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ABSTRACT

The human chromosome complement contains nonrandom genomic regions that are
prone to breaks and recurrently altered in tumors. These chromosomal “hot spots™ are
preferentially involved in early events of genomic instability and point to genes in
their vicinity that may participate to carcinogenesis. Amplicons and deletions are
frequently generated at “hot spots”, including common fragile sites (CFS), and are
thought to host cancer genes whose rearrangements drive cell proliferation and
promote the initiation and progression of cancer. Chromosomal “hot spots” in South
African cancer patients, were investigated in this study with a view to characterizing

underlying gene alterations.

A chromosome 12p amplicon was mapped and array comparative genomic
hybridization (aCGH) was pioneered to identify candidate genes in the amplicon.
Genes of the 12p stem cell gene cluster (NANOG, STELLAR and GDF3) were
involved in striking similarity to what has been reported in testicular germ cell tumors

and suggest that they may be more commonly involved in different types of cancer.

Two tumor suppressor genes, FHIT and WWOX, are located at the two most
commonly expressed fragile sites, FRA3B and FRA16D respectively. Alterations in
these fragile site associated genes have been reported in a variety of tumors including
lung, esophageal, gastric, breast and cervical cancers most frequently as a result of
submicroscopic deletions. Genomic deletions at CFS have been mostly investigated
using loss of heterozygosity assays that do not necessarily inform on gene exon

deletions. A new method was developed based on multiplex ligation-dependent probe

vi



amplification (MLPA) that screens for exon deletions/amplifications of genes at CFS.
The assay was validated on five esophageal squamous carcinoma cell lines and

showed deletions in the FRA3B-associated gene FHIT in four of the cell lines.

Two geographically distinct South African cohorts of esophageal squamous cell
carcinoma were then screened for FHIT/WWOX exon deletions and a visual basic
(VBA) encoded program was written to automate MPLA products analysis. A high
frequency of intragenic deletions in FHIT and/or WWOX (73%) was observed in the
Eastern Cape cohort. FHIT deletions were seen in 27% of specimens from the
Gauteng cohort, which by contrast did not show WWOX deletions. This difference

may however reflect a difference in sampling collection.

The breakpoints of a translocation t(3;11)(p14;p15.1) present in an ovarian carcinoma
cell line was characterized using the above MLPA assay, aCGH and the polymerase
chain reaction. The translocation was found to interrupt the FHIT gene making it the
5™ cancer associated translocation involving FHIT. The evaluation of gene relative
copy number by aCGH and MLPA were highly correlated further validating the

power of the MLPA assay in fresh tissue.

The involvement of critical genes at “hot spots” in SA cancer patients was high in the
context of this study raising questions about the possible role of environmental
exposure. The new MLPA assay may assist to expand the screening of critical genes

at fragile sites in the future.
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CHAPTER 1

INTRODUCTION

Within the last 20 years research in cancer has enabled considerable progress in disease
management and early diagnosis. This has occurred primarily through the identification of
predisposing gene mutations and molecular markers that also serve as therapeutic targets.
Cancer as a disease, remains difficult to define as a single entity; most investigators view
it as a collection of different diseases (Vogelstein and Kinzler 2004), a view which is
supported by the discovery of specific molecular genetic signatures in different types of
cancer (Herbst and Lippman 2007; Poulsen, et al. 2005). However, some common features
are shared by all cancer cells, namely cellular functions such as cell renewal, cell
proliferation and in particular, genetic instability are always altered. This implies the
common participation of fewer biological pathways/functional systems than genes that are

shared by all cancers, among which the DNA repair system plays a central role.

It has also become clear that cancer arises within the context of the interplay between the
host genetic constitution and its environment. While inherited genetic predispositions that
compromise a key gene (e.g. the adenomatous polyposis coli (APC) tumor suppressor
gene in colon cancer) are known to lead to a sequence of molecular events that result in
malignant transformation (Bertholon, et al. 2006), there is at the same time, mounting
evidence to suggest that carcinogens target preferential regions of the genome, or
chromosomal “hot spots” (Tsantoulis, et al. 2007). It is speculated that once altered, these

“hot spots” may subsequently facilitate or participate in the steps that promote



carcinogenesis. These regions are common to all individuals and can be rearranged in a
variety of cancers, raising the notion that they could represent a common feature in many
cancers (Bartkova, et al. 2005). At the centre of the interplay between host and
environment, these “hot spots” reflect both the exposure to external toxic factors and the
level of efficiency of the DNA repair mechanism inherent to an individual genetic

constitution.

From a molecular cytogenetic perspective, we understand how a chromosomal
translocation activates (or, less frequently, deactivates) a “key” gene/oncogene through
gene rearrangement. The Philadelphia chromosome translocation t(9;22)(q34;q22) and its
resulting chimaeric gene product BCR-ABL, for example, results in a constitutive
activation of the ABL oncogene tyrosine kinase activity (Randolph 2005) and epitomizes
this mechanism. This translocation is strongly associated with Chronic Myeloid
Leukemia (CML) (Randolph 2005). We also understand how chromosomal deletions can
eliminate one copy of a tumor suppressor gene and facilitate steps for the inactivation of
the other allele on the chromosome homolog. Chromosomal unstable regions, or “hot
spots” on the other hand, have been more elusive with regard to their role in cancer
initiation and progression since they could be byproducts of genetic instability without any
down stream functional consequence. The presence of key genes located within these loci

has changed this notion.

Two types of chromosomal “hot spots” are examined in this thesis: chromosomal

amplification (amplicon) and chromosomal fragile sites.

Amplicons are genomic regions increased in copy number and undergoing cycles of

amplification with subsequent cell divisions. They are common in solid tumors (Vogt, et



al. 2004). Their mechanism of formation is unclear, but recent evidence points to the
involvement of neighboring unstable genomic regions, many of which (but not all)
correspond to fragile sites. Importantly, it is thought that the mechanism of DNA
amplification is driven by a key gene, or cluster of genes, that confers a proliferative cell
advantage (Miller, et al. 2006). These key genes have both diagnostic and therapeutic

values and they often constitute valid targets for therapy.

The HER2 amplicon for example, results in an increased HER2 gene copy number in
+30% of breast cancer patients. HER2 is an epidermal growth factor receptor that becomes
constitutively activated as a result of amplification. HER2 amplification is associated with
a more aggressive disease (Sawyers 2005). The specific antibody-derived therapy,
Herceptin, targets the HER2 oncogene and is used successfully in patients who have
HER?2 amplification. The effectiveness of this drug underscores the importance of

identifying new cancer target genes contained in amplicons.

Fragile sites (Figure 1.1) often delineate the boundaries of amplicons, but are also in
themselves the site of frequent genomic deletions. They were originally identified as
chromosomal regions that form gaps under culture conditions of replication stress and
they are sensitive to external carcinogens (Yunis, et al. 1987). Several tumor suppressor
genes map at the location of the most common fragile sites (Huebner and Croce 2001), but
the nature of their role in carcinogenesis has not been completely elucidated. The main
method of investigation of genomic aberrations at fragile sites has been loss of
heterozygosity. However this method does not inform on the exon composition of genes
localized at these loci and hence on the functional consequences of deletions observed in

some tumors. While the most common fragile sites in cancer have been investigated in



other parts of the world, they have not been studied in South Africa (SA) to a great extent.
In particular, they have not been investigated in esophageal squamous cell carcinoma
(ESCC), known to have a high geographical prevalence in the Eastern Cape, the incidence

of which is strongly associated with external carcinogens exposure.

Figure 1.1: Chromosomal “hot spots”: chromatid breaks at fragile sites are shown here.
Breaks at these sites can promote both the formation of amplicons or critical gene
deletions.

A brief and general overview of the main lines of cancer research follows to contextualize

this work. Amplicons and fragile sites are reviewed in their respective chapters.



1.1 A brief overview of cancer

1.1.1 Cancer is a genetic disease

Cancer is a “genetic disease”. This view is now generally accepted, as emphasized in a
review (Vogelstein and Kinzler 2004). It signifies that every cancer cell carries some
acquired or inherited genetic aberrations. Over the last 15 years, a great deal of research
effort has gone into the identification of inherited predisposing gene mutations responsible

for a host of familial cancers.

1.1.2 Inherited genetic predispositions

The study of familial cancer cases has promoted the discovery and characterization of
several key genes, which, as single polymorphic alleles, confer a high risk of malignancy.
These polymorphisms are rare functional alleles and have a high phenotypic penetrance.
The most common genes involved include: BRCA1 and BRCA2 in breast and ovarian
cancer; APC, MLH1, MLH6 and MSHI1 in colon cancer; VHL in renal cancer; p53 in Lee
Fraumeni syndrome; RB in retinoblastoma; and XP in Xeroderma Pigmentosum, to cite
the main ones (Marsh and Zori 2002). Their detailed investigation has brought
considerable new knowledge regarding the mechanisms, molecular pathways and stages of
malignant transformation. However, the majority of cancers are not explained by familial
mutations. While additional predisposing mutations are likely to be uncovered, they will

probably not account for more than 30 percent of all cancers (Verkasalo, et al. 1999).



A different model for the involvement of genetic factors in “sporadic” cancers was
proposed. It was thought that several polymorphic alleles may together influence cancer
susceptibility, acting in synergy (Pharoah, et al. 2002; Ponder, et al. 2005); under this view
cancer was coined a polygenic disease. This concept is supported by mouse models
(Nagase, et al. 1999), where the co-participation of several loci together has been shown
to confer resistance to malignant induction. There is no mechanistic explanation for most
of these gene allele associations, and they do not provide any answer as to the cause of
cancer. The co-participation of multiple alleles is therefore likely to remain difficult to
assess with respect to their associated risk, especially if new mutations have recently
arisen at different gene sites, as suggested by Balmain (Balmain, et al. 2003). These
studies require numerous and complex analysis of haplotype associations in large
population groups, backed up with mouse experimental models. While the results will
clarify which genes may participate in carcinogenesis and may signal higher risk
individuals, it will remain difficult to know if, how and when to intervene for these

individuals.

Given these circumstances, and taking into consideration that the environment is an
important induction factor, including in hereditary cancer, it will be important to clarify
the part played by toxic exposures, (ionizing irradiations, viruses, tobacco, chemicals and
other toxins) (Table 1.1), and evaluate the impact on the genome stability. This should

significantly contribute to preventing cancer and developing adapted screening strategies.



1.1.3 Interaction between the host genome constitution and

environmental factors

As stated earlier, the altered genetics in cancer cells results from the dynamic interactions
between a host’s genetic susceptibility and carcinogen exposure. Some external
carcinogens are well known, such as smoking, ionizing radiations, toxic chemicals, (such
as benzene) and viral infections, to cite the main ones. Smoking has been associated with
an increased expression of fragile sites (Stein, et al. 2002). Other carcinogenic sources
have been revealed in the cellular microenvironment. Hypoxia in the cellular
microenvironment for example, affects fragile genomic regions and leads to gross genetic
aberrations (Coquelle, et al. 1998). In vitro oncogene induced replication stress was also
shown to preferentially target fragile sites (Tsantoulis, et al. 2007) and it would be
interesting to assess if a similar stress induction may be involved in Neuroblastoma where
neighboring non-cancerous cells can trigger cell transformation (Wu, et al. 2005; Zhu, et
al. 2002). The table below illustrates the relationship between genotoxic factors, their
impact on the genome, and the resulting biological consequences that lead the cell into a

malignant phenotype.



Table 1-1: Interactive events in cellular transformation

Genotoxic factors Microcellular Gene Biological cellular
environment rearrangements consequences
External agents:
Oncogene activation
lonizing radiation (IR), ultra | Ageing Activation of cell proliferation/
violet (UV) Tumor suppressor inactivation survival mechanisms
Angiogenesis
Smoking, alcohol consumption, Alteration in  genes  monitoring | Block in differentiation
poor nutrition Hypoxia genome stability
Deficient  cell-cycle  check
Toxic exposure (benzene) Stromal cells Telomerase activation points
Viruses (HPV, HBV) Epigenetic ~ changes  (methylation | Inhibition of apoptosis
pattern)

Bacterial infections

Internal agents:

Genetic predispositions:

Rare high penetrance

allele or

polygenic susceptibility
Reactive oxygen species (ROS)

Hormonal imbalances

Loss or amplification of miRNA

Mitochondrial alterations

1.1.4 Acquired somatic mutations and cancer gene activation

Whether sporadically acquired or as a result of predisposing inherited mutations, a variety

of differing nucleic acid aberrations can occur in cancer. The only meaningful genetic

events in cancer cells are those activating key “gene(s)”, which will provide the cell with a

selective growth advantage and initiate clonal expansion. The nature of aberrations ranges

from single point mutations and epigenetic modification to chromosomal deletions,

amplifications, numerical aberrations and complex translocations. The term ‘“‘somatic

mutation” generally refers to any of these rearrangements, provided they occur during

mitosis in somatic tissues and not in germ cells. Chromosomal aberrations in particular,

provide powerful mechanisms of oncogene activation and tumor suppressor inactivation.




Oncogenes can be activated by simple transposition to another chromosome location that
places it under the control of an active promoter and drives its over expression. This is the
case for B cell lymphomas, where a variety of oncogenes are transposed and then fall
under the control of the immunoglobulin gene heavy chain (IgH) promoter (in 14q23),
which is actively transcribed in B cells (Butzler, et al. 1997; Martin-Subero, et al. 2005).
Alternatively, a translocation can create a novel chimaeric gene made of two different
gene regions and that acquire transforming properties; this is the case for the tyrosine
kinase activity of the Philadelphia chromosome translocation mentioned earlier. Many
translocations associated with acute leukemia work in this way and involve transcription
factors (TF) that reciprocally swap their “activation” and “DNA binding” domains. This
alters the expression of all responding downstream genes with major cellular
consequences (Rowley 1998). Tumor suppressor genes can be inactivated by simple
chromosomal deletion, point mutation, interstitial deletion, or translocation and
subsequent inactivation of the other allele. This is the case for the Retinoblastoma gene
for example (Kuchino 1994). Other genes involved in cancer normally function by
maintaining the genome stability. Their role is to either repair DNA (due to replication
errors, or after exposure to mutagens). They also ensure the control of the cell cycle
checkpoints. Many inherited predisposing genes belong to this category and their
alterations can also be acquired. BRCAI1, for example, is involved in a DNA repair

mechanism. Mutations that attenuate this function result in an increased risk of cancer.

The role of chromosomal “hot spots”, on the other hand, has not been completely clarified.
While it has long been recognized that specific chromosomal regions are more prone to
breaks than others (Yunis 1988; Yunis 1990), their functional participation in malignancy

has remained unclear until recently. Fragile sites that manifest as chromatin breaks and are



the site of frequent deletions, may occur as a mere consequence of genetic instability in
cancer cells. The identification of several tumor suppressor genes at fragile sites (Smith, et
al. 2007) and driver (onco)genes in amplicons (Myllykangas, et al. 2006) has recently
highlighted their functional importance in either initiating or facilitating the process of
malignancy. The recent report of non random involvement of genes at fragile sites in

different cancers reinforces this idea (McAvoy, et al. 2007).

1.1.5 Current molecular strategies aimed at characterizing cancer gene

mutations

Apart from linkage and familial studies conducted in inherited forms of cancer, the main
genome-wide approaches to identifying molecular markers, signatures and potential target
genes in tumors have expanded considerably, (Genome-Wide Association Studies
(GWAS, http://grants.nih.gov/grants/gwas). Two general approaches make use of
biochemical knowledge, while a third uses a whole genome approach for expression and

copy number analysis.

a. Identification of biochemical and related molecular pathways

The molecular dissection of inherited cancer-predisposing mutations and the study of
related tumor genetic aberrations have revealed several functional “molecular pathways”
at work in the steps to cell transformation. In Vogelstein’s words: “there are many fewer
pathways than genes” (Vogelstein and Kinzler 2004). The alteration of any of several
genes that belong to the same pathway leads to the same phenotypic consequence; thus, an

increasing knowledge regarding the genes involved in these pathways and the nature of

10



their role, facilitates in turn the functional characterization of new candidate cancer genes

involved in the same pathway.

b. Sequencing genes encoding protein kinases in cancers

Another large-scale approach to probing for “cancer driver genes” has recently been
reported. It involves the systematic sequencing of all known protein kinases, screening for
somatic point mutations present in a variety of tumors. Based on the assumption that only
non-synonymous mutations (altering the gene protein products) would respond to a
biological selection (mutation promoting cell growth), a higher than expected ratio of non-
synonymous mutations versus synonymous mutations in 120 genes provided evidence for

their contribution to carcinogenesis (Greenman, et al. 2007).

¢. Molecular signatures

The use of micro-arrays in oncology has revealed several cancer-specific “signatures” in
differing types of cancer. First expression signatures, with expression arrays (Valk, et al.
2005), and more recently copy number profiles, obtained with comparative genomic
hybridization (CGH) arrays (Rubio-Moscardo, et al. 2005), have been characterized. The
complexity of available information and the number of alterations observed in tumors
poses a challenge to efforts to unravel both the sequence and meaning of specific genetic

events involved in the process of carcinogenesis.

The characterization and screening of non-random chromosomal breakpoints
remains a powerful approach for the mapping and cloning of oncogenes and tumor
suppressor genes (Rowley 1998), yet, very few studies have adopted a genome-wide

approach with regards to chromosomal “hot spots” alterations in cancer. Three recent

11



studies stand out that confirm the early and nonrandom involvement of genes located in

these regions (McAvoy, et al. 2007; Myllykangas, et al. 2006; Tsantoulis, et al. 2007).

1.1.6 How the study of chromosomal ‘hot spots” can contribute to

knowledge and management of cancer

Environmental carcinogens and induced replication stress can directly affect “breakage-
prone genomic regions” (Bartkova, et al. 2005; Gorgoulis, et al. 2005; Stein, et al. 2002;
Tsantoulis, et al. 2007; Yunis, et al. 1987). An increased rate of breaks at these sites, may
therefore either reflect significant exogenous exposure, exceeding the cell repair capacity,
or a genetically deficient host repair pathway (particularly affecting the single strand
DNA-break repair pathway). Both environmental and genetics factors are in essence co-
participating in the process of carcinogenesis, with a respective contribution; the figure

below illustrates this interplay (Figure 1.2).
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Figure 1.2: Model showing the respective contribution of environmental (in green) and
genetic in (blue) factors in cancer development.

The green triangle represents a gradation in the contribution of environmental factors; all
cancer at the top of the figure represent sporadic cancers caused by heavy mutagenic
exposure (i.e. massive exposure to ionizing radiations, for example); at the bottom would
be most of the rare inherited predisposing alleles associated with a high risk of
malignancy. With respective gradation of both genetic (in blue) and environmental factors
(in green) along the vertical axis of this figure, most cancers would fit somewhere in the
middle, where the dynamic interaction between the host genetic susceptibility and
environmental DNA damaging agents is critical.

The study of DNA damage at chromosomal “hot spots”, interpreted together with
epidemiological data, may signal the presence of environmental toxic exposure. Whether
this occurs in a multifactorial predisposing genetic background in a subpopulation group
shown to have a higher incidence for a particular cancer, would then have to be
determined by population-based studies, but the detection of an excess rate of mutations at
these sites justifies preventive efforts that explore and address the environment. In

particular, the extent of deletions at fragile sites in endemic regions with a high prevalence

of cancers clearly needs to be ascertained.

Deletions and amplifications may develop at these chromosomal regions and when they

persist in cancer cells, they are likely to signal the presence of genes whose function has
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been mechanically altered to support malignant cell growth (Ciullo, et al. 2002; Huebner,
et al. 1998b; Miller, et al. 2006). There is a strong need at present to identify or confirm
valid cancer targets for their use as both markers of disease and potential targets for
therapy, and the study of recurrent breaks/amplicons is instrumental to their identification.
A number of amplicons have not yet been characterized for the presence of oncogenes.
Deletions of tumor suppressor genes at fragile sites may need to be clinically evidenced
for potential future target therapy. The gene FHIT at FRA3B has already been shown to

have effective anti-cancer activity in experimental mouse models (Dumon, et al. 2001a).

There is the intriguing notion that early cancer events are accompanied by an increased
fragile site expression in a variety of cancers (Bartkova, et al. 2005; Gorgoulis, et al. 2005;
Tsantoulis, et al. 2007); this would qualify them as useful predictive markers. The main
method used up until recently to detect DNA copy number changes at fragile sites has
been loss of heterozygosity (LOH), which may not always reflect true deletion but
homodisomy, and does not inform on gene aberrations at these sites. This technique may
have underestimated the number of rearrangements at these spots. While genomic arrays
will contribute significantly to these investigations they are expensive and less suited to
clinical screening. A cost effective screening method based on relative gene copy number

would assist in detecting functional lesions in relevant cancer patients.
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1.2 Aims of this Thesis

The main goal of this project was to investigate chromosomal “hot spots” in South African
cancer patients, with a view to characterizing underlying gene alterations, with an
emphasis on esophageal cancer of high prevalence in SA. Multiplex ligation-dependent
probe amplification (MLPA) was used to design and develop a new screening approach
for genes at fragile sites. The use of Comparative Genomic Hybridization (CGH) array

was pioneered locally to characterize breakpoints at fragile sites.

The following specific objectives summarize the project and serve as a structure for this

thesis:

1. To characterize a chromosome 12p amplicon in a secondary leukemia of iatrogenic
origin and identify the potential driver genes contained in this amplicon. The rationale
was that the high recurrence breakpoint at 12p and the overlap with an amplicon described

in germ cell tumors suggested the presence of common driver genes (Chapter 2).

2. To develop and evaluate a new molecular screening test to detect DNA alterations
affecting exons in genes at fragile sites. This was performed using the MLPA technique
(Chapter 3).

3. To assess the exon copy number of two genes (FHIT and WWOX) at the two most
commonly expressed fragile sites, FRA3B and FRA16D, in two geographically

separate South African cohorts of esophageal squamous cell carcinoma (Chapter 4).

4. To automate the analysis of multiple probe fluorescence data for the MLPA test
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developed and make suggestions for future improvements to the test (Chapter 4).

5. To characterize a translocation t(3;11)(p14; p15.1) mapping at the fragile site FRA3B

and to assess if the breakpoint interrupted the tumor suppressor gene FHIT localized in

this locus (Chapter 5).

Chapter 6 includes concluding remarks and outlines future work directions.
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CHAPTER 2

CHARACTERIZATION OF A 12p AMPLICON BY COMPARATIVE GENOMIC
HYBRIDIZATION IN A PATIENT WITH SECONDARY MYELOID LEUKEMIA
INVOLVEMENT OF THE STEM CELL GENE CLUSTER

2.1 Introduction

2.1.1 Amplicons in cancer

Amplicons are discreet chromosomal regions that are dynamically amplified during
successive somatic cell divisions to varying degrees of additional copy numbers. They
result in the amplification of genes located in this region and usually correlate with an
increased gene expression (Hyman, et al. 2002), although there are a few exceptions in
which the amplified genes are not necessarily over-expressed (Platzer, et al. 2002). The
mechanisms underlying DNA amplification are not fully understood, but at least two
different modalities have been well characterized. First, the majority of intra-chromosomal
amplicons are organized in large inverted repeats (Hellman, et al. 2002), and this structure
suggests that they occurred through “breakage-fusion bridge” (BFB) cycles (Figure 2.1).
This BFB mechanism, first described by Barbara McClintock (Mc Clintok, 1951), is
probably the commonest in terms of amplification. It has since been observed and
characterized by molecular cytogenetic techniques in early amplification events that occur
in in vitro induced experimental models (Toledo, et al. 1992). On the other hand, extra
chromosomal amplicons such as “double minutes” have been shown to originate from the

excision of a single DNA molecule, followed by unequal segregation (Vogt, et al. 2004).
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The molecular characterization of other amplicons suggests that there are other
mechanisms more rarely involved in DNA amplification events; these have not yet been

elucidated (Kuwabhara, et al. 2004).

Amplicons are frequently observed in solid tumors and often correlate with an increased
copy number and consequent over-expression of key oncogenes that map in the region.
The in vitro experiments cited above, where the amplification of genes that confer drug
resistance were induced (Toledo, et al. 1992), support the following scenario: a key gene,
whose activation confers a cell growth advantage, is selected for during the successive cell
divisions and drives the process, hence the amplicon. This is illustrated in Figure 2.1,

which also depicts the BFB cycles mechanism.
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Breakage Fusion Bridge Cycles
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growth
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Figure 2.1: Schematic representation of breakage-fusion bridge cycle.

Chromosomes are shown in blue, centromeres in orange and telomeres in green. Breaks
are shown with red double arrows and chromatid loose ends are pink. The amplified
region carries a key driver gene A. Top left: initial break which, after DNA replication,
results in two sister chromatids with loose ends, uncapped by telomeric sequences. Top
right: Fusion of the uncapped sister chromatids forming a dicentric chromosome. Bottom
right: the dicentric forms a bridge over the mitotic spindle, and is pulled in opposite
directions by the two centromeres, each of which migrates to opposite poles of the cell.
This leads to a second break at the anaphase stage of cell division and in two daughter
cells with both uncapped chromosomes and an unequal copy number representation of the
driver gene(s) A. The cell carrying more copies of the driver gene is selected for.
Chomatids, with loose ends in pink, will fuse again, leading to another BFB cycle during
the next cell division.
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This BFB scenario is at play in an amplicon commonly observed in gliomas where the
epidermal growth factor receptor (EGFR) is the driver oncogene (Vogt, et al. 2004). This
mechanism is also highly likely in the HER2 oncogene process of amplification which is
observed in 30% of breast cancer patients (Mano, et al. 2007). Both EGFR and HER2
oncogenes are involved in a variety of cancers where their recurrent amplification status
has led to the development of specific antibodies targeting their respective protein
products for therapeutic intervention. Both “target therapies™ are now successfully used in
cancer patients who are positive for the respective intra-chromosomal 7q (EGFR) and 17q
(HER2) amplicons (Mano, et al. 2007; Ramalingam and Belani 2007). These two
examples underscore the importance of mapping tumor-associated recurrent amplicons in

order to identify potential target genes.

While amplification is thought to be driven by a key gene(s) conferring a cell proliferative
advantage, the boundaries of amplicons are clearly unstable regions of the genome that are
prone to recurrent breaks under adverse external conditions. Several amplicon boundaries
have now been mapped and found to lie within common fragile sites (CFS) in both tumor-
and drug-resistant cells (Hellman, et al. 2002; Kuo, et al. 1998; Miller, et al. 2006). For
example, the MET amplicon on 7q has its centromeric boundaries in the FRA7G at 7q31.2
(Hellman, et al. 2002; Miller, et al. 2006) and the duplicated region encompassing the PIP
gene in breast cancer has boundaries in the FRA7I locus at 7q35 (Ciullo, et al. 2002).
Fragile sites are therefore thought to be instrumental in the initiation of the amplification
process, which is then driven by proliferative growth promoting genes. However, other
amplicons have been described which do not localize near known CFS (Kuwahara, et al.
2004), inferring the existence of other types of unstable DNA domains involved in these

breakpoints.
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2.1.2 Chromosome aberrations and 12p in secondary leukemia

The biological events that trigger the evolution of a malignant phenotype in secondary
leukemia remain virtually unknown. In most cases, therapy-induced myelodysplastic
syndromes (MDS) and acute myeloid leukemia (AML) are associated with a clonal
monosomy or deletion of chromosomes 5 or 7 (Heller, et al. 2003; Weiss, et al. 2003).
These abnormalities are usually followed by an increased chromosome instability and
emergence of additional aberrations that parallel the progression of the disease. It is
generally accepted that the secondary aberrations are pathognomonic in the biological
steps leading to a full malignant phenotype (Pedersen-Bjergaard and Rowley 1994). Most
secondary chromosome abnormalities observed in therapy-induced leukemia are
unbalanced aberrations represented by the loss or gain of genetic material, and it has been
suggested that genomic imbalance, rather than gene rearrangement, is at work in tumor
progression evolution (Mertens, et al. 1994). Genomic imbalance in the form of DNA
amplification has not been frequently described in leukemia, and it is worth observing that
several reported cases had a prior history of anti-neoplastic therapy (Knutsen, et al. 2003;
Mathew, et al. 2000; Viguie, et al. 2002). In solid tumors, on the other hand, gene
amplification has been widely documented. This is particularly the case with the
chromosome 12 short arm, the over-representation of which has been described as the
most specific abnormality in testicular germ cell tumors (TGCT) (Looijenga, et al. 2003;
Mostert, et al. 1998; Mostert, et al. 1996; Pienkowska-Grela, et al. 2002).

Although 12p amplified sequences are infrequent in hematological malignancies
(Hoglund, et al. 1996; Mertens, et al. 1994), rearrangements of chromosome 12 short arm
are a common finding in leukemias (Hoglund, et al. 1996; Kobayashi, et al. 1996; La

Starza, et al. 1999; Raynaud, et al. 1999; Romana, et al. 1996) and have recently attracted
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considerable interest due both to the discovery of the TEL gene at 12pl13 and the

observation of frequent interstitial deletions (Strefford, et al. 2007; Vieira, et al. 2005).

The molecular mapping of chromosomal breakpoints and amplicons is essential to the
identification of key genes involved in carcinogenesis. This mapping has relied on

conventional molecular cytogenetic techniques, namely fluorescence in situ hybridization
(FISH) and conventional comparative genomic hybridization (CGH). More recently whole
genome approaches such as CGH arrays (aCGH), tiling arrays and single nucleotide
polymorphism (SNP) arrays, have considerably improved the resolution of mapping; the

former fechnique is briefly described in the following section.

