using flow cytometry analysis software (Flow Jo 10), the analysis of the
overall fluorescence intensity of cells within the 1-spot gate revealed that there were, in fact,
two populations of cells contained within this group, each with clearly separate fluorescence
intensities (Figure 4.9A). The cells with the higher overall fluorescence intensity from the 1-
spot gate actually had equivalent overall fluorescence intensity to the cells in the 2-spot gate
(Figure 4.9A-C). This suggests that these cells were incorrectly assigned as having 1-spot,
due to the inability of the Spot Count Wizard software to accurately differentiate spots in
some situations. Manual curation of the image of each cell was again carried out and
revealed that 54.2% of cells (R1) contained within the 1-spot gate, in fact, have 2 spots, and
therefore had been incorrectly annotated by the software. The images of these miscounted

cells are displayed in Figure 4.9D.

Reanalysis of the 7.3% of cells classified as having >3-spots found, as had been found
previously, that this group was largely made up of cells for which extraneous hybridisation
signals had been counted (Figure 4.9E). After carrying out the manual corrections as
described above, the percentage of cells contained within the 1-spot population based on

fluorescence intensity was 10.0%, as expected (Figure 4.9F).
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Figure 4.9. FISH-IS is able to enumerate centromere X spots in CLL cells only by

manual curation of the Spot Count Wizard.

(A) Histogram of fluorescence intensity of hybridised probe gated for cells automatically
identified as having 1-spot by Spot Count Wizard. (B) Histogram of fluorescence intensity of
hybridised probe gated for cells automatically identified as having 2-spots by Spot Count
Wizard. (C) Overlapping fluorescence intensity of (A) and (B), indicating that the majority of
cells automatically identified as having 1-spot actually have 2-spots based on fluorescence
intensity. (D) Examples of cell images in R1 gate, two juxtaposed spots (left panel), two
spots partially (middle panel) or completely (right panel) overlapping. (E) Examples of cells
that were inaccurately recorded as having three hybridisation signals by Spot Count Wizard
software as the spot(s) located outside the nuclei. (F) Manual correction of gating based on
Spot Count Wizard shows 10.0% of cells have one spot and 89.9% of cells have two spots.
Nuclear staining (DAPI) is shown in purple, centromere X probes are shown in green

(Spectrum Green). Data are representative of 3 separate experiments.
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4.3.7 FISH-IS is able to differentiate between disomy and trisomy in CLL cells

While there is not a common chromosomal monosomy in CLL cells, trisomy 12 is well

established as a common aneuploidy occurring in CLL patients (D6hner et al., 2000).

Therefore, in order to assess the ability of FISH-IS to discriminate between disomy and
trisomy, this common aneuploidy was analysed with a chromosome 12 centromere probe.
Hybridisation was carried out on a sample from a CLL patient (CLL1415) who had previously
been diagnosed by conventional FISH with 5% disomy and 95% trisomy chromosome 12
(200 cells analysed). When analysing this sample by FISH-IS based on fluorescence
intensity, 95.1% of cells were contained within the trisomic population with 3 spots, and 4.9%
of cells were contained within the disomic population with two spots (Figure 4.10A-C). As
in previous experiments, the automated spot count was not able to consistently characterise

cells based on hybridisation signals (Figure 4.10D).

Assessment of overall fluorescence intensity combined with manual curation was again

required in order to accurately characterise cells by spot count (Figure 4.11).
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Figure 4.10. FISH-IS is able to accurately differentiate between disomy and trisomy

with centromere 12 probe in CLL samples by fluorescence intensity.

(A) Fluorescence intensity and normalised frequency indicate two populations of cells. (B)
Single CLL cells discriminate into two populations based on raw maximum pixel intensity of
the spectrum green centromere 12 probe and the total cellular spectrum green intensity.
Each spot represents a cell. (C) Examples of CLL cells with disomy 12 (top) and trisomy 12
(bottom). Green, chromosome 12 centromere signal from hybridised probes; purple, DAPI
nuclear staining. (D) FISH-IS spot count with centromere 12 probes. Data are representative

of 3 separate experiments.
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Figure 4.11. FISH-IS is able to enumerate centromere 12 spots in a sample of CLL

cells with 95% trisomy 12 by manual correction of the Spot Count Wizard.

(A) Histogram of fluorescence intensity of hybridised probe for cells automatically identified
as having 2-spots. (B) Histogram of fluorescence intensity of hybridised probe for cells
automatically identified as having 3-spots. (C) Overlapping fluorescence intensity of (A) and
(B), indicating that the majority of cells automatically identified as having 2-spots actually
have 3-spots based on fluorescence intensity. (D) Examples of cells that were inaccurately
identified as having > 3-spots by Spot Count Wizard software as the spot(s) located outside
the nuclei. Nuclear staining (DAPI) is shown in purple, centromere 12 probes are shown in
green. (E) Manual correction of gating based on Spot Count Wizard shows 4.89% of cells
have two spots and 94.91% of cells have three spots. Data are representative of 3 different

experiments.
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In order to determine the level of detection of trisomy 12 in individual CLL samples, there
were only four CLL patient samples with various percentages of trisomy 12 available at that
time: sample 1 (95% trisomy 12), sample 2 (80% trisomy 12), sample 3 (75% trisomy 12),
sample 4 (5% trisomy 12). Hence, samples 1-3 served as high frequency trisomy 12, sample
4 as low frequency trisomy 12, a mid-frequency 50% trisomy 12 sample (sample 5) was
generated by combining cells from sample 1 with cells from a CLL patient with 100% disomy

chromosome 12 (sample 6).

The data for different individual CLL samples with various disomy: trisomy ratios analysed
are presented in Table 4.2. Using an uncorrected Fisher's LSD test, there were no
statistically significant differences between the results of trisomy 12 identified by FISH-IS
and the expected result in various CLL samples, demonstrating the ability to accurately
detect trisomy 12 in individual CLL patient samples. However, the number of samples is
small, and further trisomy 12 patient samples with various percentages would benefit this

analysis.
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Table 4.2. Detection of FISH-IS with centromere 12 probe in CLL samples.

CLL mixes (%) Trisomy 12 Trisomy 12 observed (%) value
disomy 12: trisomy 12 expected (%) (mean £ SD) P
5: 95 95 94.67 £ 0.48 0.74
20: 80 80 78.10 £ 1.59 0.65
25:75 75 76.47 £ 1.60 0.15
50: 50 50 50.80 £ 2.32 0.43
95:5 5 3.93+1.69 0.31
100: 0 0 1.23+0.83 0.22

Data are the mean of 3 separate experiments £ SD. The differences between percentages
of trisomy 12 observed and expected were determined by uncorrected Fisher’'s LSD statistic.

4.3.8 Spot Count cannot accurately identify the number of hybridisation signals

The Spot Count Wizard was compared with fluorescence intensity as a means of
discriminating between monosomic, disomic and trisomic CLL sub-clones. However, to
compare and contrast the inaccuracies which had been found with the Spot Count Wizard,
the data obtained from all previous FISH-IS analyses with four different chromosome
centromere probes have been combined and are presented in Figure 4.12. In all cases,
except for the detection of 100% monosomy with the centromere Y probe on a male sample,

the calculated Spot Count Wizard did not accurately estimate the expected signal.
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Figure 4.12. Correlation of the observed proportions of spot-count (Spot Count
Wizard) analysis and the expected percentage spots of centromere Y, 9, X and 12
probes using FISH-IS.

Data are combined from previous analysis. Data are the mean of 3 separate experiments +

SD.
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4.3.9 Comparison of detection of trisomy 12 in CLL samples by 3 different methods

Given that every technique has its own limitations, three methods were assessed utilising
FISH technologies in terms of accuracy and applicability to a diagnostic service in order to
accurately detect trisomy 12 in CLL samples. The three available cytogenetic methods:
conventional FISH, LSC and FISH-IS were evaluated. Six CLL patient samples with different
percentages of trisomy 12, served as high, mid- and low frequency trisomy 12 (as above)
were analysed in duplicate (Table 4.3). Although LSC and FISH-IS analysed 10-times to 68-
times more cells per sample, all methods were found to be similar in the percentage of
trisomy cells detected but were dependent on sub-clonal frequency (Table 4.3). With high
and mid- frequency sub-clones, the percentages of trisomy 12 were comparable using the
three methods, while greater disparity in the estimated frequency of low frequency trisomy
12 sub-clones was evident, in which, FISH-IS showed lower estimates while LSC showed

higher estimates compared with conventional FISH (Table 4.3).
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Table 4.3. Comparison of results of three methods analysing centromere 12 probe hybridisation on CLL samples.

Conventional FISH Laser scanning cytometry FISH-IS
(average of two scores) (in duplicated) (in duplicated)
Sample Cell Cell Trisomy Disomy Cell
ells Trisomy Disomy ells ells . 0 . 0
evaluated (%) (%) evaluated (%) (%) evaluated Trisomy (%) ~ Disomy (%)
1824 94.21 5.79 11461 95.13 4.87
1 200 95 5
1986 93.62 6.38 10549 94.88 5.12
2041 80.03 19.97 5253 78.12 21.88
2 200 80 20
2400 78.94 21.06 3445 79.87 20.13
1397 75.76 24.24 2569 75.67 24.33
3 200 75 25
1038 75.67 24.33 2068 75.04 24.96
2774 52.24 47.76 7596 49.78 50.22
4 200 50 50
3673 48.93 51.07 8057 48.64 51.36
1623 6.68 93.32 13604 2.47 97.53
5 200 5 95
2389 6.88 93.12 9879 3.28 96.72
2516 1.87 98.13 10263 0.63 99.37
6 200 0 100
3789 1.46 98.54 9867 0.72 99.28
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4.4 Discussion

The FISH-IS method has been shown to be effective in limited cell types thus far, including
AML primary cells and the Jurkat and Ramos cell lines (Minderman et al. 2012, Fuller et al.
2016, Maguire et al. 2016, Grimwade et al. 2017). This research has applied the method to
primary CLL cells for the first time. Compared with AML or the other two cell lines noted
above, CLL cells are characteristically small lymphocytes with a mean diameter of 6 pum
versus 14 um (Creutzig et al. 2012). Furthermore, most CLL cells contain clumped and
dense nuclear chromatin and very little cytoplasmic border, with highly aggregated
chromatin (Matutes et al. 2000, Hallek et al. 2008) which has the potential to lead to an
increase in auto-fluorescence. ImageStreamX is able to detect small spots with high
resolution of spot images within the nuclei of lymphocytes by utilising EDF mode (Ortyn et

al. 2006).

This study showed that the centromere Y probe is the only one that the algorithm of spot
count was able to accurately enumerate. As a result, the data showed that 100% of single
focus intact cells have one spot count; this is to be expected and can be explained by the
highly repetitive sequences on the centromere Y creating numerous binding sites for the
probes making the spots more discernible as a monosomy. In addition, the centromere Y is
acrocentric, and therefore, it may be easier for probes to bind to the target DNA.
Furthermore, it is easier to distinguish between one spot and no spot, while it requires equal

intensity and separation of location are required to separate two spots from one spot.

To compare conventional FISH with FISH-IS, it is first necessary to acknowledge that both
of these methods rely on the successful and accurate hybridisation of a labelled probe to
the target DNA within a cell. The efficiency of hybridisation of probes to target DNA in both

assays can be affected by various factors, including target sequence density, probe affinity,
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sequence characteristics of the target DNA, and hybridisation conditions such as pH,
temperature, salt concentration, buffers, etc. These methods, whether high-throughput or
not, are all affected by these factors, and a non-specific probe or a poor hybridisation

process cannot be improved by merely increasing the number of cells analysed.

The main advantage of conventional FISH is that it is technically simple and relatively
inexpensive, only requiring access to basic tissue culture facilities and a fluorescence
microscope. However, this technique has a number of limitations. Firstly, due to the lack of
automation and its reliance on manual scoring, conventional FISH results are highly operator
dependent and the process of data acquisition is relatively laborious and time consuming.
Typically, an experienced observer needs to spend over 30 to 60 mins to analyse only 100
nuclei on slide FISH (Halling et al. 2000). Secondly, data misinterpretation and scoring
inconsistencies may be the result of operator fatigue, inexperience and subjectivity. In
particular, there is inevitable bias for a human reader to be “subjective” and select “good”
cells for scoring. This may reduce the sensitivity/specificity in detection of high heterogeneity
sub-clones samples, especially in MRD quantification in cancer (Dewald et al. 1998b). A
study by Schmid et al. (2001) found that there were 2-fold differences in frequencies
between two trained scorers in scoring FISH. Another group also reported that the

discordance for inter-reader variability was up to 24% (Paik et al. 2002).

Of most relevance for this work is that the sensitivity of conventional FISH is limited by the
low number of cells able to be evaluated. A single analysis will assess approximately 200
nuclei per slide, which represents only a small sample of the potentially complex mixture of
cytogenetically abnormal cells often found in CLL samples. Therefore, conventional FISH
is limited in its capacity to reliably detect small sub-clones, which may become clinically

relevant during the course of the disease. This sub-clonal analysis can potentially be
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strengthened by simultaneous immuno-phenotyping of the same cells which is another

potential advantage of the ImageStreamX and the subject of ongoing research.

By contrast, FISH-IS is able to provide accurate data on intracellular fluorescence at a
minimum speed of a thousand cells per second, meaning that even very small subclones
can be detected and the frequency calculated in a single analysis. However, this method
relies heavily on maintaining the original morphology of the cells, as damaged or disrupted
cells are automatically excluded from the analysis. For the CLL samples, the analysis was
compromised when using previously frozen and/or older fixed samples. It is unclear if this
is a feature of CLL cells specifically, or a more general issue with this method. Regardless,
at this stage, it appears that the applicability of the FISH-IS method may be limited by fresh
sample availability. On the other hand, the morphology of cells is not as critical in the slide
FISH assay as the cells spread and adhere to the slide, assisting in the maintenance of the
morphology of cells. It is evident however, that morphology is significantly affected by the

following experimental conditions:

- Buffer: osmolality, pH, temperature, viscosity of the hybridisation buffer, concentration of

detergent, salts and other components.

- Pipette size, gentle mixing of cells while ensuring adequate mixing without introduction

of air bubbles.

In the FISH-IS procedure, cells are heated up to 80°C (denaturing) and 73°C (high
stringency wash). As a result, some fragile cells burst releasing DNA which is viscous and

sticky causing the cells to clump or bind non-specifically to the fluorescence probes.

From this work, it is clear that the morphology of the cells is an important determinant for
the successful hybridisation of probe and cellular identification. In addition, specificity of

probe hybridisation is also critical to prevent non-specific binding, even more so for the in-
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suspension FISH compared to conventional FISH, due to the greater dependence on the
robustness of the cells which is influenced by their pre-analytical storage. The effect of a
coverslip on conventional FISH assists in the even distribution of probe suspension over the
area of fixed cells. However, clumping of cells is a concern with both methods. To recap,
although FISH-IS is potentially a powerful technique for the detection of gene aberrations
visualised at the individual cell level, the procedure has critical steps which need to be

accurately performed to achieve a satisfactory outcome.

Regarding the financial costs, the consumable costs for these two methods is approximately
the same. In contrast to conventional FISH, the FISH-IS method requires the ImageStreamX
machine itself, representing expensive (approximately half of million dollars) and highly
specialised equipment. On the other hand, FISH-IS is less labour-intensive in terms of the
analysis and is not subject to human error and subjective determination in scoring but must
still undergo some manual curation. The data can be analysed by IDEAS software with
individual cellular images for subsequent ratification and other software determined features
as well as long-term storage of the primary data. The results of scoring conventional FISH
are dependent on the scorer in terms of training, experience and fatigue due to the time
required for scoring, which is also operator dependent (Kennelly et al. 1995, Perry et al.
2011). In comparison, when a template analysis for FISH-IS is created and a fresh
diagnostic sample is available, the results can be automatedly achieved with some curation

of the collected data.

An experimental design using known ratios of male: female CLL cells was used to determine
the level of detection of FISH-IS for numerical monosomy X aneuploidies based on
fluorescence intensity. The data revealed that FISH-IS allowed accurate and affordable

detection of a monosomy to a level of 1% when the workflow established in analysis was
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applied. At levels below 1% in the serial diluted cells, the monosomy was detectable but was
overestimated by the FISH-IS method with increased variance and reduced precision of
measurement. Scoring 50 cells permits a lower limit of potential detection of only 1/50 (2%
increments), but the analytical sensitivity of 60,000 cells increases the precision to 1/1000
(0.001%) ((Dewald et al. 1998a, Wiktor et al. 2006)). For example, to detect a sub-clone of

8.1%, with high analytical sensitivity, more than 1000 nuclei are required to be assessed.

Besides using mixing experiments, the FISH-IS technique was applied to individual CLL
patient samples with various ratios of aneuploidy. As there is not a common monosomy
aneuploidy in CLL samples, trisomy 12 was used as it is common in CLL (Déhner et al.,
2000). Therefore, the FISH-IS technique was performed on the available trisomy 12 CLL
samples at that time. Using the six available samples, the lowest frequency of trisomy 12
analysed was 5% which is likely to be above the lower limit of detection of the methodology.
Hence it was not possible to confirm the lower limit of trisomy 12 detection by the FISH-IS
technique in a patient sample. Larger studies with more samples would be required to further

explore the sensitivity of this FISH-IS technique and translate it into a robust diagnosis test.

IDEAS software employs the Spot Count Wizard which is an ImageStreamX
analysis algorithm. The Spot Count Wizard algorithms are based on two user-input-
dependent variables of “spot-mask”: the spot-to-background ratio and spot radius area. The
spot-to-background ratio is the spot pixel value divided by background in the image, while
the radius value of x implies the image containing spots with thickness of 2x+1 pixels. This
Spot Count Wizard software will automatically enumerate the spot count optimised for each
sample. However, to date the issue with this software is the inability of the associated
software to accurately ‘count’ the number of hybridisation signals per cell. There are several

aspects of this system which may be causing inaccuracy of the current spot count algorithm.
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Firstly, the software records a 2-dimensional image of a 3-dimensional object (the cell).
Therefore, if spots are at different depths along the same axis as the camera, the conversion
to a 2-dimensional image may cause them to be partially or entirely merged with the front
signal. To overcome these limitations, manual curation was applied to adjust the spot count.
Cell images are very informative and interpretation by eye unfortunately remains the more
efficient analysis than any software analysis approaches. When manually curating images
of cells, which had been counted as having ‘one-spot’, some cells clearly contained two
spots that were very close to each other and easily discernible by eye; however, the software
was unable to discriminate them as two distinct spots. Secondly, extracellular DNA adheres
to the external surface of the cytoplasmic membrane of analysed cells causing wrongly
enumerated spots. The nuclear staining marker (DAPI) was used to identify nuclear area
when manual curation was performed. The spots located outside of the nuclear region were
excluded. In addition, when images of cells were studied, whilst the majority of cells had two
or three well-resolved FISH signals, a proportion of cells appeared to have FISH signhals
which were superimposed partially/entirely due to the orientation of the cell to the camera.
Therefore, it is more likely to have 3 spots appear as 2 and 2 spots appear as 1. This could

account for the reduced ability to enumerate spot count in the algorithm software.

Previous studies have found a similar level of miscounting of spots with the current algorithm
spot count software (Minderman et al. 2012, Fuller et al. 2016). There is a pressing need for
further development of this software so that spot counting is an accurate and reproducible
analysis step, without requiring manual curation and confirmation, which is a significant

limitation of this methodology.

Dohner et al. (2000) reported that trisomy 12 CLL conferred an intermediate outcome, but

other studies have since found that trisomy 12 may actually be associated with either a good
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or a poor prognosis (Rossi et al. 2009, Gunnarsson et al. 2011). These conflicting findings
may be due to differences in the proportion of CLL cells carrying trisomy 12 and additional
mutations present in the sub-clones. Furthermore, Gonzalez-Gascon et al. (2015) found
that trisomy 12 had to be present in >60% of CLL cells (high frequency) to confer a poor
outcome and Van Dyke et al. (2016) showed a significantly shorter time to first treatment in
patients with >60% trisomy 12 cells. However, to date, the effect of low frequency trisomy

12 in CLL itself is not fully understood.

From our limited data due to small sample size on the detection of low frequency trisomy 12
by three methods (conventional FISH, LSC and FISH-IS), there was a trend towards
overestimates by LSC and underestimates by FISH-IS at a level of 5% trisomy 12, compared
with conventional FISH. The reason for this discrepancy of LSC may be that the split FISH
spots were recorded as three spots (instead of two spots) due to the uncondensed
chromosomes in interphase in a few cells (Wang et al. 2009); and this might not be easy to
distinguish if there is a lack of focus depth (Wang et al. 2012b). Basiji et al. (2007) also
reported that the spot image data might have increased sensitivity by dwelling over the cell
for a longer time period. Also, a plausible explanation for the decrease in FISH-IS as
compared to monosomy detection is that the difference in FISH probe fluorescence intensity
between two and three signals (in disomy and trisomy) is a 50% increase, compared to a
100% increase when discriminating between one and two signals (in monosomy and
disomy). Therefore, this smaller differentiation between the two groups of cells increases

the difficulty in distinguishing these two populations and reduces the sensitivity.

The microscope-based laser scanning cytometer emerged in the mid-1990s (Kamentsky et
al. 1991, Kamentsky et al. 1997, Kamentsky 2001), allowing automated quantification of

FISH slides with a significantly larger number of cells, (Luther et al. 2004, Holden et al. 2005,
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Henriksen et al. 2011). This LSC method is not, however, without its limitations. Firstly, the
LSC machine itself represents expensive and highly specialised equipment; therefore
access will be the limiting factor for most researchers or diagnostic centres in applying this
method. In terms of the actual method of signal detection, LSC detects cells by the primary
contour (visualised as DAPI-stained nuclei) and enumerates any hybridised probes by the
secondary contour. However, both the hybridised probes and the nuclei can vary in relative
fluorescence intensities and size, requiring a large training range of acceptable contours to
be established to ensure correct detection of all cells and hybridised probes. The
fluorescence signals can also occur at variable depths along the optical axis, which can also
lead to incorrect spot counting per cell. Therefore, the accuracy of the spot counting analysis
needs to be checked by manually scoring a random sample of the cells, in order to ensure
that these factors are not resulting in a flawed automated analysis. In addition, there are
several parameters which need to be established prior to scanning the slides, for example,
the focal length of the camera needs to be adjusted according to the thickness of the
covering glass and the sample itself. Considering these factors, the application of LSC in
FISH analysis is considered a semi-automated procedure (Kamentsky 2001, Pozarowski et

al. 2013).

By contrast, FISH-IS is able to provide accurate data generated from thousands of cells by
analysing the fluorescence intensity of the samples. However, this method relies heavily on
maintaining the original morphology of the cells, as damaged or disrupted cells are
automatically excluded from the analysis. For our CLL samples, analysis was compromised
when using previously frozen and/or long term fixed samples. This may be a feature of CLL
cells specifically, or a more general issue with this method. Regardless, the applicability of

the FISH-IS method may be limited by sample availability.
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With respect to the financial cost of these three methods, the obvious difference is the
specialised equipment required for the two high-throughput methods. That factor aside, all
methods cost approximately the same for consumables; however the LSC and FISH-IS
methods are less labour-intensive than conventional FISH. Experienced scorers spend
approximately 2 hours to score 200 nuclei on conventional FISH, whilst the LSC and FISH-
IS need 30 mins to 1 hour for analysis of up to 3000 cells in LSC and up to 10,000 cells in
FISH-1S. Therefore, the labour time of the latter method is reduced significantly and the

results do not depend heavily on experienced scorer.

