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Summary
The Structure and Evolution of Breast Cancer Genomes

Scott Newman

Chromosome changes in the haematological malignancies, lymphomas and sarcomas are
known to be important events in the evolution of these tumours as they can, for example,
form fusion oncogenes or disrupt tumour suppressor genes. The recently described
recurrent fusion genes in prostate and lung cancer proved to be iconic examples as they
indicated that important gene fusions are found in the common epithelial cancers also.
Breast cancers often display extensive structural and numerical chromosome aberration
and have among the most complex karyotyes of all cancers. Genome rearrangements are
potentially an important source of mutation in breast cancer but little is known about how
they might contribute to this disease.

My first aim was to carry out a structural survey of breast cancer cell line genomes in order
to find genes that were disrupted by chromosome aberrations in “typical” breast cancers. |
investigated three breast cancer cell lines, HCC1187, VP229 and VP267 using data from
array painting, SNP6 array CGH, molecular cytogenetics and massively parallel paired end
sequencing. | then used these structural genomic maps to predict fusion transcripts and
demonstrated expression of five fusion transcripts in HCC1187, three in VP229 and four in
VP267.

Even though chromosome aberrations disrupt and fuse many genes in individual breast
cancers, a major unknown is the relative importance and timing of genome
rearrangements compared to sequence-level mutation. For example, chromosome
instability might arise early and be essential to tumour suppressor loss and fusion gene
formation or be a late event contributing little to cancer development.

To address this question, | considered the evolution of these highly rearranged breast
cancer karyotypes. The VP229 and VP267 cell lines were derived from the same patient
before and after therapy-resistant relapse, so any chromosome aberration found in both
cell lines was probably found in the common in vivo ancestor of the two cell lines. A large
majority of structural variants detected by massively parallel paired end sequencing,
including three fusion transcripts, were found in both cell lines, and therefore, in the
common ancestor. This probably means that the bulk of genome rearrangement pre-dated
the relapse.

For HCC1187, | classified most of its mutations as earlier or later according to whether
they occurred before or after a landmark event in the evolution of the genome -
endoreduplication (duplication of its entire genome). Genome rearrangements and
sequence-level mutations were fairly evenly divided between earlier and later, implying
that genetic instability was relatively constant throughout the evolution of the tumour.
Surprisingly, the great majority of inactivating mutations and expressed gene fusions
happened earlier. The non-random timing of these events suggests many were selected.
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Introduction

1.1. Cancer

Cancer comprises a large number of diseases that can affect every tissue of the body and
can afflict people at all ages. In 2006 cancer caused about 13% of all human deaths
(Watson et al., 2006)

First and foremost, cancer is a disease of uncontrolled cell division. Under normal
circumstances somatic cells divide, quiesce or die when appropriate but when a cell
becomes cancerous it, and its progeny, divide uncontrollably, eventually forming a tumouir.
Often early cancers are in the form of benign, encapsulated lesions confined to a single
tissue and many of these pre-malignant lesions do not represent a danger to health.
Some benign lesions, however, acquire an ability to invade surrounding tissues and
eventually spread to distant areas of the body - a process known as metastasis. The

majority of cancer-related deaths are caused by metastatic lesions.

Secondly, cancer is an evolutionary process and evolution is stepwise mechanism driven
by mutations in DNA. Nowell (1976) suggested that an initiating event causes a cell to
divide inappropriately and the uncontrolled and error-prone process of cell division leads to
the accumulation of genetic alterations (Nowell, 1976). This facilitates the “continual
selective outgrowth of variant sub-populations of tumour cells with a proliferative
advantage” (Bell, 2010, p.231). In subsequent years Nowell's view has been proven and

now we regard each tumour as “... the outcome of a process of Darwinian evolution
occurring among cell populations within the micro-environments provided by the tissues of
a multicellular organism“ (Stratton et al., 2009, p.719). Thus, cancer represents a cell's
regression to a state of self-interest. Rather than obeying instructions from its surrounding
environment for the good of the organism's germ line a cancer cell “decides” the best way

to perpetuate its genes is to divide regardless of the interests of the organism.