2.1.3 CGH arrays

Cytogenetic CGH was developed in 1992 (Kallioniemi, et al. 1992) to detect copy number
changes in tumor cells as an alternative method to traditional cytogenetics, which is
notoriously difficult in solid tumors. The method is based on the co-hybridization of
differentially labeled normal and tumor DNA on normal metaphase chromosome spreads.
Variations in fluorescent intensity ratios (tumor versus control) along each chromosome
reflect DNA copy number gain or losses at these locations. The method has provided a
vast amount of information in nearly all cancers, but has a limited resolution and can only
detect changes larger than 5 to 10Mb. Based on the same conceptual approach, the
microarray technology enabled the production of the first CGH arrays initially using
bacterial artificial chromosomes (BACs) and cosmids clones immobilized on a slide
instead of metaphases (Pinkel, et al. 1998; Solinas-Toldo, et al. 1997). The human cloned

inserts ranged in size from 40 to 300Kb and arrays covering the whole genome reached
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the unprecedented resolution of 1Mb (Chung, et al. 2004). The use of overlapping golden
path sequencing clones then allowed for whole parts of the chromosomes to be covered,
but their number limited each array to a specific chromosomal region. More recently,
CGH arrays using oligonucleotides of +60 mer-oligonucleotide probes in coding and non-
coding regions of the genome have been developed. They allow a full coverage of the
genome with, for the Agilent 44K Genomic array, an average resolution of +35Kb

(Agilent Technologies, http://www.chem.agilent.com/). Amplicons characterized by

cytogenetics comparative genomic hybridization can therefore be redelineated at a much

higher resolution with array CGH, facilitating the identification of potential target genes.

2.2 Aims

A post radiotherapy leukemia patient presented with a very complex karyotype that, upon
further investigation, was found to be largely constituted of an increased copy number of
chromosome 12 material. Due to the recurrent involvement of chromosome 12
amplification in other tumors, it was decided to determine the molecular identity of the
12p rearrangement in this patient with a view to identify genes commonly involved in
cancer. Combined fluorescence in situ hybridization (FISH) and cytogenetic CGH

strategies were used in the first phase. Array CGH was later applied.

2.3 Case History

A 44-year-old Caucasian male underwent lymph node irradiation prior to a renal
transplant in 1986. In March 1993, he was found to have developed anemia (Hb 6.6g/dL)

and marked neutropenia (WBC of 1.2 10 °/L, neutrophils 6%). A bone marrow aspirate
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showed a mildly increased cellularity, reduced and disordered granulopoiesis, and the
presence of 30% blasts. An early secondary myeloid leukemia was diagnosed and
confirmed on a trephine biopsy. The patient was admitted five months later for a

heterologous bone marrow transplant, but died shortly afterwards of septic complications.

2.4 Materials and Methods

The project received ethical clearance (WITS Ethics committee, protocol 28/6/90) and
specimens were collected following voluntary informed consent from the patient and

volunteer.

2.4.1 Cytogenetic Analysis

Cytogenetic analysis was performed on bone marrow aspirate as well as on peripheral
blood specimens, on three different occasions. Short-term cultures were established in
RPMI 1640 media supplemented with 10% fetal bovine serum (both Gibco-BRL, Life
Sciences), 2mM L- glutamine (Sigma), 100 units/ml penicillin and 10mg/ml streptomycin
(Sigma). Cells were incubated in a 5% CO, humidified atmosphere at 37°C and harvested
the next day for karyotying and chromosome GTG-banding as per conventional methods
(the Act Cytogenetics Laboratory Manual 2nd ed. New York: Raven Press; 1991). Clonal

abnormalities were described according to ISCN (Heim 1996).
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2.4.2 DNA preparation

High molecular-weight tumor DNA was extracted from the patient’s marrow aspirate
using modified standard procedures (Sambrook J 2001). In brief, the bone marrow cells
were first resuspended in ice-cold amonium chloride (NH,Cl) and left on ice for 15
minutes to lyse the red cells. The centrifuged cell pellet (1100rpm for 10 minutes) was
then resuspended in a lysis buffer (40mM Tris pH 7.5, 20mM MgCl,, 5% Tween 20) and
incubated in the presence of 0.5ug/ul proteinase K at 56°C overnight. Phenol and
chloroform/isoamyl alcohol (24:1) extraction was then carried out and the DNA was
precipitated with absolute ethanol (+_93%) in the presence of 0.3M sodium acetate at

-20°C for 20 minutes. After a 70% ethanol wash, the pellet was dried and re-dissolved in
10mM EDTA, 5mM Tris pH 8. The DNA concentration was estimated on a
spectrophotometer. The control DNA was extracted using the same procedure, with a

peripheral blood sample obtained from a healthy female volunteer.

2.4.3 Chromosome suppression hybridization

Human genomic DNA contains high amounts of repetitive sequences that can hybridize to
many regions of the genome. In order to avoid this and retain each probe’s unique
specificity, these sequences are blocked by prehybridization to Cotl DNA enriched in
repetitive sequences, a process that is termed suppression hybridization.

Chromosomes 5 and 12 specific plasmid (pBS) libraries, kindly given by J Gray (Collins,
et al. 1991), were grown in soft agar. A large number of colonies was pooled and the
plasmid DNA was extracted by standard DNA plasmid preparations (Sambrook 2001).

Labeling was performed by nick translation using biotin-16-dUTP (Boerhinger
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Mannheim). In brief, 2ug of template DNA was mixed with nick-translation buffer (0.5 M
Tris-HCl, pH8, 50mM MgCl, 0.5 mg/ml bovine serum albumin), 0.1M -
mercaptoethanol, deoxyribonuclease 1 (DNAse I) to a final concentration of 0.06ng/ul,
nucleotide (ANTP) stocks (at final concentrations of 0.05mM of each dCTP, dATP and
dGTP, 0.0lmM dTTP) and 0.04mM Biotin-16-dUTP with 20 units of DNA Polymerase I
(Promega, USA). The reaction was incubated at 15°C for 2 hours and stopped by heating
the reaction product at 68°C for 15 minutes after the addition of 3ul 0.5M EDTA and 1ul
of 1% SDS. The labeled product was run on a 2% agarose gel to control for the fragment
size, which has to be between 200 and 500bp. After denaturation, the probes were
preannealed for 30 minutes at 37°C with a 50-fold excess of Cotl DNA (Boerhinger
Mannheim). Meanwhile, the patient’s slides with metaphase spreads were denatured in
70% formamide at 72°C for 3 minutes and dehydrated in ice-cold ethanol series (70%,
90%, 100%). The preannealed probes (from 37°C) were immediately applied to the slides
and hybridized overnight at 37°C in a humidified chamber. Visualization of hybridized
DNA was obtained using fluorescein conjugated avidin and biotinylated goat anti-avidin
antibodies (both 4ug/ml) (Vector Laboratories). Metaphasic chromosome and interphase
nuclei were counterstained with 4,6-diamidine-2-phenyllindole dihydrochloride (DAPI-

Serva) (Vector Laboratories).

2.4.4 Comparative genomic hybridization

Tumor and control DNA were respectively nick translated as described above, using
digoxigenin —11-dUTP (Boerhinger Mannheim) instead of Biotin for the control DNA.
CGH was performed as described (du Manoir, et al. 1993; Joos, et al. 1993). In brief, 1ug

of biotinylated tumor and digoxigenin-labeled control DNA, respectively, were co-
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denatured and prehybridized for 30 minutes with 70ug heat-denatured Cotl DNA
(Boerhinger Mannheim). The probe mixture was applied to the control female normal
metaphase, the tumor-hybridized biotinylated DNA was detected using FITC-conjugated
avidin (Vector Laboratories) and the control DNA with sheep anti-digoxigenin conjugated
to rhodamine (Boerhinger Mannheim). Slides were analyzed on an epifluorescence
microscope with appropriate filters for the visualization of fluorescein, rhodamine, and
DAPI fluorescence. Images were acquired and digitalized using a cooled, charged couple
device (CCD) camera (Photometrics, Tucson, Arizona). Images of different fluorochromes
from the same metaphase were overlaid using the Gene Join (Yale University) software

package.

2.4.5 Slot blot analysis

Varying concentrations of total genomic DNA from the patient and female control were
denatured in 15mM EDTA, 0.4M NaOH and applied to a nylon membrane (Hybond N,
Amersham). After blotting, the filters were baked for 2 hours at 80°C. Gel purified inserts
of the KRAS probe (ATCC Nb 41026), six YACs from the CEPH YAC library (770all,
951h6, 753112, 884f4, 924c11 and 952a6) (kindly provided by Denis Le Paslier, Centre d’
etudes du polymorphisme humain (CEPH), Paris), the N12C12 (12p13.2-p13.3) cosmid
probe (kindly provided by Dr. R. Kucherlapati, New York) and the spectrin gene mapping
on 14g22-23 and used as a control, were o’°P radiolabelled with the readyprime kit
(Amersham) as per manufacturer recommendations. All YACs and the cosmid probe were
preannealed for 2 hours with a 100-fold excess Cotl DNA (Gibco). Baked filters were
hybridized overnight at 62°C and washed under stringent conditions (0.1x SSC, 42°C).

They were then autoradiographed for 2 to 5 days. All YACs were initially hybridized to
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normal metaphases and their mapping to 12p was verified in a minimum of 15
prometaphases (results not shown); no cross-hybridization could be detected in any other

chromosomes.

2.4.6 CGH array

An oligonucleotide-based array CGH was performed on a 44K CGH array slide as per
manufacturer protocol (Human Genome microarray kit 44K, Agilent Technologies).
Briefly, 3ug of tumor and reference high molecular weight DNA were first digested with a
combination of Alul and Rsal (Promega). The patient was Caucasian, and control DNA
was from a commercially available Caucasoid reference DNA (Promega) consisting of
pooled normal male and female samples (n= 25 for each) (Promega) to correct for
variations due to copy number polymorphisms. Random prime labeling was done with the
exo-Klenow (Invitrogen); 21ul of digested DNA was added to 20ul of random primer
solution (x2.5)(supplied in the kit) and heat denatured at 95°C for 3 minutes. Ten times
dNTPs solution, exo Klenow fragment and cyanine 5-dUTP and cyanine 3-dUTP were
respectively added to the tumor and control DNA as per instructions, and incubated at
37°C for 2 hours. The labeling reaction was stopped by heat at 65°C for 10 minutes. The
labeled products were cleaned using the Microcon YM-30 filters (Millipore) and the
labeling efficiency was assessed on a NanoDrop ND-1000 UV-VIS spetrophotometer at

absorbances of A 550nm and A 650nm for cyanine 3 and 5 and respectively.

Both test and control-labeled DNA were at this stage combined and co-precipitated with
50ug of Cotl DNA (Invitrogen). They were then resuspended in hybridization solution
and preannealed for 30 minutes at 37°C. Hybridization was for 40 hours at 60°C in a

gently rotating hybridization chamber. After hybridization, the slides were carefully
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washed with stabilization and wash buffer solutions (Agilent Technologies) in a dust-free
environment. The slides were air dried and immediately scanned on an Agilent scanner.

The TIFF images were later loaded into Gene Spring CGH analytics software for analysis.

2.5 Results

2.5.1 Cytogenetic analysis

All the cells examined were abnormal, with a composite karyotype of 46-48, XY,
t(3:12)(q21;p11)[24], -5[24], del(7)(q22)[24], + r1[24], + r2[15], +marl[12], + mar2[4]
[cp24] (Figure 2.2). Although the short arm of chromosome 12 homolog (not involved in
the t(3;12)) was found to be abnormal in structure, it was not possible to ascertain and
further characterize the anomaly cytogenetically. FISH allowed for the identification of

chromosome 5-derived material within 12p, as described below.
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Figure 2.2: G-Banded karyotype of a metaphase from the patient with secondary
leukemia. Ring chromosomes are marked with arrows. The two derivatives of the t(3;12)
are marked with arrowheads.

2.5.2 Chromosome suppression hybridization

Chromosome 12-specific suppression hybridization was performed and confirmed the
t(3;12) cytogenetics breakpoint. Results showed that the der(12)t(3;12) had retained the
chromosome 12 centromeric region, and was consistent with 3q21 and 12p11 breakpoints
(Figure 2.3 A). It was also observed that the ring chromosomes consistently exhibited
chromosome 12 hybridization signals, although of weak intensity (Figure 2.3 B). It was
considered that this low level of intensity might be due to the fact that 12 sequences

involved in the rings represented several copies of a limited portion of chromosome 12
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material not enriched in the library, and that they were mixed with sequences from another
chromosome. With the aim of clarifying this possibility, other chromosome libraries were
hybridized to the tumor cells. Chromosome 5 sequences were found to be present in the
ring structures (Figure 2.3), and cohybridization of chromosome 5 and 12’s libraries
confirmed the participation of both in the rings. An interstitial deletion of 12p sequences
was also detected on the other homolog (Figure 2.3 C), and it was seen that chromosome 5
material was inserted within 12p (results not shown). This resulted in a der(12)(12pter ->
12p13::57pter -> S5?pll::12p11-> 12qter). It was not possible to determine whether
chromosome 5 DNA originated from the short arm or long arm, but this rearrangement

revealed a 12p11 breakpoint on the other homolog.

Figure 2.3: (A) Partial metaphase spread from a tumor cell counterstained with
propidium iodine after chromosome 12 painting (FITC detection).

The 12pl11 breakpoint on der(12)t(3,12) is marked with an arrow; the 12p material on the
der(3)t(3;12) is marked with an arrowhead. (B) Partial metaphase spread from a tumor
cell showing the ring maker (arrow) after chromosome 12 painting detected with FITC.
Chromosomes are counterstained with DAPI; the derivatives of the t(3;12) are marked
with arrowheads. (C) Enlargement of a partial tumor metaphase after chromosome 12
painting, counterstained with DAPI, showing the der(12) from ins(12;5)(p13pll;?)
(arrow).
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2.5.3 Comparative genomic hybridization

An analysis of 10 normal female metaphases, reverse painted with tumor DNA, revealed a
consistent signal of very high intensity confined to a short region of chromosome 12 and
mapping at 12p11pl2. An increase in intensity was also noted on the chromosome 5 long
arm, from ql1 to ql4, while the sequences ql4 to q34 were clearly showing a reduced
signal. The rest of chromosome 5 appeared otherwise normal. Taken together with FISH,
these results suggest that, although not obvious from cytogenetic metaphases, the
chromosome 5 material was involved in complex rearrangements which included an
insertion, a ring formation, and a deletion. CGH showed that only five q14q34 sequences
were truly lost (Figure 2.4). A decreased intensity on chromosome 7q confirmed the

cytogenetic del (7) (q22).
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Figure 2.4: A control metaphase subjected to CGH shows the FITC fluorescence of
hybridized tumor DNA sequences, left, and the rhodamine fluorescence of control
reference female DNA hybridized to the same cell showing a homogenous staining of
chromosomes, right. Two amplification sites at chromosome bands 12pl11pl12 (yellow
arrows) and 5q11q14 (pink arrows) can be seen. The weak staining of chromosomes 5 and
7 reflect DNA losses corresponding to deletions mapping respectively to 7q22qter and

5q14q34.

33



2.5.4 Slot blot analysis

In order to map the 12p11p12 amplicon, we assessed the gene copy number of eight 12p-
specific probes in the patient DNA, using slot blot analysis. No differences in signal
intensity could be observed between the control DNA and the patient DNA in any of the
eight 12p probes used, and these results were comparable when using the spectrin gene as

a control (Figure 2.5)

Patient Control

180 n g RS
720 ng

900 ng

440 ng

Figure 2.5: Slot blot obtained with YAC 952a6 hybridized to an increasing amount of
patient and reference DNA and showing homogenous signal intensity on both samples.

2.5.5 CGH array

Overall, the oligonucleotide CGH array results highly correlated with those obtained

through conventional CGH. Figure 2.6 shows ideograms of chromosomes 5, 7 and 12,

confirming the aberrations described above.
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Figure 2.6: Ideogram of chromosomes 5, 7 and 12 with the corresponding hybridization
signal intensity mean log ratio (blue line) of patient DNA versus reference DNA.

Images were analyzed using the CGH analytic software (Agilent Technologies). The zero
line represents an equal copy number tumor/reference; deletions are represented by all
dots on the left of this line, while amplifications are represented by dots on the right. The
solid blue bars on the outside of the graph indicate global regions of
deletions/amplifications respectively.
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CGH array confirmed the regions of amplifications and deletions on chromosomes 5 and 7
respectively and brought a much higher level of resolution, allowing precise breakpoints
to be defined as follows: chromosome 5: amp(5)(q11q13.3) and del(5) (q13.3 -> qter),

(Figure 2.6).

On chromosome 5, the breakpoints of amplification and deletion events on the long arm of
5q13.3 coincided, suggesting that a common mechanism was involved, such as breakage
fusion cycles, which selected part of the chromosome with overall selective positive and
negative growth advantage. It may in fact be that the deluding 5g-gene deleted in
secondary leukemia, could be a group of genes whose deletion sustains proliferation or
other cancer phenotypic aberrations. Of note, small regions of both confirmed deletions

and amplifications on 5p were detected by CGH array.

On chromosome 7, the region of amplification involved 7ql11.1 -> 7q21.13 cytogenetic
sub-bands and the deletion covered the 7q22.1 -> 7qter region almost entirely (Figure 2.6).
Unlike what was seen for chromosome 5, for chromosome 7, regions of amplification and
deletion were separated by a region of normal copy number implying that different

breakpoints initiated these respective aberrations.

The amplicon initially detected by CGH on 12p11.2p12.1 was confirmed by CGH array.
Given the extent of this amplicon, it is clear that YACs slot blot hybridization to tumor
DNA with the collection of CEPH YACs described above did not reflect amplification in
this region. This is probably due to a low sensitivity and the possibility that these mega

Y ACs might have been unstable, losing parts of their human inserts.
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Surprisingly, another, much smaller amplicon was revealed in 12p13.31, obviously
beyond the detection resolution of conventional CGH. Because of its small size, and due
to the fact that the same region had recently been reported to be amplified in TGCT, a full
characterization of this amplicon was undertaken. As for our patient, this p13.31 amplicon
had not been previously detected in TGCT, but was only later revealed with the high-
resolution post-genomic tools of CGH arrays. The telomeric boundary of the 12p13.31
amplicon was distal to the Tumor Necrosis Factor Receptor Super Family, member 7
(TNRFSF7), and the centromeric boundary just telomeric to the SLC2al4 gene (solute
carrier family 2, member 14, a glucose transporter). TNFRSF7 was included in the
amplicon with 46 additional genes (Figure 2.7). The proximal boundary was particularly
interesting, as it encompassed the Stem Cell Genes Cluster, including the homeobox gene,
NANOG:; the germ and embryonic stem cell enriched protein, STELLAR; and the growth

differentiation factor 3, GDF3 (Figure 2.7).
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Figure 2.7: Genomic composition of the 12p13.31 amplicon.

On the right, genes included in the amplicon are highlighted in orange; the boundaries of
the amplicon are indicated. In the three columns on the right are comparisons of genes
that are found to be both amplified and over-expressed in carcinoma in situ CIS of TGCT
(Almstrup, et al. 2005) and TGCT (Korkola, et al. 2006). The stem cell gene cluster is in
dark red.
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2.6 Discussion

Complex karyotypic aberrations observed in a patient with radiation-induced leukemia
were molecularly characterized and revealed chromosome 12 short arm amplicons with

strikingly overlapping amplicons described in TGCT.

2.6.1 Chromosome 12p breaks on both homologs and complex rearrangements

Chromosome 12 short arm anomalies were observed in addition to chromosomes 5 and 7’s
long arm partial monosomy, which are nonrandomly observed in secondary leukemia. The
12p11 region of both chromosome 12 homologs was involved in rearrangements, a
t(3;12)(q21;pl11) translocation, and a complex interstitial deletion and insertion.
Interestingly, 12pl1pl2 sequences and 12p13.31 were also amplified. A 12pl3,

breakpoint was observed on one homolog.

Chromosome 12 abnormalities are a common finding in a wide variety of hematological
malignancies. They have frequently been described in therapy-induced leukemia (Heller,
et al. 2003; Penas, et al. 2003; Weiss, et al. 2003), and are mostly reported in the form of
deletions involving various sub-bands of the short arm. Kobayashi et al. (Kobayashi and
Rowley 1995) described a proximal interstitial deletion 12(12p13p12.2) in three myeloid
leukemia patients, and suggested that cytogenetically different 12p rearrangements may in
fact “represent 12p13 translocation accompanied by an interstitial deletion ”; 12p13.2 is a
critical band which harbors the ETS-like gene, TEL/ETV6, identified and fused to
PDGFRB in t(5;12)(q33;p13) positive leukemia (Golub, et al. 1994). TEL is also

commonly involved and fused to the AML1 gene in the t(12;21)( p12;q22) found in 15 to
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35% of pediatric B-lineage ALL. TEL is further more frequently rearranged or deleted in
hematological malignancies (Amor, et al. 1998; Raynaud, et al. 1996; Zelent, et al. 2004;
Zuna, et al. 2004). On cytogenetic analysis there was a 12p13 breakpoint on one homolog,
accompanied by an interstitial deletion and juxtaposed to chromosome 5 material. On
array CGH, an interstitial deletion from 12p12.3 extending into the proximal part of the

p13.31 sub-band was clear and spanned to the TEL gene.

Concomitant with the finding of a wide range of TEL rearrangements is the increasing
number of reports describing 12p12p13 deletions (Hoglund, et al. 1996; Kobayashi and
Rowley 1995). The former study showed that one copy of the KIP1/CDKNI1 gene, whose
product acts as a CDK-cyclin inhibitor, was lost in all their patients with a del (12p). The
presence of these deletions implies the frequent existence of a proximal breakpoint in
12p11. Whether this breakpoint is of patho-physiological importance or is the mere
consequence of a significant deletion remains to be clarified. However, the presence of a
stable translocation t(3;12)(q21;p11) and the juxtaposition of chromosome 5 material to
12p11 sequences in our patient support the idea that this sub-band could harbor a gene
involved in cancer phenotype. Indeed, 7 out of 10 patients with 12p12p13 deletions in the

Hoglund et al. study had a stable translocation involving 12p11 (Hoglund, et al. 1996).

2.6.2 Chromosome 12p amplicons

The patient’s tumor cells were all characterized by one or two ring chromosomes that
were marked with a chromosome 12 library. Although ring chromosomes are not
commonly described in leukemia, the presence of ring chromosome 12 is a highly specific

abnormality described in lipomas and well-differentiated liposarcomas (Forus, et al. 2001;
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Mandahl, et al. 1987; Micci, et al. 2002; Szymanska, et al. 1997). Two distinct
amplification units, 12q14ql5 and 12q21.3q22, have been mapped by CGH in these
disorders (Micci, et al. 2002; Pedeutour, et al. 1999; Suijkerbuijk, et al. 1994a). We
speculated that the same material could be involved in our patient. However, conventional
CGH results revealed that the chromosome 12 short arm was amplified in 12p11p12.
FISH slides obtained with a chromosome 12 library showed a weak but consistent signal
on the ring chromosomes, which contrasted with the strong hybridization signal seen in
12p on the CGH slides. This observation strongly suggested that a relatively short-sized
amplicon was amplified at a high copy number.

Supernumerary iso (12p) has been described in leukemia with half of the occurrences in
secondary leukemia (Mertens, et al. 1994). Iso (12p) is furthermore a highly specific
structural abnormality seen in 80% of testicular germ cell tumors (TGCT) (Parrington, et
al. 1994; Skotheim, et al. 2006; Suijkerbuijk, et al. 1991) and was observed in mediastinal
germ cell tumors (Aly, et al. 1994). FISH and CGH-based studies on these tumors have
shown that the frequency of 12p sequences alterations is more frequent and extensive than
seen on G-banded metaphases (Korkola, et al. 2006; Suijkerbuijk, et al. 1993) and
multiple 12p copies have been detected in cytogenetically i(12p)-negative TGCT (Reilly,
et al. 1993). More recently, in several studies, 12p amplicons have been further
characterized with array technology (Korkola, et al. 2006; Skotheim, et al. 2006; Zafarana,
et al. 2003).

Two main regions of 12p seem to significantly emerge from these studies. First, the
12p11.2p12.1 sub-region amplicon, which was also described in the metastasis of a TGCT
(Suijkerbuijk, et al. 1994b), and the 12p13.31 region, more recently discovered (Almstrup,
et al. 2005; Korkola, et al. 2006). This region has recently attracted attention since it is

particularly rich in genes when compared to the rest of chromosome 12, as seen from the
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Ensembl human genome database ideogram (Figure 2.8); it is also involved in a smaller

size amplicon and contains a number of candidate cancer genes.

Figure 2.8: Ideogram of chromosome 12, depicting on the left the number of genes
corresponding to each cytogenetic sub-band. The sub-band 12p13.31 (arrowed) is one of
the richest in genes content. (Diagram exported and adapted from the Ensembl database.)

Most importantly, a cluster of stem cell-associated genes, NANOG, STELLAR and
GDF3, maps to this region. These genes are known to be coordinately expressed in human
embryonic stem cells, ESC and premeiotic germ cells; they are downregulated with cell
differentiation (Clark, et al. 2004). The same genes were found to be amplified and over-
expressed in both germ cell carcinoma in situ, CIS, (Almstrup, et al. 2005), as well as
embryonal carcinoma and seminoma types of TGCT (Korkola, et al. 2006).

It is tempting to speculate that their inadequate amplification/activation confers a cell
growth advantage and that they constitute valid candidates to be further evaluated as
potential target genes in cancer. Indeed these genes were recently found to be over-

expressed in breast cancer (Ezeh, et al. 2005).
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It can also be speculated that these genes were activated in our patient, and although we
did not have RNA source available to measure levels of expression, there has been a good
correlation between DNA amplification and over-expression regarding this cluster
(Almstrup, et al. 2005; Korkola, et al. 2006).

Interestingly, as already noted by others, spontaneous acquisition of karyotypic
abnormalities occurs in in vitro cultures of human embryonic stem (hES) cells. The
aberrations described have been gains from chromosomes 17 and 12 (Draper, et al. 2004;
Pera 2004). One of these cell lines more specifically presented with an iso 12p, implying
the presence of critical genes on chromosome 12 short arm, which support cell survival or

proliferation.

2.6.3 Possible mechanisms of amplification

The presence of two separate amplicons located at the same chromosomal sub-regions in
12p in both our patient and many TGCTs is intriguing and suggests some common
mechanism initially involving regions prone to breaks. Interestingly, in a CGH
investigation of chronic B cell leukemia, Bentz et al. (Bentz, et al. 1995) described a

patient with two amplifications on 12p13 and 12p11p12, respectively.

There are no known fragile sites in 12p; however, it is a likely possibility that BFB cycles
were involved with the number of uncapped chromatid ends generated by initials breaks.
It seems likely that ring formation occurred as a result of the complex chromosomes 5 and
12 rearrangements. The presence of several breakpoints on chromosomes 5 and 12 seems
to have facilitated chromosome fusion, resulting in the juxtaposition of chromosome

12p11p12 sequences to chromosome 5 material, on both 12 homologs (Figure 2.3), and
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possibly the region 5q11-q14, which was also amplified. This fusion derivative, having
two sticky ends, would have circularized, and subsequent cycles of amplification may
have been driven by “breakage fusion bridge cycles”. After a succession of breakages and
rearrangements, some ring chromosomes could have gained an increased copy number of
chromosome 12p sequences by gradually shortening the amplicon in size and narrowing
down to a sub-region of 12p11.2p12, in a mode similar to that observed in some in vitro
DNA amplification models (Toledo, et al. 1992). Alternatively, amplification and size
variation of the amplicon could have been caused by an odd number of sister chromatid
exchanges. Unlike the boundaries of amplicons described on chromosomes 8 and 7, there
are no known fragile sites on 12p. Bertoni et al. (Bertoni, et al. 1994) have shown that
TTAGGG sequences of centromeric origin surrounded amplified regions in PALS-
resistant hamster cell lines. They suggested that recombined events that accompany and
possibly facilitate gene amplification frequently involve consensus centromeric and
telomeric sequences. It would be interesting to test whether equivalent repetitive
sequences surround the 12p amplification/deletion breakpoints in our patient. The near-
centromeric 12p11 breakpoint, involving both homologs, could indeed involve repetitive
sequences of a centromeric nature. The connection between 12p amplification and the
12p11 translocation breakpoint [t(3;12)(q21;p11)] is intriguing and suggests an initial
common mechanism. Similar observations, where amplification clusters were
accompanied by translocation breakpoints at 11q13 (Roelofs, et al. 1993), have been
reported in breast cancer. Whether similar genes are involved in both amplification and

translocation is unknown.
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2.6.4 The 12p stem cell gene cluster as candidate target

The striking similarity of genes involved in liquid tumors, secondary leukemia and in
germ cell tumors strongly suggests that the 12p13.31 cluster may be more commonly
involved in cancer and in particular the stem cell genes NANOG, STELLAR and GDF3.
The cause of TGCT is unknown, but thought to have a strong etiological environmental
and possibly iatrogenic component, albeit of a hormonal nature (Almstrup, et al. 2005).
Our patient was irradiated for renal transplantation but it will remain to be determined

whether 12p is particularly sensitive to exogenous mutagens.

Forty-seven genes were involved in the 12p13.31 amplicon. Although the “stem cell
cluster” is a likely candidate, other genes of interest also found to be amplified in several
studies may participate in or even play the “driver role”. These genes include TNFRSF7,
GAPDH, PTPN6 and EMGI1. Assessment of other cancers with 12p amplification with
probes specific for these genes should help in establishing the extent of their involvement

in malignancies.
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CHAPTER 3

DEVELOPMENT OF A NOVEL APPROACH TO SCANNING GENES AT FRAGILE
SITES

3.1 Introduction

Besides the formation of non-random amplicons hosting cancer “driver genes”,
chromosomal hot spots represented by common fragile sites have been linked to cancer
initiation and progression (Arlt, et al. 2006; Iliopoulos, et al. 2007; Tsantoulis, et al. 2007).
These sites are known to be sensitive to a variety of external carcinogens and are
expressed as chromatid breaks or gaps under replication stress culture conditions. Genetic
instability represented by fragile sites has been poorly investigated in South Africa,
especially in cancers that are highly prevalent and whose occurrence is associated with
exposure to external carcinogens as it is the case with esophageal squamous cell

carcinoma (ESCC).

3.1.1 Fragile sites

Fragile sites are chromosomal regions non-randomly distributed in the genome, highly
prone to breaks and manifesting in metaphase chromosomes as chromatid gaps or breaks
under culture conditions of replication stress (e.g. folate deficiency or aphidicolin
exposure). There are two types of fragile sites: rare fragile sites and common fragile sites.

Rare fragile sites are sequence related and caused by the expansion of a repetitive stretch
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of di or trinucleotides (Glover 1998). Rare fragile sites are present in less than 2.5% of the
human population and are often associated with a congenital disorder caused by their
interfering with the transcription of a downstream gene. The best known rare fragile site is
the FRAXA, associated with the mental retardation syndrome,“fragile X syndrome”
(Richards, et al. 1991). Rare fragile sites will not be discussed further in the context of this

thesis.