45 Conclusion

FISH-IS is a dynamic methodology which is able to accurately analyse chromosome genetic
aberrations in CLL and hence provides an important research tool and potential diagnostic
assay with automation of cytogenetic analysis. Furthermore, it is clear that the ability to
detect low frequency clones at a level of detection of 1% in CLL has potential translational
impact on clinical care. Continued research in the area of low frequency sub-clones is vital
to improve understanding of the biological relevance of these clones and to assist in

prognostic determination and treatment decision making in the future.
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5 Chapter 5 - Development of FISH-IS to detect dell7p in CLL

5.1 Introduction

Due to the broad spectrum of clinical course which CLL can take (ranging from indolent to
rapidly progressive disease), the correct decision about treatment for CLL patients is a
remarkably challenging task, requiring consideration not only of clinical characteristics and
previous experience, but also of a variety of genetic and cellular prognostic markers.
According to the latest revised iwCLL guidelines, genetic abnormalities play a definite role
in stratification of risk in CLL and selection of treatments now and into the future (Hallek
2013). In support of this concept, up to 80% of CLL patients have been shown to harbour
recurrent cytogenetic alterations which have been identified by conventional fluorescence in
situ hybridisation (FISH). As identified by Dohner et al. (2000), the common genetic defects
can be arranged in five hierarchical classifications which are strongly predictive of survival,
including 17p deletion, 11qg deletion, trisomy 12, 13q deletion, and a normal karyotype.
Patients who carry a deletion of the short arm of chromosome 17 (dell17p) have been shown
to have the worst outcome of all groups, with OS of 2-3 years post diagnosis (Lens et al.
1997, Dohner et al. 2000). These patients have a phenotype which may rapidly progress to
symptomatic disease, demonstrate chemo-refractoriness, and undergo earlier relapse. The
17p deletion in CLL usually encompasses the whole short arm, including the TP53 gene
(Edelmann et al. 2012), a tumour suppressor gene that plays a critical role in CLL
progression and sensitivity to therapy. The reason for the poor response to treatment in the
dell7p group is most likely due to the fact that the current standard treatment (fludarabine,
cyclophosphamide, and rituximab) aims to trigger cell death via TP53-dependent pathways

(Stilgenbauer et al. 2007, Rossi et al. 2009). Therefore, the dell7p genomic aberration is
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the only current marker which has distinct predictive value with regards to response to

treatment, therefore influencing therapeutic decisions.

As mentioned in Chapter 1 (section 1.7.4), there is no consensus on the prognostic impact
of the size of TP53 defective sub-clones in CLL. Rossi et al. (2014) indicated that very small
TP53 defective sub-clones (0.3% of all CLL cells by ultra-deep MPS) led to greater disease
progression, whereas Tam et al. (2009b) assumed that the low frequency dell7p (< 25%
17p-deleted nuclei by conventional FISH) resulted in a favourable prognosis. Several other
studies have also shown a favourable prognosis with low frequency del17p in CLL patients,
displaying a longer time to first treatment and longer OS (Delgado et al. 2012, Van Dyke et

al. 2016).

Therefore, to clarify this issue, there was a need to develop a reliable high-throughput
cytogenetic technique to accurately identify del17p small sub-clones. It is very important to
accurately quantify the percentage of dell7p cells within a sample, particularly the low
frequency sub-clones, not only before initial treatment but also during subsequent treatment
decisions in order to monitor for clonal evolution in relapsed and chemo-refractory patients,
enabling tailoring of effective treatment. However, currently cytogenetic tests including
karyotype and FISH analysis are used to identify the presence of a 17p deletion in CLL
samples. Both of these microscope-based tests have limitations in providing information on
low frequency sub-clones which have potential clinical relevance for subsequent disease
evolution. Slide-based detection methods have a relatively low level of sensitivity due to the
small number of cells assessed: in traditional karyotyping 20-30 metaphase cells are
counted, and conventional FISH usually involves two scorers independently analysing up to
200 nuclei. Considering these relatively low numbers of cells, it is clear that these methods

are not able to accurately detect and monitor low frequency dell7p sub-clones. It is however
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evident that accurate information is required regarding the presence of this deletion, due to
the fact that identification of the existence of small TP53 deletion clones is clinically critical

(Best et al. 2012).

Other novel detection techniques for chromosomal copy humber changes include SNP array
analysis and massive parallel sequencing. However, whilst SNP array analysis can give
precise information on exact sizes of deletions and duplications, it is not significantly more
sensitive than microscopy based methods, with a detection limit of approximately 20%-30%
(Gondek et al. 2008, Gunn et al. 2008). MPS is able to accurately detect sub-clones of less
than 1%; however this approach requires gene target enrichment followed by ultra-deep
sequencing (Goodwin et al. 2016). This requirement means that MPS is both significantly
more expensive than the other methods, and also requires specific information on the target

sequence prior to analysis (Sun et al. 2015).

In response to the clinical necessity for detecting low frequency sub-clones and the low
sensitivity of conventional cytogenetic tests, an alternative methodology to those currently
available is clearly required. One such methodology is FISH-in suspension (FISH-IS),
consisting of conventional FISH combined with a flow cytometry-based imaging platform
(Amnis ImageStream* MkIl) and analysis software (IDEAS™; Amnis Cooperation Seattle,
WA). This relatively novel methodology has been shown to enable quantification of genetic
abnormalities with high accuracy in up to 1000 cells/second (Minderman et al. 2012). This
method is therefore able to stratify tumour clonal heterogeneity with high sensitivity. The
morphometric visualisation of fluorescence microscopy merged with the statistical power of
flow cytometry (e.g. mean fluorescence intensity - MFI) has been remarkably enhanced by
algorithm spot count and extended depth of field (EDF) mode in order to enumerate

fluorescence spots associated with FISH (Ortyn et al. 2007).
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At the commencement of this research in 2013, all FISH-IS published studies had utilised
probes to highly repetitive sequences (telomere or chromosome-specific centromere probes
(CEP)). These probes generate a signal with a very high fluorescence intensity due to the
enormous number of labelled probes which bind to the target sequence. Examples of such
applications include telomere length analysis (Baerlocher et al. 2006) and detection of
aneuploidy based on centromere probe analysis (Minderman et al. 2012). The data
presented in Chapter 4, in accordance with a report by Minderman et al. (2012),
demonstrated the capacity of accurate detection of monosomies by FISH-IS to be as low as

1%.

However, it remains unclear whether or not this assay is able to be applied to non-repetitive
probes, such as the TP53 region on the short arm of chromosome 17. To this point in time
there have been no reports which have successfully developed FISH-IS with locus-specific
probes. Therefore, this study is the first to successfully apply FISH-IS analysis to a 17p
locus-specific probe, and to be carried out for the clinically relevant application of identifying

17p deletions in CLL samples.

Therefore, the aims of this chapter were:

1. To apply the commercially available locus-specific 17p probes to the FISH-IS method

(section 5.3.1);

2. Todevelop and optimise FISH-IS using a fluorescently labelled 17p BAC probe contig

(section 5.3.2 — 5.3.4);

3. To apply FISH-IS with 17p locus-specific probes to fresh CLL patient samples and to

determine the level of sensitivity of detection (section 5.3.5);
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4. Toflow sort the FISH-IS with 17p locus-specific probes on fresh CLL patient samples,
confirming the enrichment of the 17p sub-clone by Sanger sequencing (section

5.3.6); and

5. To optimise FISH-IS with 17p locus-specific probes on cryopreserved CLL samples

(section 5.3.7 — 5.3.12).

5.2 Materials and methods

5.2.1 Commercial FISH probes

Three commercial FISH probe kits were trialled and will be referred to as Kit 1 (ATM/TP53
CLL probe kit, Metasystems, Germany), Kit 2 (ATM/TP53 CLL probe kit, Abbott Molecular,

Australia) and Kit 3 (TP53 probe, Abbott Molecular, Australia).

5.2.2 Bacterial Artificial Chromosome (BAC) FISH probes

Seventeen BAC clones mapping to the short arm of chromosome 17 (17p) and spanning
the TP53 region were selected from the RP11 DNA BAC library (Osoegawa et al. 2001)
(Table 7.8). A nick translation kit (Abbott Molecular, Australia) was used to label BAC DNA
with spectrum orange-dUTP or spectrum green-dUTP. The ratio of labelled - dUTP : dTTP
was 6:1 and the method of labelling was adjusted from the manufacturer’s protocol to
achieve the highest possible labelling levels (Cox et al. 2004) (see detailed protocol in
section 2.9). Following labelling, unincorporated dUTP and probe fragments were removed
by gel filtration micro-spin G50 (GE Healthcare, Australia). Probes were analysed on an
agarose gel to confirm final fragment sizes between 200 bp and 400 bp. Probes were
labelled with one fluorophore per every 30-80 bp as recommended by manufacturer's
protocol, and the concentration of probes was 20 ng/pL (Yu et al. 1994, Vermeesch et al.

2005).
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5.2.3 FISH-IS protocol with 17p BAC probe contig

The initial method for FISH-IS with 17p BAC probes was adapted from a previously
published FISH-IS protocol (see section 2.8) in combination with the laboratory’s standard

conventional FISH protocol. Further optimisation of this method formed part of this chapter.

Sixty nanograms of each BAC clone was combined (giving a total of 1 pug) with 50 pg Cotl
DNA (Abbott Molecular, Australia). The solution was desiccated at 45°C for 30 mins,
followed by resuspension in 20 pL of locus-specific identifier (LSI) hybridisation buffer
(Abbott Molecular, Australia). Probes were denatured at 80°C for 5 mins, placed on ice for
2 mins, vortexed, and then placed at 42°C for 30 mins (pre-annealing) before applying to

denatured cells.

Three hundred thousand cells were used for each hybridisation reaction. Cells were
incubated in 9 mL 0.075 M KCI for 30 mins at 37°C. The reaction was stopped with 1 mL of
Carnoy’s fixative, followed by centrifugation at 300 x g for 10 mins. The pellet was
resuspended in 10 mL of Carnoy’s fixative and centrifuged at 300 x g for 10 mins. This was
repeated twice more, and the pellet was finally resuspended in 1 mL of Carnoy’s fixative and
stored at -20°C for a minimum of 4 hours. Samples were then centrifuged at 300 x g for 5
mins and the supernatant removed. Cells were then washed in Wash 1 (1X PBS with 0.5%
BSA and 5 mM EDTA) twice, followed by once in Wash 2 (2X SSC with 0.1% NP-40 and 5

mM EDTA).

In order to generate the control mix samples containing different proportions of 17p-deleted
cells, CLL samples with 95% of dell7p cells (as ascertained by conventional FISH) were
mixed with wild-type 17p CLL samples (100% wt17p) in various ratios prior to hybridisation.

Cells were then centrifuged 300 x g for 5 mins and resuspended in 20 pL LSI hybridisation
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buffer and denatured at 80°C for 5 mins. The probes and cells were then combined and

hybridised at 42°C for 12 hours.

Following hybridisation, cells were washed in 2X SSC + 0.1% NP40 at room temperature,
centrifuged at 2000 x g for 5 mins, followed by the addition of 200 pL of 0.3% NP-40 in 0.4X
SSC pre-warmed to 73°C. Cells were incubated at 73°C for 3 mins, then 200 pL of ice cold
2% FBS in PBS was added to immediately lower the temperature, followed by centrifugation
at 2000 x g for 5 mins at room temperature. The supernatant was discarded and cells were
resuspended in 50 pL 2% FBS in cold Hank's buffer (Sigma-Aldrich, Australia) and 10 pL 5

png/mL DAPI through a 25G needle and syringe to prevent cells clumping before analysis.

5.2.4 Flow sorting and Sanger sequencing

Samples hybridised with the FISH-IS protocol were sorted on a BD FACSAria™ Fusion
flow sorter (BD Biosciences, Australia) which discriminates and sorts samples based on
the fluorescence intensity of individual cells. The flow sorting procedures were provided by

Dr Randall Grose at the South Australian Health and Medical Research Institute.

DNA was extracted from the collected cells by QIAGEN Midi blood kits (QIAGEN,
Australia). PCRs were carried out under standard conditions in a 2720 Thermal Cycler
(Applied Biosystems, Australia). Primer sequences and cycling conditions are provided in
Appendix Table 8. Following amplification, 5 pL of PCR product was prepared for
sequencing via enzymatic treatment with 1 unit Shrimp Alkaline Phosphatase (Affymetrix,
Australia) and 4 units exonuclease | (New England Biolabs, Australia) in 1x Shrimp Alkaline
Phosphatase buffer (Affymetrix, Australia) in a total volume of 7.5 pL, then incubated at
37°C for 60 mins and the enzyme inactivated at 80°C for 20 mins in a 2720 Thermal Cycler
(Applied Biosystems, Australia). The purified PCR product was sequenced at the Flinders

Sequencing Facility (SA Pathology, Flinders Medical Centre) using BigDye Terminator
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chemistry (Life Technologies, Australia) and a Prism 3100 Genetic Analyzer (Life
Technologies, Australia). Sequence analysis was carried out with the Sequence Scanner

Software 2 (Applied Biosystems, Australia).

5.2.5 Cell culture

Cryopreserved cells were thawed by heating to 37°C in a water bath by the dropwise addition
of warmed media (Yokoyama et al. 2012). Standard media consisted of RPMI 1640 media
supplemented with 5 mL of 200 mM L-glutamine, 5000 units penicillin and 5 mg/mL
streptomycin solution and 10% fetal calf serum. All cells were incubated at 37°C, 10% COz,

in a fully humidified atmosphere. Cells were cultured using the following methods.

1. Co-culture. Bone-marrow derived stromal cell line, HS5 (CRL-11882™) was obtained
from the American Type Culture Collection (ATCC®, USA). HS5 was seeded in a 24 well
plate at 1.2 x 10° cells/mL and incubated for 48 hours. When cells reached confluence,
they were washed with standard media, then CLL cells were seeded at high density onto
this feeder layer in a total volume of 1 mL of standard media. For harvesting, CLL cells

were gently agitated and removed from the feeder layer with the supernatant.

2. Conditioned media. HS5 cells were incubated in standard media for 48 hours, and media
was collected and 0.22 um filtered. This conditioned media is enriched for soluble factors
secreted by the HS5 cells. 1x107 CLL cells were incubated in 1 mL of the conditioned

media and were harvested by centrifugation at the indicated time.

3. High-density. CLL cells were cultured in standard media at a concentration of 1x10’

cells/mL.
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4. AIM-V serum-free media. CLL cells were cultured at high density in AIM-V serum-free
media supplemented with 5 mL of 200 mM L-glutamine, 5000 units penicillin and 5

mg/mL streptomycin solution.

5. McCoy's 5A media. CLL cells were cultured at high density in McCoy’'s 5A media
supplemented with 5 mL of 200 mM L-glutamine, 5000 units penicillin and 5 mg/mL

streptomycin solution and 10% fetal calf serum.

6. Low density. CLL cells were cultured in standard media at a concentration of 2x10°

cells/mL.

For all culture conditions, 50% of the media volume was removed and replaced with fresh
media every 24 hours. The number of cells, cell morphology and cell viability were analysed
at various time points (0, 6, 24, 48, 72, 96 and 120 hours) with visualisation by an EVOS™
inverted microscope (brightfield), trypan blue exclusion assay (viability), and annexin V/

propidium iodine detection (for apoptosis: see below).

5.2.6 Apoptosis analyses

The percentage of apoptosis was determined by annexin V/ propidium lodine assay. In brief,
following isolation, CLL cells were washed twice with cold PBS and resuspended in 100 uL
of binding buffer containing 2 pL of FITC-conjugated annexin V and 10 ug/mL of propidium
iodide (PI). Samples were incubated for 15 mins at room temperature whilst protected from
light. Cells were analysed immediately with a flow cytometer using FITC (annexin V) and PE

(PI) lasers.

5.2.7 Investigation of pseudo-nodes

Pseudo-nodes are defined later in section 5.3.12. CLL cells were co-cultured and collected

at 3 time-points (72, 96 and 120 hours) by two different methods. Method 1 involved
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collection of CLL cells in suspension only, which did not include cells contained within the
observed pseudo-nodes. Method 2 involved collection of all cells contained within the entire
well, consisting of all suspension cells, pseudo-nodes and HS5 cells. Cells were then
physically dissociated from the psuedo-node structures with repeated pipetting. Cells

collected by both methods were assayed for viability with the annexin V/PI assay.

5.2.8 Statistical analysis

Results are shown as a mean + SD, calculated from 3 separate experiments data. Statistical
significance was determined by a students paired /unpaired t-test, 2-way ANOVAR test for

multiple comparison.

5.3 Results

5.3.1 Commercial 17p probes do not generate sufficient signal for use in FISH-IS

To date, FISH-IS has only been successfully carried out using highly-repetitive commercially
available centromere probes (Minderman et al. 2012). Therefore, | first determined whether
it is also possible to use a commercially available single-locus probe in this method. Three
commercial probe kits which span the TP53 gene and are currently used in CLL analysis
(Kit 1 and Kit 2 are dual probes, also containing a probe for the ATM gene; Kit 3 only probe
for the TP53 gene) were tested in the FISH-IS protocol. This analysis revealed that all kits
gave a strong hybridisation signal with low background in conventional FISH (Figure 5.1A).
Unfortunately, the strength of this signal was not sufficient for the FISH-IS method (Figure
5.1B-C). The locus-specific commercial probes demonstrated a low level of fluorescence
from the hybridisation signal combined with a high background of non-specific nuclear

fluorescence (Figure 5.1C).
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Figure 5.1. Commercial TP53 probes do not generate sufficient signal for analysis

with FISH-IS.

(A) Representative images of conventional FISH with the indicated commercial probe kit.

Red, TP53 probe; green, ATM probe (kits 1 and 2 only); blue, nuclear staining as shown by

DAPI. (B) Distribution of cells based on signal fluorescence intensity (y-axis, raw max pixel)

and overall fluorescence intensity (x-axis, total fluorescence intensity of individual cell). (C)

Representative cell images by FISH-IS with a 17p commercial probe showing an intact cell

(brightfield) and multiple signals for the 17p probes (17p probes). All images were

normalised with the same scale. Data are representative of 3 separate experiments in

triplicate.
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As Kit 3 was the only commercial kit which contained solely a probe to TP53, further analysis
was undertaken on this hybridisation sample, in order to determine if automated masking
and Spot Count Wizard analysis might render the hybridisation signals informative.
However, analysis of the data with various masking strategies through the IDEAS software

was unable to distinguish the signals (spots) from background noise (Figure 5.2).
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Figure 5.2. Different masking strategies are unable to distinguish spots with

commercial Kit 3.

(A) Representative images from FISH-IS with a commercial 17p probe (Kit 3), 17p probe in
yellow and masking features in light blue. (B) Mask 1 is the mask of Spot Count Wizard spot

count versus an optimised mask (Mask 2).
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Given that FISH-IS has been successful with probes which have targeted repetitive
sequences within the centromere (Minderman et al. 2012), | hypothesised that the size
difference and therefore opportunity for multiple probes to bind to the repetitive centromere
target sequence and the locus-specific target sequence might be responsible for this
difference in signal intensity. An increase in the size of the target region for the locus-specific
probes should increase the fluorescence signals to a level that may be used in FISH-IS. The
following sections describe the panel of custom 17p BAC contig probes to the 17p region

spanning the TP53 gene which | developed.

5.3.2 Development and validation of a custom 17p BAC probe contig

Microarray analysis has demonstrated that 17p deletions in CLL are quite uniform and
encompass not only the TP53 gene, but are actually a deletion of the whole short arm of
chromosome 17 (Edelmann et al. 2012). Therefore, | hypothesised that utilising a BAC
contig centred around the TP53 gene on 17p as a probe would provide the required increase
in the size of the probe target region without causing a reduction in specificity of detection.
Therefore, 20 BACs surrounding the TP53 gene were identified from the RP-11 library
(Figure 5.3 and Appendix Table 9). The total BAC contig spans approximately 2.5 Mb,
making it approximately 15 times greater than the commercial TP53 probes (Kit 1 probe is
145 kb; Kit 2 and 3 probes are 172 kb) and approaching the size of the target sequence of

the highly-repetitive centromere probes.
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Figure 5.3. Schematic representation of 20 BACs surrounding TP53 gene on chromosome 17.

BAC RP11-199F11 (indicated by a blue box) contains the TP53 gene.

Genomic co-ordinates of each BAC can be found in Appendix Table 9.
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The individual specificity of each BAC as a probe to 17p was determined by nick translation
labelling (see section 2.9) and analysis with interphase/metaphase conventional FISH. Only
BAC probes which had specific binding to 17p were used in the final probe contig (example
shown in Figure 5.4A). Three BAC probes which showed cross-hybridisation to other
chromosomes by interphase/metaphase FISH (RP11-205D17, RP11-417F20 and RP11-

816H1) were therefore excluded from further analysis (example shown in Figure 5.4B).

Figure 5.4. Individual BAC clones were tested to ensure specific hybridisation by

metaphase and interphase conventional FISH.

(A) An example of a BAC with specific hybridisation to 17p, as the BAC being tested (RP11-
63C07, red signal) shows punctate signals in close proximity to the guide 17p probe (RP11-
199F11, green signal). (B) An example of a BAC probe (RP11-205D17, red signal) which is
showing non-specific hybridisation when compared to the guide 17p probe (RP11-199F11,

green signal).
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5.3.3 Increasing the number of BAC probe increases signal fluorescence

intensity

An analysis was carried out combining increasing numbers of BAC probes in order to
determine the optimal number of BAC probes for FISH-IS. Figure 5.5 shows FISH-IS
analyses ranging from a single BAC probe, increasing in number until the entire 17 labelled
BAC probes were hybridised simultaneously. A comparison was made with previously
utilised commercial probes (TP53 Kit 3 and CEP X), with CEP X representing optimal signal
and background intensity. The analyses were based on the fluorescence intensity generated
by FISH-IS and their images (Figure 5.5). From these data, it is clear that as the number of
BAC clones increased, the 17p signal intensity also increased (black bars, Figure 5.5).
However, this also resulted in a slight increase in overall background fluorescence (grey
bars, Figure 5.5). Compared to the commercial TP53 probe, the BAC contig probes
displayed a significant increase in signal intensity; however the CEP X signal intensity
remained the highest (Figure 5.5). The 17 BAC contig probes signal intensity was 15-fold
greater than commercial TP53 probes but 50% less than centromeric probe intensity (Figure
5.5). Even though there was no significant statistical difference between hybridisation with
10 and 17 BACs (p=0.32), the highest ratio of raw max pixel to fluorescence intensity was
found with 17 BAC probes. Therefore, the final BAC probe contig consisted of 17 BAC
probes (Table 7.7) and was used in all future 17p FISH-IS analyses. The next step was to
determine if the FISH-IS methodology could be optimised for application with the BAC probe

contig.
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Figure 5.5. Both raw max pixel and fluorescence intensity increase with an increase in the number of 17p BAC probe contig.