Central to the process of evolution is mutation. Mutations may be caused by chemical
carcinogens, such as tobacco smoke, radiation or viral insertion into the genome but can
also arise from random errors in DNA replication or repair. But regardless of the source of

mutation the net result is production of gene variants which allow their host cell to either
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survive and reproduce better or to die. A cancer cell must, therefore, acquire mutations
allowing it to survive better and reproduce more within its habitat and eventually to move

expand into other bodily habitats.

Molecular biology has identified several characteristics that cells acquire when they evolve
towards this self-interested state: the so-called 'Hallmarks of Cancer.! (Hanahan and
Weinberg, 2000). These traits are: i) Self-sufficiency in growth signals ii) insensitivity to
anti-growth signals iii) evasion of apoptosis iv) limitless replicative potential v) sustained
angiogenesis, where appropriate and vi) the ability to invade surrounding tissues and
metastasise (Hanahan and Weinberg, 2000). The hallmarks have become a popular lens
through which to view cancer evolution as they effectively split a large question, “what

causes cancer?” into a series of smaller ones.

The hallmarks are far from immutable, and debate, to varying extents, exists over each.
For example, liquid tumours do not require a blood supply and are, by definition,
metastatic. Others have suggested phenotypes such as chromosome instability and
escape from senescence should be considered hallmarks as well (Shay and Roninson,
2004; Negrini et al., 2010). More hallmarks probably remain to be described but, for now,
the ongoing challenge of cancer research is to identify the genetic changes that alter the

specific cellular processes necessary for cancer to develop.

1.2. Breast Cancer

1.2.1. Susceptibility Alleles

Breast cancer accounts for approximately 20% of all cancers in Western Europe and the
USA. Five to ten percent of breast cancers show clear inheritance through families where
mutations in BRCA1 and BRCAZ2 genes confer a highly penetrant disease risk (Miki et al.,
1994; Wooster et al., 1995). Variants of four other genes, CHEK2, BRIP1, ATM and PLABZ2
confer a 2-4 fold relative risk of breast cancer and are classed as intermediate penetrance
alleles (Ripperger et al., 2009). These mutations probably contribute in large part to early

cancer development but whether they, themselves, cause a growth advantage or just
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facilitate further mutation remains a contentious issue (Sieber et al., 2002; Skoulidis et al.,
2010).

Li Fraumeni syndome and Cowden disease families, carrying mutations in TP53 and
PTEN receptively, also have an increased risk of developing breast, as well as other
cancers (Li and Fraumeni, 1969; Liaw et al., 1997). Various other DNA-repair related
syndromes involving STK71, PTEN, CDH1, NF1 and NBN genes also increase the risk of
breast cancer (Mavaddat et al., 2010) but due to the rarity of these syndromes, their

overall contribution to the population burden of breast cancer is small.

Risk within the general population is modulated by several common gene variants
including FGFR2, TNRC9, MAP3K1, LSP1 and RAD51L1 (Easton et al., 2007; Thomas et
al., 2009). Several non-coding SNPs also confer susceptibility and probably play a role in
the regulation of other cancer relevant genes (Wright et al.,, 2010). The moderate
contribution to disease risk by SNPs in individuals means that most breast cancers are

considered sporadic with no precise genetic or environmental cause determined.

1.2.2. Breast Cancer Histology

A defining feature of breast cancer is its heterogeneity. Breast cancers have distinct
histopathological features, genetic and genomic variability, so are now considered by some
as collection of diseases arising in the same organ rather than a single disease (Vargo-
Gogola and Rosen, 2007). The challenge of identifying causative mutations in sporadic
breast cancer has, therefore, been particularly difficult as hundreds of genes are mutated
or rearranged and thousands of genes are differentially expressed between tumour
subtypes.

Histologically, breast cancers are classified into several categories: the most advanced
pre-invasive breast cancers are either lobular carcinoma in situ (LCIS) and ductal
carcinoma in situ (DCIS). Invasive lesions are subdivided into tubular carcinoma (2%),
medullary carcinoma (5%), lobular carcinoma (10%) and ductal carcinoma (80%) (Watson

et al., 2006). Breast cancers are also staged according to whether they express the
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oestrogen receptor (ER), progesterone receptor (PR) and HER2/ERBBZ2 receptor. Breast
tumours are further classified at diagnosis based upon size, lymph node status and
metastasis, and degree of differentiation. Currently the combination of the above factors

forms a model of risk and dictates treatment strategy.