The second type of fragile sites, common fragile sites (CFS), are present in every
individual, and like the rare fragile sites, they can be induced in vitro under culture
conditions of replication stress (Glover 1998; Glover, et al. 1984). In contrast to rare
fragile sites, they do not contain stretches of repetitive di or tri nucleotide sequences to
explain their sensitivity. Regions of high DNA flexibility as defined by sequence patterns,
have been described (Mishmar, et al. 1998). Some of these sequences share partial
analogy with rare fragile sites, but by and large, the reason for CFS fragility remains
unknown. Intriguingly CFS are evolutionarily conserved across species, which implies
that they have an important function (Glover, et al. 1998; Ruiz-Herrera, et al. 2004), and
some studies have linked them to replication origins (Raveendranathan, et al. 2006;
Toledo, et al. 2000). There are 88 common fragile sites in the human genome database
(GDB) (http://www.gdb.org/gdb/queryPublic.html) (listed in Appendix 1), although this
number can be increased by intensifying the conditions of replication stress in the culture
medium. However, only 20 of these described fragile sites account for 80% of gaps and

breaks observed in induced cultures (Glover, et al. 1984).
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3.1.2 Fragile sites and replication

Rapidly dividing tissues replicate every 8 hours, and each human cell contains 6x10° base
pairs; and as a result, 2x10° nucleotide base pairs are replicated every second in the human
body.

Conditions of partial replication inhibition induce the replication fork to stall or collapse
and produce single-strand stretches of DNA on the lagging strand that fail to complete
replication (Figure 3.1). These are expressed as chromatid gaps or breaks in the
subsequent metaphase at non-random fragile sites, CFS. Replication stress can be
experimentally induced under culture conditions that partially inhibit DNA synthesis, such
as folate deficiency or with the addition of low doses of aphidicolin, which inhibits the

polymerase a (Glover 1998; Glover, et al. 1984).

Leading
strand

Replication Fork

¥V
- Newly Replicated strands ;
[
N 4
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Figure 3.1: Replication fork. While helicase unwinds the DNA, Polymerase o (grey-blue
circle) leads the replication process on the lagging strand. The leading strand DNA is
synthesized by Polymerases 6 and €. Uncompleted single-strand stretches of DNA (large

pink arrows) on the lagging strand will produce gaps under conditions of replication
inhibition.
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3.1.3 Fragile sites are sensitive to external carcinogens

Fragile sites are sensitive to external carcinogens and their expression as chromosomal
gaps is enhanced in vivo by dietary and environmental factors (Fenech 2001; Stein, et al.
2002; Yunis 1988; Yunis, et al. 1987). Active tobacco smoking, in particular, directly
affects CFS level of expression (Stein, et al. 2002). At the same time, a number of viruses,
including the human papilloma virus (HPV), the hepatitis B virus (HBV) and the murine
leukemia virus (MLV) (which has been used as a vector for gene therapy), all tend to
preferentially integrate within fragile site loci (Bester, et al. 2006; Feitelson and Lee 2006;
Thorland, et al. 2003; Thorland, et al. 2000; Wentzensen, et al. 2004). Ethanol, hypoxia
and high doses of caffeine have also been found to trigger CFS expression, although
evidence for caffeine comes from in vitro studies (Coquelle, et al. 2002; Coquelle, et al.

1998; Guven, et al. 1999; Kuwano and Kajii 1987; Richards 2001).

3.1.4 Pathways and genes that control DNA repair at fragile sites

Casper and Glover have recently unraveled the pathway that controls the stability and
repair at fragile sites (Casper, et al. 2002). They showed that the ATR gene is the key
player. Cells deficient in ATR were found to express a high level of both induced and
spontaneous fragile sites. ATR is thought to work by activating both intra S and G2 cell
cycle checkpoints under replication stress. Cell cycle arrest allows the tracking and repair
of unreplicated strands by the protein complex ATRIP (Casper, et al. 2002). Other
important genes in this pathway include BRCA1, FANCD2, and SMCI1, all of which are
involved in DNA repair/stability. In the fragile site repair pathway, they act as
downstream targets of ATR (Glover 2006; Glover, et al. 2005) (Figure 3.2). Interestingly,

deficiencies in any of these genes have been reported to be associated with an increased
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instability of a fragile site (Arlt, et al. 2004; Focarelli, et al. 2006; Howlett, et al. 2005;
Musio, et al. 2005).

Fragile site expression therefore occurs as a result of the combined effect of cellular
damage due to external carcinogen exposure and of the “genetic fitness” of individuals (or

subgroups of populations), to repair these breaks.

Breakage Fusion Bridge Cycles

Interphase Initial Break

Selected for
growth
advantage

-«

Mitosis

Bridge
B and second break
Lost Anaphase

Figure 3.2: ATR-dependent cell cycle checkpoint that controls fragile site stability.

At the top is the replication fork; the lagging strand is replicated by polymerase o
Conditions of replication stress, shown here for specific culture conditions, will induce
cell cycle arrest in S or G2. In a genetically “fit cell” (bottom left), the RPA protein will
track the break and allow the repair complex ATRIP, made of RPA, ATR and the CHKI
proteins, to bind to the single-strand stretch of DNA. Other ATR dependant downstream
genes involved in the repair pathway are indicated, namely: BRCAI, FANCD?2 and SMC]I.
The bottom right represents events in a cell that fail to repair the single-strand break. The
latter will either be expressed as a fragile site or can alternatively further evolve into a
double-strand break (bottom).
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3.1.5 Fragile sites and cancer

In vitro experimental models have long shown that fragile sites are hot spots for sister
chromatid exchange (SCE) (Glover and Stein 1987) and they exhibit a high rate of
translocations and deletions in somatic cell hybrids (Wang, et al. 1993). Correspondence
between fragile sites and several cancer-associated chromosomal breakpoints has been
noted since the late 1980s (Yunis 1988); however, these observations did not attract a lot
of attention in the last 15 years, apart from isolated groups.

The advance of post-genomic information and some recent discoveries have, however,
started to spark a renewed interest in CFS. Indeed, a profiling of all DNA amplification
events in cancers showed that many amplification sites occurred at CFS (Myllykangas, et
al. 2006). Micro RNAs have recently emerged as functional regulators of gene
expression/translation and it is estimated that a large proportion of micro RNAs (over
50%) are located within fragile sites (Calin, et al. 2004). This is likely to imply additional
mechanisms by which CFS may functionally participate in cancer development. In
addition, increased CFS expression was also recently found to be central in pre-malignant
DNA damage response activation. Interestingly, two independent studies have shown that
in both patients and in vitro induced pre-malignant lesions, activation of the DNA damage
response is paralleled by an increased genetic instability and allelic loss at fragile sites,
before any other genomic instability is observed (Bartkova, et al. 2005; Gorgoulis, et al.
2005). This observation was recently confirmed by a study where in vitro oncogene
induced replication stress was shown to preferentially target CFS in a genome wide
analysis (Tsantoulis, et al. 2007). The detection of genetic imbalances at fragile sites may
therefore offer a powerful way to detect the “signature” of replication stress (Casper, et al.

2002) and identify pre-malignant lesions.
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Most interest in CFS, however, has been linked to the presence of deletions at the most
commonly expressed fragile sites that have been documented in a variety of cancers (for
reviews see (Glover 2006; Huebner and Croce 2001)). Their role remained uncertain until
recently, when several associated genes localized in these regions were clearly

characterized as having tumor-suppressing activity.

3.1.6 Tumor suppressor genes at fragile sites

The two most commonly expressed human fragile sites, FRA3B and FRA16D, harbor the
fragile histidine triad (FHIT) and the WW domain containing oxidoreductase (WWOX)
genes respectively (Ageilan, et al. 2007; Bednarek, et al. 2000; Corbin, et al. 2002; Ohta,
et al. 1996; Trapasso, et al. 2003). Despite some controversy regarding the involvement of
FHIT in oncogenesis, there is mounting evidence to suggest that it is more than a passive
actor, although the nature of its role in differing cancer scenarios remains to be elucidated.
FHIT is altered in a wide variety of tumors, mostly by genomic deletions and/or promoter
hypermethylation, that results in inhibition of the FHIT product. Several reports have
raised pertinent questions regarding the relevance of FHIT deletion to cancer
development: exon skipping alternative transcripts have been found in normal tissues in
addition to normal transcripts (Chen, et al. 1997; Chu, et al. 1998; Matthews, et al. 2001),
the gene lies within an unstable genomic region which may be mechanistically deleted and
the effect of hemizygous deletion in tumors is unclear. However FHIT was shown to
function as a tumor suppressor gene (Dumon, et al. 2001a; Dumon, et al. 2001b) and
FHIT was further found to induce apoptosis and modulate the expression of the DNA
damage check-point proteins Chk1l and Husl (Deng, et al. 2007; Ishii, et al. 2006). These
studies and many others show that FHIT has a definite tumor-suppressor function thus

supporting the evidence for its role in carcinogenesis.
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WWOX also participates in apoptosis (Chang, et al. 2003) and was functionally shown to
act as a tumor suppressor in knock-out mice models and to suppress tumorigenicity in
lung cancer cell-lines (Ageilan, et al. 2007; Fabbri, et al. 2005). Furthermore, WWOX
haploinsufficiency was found to be sufficient to increase tumor development (Ageilan, et
al. 2007). Both FHIT and WWOX can therefore participate in carcinogenesis when
deleted or inactivated. Both genes have small exons distributed over their respective loci,
and large intragenic deletions have been detected in a wide variety of malignant and pre-
malignant tumors (for review see (Huebner, et al. 1998b)).

In addition to intragenic deletions, the aberrant hypermethylation of 5’CpG islands in the
promoter region of both FHIT and WWOX genes has been shown to be closely associated
with their transcriptional inactivation. This second mechanism of FHIT inactivation has
been described in breast, lung, bladder and ESCC (Noguchi, et al. 2003; Iliopoulos, et al.
2005; Guo, et al. 2007). Interestingly, FHIT hypermethylation is also commonly
associated with childhood hyperdiploid B cell acute lymphocytic leukemia (ALL) (Zheng,
et al. 2004). Similarly, WWOX is also aberrantly methylated in breast, lung and
hematological malignancies (Iliopoulos, et al. 2005; Ishii, et al. 2004) as well as in
pancreatic cancer (Kuroki, et al.2004). The reversing of WWOX methylation was further
shown to result in the inhibition of cancer cells growth in breast tumors (Iliopoulos, et al.

2007).

Genomic deletions and hypermethylation appear to be the main mechanism of FHIT and
WWOX inactivation (Iliopoulos, et al. 2005; Kuroki, et al. 2003; Liu, et al. 2004;
Noguchi, et al. 2003), which validates DNA based detection studies. A DNA approach can
also make use of a significant amount of information that can be retrieved from the

retrospective evaluation of archived paraffin-embedded specimens.
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3.1.7 Fragile sites in epithelial tumors

Epithelial tumors affect tissues that are in contact with environmental exogenous factors
and they may be prone to acquiring deletions at CFS. Esophageal squamous cell
carcinoma (ESCC) is a common cancer in South Africa with a global prevalence higher
than in the rest of the world, with geographical areas of very high occurrence. In the
Eastern Cape for example, the age standardized incidence rate (ASIR) has been reported to
be as high as 76.6/100 000 and 36.5/100 000 for males and females, respectively during
the 1991- 1995 period (Somdyala, et al. 2003). ESCC ranks as the second most common
malignancy in black males and third most common in black females (National Cancer
Registry of South Africa 2004). The diagnosis is frequently delayed due to late
presentation of patients at a stage of dysphagia and it has a very high mortality rate.
Several studies (Hendricks and Parker 2002; Morita, et al. 2002; Pacella-Norman, et al.
2002) have shown that environmental factors and lifestyle habits are strongly associated
with the risk of developing the disease. In South Africa, the main identified
epidemiological risk factors include heavy smoking (Pacella-Norman, et al. 2002),
exposure to fumonisin, a fungal toxin produced by fusarium fungi growing on local maize
(Marasas, et al. 1979), and the consumption of alcohol and homemade beer fermented
from infected maize (Pacella-Norman, et al. 2002) (Dandara, et al. 2005; Isaacson 2005).
Other factors have been postulated as making a contribution, such as poor nutrition and
Human Papillomavirus (HPV) infection (Pacella-Norman, et al. 2002) (Matsha, et al.
2002), but these factors are less significant. Most of the above risk factors and
carcinogens (alcohol, tobacco consumption and HPV infection) have been shown in a
variety of studies to potentially affect the integrity of fragile sites (Kuwano and Kajii

1987; Stein, et al. 2002; Thorland, et al. 2000; Wentzensen, et al. 2004).
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In the rest of the world, several investigations have been conducted to assess the incidence
of deletions, mainly in the FRA3B locus. These have revealed varying but significant
degrees of deletions in both early cancerous lesions, as well as in association with
progression. In Japan, loss of the Fhit protein has been documented in early stages of
ESCC (Kuroki, et al. 2002), and FHIT gene alterations were also detected in association
with severe malignant progression (Kitamura, et al. 2001; Mori, et al. 2000; Noguchi, et
al. 2003; Stein, et al. 2002). While Fhit loss of expression has been documented in SA oral
cavity squamous cell carcinoma (van Heerden, et al. 2001a; van Heerden, et al. 2001b) it
was not investigated in ESCC. Only one investigation, also from Japan, reports on
WWOX gene status in ESCC, and showed that it was altered in nearly half of tumors
(Kuroki, et al. 2002). Neither of these genes has been investigated in South African

esophageal carcinoma.

3.1.8 Methods of investigation of genes at fragile sites

Genomic deletions in FHIT and WWOX have mostly been investigated using loss of
heterozygosity (LOH) analysis using polymorphic markers in separate assays. The
markers used in these studies most often lie outside the coding sequence of CFS-
associated genes and they do not inform on the functional consequences of deletions. LOH
in the respective fragile locus does not always reflect the loss of coding exons or of
protein product (Boldog, et al. 1997). In fact, they could reflect partial heterodisomy due
to somatic recombination. Somatic recombination is a likely event in cancer cells and
particularly at fragile sites that show increased sister chromatid exchanges in in vitro
models (Glover and Stein 1987). In addition, deletions within fragile sites are known to be

heterogeneous and can be heterogeneous within one cell line (Corbin, et al. 2002); in
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effect, this means that differing regions within the fragile locus can be deleted in different
cells. This could bias LOH results. Although the FHIT locus spans 1.4Mb and WWOX
spans more than 750kb (Bednarek, et al. 2000; Druck, et al. 1997), both genes code for
small transcripts of approximately 1kb.

Immunohistochemical assays (IHC) have been performed in a wide variety of tumors and
provided large amounts of data regarding the loss of FHIT protein in solid tumors. This
method remains subjective, results can vary widely with the antibody concentration used
in the assay and there is a high inter-laboratory variation with this method in general
(Vincent-Salomon, et al. 2003). Furthermore, IHC techniques do not provide information
as to the nature of the genetic events that cause protein loss. This information may be
useful regarding potential etiological factors of exposure. Reverse transcriptase
polymerase chain reactions (RT-PCR) studies are dependent on the availability of fresh
material, which is often difficult to obtain, as most biopsy tumor specimens are very small

or fixed in paraffin.

For this reason a novel approach that specifically targets the exons of tumor suppressor
genes at fragile sites may assist in evaluating the frequency of deletions likely to have a

functional impact on fragile sites associated genes expression.

3.2 Aims

The aim of this chapter was to develop a new genetic assay that provides information on
the exon composition of genes at fragile sites and that allows one to simultaneously screen

for several genes associated with fragile sites in one assay.
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The rationale was that under the exposure of common external carcinogens, one critical
site hosting tumor-suppressor genes or another, or both may be affected. One gene may
take over in driving tumorigenesis and deletions may therefore not necessarily affect all
fragile sites equally. Yet, a high rate of deletions at fragile sites would be suggestive of
replication stress. This assay could therefore provide information as to the respective
pattern of deletions at fragile sites in cancers suspected to arise from exogenous

carcinogen exposure.

In order to target several exons of several genes in one assay, the multiplex ligation
dependant probe amplification (MLPA) technology was chosen. MLPA is a new PCR
based method that evaluates copy number changes by comparative quantitation of PCR-
amplified probes that are specific for the target (Schouten, et al. 2002). It uses universal

primers that allow the amplification of numerous probes in one assay.

Five esophageal squamous cell carcinoma cell lines established in South Africa were
ideally suited to evaluate the assay. These cell lines were simultaneously characterized by
FISH and multicolor FISH by Jacqueline Brown as part of a Master’s project conducted
under my supervision. They were also cytogenetically characterized and there was
therefore extensive information on each cell line for control purposes. They also
constituted a pilot survey to predetermine the value of screening a larger number of ESCC

in South African patients.
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3.3 Materials and Methods

3.3.1 Cell lines

The five esophageal carcinoma cell lines investigated here were originally established
from five black South African male patients from the Gauteng area, with known
esophageal squamous cell carcinoma. These were previously described in the literature
and are referred to as cell lines SNO, WHCO1, WHCO3, WHCOS5 and WHCO6 (Bey, et
al. 1976) (Veale, et al 1989). The cells were grown in Dulbecco’s Modified Eagle’s
Medium (Bodmer, et al.): HAMS F12 (GIBCO) (3:1) supplemented with 10% fetal calf

serum (FCS) in a humidified atmosphere at 37°C. (Ethics clearance reference M02-07-47).

3.3.2 DNA preparation

After trypsinisation and centrifugation of the cultured cell lines, DNA was extracted from
each cell pellet by standard proteinase K digestion (performed at a concentration of
2mg/ml for 12 hours at 37°C) followed by phenol:chloroform extraction and ethanol
precipitation (Sambrook J 2001). Samples were resuspended in TE buffer (pH 8.5). The
DNA yield and sample protein purity was determined using a NanoDrop
spectrophotometer at optical density (OD) of 260nm and 280nm. The integrity of DNA

was further assessed on a 2% agarose gel.

Peripheral blood samples from 10 healthy volunteers were collected to act as controls. Red

blood cells were first lysed twice in ice-cold amonium chloride buffer and the white blood
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cell pellet was washed and collected by centrifugation. The DNA was then extracted from

the pellet in the same way as the cell lines.

3.3.3 MLPA

Technical concept of MLPA

The MLPA method was initially developed and described by Schouten et al. in 2002.

The principle of the test is as follows: a series of MLPA probes, each consisting of two
target-specific hemiprobes, are hybridized overnight at 60°C to the test DNA. Both
hemiprobes are cloned and propagated in M13 vectors. One of the hemiprobes is linked to
a stuffer sequence of variable length, which allows for the assignment of a different probe
length specific for each probe set, irrespective of the human insert size (Figure 3.3). The
hemiprobes are also linked to two end sequences recognized by universal the MLPA
primer pair. Once hybridized to the target DNA, each set of hemiprobes, designed next to
each other and separated by one or two nucleotides, is ligated at 54°C. The ligation
products are then amplified by polymerase chain reaction using fluorescently labeled
universal MLPA primers. The amplified products are separated based on size by capillary
gel electrophoresis. For each probe, the amount of PCR product obtained, as measured by
the fluorescence signal intensity, reflects the amount of target DNA in the sample, and

each specific probe’s relative target copy number can be measured.
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Figure 3.3: Principle of MLPA. The probe construct at the top shows target-specific
hemiprobes in green, the stuffer sequence of variable length in blue and the universal
MLPA primers in red.

MLPA FHIT/WWOX probe set design

In collaboration with Jan Schouten, a set of probes was designed to detect exons’ specific
copy number change in the FHIT and WWOX genes. FHIT and WWOX have 10 and 9
exons respectively. Although they span over a megabase, they code for small transcripts
each of 1095bp (FHIT) and 1475bp (WWOX). Consequently, their exons are small;
however, where possible, critical exons found to be preferentially deleted in previous
studies were covered by two differing probe sets. Twenty-one out of 23 FHIT/WWOX
target probes strictly mapped within an exon and could therefore be used to detect
modifications of expression by MLPA. Sixteen probes for the FHIT gene covering all 10
exons were produced; two different sets of target probes covered exons 1 to 5 as well as
exon 8. A single probe set covered exons 6, 7, 9 and 10. Seven probes for the WWOX
gene covered 5 out of 9 exons, with two probe sets for exons 1 and 9, and a single probe

set for exons 5, 6 and 7. Fifteen other probes for other human genes on chromosomes 3p
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and 16q, as well as other chromosomes (8p, 9q, 10p, 12p, 16p) were included as internal
control probes. The probes were designed and manufactured by Jan Schouten. Please refer

to Appendix 2 for each probe’s nucleotide sequence reference.

MLPA reaction

The MLPA reaction was performed as previously described (Schouten, et al. 2002) with
some minor modifications. In brief, £200ng of target DNA was resuspended in TE to a
final volume of Sul. Three ul of well-mixed probe cocktail was added and rapidly co-
denatured with the target DNA (5 minutes at 98°C). Probe hybridization was allowed to
take place overnight (18 hours) at 60°C. A ligase solution (MRC Holland) was prepared
the next day, added to the hybridization mixture in appropriate buffer, and left at 54°C for
15 minutes before being heat inactivated. Thirteen ul of the ligation reaction was then pre-
mixed with appropriate PCR buffers, MLPA universal primers and Taq polymerase
(SALSA, MRC Holland, the Netherlands) for PCR amplification. PCR conditions were as
follows: denaturation for 30 seconds at 95°C, annealing 30 seconds at 62°C, extension at

72°C for 60 seconds, repeated for 37 cycles.

After the first round PCR, the amplified products were run on a 2% agarose gel; this
provided a good control step for both the ligation and PCR reactions. If a specimen was
found not to have amplified, the PCR was repeated with an increased amount (up to 20ul)
of starting ligation reaction. The PCR reaction was done in duplicate with the remainder of

the ligation reaction otherwise stored at —20°C.
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3.3.4 Experimental data analysis

The PCR amplified products were separated by capillary electrophoresis on an ABI 3100
Genetic Analyzer (Applied Biosystems, Foster City, CA, USA). The peak height values
were obtained by the GeneScan analysis software (Applied Biosystems) and exported to

an Excel spreadsheet for further processing.

Ten DNA samples extracted from healthy individuals were first analyzed to assess the
pattern of probe amplification in normal tissue, exclude copy number polymorphism and
create a mean “reference control” pattern. In brief: for each probe in each sample run, the
relative peak height was calculated by dividing its absolute value by the sum of all probes’
peak height for this run. A mean normalized peak height was calculated for each probe

and a standard deviation established.

All five ESCC tumor cell lines were then processed and experiments were duplicated.
DNA was extracted on different occasions from cell cultures grown at different times.
Two to four control samples were included in each MLPA reaction. Their pattern of
amplification was verified to be consistent with that of the “reference control” established
on ten individuals. The cell lines’ amplification patterns were consistent across
experiments.

First, the ratios of the cell lines’ probe peaks to control sample probe peaks were
examined using relative peak height values (each probe’s peak height being expressed
relative to the sum of all probes’ peak height for this run, and expressed as a percentage).
The analysis of data in cancer cells is complex, however, because a large number of
chromosomal abnormalities may be present in a single sample. The normalization of probe
peaks by relative values (percentage) may therefore distort the overall profile of the probe

amplification pattern to the degree of copy number change of some of the probes. Other
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groups, using differing MLPA probe sets in cancer cells (Buffart, et al. 2005; Postma, et
al. 2005), have therefore normalized the ratio of peak heights using the absolute peak
height of “control probes” in the tumor divided by the peak height of the same “control
probes” in the reference specimen. Assigning this ratio to one, it can be used to normalize
all peaks in that run. This approach avoids the artificial co-dependence of relative peak
values; however, the choice of adequate control probes is critical due to the number of
genetic alterations that may be present in cancer cells and affect the “control probes”
themselves. Here, after first normalizing the runs with relative values, an absolute peak
ratio, cancer versus reference control, was used, selecting internal control probes whose
pattern of amplification did not deviate from that of the reference control in the same run
and that were validated by other techniques. In this study, fluorescence in situ
hybridization (FISH) and cytogenetics data were examined to validate the choice of
internal control probes. Interpretation was as follows: a deletion was scored if the ratio
was <0.7, and amplification was scored if the ratio was >1.3. Calculations were done in
an Excel spreadsheet and graphs were established for visual interpretation. An automated
spreadsheet was later developed in Visual Basic Editor (VBA), which took each analysis

step into account and is described in Chapter 4.

3.3.5 Fluorescence in situ hybridization (FISH)

Metaphases from each cell line were prepared as per standard cytogenetic techniques (the
AGT Cytogenetics Laboratory Manual, 2nd ed. New York: Raven Press; 1991), with
minor modifications to adapt to permanent cell cultures. In brief, cells were exposed to 3—

Sul of Colcemid (KaryoMAX® Colcemid solution, 10mg/ml, GibcoBRL) overnight;

alternatively 20-25ul of Colcemid was added for 3 hours. Cells were then treated with
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hypotonic solution 0.075M KCI for 20 minutes and fixed in methanol/acetic acid fixative

(3:1 v/v). Slides were prepared per standard techniques.

FISH analysis using probes specific to the short arm of chromosome 3 and the long arm of
chromosome 16 (Qbiogene) was performed as per manufacturer’s protocols (Universal
FISH protocol). Briefly, the probes were co-denatured with the target slides at 72°C in
70% formamide, 2xSSC (pH 7) and hybridized overnight in a humidified atmosphere, at
37°C. Slides were washed the next day at 65°C in 0.5 SSC/0.1% SDS for 5 minutes. They
were then counterstained with DAPI (0.2mg/ml) (Vector Laboratories) and analyzed on an
Olympus fluorescent microscope BX 61 equipped with appropriate fluorescent filters

(Chroma). Images were acquired with the Applied Imaging Genus software.

3.3.6 RT-PCR

RNA was extracted from each cell line using the Qiagen RNeasy kit (Qiagen GmbH,
Hilden, Germany), according to the manufacturer’s instructions. RNA integrity was
assessed on a 2% denaturing agarose gel and samples were quantified on a NanoDrop
Spectrophotometer. Reverse transcription was performed with the OneStep RT-PCR kit
(Qiagen). Five hundred ng of test RNA was mixed with the manufacturer’s PCR reaction
buffer, 0.4mM dNTPs, One Step enzyme mixture and target-specific forward and reverse
primers. Cycling was done on an Eppendorf Mastercycler. Reverse transcription was
performed at 50°C for 30 minutes, followed by a hot step at 95°C for 15 minutes. PCR
conditions were as follows: 35 cycles with denaturation at 95°C for 1 minute, annealing at
62.5°C for 1 minute, and extension at 68°C for 3 minutes, with a final extension at the

same temperature for 7 minutes. The full FHIT transcript was difficult to amplify and it
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was found that longer extension times significantly improved the final yield. For WWOX
amplification, the PCR conditions were: 95°C for 1 minute, 66°C for 1 minute, 72°C for 1

minute, repeated for 35 cycles with a final extension at 72°C for 7 minutes.

Reverse transcriptase polymerase chain reaction (RT-PCR) for the FHIT full transcript
was performed using previously published primer sequences (Fang, et al. 2001) (Appendix
3). Primers were designed for WWOX full transcript analysis. They were: forward primer
5’-GAGTTCCTGAGCGAGTGG-3> mapping in exon 1, and reverse: 5’-

GCTCGTTGGAGAAGAGGA-3’ mapping in exon 9.

3.4 Results

3.4.1 Amplification pattern in controls

Five males and five female control DNA samples were used to establish the relative
pattern of probe amplification in normal samples. A mean reference control pattern was
derived (380 probe points) (Figure 3.4 A).

Although the sample size was small, standard deviations were used based on previous
MLPA results and the consistency of amplification patterns (Schouten, et al. 2002;
Vorstman, et al. 2006). This was done to verify the recommended confidence interval for
interpretation of deletions and amplifications in this assay. In the mean reference control,
when each probe peak value was normalized to one, the addition of two standard
deviations above and below respectively remained within a range of 1.3 and 0.7 (Figure
3.4 B). A ratio of less than 0.7 was considered as a deletion, and a ratio greater than 1.3

was considered as a gain.
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Figure 3.4: (4) Mean “reference control” pattern of probe amplification established from
10 normal individual samples. Each probe is represented on the horizontal axis in order
of its size. The normalized peak heights are expressed in percentages on the vertical axis.

(B) Two standard deviations above and below the mean peak height (normalized
to one) for each probe are shown and validate the scoring of deletion/amplification within
the 0.7—1.3 ranges. Standard deviations are generally bigger for larger probes.
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3.4.2 Comparison of FHIT and WWOQOX DNA exon copy number in cell lines and

controls by MLPA

For subsequent experiments using the tumor cell lines, control specimens were included in

each run and experiments were done in duplicate.

Visual examination of raw data

Upon visual examination of unprocessed MLPA data on GeneScan for each respective cell
line, there was evidence of the presence of copy number aberrations (Figure 3.5, A, B and
O).

When compared to the normal controls (Figure 3.5 A), FHIT heterozygous deletions were
clearly seen in three cell lines: cell line WHCO1 (Figure 3.5 A), cell line WHCOS (Figure
3.5, B) and cell line WHCOG6 (Figure 3.5, C).

A homozygous deletion for FHIT exon 5 was also detected in cell line SNO (Figure 3.5,

O).
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Figure 3.5: (A) The probes’ fluorescent intensity is plotted on the Y-axis and the probes
are ordered by size on the X-axis in the same order as on the Excel graph shown in Figure
3.4. Cell line WHCOI raw data are represented with black arrows to indicate each FHIT-
specific probe. The pink arrows indicate the WWOX probes. A consistent decreased signal
intensity for all FHIT probes could clearly be seen when compared to the same probes in
the control specimen placed underneath. On the other hand, the WWOX probes shown in
pink were not deleted when compared to control.
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Figure 3.5: (B) Data for cell line WHCO3 on the opposite did not show any major probe
amplification differences (only probes for FHIT exons 4 and 5 have been indicated by
black arrows for simplicity).

Cell line WHCOS showed significantly decreased signals for FHIT exons 4 and 5,
indicated by black arrows when compared to the control (3.5 A).
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Figure 3.5: (C) Cell line WHCOG6 showed significantly decreased signals for FHIT exons
4 and 5, indicated by black arrows. Cell line SNO had a homozygous deletion for FHIT
exon 5 (orange arrows).