An example of a single cell hybridised with the indicated probe(s) is shown directly under the respective column; probes are shown as
yellow signals (spectrum orange, Ch03), nuclear staining (DAPI, Ch07) is shown in purple. The ratio between raw max pixel and
fluorescence intensity is equivalent to the ratio of signal to background. Student’s t-test was performed and the only significant differences
were found between the commercial TP53 kit 3 vs 10 BAC probes (*p=0.018) and the commercial TP53 kit 3 vs 17 BAC probes (**p=0.001).

Data are representative of the geometric mean of 3 separate experiments = SD on normal karyotype CLL samples.
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5.3.4 Optimisation of FISH-IS with the 17p BAC probe contig

Given that 17 BAC probes were found to produce the highest signal to background ratio in
FISH-IS, protocol optimisation was then undertaken to determine if this ratio could be
improved. Optimisation of the FISH-IS method was addressed at four major steps in the
protocol: fixation/permeabilisation, hybridisation, washing and visualisation. Due to the large
number of steps in the protocol, it was not feasible to optimise all steps in all possible
combinations. Therefore, for each parameter being tested, all other parameters remain as

standard (as described in section 5.2.4) unless otherwise noted.

5.3.4.1 Fixation and permeabilisation optimisation

Carnoy'’s fixative. The standard process of fixation consists of incubating cells in a
hypotonic solution (9 mL KCI 0.075M) at 37°C for 30 mins, followed by the addition of 1 mL
of Carnoy’s fixative to stop the reaction. The cells are then pelleted and resuspended in 1
mL Carnoy’s fixative, repeated three times. Studies in the literature have shown that this
methodology gives optimal fixation and preserves the integrity of both nucleic acids and cell
morphology (Urieli-Shoval et al. 1992, Murrell-Bussell et al. 1998, Srinivasan et al. 2002,
Chao et al. 2011). However, other studies have carried out a simplified method of fixation,
consisting of resuspending the cell pellet with gentle vortexing whilst Carnoy’s fixative is

added in a drop-wise manner (Minderman et al. 2012).

In order to determine which method is more appropriate for CLL cells, both approaches were
undertaken. Analysis revealed that the proportion of intact cells significantly declined when
Carnoy’s fixative was added in a drop-wise manner compared to the standard method (63%
compared to 83%; Figure 5.6A). Visual inspection of the cells post fixation reveals that the
drop-wise method of fixation clearly results in more cells with poor morphology compared to

the standard method of fixation (Figure 5.6B-C).
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A
Carnoy’s fixative Standard methods Drop-wise
Single cells (mean £ SD) 82.83+1.92 62.63 +4.56
B C

Figure 5.6. Comparison of Carnoy’s fixative standard methods with drop-wise on the
number of remaining single cells and their morphology.

(A) Percentage of intact single cells when fixed with the standard and drop-wise methods.
Examples of FISH-IS images following the standard method (B) and drop-wise addition (C)
of Carnoy’s fixative. Data are representative of the mean = SD of 3 separate experiments.

DNase |. Many studies have included the addition of an endonuclease
deoxyribonuclease (specifically DNase 1) in order to minimize clumping of cells following
fixation (Campbell et al. 1980, Renner et al. 1993, Garcia-Pineres et al. 2006). To test if
DNase | would be beneficial for the FISH-IS method, cells were incubated with 0, 20, 50, or
100 pg/mL DNase | at 37°C for 15 mins prior to fixation. Analysis of the treated cells revealed
that the highest percentage of intact single cells were yielded in the absence of DNase |
incubation (Table 5.1), and therefore this treatment was not included in the optimised

protocol.
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Table 5.1. DNase | treatment does not increase the number of single intact cells.

Single cells (%)

DNase | (png/mL) (mean + SD)
0 81.57 £ 2.26

20 78.67 +2.18

50 79.23 £ 2.56

100 75.56 + 3.79

The optimal condition (no DNase I) is indicated in bold. Data are the mean of 3 separate

experiments + SD.

Proteinase K. Andersen et al. (2001), Schurter et al. (2002) and Pineau et al. (2006)
have shown that the addition of proteinase K can improve the specificity of the DNA-DNA
hybridisation efficiency. Therefore an additional step consisting of incubation with 10 or 20
pg/mL Proteinase K for 15 mins at 37°C was added to the FISH-IS protocol prior to fixation.
Analysis revealed that there was no improvement in terms of the proportion of single cells
or the hybridisation efficiency (as determined by signal to background ratio) with either
proteinase K concentration (Table 5.2). Therefore, proteinase K was not added to the final

FISH-IS protocol.
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Table 5.2. The addition of proteinase K does not increase the number of single intact

cells or the signal to background ratio.

Proteinase K (igimy)  Sinde cels 00 Signal to background:
0 82.53 + 3.06 0.044 = 0.000
10 78.83 £ 1.65 0.043 = 0.000
20 72.13 £ 2.69 0.034 = 0.001

*Signal to background ratio is calculated by the geometric mean of fluorescence intensity
divided by the geometric mean of raw max pixel following hybridisation with the 17 BAC
probe contig. The optimal condition (no proteinase K) is indicated in bold. Data are the mean

of 3 separate experiments + SD.

5.3.4.2 Hybridisation optimisation

Probe amount. As FISH-IS has only previously been published with commercial
centromeric probes (Minderman et al. 2012) for which probe concentrations are propriety
information and therefore unavailable, it was not clear how much BAC contig probe would
be optimal for a FISH-IS hybridisation. Various amounts of probe are used in standard
conventional FISH, ranging from 0.2-1 pg of probe. However these values are calculated
depending on the area of hybridisation (normally 22 x 22 mm) (Leitch et al. 1991, Morrison
et al. 2003, Bayani et al. 2004, Serakinci et al. 2009, Weise et al. 2009), a consideration
which is clearly not relevant to FISH-IS. Therefore, in order to determine the optimal probe
concentration of the 17p BAC contig probes, 0.68 to 1.4 pg of the total BAC contig were
tested (which is the equivalent of 2 uL to 4 pL of each BAC clone). For each amount of probe

contig tested, each individual BAC was added in equal amounts. Analysis showed that spot
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signals were not clear for less than 1 pg of BAC contig (Figure 5.7A-B) and the background
level became too high when the amount of BAC contig was above 1ug (Figure 5.7D-E).
Therefore, it was determined that 1 pg of total BAC contig (consisting of 60 ng per individual

BAC probe) was the optimal amount of probe to use in FISH-IS (Figure 5.7C).

A. 0.68 ug B.0.85ug

C.1pg

D.1.2 yg E.1.4ug

Figure 5.7. One ug of BAC probe contig gives optimal hybridisation signal.

Brightfield images of cells captured by FISH-IS. The yellow dots represent signal generated
from the hybridisation of probe to the chromosome 17p in increasing amounts of probe: (A)
0.68 ug, (B) 0.85 pg, (C) 1 ug, (D) 1.2 ug, (E) 1.4 ug of the labelled BAC probe contig.

188



Chapter 5 - Development of FISH-IS to detect del17p in CLL

Cot-1 DNA. Publications have reported using Cot-1: probe ratios ranging from 20-fold
up to 100-fold in order to block nonspecific binding of labelled probes (Trask et al. 1988,
Rauch et al. 2000, Dugan et al. 2005, Trifonov 2009, Bogomolov et al. 2014). Therefore,
different amounts of Cot-1 DNA were tested in combination with the 17p BAC probes contig
in order to determine the optimal Cot-1: BAC probe ratio for this FISH-IS methodology. The
optimal Cot-1: BAC probe ratio was determined by analysing the signal to background ratio,
calculated by the highest ratio of raw max pixel to fluorescence intensity. Hybridisation with
either no Cot-1 or less than 50x Cot-1 resulted in signals which were dim and highly variable,
presumably due to inadequate blocking of the repetitive sequences (Figure 5.8A-C). When
analysing Cot-1 ratios at 50x and above, no significant improvement in signal to background
ratio was seen (Figure 5.8D-F). Therefore, optimal specific hybridisation was achieved with

the addition of 50x Cot-1 DNA.

Addition of BSA and EDTA to pre-hybridisation wash buffer 1. The addition of BSA
and EDTA prior to hybridisation assists with centrifugation of cells whilst preventing clumps
from forming. In order to determine the optimal concentration of both BSA and EDTA, a
comparison of 0.25-1% BSA with 0-5 mM EDTA was undertaken (Table 5.3). Initial
experiments were performed without BSA; however fixed cells were not able to be
centrifuged to a pellet in the absence of BSA and therefore 0% BSA was not included as
part of this analysis. Analysis revealed that the combination of 0.5% BSA + 5 mM EDTA in
PBS provided the optimal wash buffer, giving 84.1% of single intact fixed cells in suspension

for hybridisation (Table 5.3).
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Figure 5.8. Cot-1 optimisation demonstrates that 50x excess Cot-1 DNA results in optimal specific hybridisation.

255

(A) Signal to background ratio is determined by fluorescence intensity and raw max pixel £ SD. The only significant difference was found

between no Cot-1 DNA vs 50x (* p=0.02; Students t-test). (B - F) Dot plot of the fluorescence intensity (x-axis) and raw max pixel (y-axis)

show FISH-IS results with various amounts of Cot-1 DNA. CLL samples with 100% wt17p (as determined by conventional FISH) were

used. Data are representative of 3 separate experiments with normal-by-FISH CLL samples.
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Table 5.3. Optimisation of BSA and EDTA concentrations in the pre-hybridisation
wash buffer 1.

0.25% BSA 0.5% BSA 0.75% BSA 1% BSA
OmM EDTA 76.32+£2.31 80.53+1.31 80.03 + 0.52 79.03 £1.52
1mM EDTA 74.43 +£2.82 77.43 £1.82 79.20 £ 3.49 77.20 £1.49
2mM EDTA 75.63 +3.91 78.63 +1.91 81.60 + 2.67 79.80 + 0.67
3mM EDTA 76.43 £0.22 79.43 £1.22 79.33 £0.83 80.33 +1.83
4mM EDTA 74.93 +1.35 81.93+1.31 82.40 £ 0.98 81.40 + 0.88
smM EDTA 78.53 £1.45 84.10 +0.78 76.73 £1.35 82.93+1.32

The number of single intact cells percentages are shown. The optimal conditions (5mM
EDTA and 0.5% BSA) are indicated in bold. Data are the mean of 3 separate experiments
+ SD.

Addition of EDTA to pre-hybridisation wash buffer 2. Following the above BSA and
EDTA treatment, cells were washed in a second buffer with a similar makeup to the
hybridisation buffer (2X SSC+ 0.1% NP-40). Conventional FISH protocols include a wash in
2X SSC prior to hybridisation in order to stabilise cell and chromosome structure and
increase tolerance to the high temperature of denaturation. Cells are incubated with this
buffer to minimize non-specific binding and cross-hybridisation, whilst maximising the rate
of probe binding to the target sequence (Mladinic et al. 2014). In addition, this step facilitates

the evaporation of ethanol which may have remained from the fixation step, and removal of
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BSA, as this can prevent probes from binding to their target sequences. The addition of 5
mM EDTA to 2X SSC + 1% NP40 was found to reduce cell clumping, as seen by

visualisation under light microscope with 0.4% trypan blue staining (Figure 5.9).

Figure 5.9. Microscopic visualisation confirms an increase in single intact cells with
the addition of EDTA in the pre-hybridisation wash buffer 2.

(A) No EDTA. (B) 5 mM EDTA with magnification 40x.

Denaturation. There are several options for probe denaturation, including
temperature denaturation, chemical denaturation, or a combination of both simultaneously.
Mladinic et al. (2014) reported that chemical denaturation resulted in reduced probe binding
specificity and a lower hybridisation success rate due to the fact that acid denaturation may
result in damage to the probe fluorophores and hybridisation efficiency. This publication also
showed that temperatures above 75°C (temperature could be raised up to 90°C) and longer
denaturation times (up to 5 mins) resulted in better signals compared to background noise.

Chin et al. (2003) noted that denaturation at 80°C for 10 mins resulted in improved
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conventional FISH results. Optimisation of the denaturation temperature requires that it be
high enough to unmask the target sequences to allow nucleotides to be exposed for probe
binding, but not at a temperature which will cause damage to cell morphology and integrity.
To determine optimal denaturation conditions, optimisation was based on methods
(specifically temperatures, times and formamide percentage) which are widely used in
conventional FISH protocols. A range of denaturation temperatures were tested (75°C,
80°C, 85°C, 90°C) at 2 time-points (2 mins or 5 mins) with various formamide percentages
(50%, 55% and 60%). Identification of the most appropriate denaturation temperature was
determined by the percentage of single intact cells of the total analysed population and the

signal to background of the identified spots (Table 5.4).

This analysis revealed that regardless of other factors, there was a decline in the percentage
of intact cells when treated with the higher denaturation temperatures (85°C or 90°C).
Conversely, probe hybridisation efficiency was ineffective at 75°C/5 mins or 80°C/2 mins,
presumably because denaturation was incomplete and therefore affected the hybridisation
efficiency. Additionally, spot intensity was very dim in the presence of 60% formamide;
analysis revealed that 50% formamide gave the best result with respect to spot intensity
(Figure 5.10). Therefore, based on the percentage of intact single cells and the highest
signal to background ratio, 80°C for 5 mins with LSI hybridisation buffer containing 50%
formamide was selected as the appropriate denaturation conditions for the 17p BAC probe

contig.
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Table 5.4. Optimisation of denaturation temperature, denaturation time and
formamide concentration in hybridisation buffer.

Duration  Formamide (%) single cells (%) Signal to
Denature time in hybridisation (mgean i SD)O background ratio*
temperature  (ming) buffer - (mean + SD)
50 79.07 £ 0.26 0.02+0.01
75°C 5 55 79.83 £ 0.96 0.02+£0.01
60 80.77 £ 2.50 0.01 +£0.02
50 80.37 £ 1.39 0.02 +£0.00
2 55 78.20 £ 4.23 0.02+0.01
60 78.9+£0.16 0.01£0.00
80°C
50 79.57 £ 0.53 0.05+£0.00
5 55 76.73 + 8.66 0.03+0.01
60 78.43 £5.42 0.02+0.01
50 59.63 + 10.30 0.02 £0.00
2 55 61.27 £ 6.45 0.02 +0.01
60 52.41 + 3.52 0.01 +0.00
85°C
50 44,43 +2.91 0.02 +£0.00
5 55 40.45 £ 5.58 0.02 +0.01
60 51.3+£9.08 0.00 £0.00
50 41.9+6.78 0.01 +0.00
90°C 2 55 32.87 £4.87 0.01+0.01
60 38.40 + 8.22 0.00 £0.00

*Signal to background ratio is calculated by geometric mean of fluorescence intensity
divided by the geometric mean of raw max pixel. The optimal conditions (80°C, 5 mins, and

50% formamide) are indicated in bold. Data are the mean of 3 separate experiments + SD.
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Ch03

Figure 5.10. Representative images of different denaturation temperature and time.

(A) 75°C/5 mins, (B) 80°C/5 mins, (C) 85°C/5 mins and (D) 90°C/2 mins, all with 50%

formamide.

Hybridisation conditions. Optimisation of hybridisation conditions requires
assessment of hybridisation temperature, duration, pH, formamide concentration, salt
concentration and dextran sulfate concentration. The majority of conventional FISH
protocols are in agreement that the following conditions are optimal for DNA BAC probes:
pH 7 £ 0.2, 2X SSC, 10% dextran sulfate (Bradley et al. 2009, Serakinci et al. 2009, Weise
et al. 2009, Liehr et al. 2017). However, these publications detailed a variety of formamide
concentrations, temperature and hybridisation duration depending on the probes applied.
Analysis was therefore undertaken in order to determine which hybridisation temperature
and time were required for optimal signal from the 17p BAC probe conmtig used here.
Experiments were carried out with a range of hybridisation temperatures (37°C to 45°C) and
a range of formamide percentages in the hybridisation buffer (50%, 55% and 60%) (Table
5.5). This analysis revealed that hybridisation at 42°C with 50% formamide buffer gave the
greatest specificity of probe hybridisation with a reasonable level of single intact cells

(Figure5.11).
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Table 5.5. Optimisation of hybridisation temperature and formamide concentration in
hybridisation buffer.

Hybridisation Formamide Single cells (%)  Signal to background ratio*
temperature conc?(;ot)ratlon (mean + SD) (mean £ SD)
50 80.97 +1.78 0.02 £ 0.01
37°C 55 81.03 + 0.96 0.02£0.01
60 81.13 +2.52 0.01 £ 0.00 (Figure 5.11A)
50 80.02 +1.42 0.02 £+ 0.00 (Fig 5.11B)
38°C 55 78.73 + 9.66 0.02+0.01
60 79.43 +2.32 0.01+0.01
50 78.73+2.34 0.03+0.01
39°C 55 80.93 + 3.91 0.03+0.00
60 75.43 £ 7.62 0.02+£0.01
50 79.53 + 1.56 0.03 + 0.00 (Figure 5.11C)
40°C 55 78.13 +1.57 0.02+0.01
60 77.43+1.49 0.01+0.01
50 78.53+2.14 0.03 £ 0.00
41°C 55 76.13 + 3.59 0.03+0.01
60 77.43+£5.49 0.02+£0.01
50 79.96 + 3.53 0.05 + 0.00 (Figure 5.11D)
42°C 55 77.77 £ 7.66 0.03+0.01
60 75.53 £8.42 0.02 +0.01
50 65.57 + 3.53 0.04 + 0.00 (Figure 5.11E)
43°C 55 72.29 + 7.66 0.03+0.01
60 58.23 £9.42 0.02+£0.01
50 38.57 £ 5.96 0.02 + 0.00
44°C 55 46.73 £ 0.66 0.02+0.01
60 49.49 + 9.45 0.01 +£0.00
50 39.97 + 3.45 0.02+0.01
45°C 55 30.53 +9.86 0.01+0.01
60 35.73+1.42 0.00 £ 0.00 (Fig 5.11F)

*Signal to background ratio is calculated as Table 5.4. The optimal conditions (42°C, 50%
formamide) are indicated in bold. Data are the mean of 3 separate experiments + SD.
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Figure5.11. Representative images of different hybridisation temperature and

formamide concentration.

(A) — (F) as annotated in Table 5.5.

Furthermore, Minderman et al. (2012) concluded that there were no significant differences
in FISH-IS results when the hybridisation incubation time ranged from 9-14 hours.
Therefore, a comparison of duration of probe hybridisation was undertaken, ranging from 9
to 15 hours in 1-hour increments. This analysis revealed that with 11 hours or less
hybridisation, the signal was dull and non-specific (Figure 5.12A). Following 15 hours or
more of probe hybridisation, the signals were inconsistent with more non-specific binding
and also resulted in fading of the fluorescence signals (Figure 5.12B) when compared to
12 hours hybridisation (Figure 5.12C) with punctuated two signals in each cell. Therefore,

12 hours was determined the optimal incubation time for hybridisation.
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A. 11 hours B. 12 hours C. 15 hours

Figure 5.12. Twelve hours is the optimal hybridisation time for FISH-IS with the 17p
BAC probe contig.

(A) Representative FISH-IS results of 11 hours probe hybridisation. Similar results were
obtained with 9 and 10 hours probe hybridisation. (B) Representative FISH-IS results of 12
hours of probe hybridisation. Similar results were obtained with 13 and 14 hours probe
hybridisation. (C) Representative FISH-IS results of 15 hours probe hybridisation. Similar
results were obtained with 16 and 17 hours probe hybridisation. Data are representative of

3 separate experiments.

5.3.4.3 Wash optimisation

Two wash steps are included in the FISH-IS protocol. Wash 1 is a low stringency wash which
removes the unbound excess probe and wash 2 is a high stringency wash which removes

non-specific and cross hybridised probes. In addition to removing unwanted probes, both
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washes are required to be mild enough to maintain good cell morphology. To optimise
individual aspects of each wash, the following method was employed: each post-
hybridisation sample was divided into two aliquots, the first aliquot was treated with the
standard wash conditions and the second aliquot was treated with the standard conditions
plus one variation as listed in Table 5.6. The results of these comparisons are described

below, and the optimal final conditions are annotated in Table 5.6.

Table 5.6. Summary of optimisation of washing conditions for FISH-IS.

Variable optimisation Final method
Wash 1
SSC 1X, 2X 2X
NP40 0.1%, 0.2%, 0.3% 0.1%
Time 5, 10 mins 5 mins
Temperature RT, 37°C, 42°C, 48°C, 55°C, 65°C RT
Formamide 0%, 10%, 20%, 30% 0%
Number of washes 1,2,3 1
Wash 2
SSC 0.1X, 0.2X, 0.3X, 0.4X 0.4X
NP40 0.3%, 0.4%,0.5% 0.3%
Time 2, 2%, 3, 3%, 4, 4%, 5 mins 3 mins
Temperature 73°C, 74°C, 75°C, 76°C 73°C
Formamide 0%, 10%, 20% 0%
Number of washes 1,2 1

The optimal final methods for wash1 and wash 2 are indicated in bold.
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SSC concentration. The concentration of salt in a wash buffer, in the form of saline-
sodium citrate (SSC), provides ionic strength for the removal of non-specific and cross-
hybridised probes. A lower SSC concentration will yield a higher stringency wash, resulting
in higher probe binding specificity to the target DNA (Pinkel et al. 1986). Initial optimisation
experiments involved altering the SSC concentrations of wash 1 (2X (standard), Figure
5.13A; 1X, Figure 5.13B) and wash 2 (0.4X (standard), Figure 5.14A; 0.1X, Figure 5.14B;
0.2X, Figure 5.14C; 0.3X, Figure 5.14D). The resultant FISH-IS images demonstrated that
reducing SSC concentration in either wash 1 or wash 2 resulted in a higher stringency wash
and loss of the specific signals as the probe dissociated from its target sequence. Therefore,
standard SSC concentration in both washes were found to be optimal (Figure 5.13A and

Figure 5.14A).

NP40 concentration. Another component of the wash solutions which can be
manipulated to alter stringency is the detergent concentration (NP40), with an increase in
detergent concentration resulting in higher stringency. Various concentrations of NP40 in
both wash 1 (0.2%, Figure 5.13C; 0.3%, Figure 5.13D) and wash 2 (0.4%, Figure 5.14E;
0.5%, Figure 5.14F) were trialled. There were no improvements in the signal to background
with increasing NP40 concentration when compared to the standard wash concentration of

0.1% NP40 in wash 1 (Figure 5.13A) and 0.3% NP40 in wash 2 (Figure 5.14A).