1.2.3. Gene expression patterns

In addition to this histological heterogeneity, breast cancers are also heterogeneous on a
molecular level. Messenger RNA profiling studies have revealed that breast cancer may
have five or more, subtypes (Sotiriou et al., 2003; Sgarlie et al., 2001; Weigelt et al., 2010b).
Early studies by Perou et al. (2000) and Searlie et al. (2001) showed two main and clinically
relevant classes, based on ER status. ER-positive tumours can be further divided in
luminal A and B. ER-negative tumours can be divided into basal epithelial-like ERBB2-
over-expressing and normal-breast-like groups (Perou et al., 2000; Sgarlie et al., 2001).The
luminal subtypes display high levels of ER-activated genes. Luminal A tumours express
lower levels of proliferative genes and are usually of low histological grade and have an
excellent prognosis. Luminal B cancers tend to be of a higher grade, express higher levels
of proliferative genes and have a significantly worse prognosis (Weigelt et al., 2010a). The
ER-negative tumours appear to be more heterogeneous. ERBB2 tumours express genes
associated with the ERBBZ2 pathway and like basal tumours, which express basal-like
cytokeratins, laminins and fatty acid binding proteins, have an aggressive clinical

behaviour. The clinical significance of normal breast-like tumours has yet to be determined.

Later studies have always reproduced the ER-positive/ER-negative classification, but
subdivisions of these groups have sometimes varied between studies. For example, the
luminal A and B classification seems robust, but some studies have proposed a sub-
division of the luminal B group that is not always reproducible. Likewise, a significant
number of HER2-amplified tumours are ER-positive. Weigelt et al., (2010) concluded that
“‘despite the numerous publications describing this molecular taxonomy, it remains a
working model in development and not a definitive classification system, given that further

molecular subtypes have been and may be identified” (Weigelt et al., 2010a, p.267).
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1.2.4. Developmental Hierarchy of Breast Cells

The developmental hierarchy of breast epithelium is not well understood but it is probable
that the various subtypes of breast cancer arise in distinct cell types (Stingl and Caldas,
2007). A major question underpinning breast cancer classification is whether the different
subtypes do indeed arise from different stem cells or commuted progenitors or if the
molecular heterogeneity of breast cancer represents multiple evolutionary routes taken by

a common cell of origin.

Mammary epithelium is composed of two lineages: an inner layer of luminal cells and an
outer sheath of myoepithelial cells. A current model is that a single stem cell resides at the
top of both luminal and myoepithelial hierarchies. This stem cell population splits into
committed luminal progenitor and bipotent progenitors. The luminal progenitors produce
luminal and alveolar epithelium and the bipotent progenitors giving rise to the ductal and
myoepithelial components (Stingl, 2009). If cancers arise in committed progenitors rather
than from the multipotent stem cell population this would provide a rationale for
investigating separate molecular subtypes of breast cancer as if they were separate
diseases (Cairns, 2002; Krivtsov et al., 2006).

1.3. Mutations that cause cancer

Classically, somatic mutations that confer a growth advantage could be classified in one of
two categories: oncogenes and tumour suppressor genes. Oncogenic mutations are
dominantly acting gains of function whereas tumour suppressor mutations are recessive
losses of function. But as we have learned more about cancer biology, this simple
classification is becoming less clear. For example, some have suggested a 'gatekeeper’

and 'caretaker' subdivision for tumour suppressor genes (Levitt and Hickson, 2002).

The first naturally occurring, cancer-causing sequence change in humans was a G>T
substitution resulting in a change from glycine to valine in codon 12 of the HRAS gene in
bladder cancer (Parada et al., 1982; Tabin et al., 1982). Since the 1980s, the list of cancer
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genes has grown to a current 427 according to one recent estimate and is only likely to get
bigger (Futreal et al., 2004). An important feature of this “cancer gene census” is that
genes can be disrupted by numerous different mechanisms in including point mutation,

chromosome aberration and epigenetic changes.