Figure 3.6 shows the same raw data exported in an Excel spreadsheet for WHCOS and the

reference control juxtaposed. A significant reduction (50%) in copy number of FHIT
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exons 4 and 5 in WHCOS5 was seen. The two control probes located on 3p were not

significantly deleted, suggesting that FHIT deletion was intragenic.
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Figure 3.6: Comparisons of the probe peak heights between the cancer cell line WHCOS5
(in dark grey) and the reference control (in white). Hemizygous deletions for FHIT exons
4 and 5 can clearly be seen.

Evaluation of the relative probe ratios: carcinoma cell lines versus controls

The analysis method mostly used and recommended for MLPA results interpretation is a
ratio derived from each probe intensity, where each probe is expressed as a percentage of
the total sum of all the probes’ intensity for that run (relative peak value). This reflects the
consistency of the pattern of probe amplification in normal specimens, as verified in the
controls for this particular probe mix in Section 3.3.1. Any probe signal intensity deviation
will be recorded in relation to the other probes.

The relative peak height value for each probe, in each cell line, was first compared to the

same probe relative peak value in the external control. Cell line WHCO3 had a probe
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amplification profile comparable to the control with no significant changes in FHIT and
WWOX (Figure 3.7, A) and the homozygous deletion of FHIT exon 5 was evident in cell
line SNO (Figure 3.7, B), both confirming visual examination.

However, except for frank homozygous deletions (as in cell line SNO) or for a probe
amplification pattern normal or close to normal (as in WHCO3), this method is not
suitable for analysis of MLPA data when too many probes are aberrant. It can be seen, for
example, in cell line SNO (Figure 3.7, B) that the second and third internal control probes,
mapping to 10p and 9q respectively, showed increase in copy number nearly double. This
could be artificially created by the extent of probe deletions in this sample that could bias
the use of percentage and relative values. Instead, an absolute ratio obtained by
normalizing data on an internal control probe should more accurately reflect gene copy

number deviation from a normal amplification pattern.
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Figure 3.7: Comparisons of the relative probe peak heights between cancer cell lines (in
dark grey) and control (in white).

The FHIT respective exon specific probes are marked FHIT El, E2, etc., and the WWOX
exon probes WWOX El, E2, etc. Internal control probes are labeled according to their
chromosomal location. A: Cell line WHCO3 showing no significant deletions or
amplification in either FHIT or WWOX probes. B: Cell line SNO showed a homozygous
deletion of FHIT exon 5 with both FHIT exon 5 probes.

Normalization of ratios on internal control probe
The peak height ratios were therefore normalized to a control probe whose amplification
pattern did not deviate from its equivalent in the external control sample in the same run

(original GeneScan data).
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The results are summarized in Figure 3.8 which shows FHIT and WWOX exons’ copy
number in each cell line. The ratios derived from absolute values were comparable to
ratios seen with relative values (Figure 3.7), but clarified the level of significance of

deletions and corrected the level of some control probe over-representation.

Cell line WHCO3 had no significant exon deletions in both FHIT and WWOX. Cell lines
WHCOS5 and WHCO6 had preferential deletions of FHIT exons 4 and 5; in addition, all
remaining FHIT exons in both cell lines had a ratio near or below 0.7 likely to reflect a
hemizygous deletion of the entire FHIT gene. In cell line WHCOI, all FHIT exons had a
ratio of +- 0.5 compatible with deletion of the gene on one chromosome and therefore
hemizygosity. In cell line SNO, the internal control probes that mapped near the FRA3B
locus, at 3p22 showed a borderline ratio (0.7) and the more distal probe at 3p25 was not
deleted (Figure 3.8), although this cell line had a homozygous deletion of FHIT exon 5.
Chromosome 3p deletions in SNO were therefore confined to the FRA3B region. In cell
line WHCOI, the probe mapping at 3p22 was deleted, putting the telomeric boundary of
the deletion between 3p25 and 3p22. Cell line WHCOS had a borderline ratio for both 3p
probes and in cell line WHCQOG6, which had a preferential deletion of FHIT exons 4 and 5,
both 3p probes showed a ratio close to, but below 0.7. These ratios are likely to reflect
hemizygous deletion of the whole 3p region 3pl4 to 3p25 in cell lines WHCOS and
WHCO6 (Figure 3.8). These results were later confirmed by SNP array analysis (results
not shown in this study). FISH analysis, using a chromosome 3 short arm library 3p,
showed two 3p copies in cell line WHCOG6 suggesting that the 3p deletion only involved
the region 3p14.2p25 (Figure 3.8 B and Table 3.1). Cell line SNO also had 2 copies of 3p
and cell line WHCO1 had 4 copies (2 large and 2 small) (Figure 3.9 A and Table 3.1). Cell

line WHCOS had a near tetraploid chromosome number of 117 with 4 to 6 copies of most
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chromosomes and four copies of 3p. MLPA does not detect balanced copy number
changes, such as tetraploidies. The unbalanced deletions of 3p were however clearly
detected by MLPA in the cell lines. Overall the FISH results showed that 3p sequences
were present in at least 2 copy number in all cell lines suggesting that the 3p deletions
were therefore specific for the region surrounding FRA3B.

By contrast, in none of the cell lines was a WWOX deletion detected, with all ratios
having values above 1. Cell line WHCOG6 showed an increased copy number for exon 1
and possibly exon 9; chromosome 16 q was, however, present in three to four copies in
this cell line (shown by FISH analysis with a chromosome 16q library, Figure 3.9 B). This
partial tetrasomy 16 was paralleled by an increased MLPA signal for some of the control
probes mapping to 16q and included in this assay. Duplicate probes for WWOX exon 1,
each showed a difference in signal amplitude in cell lines WHCO6 and WHCO3. This
may be due to the presence of an allelic point mutation in WWOX exon 1 in these cell
lines, which would result in the lack of amplification of one allele. Exon 1 was not
sequenced in these cell lines and no definite conclusion could be drawn regarding WWOX

exon 1 duplication. The same applies to WWOX exon 9 in cell line WHCO®6.
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Figure 3.8: Graphic representation of FHIT and WWOX exon copy number in each cell
line. Absolute ratios were normalized to a control probe whose amplification was
consistent with the control samples and are represented on the vertical axis. For clarity,
exons have been represented in their coding order (horizontal axis).
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WHCO1 WHCO6

WHCOS5 SNO

WHCO6

Figure 3.9: (A) FISH with a 3p specific probe (red and arrowed) in each cell line. Cell-
lines WHCOG6 and SNO had 2 large 3p signals, WHCOI showed 2 large and 2 smaller
size signals, and cell-line WHCOS had 4 large signals consistent with the near tetraploid
karyotype of this cell-line.

(B) FISH with a 16q specific probe (green signal) in WHCOG6, showing four
signals in an otherwise near diploid cell line.
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3.4.3 RT-PCR

RT-PCR were performed on 4 occasions, all 4 experiments gave the consistent following
results. In each cell line with a deletion in one or more exons of FHIT, there was an
aberrant FHIT RT-PCR expression pattern (Figure 3.10 A). Primers that amplify the full
FHIT transcript (1072bp) showed products of smaller size than expected (+_900bp in size)
in both cell lines WHCOS5 and WHCOG6; these could represent alternative transcripts of the
remaining allele. There were no normal size transcripts. Cell line WHCO1 showed a
normal size full transcript (probably corresponding to the normal allele) as well as a small
product of about 300bp. The identity of this smaller product is unclear. It is unlikely to be
an artifact due to its consistent presence across repeated RT-PCR experiments and may
represent an aberrant FHIT amplification product in this cell line. Cell line SNO exhibited
two aberrantly sized transcripts (approximately 650 and 700bp). Exon 5, which was
homozygously deleted in this cell line, is the first FHIT coding exon that ties in with the
absence of a normal transcript. RT-PCR specific for exon 5 confirmed this deletion in cell
line SNO (results not shown). Cell line WHCO3, which did not exhibit any deletion, had a
normal FHIT transcript.

This was a qualitative RT-PCR assay and not a quantitative assay, however it was
observed that FHIT PCR amplification was consistently difficult in the cell lines across
repeated RT-PCR experiments done with different starting material from separate RNA
extractions. On four occasions weak FHIT signals were consistently obtained in all the
cell lines in contrast to the control specimens and strongly suggested a decreased FHIT
expression.

RT- PCR on WWOX showed a normal amplification product size in all cell lines (Figure

3.10 B) and comparable to the control.
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1072bp—

Figure 3.10: (A) A 2% agarose gel, showing RT-PCR expression of FHIT (full transcript)
in the 5 ESCC cell lines and a control (Cl). (B) RT-PCR expression of the full WWOX
transcript in the five cell lines and controls (Cl; C2).

The combined information regarding chromosome number, MLPA, FISH and RT-PCR is

summarized in Table 3.1.

Table 3.1: Summary of FISH, MLPA and RT-PCR results for FHIT on the five ESCC cell

lines.
Cell lines Modal FISH MLPA RT-PCR
chromosome 3p copy | FHIT exon dosage deletion
number number
*
Control 46 2 Normal Normal transcript
Strong expression
SNO 47 2+ Homozygous deletion Aberrant transcripts only
exon 5
WHCO1 52 2+ 2 | Hemizygous deletion Normal transcript
small exons: 1 to 10 (Weak expression)
Aberrant transcript
WHCO3 51 2+ Normal Normal transcript
(Weak expression)
WHCO5 117 4 Hemizygous deletion Aberrant transcript only
exons 4 and 5 (Weak expression)
WHCO6 47 2 Hemizygous deletions exons 1, | Aberrant transcript only
3,4,5,7, 10 (Weak expression)
(preferential 4 and 5)

*: refers to an additional 3p copy number, full or partial.

79




3.5 Discussion

This study describes the value of an innovative approach using an MLPA assay
specifically designed to scan the exon composition of the FHIT and WWOX genes
involved at fragile sites, evaluated in the setting of ESCC cell lines established from South
African patients. Many studies have used LOH assays to detect large intragenic deletion in
genes at fragile sites (Cheung, et al. 2005; Lee, et al. 2004; Santos, et al. 2004). However,
deletions occurring within fragile sites follow a complex pattern of deletions. They vary in
size from 10 to hundred of kilobases.(Corbin, et al. 2002; Mimori, et al. 1999; Boldog, et
al.1997), they can be discontinuous, affecting separate, discreet regions of the locus
(Corbin, et al. 2002;Boldog,et al.1997), and they do not always affect coding exons
(Druck, et al. 1997). Quantitative PCR may not accurately detect single genomic allelic
loss. In the current approach used in this study the detection of deletions by MLPA is
reflected by comparative ratios (Figure 3.8) and does not depend on the presence of
informative markers. Hemi- and homozygous genomic deletions encompassing FHIT and
WWOX exons were targeted to reflect the exon dosage composition of the genes.

The internal control probe used to normalize the peak heights should be selected in each
cancer sample and should have an amplification pattern consistent with its equivalent in
control samples (2 to 4 controls for 8 to 16 test samples) included in the same run. Fifteen
internal control probes dispersed in the genome increased the possibilities. Only internal
control probes that show a pattern of amplification consistent with those of the reference
control specimen in the same run should be selected, which was done here.

In this study, there was a correlation between the presence of FHIT exon deletions and the
aberrant pattern of RNA expression in the cell lines. Although only qualitative RT-PCR

was performed, repeat experiments showed that FHIT expression was generally very low
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in the established ESCC cell lines. Due to its exon-based design, this assay would miss
intronic genomic deletions that do not affect exon integrity but may inhibit FHIT
expression, as was observed in some studies (Druck, et al. 1997). In this regard, it is
worth noting that since most of the probes were located within exons, the MLPA assay

could be used for RNA studies.

Four out of five SA ESCC cell lines had a FHIT deletion, suggesting that FHIT might be
of relevance in SA esophageal cancer, as in other parts of the world such as China and the
Asian belt, where the incidence of this type of cancer is high (Kitamura, et al. 2001;
Kuroki, et al. 2003; Liu, et al. 2004; Noguchi, et al. 2003). Exons 4 and 5 tended to be the
preferential target in three cell lines, in accordance with previous observations (Corbin, et
al. 2002; Tanimoto, et al. 2000). Cell line SNO had a homozygous deletion of exon 5 and
no functional transcript. The other three cell lines had a hemizygous deletion of FHIT
exons, with abnormal expression pattern. Experimental models have shown that either
FHIT homozygous deletion or its haplo insufficiency confers an increased sensitivity to
carcinogen exposure (Zanesi, et al. 2001;Zanesi, et al. 2005). It is possible that Fhit’s
decreased apoptotic function (Sard, et al. 1999) facilitates the occurrence of added
deleterious genetic events. The evaluation of chromosome 3p copy number by FISH as
well as the internal control probes on 3p in MLPA established that these deletions were

specific to the FHIT locus.

FHIT has previously been investigated in South African oral squamous cell carcinoma
(OSCC), which is known to share similar etiological risk factors with ESCC (van
Heerden, et al. 2001a; van Heerden, et al. 2001b). In one study, the authors found reduced

or absent Fhit protein in 12 of 17 tumors and aberrant RT-PCR products in a third of the
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cases (van Heerden, et al. 2001a). In this study, FHIT exon deletions were associated with

aberrant transcripts in the cell lines and observed in 4 out of 5 cell lines.

In contrast to FHIT, no deletion was observed of WWOX in these cell lines. Some studies
have shown the simultaneous loss of both genes in several cancers (Guler, et al. 2005;
(Ishii, et al. 2003). Since all common fragile sites are sensitive to external carcinogens,
these findings raise questions as to the sequence of events involved in these cell lines. The
FHIT locus could have been altered early in the patient’s pre-malignant cells and a clone
be driven/facilitated by its loss, FRA3B being the most sensitive fragile site (Glover and
Stein 1987). Alternatively, deletions at fragile sites could represent a later event in the cell

lines where FHIT haplo-insufficiency aggravates an already unstable genetic background.

FHIT loss, with or without WWOX loss, has been shown to correlate positively with
tumor invasiveness and poor prognosis in several cancers (breast, pancreas, gastric
cancers) (Ageilan, et al. 2004; Arun, et al. 2005; Guler, et al. 2005). At the same time, Fhit
protein loss can be detected early in some cancers, including ESCC, and appears to
correlate with both early and advanced stages of malignant transformation (Huebner, et al.
1998a; Sozzi, et al. 1998; Kitamura, et al. 2001; Mori, et al. 2000). Whether involved
early in the disease or deleted as a consequence of genomic instability and acting as a
partner in the progression of the malignant phenotype, it will be important to establish the
role of genes at fragile sites in relation to specific carcinogen exposure and disease
behavior. FHIT and WWOX inactivation have been found to be coordinated in breast
cancer (Guler, et al. 2004; Guler, et al. 2005).The FHIT/'WWOX MLPA assay may offer a
convenient method to assist in a deletion screening strategy in early tissue lesions

associated with heavy carcinogen exposure (esophageal, head and neck, and lung
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pathologies). It would 1. assist in the evaluation of the frequency of fragile sites associated
gene deletions within coding regions in these early lesions, 2. clarify whether genes at
fragile sites tend to be coordinately deleted (with a synergy of biological effects), or if
they are independently affected, suggesting that the first deleted gene may take the main

driver or facilitator role.

In conclusion, the FHIT/'WWOX MLPA assay was suitable to detect fragile site associated
genes deletions and showed that four out of five South African ESCC cell lines had FHIT
exon deletions, which justified a larger screening in SA ESCC patients and is expanded in

chapter 4.
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CHAPTER 4

ASSESSMENT OF GENES AT FRAGILE SITES, FHIT AND WWOX, IN SOUTH
AFRICAN PATIENTS WITH ESOPHAGEAL SQUAMOUS CELL CARCINOMA

4-1 Introduction

To clarify the extent of the involvement of fragile sites in South African cancer patients
and in view of the previous findings in the five ESCC cell lines (Chapter 3), two cohorts
of ESCC patients from two different geographical regions were organized. ESCC
epidemiology worldwide is intriguing and a tumor genetic screening approach may
facilitate the search for etiological factors when evaluated in the light of mutagen
exposure and the indices of hereditary genetic components. Two cohorts were selected to
assess potential tumor genetic differences.

The following review examines the epidemiology of ESCC world-wide and in South
Africa as well as the genes that have been previously investigated in the South African

setting.

4.1.1 World epidemiology of Esophageal Squamous Cell Carcinoma

World incidences

As stated before, the incidence of ESCC in South Africa is higher than in the Western part
of the world, and it ranks second and third in black males and females respectively
(National Cancer Registry of South Aftrica, 2004).

Worldwide, ESCC incidence is known to have a high geographical diversity, with pockets

of higher incidence observed in both East and Central Africa (Chopra and Chopra 1977,
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Madebo, et al. 1994), as well as in the “Central Asian belt”, including the Caspian
provinces, northern Iran (Golestan province), Turkmenistan, Uzbekistan, Kazakhstan
(reviewed in (Kamangar, et al. 2007), and parts of northern China (particularly the Huaian
region) (Wang, et al. 2006). Given the paucity of cancer registries and control case studies
covering these areas, it is unclear whether particular geographical sub-regions (pockets)
only are affected, but this seems probable. In South Africa, higher incidence rates have
clearly been observed in the Eastern Cape (Pacella-Norman, et al. 2002), with an uneven
distribution in different Eastern Cape provinces (Somdyala, et al. 2003).

It was recently observed in the USA that the incidence of ESCC was decreasing in the
black American population (although remaining higher than in the white population),
while the incidence of esophageal adenocarcinoma was rising (Holmes and Vaughan
2007). The pathology of each malignancy is different, and the epidemiological data
support the view that they have differing etiological factors. Adenocarcinoma is
associated with gastroesophageal reflux, obesity and good socioeconomic status, and
ESCC with poor socioeconomic status and exogenous carcinogens exposure (Holmes and

Vaughan 2007; Kamangar, et al. 2007; Pacella-Norman, et al. 2002).

Epidemiologic genetic component

High alcohol consumption, heavy smoking and poor dietary habits have clearly been
associated with ESCC in differing parts of the world, including the USA, Africa and
China (Brown, et al. 2001; Holmes and Vaughan 2007; Pacella-Norman, et al. 2002;
Wang, et al. 2007). However, there are many areas of the world where population groups
are exposed to a similarly high-risk profile without showing an increased incidence of
ESCC. At the same time, in some areas showing some of the highest world incidence, e.g.
Iran or northern regions of China, alcohol is not consumed for religious reasons and

smoking has only been very weakly associated with ESCC incidence (Cook-Mozaffari, et
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al. 1979; Kamangar, et al. 2007). This suggests that these populations may be exposed to
different exogenous mutagens, combined or not with local practices (such as consumption
of mold food). Alternatively an increased sensitivity linked to hereditary genetic factors
may predispose certain ethnic groups. While population clustering’s are clearly observed
with ESCC, there are only very rare cases of familial clustering. Few familial cases are
associated with the Tylosis locus (within which the causal gene has not yet been
identified) (Ellis, et al. 1994). The paucity of familial cases suggests that there are
probably, no other, or very few, identifiable high-penetrance alleles responsible for
increased ESCC susceptibility. Instead, a role for polygenic factors has been inferred, and
a large number of studies have examined the association of ESCC incidence with
functional polymorphisms in several classes of genes (Tanaka, et al. 2000; Yang, et al.
2005a; Yokoyama, et al. 2006; Zhang, et al. 2006). Genes involved in the metabolism of
environmental carcinogens, phase I/Il enzymes (such as CYPIAl, CYP2El and
SULTI1AT) (Casson, et al. 2003) or enzymes controlling alcohol and acetaldehyde
metabolism (ADH2, ALDH2) (Yokoyama, et al. 2006) have been preferentially
investigated. In South Africa, three case-control studies stand out in this regard: first, a
polymorphism in the phase enzyme CYP2E was found to be associated with an increased
risk for ESCC (Kalnina, et al. 2005). This finding contrasts with a meta-analysis of
literature studies, which reports no significant risk association with phase I/Il enzymes
except from a weak association with a polymorphism in the CYP1A1 gene (Yang, et al.
2005b). This difference may reflect other environmental selective pressures at work
locally. A second positive association was shown by another SA group with the solute
carrier gene SLC11A1 polymorphism (Zaahl, et al. 2005). This gene was investigated on
the basis of its role in inflammation. Previous reports of mutations in the TP53 CpG island

had also suggested the involvement of an inflammatory process (Sepehr, et al. 2001).
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Lastly, an increased risk association was observed with a functional polymorphism in the
sulfotransferase phase Il detoxification enzyme, SULT1A1, among smokers. The risk was
further enhanced when present in association with a CYP3AS polymorphic genotype
(Dandara, et al. 2006). SULT1A1 polymorphisms have been associated with an increased
sensitivity to a variety of cancers, and in particular those with a history of tobacco
exposure (Liang, et al. 2004; Tang, et al. 2003; Wu, et al. 2003). SULTI1A1 may therefore
represent an active player in the modulation of sensitivity to exogenous mutagens. Other
genes, yet to be uncovered, are likely to participate in this variable sensitivity and to
account for the discrepancy between the rate of critical functional polymorphisms and the
high incidence of this cancer. The extent and strength of these genetic factors remain to be

clarified.

Environmental factors

Environmental factors act in a complex interplay with individuals’ genetic constitution,
and the weight of their contribution in ESCC becomes clear in circumstances where
geographical relocation of high-risk population groups correlates with a decrease in ESCC
incidence. This was the case for immigrant Arabs who moved to African Zanzibar
(Chopra and Chopra 1977) and this phenomenon underscores the importance of such

exogenous factors, which may otherwise remain unsuspected.

In South Africa, in addition to tobacco and heavy alcohol consumption (Hendricks and
Parker 2002; Pacella-Norman, et al. 2002), other environmental factors have been
examined. In particular, Human Papillomavirus infections were thought to play a role, as
reported in other parts of the world, such as China (Yao, et al. 2006). Investigations are,
however, only partly convincing: although a statistically positive association with HPV16

sero-positivity and ESCC was noted (Sitas, et al. 2007), studies aimed at isolating HPV in
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tumor tissues evidenced the prevalence of more indolent subtypes 11 and 39 (Matsha, et
al. 2002) and not that of HPVI16, or 18, which are the subtypes associated with
carcinogenesis. An earlier study (Cooper, et al. 1995) reported a higher prevalence of
HPV16 in retrospective tumor samples, but used in-situ hybridization techniques likely to
be less specific with regard to subtype specificity than PCR methods used in the more

recent studies.

Mycotoxins, and in particular fumonisin B1, a fungal toxin produced by fusarium fungi
that grows freely on local corn, has long been identified by association studies as a
candidate carcinogen in SA ESCC etiology; this was observed in theEastern Cape (Dutton
1996; Marasas 1995; Marasas 2001) and has also been reported in China (Zheng, et al.
2007). In SA, the incidence of ESCC increased at the same time as the rural population’s
change of diet from sorghum (not a good host to fusarium growth) to corn. High
consumption of homemade beer, prepared with fermented maize, has further been
proposed as increasing this risk (Isaacson 2005).

Fumonisin is thought to be carcinogenic and was shown to induce liver cancer in rats
(Gelderblom, et al. 2001; Lemmer, et al. 2004; Ramljak, et al. 2000). One study suggests
that one mechanism for fumonisin to induce hepatocarcinogenesis involves the
stabilization of the cyclin D1 protein, increased phosphorylation of the retinoblastoma
protein and disruption of the G1/S cell cycle control checkpoint (Ramljak, et al. 2000). A
number of studies have also shown that exposure to fumonisin induces apoptosis, and
increases the production of reactive oxygen species (ROS), in a dose-dependent manner
(Stockmann-Juvala, et al. 2004; Stockmann-Juvala, et al. 2006) and increases the
production of nitrosamines (Chu and Li 1994). Fumonisin was initially not thought to be

genotoxic. However, it has since been found to be clastogenic by two separate groups. In
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both studies, exposure in cell cultures increased the incidence of both chromosomal
damage and sister chromatid exchange (SCE) (Knasmuller, et al. 997; Lerda, et al. 2005).
Fumonisin is also known to block folate intake, and in this respect, has been associated
with embryotoxicity and increased incidence of neural tube defects mimicking folate
deficiency (Marasas, et al. 2004; Sadler, et al. 2002). There are therefore several ways in
which this mycotoxin may actively participate in carcinogenesis.

Another mycotoxin, aflatoxin, is also present on corn in the Eastern Cape (van Rensburg,
et al. 1990). It has not been strongly associated with increased incidence of ESCC
compared to fumonisin, but it should be kept in mind that the combined exposure of both
mycotoxins in experimental rat models strongly suggests an enhancement of
carcinogenesis (Gelderblom, et al. 2002).

In addition to “passive” environmental exposure, cultural practices may co-facilitate
carcinogenesis. In the Eastern Cape, a common religious practice consists of regular and
frequent self-induced vomiting, using seawater or mechanical devices. This practice has
been shown to positively correlate with chronic esophageal inflammation and could
contribute to the high local incidence of ESCC (Matsha, et al. 2006).

Other cultural practices in other parts of the world may facilitate esophageal
carcinogenesis, in particular, in regions of the world that have a high ESCC incidence and
are strikingly devoid of most of the above risk factors (alcohol consumption and
smoking), for example in Golestan in Iran, as well as some regions of China, differing
cultural habits expose the population to other sources of exogenous carcinogens
(Kamangar, et al. 2007). These include the common use of opium dross (less expensive
than crude opium), the by-products of incomplete combustion of coal and tobacco, both of
which produce high levels of carcinogenic compounds such as polycyclic aromatic

hydrocarbons (PAH), and nitroso-compounds derived from food, tobacco and even water
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(Kamangar, et al. 2007). Of relevance to the latter, high levels of salivary nitrites were
found in populations in Iran (Eisenbrand, et al. 1980; Lin, et al. 2002).

Most of the above carcinogens can affect genomic integrity at fragile sites. Indeed, sodium
nitrites have recently been found to increase damage at nucleotide stretches
characteristically found at fragile sites, although this was demonstrated at a low pH (Smith
and Schwarz 2006). Active smoking is well known to directly affect the stability of
fragile sites (Stein, et al. 2002), and alcohol and fumonisin both affect folate intake, which
may contribute to the expression of chromosomal fragile sites (Capaccio, et al. 2005;
Stevens and Tang 1997; Yokoyama, et al. 2005). It would be of interest to clarify whether
the clastogenic activity induced by fumonisin preferentially targets chromosomal fragile

sites.

The above observations strengthen the hypothesis that the combinatorial effect of all or
some of these toxic factors and carcinogens may play a role in the initiation of genetic

instability early in the disease, and that fragile sites may be early targets (Figure 4.1).

4.1.2 Genes previously investigated in South African ESCC tumor tissues

Local investigations of gene mutations present in ESCC have clarified several facts.

Genes rarely involved

Point mutations in the tumor suppressor genes P53 and CDKN2 have been found to be
present, but to lesser frequencies than in other parts of the world (Gamieldien, et al. 1998).
Similarly, the presence of RAS mutations in the critical codons of the H, K and N-RAS
genes were excluded (Victor, et al. 1990) and a role of mismatch repair genes was also

found to be unlikely, given the lack of instability at several microsatellites loci (Naidoo, et
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al. 2005). Loss of heterozygosity (LOH), tested at 2p, 3p, 5q and 18q, was also infrequent

(Naidoo, et al. 1999).

Genomic regions suspected to have a role

A comparative genomic hybridization study in a cohort of 29 SA esophageal tumors has
identified the most frequently amplified chromosomal regions as 3q, Xq, 8q and 2q, with
highest amplifications observed at 2q and 8q. Deletions were most frequent on 19q and p,
4p and 18q (Du Plessis, et al. 1999).

Another recent study suggests that chromosome 17q may be the target of frequent
deletions (Moodley, et al. 2006). The authors looked for loss of heterozygosity at six
markers spread along the long arm of this chromosome, and found high frequencies of loss
in particular at 17q21 and 17q25. They suggest a role for Tylosis esophageal cancer
(TOC) locus associated with a rare familial skin disorder and early onset of ESCC (Ellis,
et al. 1994), and deleted in some cases of sporadic esophageal cancer from differing
geographical regions (Iwaya, et al. 1998; Shahabi, et al. 2004). While the marker at 17q21
investigated by Moodley, et al. 2006 is hundreds of megabases away from the putative
gene locus, LOH at 17925 is suggestive, and investigations of the TOC locus alterations
are worth pursuing. The cytoglobin gene has recently been proposed as the candidate TOC
gene and it was found to be downregulated in both familial and sporadic ESSC, through

trans-allele inactivation and epigenetic regulation respectively (McRonald, et al. 2006).

4.1.3 Fragile sites and ESCC

LOH at FRA3B, and loss of the FHIT protein product or expression, has been documented

previously in ESCC in several parts of the world (Kitamura, et al. 2001; Liu, et al. 2004;
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Mori, et al. 2000; Noguchi, et al. 2003). The WWOX gene at FRA16D has only been
investigated in one study on esophageal squamous carcinoma (Kuroki, et al. 2002). Genes
at fragile sites have not been previously investigated in South African ESCC.

While numerous studies have established FHIT as a tumor-suppressor gene, it has also
been suggested that its inactivation may be an ubiquitous event occurring in the course of
carcinogenesis in many cancers (Bavi, et al. 2006). The relationship between
chromosomes’ “fragility” and exposure to exogenous carcinogens is however worth
examining in the context of populations exposed to carcinogens and deletions at fragile
sites need to be investigated. Indeed, nicotine was recently found to inactivate the FHIT
gene in human esophageal squamous epithelial cells by hypermethylation (Soma, et al.
2006), and active smoking increases fragile site expression, which in turn may lead to
double strand breaks at these loci (Stein, et al. 2002).

Of relevance, and as discussed briefly in Chapter 3 (Section 3.1), both pre-cancerous
patient’s tumor samples as well as in vitro-induced oncogene-driven cell divisions are
characterized by the activation of the DNA damage response and fragile site expression.
This was observed in early tumorigenesis of both retrospective paraffin-embedded
specimens of a variety of cancers, as well as in in-vitro models by two separate groups
(Bartkova, et al. 2005; Gorgoulis, et al. 2005). If fragile site expression therefore
represents a “signature of replication stress”, a phrase coined by Glover (Casper, et al.
2002; Glover 2006; Gorgoulis, et al. 2005), and specifically precedes cellular
transformation, it is reasonable to speculate that genes at these sites may significantly

contribute to carcinogenesis.