Time and temperature. Higher stringency washes are generated by increasing either
wash time and/or wash temperature. This optimisation method included trialling alterations
in wash time (5 mins (standard), Figure 5.13A; 10 mins, Figure 5.13E) and wash temperature
in wash 1 (RT (standard), Figure 5.13A; 37°C, 42°C, 48°C, 55°C, 65°C, Figure 5.13F-J).
Similarly, alterations in both wash time (3 mins (standard), Figure 5.14A; 2, 2%, 3%, 4, 4%,

5 mins; Figure 5.14G-L) and wash temperature (73°C (standard), Figure 5.14A; 74°C, 75°C,
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76°C; Figure 5.14M-0) were also undertaken for wash 2. Overall however, it was found that
none of these changes improved the level of signal to background and therefore the

standard wash times and temperatures were retained.

Formamide concentration. The presence of formamide in wash solutions has been
shown to increase the stringency of the washes. Experiments were conducted with different
formamide percentages in both wash 1(10%, 20%, 30%; Figure 5.13K-M) and wash 2 (10%,
20%; Figure 5.14P-Q). However, it was clear that optimal results were achieved with

formamide-free wash buffers (Figure 5.13A, Figure 5.14A).

Additional washes. The final change to the wash methodology which was tested was
the incorporation of additional washes, which would be expected to reduce non-specific
binding. However, analysis shows that increasing the number of wash 1 from 1 to 2 (Figure
5.13N) or 3 (Figure 5.130), or increasing the number of wash 2 from 1 to 2 (Figure 5.14R)
resulted in the removal of specific probe binding, thereby reducing signal intensity. In
addition, the morphology of the cells was adversely affected by increasing the number of
washes, and therefore the standard number of 1 for each wash was maintained (Figure

5.13A, Figure 5.14A).

In conclusion, it was found that increasing the stringency of the washes by reducing the salt
concentration, increasing the proportion of NP40, and increasing washing time and
temperature, did not improve the specific signal binding of the 17p BAC probe contig.
Therefore, the final optimal methodology for washing was as follows: 1x Wash 1 (2X SSC +
0.1% NP40) for 5 mins at RT followed by 1x Wash 2 (0.4X SSC + 0.3% NP40) for 3 mins at

73°C.
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Figure 5.13. Various features of wash 1 were altered in order to optimise the FISH-IS
method.

(A) Standard conditions: 1x Wash 1 (2X SSC + 0.1% NP40) for 5 mins at RT. (B) 1X SSC.
(C) 0.2% and (D) 0.3% NP40. (E) 10 mins wash time. (F) 37°C, (G) 42°C, (H) 48°C, (l) 55°C
and (J) 65°C wash temperature. (K) 10%, (L) 20% and (M) 30% formamide concentration.

(N) 2X and (O) 3x Wash 1. Data are representative of 3 separate experiments.
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Figure 5.14. Various features of wash 2 were altered in order to optimise the FISH-IS

method.

(A) Standard conditions: 1x Wash 2 (0.4X SSC + 0.3% NP40) for 3 mins at 73°C. (B) 0.1X,
(C) 0.2X and (D) 0.3X SSC. (E) 0.4% and (F) 0.5% NP40. (G) 2 mins, (H) 22 mins, (I) 3%
mins, (J) 4 mins, (K) 4 %2 mins and (L) 5 mins wash time. (M) 74°C, (N) 75°C and (O) 76°C
wash temperature. (P) 10% and (Q) 20% formamide. (R) 2X Wash 2. Data are

representative of 3 separate experiments.
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5.3.4.4 Visualisation optimisation

The visualisation of FISH signal, as determined by the INPIRES acquire/acquisition
program, was optimised at several points (Figure 5.15): laser power intensity, camera
resolution, EDF mode and flow speed. Focus and centering of the cells were set

automatically.

Sample

W Load Return
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Figure 5.15. Schematic representation of image acquisition optimisation.

Instrument settings of the ImageStreamX machine are indicated.
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1. Laser power intensity. The optimal laser power input was determined in order to
maximise the difference between the background fluorescence and the probe
intensity. Hybridisations were carried out according to the optimised FISH-IS
protocol (see section 5.2.4) on normal karyotype CLL samples with the 17p BAC
probe contig which was labelled with spectrum orange and spectrum green. In
addition, cells without the 17p BAC probe contig (containing only hybridisation
buffer and Cot-1 DNA) were also analysed in order to determine the background
fluorescence. Analysis of these samples was performed on the ImageStreamX
with the appropriate laser wavelength (561 nm laser for spectrum orange and 488
nm for spectrum green). The largest distance between the geometric mean of
signals (cells with probe hybridisation) and background intensity (cells with no
probes added) was chosen as the optimal laser power (Figure 5.16). The largest
discrepancy between the signal and background was at 80 mW power for the 488

nm laser (p=0.01), and 150 mW for the 561 nm laser (p=0.03).

2. Camera resolution. The highest level of camera resolution (0.5 pm per pixel) was

chosen, which was equivalent to 60x magnification.

3. Extended depth of field (EDF) was applied according to Ortyn et al. (2007); this

significantly improves the imagery of FISH probes by removing other variation.
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Figure 5.16. Optimisation of the laser power.

Each data point represents the A MFI at a given laser power calculated by the FISH-IS result
for a CLL sample (normal karyotype by conventional FISH) hybridised with 17p BAC probe
contig minus the same sample with no hybridised probes (background).(A) 488 nm laser;
the highest A MFI (probe to background) was obtained at 80 mW power (**p=0.001;
Students t-test). (B) 561 nm laser; the highest A MFI (probe to background) was achieved
at 150 mW power (*p=0.03, Students t-test). Data are the mean of 3 separate experiments

+ SD. A MFI: differences between mean fluorescence intensity.
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5.3.5 FISH-IS is able to distinguish 17p-deleted cells from wild-type 17p cells

Following FISH-IS with the 17 BAC probe contig, results were analysed by multiple methods
in order to determine the optimal analysis which is able to separate different cell populations
based on 17p allele(s) status (Figure 5.17). This analysis demonstrated that two populations
of cells could be successfully separated based on fluorescence intensity and raw max pixel
(Figure 5.17A). This separation was significantly less successful with the other analysis
strategies trialled, spot count analysis and bright detail intensity analysis (Figure 5.17B-C).
These findings are in agreement with previously published work (Minderman et al. 2012,

Fuller et al. 2016)).
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Figure 5.17. Analysis by raw max pixel and fluorescence intensity of the 17p BAC probe contig gives the best discrimination of two separate
populations.

(A) Analysis by fluorescence intensity alone or combining with raw max pixel. (B) Analysis by spot count and (C) Analysis by detail intensity

analysis. Data are representative of 3 separate experiments.
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Although the ultimate purpose of this FISH-IS with the 17p BAC probe contig method is to
detect low frequency dell7p sub-clones in CLL samples, a fresh CLL sample with a known
high frequency dell7p sub-clone (95% dell7p cells as determined by conventional FISH)
was analysed due to the rarity of fresh CLL samples with low frequency dell7p sub-clones.
This sample analysis showed that 95.23% of cells were 17p deletion (Figure 5.18A) in
agreement with 95% by conventional FISH. Furthermore, a 100% wt17p fresh CLL sample
(ascertained by FISH) was carried out by FISH-IS to confirm that 99.69% cells were wild-
type 17p (2 spots) (Figure 5.18B). As a consequence, these analyses were able to prove
that the optimised FISH-IS methodology was capable of discriminating CLL cells based on
their 17p status. On the other hand, as multiple fresh CLL samples with different percentages
of dell7p sub-clones were unavailable, in order to determine the accurate sensitivity of this
method the optimised FISH-IS with BAC probe contig technique was applied to controlled
mixing CLL samples. This mixing model was generated from combining CLL cells obtained
from a patient with a large (95%) 17p-deleted clone size (Figure 5.18A) with cells obtained
from a patient with 17p-wild-type CLL cells (Figure 5.18B) in various known ratios (see
section 5.2.3). By applying the optimised FISH-IS, it was possible to discriminate between
the two populations across various ratios of del17p versus wtl7p, including 30:70 (Figure
5.18C) and 3:97 (Figure 5.18D). Visual inspection of the cells confirmed that, as expected,
the dell7p gate contained cells with 1 spot in their nuclei and the wt17p gate contained cells
with 2 spots in their nuclei (Figure 5.18E). These data demonstrate that the 17p BAC probe
contig can be used in FISH-IS for the detection of dell7p sub-clones in a heterogeneous

CLL cell population.
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Figure 5.18. FISH-IS is able to accurately differentiate del17p CLL cells within a mixing

model based on fluorescence intensity.

(A) FISH-IS analysis of a CLL sample with 95% del17p (as determined by conventional FISH

analysis). (B) FISH-IS analysis of a CLL sample with 100% wtl7p (as determined by

conventional FISH). (C, D) FISH-IS analysis of mixed samples generated from combining
CLL samples shown in (A), (B) with ratios 30:70 and 3:97. (E) Representative FISH-IS

images of cells from the dell7p gate and wt17p gate respectively in 30:70 mixing sample.

Data are representative of 3 separate experiments in duplicate.
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In order to determine the level of sensitivity of detection of dell7p CLL cells with the BAC
contig in FISH-IS, various ratios of del17p to wtl17p CLL cells were analysed by FISH-IS and
compared with conventional FISH results (Table 5.7). This analysis showed that this assay
is able to accurately detect a del17p sub-clone present at 3%. Where there is less than 3%,

FISH-IS results overestimated the dell7p percentages.

Table 5.7. FISH-IS analysis based on fluorescence intensity of CLL controlled mixed
samples.

FISH-IS result (%) Conventional FISH result (%)

CLL mixes (%)

dell7p wtl7p dell7p wtl7p

dell7p: wtl7p
(mean £ SD) (mean *=SD) | (mean+SD) (mean = SD)
0: 100 1.64+050 98.36 +0.50 1.66 + 0.62 98.33 £0.62
1: 99 270+£0.44 97.21+0.44 1.83+0.24 98.17 £ 0.24
2:98 285+0.23 97.11+0.19 2.33+0.85 97.67 £0.85
3: 97 298+0.16 97.02+0.16 3.17 £ 0.62 97.33+£0.62
5:95 499+0.03 95.00+0.03 4.67 £1.17 95.33+1.17
10: 90 9.98+0.01 90.00+£0.01 | 10.17+0.62 89.83+0.62
20: 80 19.87+0.12 79.93+0.12 | 19.50+0.82 80.50+0.82
30: 70 30.00£0.08 69.90+£0.08 | 29.50+0.82 70.50 +0.82
40: 60 39.05+0.06 59.8+0.06 39.50 £ 0.82 60.5 +0.82
50: 50 49.97£0.05 49.87+0.05 | 49.17+1.02 50.83+1.02
95: 5 95.10+£0.16 4.76 £0.16 95.50 + 1.08 4.50 £ 1.08

Data are the mean of 3 separate experiments = SD.
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5.3.6 Sanger sequencing confirms that FISH-IS can discriminate del17p sub-

clone.

In order to avoid interference with the Sanger sequencing results, in which the primers
spanned the BAC containing TP53 gene (RP11-199F11), this BAC clone was omitted from
the 17p BAC probe contig used in this assay. It is noted that the removal of this single clone
resulted in a slight signal reduction; however as this reduction was not significant it was

determined that analysis with the 16 BAC probe contig was sufficient for sorting (Figure

5.19).

9000 90000
8000 80000 >,
g
< 7000 70000 £
& ®
% 6000 60000 £
= g
Z 5000 50000 3
= r
§ 4000 40000 §
= @
= =
£ 3000 30000 g
g g
3 2000 20000 ¢
Q

1000 10000

0 0

16 BAC probes 17 BAC probes

®m Geometric Mean Raw Max Pixel ~ Geometric Mean Fluorescence Intensity

Figure 5.19. Removal of BAC RP11-199F11 from the probe contig does not
significantly affect raw max pixel intensity nor fluorescence intensity when analysed
by FISH-IS.

Data are the geometric mean of 3 separate experiments £ SD on normal karyotype CLL

samples.
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The FISH-IS with the 17p BAC probe contig technique was then applied to a fresh CLL
sample containing 85% del17p in order to examine whether the 15% of cells with two copies
of 17p could be enriched. Again, due to the rarity of low frequency dell7p sub-clone CLL

samples, the proof-of-principle analysis was carried out on a high frequency del17p sample.

Given that the ImageStreamX machine does not have a sorting function, a BD FACSAria™
Fusion flow sorter was used to sort cells based on 17p BAC probe contig fluorescence
intensity. However, due to a lack of distinctly separated fluorescence intensity peaks using
the BD FACSAria™ Fusion, the sort fractions for the 85% 17p-deleted cells were determined
using the linear mean fluorescence intensity histogram. Clumped cells were contained in
fraction 4 and fraction 1 comprised cell fragments and debris. Fraction 2 and fraction 3 were
applied according to the percentage of 17p-deleted cells in the conventional FISH (Figure
5.20A). Fluorescence intensity of the 17p-deleted cells was compared to the histogram of
the wtl7p cells results which were conducted from three experiments using 100% wild-type
17p CLL samples. The histogram overlay of the 17p-deleted cells and 17p-wild-type cells
shows an overlap of approximately 15%. This is similar to the percentage of wt17p cells in
this 17p deleted sample (Figure 5.20B). Following fractionation, DNA was extracted and two
heterozygous SNPs located within TP53 were analysed by Sanger sequencing (see section
5.2.4). Sanger sequencing of the unsorted sample showed a single nucleotide at both SNPs,
confirming the high level of monosomic 17p cells contained within this sample (Figure
5.20C). Fraction 2 also showed a single nucleotide at both sites, confirming that this fraction
also contained predominantly dell17p cells. However, Sanger sequencing of DNA extracted
from fraction 3, which was enriched for the disomic 17p cells, revealed both SNPs as being
heterozygous. This confirms the ability to use FISH-IS with the 17p BAC probe contig to

enrich the dell7p sub-clone based on fluorescence intensity.
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Figure 5.20. FISH-IS can successfully separate the del17p sub-clone in a CLL sample

as confirmed by Sanger sequencing.

(A) Flow sorting based on fluorescence intensity of 17p BAC probes (spectrum orange).
Captured fractions are indicated. (B) Fluorescence intensity histogram of 100% wt17p CLL
samples and 85% dell7p CLL sample. Overlaid histogram of these 2 samples by FlowJo
software reveals that 15% of dell7p samples (in blue) were wtl7p cells. (C) Two SNPs
(rs2215299 and rs1641510) which flank the TP53 gene, were analysed by Sanger
sequencing. This SNP analysis validates enrichment of the disomic wtl7p sub-clone in
fraction 3. The polymorphic nucleotide is highlighted in yellow. Fraction 1 (containing cell

debris) and fraction 4 (containing clumping cells) were not analysed. Data are representative
of 3 separate experiments.
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5.3.7 FISH-IS cannot discriminate del17p from wt17p on cryopreserved

samples

Given the rarity of low frequency dell7p sub-clones in CLL, it became apparent that the
utility of the FISH-IS method would be greatly increased if it was able to be used on
cryopreserved samples. In order to determine if this was possible, FISH-IS with the custom
17p BAC probe contig was carried out on cryopreserved CLL samples with known
frequencies of dell7p sub-clones: 0%, 15%, 22%, 41%, 85% and 95% as determined by

conventional FISH.

Figure 5.21 demonstrates a representative example of FISH-IS results on a cryopreserved
CLL sample with 41% dell7p (as determined by conventional FISH and SNP array). The
method was unable to separate the del17p cells from wt17p cells based on the fluorescence
intensity scale, despite the presence of bright signals in the captured images (Figure 5.21A)
or when viewed through the microscope (Figure 5.21B). Furthermore, Spot Count Wizard
was also unable to accurately calculate the dell7p proportion, with 56.6% of cells captured

in the 1-spot count gate (41% expected; Figure 5.21C).
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Figure 5.21. FISH-IS on a cryopreserved CLL with 41% 17p deletion.

(A) FISH-IS is unable to separate two populations (dell7p and wtl7p) based on
fluorescence intensity, although the hybridisation signals can clearly be visualised by eye.
Purple, DAPI; yellow, 17p BAC probe contig. Green arrows note nuclei with 2 spots located
in the dell7p area and orange arrows point to nuclei with 1 spot located in the wtl7p area
(B) Spot Count Wizard as determined by IDEAS software; 56.6% of nuclei were classified
as having 1 spot (41% expected), 36.7% of 2-spots (59% expected) and 5.73% of = 3 spots
(0% expected). (C) Conventional FISH analysis of the same cells hybridised with 17p BAC
probe contig. Blue, DAPI; red, 17p BAC probe contig. Data are representative of 3 separate

experiments.

218



Chapter 5 - Development of FISH-IS to detect del17p in CLL

5.3.8 Alternative analysis to identify del17p sub-clone on cryopreserved

samples

Due to the poor integrity of cryogenically preserved CLL samples, FISH-IS is unable to
separate a dell7p cell from a wtl7p cell based on fluorescence intensity. However, to some
extent, the algorithm Spot Count Wizard was able to determine the percentages of 17p-
deleted cells, with the caveat that manual curation is then undertaken. A similar analysis to
that performed in Chapter 4 with some modification was applied to recalculate the Spot
Count Wizard on cryopreserved CLL cells. To illustrate how the Spot Count Wizard
combined with manual curation can be applied to cryopreserved CLL cells, a 100% wt17p
cryopreserved CLL sample was analysed (Figure 5.22). The algorithm spot count reported
34.5% of cells with 1-spot (0% expected), 58% with pots (100% expected) and 7.3% with
= 3 spots (0% expected) (Figure 5.22A). The correlation between ploidy and spot count was
demonstrated by overlapping the histogram with the 17p BAC probe contig fluorescence
intensity for the gates indicated in Figure 5.22A. It is noted that 1-spot nuclei (in green) and
nuclei with = 3 spots (in purple) were located in the same level of fluorescence intensity with
2-spots gate (in blue) (Figure 5.22B). Furthermore, visual inspection of individual cells
confirmed that all nuclei in the 2-spot gate had the expected two signals (Figure 5.22C,
middle panel). The incorrect classification of cells as having only 1 spot was found to be
mainly due to the 2 signals being located close together or actually overlapping, resulting in
an inability to discriminate between them by the current software (Figure 5.22C, top panel).
With regards to the = 3-spots gate, the majority of images displayed cells which contained
spots outside of the nuclei, which may be due to ruptured cells releasing DNA which then
sticks to the cell membrane (Figure 5.22C, bottom panel). Therefore, for future analyses,
the true percentage of nuclei within each gate was manually calculated by subtracting false

nuclei from each spot gate.
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Figure 5.22. Spot Count Wizard is unable to accurately determine signal number from FISH-
IS with 17p BAC probe contig.

(A) Spot Count Wizard analysis from FISH-IS on a 100% wt17p CLL sample. 34.5% of cells
are incorrectly annotated as having 1 spot, 58% of 2-spots, 7.3% of 23-spots (B) Histogram
overlaid with the 17p BAC probe contig (Ch03) fluorescence intensity shows the correlation
between the 17p-ploidy (monosomy, disomy, trisomy 17p) and the spot count indicated in
(A): 1-spot in green, 2-spots in blue, 23-spots in purple. (C) Representative images of nuclei
from the 1-spot gate (top panel), 2-spots gate (middle panel) and >=3-spots (bottom panel).
Orange arrows indicate nuclei in 1-spot gate that have 2 juxtaposed spots or 2 overlapping
spots. Green arrows indicate nuclei with 1 spot or 2 spots in the = 3-spots gate. Data are

representative of 3 separate experiments.
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Manual curation of the Spot Count Wizard was then applied to the cryopreserved CLL
samples described earlier (0%, 15%, 22%, 41%, 85% and 95% dell7p ascertained by
conventional FISH). Samples with dell7p levels above 41% showed excellent correlation
between the FISH-IS curated spot count and conventional FISH percentages (Table 5.8).
However there were significant differences between these methods in samples with low
frequency dell7p (15% by conventional FISH versus 18.07% by spot count; 22% by

conventional FISH versus 26.98% by spot count) (p<0.05) (Table 5.8).

Table 5.8. Results of manual curation of Spot Count Wizard on cryopreserved CLL

samples.
CLL samples 1-spot expected 1-spot observed (%) p value
(%) (mean + SD)
Wild-type 17p 0 1.83+0.53 0.17
15% del(17p) 15 18.07 +1.72 0.03
22% del(17p) 22 26.98 + 1.33 0.00
41% del(17p) 41 38.77 +4.71 0.10
85% del(17p) 84 84.33 +1.89 0.61
95% del(17p) 95 95.33£0.29 0.80

Data are the mean of 3 separate experiments £ SD. The differences between percentages
of 1-spot observed and expected were determined by uncorrected Fisher's LSD statistic.

Significance (p value <0.05) is indicated in bold.
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5.3.9 Standard media incubation of cryopreserved CLL does not enable FISH-IS

analysis

Given the difficulty in using cryopreserved CLL cells for FISH-IS, the protocol for reviving
these samples from cryopreservation was addressed. In order to determine the optimal
incubation time with respect to cell morphology, cryopreserved CLL cells were thawed and
incubated in standard culture conditions and assessed at various time points. Cells were
fixed immediately after thawing (O hours) and at 1, 6, 12, 18 and 24 hours of incubation. Cell

morphology was assessed by ImageStreamX brightfield image analysis (Figure 5.23).

Figure 5.23. Morphology of CLL samples after Carnoy’s fixation as assessed by

ImageStreamX with brightfield images.

Cells were thawed and fixed immediately (A) or incubated in standard conditions for (B) 1
hour, (C) 6 hours, (D) 12 hours, (E) 18 hours and (F) 24 hours.
Data are representative of 3 separate cryopreserved CLL samples in triplicate.
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Immediate fixation (0O hour) and fixation after 1 hour incubation maintains 56.3% and 70.8%
intact cells respectively, but the quality of these cells is poor, as evidenced by the presence
of numerous fragmented cells seen by brightfield image analysis (Figure 5.23A,B). Cells
appeared to have recovered somewhat after 6 hours standard incubation, with an increase
in intact cells (79.5%) and improved morphology (Figure 5.23C). Cells proceeded to shrink
and rupture with increasing culture times of 12, 18 and 24 hours (Figure 5.23D-F). As shown
in Table 5.9, the proportion of intact cells dropped to approximately 40% by the 24-hour-

time-point.

Table 5.9. Intact CLL cells following various time points of standard incubation after

cryopreservation.

Incubation time Intact cells (%)

(mean £ SD)

0 hour 56.3+4.11

1 hour 70.8 +4.33

6 hours 79.5+2.82

12 hours 63.9+4.53

18 hours 56.6 + 6.34

24 hours 40.01 + 2.56

Intact cells were determined by single cells in focus using ImageStreamX. The optimal
condition (6 hours incubation) is shown in bold. Data are the mean of 3 separate experiments
+ SD.
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As the 6-hour incubation appeared to give optimal cell morphology, these cells were
hybridised with centromere X probe and analysed by FISH-IS. As a positive control, freshly
venesectioned cells were analysed in parallel. This analysis showed that, despite the 6-hour
incubation, CLL cryopreserved cells showed high background and low fluorescence
intensity, and therefore were not able to be analysed by the FISH-IS protocol developed
earlier (Figure 5.24C). Therefore, further experiments assessing various culture conditions
were undertaken in an attempt to develop a protocol which would enable analysis of
cryopreserved CLL cells by FISH-IS.
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Figure 5.24. FISH-IS results with centromere X probes on a 50:50 mixture of male and

female CLL samples.