The figure below summarizes the potential combined effects of the exogenous factors

discussed above. Smoking, alcohol, fumonisin exposure and DNA viruses are all
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prevalent in SA regions of high ESCC incidence and are all likely to target genome “hot

spots”, particularly fragile sites.
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Figure 4.1: Potential combined effect of exogenous carcinogens in targeting fragile sites.

An investigation of FHIT and WWOX deletions in SA ESCC may give clues with respect
to 1) the role of exogenous carcinogen exposure, 2) the extent of these genes’ participation
as tumor-suppressor genes in consecutive transforming pathways, and 3) could also

provide information regarding a population weakness to repair genes at fragile sites.

4.2 Aims

The aim of this chapter was to investigate two geographically separate cohorts of SA
ESCC patients for exon deletions of FHIT and WWOX that lie within the two most

common fragile sites, FRA3B and FRA16D; it was speculated that a possible difference in
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carcinogens exposure may be reflected by a different rate of alterations at fragile sites.
One cohort was from the Eastern Cape and the other from Gauteng.

The MPLA kit described in Chapter 3 simultaneously scans for FHIT and WWOX exon
deletions; since these two genes may be coordinately deleted in response to common

carcinogens exposure, this kit was used to screen the above cohorts.

The manual analysis of MLPA raw data is tedious and while it can be handled in an excel
spreadsheet for a small number of specimens (<15) it becomes difficult with a larger
number of samples. A specific objective of this chapter was to develop a VBA encoded

software to automate the analysis and interpretation of results.

4.3 Materials and Methods

4.3.1 Patient samples

Collaborators were contacted from two different geographical areas, Gauteng (Chris Hani
Baragwanath Hospital), Johannesburg and the Eastern Cape (Umtata General Hospital),
Umtata. The project was envisaged with a prospect beyond the scope of the present study
(see Conclusions and Future Work); for this reason, we initiated a strategy for the
collection of both prospective and retrospective specimens. In both centers, the strategy
was to collect both fresh biopsy specimens (from the tumor site and adjacent to the tumor
site) as well as left-over paraffin-embedded tissue collected for diagnostic purposes.

Ethical clearance was obtained and specimens were collected upon the signing of a patient
informed consent form (Protocol number M02-05-47). The study was explained to the

patients by a nurse, on site, in their home language.

94



4.3.1.1 Chris Hani Baragwanath cohort

Forty-three specimens were collected over a period of 18 months (2004-2005). Of these,
36 represented esophageal squamous cell carcinoma, six of which were carcinoma in situ
and 30 invasive ESCC.

For each fresh biopsy, a touch preparation was done in order to assess the approximate
percentage of tumor cells representation. Touch preparations were stained (Giemsa) and
examined with the assistance of an experienced pathologist. All corresponding patient’s
diagnostic paraffin embedded specimens matching these biopsies were counter-examined

with a pathologist to confirm the diagnosis of ESCC.

4.3.1.2 Umtata General Hospital cohort

Seventy-three retrospective specimens were collected, during the year 2002 and part of the
year 2003. All specimens were invasive ESCC, they were stained and ringed by an

experienced pathologist, and the marked area was manually micro-dissected.

4.3.2 DNA Extraction

Fresh biopsy specimens
DNA was extracted from prospective fresh specimens, as previously described in Chapter

3, Section 3.2.2.

Formalin-fixed, paraffin-embedded (FFPE) specimens
The formalin treatment of tissue prior to paraffin embedding, results in the formation of
protein-protein and nucleic-acid-protein cross-links that can interfere with DNA extraction

and MLPA probe hybridization. The MLPA probes hybridize to small regions of the
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genome, smaller than 60 base pairs, and a moderate DNA degradation does not affect the
results. A DNA extraction and thorough removal of cross-links is, however, necessary in
order to have a homogeneous representation of all target sequences, and the emphasis was
put on the removal of cross-links during DNA extraction. The following protocol was
modified from the recommended method on the MRC Holland website (www.mrc-

holland.com/mlpa) and was applied to FFPE samples.

Paraffin from micro-dissected fragments was extracted with three consecutive xylene
washes and ethanol extraction (100% EtOH). The pellet was then washed overnight in 1M
sodium thiocyanate solution at 37°C, to remove impurities. The following day, the
specimens were spun and re-suspended in 200ul lysis buffer (consisting of 30mM Tris pH
8.5, 1I0mMEDTA, 1% SDS). Proteinase K was added at a final concentration of 2mg/ml
and left overnight at 56°C. Heating and extensive proteinase K treatment ensured
complete tissue dissolution, and removal of cross-links. If the specimen was found not to
be lysed completely, proteinase K was added for an additional 2 hours. After digestion,
proteinase K was inactivated at 80°C for 10 mns. This was followed by standard
phenol/chloroform extractions and ethanol precipitation. Special care was taken not to
leave any traces of phenol nor chloroform in the DNA phase, as they can inhibit
subsequent PCR reactions. The specimens were resuspended in TE (pH 8) and evaluated
by spectrophotometry (NanoDrop).

Where possible (sufficient amount of DNA), samples were run on a 1.8% agarose gel in
order to assess the level of DNA degradation.

For controls, ten normal FFPE tissues were obtained from differing organs as well as
differing individuals, and DNA was extracted using the same conditions under the same

ethics clearance protocol (M02-05-47).
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4.3.3 MLPA

MLPA reactions were performed as described in Chapter 3, Section 3.2.5.

The following additional control steps and reactions were added for FFPE tissues.

First, non-random DNA-protein cross-links may remain in formalin-treated specimens and
could affect the amplification efficiency of some probes. In order to verify the
completeness of the nucleic acid extraction and the consistency of the FHIT/WWOX
MLPA pattern in normal FFPE specimens, two separate reactions were set up with 5 DNA
samples from fresh specimens and 6 FFPE specimens extracted from normal tissues of
differing origin. The respective amplification patterns were compared.

Second, to further control for possible differences arising from differing DNA extraction
procedures, one normal FFPE specimen was extracted in 10 different reactions and the
MLPA amplification patterns were compared across reactions.

Third, the presence of “impurities” in the samples extracted from FFPE specimens can
decrease the signal of the stronger probes and increase that of the weaker probes

(Schouten, www.mrc-holland.com/mlpa). The use of a lower concentration of sample

decreases the quantity of “impurities” and is thus recommended. To exclude the
possibility that highly aberrant patterns of amplification may be due to impurities, a range
of varying amounts of starting DNA was assessed for amplification consistency in two
tumor specimens that had highly abnormal MLPA patterns as well as in a control FFPE

specimen.

4.3.4 Data Analysis

As in Chapter 3, the PCR-amplified products were separated on an ABI 3100 Genetic

Analyser. The signal intensity of FAM-labeled probe peaks was plotted against their
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respective size (automatically evaluated against a reference ROX labeled, lambda-size
marker). Data were acquired with the GeneScan software (Applied Biosystem) and all the
raw data were carefully visually examined prior to being exported into and processed in an
Excel spreadsheet. The preliminary visual examination allowed the identification and
exclusion of samples that had a failed or resulted from suboptimal PCR amplification; this
was either obvious or evaluated against the DNA Quantity (DQ) control fragments that
control for the starting amount of DNA sample. If the DQ control probes showed an
amplification peak larger than half the amplification peak of the ligation dependant probe
(92nt) the reaction was excluded and repeated (see MLPA DNA detection protocol: http://

www.mrc-holland.com/pages/support_mlpa_protocolspag.html).

Excel spreadsheet probe analysis software, PAS

The manual export of data to an Excel spreadsheet, cleaning of unnecessary GeneScan
information (fluorescent channels not used), elimination of primer-dimer peaks and
background, followed by relative and absolute ratio analysis is very tedious. An automated
spreadsheet was developed and written in Visual Basic Editor to process the raw data.

At the time of initiation of this project (2003), only a few MLPA kits had been developed
and no analysis software was available. An Excel spreadsheet analysis program in VBA
has since been developed at MRC Holland. This software has a sub-specific application
for each MLPA kit commercially available at MRC Holland. There is no software
available for the FHIT/ WWOX, since it has not been released yet.

A program was designed and developed as an integral part of this thesis; it was
conceptualized with a built-in flexibility that allows users to modify the probe mixture
content and the respective probe identity and size. One spreadsheet can accommodate any

kit and any kit variation/modification. This option is useful to adjust for probe migration
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variations that occur during size separation from one batch to another, as well as from one

platform to another, or for the addition of a probe in the probe mix.

Internal control probe

Comparison of probe amplification amplitudes in the control and tumor samples by visual
examination of GeneScan raw data allowed the identification of internal control probes
whose amplification did not depart from the normal control. FISH was used to validate the

internal control probe used for normalization.

Consolidation of analyzed data and heat-map visual representation

While a graphic representation of MLPA results plotting each probe ratio was convenient
to visualize a small number of samples it was not appropriate for large numbers of
samples (n>15). In order to provide a more comprehensive overview of the complex
patterns of deletions in the 73 FFPE specimens from the Eastern Cape cohort, a Visual
Basic (VBA) program was developed that translates tumor/control probe ratios into a heat-
map image. A color coding was attributed to respective values of the ratios to visualize
meaningful deletions/gains along critical chromosomal loci covered by series of probes.
The ratios were categorized into nine bin sets (Table 4.1). Ratios between 0.6 and 0.8 were
further subdivided into two bins to allow for the flexibility of setting more stringent
criteria for deletions (<0.6). Results were analyzed using both a ratio <0.7 and a ratio of
0.6 for comparison. Probes with a ratio of 0.8 to 1.2 were considered to be represented in

normal copy number.
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Table 4.1: bin sets attributed to MLPA signal amplitude ratios (tumor/reference control)

Deletion

Deletion

Deletion

Deletion

Border

Normal

Amp

Amp

Amp

0->0.2

0.2-0.4

0.4-0.6

0.620.7

0.8>1.2

1.2>14

1.6>1.8

>1.8

0,7-0.8

Amp = amplification

Each bin was assigned a specific color and the program automatically sorted input
numerical values. Normal ratios were represented in yellow, deletions in orange turning to
red with lowest ratio; amplifications were represented in green, the darker green, the

higher the amplification.

4.3.5 FISH

Fluorescence in situ hybridization (Picchio, et al. 2004) was performed as described in
Chapter 3 (Section 3.2.4). A centromeric probe for 10p11 (Createch) was chosen for its
close proximity to the internal control probe CREM on 10p12.1 (Figure 4.2). The FISH
probe was used to assess the number of chromosome 10 near centromeric signals and

validate normalization.

Chromosome 10 101111probe
Chr. 10 Bl - ¢ |
CREM

Figure 4.2: Positions of MLPA internal control probe CREM used for normalization and
location of the validation FISH probe at 10pl 1.

Tissue sections were ringed by an experienced pathologist to indicate the tumor cell areas
and the hybridized slides were analyzed on a fluorescent Olympus microscope with the
Genus Software (Applied Imaging). Two hundred interphase nuclei were counted and the

mean number of signals evaluated.
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4.4 Results

4.4.1 Patient samples

Chris Hani Baragwanath cohort

Of the 43 specimens collected, 36 specimens were confirmed to be esophageal squamous
cell carcinoma. Of these, 23 were males and 13 females. The age range was 38 to 95 years
old and the mean age was 62.2 in males and 61.7 in females.

Despite the confidence of expert gastroenterologists who performed the biopsies,
microscopic counter-examination proved disappointing regarding the percentage of tumor
cells represented in many specimens: esophageal cancer cells typically invaginate under
an apparently normal epithelium surface and many specimens consisted of a mixture of
tumor and normal cells. If less than 70% of cells were cancer cells, the specimen was
considered unreliable; only 15 specimens could be reliably assessed within the limits of

sensitivity of the MLPA test.

Umtata General Hospital cohort

The age range was 40 to 79 years with a mean of 59 years. There was a gender imbalance,
with 54 males versus 16 females. However, after discussion with the local surgeons and
pathologists, it was discovered that, surprisingly, there had been no hospital beds for
women during these years, which strongly biased this cohort; we recently received a
second retrospective batch of specimens that were collected from the same hospital
between 2005 and 2006 and found an equal representation of females and males. For this
study, seventy three FFPE specimens were re-examined by an experienced

histopathologist, confirmed to be invasive ESCC and suitable for this study. As opposed to
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the fresh biopsies, it was easy to carefully ring each specimen on histopathology slides and
select an area represented by at least (often well over ) 70% cancer cells. Each specimen

was then manually microdissected for subsequent DNA extraction.

4.4.2 Evaluation of FHIT /WWOX deletions in fresh tumor biopsies

Gauteng cohort

Chapter 3 describes how the MPLA FHIT/WWOX probe mix can be used to assess exon
copy number variation in these two genes. Data analysis was performed as previously
described (section 3.2.6).

Fifteen ESCC primary tumors were investigated with the assay. Six controls were
included in the reactions, and PCR amplifications were performed in duplicate. The
MPLA reaction was further repeated when an abnormal pattern was observed. Eleven
tumor specimens showed an amplification profile comparable to that of the control
specimens with no significant deletions (all ratios between 0.7 and 1.3) of FHIT or
WWOX.

Four tumor specimens showed deletions covering or within the FHIT locus. By contrast,
and as observed in the permanent ESCC cell lines, none of the WWOX exons were
deleted in these primary tumors. Figure 4.3 shows the respective exon probe ratios
(tumor/control), for FHIT and WWOX probes. ESCC samples designated CA1 and CA2
showed a pattern consistent with hemizygous deletion of the whole FHIT locus; a
preferential deletion of exons 7 to 10 was noticeable in the sample CA1 (Figure 4.3). The
tumor specimens CA3 and CA4 had preferential deletions of FHIT exon 5, and FHIT
exons 3 and 4 respectively. Of note, 10 additional tumors showed a trend toward
decreased signal intensity for one or more exons of the FHIT gene, but these were not

significant (ratio above 0.7). Although suggestive, it could not be ascertained whether this
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reflected an underlying true FHIT deletion in a small proportion of cancer cells whose

significance could be questionable; these were therefore not included as deletions in the

final results.
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Figure 4.3: Graphic representation of FHIT and WWOX exon copy number in four
primary ESCC tumors.

Exons in their coding order (horizontal axis) have been represented. Ratios are
represented on the Y-axis. On the left, probes representing the FHIT gene show ratios
below 1(equal copy number tumor/control), ratios with and partly (CA3, CA4) or wholly

(CAIl, CA2) significantly deleted exon ratios < 0.7). In contrast, all the WWOX exon
probes displayed ratios above the (.7 ratio line.

4.4.3 MLPA amplification profile consistency in paraffin-embedded specimens

The reproducibility and consistency of MLPA results obtained with FFPE samples when

compared to fresh samples, was first evaluated.

FHIT/WWOX MLPA amplification profile from paraffin-embedded specimens

compared to fresh tissue material.
Amplification patterns obtained from FFPE specimens were comparable to those of fresh

samples within the same experiment (Figure 4.4). DNA extracted as described in Section
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4.2.2 from paraffin-embedded specimens did not affect the yield of final MLPA
amplification products, compared to those obtained from fresh samples, and was therefore

a reliable source of material.
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Figure 4.4: Comparison of pattern of amplification between fresh and FFPE control
specimens.
Mean peak values of five fresh specimens in blue, and six FFPE specimens n=6, in purple.

Effect of differing DNA extractions on FFPE samples

DNA extracted at differing times from the same FFPE specimen obtained from a normal
tissue (uterus) gave consistent results with the MLPA run in the same experiments (Figure

4.5).
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FFPE control samples

Peak heights

Exon Names

Figure 4.5: Consistency of MLPA across varying extraction procedures.

Mean peak height results from the amplification of 10 DNA specimens from the same
original tissue material and extracted on different occasions. All samples were run in the
same experiment.

The DNA extraction method used for FFPE samples gave consistent and reliable results
on MLPA assays. Of note, it was crucial to obtain highly purified DNA to obtain good
results. In particular, both A260/A280 and A260/A230 should be evaluated that inform on
protein contamination and the presence of impurities respectively. Ideally, A260/A280

should be 1.8 to 2 and A260/A230 just above 2. As with fresh specimens, it is necessary

to include normal FFPE controls in each run, as there is inter-run variability.

Varying amounts of starting DNA extracted from FFPE tissues

To further assess the possibility of interference due to impurities, as well as the influence
of the starting amount of nucleic acid, varying starting amounts of DNA were loaded in
the hybridization reaction. This was performed with a specimen that showed a high
number of abnormal peaks, in order to ascertain that aberrations were genuine and not due

to impurities or inadequate amounts of DNA (Figure 4.6).

105




50ng

I.JIAH 1’ “}]MIH..MIHII,i..ml.l AL
f

100ng

W[lm bl i

—9»

Ll
s

250ng

.lh”.l}lmm .|.V.||.||1’11 A1

a_

Figure 4.6: Differing concentrations of starting DNA from a FFPE sample that had a
high number of aberrations.

The two arrows indicate the MLPA DQ control fragments: 64 bp (first arrow), 70 bp and
76bp in between and 82 bp (second arrow). These are standard MLPA control probes
contained in all probe mixtures and serve to evaluate the adequacy of the starting amount
of test DNA. These four fragments are ligation independent and their peak height is
inversely proportional to the amount of DNA contained in the sample. A, with 50ng DNA,
the DQ probes are bigger in size than in the C graph, where 250ng DNA was used. When
DOQ probes’ peaks reach the size of the ligation-dependent probe 2q (red arrowhead), this
indicates an insufficient amount of starting test DNA and the MLPA sample should be
rejected. In A, with 50ng of sample DNA, the MLPA results are clearly not optimum. B
and C, 100 and 250ng respectively, these two amplification patterns are comparable and
the increased amount of DNA does not interfere with the probe’s amplification pattern, as
would happen in the presence of impurities.
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There was no major variation in the probe amplification pattern between the FFPE and the
fresh samples. The presence of impurities was also adequately removed from the FFPE
samples using the above nucleic acid extraction method, and did not interfere with the
MLPA results. Purity was confirmed by NanoDrop readings of both 260/280 and 230/260
ratios. Of note, it was generally found that a higher starting amount of material gave better
results when using FFPE samples (200-300ng of DNA) with MLPA; this may be due to
some degree of DNA degradation. A limited amount of DNA degradation, which is
virtually inevitable in FFPE, did not affect the final results, which could be explained

because the MPLA probes bind to small regions of the genome sizes (+60 mer).

4.4.4 FHIT/WWOX deletions in FFPE samples collected in the Eastern Cape

4.4.4.1 Visual examination of MLPA raw data

A total of 73 samples were processed as per Section 4.2 methods. Three specimens did not
have good quality or sufficient amounts of DNA. A direct visual examination of the
GeneScan MLPA raw data revealed a recurring pattern in the Eastern Cape specimens,
with a trend towards the deletion of WWOX exons, as well as other probes on
chromosome 16, including those mapping in the FANCA gene. This “trend” surfaced as a
signature of the Eastern Cape specimens (Figure 4.7) and was in contrast to what had been
observed in both the five ESCC cell lines (established from patients residing in the
Gauteng area) (studied in Chapter 3) and the fresh specimens collected from patients in
Gauteng, where no WWOX deletions had been found. Figure 4.7 shows the degree and
extent of deletions in chromosome 16. While some specimens only had deletions in the
WWOX locus, others involved the gene FANCA, and some extended into proximal

regions of chromosome 16 (genes CDH1 and CDHI13).
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Furthermore, one or several exons in the FHIT gene were deleted in nearly all specimens
(especially affecting exon 1, as well as exons 6 to 10) with or without WWOX deletion

(Figure 4.8).
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Figure 4.7: MLPA GeneScan raw data showing deletions of WWOX and chromosome 16
probes in the Eastern Cape FFPE specimens.

Three FFPE ESCC specimens, A to C, which show an increasing number of WWOX (red
arrows) and chromosome 16 (orange arrows) probes with hemizygous deletion. The
respective probes for WWOX exons are labeled for reference in D (W9 for WWOX exon 9;
W35 for exon 5, etc.). A double red arrow points to WWOX exon 9 and the long arrow to
WWOX exon 5 for reference in graphs A to C.
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A) Sample showing hemizygous deletion for WWOX exon 9 only (double red arrow). B)
Sample showing deletions for WWOX exons 9 and 1. C) Sample with extensive deletions in
WWOX exons 9, 5,1 and 7, as well as in other genes on chromosome 16 (orange arrows),
probes spanning the CDHI and CDHI13 genes as well as the FANCA gene on 16 q and
including a probe on 16 p. The green inverted double arrow indicates the internal control
probe that was used for normalization 3p25, FANCD2. D) A sample that showed no
significant deletions.

2394

F4AF5 F5 F6 F7  F8F4 F8 2395

Figure 4.8: GeneScan raw data on MLPA results for A, a FFPE specimen that did not
show any significant deletions and B, for a FFPE specimen with deletions in the FHIT
locus.

FHIT exons are indicated by F, followed by the exon number (pale blue arrows). The two
dark blue arrows point to other probes on chromosomes 3p, 3p25 on the left and 3p22 on
the right. Deletions are preferentially affecting exons 4, 6 and 8. Both probes on
chromosome 3p are also deleted.
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4.4.4.2 Validation of internal control probe with FISH

In 85% of all samples from both cohorts, the internal control probes at 10p12.1 and/or
3p25 showed an amplification peak height of the same relative amplitude as that observed
in normal FFPE control samples processed in the same experiment. These probes were
used for normalization. For control, FISH studies with a 10p11 probe were performed to
enumerate the number of signals at this chromosomal location. Eight ESCC specimens for
which original FFPE material was still available were hybridized and showed the presence
of, on average (on 200 cells), two copies at 10p11 in tumor cells, validating the choice of

internal control probe for normalization (Figure 4.9).

Figure 4.9: Tumor sections on paraffin hybridized to chromosome 10pll probe (red
signals) on two FFPE specimens. The majority of cells have two signals, validating the
choice of the internal control probe used for normalization.

4.4.4.3 Probe analysis software PAS
PAS is a piece of software that was written in Visual Basic (VBA) as an integral part of
this thesis. It allows for the automation of the analysis of MLPA products from the

original GeneScan raw data. PAS allows for a customizable analysis for any probe mix.
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The steps developed for the automated analysis are briefly described using subheadings

for simplicity. Print screens of the actual program are shown to illustrate.

Pre-analysis considerations

MLPA experiments must include control DNA samples extracted in the same manner as
the test DNA. At least 4 to 6 controls are included for 12 to 18 specimens.

MLPA reaction products are electrophoresed in capillaries on an ABI 3100 Genetic
Analyser. The GeneScan raw data consist of the probes’ fluorescent intensity plotted
against their size along the X-axis. Sizes references are determined by a Rox lambda

marker loaded with the PCR reaction product.

Visual examination of GeneScan raw data

A visual examination of each specimen graph gives immediate quality control information
on each sample (see www.mrc-holland.com for details on MLPA DQ control probes).
Ligation-independent controls inform on the adequacy of the starting amount of DNA; see
Chapter 5, Section 5.2. The ligation-dependent probe controls for the ligation reaction.

A specimen that does not meet the quality criteria of PCR amplification can be excluded at

this stage.

Steps involved in the PAS program
First, the GeneScan raw data are transferred into an Excel spreadsheet. The graphic

representation of each specimen’s original data is also kept in Word format.

Step 1: import controls specimens only in the appropriate VBA-encoded Excel workbook.
The probes’ sizes of the specific kit in use must match those pre-installed on the input

page (Figure 4.10) or be changed accordingly.
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Step 2: choose an arbitrary control sample for data filtering and signal-to-noise
determination (Figure 4.11). Enter the corresponding sheet name in the input page (Figure
4.10). Determine the signal-to-noise determination by determining the smallest probe-
specific probe peak height in the control run (enter manually in the input page; Figure
4.10). (Also see instruction page: Figure 4.11). During the analysis process, all peaks

below the smallest specific peak for this run will be filtered out.
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Figure 4.10: Input page
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Figure 4.11: Instruction page

Step 3: Create a reference summary that can be examined, and either accepted or rejected.
A bin set based on each respective probe size has now been established; if a bin set is
found empty, it will be interpreted as a full deletion. Set a reasonable error variation
around each bin set at this stage on the input page to accommodate inter-sample small

differences in the probes’ migration speed (Figure 4.11).

Step 4: Process all control samples to create a mean reference control. For each control
sample, calculate the relative peak height values and a mean reference relative value for

each probe, together with standard deviations (used as an indicator of each probe
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amplification variation). This creates a mean reference control sample that can be used for
the comparative analysis of tumor specimens run within the same experiment. The mean
control is automatically plotted on a graph. Standard deviations (STDs) are graphically
represented on the graph (Figure 4.12). If STDs on probes are too large, it may be
necessary to adjust the choice of cut-off values set for interpreting a deletion or
amplification, i.e. <0.7 for deletion and >1.3 for amplification may have to be changed to
<0.6 and >1.4 respectively, and if STDs are too large the particular probe may be
considered uninformative.

The analysis of controls informs both on the respective robustness of each probe as well as

on the quality of the run in general.

115



®O06 C179REFctriversusctrl.xls
> B c D E T G H ] J K L M N o P a =
1 Cirl PH%  Std Dev % -
|2 B4 238 043
3 B8 269 034 |
4 B8 367 023 !
5 B.11 413 0.43
6 B.14 522 0.21 !
7 BAT 442 035 |
8 B.20 405 047 !
1oB27 183 0.21 FFPE control samples !
12 B.29 2.00 0.26 !
138,31 1.06 0.04 !
114 B33 363 0.21
15 B34 2.4 0.19 6.00 ok
16 B.36 3.54] 024
: !
17 B3T 3.19 0.15 5.00 !
18 B.40 264 022 2
} 19 B.41 468 0.37 g4-00 |
20 B42 3.01 038 K] |
21 B.43 2.12 0.00 < 3.00
22 B.44 1.89 0.14 " 3500 = !
23 B.45 1.07 012 a < !
24 B45 180 029 _ = = = _ |
25 B.47 277 013 1.00 I I I I I il L
26 B.48 154 0.08
27 |B.49 0.85 0.03 0.00 NE AN NS TNMW=TNS N2 NS N2 TNSTN2TNSTN=2TNSTN=2TST=2T0O0==wO |
(8iB.50 i goe SREREIZISIREISIPISIPISIPISIFISIFIISISISILRE ‘
|29 BS1 1.94] 0.10 RERNEAREASHORFAS AR AT AR FS IR IS IR IS IR IS Ia = =<3a°
30 B&2 112 0.90 N eNgQowPreRePreRePfeoRereRePeRefoRed aww N
: . - SO RN EX R L EXE N EX R L EXR wEXE AR xR W XE P :
}319‘53 1.60 0.03 2 £ =2 2 £ 8 § R 8 % 8 R 8 8 8§ H : |
32 B.54 137 0.20
| 33 BSS5 2.15 0.11 Exon Names
34 B56 182 0.15
- A
{35 B57 1.08 0.16 n -
36 B.538 2.20 047
|37 BS9 157 0.18
38 B.60 213 0.1
39 |B.61 0.81 0.15
40 B62 0.97 013
41 BE3 199 0.19
|42 pA4a 193 024
43 100
| 44
[
46
a7
48 a
49
50 v
14« »» _ Absolute V \J run479D8 (2) ' rund79E8 (2) 'rund79G8 (2) ' rund79HE (2) I (e 3 < > m

Figure 4.12: Reference control

Step 5: delete original control specimen sheets and validate/acceptance of the reference

mean control.

Step 6: Import each test specimen spreadsheet into the workbook.

Step 7: Compare test samples to the reference control for this run.

Calculate automatically the relative pattern of amplification for each cancer specimen.
Most importantly, calculate the absolute ratios of tumor to control specimens using an
internal control probe. The results are expressed in ratios; the probes are ordered in a

logical manner compatible with chromosomal representation and visualized graphically.
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One sheet is dedicated to each test specimen. If the internal control probe is not valid, an

alternative control can be chosen (Figure 4.13).

Step 8: Export the ratios to another spreadsheet to be translated into a heatmap color-

coded format.

3
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Figure 4.13. Test DNA result

4.4.4.4 Consolidated analysis

For each specimen, the original GeneScan raw data were exported to an Excel spreadsheet

and analyzed with the VBA Excel program written for this project. Data for every sample

were filtered and then normalized on the chosen internal control probe RENT and/or 3p25.

The final results were expressed as ratios of tumor versus control for each MLPA probe.
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In order to consolidate the normalized probe ratios, these were exported to a new
spreadsheet and translated in a visual color codification to facilitate the analysis (Figure
4.14). Deletions were represented in red, amplifications in green and probes with normal
amplification patterns were in yellow. Although not the focus of this work two probes for
the caveolin genes 1 and 2, CAV1 and CAV2 were included during the course of this
study. They both locate in a third fragile site on chromosome 7, FRA7G and there is
mounting evidence that CAV1 may act as a tumor suppressor gene (Torres, et al. 2007).
Both genes have however been found to be amplified in some tumor cells (including a few
esophageal carcinoma cell lines (Torres, et al. 2007; Ando, et al. 2007) and two modes of
action have been suggested in cancer cells that depend on caveolin interaction with other

cell factors such as E-cadherin (Torres, et al. 2007).

The results were analyzed using the following criteria — counting a deletion in a gene if
at least two probes had a ratio below 0.7 and excluding any data showing a discrepancy of
ratios between two probes mapping in the same exon. Figure 4.14 shows results on 17
samples. Samples 1, 2, 3,4, 5,6, 8,9, 10, 11 and 12 had FHIT heterozygous deletions
(exons 6 to 10 as well as exons 4 and 5 in samples 1 and 10). No FHIT deletions were
observed in samples 7 and 13 while the whole FHIT gene was represented in half copy
number in samples 14 to 17. FHIT exon 1 deletions are commented upon in section 4.3.5
but were generally concordant with other FHIT exon deletions. Samples 1 to 9 all had
WWOX exon deletions that extended on chromosome 16 to include CDH1, CDHI13 and
FANCA. Interestingly CAV1 was deleted in 10 out of 17 samples and CAV2 amplified in

2 samples.
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Figure 4.14: Heat map representation of exons’ copy number changes for genes at fragile
sites in 17 specimens.

Each exon probe is labeled accordingly, a and b are added where two different probes
map within the same exon. The color coding corresponds to the value of normalized ratios
“tumor /control”, as discussed in section 4.2.4. Normal ratios are in yellow, deletions are
in red and amplifications in green. The first two rows show control probes on
chromosomes 10p. The probe for the gene CREM could be used in the majority of cases.
Where an obvious aberrant copy number was seen for this probe the 3p25 probe was used
as an alternative after assessment of the raw data. Both these control probes were usually
consistent with each other. The second set of probes represented the FHIT locus on
chromosome 3p, followed by two probes on 3p22 and 3p25 respectively. Beneath, are
probes on chromosome 16q and those covering WWOX exons. The last set of probes
represents the CAVI and CAV?2 genes respectively mapping within the FRA7G locus . On
the left of the map, samples with a pattern of WWOX and chromosome 16 probe deletions
have been clustered; on the right, samples with FHIT-predominant deletions are seen.
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Heat maps corresponding to all samples analyzed can be seen in Appendix 4. Using the
above criteria for counting deletions the compounded results could be summarized as
follows: 62 out of 70 specimens had one or several exons that were deleted in the FHIT
gene. When FHIT exonl was excluded (see section 4.3.5) fifty-nine specimens had FHIT
exon deletions. Forty-nine samples showed deletions in the WWOX gene, 39 in the CAV1
gene and 12 in the CAV2 gene. It should be noted that since only one probe was used for
CAV1 and CAV2 respectively, results obtained on these 2 genes are bound to be less

accurate.

Table 4.2 shows a summary of results for FFPE samples from the Eastern Cape cohort.
Two criteria for the definitions of deletions are shown, first a ratio <0.7 and second a ratio
<0.6. This allows checking the incidence of FHIT and WWOX deletions at higher levels
of confidence. Unless specified otherwise in the text, results on deletions are always

expressed for a ratio<0.7.

Table 4.2: Number of FFPE cases showing deletions in the respective fragile sites-
associated genes, FHIT, WWOX, CAVI and CAV2.

Gene FHIT WWOX FHIT and | CAV1 CAV2
WWOX

Deletion 59 (84%) | 49 (70%) | 48 (69%) | 39 (56%) | 12 (17%)

criteria:

ratio < 0.7

Deletion 50 (71.5%) |44  (63%) |43 (61%) |28 (40%) | 4 (6%)

criteria:

ratio < 0.6

Of note WWOX deletions were almost always accompanied by deletions in the FANCA
gene on chromosome 16q , When WWOX was deleted in 44 samples, FANCA was

deleted in 41 of these samples (under the deletion criteria set at a ratio <0.6).
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4.4.4.5 Considerations regarding results obtained with FFPE samples

There were a high number of heterozygous intragenic deletions in one or several genes
located at fragile sites. Surprisingly, after excluding FHIT exonl, 60 samples (86%) (59
with FHIT deletions, 48 with both FHIT and WWOX deletions and 1 sample with only
WWOX deletions) had deletions in one or several exons of the FHIT and/or WWOX
genes. No homozygous deletions were observed in either gene, possibly due to the
admixture of few normal cells in those samples showing very low probe ratio.

The heterozygous deletions observed could not be attributed to the paraffin-embedded
nature of the specimens, which was excluded by the assessed similarity of MLPA
amplification profiles in FFPE and fresh control specimens (Section 4.3.3). The potential
effect of differing DNA extraction procedures or the presence of impurities on the MLPA
results was also excluded (Section 4.3 3). To further account for the possibility that some
FFPE specimens might have had advanced DNA degradation, the results were also
expressed using a higher level of stringency for the definition of deletion (ratio< 0.6),
Table 4.2. Under these conditions, FHIT and /or WWOX still showed exon deletions in a
high proportion 73% of samples (51 samples made of 50 with FHIT and /or WWOX

deletions and 1 with WWOX deletion alone).

Discontiguous deletions

Deletions often appeared as non contiguous in both the FHIT and WWOX loci.
Discontinuous deletions at fragile sites have been described in tumor cells (Corbin, et al.
2002) and would be expected. Indeed, in vitro model of oncogene induced fragile sites
copy number alterations has shown that deletions at these sites can be genetically
heterogeneous in early lesions (Tsantoulis, et al. 2007). In addition, it is likely that the

presence of non-allelic deletions as well as a degree of cancer cells heterogeneity would
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have added to the discontinuous appearance and complexity of deletion patterns observed

at these two highly unstable regions of the genome.

Duplications/Amplifications

Two kind of duplication/amplification could be observed: intragenic duplications and

duplications covering a large region of a chromosome.

Intragenic duplications

Intragenic duplications could be observed in samples 6 (Figure 4.14), as well as in
samples S912, S972 and S1635 (Appendix6). Although the possibility of a biased PCR
amplification cannot be excluded with certainty in these 4 samples, the duplication of
experiments would weigh against it. Fragile sites are known to play a role in mechanisms
of amplification (as discussed in section 3.1.5). Most of the reported events related to
amplification at fragile sites have been characterized because they resulted in oncogene
amplification (Hellman, et al. 2002). However, very recently, intragenic duplication
neighboring deletions have been observed within FRA3B in ‘in vitro’ model of fragile
site induction (Durkin, et al.2008), This in vitro model shows that duplication events can
involve small portions of the fragile region. In a similar pattern, CAV2 was also found to
be amplified/duplicated in 3 samples (samples 4 and 6 in Figure 4.14 and sample S1051 in
Appendix 4), yet these same samples also had CAV1 deletions and both genes locate in

FRA7G.
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Duplications covering probes over a large portion of a chromosome

Three samples showed duplications of probes spanning chromosome 3p (S1984 in
Appendix 4) chromosomes 3p and 16q (S1708) and chromosomes 16q and 7q (S220) .
These are likely to represent chromosomal imbalances present in cancer cells in the form

of partial or total trisomies.

FHIT deletions

The finding that FHIT was aberrant in 62 cases warranted a close examination; dissecting
deletions in this gene, it was found that exon 1 was deleted in 57 cases. This exon was
covered by two probes and both probes showed a small size probe peak on normal
samples (see figures 3.4 in chapter 3 and 4.4 in this chapter). Despite the confidence
interval verified by the mean controls probes’ peak height and standard deviations, it is
possible that small amplification variations for these peaks translate into a disproportional
ratio variation and false deletions. These would have to be verified by other techniques,
such as high resolution CGH arrays. FHIT exon 1 deletions, however, are probably
functionally irrelevant, since the first coding exon is in FHIT exon 5. On the 3’ part of the
FHIT gene, probes for exons 6, 7, 9 and 10 were each covered by a single probe. Should a
polymorphic mutation affect the ligating site of the two MLPA hemiprobes, this would
translate into a lack of PCR amplification for this allele and could simulate a false
deletion. While sequencing of the respective exons would inform on this possibility, this
was beyond the capacity of this project. It is unlikely, however, that mutations in the
ligation site would account for a high percentage of deletions, since the probes were
designed in conserved regions with no known polymorphisms. In occasional instances,

two different probes covering the same exon showed a discrepancy for their respective
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ratios, which may reflect the presence of a polymorphic mutation; in these circumstances,
the exon was excluded as being non-interpretable and not included in the final count.

FHIT exons 2, 3, 4 and 5 were each covered by a set of two probes widely spread over the
probe size range, and which served to confirm each other. The two probes had sizes in
both the large and small scales, which excludes the possibility of biased ratio, due to the
fading away of the larger probes peaks (see section 4. 4, for discussion regarding this

effect of larger probes). Deletions were also clearly seen on raw data (Figure 4.8).

WWOX deletions

WWOX deletions were seen in 70% of the samples, mostly targeting exons 9 and 1.
WWOX exon 1 and 9 were each covered by a set of two probes each, with sizes in both
the large and small scales (382 bp, 166bp for the larger and the smallest respectively);
deletions in WWOX could clearly be seen in both probes sets (Figure 4.7).

Originally, the control probes were designed in the FANCA gene to assess the
chromosome 16 locus specificity of deletions in the WWOX gene. FANCA is not known
to be a target for deletions in sporadic cancers. Four probes covering this gene were,
however, frequently deleted (at least 60% of cases), the significance of which is discussed

below.

In summary, deletions that affect critical exons of genes at fragile sites were highly
prevalent in ESCC specimens collected in the Eastern Cape, possibly in at least 73% of
cases (this is when excluding isolated FHIT exon 1 deletions which may not affect

transcription and when using a stringent definition of deletion for a ratio < 0.6).
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4.5 Discussion

The aim of this study was to evaluate the extent of exon copy number changes in two
genes located at specific fragile sites in ESCC specimens from South African patients,

using a new MLPA-based screening method.

4.5.1 Specimens collection

Difficulties of differing natures were encountered at each centre. In Chris Hani
Baragwanath Hospital, the biopsies were performed by gastroenterologists and consisted
of small punch biopsies. The amount of material was limited and access to paraffin-
embedded specimens left over from the pathologist’s diagnostic need was not possible.
Only fresh specimens could be used for this cohort. The histological assessment of these
tissues depends upon both the site and the depth of the biopsy. Several biopsies are
necessary for diagnosis purposes and one may differ from another. It follows that
prospective specimens could not be accurately pre-assessed at a macroscopic level, which
reduced the number of samples having at least 70% tumor cell representation, which was
the criterion to qualify for this study. There were no resection specimens available, due to
the fact that brachytherapy (radiotherapy) was the choice treatment, less invasive and
probably the best option for ESCC patients in SA. Hence only 15 specimens were suitable

for this study.

In Umtata General Hospital, the collection of fresh biopsies was difficult to organize and

we could only reliably use paraffin-embedded specimens left over from diagnostic blocks.

The paraffin tissue specimens were, however, of a larger size than those collected in
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Gauteng and were performed by surgeons with the patient under heavy sedation. These

specimens could easily be microdissected.

Although it would have interesting to isolate precancerous specimens this was not possible
due to the fact that it is difficult to distinguish in situ carcinoma (CIS) from severe

dysplasia. (Dawsey, et al. 1994).

4.5.2 Strength and weakness of the FHIT/ WWOX MLPA assay

MLPA limitations

MLPA is a very robust assay in terms of the reproducibility of the probe amplification
patterns and a number of deletions can clearly be seen on visual examination of raw data.
The technique has been used widely for the screening of constitutional genetic aberrations.
There have been, however, considerably fewer reports of MLPA applications in cancer
compared to constitutional studies. This may be due to the following two limitations. The
first practical concern is the choice of internal control probes for the normalization of
ratios. It is critical and should ideally be validated by another method. FISH was chosen
here within the limits of original specimens availability. The control gene RENT, on 10p
is not in a fragile region (Appendix 1) and the FISH probe controlled for the average copy
number of this chromosomal region. Alternatively several control probes could be used
but once again the choice of probes located in genomic regions that are rarely involved in
cancer is critical (see Chapter 6, future work).

The second limitation is due to the fact that large probes tend to fade away and have lower
amplification peak heights in proportion to their size. If the control sample shows the same
trend as the test samples, this doesn’t interfere with the results that are expressed as ratios.

Fading away can, however, be more pronounced in some abnormal samples. In the present
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assay, critical exons were covered with two differing probes with different sizes correcting
for this effect.

Some groups (MRC-Holland) have used log2 algorithm transformation of ratios values to
first smooth inter-probe variations and assimilate all peaks to a value of 1. They then
apply a regression coefficient calculated on the fading trend of all the internal control
probes. In effect, this does not take into account the difference of regression slope
between the control sample and the test samples, which is the only relevant factor. In
addition, smoothing of probe ratios may introduce a larger distortion (control/test) for

probes with a low peak height because they are corrected by a factor of 80% or more.

MLPA strengths

The MLPA assay allows the assessment of several genes at fragile sites in one reaction.
The comparison of MLPA relative changes in copy number to CGH array results was
strikingly consistent in the UWOV2 cell line (see Chapter 5). For this reason, MLPA
strategies might be an excellent post-CGH array tool to screen for copy number-identified
signatures in cancer samples. Preliminary results have been obtained on two FFPE
specimens from the Eastern Cape that were also run on MLPA. Both samples were
hybridized to a 244k oligonucleotide array (Agilent), in competition to control DNA
extracted from normal FFPE samples. There was a good concordance between MLPA
and CGH array for the WWOX probe in exon 9 (ratios of 0.66 and 0.67 in one specimen,

0.68 and 0.8 in the other specimen by MLPA and array CGH respectively).
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4.5.3 Deletions of FHIT and WWOX in each respective cohort

After histological assessment, valid samples from Gauteng were limited in number, (15)
but showed clear FHIT deletions in 27% of cases (4 out of 15). No WWOX deletions were
detected.

By contrast in the Eastern Cape cohort, at least 73% of cases had intragenic deletions in
FHIT and/or WWOX. Forty-eight cases (68%) had deletions in one or several exons of
both genes.

The frequencies of deletions in the FHIT locus were consistent with reports of FHIT loss
of expression, as evaluated by IHC and LOH in ESCC that were conducted for the most in
Eastern countries such as Japan (Kitamura, et al. 2001; Morita, et al. 2006) and China
(Liu, et al. 2004). They were also concordant in percentage with FHIT protein reduction,
seen in association with promoter hypermethylation (Tzao, et al. 2006).

The only study that examined WWOX in ESCC was also conducted in Japan and showed
LOH in nearly 40% of tumors (Kuroki, et al. 2002). As explained earlier, it is possible that
LOH may underestimate the number of aberrations at fragile sites due to the possibility of
partial or total heterodisomy.

Few studies have examined the occurrence of concordant aberrations in these two genes.
Two reports by the same group show the concordant loss of FHIT and WWOX protein
expression, as evaluated by IHC, in invasive breast carcinoma (Guler, et al. 2004; Guler,
et al. 2005). The concordant loss at fragile sites is likely to point to a common DNA
damage cause and reinforces the idea that external carcinogens are contributing to the high
incidence of ESCC in the Eastern Cape area.

The difference of WWOX rate of deletions between the two cohorts is intriguing.
Statistical evaluation using a Fisher’s exact test shows that there is overwhelming

evidence that the proportion of WWOX alterations in the Eastern Cape cohort is
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significantly different from that observed in Gauteng (p value: 0.0000003) and this despite
the small number of specimens from Gauteng.

Differences may reflect differences in toxic exposures. Although not confined to the
Eastern Cape it is possible that the high consumption of tobacco and alcohol when
combined to self-induced vomiting practices and exposure to fungus toxins, induces
aberrations at fragile sites. However the difference in type of specimens (e.g. fresh versus
FFPE) may be a confounder and this would need to be clarified by investigating FFPE
specimens from the Gauteng area, although the high concordance of MLPA amplification

patterns between fresh and FFPE samples weighs against this possibility.

4.5.4 Additional chromosome 16 deletions

Chromosome 16q showed a high rate of deletions overall; interestingly, loss of
heterozygosity at the FRA16D in the 16923 site has been reported in hepatocarcinoma that
are associated to aflatoxin B1 (AF B1) exposure. Although the critical region deleted was
found within WWOX intron 8, the WWOX gene itself was, not rearranged in 27 of the
157 cases that were specifically screened for WWOX mutations in this study (Yakicier, et
al. 2001). AF B1 is present in high prevalence in SA and known to cause hepatocellular
carcinoma, there are however no study that link AF B1 to ESCC in SA. On the other hand,
fumonisin has been epidemiologically associated to ESCC in SA and it would be
important to clarify whether the reported clastogenic effect of fumonisin preferentially
targets fragile sites. The only studies regarding chromosomal breaks induced by fumonisin
exposure in vitro unfortunately do not give any information related to the genomic
location of the breaks, but mention an increased sister chromatid exchange rate, which is

suggestive (Lerda, et al. 2005; Aranda, et al. 2000; Knasmuller, et al. 1997).
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Probes spanning the FANCA gene were deleted in 42 of the 70 specimens from the
Eastern Cape. FANCA gene germ line mutations are associated with one of the
complementation groups of the congenital chromosomal instability syndrome, Fanconi
anemia (Morgan, et al. 1999). This gene is not known to be frequently deleted in cancer; at
the same time, acquired aberrations have rarely been assessed in sporadic tumors and
some recent reports may signal a higher involvement than originally thought. Indeed,
FANCA protein dysfunctions have been observed in sporadic cases of acute myeloid
leukemia (AML) (Lensch, et al. 2003; Xie, et al. 2000), and heterozygous deletions were
also detected in few sporadic AML cases (Lensch, et al. 2003; Tischkowitz, et al. 2004).
In squamous carcinoma, FANCA downregulation was reported in head and neck
squamous cell carcinoma (Wreesmann, et al. 2007), and FANCA was underexpressed in
young patients with sporadic oral squamous cell carcinoma (Tremblay, et al. 2006). It is
possible that deletions in this gene have been underestimated until now.

Interestingly, tissue restricted hypersensitivity to cross-linking agents and chromosomal
instability in ovarian epithelium have been linked to FANCD?2 under expression in ovarian
cancer patients and individuals at high risk of ovarian cancer (Pejovic, et al. 2006).

Like FANCD2, which is involved in the fragile site repair pathway (see Chapter 3, Section
3.1, Figure 3.2), FANCA is also strongly thought to be involved in the homologous
recombination repair process, as shown by deficient knock-out mice models, and possibly
via Fanca protein product interaction with Brcal(Yang, et al. 2005¢). Given this role,
deletions in FANCA would either facilitate or worsen deletions at fragile sites and it
would be of interest to clarify the sequence of events in the Eastern Cape cohort.

Of note, in the ovarian carcinoma cell line studied in Chapter 5, the CGH array showed

that WWOX and FANCA loci were very specifically deleted along the long arm of
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chromosome 16; there were no other large deletions on this chromosome. It would be

interesting to clarify whether these two sites constitute a preferential target of deletions.

Fifty percent of the microRNA (miRNA) molecules characterized thus far have been
mapped at fragile sites (Calin, et al. 2004). Since deletions and to a lesser extent
amplifications/duplications, occur at high frequency in fragile sites regions it will be
interesting to see if a particular functional family of miRNA emerged from tumor-

associated fragile sites aberrations.

In conclusion, deletions at both FHIT and WWOX loci were highly represented in the
Eastern Cape cohort. It will be important to determine if the difference between the two
cohorts observed in this study is confirmed, as it may indicate the presence of specific
etiological factors in the Eastern Cape. It will be important to assess the effect of
exogenous agents and carcinogens that are highly suspected to have a role in the Eastern
Cape cohort in cell culture models. In addition, it will be valuable to screen for the
presence of germ line mutations that could be associated with a population group

“weakness” to repair genes at fragile sites.
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CHAPTER §

CHARACTERIZATION OF A TRANSLOCATION INVOLVING THE FRA3B IN AN
OVARIAN CARCINOMA CELL LINE

5.1 Introduction

Ovarian cancer is the leading cause of fatality among gynecological malignancies (Fields
and Chevlen 2006). Few cases are related to hereditary BRCA1 and BRCA2 predisposing
mutations, but for most tumors, the molecular events driving the pathogenesis are not
clearly elucidated (Goldberg and Borgen 2006).

The ovarian carcinoma cell line UWOV2 was established in the Johannesburg Department
of Medicine from a papillary serous cystadenocarcinoma of the ovary (Golombick et al,
1990). A translocation derivative 11, der(11)t(3;11)(p14.2; p15) was one of the first, most
stable and consistent abnormalities present in this cell line. This suggested that the
translocation was likely to rearrange a critical gene, which would confer a cell growth
advantage and play a role in the initiation or progression of malignancy. The translocation
t(3;11) was of particular interest due to the non-random involvement of both
chromosomes 3 and 11 in ovarian tumorigenesis (Borresen 1992; Huang, et al. 2002; Liu
and Ganesan 2002). On the chromosome 11 short arm, the Wilms tumor gene(WT) locus
maps at 11p13 (Call, et al. 1992). The WT gene is involved in gonad development (Logan,
et al. 2003) and has previously been linked to serous ovarian carcinoma (Acs, et al. 2004;
Hylander, et al. 2006).

On chromosome 3, several tumor suppressor functional regions have been characterized

by research groups using two differing approaches. First by tumor-associated deletion
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studies (Liu and Ganesan 2002; Manderson, et al. 2002), and secondly by in vitro
experimental models, where parts of chromosome 3p genetic material were reintroduced
into cancer cells. Suppression of tumorigenesis was achieved using the latter technology
by independent groups (Cody, et al. 2007; Kost-Alimova and Imreh 2007). The FRA3B
region was part of the critical regions identified that showed tumor suppressor activity in
both strategies. On the other hand, the functional role of the FRA3B/FHIT in ovarian
cancer has been a subject of controversy in the literature and the number of cases
involving rearrangements at this locus remains small (Lounis, et al. 1998; Manderson, et
al. 2002; Manning, et al. 1999; Ozaki, et al. 2001). Recent immuno-histochemistry (IHC)
studies have reported the concomitant WWOX and FHIT proteins loss in breast tumors in
association with a poorer clinical outcome (Guler, et al. 2005); this has not been
investigated in ovarian tumors.

Although the FRA3B is a frequently deleted region in a variety of cancers, reports of
translocation involving FHIT have only rarely been described. Only four tumor-associated
FHIT translocations have been reported to date in the literature (Fang, et al. 2001;
Gemmill, et al. 1998; Geurts, et al. 1997; Popovici, et al. 2002), of which two were present
within the same cell line established from an esophageal adenocarcinoma (Fang, et al.
2001). The two other reports involve a breast cancer cell line (Popovici, et al. 2002) and a
pleomorphic adenoma of the thyroid gland (Geurts, et al. 1997), respectively. A fifth
translocation involving the FHIT locus had also been reported in one family as a
constitutional translocation associated with hereditary renal cell cancer (Gemmill, et al.
1998). A chimeric transcript FHIT-TRCS8 resulted from the latter and the thyroid-
associated translocation fused FHIT to HMG Al. The other described cancer associated

translocations either had non-coding chimeric transcripts or no transcripts at all,
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suggesting that FHIT inactivation was the functional end point (Fang, et al. 2001;

Popovici, et al. 2002).

Preamble : Previous work performed

The translocation t(3;11) present in the UWOV2 ovarian carcinoma cell-line was initially
mapped by FISH techniques using yeast artificial chromosomes (YACs) and bacterial
artificial chromosomes (BACs) on the short arm of each chromosome 3 and 11
respectively. The mapping of each derivative constituted a MSc project under my
supervision, (Laubscher 2000; Rechviasvhili 2002). This previous work showed that the
UWOV?2 cells were nearly tetraploid. The composite karyotype was interpreted together
with additional FISH data using YACs and chromosome-specific libraries, (Appendix 5).
A chromosome complement of the UWOV?2 cell line is shown in Figure 5.1. The two
chromosome 11derivatives constituted the focus of this work and were described as:
der(11)t( 3;11)(p14.2;p14.3-15.1). Chromosome 3 homologs were rearranged with the two
most consistent structural aberrations represented by deletion of chromosome 3 short arm
in two copies (Figure 5.1, arrow heads), and a translocation with chromosome 8 long arm,
t(3;8)(p13;924) which did not involve chromosome 11 material; it was not possible to
ascertain whether any of these structural aberrations represented reciprocal derivatives of
the t(3;11) translocation at a cytogenetic level. Chromosome 11 homologs on the other
hand, were only involved in a single structural rearrangement in the translocation

t(3;11)(p13;925).
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Figure 5.1: G banded karyotype of UWOV?2 cell line at passage 50. Arrows point to the
derivative 11, der(11)t(3;11)(p14.2; p 15.1). Short arrows show del(3)(p13).
(From A Lauscher, 2000).

The derivative 11 t(3;11) developed additional rearrangement (with added genetic material
on the telomeric end of chromosome 3 sequences) during subsequent passages of the cell
line; the chromosomes 3pl4 and 11pl5 breakpoints however, remained remarkably
consistent, were present in every cell, from the first established cultures to all subsequent
passages thus reflecting an early carcinogenic events with a likely growth promoting
effect. The breakpoint on 11p was mapped to 11pl5.1, centromeric to BAC 166e15
(BACPAC Resources Centre) and to the LDHC gene locus, and telomeric to BAC 13019.
No BAC nor YAC probes spanning the breakpoint could be identified (Laubscher 2000)
(Figure 5.2). At the time of this initial study, the human genome mapping was incomplete

and there was no BAC:s tiling path covering this region of chromosome 11.
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Figure 5.2: Summary of BACs and YACs mapping studies on the derivative (11) t(3;11).
Sequences telomeric to YAC 917F2 were lost; BAC 13019 was retained.
(from A Laubscher, 2000)

On the other partner, chromosome 3p, although no translocation spanning vector was
identified, the breakpoint could be mapped with more precision and found to be flanked
by YAC 850, retained on the derivative (11)t(3;11) while YAC 940H8 was lost (Figure
5.3). The YAC 850 was obtained from the Centre d’Etudes du Polymorphisme Humain
(CEPH), Paris, and is known to span the FRA3B/FHIT locus, covering exons 1 to 5 of the
gene.

Both FISH mapping studies, therefore showed that sequences 3p14.1 were juxtaposed to
sequences 11p 15.1, and the translocation breakpoint could be corrected to: t (3;11)( q12 -
> pl4.1:: p15.1-> qter). These results also suggested that the breakpoint lay within the
FRA3B locus within £1Mb on chromosome 3p14.1, and probably between FHIT exon 7

and FHIT intron 4.
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Figure 5.3: FISH mapping data on der(11)t(3;11) in cell line UWOV?2. Modified from

Rechviasvhili, 2002.

Al: chromosome 3 ideogram showing the respective BACs and YACs probes lost/or
retained on the der(11)t(3;11). A2: corresponding map of the FRA3B locus, indicating the

region of the breakpoint in purple.

B: Interphase cell showing the split between YAC 850A6 (red signals) retained on the
der(11) and YAC 940HS (green signal) lost from der(11). Of note, YAC 850A6 was
present in two copies in all cells, while YAC 940HS8 was present in three to four copies in

80% of cells.
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5.2 Aims

The aims of this work were to:

Delineate further the translocation breakpoints on the derivative 11

Assess if the translocation interrupted the FHIT gene and evaluate the expression of FHIT
in the cell line and

Characterize the translocation partner sequences on chromosome 11 p15.1.

5.3 Materials and Methods

5.3.1 Cell cultures

UWOV2 cells were grown in RPMI 1640 medium (with GlutaMax-1, 2mM HEPES,
Gibco BRL), supplemented with 10% fetal bovine serum (FBS) (Gibco BRL) in a

humidified atmosphere at 37°C.

5.3.2 DNA extraction

After trypsinisation and collection of the cell pellet by centrifugation, DNA was extracted
by proteinase K (Roche) digestion followed by phenol:chloroform extraction, as in
Chapter 3 (Section 3.2.2). The DNA yield and sample protein purity was determined using
a NanoDrop spectrophotometer at an optical density (OD) of 260nm and 280nm. The

integrity of the DNA was further assessed on a 2% agarose gel.
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5.3.3 MLPA

MLPA was performed as described in Chapter 3 (Section 3.2.5), with a starting amount of
200 ng of high molecular weight DNA extracted from the UWOV?2 cells in cultures. The
reactions were performed in duplicate and three controls were included in each run. The
raw data were first examined and compared to RT-PCR and CGH array results.

Normalization of the tumor to control ratios was done on the 16q probe for CDH13.

5.3.4 RNA extraction

Total RNA was extracted from freshly harvested cells using the Qiagen RNeasy midi Kkit,
as per manufacturer’s instructions. Briefly, UWOV?2 cells were lysed in 2ml RLT buffer
(Qiagen) containing 20ul of f-mercaptoethanol (1% final concentration). The RNA was
then extracted using the RNeasy midi kit (Qiagen), according to the manufacturer
protocol, and eluted into 150ul of RNase-free water. The yield and RNA quality were
assessed by spectrophotometry and denaturing agarose gel electrophoresis respectively.
Control (cl) RNA was extracted in the same manner from fresh ovarian cells that had
been DMSO frozen (the cell line was obtained as part of a collaborative project on
establishing ovarian cell cultures with the University of the Witwatersrand Department of
Obstetrics and Gynecology). Control RNA (c2) was extracted from the peripheral blood

cells of a healthy volunteer.

5.3.5 RT-PCR for FHIT transcripts

Reverse transcription and PCR reactions were performed in one reaction using the
OneStep RT-PCR kit (Qiagen), according to the manufacturer’s protocol and starting with

an amount of 500ng to 1ug of total RNA. Both forward and reverse primers, 0.5mM of
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each, (published primers by (Fang, et al. 2001) and detailed in Appendix 3) were included
in the reaction. The reactions were performed on an Eppendorf Mastercycler. All reactions
started with a RT reaction at 50°C for 30 minutes, followed by a hot step (95°C for 15
minutes). The full FHIT transcript was amplified with the following PCR steps: 95°C for 1
minute, 62.5°C for 90 seconds, and 68°C for 3 minutes for 35 cycles, followed by a final
extension of 20 minutes at 68°C. A prolonged extension time was found to improve the
yield of the FHIT full transcript with consistency.

PCR conditions for individual FHIT exons one , five and ten were 95°C for 1minute, 60°C
for 1 minute, and 72°C for 1 minute, repeated for 35 cycles, with a final extension of 7
minutes at 72°C. The exon specific primers were previously published (Fang, et al. 2001)

(Appendix 3.)

5.3.6 3’ Rapid amplification of cDNA ends (RACE PCR)

Six ug of total cell line RNA was treated with 1ul DNAse I (1 unit/ul) (Invitrogen) in a
total volume of 20ul for 15 minutes at room temperature to eliminate residual genomic
DNA. DNAse I was then heat inactivated at 65°C for 15 minutes with EDTA (2.5mM

final concentration) and the sample was placed on ice.