(A) CLL cells fixed directly following venesection. (B) Cryopreserved CLL cells were thawed
and incubated in 1640 RMPI 10% FCS media for 6 hours before fixation.

Data are representative of 2 separate experiments.
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5.3.10 Various culture conditions cannot sufficiently restore cryopreserved CLL

Several studies have suggested that soluble secreted factors from HS5 (human bone
marrow stroma) or cell-cell interactions can significantly promote both the short- and long-
term survival and/or recovery of CLL cells in culture (Gehrke et al. 2011, Burgess et al.
2012). Therefore, incubation of cryopreserved CLL cells with HS5 co-culture, HS5 cells -
conditioned media and high-density culture conditions were analysed (Figure 5.25A). In
addition to standard media, two nutrient-rich media, AIM-V (serum-free) (Levesque et al.
2001) and McCoy’s media (Godinez et al. 2012) were also investigated to determine if an
increase in nutrients would improve thawed CLL cell viability (Figure 5.25A). Low density

incubation was used as a negative control samples (Figure 5.25A).

Using the inverted EVOS™ microscope (ThermoFisher, Australia), an investigation of these
six cultured conditions was generated at every time-point (see detail method in section
5.2.5). The EVOS™ images at 48 hours (Figure 5.25B) showed that most of the cells in

McCoy’s media were dead.
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Figure 5.25. Schematic overview of six different culture conditions assessed and EVOS™ images.

(A) Schematic representation of various CLL culture conditions. (B) Representative brightfield images of cells cultured in 24 well-plates at
48 hours by EVOS™ microscope using phase-contrast with 40x objective lens.
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The viability of CLL cells was determined by annexin V/PI assay following various culturing
conditions described in Figure 5.26. In general, this analysis demonstrated that co-culture
with HS5 cells resulted in the highest viability of CLL cells, followed by incubation in
conditioned media, high-density culture and AIM-V media. As expected, the negative control
of low cell density incubation displayed the lowest viability (Figure 5.26 A-B). The 2-way
ANOVAR statistic test for multiple comparison was applied to determine the significance of
differences between the four various culturing conditions: co-culture, conditioned media,
high-density and AIM-V media at different time-point. There was no significant difference
(p >0.05) between the viability of cells in co-culture and conditioned media (p=0.17, Figure
5.26A) and (p= 0.14, Figure 5.26 B). These two culture conditions accounted for the highest
viability amongst the six culture conditions examined (p= 0.02 <0.05) (Figure 5.26C). In
addition, there was no significant difference in the viability of cultured high cell density in
standard media or in AIM-V media. The worst culture condition for CLL cells was found to

be in McCoy’s media, with 90% of CLL cells dead by 24 hours (Figure 5.26).

However, it is important to note that the total number of cells declined significantly in all
culture conditions (Figure 5.26C). After 120 hours incubation, only half of the number of cells
were viable when incubated as co-culture, in conditioned media and in high-density; while
low density incubation resulted in a significantly larger decrease in viable cells (Figure

5.26C).
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Figure 5.26. The impact of in vitro supportive culture conditions on CLL cell survival

as determined by different methods.

Cell survival as determined by (A) trypan blue and (B) annexin V/PI. (C) Analysis of the
actual number of CLL cells by trypan blue analysis demonstrated that survival decreased
gradually in all culture conditions. Data are the mean of 3 separate experiments + SD (n=5).
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5.3.11 FISH-IS results after maintenance in supportive in vitro conditioned media.

Co-culture and conditioned media both showed the highest viability (up to 80%; Figure 5.26
A, B) and the greatest overall number of cells alive (~7x10°8 cells; Figure 5.26C) after
48 hours incubation. There was however a technical concern with the availability of CLL
cells following co-culture incubation (see section 5.3.12 below), and therefore cryopreserved
CLL cells cultured in conditioned media were chosen to be analysed by the FISH-IS protocol.
Unfortunately, as seen in Figure 5.27A-B the fluorescence intensity of probe hybridisation
within these cells was not sufficient for FISH-IS analysis. The majority of cells started to
shrink or showed some degree of damage. As a result, relatively few cells were observed
with specific hybridisation (Figure 5.27C), with the majority of cells showing either no
hybridisation (Figure 5.27D) or non-specific background hybridisation (Figure 5.27E-F).
These factors resulted in a non-uniform fluorescence background that failed to separate cell

populations based on fluorescence.
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Figure 5.27. Evaluation of cryopreserved CLL cells with FISH-IS procedure after

maintaining in supportive in vitro conditioned media.

(A) Histogram and (B) dot plot showing the fluorescence intensity of centromere X probe on
cryopreserved CLL cells after 48 hours incubation in conditioned media. (C) Representative
image of an intact cell with specific hybridisation signals and no background. (D)
Representative image of a cell which has undergone shrinkage, as can be seen in the
brightfield image, resulting in an absence of hybridisation. (E) and (F) Representative
images demonstrating non-specific hybridisation of probes on partially damaged cells,
resulting in non-uniform background.

Data are representative of 2 separate experiments with the centromere X probe on male

and female cryopreserved CLL cells combined in equal proportions (50:50).
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5.3.12 CLL cells incubated in HS5 co-culture acquired pseudo-nodes

Visualisation of the various culture conditions revealed that after 48 hours of co-culture, CLL
cells resulted in “clumping” of cells, hereafter referred to as pseudo-nodes (Figure 5.28A).
The formation of these cellular bodies warranted further analysis because they had the
potential to lead to an incorrect calculation of CLL cell viability, as CLL cells may be trapped
within these structures and therefore not available for analysis, resulting in an

underestimation of viability.

Experiments were carried out in order to compare viability between cells in suspension and
total cells (both in suspension and in pseudo-nodes) following co-culture incubation (see
method 5.2.7). In order to exclude contamination from HS5 cells, CLL and HS5 cells were
separated based on side scatter and forward scatter as shown in Figure 5.28B-C. HS5 cells
are larger than CLL cells and therefore are shifted to the right-hand side. As expected,
Figure 5.28D-E confirm that collection of both suspension cells and pseudo-nodes resulted
in an increase from 3% to 16% within the HS5 cell gate. Importantly, assessment of viability
by annexin V/PI assay revealed that there was no significant difference in percentage

viability between these different methods of isolating CLL cells (p= 0.56) (Figure 5.28F).

The biological significance and formation of these pseudo-nodes was not directly related to

this research project and was further explored by a fellow PhD candidate, Ms. Lara Escane.
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Figure 5.28. Comparison of CLL cell survival between cells in suspension and cells

contained inside the pseudo-nodes.

(A) EVOS™ phase-contrast microscope images at 10x (left panel) and 40x (right panel)
magnification reveal the pseudo-nodes (blue box) which appear at day 3 of co-culture of
CLL and HS5 cells. (B) Gating strategy of CLL cells based on forward and side scatter.
(C) Gating strategy of HS5 cells based on forward and side scatter. (D) Separation of
suspension cells and (E) all cells (suspension cells and those contained within the pseudo-
nodes) using the gating strategies shown in (B) and (C). (F) Correlation of CLL cell survival
rate as determined by annexin V/PI of suspension cells (blue line) or all cells (red line)

(p=0.56). Data are the mean of 3 separate experiments = SD (n=3).
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5.4 Discussion

This chapter described my investigation of the application of 17p locus-specific commercially
available FISH probes and a custom-made BAC probe contig for the detection of dell7p
sub-clones in CLL cells. This comprehensive analysis found that the constructed 17p BAC
probe contig was superior to the commercial probes in signal intensity, and enabled

detection of the del17p sub-clones from a heterogeneous CLL cell population.

The data presented in Chapter 4 established that FISH-IS can accurately distinguish
aneuploidy CLL sub-clones with several commercially available centromere probes.
However, the 17p LSI commercial probes were unsatisfactory for use in FISH-IS. This is
almost certainly due to the relatively small size of the target region of these commercial
probes (145 to 172kb). As a result, signals with a lower spot intensity are achieved due to
the small amount of fluorescence intensity from minimal probe binding (Smoley et al. 2010).
The result is that the signal is not sufficiently bright for high-throughput analysis by the
imaging flow cytometry machine. Therefore, in order to analyse dell7p sub-clones with the
FISH-IS method, this method required generation of a homemade BAC probe contig,
targeting 2.5Mb of unigue sequence on 17p. It was hypothesised that the target sequence
length approached that of the centromere probes which target approximately 3 Mb of
repetitive centromeric sequence (Cleveland et al. 2003), and therefore the BAC contig would
give a comparable signal. However, analysis revealed that the 17p BAC probe contig was
approximately 50% as bright as a centromere probe. This is most likely due to the fact that
the repetitive satellite sequences of centromeres are relatively uniform and highly compact,
compared with 17p13 sequences spanning the TP53 gene. The 17p13 region covered by
the BAC contig contains a variety of dispersed short/long interspersed elements (SINEs,

LINEs), which account for approximately 50% of the entire length of the target sequence.
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These repeats were either blocked by the Cot-1 DNA, or if not successfully blocked, would
have resulted in non-specific probe binding. Considering that 17 BACs were used in this
contig, the level of non-specific background became relatively high. This finding is in
accordance with findings of Lawrence et al. (1986), who reported that larger probes, such
as BACs, cause high background due to non-specific binding. The role of Cot-1 DNA in the

hybridisation is discussed below.

Given that the 17p BAC probe contig was of similar length (2.5 Mb) to centromeric probes
(3 Mb), it was expected that the fluorescence signal intensity would be similar. However, the
signal intensity achieved with the 17p BAC probe contig was only approximately 50% of that
observed for the centromeric probe. This difference may be due to non-specific binding of
the BAC probe. Unfortunately, attempting to increase the signal by increasing the number
of BAC probes is problematic due to the commensurate increase in background signal,
although it has been reported that the level of incorporation and the hybridisation
fluorescence signal increase in parallel when the length of the targeted sequences is

increased (Zhu et al. 1994).

The labelling method used in this analysis is based on that described by Rigby et al. (1977),
and utilises nick translation to incorporate fluorochromes (spectrum green or spectrum
orange) into the dsDNA BAC template. This labelling is then followed by ethanol precipitation
of the labelled DNA with salmon sperm carrier DNA. There are other methods available to
generate fluorescently labelled dsDNA probes such as random-primed labelling (Feinberg
et al. 1983), DIG-PCR (Garratt et al. 2002), and PNA-directed padlock probes (Yaroslavsky
et al. 2013). It is possible that an alternative labelling method would result in an improved
signal to background ratio, however due to time limitations, these alternative methods were

not trialled.
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In addition to the above direct labelling methods, there are also several indirect labelling
methods which have the potential to generate greater fluorescence signal. The
disadvantage of these methods is that several additional incubation steps are required, as
these methods incorporate reagents such as antibodies or biotin- avidin detection, resulting

in increased fluorescence background (Morrison et al. 2003).

When attempting to optimise the FISH-IS protocol for the 17p BAC probe contig, it was
considered infeasible to attempt to optimise every single point in the FISH-IS protocol, as
the entire methodology is extremely complex and takes three days to complete, with over
100 potential points which can be optimised. Therefore, due to the practical limitations of
both time and expense (primarily the cost of labelling the probes), the four main steps in the

method were focussed on for optimisation: fixation, hybridisation, washes, and visualisation.

Fixation is the first step which needed to be optimised in the FISH-IS method. The role of
this step is to stabilise the nucleus and maintain cell morphology, in addition to protecting
cells against degradation by inactivating any internal metabolising enzymes (Huang et al.
2015). Following lymphocyte isolation (Chapter 2, section 2.3) and prior to fixation, cells are
incubated in a hypotonic solution which swells the cells in order to counteract the shrinkage
effect caused by alcoholic fixatives (Claussen et al. 2002, Deng et al. 2003). The process of
fixation was optimised in several steps, including the make-up of the fixative solution, and
the temperature and time of fixation. There is a vast array of literature concerning the effects
of various fixation solutions. This study demonstrated that the Carnoy fixative (methanol and

acetic acid) was optimal for downstream FISH assays.

Multiple studies have indicated that alcohol-based fixatives can result in protein precipitation
and denaturation (Giannella et al. 1997, Noguchi et al. 1997). The two main alcohols used

for this purpose in the literature are methanol (CHsOH) and ethanol (CHsCH20H), which
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both replace water in the cell, thereby denaturing the protein structure and resulting in
shrinkage. Whilst essentially interchangeable in this role, ethanol and methanol each have
their own advantages and disadvantages. For instance, methanol is closer to water in
structure than ethanol, therefore methanol has been proposed to be better than ethanol in
preserving cell morphology (Kumarasinghe et al. 1997, St-Laurent et al. 2006). Conversely,
ethanol is a stronger reagent for denaturing structures than methanol, hence the speed of
fixation using methanol is slower than that for ethanol (Eltoum et al. 2001). Acetic acid
(CH3COOH) alone does not fix the protein within cells but it works with the alcohol fixative
to help prevent the loss of nucleic acids by countering the shrinkage effect from ethanol
(Eltoum et al. 2001) and also acts as a permeabiliser (Fernandez et al. 2013). This allows
the optimal preservation of cell morphology, while improving permeabilisation to probes
entering the cell membrane more rapidly. Acetic acid therefore is the preferred fixative for
FISH-IS despite the fact that it cleaves the cell surface antigens (Howat et al. 2014) and as
a result, is not a suitable fixative for downstream immuno-phenotyping assays (see

discussion in Chapter 6).

The fixative solution used in this study, consisting of 75% methanol and 25% acetic acid
(known as chloroform-free Carnoy’s fixative) provides optimal fixation to preserve intact
cells, subcellular structures and the integrity of nucleic acids. Compared with other fixatives
it is commonly used in diagnostic conventional FISH protocols (Urieli-Shoval et al. 1992,
Murrell-Bussell et al. 1998, Srinivasan et al. 2002, Chao et al. 2011). In the FISH-IS protocol
described by Minderman et al. (2012), cells were fixed with Carnoy’s fixative by adding
approximately 1 mL per 15 seconds combined with gentle vortexing, followed by incubation
at room temperature for 10 mins to complete the fixation process. However, significantly
better results were achieved with the full fixation method (Carnoy'’s fixative was added for

10 mins, and repeated three times); steps are detailed in section 2.6.2. The results
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presented here are that the fast fixation method generated less single intact cells, causing
less hybridised signals. It is assumed that this is because this method does not allow an
adequate period for complete fixation and permeabilisation of the cells, especially when

using methanol which has a slow reaction time (Start et al. 1992, Srinivasan et al. 2002).

The cells clumping issue following fixation may be due to cell-cell adhesion mediated by
DNA being released from dead and decaying cells (Renner et al. 1993). Therefore DNase |
has been used in several published studies in order to avoid clumping of cells (Campbell et
al. 1980, Machalinski et al. 1999, Garcia-Pineres et al. 2006). However, here it was found
that the addition of this enzyme to the samples did not reduce the amount of cell clumping,
implying that free DNA is not the major cause of clumping cells in these samples. Therefore,
the clumping might have resulted from the cations (for example, Ca++) (Zarkowsky et al.
2011), or due to the fact that cells burst and clump easily due to the hydrolysis bond of the
membrane damaged after fixation, etc. The reasons for this clumping issue require further

investigation.

The addition of proteinase K has been shown by Pineau et al. (2006) to improve the specific
hybridisation efficiency of labelled probes. This is most likely because proteinase K
perforates cells and destabilises the histone proteins, thereby increasing exposure of the
target nucleotide sequence to the probes (Hilz et al. 1975). However, the addition of
proteinase K did not significantly improve the hybridisation efficiency of the probes used
here. One possible reason is that proteinase K has been shown to improve hybridisation
particularly in tissue samples (Andersen et al. 2001, Schurter et al. 2002), while individual
cells do not go through the same initial fixation process and as a consequence tissues may

achieve better permeabilisation.
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The second main area of optimisation was in the hybridisation process, which again
contained numerous steps that required optimisation. In 1987, Landegent et al. (1987)
reported that Cot-1 DNA is able to efficiently suppress the nonspecific hybridisation of BAC
probes in FISH. Currently the majority of commercial probes contain Cot-1 DNA at a
concentration which is based on the company’s optimisation experiments, but the exact
concentration is not disclosed to the consumer. Therefore, it was not possible to use this
information to estimate how much Cot-1 should be added to the 17p BAC probe contig. The
literature on standard conventional FISH indicates that the optimal Cot-1 DNA: probe
concentration ranges from 20- to 100-fold, but suggests that this ratio should be increased
when applied to a flow cytometry application with low copy number (Trask et al. 1988, Rauch
et al. 2000, Dugan et al. 2005, Trifonov 2009). Other reports have found that concentrations
of 50- to 100-fold Cot-1 DNA relative to the amount of labelled probe promotes high
efficiency and specificity of probe binding (Hozier et al. 1998, Vermeesch et al. 2005). In
accordance with these reports, the results presented here demonstrated that a 50-fold
excess of Cot-1 relative to the labelled BAC probes gave the highest signal to background

ratio.

There are several choices for probe denaturation, including temperature denaturation,
chemical denaturation or both carried out simultaneously. Mladinic et al. (2014) reported
that chemical denaturation alone, or combined with temperature denaturation, resulted in
lower probe binding specificity and a lower hybridisation success rate, presumably due to
the fact that acid denaturation may result in damage to the fluorophores of the labelled
probes. This publication also showed that temperatures higher than 75°C (and up to 90°C)
and longer denaturation times (up to 5 mins) resulted in better signal to background noise.
Chin et al. (2003) also noted that denaturation for 10 mins at 80°C resulted in improved FISH

results. In general, a balance in denaturation temperature needs to be achieved in order to

238



Chapter 5 - Development of FISH-IS to detect del17p in CLL

generate good FISH-IS results: the temperature should be high enough to sufficiently
unmask the target sequence enabling probe binding, but not to the extent that it causes

damage to cell morphology and integrity.

Formamide concentration can modulate denaturation temperature, such that an increase in
formamide concentration can result in DNA denaturation at a reduced temperature. This is
reflected in the fact that the formamide concentration in the commercial hybridisation buffer
for centromere probe is 55%, while the LSI hybridisation buffer is 50% formamide, as this
type of probe does not require the high stringency required for the centromere probes. To
reduce the melting point of DNA denaturation, formamide is also used at different
concentrations (McConaughy et al. 1969, Gerhard et al. 1981, Berndt et al. 1996, Blake et
al. 1996, Liedl et al. 2007, Matthiesen et al. 2012). Denaturation conditions of 75°C-80°C for
2-5 mins are widely used in conventional FISH protocols (Serakinci et al. 2009, Liehr et al.

2017).

The amount of probe required for conventional FISH analysis is determined by the small
area under the coverslip and the requirement to assess only 200 cells. However, the FISH-
IS method requires a significantly larger amount of probe due to the increased hybridisation
volume and the larger number of cells to be analysed. There are several different sources
of locus-specific probes used in conventional FISH, ranging from plasmids (1-10 kb) to larger
vectors such as PACs, YACs and BACs, which range in size from 80 kb to 1 Mb (Gozzetti

et al. 2000, Kearney 2001, Bishop 2010).

For visualisation, the highest camera resolution of 60x (0.5 um per pixel) was chosen
because CLL cells are small lymphocytes with an approximate diameter of 6 um, which
suggests that an EDF of 10 um would produce adequately high resolution images of these

small lymphocytes, with the FISH spots in focus (Basiji et al. 2007).Therefore, magnification
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of 60x was selected. In addition, even though the slowest flow speed on the ImageStreamX
was used, resulting in approximately 1000 cell events being collected per second, this rate
results in an exposure time of less than 1 x 10 seconds, potentially resulting in a ‘weak’

signal if hybridisation has been variable.

Whilst there are obvious advantages to the FISH-IS method, there are also some
disadvantages. First of all, regardless of the probe used, it was noted that the quality of the
CLL sample is critical; the technique is significantly more robust when performed on samples
fixed on the day of veno-puncture. This is presumably because it is crucial to maintain both
cell integrity and a single cell suspension in order to facilitate entry of probes across cellular
membranes to bind to the target DNA. The cryopreserved cells are likely to have incurred
cryoinjuries or micro-damage, especially on their cell membrane, and therefore are prone to
damage and cell loss during the FISH-IS protocol (Pegg 1987, Adler et al. 1996, Moussa et
al. 2008). Therefore, the background fluorescence of these cryopreserved cells was higher
and not uniform in FISH-IS assays. Furthermore, due to the fact that the fluorescence
intensity of the 17p BAC probe signals were less than half compared with centromere probe
signals, only a small increase in background fluorescence can significantly compromise the
BAC probe contig signal. This is why the del17p sub-clones could not be separated from the
wtl7p sub-clones from cryopreserved cells, based on fluorescence intensity when analysed
according to the current pipeline. In addition, separation of these sub-clones can be carried
out by applying the spot count software. However, as described in Chapter 4, there are also
a number of limitations to the FISH-IS IDEAS software when attempting to enumerate
signals as part of the spot count process. This method therefore requires manual curation
of the cell spot count results by direct visualisation, particularly when cell quality is reduced
due to the asymmetrical background of these cells. It is important to note that even though

the spot count analysis required manual curation, this process was relatively simple,
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consisting of skimming images relatively quickly on the screen. Therefore, it was possible to
accurately annotate thousands of cell images. This is considerably faster than analysing
cells under a microscope and recording the number of signals, meaning that FISH-IS with
the IDEAS software spot count followed by manual curation is still more efficient at analysing

large cell numbers than conventional FISH analysis.

The ImageStreamX is a platform which combines the high throughput analysis afforded by
flow cytometry with the microscopic capacity of capturing single cell images. One of the
principle advances of this technique is that the sensitivity threshold for detecting abnormal
genomic cells is lower than alternative methods at 3%, compared with conventional FISH at
5-10% (Sinclair et al. 1997, Campbell et al. 2013) and SNP-array at 20% (Hagenkord et al.
2010). Thus, FISH-IS has a potential application in the monitoring of progressive/relapse
patients, where sub-clones which are associated with a poor prognosis are identified at

diagnosis and can be accurately followed through subsequent treatment cycles.

MPS has recently emerged as a diagnostic tool that can interpret genomic sub-clone
analysis (Meldrum et al. 2011). When designing an MPS assay, a balance between gene
panel size and the level of coverage that is required in order for MPS to be accurate and
cost-effective needs to be considered. Firstly, regarding amplification-based target
enrichment, a primer hybridisation failure resulting from a variant located in a probe binding
site will lead to unsuccessful target amplification or allele bias. This is called allele drop-out
and is a significant concern in PCR- based techniques (Ikegawa et al. 2002). Secondly,
amplicon enrichment refers to the level of enrichment which is achieved at each amplicon.
In order to accurately detect very low frequency sub-clones (i.e. <10%) by MPS, ultra-deep
sequencing via a high level of amplicon enrichment is required, which is still

prohibitively expensive, even for a narrow target range (Goodwin et al. 2016). Therefore,
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genomic characterization of sub-clones, if based solely on MPS, is not cost effective due to
the large number of amplicons, exhaustive read depth, specialised techniques, software and
skills required to detect low level variants, in addition to the time needed to process the

enormous amounts of MPS data when attempting to analyse sub-clones (Kim et al. 2013).

However, probably the most relevant limitation to MPS analysis of an unsorted patient
sample is that the sequencing information is derived from DNA pooled from a minimum of
10° cells. Therefore, the sequencing data does not reveal any information about co-
existence of more than one mutation within the same clone, regardless of how high the level
of amplicon coverage is achieved. Instead, assumptions must be made based on the
probability of coexistence of mutations within a clone. This analysis cannot define the
genetic landscape of a specific sub-clone, but instead provides an overview of the combined
genetic abnormalities found within one patient sample. Whilst this information is still
informative, this pooling of data means that critical information on the potential epistasis of

mutations within one cell is lost.

An alternative to MPS analysis of pooled cells is to carry out single cell sequencing. Whilst
this method can provide a wealth of information on the individual cells analysed, with a
heterogeneous disease such as CLL the number of cells needing to be individually analysed
to provide a useful picture of the makeup of the disease would be prohibitive particularly
from a cost viewpoint. This method is highly technically demanding, and required highly
specialised reagents, equipment and bioinformatics algorithms are required (Sun et al.

2015), placing it out of reach of most research groups.

Therefore, the strength of the FISH-IS method described here lies in the fact that it is able
to separate a specific sub-clone based on a genomic abnormality. The isolated sub-clone

can then be analysed by MPS, which will provide information which is then specific to the
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sub-clone containing the original genomic abnormality. Thus, this methodology provides an
unbiased approach to sub-clone analysis at a significantly lower monetary expense and
reduced labour cost than either pooled or single-cell MPS, while still being a high-throughput
method. Specifically, for CLL, flow sorting a sub-clone population based on 17p allele copy
number will enable a better understanding of the genetic architecture of these early and

untreated dell7p sub-clones, which has eluded understanding in the past.

In terms of applicability and general use, flow cytometry-based techniques are now highly
developed and widespread, with most laboratories relying on them for both research and
diagnostic purposes. Although the technique was developed for analysis by FISH-IS, once
it is established that the hybridisation has been successful with sufficient signal from the
probes, the sorting can be performed by a standard flow sorting apparatus prior to an MPS
approach. At present, this requires a combination of skills in a number of research areas.

However, the techniques established in our study may well have broader application.

In cancers, fusion or break-apart genes are generated due to the combination of two
unrelated genes, which usually result from a structural rearrangement of the genome. The
best-known example is the Philadelphia (Ph) chromosome which is formed by the joining of
the ABL oncogene from chromosome 9 to the BCR gene on chromosome 22. This BCR-
ABL fusion gene is found in more than 90% of cases of chronic myelogenous leukaemia
(CML) (Hagemeijer 1987), and in 25-30% of adult and 2-10% of paediatric cases of ALL
(Tomlins et al. 2005, Talpaz et al. 2006, Edwards 2010). Therefore, an efficacious
diagnostic test to identify these rearranged fusion genes is crucial and has widespread
applicability to many of the above-mentioned cancers. Importantly, the novel FISH-IS
technique | developed here on allele-specific probes, could be directly applied to detect

these fusion genes because these locus-specific probes would have similar characteristics

243


https://en.wikipedia.org/wiki/Pediatrics

Chapter 5 - Development of FISH-IS to detect del17p in CLL

of length and brightness. This would assist in the understanding of sub-clonal and clonal

populations in a number of cancers outside of the more easily assessed leukemic diseases.

Although a publication by Fuller et al. (2016) described the combining of FISH-IS with
immuno-phenotyping, this assay has only been applied to the highly repetitive centromere
and telomere probes so far. Therefore, my novel application to single-locus probes can
broaden the investigative power of the FISH-IS technique, and immuno-phenotyping FISH
can potentially be applied to locus-specific probes, further improving the understanding of

novel sub-clone biology.

All FISH-IS data generated to this point have been carried out on fresh-fixed CLL cells.
However, there was an abundance of frozen CLL samples stored in liquid nitrogen (at -
196°C) which were also available for this research. Significantly, these stores contain
several CLL samples with specific genetic aberrations, such as low frequency dell7p sub-
clones, which are relatively rare. Therefore, | made the effort was made to develop a protocol
that works reliably on CLL cells which have been thawed following cryopreservation, and

enables the analysis of these samples by FISH-IS.

Even though utilising the current thawing protocol (Yokoyama et al. 2001, Phelan et al. 2015)
to revive cryopreserved CLL cells achieves up to 85% viability, it was found that many CLL
cells had damaged cell membranes, resulting in cell rupture and apoptosis. The remaining
cells were most likely still negatively affected by the freezing/thawing procedure, and
therefore it was hypothesised that alterations to the time and culturing conditions may enable
improved cell recovery. Therefore, various culture conditions were trialled with
cryopreserved CLL cells to determine if an improvement in cell morphology could be

achieved.
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It is widely accepted that the proliferation rate of CLL cells is low, and the majority are
arrested in the cell cycle at the GO/G1 phase (Hozier et al. 1998, Caligaris-Cappio et al.
1999, Ricciardi et al. 2001). Although CLL cells are resistant to apoptosis and able to expand
in vivo, they rapidly die under in vitro culture conditions, presumably because they are not
supported by extrinsic factors provided by the local tumour microenvironment (such as bone
marrow, secondary lymphoid organs) (Collins et al. 1989, Munk Pedersen et al. 2004). As
aresult, CLL cells in standard media do not proliferate, and undergo spontaneous apoptosis
within 24 hours (Collins et al. 1989, Burgess et al. 2012, Witkowska et al. 2014).
Consequently, in addition to several different types of media, incubation with pre-conditioned

media and direct cell-cell support in the form of co-culture with HS5 cells were investigated.

In general, a culture media is composed of a complement of inorganic salts, glucose, amino
acids, vitamins and serum (containing hormones and growth factors). However, different
culture media will contain these fundamental ingredients in different concentrations,
meaning that each media preparation will not support optimal growth of all cell types. It has
been reported that CLL cells cultured in serum-free AIM-V media have improved viability
compared to standard media at day 15 (Levesque et al. 2001). Levesque et al. (2001) also
demonstrated that the addition of FCS diminished the viability of CLL cells. Alternatively,
McCoy’s 5A media is very high in nutrients and has been shown to support fast recovery of
poor quality embryonic cells (Godinez et al. 2012, Yang et al. 2012). In the present study,
culturing lymphocytes in this media showed that it improves cell viability, but there are no
reports in the literature of this media being used in culturing CLL cells. Data from the present
study revealed that McCoy's media was not suitable for maintaining viability of
cryopreserved CLL cells and was unable to improve the quality of the cells. An additional
limitation was found in comparing the quality of cells between time-points and conditions,

due to the limitations of brightfield images and low magnification of the EVOS™ microscope.
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The confocal microscope (Flinders University microscopy facility) was explored to help
distinguish further conditions necessary to improve the culture systems. Unfortunately, the
plate design and objective lens were not appropriate to obtain the high-quality images when

using the brightfield channel.

The concept of utilising a feeder layer as a cell supportive system in order to protect CLL
cells from spontaneous apoptosis is common in the literature; support cells utilised include
follicular dendritic cells (Pedersen et al. 2002), nurse-like cells (Burger et al. 2000), non-
malignant leukocytes (Gamberale et al. 2001) and stroma cells (Panayiotidis et al. 1996,
Kay et al. 2007, Gehrke et al. 2011, Burgess et al. 2012). The bone marrow stroma cell HS5
co-culture has been applied in several studies because the feeder monolayer is highly
reproducible, forms without requiring additional growth factors, and enriches the media
culture with numerous cytokines (IL-1, IL-3, IL-6, IL-8 and GM-CSF) (Roecklein et al. 1995).
As a result, this enriched condition is hypothesised to be similar to the secretome generated

by haematopoietic support cells in vivo.

In addition, using soluble factors to promote CLL cell survival and stimulate growth have
been investigated in many reports, including interleukin-4 (IL-4) (Dancescu et al. 1992), IL-
8 (Francia di Celle et al. 1996), IL-13 (Chaouchi et al. 1996), Insulin-like growth factor-1
(IGF-1) (known as anti-apoptotic factor in vitro (Schillaci et al. 2005), CXCL12, CXCL13,
CXCL19 and CXCL20 (Ticchioni et al. 2007), CCL3 and CCL4 (Burger et al. 2009), and
CCL2 and CXCL2 (Burgess et al. 2012). Despite this extensive list, | found that none of
these factors were able to maintain CLL cells for longer than 2 weeks, nor were they able to
recover functional CLL cells. Therefore, the thawed cells, which were presumably heavily
damaged in the cryopreservation and thawing procedure, most likely underwent apoptosis
or necrosis before the fixation procedure and surviving cells were still not robust enough to

withstand the fixation and permeabilisation processes required for the FISH-IS protocol.
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Therefore, in summary, a protocol for appropriate recovery conditions which would enable

analysis of cryopreserved CLL cells by FISH-IS remains to be established.

5.5 Conclusions

This chapter has provided a description of my novel technique of FISH-IS with 17p BAC
probe contig which enables accurate identification of del17p sub-clones at a level as low as
3%. However, this method was not optimal on cryopreserved CLL samples and
unfortunately, fresh CLL samples with rare genetic aberrations were unavailable at the time
of undertaking this project. In order to validate the method, fresh CLL samples are needed,
especially low frequency dell7p CLL samples. In the future, a larger study is required to

translate this technique into the diagnostic setting.

Current investigations include the genomic profiles of clones sorted by this technique. These
experiments will be performed on the basis of the experiments conducted and optimised in
this thesis. The sub-clones will be analysed using whole exome sequencing to discover the
early drivers and the clonal architecture associated with 17p deletion in order to better define
therapeutic risk in patients. While this was my original intention for this study, time
constraints have excluded these experiments. It is clear that the application of this
technology and the knowledge achieved through its use will provide a better platform to
understand the low frequency dell17p clonal architecture and mutational load and ultimately

inform clinical decision making in the era of small molecular therapies.
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6 Chapter 6 - General Discussion and Conclusions

6.1 Overview

The aim of this research project was to address the question surrounding the clinical and
biological significance of low frequency dell7p in CLL and included ways in which to explore
the frequency and genetic makeup of this clinically important subset of CLL. In the clinical
setting, despite the worst prognosis in CLL residing with del17p, many patients with a sub-
clone of dell7p demonstrate an indolent disease course. Explanations for this may include:
(1) the presence of many other concomitant driving mutations in the dell7p sub-clones,
which may contribute differently to del17p CLL progression; and (2) the heterogeneous sizes
of dell7p sub-clones which are apparent in CLL patients. The clinical course of these
patients with del17p CLL might be highly variably dependent on the complex clonal evolution
as well as the total del17p burden, particularly in low frequency dell7p CLL, where the

microenvironment and the fitness of other clones may play a significant role.

In order to successfully treat these CLL patients, the biological context of low frequency
dell7p sub-clones needs to be explored. This is particularly important in the era of novel
therapies where for the first time there is non-chemotherapeutic choice for therapy which
needs to be employed in the right time-frame and sequence in the CLL population at large.
However, at present, this research project is the first to have undertaken investigation in
depth of low frequency dell7p in CLL, in an attempt to address the gap in research in this
area. The importance of mutated TP53 in low frequency has been investigated and
demonstrated in a retrospective investigation by Rossi et al. (2014) but this still fails to

answer many burgeoning questions.
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From the FISH results of the analysis of the CLL5 cohort, three quarters of dell7p CLLs
were found to be low frequency. This subgroup was further investigated in this thesis. Using
high throughput methodology that allows the individual characterisation of thousands of cells
by flow cytometric methodology but using DNA probes, | were able to interrogate the sub-
clonal architecture of dell7p sub-clones. Interestingly, as reported in Chapter 3, is the
significant relationship between dell3g and dell7p in the low frequency clones which
combines a traditionally good prognostic genetic finding with a poor prognostic deletion.
Analysis of normal individuals and patients with normal-by-FISH karyotype analysis was
undertaken using the same methodology. This allowed a more in-depth analysis of sub-
clonal frequencies and demonstrated underlying sub-clonal events within these
heterogeneous sub-clones, challenging the common belief that the TP53 gene loss occurs
only after dell3qg clonal development as the second hit of genomic alterations. The
coexistence of separate dell3q and dell7p sub-clones within the total clone raises the
possibility that in early stage CLL, due to inherent DNA instability possibly related to the
requirement for DNA alterations at an advanced somatic level (including IgHV), multiple sub-
clones are vying for domination and the original hierarchical sequencing does not always
apply. Hence, dell3g and dell7p events may be occurring simultaneously but in different
sub-clones, leading to sub-clonal heterogeneity. This was demonstrated somewhat

imperfectly by the DNA probes used in this study.

At the beginning of this project in 2013, no molecular techniques were available to approach
these low frequency dell7p sub-clones in depth without bias. Single cell approaches were
considered using Fluidigm® methodology but there were prohibitively expensive and subject
to potential problems inherent to single cell genetic amplification. Therefore, with the
emergence of the ImageStreamX machine, a new technique was required, as described in

Chapter 5. Thus, the striking feature of this project is the successful development of
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a FISH-IS technique with “homemade” custom probes (17p BAC probe contig) and its
application to CLL samples. The results in this project demonstrate that FISH-IS can
accurately identify the locus-specific deletion of chromosome 17p within sub-clones, and in
particular, can potentially isolate the low frequency dell7p sub-clones by flow sorting for

subsequent profiling of genomic characteristics.

The following sections provide a detailed discussion of the characteristics of low frequency
dell7p sub-clones, of the features of the FISH-IS method, its other potential applications,

and finally, possible future research directions for this work.

6.2 Characteristics of low frequency dell7p sub-clone

This project targeted two recent hot topics in CLL research: dell7p and sub-clone
characteristics in CLL. Although sub-clones and intra-tumour heterogeneity in CLL have
been evident for decades, many fundamental questions remain unanswered about their
frequencies, their origins, their biology and especially their evolution relationships with other
genetic abnormalities. The results, recorded in Chapter 3, once again illustrated the intra-
tumour genetic heterogeneity in CLL potentially underlying the clinical discrepancy in
outcomes. The results also provided insights into sub-clonal characteristics, including the
concomitant low frequency dell17p and del13qin CLL. This genomic concomitance may lead
to synergistic effects between these two alterations that promote the fitness of these sub-
clones and increase the potential for co-occurrent driver mutations (Zhang et al. 2017).
Following this theme, mutual exclusivity in cancer and/or co-occurrence of driver mutations
have recently been further explored (Babur et al. 2015, Dao et al. 2017, Kim et al. 2017,
Martincorena et al. 2017). It has been found that in many types of tumours the concomitant
driver mutations in sub-clones can co-exist and expand in parallel, suggesting intra-clonal

cooperative interactions (de Bruin et al. 2014, Yates et al. 2015, Davis et al. 2017).
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Furthermore, Zhang et al. (2016) demonstrated that significant increase of TP53 disruption
burden in five different cancer types increases with age. This may help to explain the higher
than expected incidence of the low frequency dell7p seen in the CLL5 cohort when
compared with published younger cohorts, (Catovsky et al. 2007, Rossi et al. 2009).
However, the incidence of clinically significant dell7p (>25%) in the present cohort was
equivalent to these previous studies. Additionally, the reporting of the low frequency clones
may not have been seen as relevant to the clinical trial process of these studies whereas it

was the focus of this study.

6.3 The FISH-IS method provides superior monitoring of del17p sub-

clones.

With the available cytogenetic tests, sub-clones were only evaluated at certain time points
in treatment due to the limitations in detection of low frequency clones, as these tests only
reliably distinguish large changes, for instance, from <10% to 30% and at times when
treatment is being reconsidered due to relapsing or progressive disease. There is no real
ability to monitor sub-clonal population changes over time to better understand the
behaviour of CLL sub-clones and the impact these may have on disease behaviour. This is
particularly evident in the post FCR treated patients, where eventual relapse often heralds

substantial clonal evolution which clinicians only pick up as they make treatment decisions.

The newly developed technique of FISH-IS in this project, is not only able to detect the
differences in 1%-3% of genomic alterations, but also can help to monitor the sub-clones’
progression more frequently and more efficiently. If persistent change and progression in
the size of sub-clones under treatment can be identified, | would have the capacity to make
timely and prompt interventions either with initiation or changing of the current therapy. This

novel technique also has the potential to shed further light and understanding on the
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heterogeneity of CLL sub-clones with different treatments including BTK and PI3Kinase
inhibitors where persistence of the clones occurs for many months but with limited
understanding of how the sub-clonal populations are responding in treatment. In addition, if
this technique can be combined with immuno-phenotyping, the genotype/immuno-
phenotype can be tracked in CLL tumour cells simultaneously during different treatment time
points. This knowledge will be critical for developing therapeutic strategies and for
understanding individual responses to drugs. It will enable us to anticipate disease

responses more accurately in this era of personalized-medicine.

With the enormous development of in-depth MPS techniques, some studies have suggested
screening of TP53 mutational load as an early detection tool or biomarker prediction for
specific cancers (Krimmel et al. 2016, Silwal-Pandit et al. 2017). However, the order of any
two events, including dell7p (TP53 loss) and TP53 mutations that occur in cancer is still
unclear (Soussi 2010). One study of a colorectal cancer model showed that TP53 alterations
occurred usually at a late transformed stage of cancer (Fearon et al. 1990). This model also
showed that the order of the TP53 defect in tumorigenesis may vary. Likewise, the existence
of TP53 aberrations is considered to be a late eventin CLL (Lawrence et al. 2013). However,
the data in the thesis would suggest that low frequency dell7p may in fact not be a late
event and may be arising in sub-clonal form earlier in the disease state and in equilibrium,
in some cases, with other known CLL drivers (like del13q). Therefore, improved knowledge
of the low frequency dell7p sub-clones would help to address this problem of event
sequence and clonal hierarchy that eventually contributes to disease progression or relapse

post-treatment.
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6.4 The FISH-IS method has the potential to integrate with many other
fields

The ImageStreamX is able to simultaneously acquire up to 12 different images of each cell
(with 12 channels), which rapidly provides tens of thousands of multispectral images with
high spatial resolution, and collects them in a uniform manner simultaneously (Basiji et al.
2007). This rich information is supported by the algorithm imaging software tool (IDEAS®)
which is able to quantify approximately 40 features per single image, providing up to 250
features per single cell (Eliceiri et al. 2012). The FISH-IS method developed in this study
would have broader application which is not restricted to genetic characterisation of CLL.
The remaining available fluorescence channels of ImageStreamX are able to be used for
simultaneous investigation of other biological questions, including improved -cellular
visualisation, co-localisation of genetic abnormalities in subpopulations of cells with accurate
guantification and standard immuno-phenotyping in conjunction with genetic

characterisation (Fuller et al. 2016).

ImageStreamX has been used in multiplexed assays to quantify Golgi proteins (Wortzel et
al. 2017), to analyse miRNAs and protein targeted in small cell subsets (Ponomarev et al.
2011), to accurately enumerate micro-particles (Vranic et al. 2013, Headland et al. 2014),
and to enhance the detection and quantify extracellular vesicles (Erdbrugger et al. 2014,
Clark 2015). Notably, ImageStreamX has been widely applied in screening for the response
to drugs, for instance, in monitoring antimalarial drugs (Lee et al. 2014b). Taken together,
the promising FISH-IS method developed here can be integrated with other capacities of
imaging flow cytometry instruments such as the analysis of cell cycle (Gillard et al. 2006,
Filby et al. 2011), nuclear translocation of NF-kB (George et al. 2006, Maguire et al. 2011),
cell signalling pathway interactions (Pham et al. 2005, Nobile et al. 2010) and

apoptosis/necrosis (George et al. 2004, Khuda et al. 2008, Wlodkowic et al. 2010,
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Pietkiewicz et al. 2015). Integration of the above aspects with FISH-IS will make it a high
content screening tool for the discovery/development of potential new drug candidates
(Elliott 2009, Chang et al. 2010, Xu et al. 2010, Zanella et al. 2010). For instance,
Pawluczkowycz et al. (2009) studied CLL samples using the ImageStreamX (with protein
co-localization features) to show that ofatumumab (monoclonal antibody for CD20) is more
effective than rituximab by demonstrating that less C1q (complement-dependent) binding to

CLL cells was observed.

Recently, different combinations with FISH-IS approaches have been investigated by other
groups. Fuller et al. (2016) demonstrated the integration of genetic and immuno-phenotyping
(CD) markers (immune-S-FISH). This combination can detect genomic aberrations in
different cell subgroups with identification of the immuno-phenotype. However, a notable
issue of this combination is that Carnoy 's fixative compromised the integrity of conjugated
antibody epitopes with the preservation of fluorescence (Werner et al. 2000). While this is a
promising technology, clearly each particular combination of imaging techniques needs to
be tested before general application is possible. However, the dual approaches described
open a door to better understanding of the biology of individual cells or sub-clonal
populations while being able to characterise thousands of cells in a statistically meaningful

way.
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6.5 Future directions for this project — Other approaches to solving the

puzzle

Screening one cancer cell or a few cancer cells within a majority of normal cells in a clinical
setting or when tracking MRD means that | are looking for rare events (as in the case of this
study, cells with TP53 aberrations), even though the small number of events does not yet
impact the behaviour of the whole clone or the individual patient outcome. However, | know
that it is from these small sub-clones, often present at diagnosis that the resistant and
refractory disease arises. Although standard MPS approaches make it possible to detect
low levels of mutation events, there is still the probability of sequencing errors at some level.
It is easier to find the needle in the haystack when you know retrospectively what the needle
looks like (Akogwu et al. 2016, Park et al. 2017). In response to some of the technical
issues surrounding MPS, duplex sequencing was recently launched as a novel method that
overcomes the mutation sequencing errors of MPS (Schmitt et al. 2015). This method uses
random tagging of ds DNA (barcodes) to detect mutations. Duplex sequencing enables
identification of the allele reads derived from each strand of two complementary DNA
strands. Schmitt et al. (2012) demonstrated that duplex sequencing can yield 10,000-fold
higher accuracy in sequencing data compared with previous MPS methods. In particular,
this method has been reported to detect mutation frequency as low as one per billion
sequenced nucleotides (Kennedy et al. 2014, Nachmanson et al. 2017). However, this

method is still limited by the cost of sequencing and the small size of the target (<1 Mb).