RACE PCR was done using the First Choice RLM-RACE kit (Ambion), according to the
manufacturer’s protocol. In brief, the first strand cDNA synthesis was performed with M-
MLV reverse transcriptase at 42°C for 1 hour in the presence of the 3’RACE adapter
included in the kit (enriched in polyT). First round PCR was performed with the 3° RACE
outer primer and the FHIT exon 1, F1 primer (Appendix 3), using 0.5ul Platinum Taq (2.5
units/ul Invitrogen). The hot-start PCR conditions were 94°C for 3 minutes; 35 cycles of
94°C 30 seconds, 60°C 30 seconds, 72 °C 30 seconds, 72°C 10 minutes. When a second

round PCR was performed to enrich for potential specific transcripts, this was done with

140



l1ul of the first round product using the 3> RACE Inner primer and the nested FHIT primer
F2 (Appendix 3). Products were run on a 2% low melting agarose gel containing 1ul/ml
EtBr (10mg/ml) and visualized on a UV transilluminator. Bands were cut out from the gel

and sent for sequencing (Inquaba Biotech).

5.3.7 CGH array

The Agilent Protocol “oligonucleotide array-based CGH for genomic analysis” was
followed as in Chapter 2, Section 2.3.6. In brief, 3ug of cell line and control high
molecular weight DNA were separately co-digested with Alul and Rsal. The control
DNA was a commercially available pooled Human Genomic DNA (Promega). Both
control and tumor-digested DNA were then separately random prime labeled using the
Exo-Klenow fragment (InVitrogen) in the presence of cyanine 3-dUTP (control) and
cyanine 5-dUTP (tumor), respectively (both cyanines dUTP were from Ammersham). The
reaction products were cleaned up on Microcon YM- 30 filters (Millipore) and the
labeling efficiency was evaluated on a NanoDrop. The labelled samples were pre-annealed
with 50ug of Cotl DNA and hybridized to a 44K oligonucleotide Agilent CGH array for
40 hours at 65°C. The slides were then manually washed following the Agilent protocol,
procedure B, which includes the stabilization and drying solution. The slides were scanned
immediately on an Agilent scanner (Institut de Recherches sur le Cancer de Lille, Lille,

France).
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5.4 Results

5.4.1 MLPA

Results for the MLPA products of amplification obtained from the UWOV?2 cell line were
interpreted as in chapter 3, section 3.2.6. In brief, each probe fluorescent peak height was
evaluated as a ratio against the same probe peak height observed in the reference control
specimen, obtained from the 3 controls that were run in the same experiment. This ratio
was then normalized to control probes whose amplification did not depart from that
observed in the control specimen. For the UWOV?2 cells, the control probes for the genes
CREM and CDH13 were used for normalization. The choice of these control probes was
further validated by CGH array data, see section 5.3.6, and the overall results were
represented in a heat map format, further described in section 5.3.6.

Before normalization, the simple visual examination of the GeneScan raw data of MLPA
products already evidenced homozygous deletion of FHIT exon 5, while FHIT exons 1 to
4 had a relative signal intensity reduced by half when compared to the control sample

(Figure 5.4).
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Figure 5.4: MLPA results of cell line UWOV2 with the FHIT-WWOX probe mix.

Raw data from GeneScan analysis software showing MLPA results for a control specimen
run in the same experiment and the cell line UWOV 2 below. FHIT exons, highlighted
here with orange arrows, are from left to right: FHIT exon 2: F2, FHIT exon 4: F4, FHIT
exon 6: F6, FHIT exon 3: F3 and the second probe for FHIT exon 4. Homozygous
deletions of FHIT exon 5: F5 were detected, indicated by red arrows. A hemi
representation of FHIT exons 2, 3 and 4 was observed. Only the relevant probes are
labeled for illustration purposes; (for the identity of all probes peaks please refer to
Chapter 3, section 3.3.1). The green arrows show the internal control probes, C1: CREM
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on 10pl.2, C2: CDHI3 on 16q16 q24.3, and C4: TSC2 on chromosome 16p13.3. The
control probe C3: RENT on 10p, indicated with a blue arrow, also had a half
representation copy number compared to the control and was not used for normalization.
The C1 (CREM) and C2 probes (CDH13), which showed an amplification pattern similar
to the normal control sample, was chosen for normalization and validated by CGH array.

These results suggested that the translocation t(3:11) therefore interrupted the FHIT gene
and resulted in the loss of FHIT exon 5. FHIT exons 1 to 4 were present in half copy
number. Taken together with previous FISH data showing that YAC 850A6 was retained
on the two derivative (11)t(3;11), representing the 5° region of FHIT (exons 1 to 4)
(Figure 5.3) and given the fact that neither exons 4 nor 6 were fully deleted, these results
placed the translocation breakpoint in FHIT intron 4. FHIT exons 6 to 10 were deleted, but
not significantly (ratios >0.8,0)(Figure 5.9, A). This was consistent with the presence of

three copies of YAC 940HS8 that covered the 3’ part of FHIT (Figure 5.3, B).

5.4.2 RT-PCR

RT-PCR with primers in the first and tenth exon (Appendix 3) confirmed that there was

no full FHIT transcript in the UWOV?2 cell line (Figure 5.5, A). Exons 1 and 10 were,

however, retained at both the DNA and RNA levels (Figure 5.5, B) and confirmed the

MLPA results.
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Figure 5.5: 2% agarose gels showing the FHIT-specific RT-PCR results obtained with the
UWOV?2 cell line. The A marker used in all agarose gels was a 100bp marker (Promega).
A: RT-PCR results on FHIT full transcript expression in the UWOV?2 cell line from one
culture (ul) as compared to controls (cl and c2).

B: PCR results of the respective FHIT exon 5 (Bl) and exon I and 10 gel (B2) in the
UWOV?2 cell line from two differing cultures (ul and u2) as compared to controls (cl and
c2). FHIT exon 5, as well as the full FHIT transcript, was lost in the UWOV?2 cell line.

5.4.3 3’ RACE PCR
Several attempts at 3> RACE PCR failed to yield any chimeric transcripts, suggesting that

the result of the translocation is the inactivation of the FHIT gene. Although FHIT exon 1
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was present as established by RT-PCR, the RACE kit is designed based on the assumption

that poly A sequences are present and it would not detect non-coding chimeric transcripts.

5.4.4 CGH arrays

Image analysis of the array raw data was performed using CHG Analytics software 3.4
(Agilent Technologies). Losses of chromosome 3 short arm, sequences pl12.1 to pl14.2
were detected in half the copy number (Figure 5.6, A). This is interpreted against a near
tetraploid karytotype, evidenced by cytogenetics data, and is consistent with the presence
of two copies of the derivative 11 t(3;11) which carry the sequences 3p12.1-3p14.2. This
also confirmed the FISH results obtained with the YAC 850A6 probe (Figure 5.3, B)

The oligonucleotide probe that maps within FHIT exon 5 (as identified through the
sequence accession number provided by the CGH analytics software oligonucleotide
probe list) (Figure 5.6, B1, and Appendix 6) was completely deleted. This confirmed both
the MLPA and PCR results.

The interpretation of CGH array data together with FISH results allowed for precise
mapping of the translocation breakpoint on chromosome 11. The loss of sequences 11p,
pl5.1>pter (Figure 5.6, A) clearly resulted from the translocation and was in agreement
with the FISH data, which showed the retention of the BAC 13019 that spans the marker

D11S2034 (Laubscher 2000).
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Figure 5.6: CGH array results for the UWOV?2 cell line.

(A): chromosomes 3 and 11 ideograms; the mean average log2 ratio, blue line, reflects
the copy number of probes mapping in the corresponding chromosomal regions. Deletions
are shown on the left of the zero line and amplification on the right, respectively. CGH
array like MLPA does not detect tetraploidy; copy number changes are therefore relative.
(B1): detail of breakpoint mapping for chromosome 3pl4 and (B2): for chromosome
11pl5.1. The position of the horizontal blue line on the chromosome ideogram matches a
green dot, which represents a specific oligonucleotide probe hybridization signal (right of
the ideogram). The corresponding probe name and reference sequence accession number
from the NCBI gene list is highlighted in blue at the bottom of the figure in the preloaded
gene annotation list (CGH Analytics Software, Agilent). This allows for the verification of
the exact gene location and composition of the selected probe. The FHIT probe closest to
exon 5 was completely deleted. (B2): the breakpoint on 11 pl5 can be inferred to lie
within SAA2 and 4 genes.
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Both chromosomes 3 and 11 short arms showed deletions of sequences: 3pl11->pl14.2 and
Ip15.1>pter respectively. The boundaries of these deletions 3pl4.2 and 11pl5.1,
corresponded to the translocation breakpoint, as seen by the combined interpretation of
cytogenetics and FISH mapping results.

On the chromosome 11 ideogram (Figure 5.6, B2), the breakpoint on 11p15.1, as defined
by the boundaries of deleted sequences pl5 to pter, lied between the SAA2 and SAA4
genes respectively. The oligonucleotide probe specific for SAA4 was deleted indicating
that it was not retained on the der(11)t(3;11). On chromosome 3 the integration of MLPA

and CGH results suggested a breakpoint just distal to exon 4, in FHIT intron 4.

5.4.5 MLPA validation by CGH in cell line UWOV2

a) Concordance with MLPA

There was a very good correlation of results obtained with the MLPA and CGH arrays
regarding relative copy number variation in the UWOV2 cell line. Apart from the
homozygous deletion of FHIT exon 5, which was obvious, the MLPA internal control
probes, which showed a normal pattern of amplification in MLPA, also had an even copy
number representation on the CGH array on visual examination. Similarly, probes that
showed decreased MLPA products compatible with hemizygous deletion also showed
hemizygous deletion on the CGH array. Two control probes, localized on the chromosome
10 short arm, clearly illustrated this (Figure 5.7) and validated the choice of control. The
probe for the CREM gene localized in 10p11.2 had a relative peak height comparable to
that of the control specimen (Figure 5.4), while another probe for the RENT gene on
10p14 showed a MLPA relative peak height compatible with hemizygous deletion when
compared to the control. These results were matched by the CGH array hybridization

results and are shown in Figure 5.7. The larger view of chromosome 10 short arm clearly
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shows a deletion from sub-band 10p12.31 to 10pter, explaining the copy number variation

of these two probes.

Similarly, the probe for CDH13 on 16q24, which had an amplification pattern comparable

to that of the control and was used to normalize the MLPA ratios, was found to be

represented in normal copy number by both the MLPA and CGH arrays (Figure 5.8).
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Figure 5.7: Chromosome 10p control probes, correlation of MLPA and CGH array data.
A: MLPA amplification results for the UWOV?2 cell line. The black vertical arrows point
respectively to the probe for the gene CREM, left (green arrowhead) and to the probe for
the gene RENT, right (blue arrowhead), showing respective peak heights. B: the black
arrows link to the probes’ respective CGH hybridization data. B1: the oligonucleotide
probe for the gene CREM is on the zero line, showing the normal copy number, while the
probes for the gene RENT (B2) are near the “-1” line, indicating hemizygous deletion. C:
a general view of chromosome 10p; a blue box on the ideogram show the magnified
region represented on the right. Deletion of 10p is clearly visible at 10 p12.31.
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Figure 5.8: Correspondence of MLPA and CGH array results for the control probe on
chromosomel6q, CDHI3 gene.

A: CGH data: the blue horizontal line on chromosome 16 ideogram is on the CDHI3
probe, as indicated by the probe list below. B: UWOV2 MLPA GeneScan raw data
showing the CDH13 probe peak signal (green arrow), comparable to that of the control

(also see Figure 5.4).

5.4.6 Status of WWOX at FRA16D in the UWOV2 cell line

Interestingly and in contrast to the five ESCC cell lines examined in Chapter 3, probes

specific to WWOX exons in MLPA showed deletions of WWOX exons 1 and 5 in the cell

line UWOV2 (Figure 5.9, A). With closer examination of the Agilent array

oligonucleotide probes, this was confirmed by CGH array results with specific WWOX

probes mapping near WWOX exon 5 (see Appendix 6) (Figure 5.9, B).
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A set of four probes in the Fanconi Anemia A (FANCA) gene locus on 1624 was built
into the FHIT/WWOX MLPA assay to control for locus specificity of chromosome 16
deletions. Deletions in FANCA were detected in the UWOV?2 cell line by both the MLPA
and CGH arrays (Figure 5.9). Interestingly, a global view of the chromosome 16 long arm
clearly demonstrated that the above deletions were site specific for both the WWOX and

FANCA loci (Figure 5.9).
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Figure 5.9: Correlations of MLPA and CGH results in cell line UWOV2, showing
deletions in the WWOX and FANCA loci on chromosome 16 q.
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(A) Left: normalized MLPA ratios visualized in a heat map (described in Chapter 4,
Section 4.2.4); yellow blocks have normal ratios, orange and red blocks indicate deletions
and green blocks amplifications. Probes in the FANCA gene and WWOX exons 1 and 5
showed significantly decreased ratios <0.7. The corresponding MLPA normalized ratio
chart is on the right. (B) CGH array data showing, on the left, deletion in the WWOX
locus (see Appendix 6) and in the FANCA gene (right). Bottom: overall representation of
copy number variations along chromosome 16 showing locus-specific deletions for
WWOX and FANCA loci.

5.6 Discussion

This is the first translocation t(3;11)(p14.2;p15.1) described and the first molecular
characterization of these chromosomal regions in ovarian carcinoma.

Abnormalities of both chromosomes 3 and 11 have been recurrently described in ovarian
cancer. On chromosome 11, aberrations usually result in the loss of genetic material 11p13
to 11pter (Struski, et al. 2003; Taetle, et al. 1999; Wilson, et al. 1996). Chromosome 3 has
been less frequently implicated and is usually involved in structural rearrangement; a
couple of reports have documented the involvement of both 11p15 and 3p14 (Panani and

Roussos 2006; Rao, et al. 2002), although as separate aberrations.

In the UWOV?2 cell line, the translocation breakpoint on 3p14.1 was localized in the FHIT
gene. It was mapped by MPLA and CGH array within intron 4 and resulted in the
homozygous loss of FHIT exon 5, which is the first coding exon. The loss of a FHIT
transcript was confirmed by RT-PCR. The breakpoint on 11p15.1 was located between the
SAA1 and SAA2 genes. These genes are not typically involved in malignancies, although
SAAL increased expression has recently been observed in colon tissues and correlated
with neoplastic development. However, because the gene has no obvious functional

contribution to the malignant process, it is thought to be activated by other mediators
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present in cancer cells and may only act as a marker (Gutfeld, et al. 2006). Rapid
amplification of cDNA ends (3 RACE PCR) did not identify any coding chimeric
transcript in the UWOV?2 cell line and the functional involvement of SAA1 or 2 is
unlikely in this cell line. 5 RACE was not attempted in UWOV?2, since there were no
obvious reciprocal derivatives of the translocation t(3;11). Similarly to the UWOV2 cell
line, no coding chimeric transcripts were detected in three of the five previously described
tumor-associated translocations involving FHIT (Fang, et al. 2001; Popovici, et al. 2002).
Rather it seems that inactivation of the FHIT gene is the key consequential event
associated with malignancy. The fact that FHIT is found to accept a variety of partner
chromosome sequences in translocations (chromosomes 4, 16 and 20 have been reported,
(Fang, et al. 2001; Popovici, et al. 2002)) strongly supports the idea that the end
functional result of structural rearrangements is FHIT s inactivation.

Interestingly, one of the rare FHIT translocations that have been described was present in
a breast cancer cell line (Popovici, et al. 2002). Predisposing hereditary mutations in
BRCA1 or BRCA2 are responsible for both breast and ovarian tumors in a subset of
patients. It is tempting to speculate that a familial predisposing mutation affecting these
genes may have been present in both patients’ constitutional genome, patients from whom
both the ovarian cell line presented in this study and the breast cell line from Popovici
study were derived. BRCA1 and BRCA?2 interfere with the repair pathway mechanism of
genes at fragile sites and are downstream targets of the ATR gene (see Chapter 3, Section
3.1) and preliminary studies suggest that BRCA1 deletions correlate with FHIT
inactivation in sporadic breast tumor cells. It would be interesting to assess FHIT and
WWOX status in tumor cells of patients who have an inherited BRCA1 —BRCA2

predisposing mutation. It could be speculated that BRCA1 repair deficiency, which is
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involved in the ATR dependant repair pathway, would predispose patients to having
increased breaks at fragile sites.

In the UWOV2 cell line, the observation of a site-specific deletion within the WWOX
locus on 16q using CGH array is reminiscent of the concomitant alteration of FHIT and
WWOX proteins previously observed in breast cancer tissues (Guler, et al. 2005).

The Fanconi Anemia gene (FANCA) was found to be deleted in half copy number; since
the related gene FANCD?2 participates in the fragile sites repair pathway (Chapter 3,
Section 3.1), it raises questions regarding the time chronology for this deletion. If
FANCA deletions preceded alterations at fragile sites, this event may have contributed to
FHIT and WWOX intragenic deletions. Indeed, a recent study showed the association of
reduced FANCD2 expression with increased chromosomal instability and increased risk
of developing ovarian cancer (Pejovic, et al. 2006). However, the extent of FANC gene
deletions in ovarian cancer would have to be further evaluated to clarify the frequency of

its participation.

In summary, a stable translocation that interrupts the FHIT gene was characterized; this is
the sixth cancer associated translocation involving FHIT and the first described in ovarian
carcinoma. The characterization of a translocation that targets the FHIT gene reinforces
the notion that chromosomal instability and genes involved in these sites and pathways

may have an important role in carcinogenesis.
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CHAPTER 6

GENERAL CONCLUSIONS AND FUTURE WORK

6.1 Summary

This project was initiated to explore the extent of the involvement of chromosomal “hot
spots” (as defined by regions of genomic instability preferentially targeted in cancer) in
SA cancer patients, on the basis that they may host critical genes involved in the initiation
and or progression of cancer and that they are sensitive to external carcinogens. Two types
of chromosomal “hot spots” were examined in this thesis: chromosomal amplification

(amplicon) and chromosomal fragile sites.

6.1.1 Characterization of a 12p amplicon in a secondary leukemia patient

A minimal region of amplification on 12p was characterized in a secondary leukemia
patient and corresponded to a similar region described in testicular germ cell tumors. This
region pointed to stem cell genes as potential key oncogenes. These findings suggested
that the 12p stem cell cluster and in particular NANOG, STELLAR and GDF3 may be
more commonly involved in a variety of cancers. GDF3 and NANOG are essential for
embryonic stem cell self —renewal (Levasseur, et al. 2008) and their amplification is likely
to promote stem cell qualities and enhanced cell proliferation. They may constitute
potential target genes for therapy worth considering as proposed for Notch another stem

cell self-renewal gene implicated in cancer (Chang, et al. 2008).
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6.1.2 Characterization of fragile sites deletions affecting tumor suppressor genes

A novel approach to scanning genes at fragile sites was developed and evaluated in this
work and will facilitate screening of FHIT and WWOX deletions as well as CAV1 and 2
copy number changes for research purposes. This MLPA assay may also be useful for
clinical screening in cancers for which deletions of FHIT/ WWOX have been associated
with an adverse prognosis such as breast and colorectal cancers. The PAS data analysis
software and a VBA heat-map program were both developed, in a flexible format and can

be used in a number of MLPA applications.

A novel translocation within the FHIT gene was characterized in an ovarian carcinoma
cell line. This is the fifth tumor-associated translocation described that involved the FHIT
gene, reinforcing the idea that this gene is indeed a critical anti-oncogene, involved in
either initiation or progression of cancer. Array CGH experiments used in conjunction
with the FHIT/'WWOX MLPA assay showed a high concordance of results between the

two approaches further validating the MLPA assay.

Exon deletions have been found to be frequent in both the FHIT and WWOX loci in
ESCC cell lines and in patients’ tumor biopsies. The difference of incidence between
WWOX deletions in cohorts from Gauteng and the Eastern Cape needs to be verified by
screening additional specimens from the Gauteng area, but already raises questions as to
the possibility of carcinogen exposure in the Eastern Cape, preferentially targeting
chromosome 16. In this regard, fumonisin could be a potential toxic agent with or without
co-exposure with aflatoxin. Alternatively, the Eastern Cape population may carry a
genetic predisposing weakness in a DNA repair pathway that participates in single-strand

break pathway.
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6.1.2 A cancer initiation/progression model involving fragile sites

While the mechanistic explanation for the fragility of chromosomal “hot spots” remain for
the most unexplained, their involvement in cancer promoting events is obvious (Glover
2006). Not only are they sensitive to at least some external carcinogen but their
rearrangement or deletion, which could be due to mechanistic events, may result in the
rearrangement of a key tumor promoting gene(s) either through amplification of an
oncogene or through deletion of a tumor suppressor gene.

There is a variation of individual response to conditions of fragile site induction (Lukusa
and Fryns 2007) suggesting that there is a variable efficiency in DNA repair genes
monitoring chromatin repair at fragile sites. These include ATR, BRCA1, FANCD2 and
SMCI1 (refer to Chapter 3, section 3.1.4). There is recent evidence that the ataxia-
telangiectasisa mutated (ATM) pathway, which controls double strand breaks repair
(DSB) is also playing a role in maintaining fragile site stability and that double strand
breaks and DNA fragmentation do occur under condition of replication stress, contrasting
with original notions (Ozeri-Galai, et al. 2007).

A model is proposed regarding the Eastern Cape population exposed to carcinogens that
may induce breaks at fragile sites. The figure below (Figure 6.1) illustrates this model
with the FHIT gene and would apply for WWOX as well since both genes are involved in
apoptosis.

In brief, should breaks occur in high frequency at fragile sites this may inactivate
FHIT/WWOX through deletions affecting coding exons. Cells with defective
FHIT/WWOX, and therefore defective apoptosis may then progress through cell division
and accumulate genetic aberrations. Similarly DSBs may go though cell division and

generate interstitial deletions, translocations or inverted duplications. A genetic tendency
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leading to ineffective repair mechanisms in either the ATR or ATM pathway is likely to

favor an increased frequency of unrepaired breaks at CFS.

Apoptosis .‘

l I
Fragile site ——» > FHIT i i .
|
—>

—> Activation C':A\IIIZAZ Malignant

B \ proliferation
Repair i i

Figure 6.1: Model for the formation of malignant clones through deletions at fragile sites
and DSB generated at the same time.

A recent study shows that the inactivation of genes at common fragile sites is non random
(McAvoy, et al. 2007). One can speculate that the active gene machinery at work in a
particular cell type at a particular stage of development is influencing the occurrence of
deletions at some sites in preference to others. The chromatid would have to be loose and
accessible at points of high gene transcription activity.

It will be interesting to investigate if a preferred subsequent molecular pathway follows on
the inactivation of specific genes at fragile sites. WWOX and FHIT are coordinately
deleted and associated with a poorer prognosis in breast cancer (Guler, et al. 2005) ; at the
same time BRCA1 positive breast cancer tumors tend to have FHIT deletions (Cavalli, et

al. 2004; Turner, et al. 2002). It will be important to assess the state of other repair genes
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in breast cancer patients that have FHIT and WWOX deletions in tumor cells and who are

otherwise BRCA1 and BRCA2 negative.

6.2 Future work

6.2.1 Development of a FISH probe to detect amplification of the 12p stem cell gene

cluster

A FISH probe will be designed using BACs and or YACs mapping at 12p31 and which
cover the stem cell gene cluster represented by NANOG, STELLAR and GDF3. This
probe or probe cocktail will be useful in screening for amplification of this cluster in
differing types of cancers. Interestingly 12p amplification has also been observed in some

ESCC tumors.

6.2.2 Improvement of the MLPA assay

It is envisaged to improve the MLPA assay and to include new internal control probes.
Control probes will be designed in order to span a conserved exon sequence of genes that
are located in genomic regions rarely affected by copy number variations in cancer and
that do not locate near a known fragile site.

A new algorithm for the correction of regression in appropriate samples is currently being
designed that will more accurately correct for the signal “fading away” effect observed

with the largest MLPA probes.
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6.2.3 Furthering the investigation of the role of genes at fragile sites in SA ESSC

First, in order to verify if the surprising observed difference of WWOX rate of deletions
between the two cohorts from Gauteng and the Eastern Cape is real, we will test FFPE

samples from a Gauteng cohort using the same FHIT/ WWOX MLPA assay.

Second, we will assess the Eastern Cape FFPE specimens using CGH array for copy
number analysis. This will be performed on forty patients and forty controls FFPE
specimens represented by normal histo-pathological tissue sections collected from the
same population group (Eastern Cape). The Affymetrix 500K SNP array will be used for
this study. The SNP array will allow for the verification of the above data especially
regarding FHIT and WWOX deletions and the extent of these deletions on chromosome 3
and 16 respectively. This will be achieved by looking at regions of loss of heterozygosity
at these specific sites. The array work will also shed light on whether these deletions are
locus specific and if they override in frequency other chromosomal aberrations. The latter
proving positive would strongly suggest an early role for alterations at fragile sites.
Another aspect of interest derived from copy umber analysis will be to test the hypothesis
that there may be nonrandom copy number changes associated with FHIT and /or WWOX
exon deletions. Should this be the case, the nonrandom alterations may reflect a preferred
pathway of molecular events associated with deletions of specific genes at fragile sites.
The recent report of nonrandom involvement of genes at fragiles sites in a variety of
cancer support this idea (McAvoy, et al. 2007).

Lastly but importantly, the choice of the Affymetrix SNP array platform will bring
information regarding the possibility of associated polymorphisms in fragile sites

associated repair genes and/ or others.
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Third, to explore the effect of the putative local carcinogenic exposure and should a
collaboration be feasible, an in-vitro model of fumonisin exposure in cell cultures should

ideally be tested for fragile sites expression.

The findings by independent groups (Bartkova, et al. 2005; Gorgoulis, et al. 2005) that
oncogene induction of replication stress and pre cancerous lesions are marked by an
increased expression of fragile sites, point to the value of an appropriate screening test.
Should fragile sites be over expressed in in vivo situation of carcinogen exposure, the early
detection of deletions may be predictive of cancer and an assay could be very useful.

In the above work it has been shown that the exon based FHIT/'WWOX MPLA assay can
effectively detect those deletions at fragile sites likely to have significant functional
consequences and potentially lead to either cancer initiation and/or cancer progression.
However the MLPA assay will not detect all the deletions/ duplications occurring in
noncoding regions of the fragile sites loci. If such lesions act as an “alarm” signaling an
array based method with a high coverage in these sites ( such as the 6K Affymetrix array
or the 244K Agilent oligonucleotide array) would be ideal .

These assay are however prohibitively expensive in a clinical situation and more suited for
research purposes. Indeed should a CGH array study be applied in screening for early
fragile sites deletions in cancer induction model and early cancer lesions it may also lay
the ground to develop a new MLPA test with probes specific for the most commonly
deleted fragile sites regions.