Although the ultra-deep MPS was able to detect the TP53 mutations in up to 1/107,
interpretation of what is happening within the same cell/clone is still impossible by this
method (Kalisky et al. 2011). Therefore, to fully understand the heterogeneity and the
complexity of cancer sub-clones, the need remains for somatic mutations to be analysed at

the level of single cells within the bulk of heterogeneous tumour cells (Navin et al. 2011,
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Wang et al. 2012a). In addition, an analytical challenge of MPS single cell data interpretation
requires modern computational bioinformatics (Harrington et al. 2010, Bankevich et al.
2012). The Fluidigm C1 instrument was released in 2013 for automated processing of single
cell sequencing, including isolation, lysis, and nucleic acid pre-amplifications from single
cells. Single cells sequencing (e.g. Fluidigm C1) can provide a wealth of information on
single cells captured in 96 well-plates single cells. Gawad et al. (2014) from Stanford
University (USA) applied targeted resequencing of single cells (Fluidigm C1 systems) to
investigate the clonal origins of intra-tumour heterogeneity of acute lymphoblastic
leukaemia. This research noted that the amplification step needs to be highly uniform as
the limitations of allele dropout or imbalance impeded the accuracy of their interpretation of
the sub-clonal structures. Furthermore, Gawad and his group also reported that in order to
obtain high fidelity sequencing data, this single cell method may need to start with sequence
from a larger part of the genome template in more cells (bulk cells), especially in cases of

high sub-clonal heterogeneity in tumours (de Bourcy et al. 2014, Gawad et al. 2016).

Taken together, apart from the above described limitations of the single cell sequencing
method, its main disadvantage is that it is a very expensive process. Therefore, currently it
cannot be applied in a routine clinical setting. By contrast, the novel technique developed
here is more readily applicable, as it is not expensive other than the initial acquisition of the
equipment, and is able to facilitate the analysis of sub-clones with sequencing based on the
DNA of sub-clones purified by flow sorting. Enrichment of the target clone by this means
alleviates the need for single cell sequencing and could equally apply to immuno-phenotypic
sub-clones as well as genetic sub-clones. However, the single cell sequencing method
would no doubt be applied more widely in the future if its cost drops significantly with

advances in its technical development.
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Proof-of-principle experiments for TP53 mutations have been screened down to 0.3% (Rossi
et al. 2014). However, no whole genome based technique can lower the limitation of
detection in dell7p (SNP array is approximately 10-20% depending on the approaches
used). Therefore, sensitive low frequency dell7p detection serves to deepen the ability of
prognostic screening and, importantly, inspire new and different treatment plans for dell7p
CLL patients in the future. These more and more precise analyses suggest that knowing the
clonal architecture of each patient's tumour will be crucial for optimising their treatment
particularly when the outcome of chemo-immunotherapy on genetically unstable clones

leads to progressively resistant disease.

Going forward, there is a need for translation studies of this technique with larger validation
series on more CLL patient samples to address clinically challenging issues. With such
studies, this new technique can become a valuable tool in diagnosis, prognosis and
especially in monitoring at the early stages of dell7p CLL as well as enhancing our
understanding as to how these small sub-clones survive therapy and go on to ultimately

cause disease relapse.

6.6 Conclusion

In summary, this research project has optimised and developed a FISH-IS approach using
a 17p BAC contig probe to accurate identify del17p sub-clones at a level as low as 3%. This
new technigue needs translational studies to fully understand its utility as a diagnostic,
prognostic and monitoring tool in the future. Future work in flow sorting and molecular
analysis of sub-clones that follows this study will provide further unique sub-clonal
information which will hopefully guide us to a better understanding of the biology of low

frequency dell7p sub-clones in CLL.
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Table 1. CLL5 trial inclusion and exclusion criteria

Inclusion

Criteria

B-CLL confirmed according to NCI Working Group Criteria.

Binet stage B or C, or progressive symptomatic stage A.

Age = 65 years old.

Judged to be in need of systemic therapy.

No previous treatment (chemotherapy, radiotherapy or immunotherapy) for CLL.
Alkaline phosphatase and transaminases < 2 x ULN.

Creatinine clearance = 50 mL/min (as calculated by eGFR; eGFR also calculated
by Cockcroft and Gault formula for final analysis).

Females of childbearing potential or fertile males must take contraceptive measures
during and at least 6 months after cessation of therapy.

CIRS score < 6.
Life expectancy > 6 months.
Patient’s written informed consent.

Exclusion

Criteria

Age < 65 years old.
Non-progressive or stable Binet stage A.

Clinically significant auto-immuno cytopenia, Coombs-positive haemolytic anaemia
(as discerned by treating physician).

Active second malignancy currently requiring treatment (except for non-melanoma
skin cancer or cervical cancer in situ or tumour treated curatively by surgery > 5
years ago).

Concomitant disease requiring prolonged use of glucocorticoids (> 1 month).

Known hypersensitivity with anaphylactic reaction to humanised monoclonal
antibodies or any of the study drugs.

Class lll or IV cardiac disease defined by the NYHA.
Severe or debilitating pulmonary disease.
Severe or debilitating central nervous system disease or cerebral dysfunction.

Transformation to aggressive B-cell malignancy, e.qg. diffuse large cell lymphoma,
Richter’s syndrome or prolymphocytic leukaemia.

Active bacterial, viral or fungal infection; patients who have known Human Immuno-
deficiency Virus (HIV) infection or active hepatitis B virus (HBV) or hepatitis C virus
(HCV) infection.

Total bilirubin > 2 x ULN.
Creatinine clearance < 50 mL/min (as calculated by eGFR).

Any coexisting medical or psychological condition that would preclude participation
in the required study procedures.

Treatment with any other investigational agent, or participation in another clinical
trial within 30 days prior to entering this study.

Pregnancy and lactation.
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0-1 months

Pre-therapeutic Staging (within 4 weeks of start
of treatment) to determine study eligibility

Study Registration/Randomisation

Start of treatment within 14 days of randomisation

v

Cohort 1 Cohort 2 Cohort 3

Cyeles 1-3 Cyeles 1-3 Cyeles 1-3
Y ] Y

3-4 months SD and PD
Off study

L ¥

Cohort 1 Cohort 2 Cohort 3

Cyeles 4-6 Cycles 4-6 Cycles 4-6

6-T7 months

8-9 months

i

20-21 months

Figure 1. General ARC CLL5 trial cohort treatment schema.

Table 2. CLL5 cohort treatment arms.

Treatment Oral Oral \Y,
Fludarabine Cyclophosphamide Rituximab

Cohort 1 24 mg/m? Cycle 1: 375 mg/m? DO

“FR5” Days 1-5 ) Cycles 2-6: 500 mg/m? D1
Cohort 2 24 mg/m? 150 mg/m? Cycle 1: 375 mg/m? DO
“FCR3” Days 1-3 Days 1-3 Cycles 2-6: 500 mg/m? D1
Cohort 3 24 mg/m? 150 mg/m? Cycle 1: 375 mg/m? DO
“FCR5” Days 1-5 Days 1-5 Cycles 2-6: 500 mg/m? D1
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Figure 2. XL CLL commercial probe kit mapping location.

(A) Vial 1: ATM/TP53 probes. (B) Vial 2: DLEU/LAMP/12 CEN probes.
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Figure 3. XL DLEU/TP53 commercial probe kit mapping location.
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Table 3. All conventional FISH results of CLL5 cohort.

D13S319

D13S319

cus . (a4 (3a14d 12p11.1-q11 1122.3 17p13.1
number (Mggf’l'ggf"c (dBe'Ist'l'ggg (Trisomy 12) (del11q) (del17p)

001  RMH 2 0 <1 2 5
002  RNS 6 0 2
003  PAH 73 0 95 4
004 STV 9 0 <1 2 7
005  RNS 97 0 2 <1 4
006  RMH 6 0 <1 2 4
007  PAH 4 0 <1 95 5
008  PAH 4 0 2 4 9
009  QEH 94 0 72 4 2
010  RNS 86 0 <1 2 5
011  RNS 4 0 55 2 6
012  HOB 13 0 51 9 7
013 MMN 4 0 4 2 4
014  PAH 8 0 3 4 2
015  RNS 96 0 12 3 3
016  GEE 96 0 3 9 12
017  FRA 3 0 0 4 5
018  SCG 4 93 1 5 12
019  RNS 6 0 2 88 11
020  RNS 95 0 2 2 5
021 RNS 96 0 <1 5 10
022  FRA 4 0 2 4 5
023 PAH ND ND ND ND ND
024  PMC 3 0 2 4 3
025  RMH ND ND ND ND ND
026  PAH <1 0 1 1 3
027  HOB 8 0 55 2 5
028  BMO 3 0 43 1 5
029  WES ND ND ND ND ND
030  RNS 79 0 <1 2 8
031  HOB 88 0 <1 9 8
032  WES 29 0 1 1 1
033 AUK N/A N/A N/A N/A N/A
034  BMO 84 0 3 3 2
035  RNS 4 0 48 2 2
036 STV ND ND ND ND ND
037  CAN 95 0 4 12
038 RNS 83 0 <1 1
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039 RMH 10 0 2 93 5
040 HOB 80 0 <1 4 4
041 RMH 3 0 76 4 3
042 CAN 47 52 3 2 5
043 CAN ND ND ND ND ND
044 RNS 30 0 1 <1 4
045 ? N/A N/A N/A N/A N/A
046 MMN 60 27 <1 4 22
047 CHR N/A N/A N/A N/A N/A
048 PAH 2 0 <1 2 2
049 RMH 23 0 2 3 2
050 WOL N/A N/A N/A N/A N/A
051 RMH 1 0 37 1 3
052 RNS 3 92 <1 3 3
053 CHR N/A N/A N/A N/A N/A
054 SCG 2 0 <1 3 88
055 CAN ND ND ND ND ND
056 NSH N/A N/A N/A N/A N/A
057 STG ND ND ND ND ND
058 GCH 4 0 73 5 22
059 STV 4 0 1 9 8
060 CHR N/A N/A N/A N/A N/A
061 NSH N/A N/A N/A N/A N/A
062 PMC 3 0 1 3 3
063 SCG 4 95 <1 9 41
064 AUS 3 0 85 2 2
065 SCG ND ND ND ND ND
066 STG 10 0 <1 4 90
067 PAH ND ND ND ND ND
068 AUS 2 0 <1 2 3
069 AUK N/A N/A N/A N/A N/A
070 HOB 60 18 <1 4 4
071 COF 3 0 77 3 1
072 NSH N/A N/A N/A N/A N/A
073 RNS 80 0 3 18 2
074 AUS I 0 1 3 1
075 NSH N/A N/A N/A N/A N/A
076 HOB 86 0 <1 2 <1
077 AUS 22 12 3 2
078 PAH 7 0 95 1
079 AUS 3 0 <1 1
080 AUS 83 0 <1 2
081 GEE 87 0 14 <1 4
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082 PMB ND ND ND ND ND
083 CON 73 0 <1 3 <1
084 AUS 30 0 3 1 3
085 MMC 1 0 <1 2 91
086 BMO 3 0 1 3 2
087 AUK N/A N/A N/A N/A N/A
088 GCH 1 0 76 2 4
089 FMC 0 89 <1 <1 85
090 RDH 2 0 <1 <1 3
091 GOS 4 0 <1 2 4
092 QEH 9 87 <1 96 3
093 CAN N/A N/A N/A N/A N/A
094 AUK N/A N/A N/A N/A N/A
095 SCG 9 83 60 5 2
096 AUK N/A N/A N/A N/A N/A
097 RNS 86 0 1 <1 2
098 HOB 87 10 <1 2 5
099 GEE 88 0 <1 2 2
100 GOS 4 0 <1 1 5
101 QEH 95 0 <1 95 9
102 HOB 4 0 <1 1 3
103 GCH 63 0 <1 18 5
104 RNS 94 0 <1 3 3
105 CAN 84 11 <1 2 4
106 GOS 4 93 <1 2 3
107 RNS 2 0 1 2 4
108 CAN 4 0 63 2 2
109 GEE 1 0 72 2 4
110 FRA <1 0 66 2 3
111 FMC 45 0 1 1 1
112 AUS 56 0 0 4 3
113 CAN <1 0 2 4 3
114 LGH 2 71 2 18 4
115 AUS 89 0 0 2 5
116 SCG 75 0 <1 2 4
117 GOS 4 0 0 2 3
118 AUS 85 0 <1 <1 3
119 GOS 7 0 <1 2 5
120 STV 3 87 <1 71 4

All results are displayed in %.
ND: poor sample quality; N/A: no enrolment specimen received by Flinders.
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Table 4. Cumulative lliness Rating Scale (CIRS)

Rating Strategy of Comorbidity

0 No problem | Organ system not compromised

1 Mild lliness/impairment with or without requirement of therapy,
excellent prognosis, patients with normal activity.

5 Moderate IIInessllmpalrmeqt requiring therapy, good prognosis,
compromised activity of patient.
lliness/impairment with urgent requirement of therapy,

3 Severe . S o
prognosis unclear, marked restriction in activity.

4 Extremely Life threatening illness/impairment, emergency case of

severe therapy, adverse prognosis.

All organ systems are scored for comorbidity values the above scale and summed.

Table 5. Response criteriain CLL5.

Complete Remission
(CR)

Complete remission is present if all the following criteria are fulfilled for at least 2
months:

Absence of lymphadenopathy confirmed by physical examination and/or
appropriate radiographic techniques (i.e. all lymph nodes <1 cm in
diameter)

No hepato-, splenomegaly by physical examination and/or appropriate
radiographic techniques

Absence of constitutional symptoms (= B-symptoms)
No disease symptoms
Normal blood count with:
o polymorph nuclear leukocytes (granulocytes) > 1.5 x 10°/L.
o Platelets > 100 x 109/L.
0 Hb> 110 g/L (without blood transfusion)
o lymphocytes < 5.0 x 109/L

Bone marrow normocellular for age, < 30 % lymphocytes, no lymphocytic
nodules (if the bone marrow is hypo-cellular, a repeat determination should
be made in 4 weeks. Samples should be reviewed in conjunction with the
prior pathology)

A subset of patients who are otherwise in complete remission but have bone
marrow nodules that can be identified histologically are referred to as
nodular PR (nPR) and are included in the PRs.
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Nodular Partial
Remission (nPR)

Some patients fulfil all the above criteria for CR but still have nodules of lymphocytes
in the bone marrow histology despite a total lymphocyte count of < 30 %. Although
the clonality of these nodules is difficult to determine with the currently available
methods these patients nevertheless have a shorter progression-free survival than
patients with genuine complete remission without lymphocyte nodules. Therefore
these cases are described as nodular partial remission (nPR) and should be listed
separately in the evaluation.

Partial Remission
(PR)

Partial remission is present if the following criteria are fulfilled for at least 2 months:

¢ Reduction in peripheral lymphocyte count by = 50% from pre-treatment
value

¢ Reduction in lymph node enlargement by = 50% (sum of products of
recorded enlarged lymph nodes)

¢ Reduction of hepato- and/or splenomegaly by = 50% if enlarged at baseline
(e.g. a reduction in spleen size from 20 cm to 16 cm on ultrasound and/or a
reduction in palpable hepatomegaly from 5 cm to 3 cm)

e plus at least one of the following criteria:

e Polymorphonuclear leukocytes (granulocytes) = 1.5 x 10%L or 50%
improvement over baseline value

e Platelets > 100 x 10°%/L or 50% improvement over baseline value

e Hb> 110 g/L or 50 % improvement over baseline value without blood
transfusions.

Progressive Disease
(PD)

Progression is present if at least one of the following criteria is fulfilled:

e =50% increase in the sum of the products of the diameters of at least two
lymph nodes ( at least one node must be = 2 cm); appearance of new
palpable lymph nodes or any new extranodal lesion (regardless of size)

e 2>50% increase in the size of the liver and/or spleen as determined by
measurement below the relevant costal margin or by ultrasound/CT scan;
appearance of palpable hepatomegaly or splenomegaly that was not
previously present

e >50% increase in the absolute number of circulating lymphocytes to at least
5 x 10°/L

e Transformation to a more aggressive histology (e.g. Richter's syndrome or
PLL with > 55% prolymphocytes).

In case of uncertain progression based on lymph node enlargement alone,
measurements should be repeated at least 2 weeks later since transient
enlargement may occur and does not count as progressive disease.
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Table 6. Hierarchical log linear analysis by SPSS version 22.

Step Summary

Chi- Number of
Step? Effects Square¢ [ df | Sig. Iterations
0 Generating ClassP dell7p*delllqg*tril2*del1l3gmo*dell3q ool o
bi '
Deleted Effect 1 dell7p*delllqg*tril2*del13gmo*dell3q
) .000( 1| 1.000 2
bi
1 Generating Class® del17p*delllqg*tril2*del13gmo,
dell7p*delllqg*tril2*del13qbi,
dell7p*delllg*del13gmo*dell3qgbi, .000| 1 1.000
del17p*tril2*del13gmo*del13qgbi,
delllg*tril2*del13gmo*dell3qgbi
Deleted Effect 1 del17p*delllqg*tril2*del13gmo .000| 1 1.000 2
2 dell7p*delllg*tril2*del13qbi .000| 1 1.000 2
3 del17p*delllqg*dell3gmo*dell3qbi .000| 1 1.000 2
4 dell7p*tril2*del13gmo*dell13qgbi .000| 1 1.000 2
2 Generating Class® del17p*delllqg*tril2*del13gmo,
dell7p*delllqg*tril2*del13qbi,
) .000( 2| 1.000
dell7p*delllg*dell3gmo*dell3qgbi,
dell1g*tril2*del13gmo*del13qgbi
Deleted Effect 1 dell7p*delllqg*tril2*del13gqmo .000| 1 1.000 2
2 dell7p*delllq*tril2*del13qbi .000( 1| 1.000 2
3 dell7p*delllg*dell3gmo*dell3qbi .000| 1 1.000 2
4 dell1g*tril2*del13gmo*del13qgbi .000| 1 1.000 2
3 Generating ClassP dell7p*delllqg*tril2*dell3gmo,
del17p*delllqg*tril2*del13qbi,
.000( 3| 1.000
dell1g*tril2*del13gmo*del13qgbi,
dell7p*dell3gmo*del13qgbi
Deleted Effect 1 dell7p*delllqg*tril2*del13gmo .000| 1 1.000 3
4 Generating ClassP dell7p*delllqg*tril2*del13qbi,
dell1g*tril2*del13gmo*del13qgbi,
del17p*del13gmo*del13qgbi, .000| 4( 1.000
del17p*delllg*dell3gmo,
del17p*tril2*del13gmo
Deleted Effect 1 dell7p*delllqg*tril2*del13qgbi .000| 1 .999 2
2 dell1g*tril2*del13gmo*dell13qbi .000| 1 1.000 2
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3 del17p*dell3gmo*dell3qgbi .000 1.000 3
4 del17p*delllg*del13gmo .163 .687 5
5 dell7p*tril2*del13gmo .000 1.000 3
Generating Class® del17p*delllqg*tril2*del13qbi,
dell1g*tril2*del13gmo*del13qgbi,
.000 1.000
dell7p*delllg*del13gmo,
dell7p*tril2*del13gmo
Deleted Effect 1 dell7p*delllg*tril2*del13qbi .000 .999 2
2 dell1g*tril2*del13gmo*del13gbi .000 .999 2
3 dell7p*delllg*dell3gmo .163 .686 5
4 dell17p*tril2*del13gmo .000 1.000 3
Generating ClassP dell7p*delllqg*tril2*del13qbi,
dell1g*tril2*del13gmo*del13qgbi, .000 1.000
dell7p*delllg*dell3gmo
Deleted Effect 1 dell7p*delllqg*tril2*del13qgbi .000 .995 2
2 dell1g*tril2*del13gmo*del13qbi .000 1.000 3
3 dell7p*delllg*del13gmo .164 .685 5
Generating Class dell7p*delllqg*tril2*del13qbi,
del17p*delllg*dell3gmo,
dell1g*tril2*del13gmo, .000 1.000
dell1lg*dell3gmo*dell3qgbi,
tril2*del13gmo*del13gbi
Deleted Effect 1 dell7p*delllqg*tril2*del13qgbi .000 1.000 3
Generating ClassP dell7p*delllg*dell3gmo,
dell1g*tril2*del13gmo,
dell1lg*dell3gmo*dell3qgbi,
tril2*del13gmo*del13qgbi,
.000 1.000
dell7p*delllqg*tril2,
dell7p*delllg*del13qgbi,
del17p*tril2*del13qgbi,
delllg*tril2*del13qgbi
Deleted Effect 1 dell7p*delllg*dell3gmo .178 .673 5
2 dell1g*tril2*del13gmo .000 .999 2
3 dell1g*dell3gmo*dell3qgbi .000 1.000 3
4 tril2*del13gmo*del13qbi .000 1.000 3
5 dell7p*delllq*tril2 .000 1.000 3
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6 dell7p*delllg*dell3gbi .000| 1 1.000 3
7 del17p*tril2*del13gbi .000| 1| 1.000 3
8 delllg*tril2*dell13qgbi .000| 1 1.000 3
9 Generating Class® del17p*delllg*dell3gmo,
delllg*tril2*del13gmo,
dell1g*del13gmo*del13qgbi,
tril2*del13gmo*del13qgbi, .000| 9 1.000
dell7p*delllqg*tril2,
del17p*delllqg*del13gbi,
dell1g*tril2*del13qgbi
Deleted Effect 1 dell7p*delllg*dell3gmo 1781 1 .673 5
2 dell1g*tril2*del13gmo .000| 1 .999 2
3 dell1g*dell3gmo*dell3qgbi .000| 1 1.000 3
4 tril2*del13gmo*del13qbi .000| 1 .998 2
5 dell7p*delllq*tril2 .000| 1 1.000 3
6 dell17p*delllqg*del13qbi .000| 1| 1.000 3
7 delllg*tril2*dell13qgbi .000| 1 1.000 3
10 Generating Class® dell7p*delllg*dell3gmo,
delllg*tril2*del13gmo,
tril2*del13gmo*del13qgbi,
.000|10( 1.000
dell7p*delllqg*tril2,
dell7p*delllg*del13qgbi,
dell1g*tril2*del13qgbi
Deleted Effect 1 dell7p*delllg*dell3gmo 1831 1 .669 5
2 delllg*tril2*del13gmo .000| 1| 1.000 3
3 tril2*del13gmo*del13qgbi .000| 1 1.000 3
4 dell7p*delllqg*tril2 .000| 1| 1.000 3
5 dell7p*delllg*dell3gbi .000| 1 .999 3
6 delllg*tril2*dell3gbi .000| 1| 1.000 3
11 Generating ClassP dell7p*delllg*dell3gmo,
tril2*del13gmo*del13qgbi,
dell7p*delllg*tri12, .000|11( 1.000
dell7p*delllg*del13qgbi,
dell1g*tril2*del13qgbi
Deleted Effect 1 del17p*delllg*del13gmo A75( 1 .676 5
2 tril2*del13gmo*del13qbi .000| 1 1.000 3

268



Appendix

3 dell7p*delllq*tril2 .000| 1 .999 3
4 dell17p*delllg*del13qbi .000] 1 .999 3
5 delllg*tril2*dell13qgbi .000| 1 1.000 3
12 Generating Class® del17p*delllg*dell3gmo,
tril2*del13gmo*del13qgbi,
.000| 12| 1.000
dell7p*delllqg*tril2,
dell7p*delllg*dell3gbi
Deleted Effect 1 dell7p*delllg*dell3gmo A74( 1 677 5
2 tril2*del13gmo*del13qbi .000| 1 .998 3
3 dell7p*delllqg*tril2 .000| 1 1.000 3
13 Generating Class® dell7p*delllg*del13gmo,
tril2*del13gmo*del13qgbi,
.000| 13| 1.000
dell7p*delllqg*dell3qgbi, dell7p*tril2,
delllg*tril2
Deleted Effect 1 dell7p*delllg*dell3gmo A71( 1 .679 5
2 tril2*del13gmo*del13qbi .000| 1 .998 3
3 dell7p*delllg*dell3gbi .000| 1 .997 3
4 dell7p*tril2 .880| 1 .348 2
5 delllg*tril2 A77] 1 .674 3
14 Generating Class® del17p*delllg*dell3gmo,
dell7p*delllqg*dell3qgbi, dell7p*tril2,
.000|14( 1.000
dell1g*tri12, tril2*del13gmo,
tril2*del13gbi, del13gmo*dell13gbi
Deleted Effect 1 dell7p*delllg*dell3gmo A71( 1 .679 5
2 dell7p*delllg*del13qgbi .000| 1| 1.000 3
15 Generating ClassP dell7p*delllg*dell3gmo,
dell7p*tri12, delllq*tril2,
tril2*del13gmo, tril2*del13qbi, .000|15( 1.000
del13gmo*dell3gbi, dell7p*dell3qgbi,
delllg*dell3qgbi
Deleted Effect 1 dell7p*delllg*dell3gmo 175 1 .675 5
2 dell7p*tril2 .880| 1 .348 3
3 delllg*tril2 A77) 1 674 3
4 tril2*del13gmo 54441 1 .020 2
5 tril2*del13qgbi 1.414] 1 .234 3
6 del13gmo*del13qgbi 931 1 .335 3
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7 dell7p*dell3qgbi 4291 1 512 3
8 delllg*dell3gbi .987] 1 .320 3
16 Generating ClassP dell7p*tril2, delllq*tril2,
tril2*del13gmo, tril2*del13qbi,
del13gmo*del13qgbi, dell7p*dell3qbi, 175(16| 1.000
dell1g*del13qgbi, dell7p*delllq,
del17p*dell3gmo, delllg*del13gmo
Deleted Effect 1 dell7p*tril2 872 1 .350 5
2 delllg*tril2 168 1 .682 5
3 tril2*del13gmo 5436| 1 .020 5
4 tril2*del13qgbi 1.415] 1 .234 5
5 dell13gmo*dell3qgbi 9431 1 331 5
6 dell7p*dell3gbi 4411 1 .506 5
7 delllg*dell3qgbi 999 1 .318 5
8 dell7p*delllq 2528 1 112 3
9 dell7p*dell3gmo 37.329( 1 .000 3
10 |delllg*dell3gmo 4.682| 1 .030 3
17 Generating Class® dell17p*tril2, tril2*del13gmo,
tril2*del13qbi, del13gmo*del13qgbi,
del17p*dell3qbi, delllg*dell3qgbi, .343 |17 1.000
dell7p*delllq, dell7p*dell3gmo,
delllg*dell3gmo
Deleted Effect 1 dell7p*tril2 1.042| 1 .307 5
2 tril2*del13gmo 5.306| 1 .021 5
3 tril2*del13qbi 1.550| 1 .213 5
4 del13gmo*del13qgbi 936 1 .333 5
5 dell7p*dell3qgbi 4661 1 .495 5
6 delllg*dell3qgbi 1.133] 1 .287 5
7 dell7p*delllq 2.700| 1 .100 3
8 dell17p*dell3gmo 37.454| 1 .000 3
9 delllg*dell3gmo 4554 1 .033 3
18 Generating Class® dell7p*tri12, tril2*del13qmo,
tril2*del13qbi, del13gmo*dell13qgbi,
] .809|18( 1.000
dell1g*dell3qbi, dell7p*delllq,
dell7p*dell3gmo, delllg*del13gmo
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Deleted Effect 1 dell7p*tril2 9451 1 .331 5
2 tril2*del13gmo 5.288( 1 .021 5
3 tril2*del13qgbi 1.453] 1 .228 5
4 del13gmo*del13qgbi 2350| 1 125 5
5 delllg*dell3qgbi 914 1 .339 5
6 dell7p*delllq 24821 1 115 3
7 dell7p*dell3gmo 38.883| 1 .000 3
8 delllg*dell3gmo 4343 1 .037 3
19 Generating ClassP dell7p*tril2, tril2*del13qmo,
tril2*del13qbi, del13gmo*del13qgbi,
1.723119( 1.000
dell7p*delllq, dell7p*dell3gmo,
dell1lg*dell3gmo
Deleted Effect 1 dell7p*tril2 9871 1 321 5
2 tril2*del13gmo 5.295| 1 .021 5
3 tril2*del13qgbi 1.495] 1 221 5
4 del13gmo*dell3qgbi 2843| 1 .092 5
5 dell7p*dellilq 2525 1 112 3
6 dell7p*dell3gmo 38.920( 1 .000 2
7 delllg*dell3gmo 4804 1 .028 3
20 Generating ClassP tril2*del13gmo, tril2*del13qbi,
dell3gmo*dell3gbi, dell7p*delllq, 2.710|20| 1.000
dell7p*dell3gmo, delllg*dell3gmo

a. At each step, the effect with the largest significance level for the Likelihood Ratio Change is deleted, provided the

significance level is larger than .050.

b. Statistics are displayed for the best model at each step after step 0.

c. For 'Deleted Effect', this is the change in the Chi-Square after the effect is deleted from the model.

The most significant relationship are highlighted in yellow.
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Table 7. List of lllumina amplicons on chromosome 17, spanning 3 genes (TP53, CD79B and GRB?2).

. Start End

Target Region Name Chr Position Position ULSO Sequence
TCAGGAGCTTACCCAATCCAGGGAAGCGTGTCACCGTCGTGGAAAGCACGCTCCCAGCCCGAACGCAAAG
TGTCCCCGGAGCCCAGCAGCTACCTGCTCCCTGGACGGTGGCTCTAGACTTTTGAGAAGCTCAAAACTTTT

TP53_Exon (8753049)_7424190 o 7590656 7590928 AGCGCCAGTCTTGAGCACATGGGAGGGGAAAACCCCAATCCCATCAACCCCTGCGAGGCTCCTGGCACAA
AGCTGGAC
GTCTCCCCAAGGCGCACTGGCCTCATCTTGGGCCTGTGTTATCTCCTAGGTTGGCTCTGACTGTACCACCA

TP53_Exon (8836199) 7424191 17 7577444 7577683  TCCACTACAACTACATGTGTAACAGTTCCTGCATGGGCGGCATGAACCGGAGGCCCATCCTCACCATCATC

ACACTGGAAGACTCCAGGTCAGGAGCCACTTGCCACCCTGCACACTGGCC

GGAGTAGGGCCAGGAAGGGGCTGAGGTCACTCACCTGGAGTGAGCCCTGCTCCCCCCTGGCTCCTTCCC
TP53_Exon (8836200)_7424192 17 7573870 7574096  AGCCTGGGCATCCTTGAGTTCCAAGGCCTCATTCAGCTCTCGGAACATCTCGAAGCGCTCACGCCCACGG
ATCTGCAGCAACAGAGGAGGGGGAGAAGTAAGTATATA

CCTTTTTATATCCCATTTTTATATCGATCTCTTATTTTACAATAAAACTTTGCTGCCACCTGTGTGTCTGAGGG
TP53_Exon (8836204)_7424193 17 7571601 7571825  GTGAACGCCAGTGCAGGCTACTGGGGTCAGCAGGTGCAGGGGTGAGTGAGGAGGTGCTGGGAAGCAGC
CACCTGAGTCTGCAATGAGTGTGGGCTGGGGG

AGAGTGCATTGTGAGGGTTAATGAAATAATGTACATCTGGCCTTGAAACCACCTTTTATTACATGGGGTCTA
TP53_Exon (8836204)_7424194 17 7572281 7572535  GAACTTGACCCCCTTGAGGGTGCTTGTTCCCTCTCCCTGTTGGTCGGTGGGTTGGTAGTTTCTACAGTTGG
GCAGCTGGTTAGGTAGAGGGAGTTGTCAAGTCTCTGCTGGCCCAGCCAAACCCTGTCT

TGTGAGGTAGGTGCAAATGCCAGCATTTCACAGATATGGGCCTTGAAGTTAGAGAAAATTCAACAGTGAGG
TP53_Exon (8836204)_7424195 17 7572479 7572712  GACAGCTTCCCTGGTTAGTACGGTGAAGTGGGCCCCTACCTAGAATGTGGCTGATTGTAAACTAACCCTTA
ACTGCAAGAACATTTCTTACATCTCCCAAACAT

TTTGGGTTTTGGGTCTTTGAACCCTTGCTTGCAATAGGTGTGCGTCAGAAGCACCCAGGACTTCCATTTGC

TP53_Exon (8836204)_7424196 17 7572653 7572886 TTTGTCCCGGGGCTCCACTGAACAAGTTGGCCTGCACTGGTGTTTTGTTGTGGGGAGGAGGATGGGGAGT
AGGACATACCAGCTTAGATTTTAAGGTTTTTACTGTGAGGGAT
AATGGCAGGGGAGGGAGAGATGGGGGTGGGAGGCTGTCAGTGGGGAACAAGAAGTGGAGAATGTCAGTC

TP53_Exon (8836204)_7424197 17 7572837 7573073  TGAGTCAGGCCCTTCTGTCTTGAACATGAGTTTTTTATGGCGGGAGGTAGACTGACCCTTTTTGGACTTCA

GGTGGCTGTAGGAGACAGAAGCAGGGAGGAGAGATGACATCACAT

GGCACTGGAGGCCAGGGCCTCCCTGGGGTGGGAGTGGTTGCGGGAGAGGAATGATGTTCCTGTGGCTCT
TCTGGGGCCCAGTTGGGTCCATGGCCCTTCCCAAGCTCTGCTGGGAGGCCCTCGGCTCCGAGTCCATTTG
CGGGCTCTGGACCAGTCTCTGCCTCCCCCATCCCATGTGTGGGGACGGATCACCTCATAGCACCCCCAGA
AGG

TGACTGCTTCGGAGCTGCCTGGCTCATGGCCCAACCCCTTTCCTGGACCCCCCAGCTGGCCTCTGAAGCT
CD79B _Exon (8289983)_7424728 17 62006323 62006564 GGCCCACCAGAGCTGCCATTTGTCTCCAGCCCCTGGTCCCCAGCTCTTGCCAAAGGGCCTGGAGTAGAAG
GACAACAGGGCAGCAACTTGGAGGGAGTTCTCTGGGGATGGACGGGACCCAGCC

CD79B _Exon (8289983)_7424727 17 62006113 62006375
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CACTGAGGCCAGGGAGCCTGCACCCAGGTCATGGGGCGACCTGGCTCTCACTCCTGGCCTGGGTGCTCA
CD79B _Exon (8289983)_7424729 17 62006513 62006741 CCTACAGACCACTTCACTTCCCCTGTCCGCAGCGTCACTATGTCCTCATAGGTGGCTGTCTGGTCAATGTC
CAGGCCCTGGAGACATTAAGTGGAACTCAGGCCG

CAGGGGATGGGGCTGGGGGACACTAACACTCTGATCTCCATCCCTCTCCGCCCCCAGGATGACAGCAAG
CD79B _Exon (8289983)_7424730 17 62006685 62006916 GCTGGCATGGAGGAAGATCACACCTACGAGGTAAGGAGAGGGGCAGGCCCAGCAGCTCTGAGTCCTCGG
GGTCAGTGGCCACTATCTGCTGGTGTGGTTGGGGTGTGGTCCCG

CCCCTGCTGGGCCAGGCTGGGGAGGGCCAGGGAGAGGGGTGAGGGGTCAGGAGTGAGGTGCATTCTGC
CD79B _Exon (8289983)_7424731 17 62006865 62007094 AAGAACAGCTGAATGAAGGAAGGAAGGAAGGAATGATTGAATTGGTGAGCCAGTGGGGACAGGCTGGACC
AAGAAGGCCACAACGAGAGCTGGGGAGATGGAGACCCTGCATATGC

AGGATTCAGCACCTTGGCACAGCTGAAGCAGAGGAACACGCTGAAGGATGGTATCATCATGATCCAGACG
CD79B _Exon (8289983)_7424732 17 62007043 62007274 CTGCTGATCATCCTCTTCATCATCGTGCCTATCTTCCTGCTGCTGGACAAGGTGATCAGGGGACGGGGGAA
GCCTTGGGGGACCGCAGAGGAGGCCACCGCATAGGCCAGGC

CTGCGGGGACAGGGGTGGGGTTGTGAGCCTGGGCCACAGTCCACCTTTTAGGCCTACAAGGGCAGCTCC
CD79B _Exon (8289983)_7424733 17 62007227 62007454 CTCAGGTCCCAGTGGCTCTCCTGAGTGCTCTAGGGCCATGACCATCACCACAAGAGGCAGGCCGGGCTA
GGGTGGGGCGGACAGCTACAGGAGCGTCCCAGCCACCTGGCACACA

GCTTAACTTACGGATGTGGTTTCATTTCTATGTAGTTCTTGGGAATGAAGCCGTCTTTTCCATTAAGCTCTG
GRB2_Exon (5230232)_7423793 17 73328744 73328991 CCTTGTACCAGTTCTGATCACATTCTTCGTTCAAAACCTGAAAAGAAATAAGACAACAAAAAAACCCAATCAT
TTCCTTTTCCCTTTAAAAAGATAGTTACAAGACAATTATGCTATCTTTTAG

TTAAAAGTGTACAATGAAAAACACAGCTTCTTTGTGTGTAATCAGGGCGAAAGAAGGTGGGTGAGCACAGG
GRB2_Exon (5230233)_7423794 17 73389493 73389720 GAGAGCGATCTCAGCATTGTGCTCGGCATCAGCACTTACCTTGAGGATGTCCCCCCTTTTGAAGCTCAGCT
CGTCGTCTGCAGTAGCTTTGAAGTCATATTTGGCG

GGGTTGCCTTCAATCCTGGCCACTGCTCTTAATCGTCCCTCTCCTGCTTCAGGGTGGCATTGTGTGTCCCA
GRB2_Exon (5230233)_7423795 17 73389671 73389921 GAGTGCCGGAGCGAGTCCCAGAAGAGAGGCGAGGCTAAGCCCAGAGCGCTGGGTTGCTTCAGCAGGGAA
GACTCCCTTCCCCCTGCTTCAGGCTGCTGAGCACTGAGCAGCGCTCAGAATGGAAGCCATC

GCGGATAGCATTTGGTAGGTAGTGATTAACTGTGAATAATAAATACACAATGAATTCTTCACTTGGTATCTTT
GRB2_Exon (5230234)_7423796 17 73314022 73314246 TTTTCCCCTTGCCTGCCTTAAAAATTTAAAAACCGCATCGGGGAGTCAGGAATCTTGGGTCCTTATTTCAGA
CGTGATCACCCAGCTTACATCCCCC

AATGCTATCCGCAGAGTTAAAGGATTAAGTACATAGGTCTTTATTTAAACACTGATTTTTTTTTTAAATATATA
GRB2_Exon (5230234)_7423797 17 73314176 73314402 CACACAAAACTTAGTTCAGCAAGGCTTCATGATATACACCAATTCCAAAATAAAACAATCAAATGGTCCAGG
TGTAGAATGCCAGATTCCTTTTAT

TCCCTCCGACTCCAGATATGAACAGGGCCCAGGCCTGGAGCGTTTGCTGTGCCAGGAGGCGGCAGCTCTT
GRB2_Exon (5230234)_7423798 17 73314316 73314540 CTGGGCAGAGCCTGTCCCCGCCTTCCCTCACTCTTCCTCATCCTGCTTCTCTTTTCCTCGCAGATGATAAAA
GGAATCTGGCATTCTACACCTGGA

GGGCCCTGTTCATATCTGGAGTCGGAGGGAGACTCCCATCGGCCGCTTTGGGACTGAAAGGCCCAAGGC
GRB2_Exon (5230234)_7423799 17 73314460 73314687 TGTCACCAGCTCCCGGAAGAGAGGGAGGCAGTCTTGTTTTTGTCGTGGGAAGGGGTTTGGGTGGAGAAAA
AGATTACAGGCACATCACCACAGGGGACCAGAAGTGGAGAG
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TGCTGCTTGTGCCTCCCTTCCCAGTGGGCTGTGTTGACTGCTGCTCCCCACCCCTACCGATGGTCCCAGG
GRB2_Exon (5230234)_7423800 17 73314606 73314830 AAGCAGGGAGAGTTGGGGAAGGCAAGATTGGAAAGACAGGAAGACCAAGGCCTCGGCAGAACTCTCTGT
CTTCTCTCCACTTCTGGTCCCCTGTGGTGATGT

CACTGGATCTGGCTTACAGGGGGGTCGGAAGCCTGTCCTCACCGTCTCGGGGGTTGTGGCCCCCGLCCCC
GRB2_Exon (5230234)_7423801 17 73314902 73315127 CTCCCTATATGCACCCCTGGAACCAGCAAGTCCCAGACAAGGAGAGCGGAGGAGGAAGTCATGGGAACG
CAGCCTCCAGTTGTAGCAGGTTTCACTATTCC

CCGACCCCCCTGTAAGCCAGATCCAGTGGGATGTGGGAGAGCTGGGCGGTCACCTTCCCTCTTGCCCCG
GRB2_Exon (5230234)_7423802 17 73315046 73315270 GTGGCCCATCACACTCACACTGCACCCTGGGCAAGCAGTTCCCTGAACCCCCAAGGGGCTCACAACCCTT
AAAGCTGGAGCTTAAAGCCTCCTGGCTTAGTACAA

TTTTTTTTTTTTAATTTGTTTTGTTTTAAAATAAGTTAAAGGCAGTCCAGAGCTTTTCAGCCAATTTGTCTCCT
GRB2_Exon (5230234)_7423803 17 73315208 73315435 ACTCTGTGTAAATATTTTTCCCTCCGGGCAGGGGAGCCAGGGTAGAGCAAAGGAGACAAAGCAGGAGTGG
AAGGTGAGGCGTTCTCCTGCTTGTACTAAGCC

GCAAAGGCATCGAGCGGCCCTGCCCGCTCCTTTTTGTGTGTATATACGAAGAACACAGGAACAGCTGTTCT
GRB2_Exon (5230234)_7423804 17 73315938 73316162 TCTTTCAGTCATTCCAACTAAAACAGACATTTTGCATAGAGAGAATACCAGCCCACTTGGTTTCTTGTTTTTT
ATTATTGGCGTCAGCTAGGACTATACGTG

CTCACTTTGGTTGGAACTTTAGGGGGTGGGAGGGGGCGTTGGATTTAAAAATGCCAAAACTTACCTATAAA
GRB2_Exon (5230234)_7423805 17 73316104 73316346 TTAAGAAGAGTTTTTATTACAAATTTTCACTGCTGCTCCTCTTTCCCCTCCTTTGTCTTTTTTTTCATCCTTTTT
TCTCTTCTGTCCATCAGTGCATGACGTTTAAGGCCACGTAT

GAGGGTCACAGGGTGACCCGGCCAGGTGTTCTGCACTCCCTCACAGGCTGCTGTCAGAGGCAGCTTGTG
GRB2_Exon (5230234)_7423806 17 73316292 73316520 GGTTTAATTCTTTTGTATGTGTTTTACATTTTTCACTTTCTTTAAATAATTGCTTCTTGACTCTTAGACGTTCC
GGTTCACGGGGGTGACATAATTGCGGGGAAACATGC

TCTGGCCTCGGAGGTGGCCAGTCACAGACCAGGAATGCAATGTGGGTTTTTCCTGCTCCTGTTTTGCAGCA
GRB2_Exon (5230234)_7423807 17 73316470 73316725 GCCGACATACGTCCAGGCCCTCTTTGACTTTGATCCCCAGGAGGATGGAGAGCTGGGCTTCCGCCGGGG
AGATTTTATCCATGTCATGGATAACTCAGACCCCAACTGGTGGAAAGGAGCTTGCCACGGGCAGACCGG

TGAGGCTTACCTGTGGCACCTGTTCTATGTCCCGCAGGAATATCTGCTGGTTTCTGGAGACAGATGTAGAT
GRB2_Exon (5230235)_7423808 17 73317703 73317961 CTGTGATAATCCACCAGCTCATTCAAAGAATTGAACTTCACCACCCAGAGGAAGTACTTCCCGGCTCCATCT
CGGAGCACCTTGAAGTGCTGCACATCGTTTCCAAACCTGGGAGGGACAGAAAGCACATGTGA

GCAGGAAATACTTACTTGACAGAGAGGGAGAAGTCCCCAGGAGCGCTCTCACTCTCTCGGATAAGAAAGG
GRB2_Exon (5230236)_7423809 17 73321940 73322172 CCCCATCGTGCCGCTGTTTGCTAAGCATTTCTTCTGCCTTGGCTCTGGGGATTTTGCCAAAAAACCACCTAA
GGAAGGAAGGCAAGCTGGTCAACATCTGCTTCCCCACAAA
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Table 8. Primer sequences and annealing temperatures.

SNP Annealing Ambplicon Location on
reference Primer sequence (5'-3") temperature Sizg (bp) Chr 17
) (hg18)
GGGACCCTCGCATCTTAACC 7,403,443 -
3803800 - o CTGACTCGGGCTTACAAT o8 297 7,403,943
TTGTGGCCATGGTAGTGGAC .
rs2302764 58 375 77’339001'508514
CACTGGCGACCTAGGTGTTG UL,
CCGGCTCTTATTGCTTTGACATTC 7 501.971 -
rs1641510 58 352 o
TACTGTGTGCATTCTAGGCACC 7,502,471
GCTACACATAAGAGAGCGACTTC 14,890,089 -
58 333
52215299 T ATGCTTGTAGGCTTTCGAGG 14,890,589
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Table 9. Name and location of seventeen 17p BAC clones used in the probe contig.

BAC RP11-199F11 (indicated with an asterisk) contains TP53. All genomic co-ordinates are
based on human genome build NCBI35/hg17.

BAC clone

Chrl7 Position (hgl7)

10

11

12

13

14

15

16

17

RP11-636N17

RP11-698N22

RP11-558E15

RP11-222J21

RP11-98D15

RP11-186B7

RP11-199F11*

RP11-63C7

RP11-441N13

RP11-613J7

RP11-1D5

RP11-1322B12

RP11-452D1

RP11-78N21

RP11-713H12

RP11-241K13

RP11-798A22

6,189,992 - 6,395,815

6,383,241 - 6,584,761

6,990,306 - 7,197,567

7,088,883 - 7,233,441

7,230,068 - 7,427,689

7,247,848 - 7,448,344

7,441,503 - 7,598,744

7,621,604 - 7,777,353

7,743,571 - 7,903,773

7,873,762 - 8,031,618

7,944,267 - 8,096,414

7,944,267 - 8,101,875

7,994,103 - 8,170,826

8,144,297 - 8,327,145

8,270,682 - 8,444,933

8,380,249 - 8,556,678

8,495,270 - 8,702,299
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