The MPLA assay is sensitive in that it covers all critical exons in both genes with
duplicate probes. The sensitivity of both MLPA and array will be of course dependant on
the quality of the samples tested; a dilution of cancer cells with normal cells will decrease

the sensitivity of both assays and give false negative results.
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The MLPA assay is also robust as the probes are gene specific and point mutations that
would result in non amplification (false positive results) are unlikely to occur in coding
exon sequences. The FHIT/WWOX MLPA assay is also considerably a cheaper than a
whole genome array analysis and would be ideally suited for prognosis evaluation in
breast and colorectal cancer. It would also be of great value to screen early lesions in order
to clarify the clinical role of the FHIT/WWOX assay in this context. It may prove very
useful in detecting early events of cancer initiation and would thus lead to early treatment

in the course of disease development.
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APPENDICES

Appendix 1: list of fragile sites in the human genome

Modified from From NCBI : http://www.ncbi.nlm.nih.gov/

Genome Data Base Chromosomal sub

Name Agent
reference number band
GDB:119141 10g21 FRA10C BrdU type
GDB:119142 10g22.1 FRA10D Aphidicolin type
GDB:119143 10g25.2 FRA10E Aphidicolin type
GDB:119923 10q26.1 FRAI10F Aphidicolin type
GDB:119145 11923.3 FRA11B
GDB:119146 11pl5.1 FRAI11C Aphidicolin type
GDB:119147 11p14.2 FRA11D Aphidicolin type
GDB:119148 11p13 FRAI11E Aphidicolin type
GDB:119149 11q14.2 FRAI11F Aphidicolin type
GDB:119150 11g23.3 FRA11G Aphidicolin type
GDB:119924 11q13 FRA11H Aphidicolin type
GDB:119152 12g21.3 FRA12B Aphidicolin type
GDB:119154 12q24 FRA12E Aphidicolin type
GDB:119155 13q13.2 FRA13A Aphidicolin type
GDB:119156 13q21 FRAI13B BrdU type
GDB:119157 13g21.2 FRA13C Aphidicolin type
GDB:119927 13g32 FRA13D Aphidicolin type
GDB:119158 14923 FRA14B Aphidicolin type
GDB:119159 14q24.1 FRA14C Aphidicolin type
GDB:119160 15g22 FRA15A Aphidicolin type
GDB:119162 16q22.1 FRA16C Aphidicolin type
GDB:119163 16q23.2 FRA16D Aphidicolin type
GDB:119930 17q23.1 FRA17B Aphidicolin type
GDB:119165 18q12.2 FRA18A Aphidicolin type
GDB:119166 18q21.3 FRA18B Aphidicolin type
GDB:119931 19q13 FRA19A 5-Azacytidine type
GDB:119168 1p36 FRA1A Aphidicolin type
GDB:119169 1p32 FRA1B Aphidicolin type
GDB:119170 1p31.2 FRAIC Aphidicolin type
GDB:119171 1p22 FRA1D Aphidicolin type
GDB:119172 1p21.2 FRAIE Aphidicolin type
GDB:119932 1921 FRAI1F Aphidicolin type
GDB:119173 1925.1 FRA1G Aphidicolin type
GDB:119174 1g42 FRATH 5-Azacytidine type
GDB:119933 1q44 FRAI1I Aphidicolin type
GDB:119934 1q12 FRA1J 5-Azacytidine type
GDB:119935 1931 FRA1K Aphidicolin type
GDB:119936 1p31 FRAIL Aphidicolin type
GDB:119176 20p12.2 FRA20B Aphidicolin type
GDB:119178 22q12.2 FRA22B Aphidicolin type
GDB:119181 2p24.2 FRA2C Aphidicolin type

186




GDB:119182 2p16.2 FRA2D Aphidicolin type
GDB:119183 2pl13 FRA2E Aphidicolin type
GDB:119184 2q21.3 FRA2F Aphidicolin type
GDB:119185 2q31 FRA2G Aphidicolin type
GDB:119186 2q32.1 FRA2H Aphidicolin type
GDB:119187 2q33 FRA2I Aphidicolin type
GDB:119188 2q37.3 FRA2J Aphidicolin type
GDB:119190 3p24.2 FRA3A Aphidicolin type
GDB:119191 3pl4.2 FRA3B Aphidicolin type
GDB:119192 3q27 FRA3C Aphidicolin type
GDB:119937 3q25 FRA3D Aphidicolin type
GDB:119193 4pl16.1 FRA4A Aphidicolin type
GDB:119194 4q12 FRA4B BrdU type
GDB:119195 4q31.1 FRA4C Aphidicolin type
GDB:119196 4pl15 FRA4D Aphidicolin type
GDB:119197 4q27 FRA4E Unclassified
GDB:119198 S5pl13 FRASA BrdU type
GDB:119199 5q15 FRASB BrdU type
GDB:119200 5q31.1 FRASC Aphidicolin type
GDB:119938 5q15 FRAS5D Aphidicolin type
GDB:119939 Spl4 FRASE Aphidicolin type
GDB:119940 5921 FRASF Aphidicolin type
GDB:119202 6p25.1 FRA6B Aphidicolin type
GDB:119203 6p22.2 FRA6C Aphidicolin type
GDB:119204 6q13 FRA6D BrdU type
GDB:119941 6926 FRAGE Aphidicolin type
GDB:119942 6q21 FRAGF Aphidicolin type
GDB:119943 6q15 FRA6G Aphidicolin type
GDB:119206 Tp22 FRA7B Aphidicolin type
GDB:119207 Tpl4.2 FRA7C Aphidicolin type
GDB:119208 Tpl3 FRA7D Aphidicolin type
GDB:119209 7q921.2 FRATE Aphidicolin type
GDB:119210 7922 FRA7F Aphidicolin type
GDB:119211 7q31.2 FRA7G Aphidicolin type
GDB:119212 7q32.3 FRATH Aphidicolin type
GDB:119213 7936 FRAT7I Aphidicolin type
GDB:119944 7ql1 FRA7] Aphidicolin type
GDB:119215 8g22.1 FRASB Aphidicolin type
GDB:119216 8q24.1 FRAS8C Aphidicolin type
GDB:119217 8q24.3 FRASD Aphidicolin type
GDB:119222 9p21 FRA9C BrdU type
GDB:119945 9q22.1 FRA9D Aphidicolin type
GDB:119223 9q32 FRA9E Aphidicolin type
GDB:119946 9q12 FRA9F 5-Azacytidine type
GDB:119948 Xp22.31 FRAXB Aphidicolin type
GDB:119949 Xq22.1 FRAXC Aphidicolin type
GDB:119950 Xq27.2 FRAXD Aphidicolin type
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Appendix 2: MLPA Probe binding sequences:

FHIT exon1
GAAGCTCAGGAAAGAAGAGAAATCCACTGA-- GAACAGTCTGTAAAG
GTAAGTGTATTTATTACATGGCCTTGAC

FHIT exon2
CTGACAGGACAACTTCCTTAACCACCT— GCTTGTCCTCCCTCTTAGGCA
AAAGTGCTGAGCAATAGTT

FHIT exon3
GTCTCCCATCTTGTGTTTCTGCCTTTCCCT-— AGGTCCGTAGTGCTATCTA
CATCCAGACGGTGGAAGGGAG

FHIT exon3
CAATCCTGTTGTCCTTTAACTTCCACTTT—ACTGCCCTACAAGATGTCCC
AGGTAGGTTATATGCTTTTAA

FHIT exon4
GTAGGTATCCTAGGAATACCTGCCTGCTTA—-GACCCTCTATAAAAGCTC
TGTGCATCCTGCCACTGAGGAC

FHIT exon4
GCTCAGTATTCATGGGGAACGTTCCTATG — AATTGTACCTAGAGCCATC
T GGATCACTGCTGAAATAATCAT

FHIT exon5
GACTTCAACTGTGAGGACATGTCG-— TTCAGATTTCCGCACATCTCATCA
AGCCCTCTGTACTGTTTC

FHIT exon5
CAGAACTGTCCTTCGCTCTTGTG-— AATAGGAAACCTGTGGTACCATGAC
GTATCCTTTCTTT

FHIT exon 6
CTGCGGCCAGTGGAGCGCTTCCA-— TGACCTGCGTCCTGATGAAGTGGCC
GATTTGTTTCAGA

FHIT exon7
GGGTGATATTTCGAATAAGCAGGAGATACCATCTACCTAT— TCTCACCTC
TG TTGGTTTTTTCCTACTTCTAGGATGGCCCCGAA

FHIT exon 8§

GCCTCTGAAAAATAACCCAGCAGGAACCATCG-—- TGGAGTAATTGGGCT
TCATGAGAGCATCACTGTCAAGTCTA
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FHIT exon 8§
CTATCCTGTGAAAGTCTCCAGCCTTC-— CTGGGAAGAACATGGACGTGAA
CGTGCTGAAATGTACAAG

FHIT exon9
GGAGGACTTTCCTGCCTCTTGGA— GATCAGAGGAGGAAATGGCAGCAG
AAGCCGCAGCTCTG

FHIT exon 10
GTATTCTTCAACCAGTGATCCCCCACCTC— GGTCACTCCAACTCCCTTAA
AAT CCTAGACCTAAACGGCT

WWOX exon 1
CAGGAACTCACTCCCGCTCCAAACGA— GACCCGCGCGCAETCEaEaGaEe
CCGACCGCTCACGCCT

WWOX exon 1
CCATGGCAGCGCTGCGCTACG— CGGGGCTGGACGACACGGACAGTGAG
GACGAGCTGCC

WWOX exon 4
CTTGGACCCAAGACTGGCGTTTACTGT-— GGATGATAATCCGACCAAGCC
AACCACCCGGCAAAGATACGAC

WWOX exon 5
CCAAGTCTTTTGCCCTCCATGGTGCACAT-— GTGATCTTGGCCTGCAGGAA
CATGGCAAGGGCGAGTGAGC

WWOX exon 6
GACCCTGGACCTCGCTCTGCTCCGTA-— CGCTGCAGCATTTTGCTGAAGC
ATTCAAGGCCAAGAATGTG

WWOX exon 7
GTCTCACCAAAGATGGCCTGGAGACC-— ACCTTTCAAGTGAATCATCTGG
GGCACTTCTACCCTGTCCAGCT

WWOX exon9
GCAACAGGGAGCTGCCACCACCGTGT— ACTGTGCTGCTGTCCCAGAACT
GGAGGGTCTGGGAGGGATG

WWOX exon9

CGAGAGGCTGATCCAAGAACGGCT— TGGCAGCCAGTCCGGCTAAGTGG
AGCTCAGAGCGGATGGG
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Appendix 3: FHIT coding sequence and set of primers

Coding sequence:
CTTTTTgCCCTCTgTTCCCgggTCCCTCAggCggCCACCCAgTgggCACACTCCC
AggCggCgCTCCggCCCCgCgCTCCCTCCCTCTgCCTTTCATTCCCAgCTgTCAA
CATCCngAAgCTTTgAAgCTCAggAAAgAAgAgAAATCCAE%gAgAACAgTCT
GTAAAggTCCgTAgTgCTATCTACATCCAgACggTggAAgggAgAgAAAZAZAAA
GAAggTATCCTAggAATACCTgCCTgCTTAgACCCTCTATAAAAgCTCTgTgCA

TCCTgCCACTgAggACTCCgAAgAgeTAgCAgTCTTCTgAAAgACTTCAACTgTg

AGgACATETCSTTCAgATTTggCCAACATCTCATCTCATCAAgCCCTCTgTAET
* F5

RS
.GACATgTCCTTngTgCCCgCTgngCCAnggAgCgCTTCCATgACCTgCgTC

CTgATgAAgTggCCgATTTETTTCAgACgACCCAgAgAgTCgggACAGTggTggAA
AAACATTTCCATgggACCTCTCTCACCTTTTCCATgCAggATggCCCCgAAgCC
ggACAgACTgTgAAgCACETTCACETCCATETTCTTCCCAggAAggCTggAgACT
TTCACAggAATgACAgCATCTATgAggAgCTCCAgAAACATgACAAggAggACT
TTCCTgCCTCTTggAgATCAgAggAgeAAATggCAgCAgAAgCCgCAgCTCTgCgg
GTCTACTTTCAgTgACACAgATETTTTTCAgATCCTgAATTCCAgCAAAAgAgC
TATTgCCAACCAgTTTgAAgACCgCCCCCCgCCTCTCIéICOCAAgAggAAngAAT
CAgCATgAAAATgCAETTTCTTCATTTTTTTCTCACCATCCTETATTCTTCAA
CCAgTgATCCCCCACCTC ggTCACTCCAACTCCCTTAAAATAC?’II“OACgACCTA
AACggCTCAgACAggCAgATTTgAggTTTCCCCCTEZTCTCCTTATTCggCAgCCT

TATgATTAAACTTCCTTCTCTgCTgCAAAAAAAAAAAAAAA
R10a
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Set of Primer (from Fang, et al. 2001)

FHIT full transcript
F1 5’- CTTTTTGCCCTCTGTTCCCG -3’

R 10c 5’- TCACTGGTTGAAGAATACAGG -3

FHIT exonl

F1 5’- CTTTTTGCCCTCTGTTCCCG -3
R1 5’- GGATGTTGACAGCTGGGAATG -3
FHIT exon 5

F5 5°- ATGTCGTTCAGATTTGGCC -3
RS 5’- CTGGTACCACAGGTTTCCTA -3’
FHIT exonl0

F 10 5’- CCTCTTAAGGTCGTTTTCTC -3

R 10a 5’- GCAGCAGAGAAG GAAGTTTA -3’

2. Other primers:
F2 (nested RACE PCR primer in exon 1):

5’- CATCCTGGAAGCTTTGAAGCTCA -3
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Appendix 4. Heat maps representing MLPA probes ratios for the Eastern Cape
cohort

run 480
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16¢24.3 (FANCA)
16¢24.3 (FANCA)

WWOX exon 1a
WWOX exon 1b
WWOX exon 5a
WWOX exon 6

WWOX exon 7
WWOX exon 9a
WWOX exon 9b

CAV 1
CAV 2
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run 317 S 1051 S 220 S 1105 S 257 S 1635 S912 S 1918

10p12.1 (CREM)
10p14 (RENT)

FHIT exon 1la
FHIT exon1B

FHIT exon 2 a
FHIT exon 2b
FHIT exon 3 a
FHIT exon 3b
FHIT exon 4a
FHIT exon 4b
FHIT exon 5a
FHIT exon 5b
FHIT exon 6

FHIT exon 7

FHIT exon 8a
FHIT exon 8b
FHIT exon 9

FHIT exon 10

3p22 (CTNNB1) 1.26 0.40 0.37
3p25.3 (FANCD2)

16922.1 (CDH1)
16922.1 (CDH1)

16924.2 (CDH13)
16924.3 (FANCA)
16924.3 (FANCA)
16924.3 (FANCA)
16924.3 (FANCA)

WWOX exon 1a
WWOX exon 1b
WWOX E 5A
WWOX exon 6
WWOX exon 7
WWOX exon 9a
WWOX exon 9b

CAV 1

CAV 2

Run 361 S 2789 S 2790 S 2791 S 263 S 2793 S 2139 S 60 S 432
10p12.1 (CREM)

10p14 (RENT) | 065 0.55

FHIT exon 1a
FHIT exon1B

FHIT exon 2 a
FHIT exon 2b
FHIT exon 3 a
FHIT exon 3b
FHIT exon 4a
FHIT exon 4b
FHIT exon 5a
FHIT exon 5b
FHIT exon 6

FHIT exon 7

FHIT exon 8a
FHIT exon 8b
FHIT exon 9

FHIT exon 10

3p22 (CTNNB1) 0.55 0.61 0.58 0.54 0.40
3p25.3 (FANCD2)

16q22.1 (CDH1)
16q22.1 (CDH1) [ s
16q24.2 (CDH13)
16q24.3 (FANCA)
16q24.3 (FANCA)
16G24.3 (FANCA)
16q24.3 (FANCA)

WWOX exon la
WWOX exon 1b
WWOX E 5A
WWOX exon 6
WWOX exon 7
WWOX exon 9a
WWOX exon 9b

CAV 1
CAV 2
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run 205 S 104 S 2989 S 408 S 1148 S 972 S 2133 S 1616
10p12.1 (CREM) INEE) 1,57
10p14 (RENT) 0.69 0.65 0.67 0.61

FHIT exon la
FHIT exon1B

FHIT exon 2 a
FHIT exon 2b
FHIT exon 3 a
FHIT exon 3b
FHIT exon 4a
FHIT exon 4b
FHIT exon 5a
FHIT exon 5b
FHIT exon 6

FHIT exon 7

FHIT exon 8a
FHIT exon 8b
FHIT exon 9

FHIT exon 10

3p22 (CTNNB1)
3p25.3 (FANCD2)

16g22.1 (CDH1)

16g22.1 (CDH1)

16G24.2 (CDH13)
16G24.3 (FANCA)
16G24.3 (FANCA)
16G24.3 (FANCA)
16G24.3 (FANCA)

WWOX exon 1a
WWOX exon 1b
WWOX E 5A
WWOX exon 6
WWOX exon 7
WWOX exon 9a
WWOX exon 9b

CAV 1 0.43
CAV 2

run 205 B S 2134 S 2041 S 2135 S 2136 S 2391 S 2398 S 1978
10p12.1 (CREM) 1.44 0.54

10p14 (RENT) 0.45 0.45

FHIT exon la
FHIT exon1B

FHIT exon 2 a
FHIT exon 2b
FHIT exon 3 a
FHIT exon 3b
FHIT exon 4a
FHIT exon 4b
FHIT exon 5a
FHIT exon 5b
FHIT exon 6

FHIT exon 7

FHIT exon 8a
FHIT exon 8b
FHIT exon 9

FHIT exon 10

3p22 (CTNNB1)
3p25.3 (FANCD2)

16g22.1 (CDH1)

16g22.1 (CDH1)

16G24.2 (CDH13)
16G24.3 (FANCA)
16G24.3 (FANCA)
16G24.3 (FANCA)
16G24.3 (FANCA)

WWOX exon la
WWOX exon 1b
WWOX E 5A
WWOX exon 6
WWOX exon 7
WWOX exon 9a
WWOX exon 9b

CAV 1 0.54 0.64 0.69
CAV 2 0.67 125 1.20 1.29
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Appendix 5: composite karyotype of cell line UWOV2

82~170, XXXX, -1, -1, add (1)(?q42), -2, add(2)(q37), del(3)(q12)x2, der(3)t(3;M)(p11;?),
der(3)t(?;3;7)(7;q26-p11;?), - 4, + 5, +5, + add (6)(q24), - 7, +add(7)(p15)x2, +del(7)(q22)
x2, -8, -8, +der(8)t(3;8)(p13;q24), -10, -10, -11, -11,+der(11) t(8;3;11)(?;p14; p15)x2,
del(12)(p12), +add(12)(p13), +der(12)t(?;12;?), -13, add(14)(pll), -15, -15,

+der(15)(2;15;2), -16, -17, -18, -18, del(18)(q 21), -19, -21, -22, -22, mar [cp20].
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Appendix 6: FHIT and WWOX sequences corresponding to the CGH array 44k

(Agilent) oligonucleotide probes.

A. FHIT sequences corresponding to the Agilent array Oligonucleotide probe and

accessed through NCBI Accession number given on the CGH analytics software.

The figure on the next page (Figure 7.1) is an enlarged copy of part of Figure 5.6 (Chapter
5). It shows detailed information on the Agilent oligonucleotide probes used in the 44K
array.

There are 7 oligonucleotide probes that span the FHIT locus on chromosome 3 in the
Agilent CGH array (44k). One oligonucleotide probe showed a complete deletion in the
near tetraploid UWOV?2 cell line (- 4 copies) (Figure 7.1, A). The corresponding sequence
of this probe starts at nucleotide 60497674 and end at nucleotide 60497726 on
chromosome 3p. It is correlated here to FHIT transcript sequence information accessible

via http://www.ensembl.org/Homo_sapiens/ and this probe is seen to overlap sequences

within FHIT exon 5 (Figure 7.1, B). The results obtained by CGH array were therefore in

agreement with those obtained by MPLA (see section 5.4.6 and Figure 5.9 in Chapter 5).
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s ChrMame Start Stop FeatureMum | Description MName of Gene  Accession .US4510230
0...chr3 59931959 59932018 32627 Homo sapien... FHIT ref|NM_0020,.,-0,24789298
8...[chr3 59932976 59933035 27392 Homo sapien..,. FHIT ref|MM_0020.,.-0,2709029
8...chr3 59933606 59933661 10150 Homo sapien.,. FHIT ref|MM_0020.,..0, 1556855
8...[chr3 60267262 60267321 15432 Homo sapien.,. FHIT ref|NM_0020..,-0,3307727
: 60497674 60497726 Homo sapien... ref|[NM_0020...-3.675002
5.../chr3 60782705 60752756 21522 Homo sapien... FHIT ref|NM_0020..,-0,7822093
9.../chr3 61130921 61130980 36755 Homo sapien... FHIT ref|NM_0020,..-0,47220817

Figure 7.1: (A) aGCH array results obtained with the UWOV2 cell line showing the
sequence information of oligonucleotide probes specific for the FHIT locus. The FHIT
specific oligonucleotide probe selected by the blue cursor shows a homozygous deletion (-
4 copies). It is highlighted below in blue with the corresponding nucleotide sequence
information.
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B

B Exon Information

No. Exon/Intron Chr Strand Start End Start End Length Sequence
Phase Phase

5' upstream sequence jcggecatcttgggteccgeccctaccgtggggtettotgggaattgeag

1 OTTHUMEQ0001508021 3 -1 61,212,015 61,212,164
Intron 1-2 3 1 61,161,380 61,212,014 .gtctttcatttttatgtctttgtag
2 OTTHUMEOO0001508026 3 -1 61,161,331 61,161,379 49 CTTTGAAGCTCAG \GAGA? AGTCTGTAAAG
Intror 3 3 1 61,002,81261,161,330 158,519 gtaagtgtatttattacatggcctt.. .atcttgtgtttctgecttteectag
3 OTTHUMEOO001508024 3 1 61,002,759 61,002,811 53 A SAAAGAAG
Intror 1 3 1 60,782,746 61,002,758 220,013 .tctgaatttcttgtecttggtgtag
4 OTTHUMEO0001508022 3 1 60,782,653 60,782,745 TAAAAGCTCTGTGCATCCTGCCACT
. TCCG2 AGTCTTCTC
Intron 4 3 1 60,497,753 60,782,652 284,900 gtaggtttacttaattttgattttt...coeunns aactatccattgtcttttcttttag
5 OTTHUMEO0001508017 3 1 60,497,633 60,497,752 O 1 120 ACTTCAACTGTGAGGACATGTCGTTCAGATTTGGCCAACATCTCATCAAGCCCTCTGTAG
TGTTTCTCAAAACAGAACTGTCCTTCGCTCTTGTGAATAGGARACCTGTGGTACCAGGAC
Intron 5-¢ 3 1 59,974,919 60,497,632 522,714 gtatootttott ettt @i cccescscee tgggccttaacagaccttgetacag
6 OTTHUME00001508023 3 1 59,974,773 59,974,918 0 e 146 ATGTCCTTGTGTGCCCGCTGCGGCCAGTGGAGCGCTTCCATGACCTGCGTCCTGATGAAG
TGGCCGATTTGTTTCAGACGACCCAGAGAGTCGGGACAGTGGTGGAAARACATTTCCATG
GGACCTCTCTCACCTTTTCCATGCAG
Intron € 3 1 59,972,167 59,974,772 2,606 gtgagtgtacagatttctCcagadat.....eeees tctgttggttttttectacttctag
7 OTTHUMEO0001508018 3 1 59,972,137 59,972,166 0 0 30 GATGGCCCCGAAGCCGGACAGACTGTGAAG
Intror 3 1 59,883,181 59,972,136 88,956 gtgagtgcttattatgtgcatacad...ceeveess ttttttetttettgtacattttcag
8 OTTHUMEO0001508020 3 1 59,883,112 59,883,180 0 0 69 CACGTTCACGTCCATGTTCTTCCCAGGAAGGCTGGAGACTTTCACAGGAATGACAGCATC
TATGAGGAG
3 59,713,088 59,883,111 170,024 gtgggtctgttctetetgatCttat e veueaaas cctcttectttttttttecteccaaag
9 0 s 3 1 59,712,987 59,713,087 0O 101 CTCCAGAAACATGACAAGGAGGACTTTCCTGCCTCTTGGAGATCAGAGGAGGAAATGGCA
GCAGAAGCCGCAGCTCTGCGGGTCTACTTTCAGTGACACAG
ntron 9-10 3 1 59,710,346 59,712,986 2,641 gtaaagactgcatttcgtcattace. . ....tttgtttgtttaaaaatggcttaag
10 OTTHUMEOOOO1508019 3 -1 59,710,076 59,710,345

3' downstream ccctgtgtctecggtgtattgacttgeccatgaattaggcaacaaacctatt.cueeeea..
sequence

Figure 7.1: (B) The FHIT gene exon/intron boundaries and sequence composition from
the NCBI reference is shown. The purple double arrow indicates the position of the 44K
Agilent CGH array oligonucleotide probe highlighted in figure 7.1 (A). This probe is seen
to map within the exon 5 of the FHIT gene.

B. WWOX sequences corresponding to the Agilent array Oligonucleotide probes

and accessed through NCBI Accession number given on the CGH analytics software.

There are 14 oligonucleotide probes spanning the WWOX gene locus on chromosome 16
in the Agilent CGH array (44k). The WWOX oligonucleotide sequence close to WWOX
exon 5 is shown below in Figure 7.2, A. This oligonucleotide probe, selected by the blue
cursor in the CGH analytics image, starts at nucleotide: 76841115 and ends at 76841174.
This probe maps within WWOX intron 5-6 close to exon 5 (Figure 7.2, B) and showed an

hemizygous deletion in the cell line UWOV?2. This corresponded closely to the MLPA
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results obtained on the UWOV?2 cell line that also showed hemizygous deletion for
WWOX exon 5 (see Chapter 5, Figure 5.9, A). The probes 5’ to exon 5 (intron 2-3) also
showed hemizygous deletions in contrast to the probes located 3’ to exon 5 (introns 6 to
10) that were not significantly deleted. These results were concordant to the ratios
obtained by MLPA with the probes spanning WWOX exons 1 and 5 on the 5’ region of

the gene and exons 6, 7 and 9 on the 3’ part of the WWOX locus.
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»
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»
q22.2 . 'y
W »
q23. . »
= v
q23.3 b= »
q24.2 @ .
—_— “» -
5
ChrName Start Stop FeatureNum | Description Mame of Gene Accession . US45102580
chri6 76701194 76701253 25648 Homo sapien. ., . |WWOX ref|NM_1307...-1,2036757
chri6 76762418 76762477 30418 Homo sapien. . .| WWOX ref|NM_1307...-1,333209
chri6 76767484 76787543 25198 Homo sapien. . . [WWOX ref|NM_1307..,-1,567372
chri6 76841115 76841174 36368 Homo sapien...WWOX ref|[NM_1307...0.08472306
chri6 765870007 76870063 39990 Homo sapien.., . |WWOX ref|NM_1307..,0.13240741 |
chri6 76981676 76981735 1392 Homo sapien. ., .| WWOX ref|NM_1307..,-0,031578504
chri6 77023863 77023922 7232 Homao sapien. . . [WWOX ref|NM_1307..,0,.016754627 |
chri6 77143761 77143820 29694 Homo sapien. ., .| WWOX ref|NM_1307..,-0,692971
.chrls 77251138 77251197 42062 Homao sapien.. . [WWOX 4reF|NM_13D7.. -0,997601
chri6 77472169 77472228 16360 Homo sapien. ., .| WWOX ref|NM_1307..,0.07618282
.chr16 77573211 77573265 12485 Homao sapien.. . |WWOX 4reF|NM_13D7.. -0.56415784 |
chri6 77576005 77576064 33375 Homo sapien. ., .| WWOX ref|[NM_1307..,-0,10472023
.chr16 77715394 77715453 10006 Homao sapien.. . [\WWOX 4ref|NM_l3D7.A 0.20729297 |
chri6 77803469 77803527 41654 Homo sapien. ., . |WWOX ref|NM_1307,.,-0,09010079

Figure 7.2: (A) Hybridization results on CGH analytics for the UWOV2 cell line. The
blue cursor highlights a WWOX oligonucleotide probe that is deleted in half copy number.
The corresponding sequence information is highlighted below in the probe list.
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= Exon Information

No. Exon/Intron Chr Strand Start End Start End Length Sequence
Phase Phase
5'upstream sequence e ttcgtggtcggeggageggeccctggagggegcagtgecgcaggegtgage
1 OTTHUMEOO000767146 16 1 76,691,07176,691,283 0 2 213 GGTCGGGCCCCGACGCGCGCGGGTCTCGTTTGGAGCGGGAGTGAGTTCCTGAGCGAGTGG
ACCCGGCAGCGGGCGATAGGGGGGCCAGGTGCCTCCACAGTCAGCCATGGCAGCGCTGCG
CTACGCGGGGCTGGACGACACGGACAGTGAGGACGAGCTGCCTCCGGGCTGGGAGGAGAG
AACCACCAAGGACGGCTGGGTTTACTACGCCAA
Intron 1-2 16 1 76,691,284 76,699,820 8,537 gtaagggggccycagtggggccgCy. v eenn. . ctgtggattttttgttttttaacag
2 OTTHUMEOOOOO767165 16 1 76,699,821 76,699,885 2 1 65 TCACACC! AGACTCAGT ACATCCAAARACTGGAARAAGAAAACGAGTGGC
AGGAG
Intron 2-3 16 1 76,699,886 76,701,175 1,290 gtttgtatgttgttgtctaaggatC.eeeeuaan. tagacctgtctttcttgtgtttcag
3 OTTHUMEOOOOO767145 16 1 76,701,176 76,701,233 1 2 58 ATTTGCCATACGGATGGGAACAAGAAACTGATGAGAACGGACAAGTGTTTTTTGTTGA
Intron 3-4 16 1 76,701,234 76,706,373 5,140 gtaagtgtctgCcaaagaaacCactC.eeeeevens gttcactgctttctcttttgggecag
4 OTTHUMEOO000767177 16 1 76,706,374 76,706,552 2 1 179 CCATATAAATARAAGAACCACCTACTTGGACCCAAGACTGGCGTTTACTGTGGATGATAA
TCCGACCAAGCCAACCACCCGGCAAAGATACGACGGCAGCACCACTGCCATGGARATTCT
CCAGGGCCGGGATTTCACTGGCAAAGTGGTTGTGGTCACTGGAGCTAATTCAGGAATAG
Intron 4-5 16 1 76,706,553 76,755,580 49,028 gtaggctcttcacttagttatttat..ooeenu.. acattgactttcctttaaaccatag
5 OTTHUMEOQOOO767158 16 1 76,755,581 76,755,687 1 0 107 GGTTCGAAACCGCCAAGTCTTTTGCCCTCCATGGTGCACATGTGATCTTGGCCTGCAGGA
ACATGGCAAGGGCGAGTGAAGCAGTGTCACGCATTTTAGAAGRATGG
Intron 5-6 16 1 76,755,688 76,978,257 222,570 gtaagtgcttgactgttgttgtttt. .vouenn.. ttctttttattttctctecattgcag
6 OTTHUMEOOO00767155 16 1 76,978,258 76,978,346 0 2 89 CATAAAGCCAAGGTAGAAGCAATGACCCTGGACCTCGCTCTGCTCCGTAGCGTGCAGCAT
TTTGCTGAAGCATTCAAGGCCAAGAATGT
Intron 6-7 16 1 76,978,347 77,016,267 37,921 gtgagtgttcCcagtggagggttata. couveewens tcacatgggatattttatttttcag
7 OTTHUMEOO000767153 16 1 77,016,268 77,016,453 2 2 186 GCCTCTTCATGTGCTTGTGTGCAACGCAGCAACTTTTGCTCTACCCTGGAGTCTCACCAA
AGATGGCCTGGAGACCACCTTTCAAGTGAATCATCTGGGGCACTTCTACCTTGTCCAGCT
CCTCCAGGATGTTTTGTGCCGCTCAGCTCCTGCCCGTGTCATTGTGGTCTCCTCAGAGTC
CCATCG
Intron 7-8 16 1 77,016,454 77,023,885 7,432 gtgggtttgaattgcatatttgttC..........tcatgtcatatttcctatttttaag
8 OTTHUMEO0000767175 16 1 77,023,886 77,024,150 2 0 265 ATTTACAGATATTAACGACTCCTTGGGAAAACTGGACTTCAGTCGCCTCTCTCCAACARA
ARACGACTATTGGGCGATGCTGGCTTATAACAGGTCCAAGCTCTGCAACATCCTCTTCTC
CAACGAGCTGCACCGTCGCCTCTCCCCACGCGGGGTCACGTCGAACGCAGTGCATCCTGG
ARATATGATGTACTCCAACATTCATCGCAGCTGGTGGGTGTACACACTGCTGTTTACCTT
GGCGAGGCCTTTCACCAAGTCCATG
Intron 8-9 16 1 77,024,151 77,282,639 258,489 gtaagagaacagcttCtggCgCCgC. v enanssn atgcttctecttgtttgtgattecag
9 OTTHUMEOO000767182 16 1 77,282,64077,282,690 0 - 51 GTTTCAGACTGCCTGGTAGAAGGAGGTCACTTCTGATTGTCAGTGACTTTG
Intron 9-10 16 1 77,282,69177,371,812 89,122 gtgagttcttaccttgtaaaagatt.......... atgtcatcctttggatgtcttgcag
10 OTTHUMEOOOOO767159 16 1 77,371,813 77,371,845 - - 33 AGCTGAGTGCTGAAATARAATGATAAACAAGTC

3' downstream
sequence

aaaaacaaaaaggcctctgacttaacaggacttccgtgatgegggggaag..oeeesvas

Figure 7.2: (B) The WWOX gene exon/intron boundaries and sequence composition from
the NCBI reference sequence is shown. The purple double arrow indicates the position of
the 44K Agilent CGH array oligonucleotide probe highlighted in figure 7.2 (A). This
probe is seen to map within intron 5- 6 of the WWOX gene close to exon 5.
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