1.3.1. Sequence-level changes

Oncogenic mutations typically alter the amino acid sequence of a protein, causing
constitutive or inappropriate activation. Examples of this process are point mutations
commonly observed in the RAS family of proto-oncogenes. K-RAS mutations are common
in lung, pancreas and colon carcinomas whereas N-RAS mutations are often found in
haematological malignancies such as acute myeloid leukaemia and H-RAS discussed
above. The majority of mutations in these genes are in codon 12 and cause constitutive

activation of the signal-transduction function of the RAS protein (Bos, 1989).

Loss of function can also be achieved by changes to the DNA sequence, for example by
generating a stop codon within the reading frame of a gene, as is commonly observed in
the tumour-suppressor gene, APC. DNA methylation at the CpG islands of gene promoters
can also silence gene expression and aberrant methylation can cause tumour-suppressor
gene silencing. Methylation at the promoters of various cancer-relevant genes, including
p16(INK4a), APC, BRCA1 and CDH1 has been described (Esteller et al., 2001).

1.3.2. Sequence-level changes in breast cancer

The first unbiased mutation screens of the breast cancer exome took place in 2007 based
on the CCDS database, representing 18,191 distinct genes. The authors sequenced all the
coding exons in eleven breast cancer cell lines and showed that an average breast cancer
cell line accumulates around 90 mutant alleles in its lifetime. (Sjoblom et al., 2006; Wood
et al., 2007). The majority of alterations were single-base pair substitutions (92.7%), with
81.9% resulting in missense changes, 6.5% resulting in stop codons, and 4.3% resulting in
alterations of splice sites or untranslated regions. The remaining somatic mutations were

insertions, deletions, or duplications (7.3%).
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The screen re-identified mutations in cancer genes such as TP53 and BRCA1 but the
striking outcome of the study was, however, that the large majority of mutations were in
genes not previously linked to cancer (Sjoblom et al. 2006; Wood et al. 2007). The authors
used several criteria to estimate if a gene had mutated at a rate above background (see
section 1.5.2.1), so was likely to have been selected. It was then clear that there was a
large number of low prevalence and previously uncharacterised candidate cancer genes in

breast cancer.

Recent whole genome sequencing studies have confirmed this view of the genomic
landscape of breast tumours. Shah et al (2009) achieved >43-fold sequence-level
coverage of an ER-positive metastatic lobular breast cancer obtained from a pleural
effusion nine years after the initial diagnosis. Prior to surgery, radiotherapy was used to
treat the primary tumour and in the intervening 9 years before relapse, the patient was
treated with tamoxifen and an aromatase inhibitor. The authors identified 32 somatic non-
synonymous coding mutations. When they went back to the primary tumour, from 9 years
earlier, five of the 32 mutations were prevalent in the DNA of the primary tumour at high
frequencies, six at lower frequencies and 19 could not be detected. It should be noted that
the authors could not search effectively for indels, so the true number of mutations in their
tumours was likely to be higher. Ding et al (2010) used a similar approach for a basal-like
breast cancer, its metastasis and a xenograft of the metastasis. A total of 50 sequence-
level somatic mutations were validated in at least one of the samples. Of these validated
point mutations and small indels, 48 were detectable in all three tumours. The metastasis
was significantly enriched for 20 mutations and one large deletion shared by the primary

tfumour.

When Shah et al. (2010) looked for recurrence of their 32 point mutations in 192 breast
tumours, none had identical mutations and only three of the tumours had point mutations
in one of the same genes. Furthermore, none of the 32 genes were previously identified as
candidate cancer genes described by Wood et al. (2007). The authors concluded by “...
predict[ing] that the key features of this landscape—a few gene mountains interspersed
with many gene hills—will prove to be a general feature of most solid tumours ... This view

of cancer is consistent with the idea that a large number of mutations, each associated
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with a small fithess advantage, drive tumour progression” (Wood et al., 2007, p.1108).

1.3.3. Changes to chromosome structure

Catalogues of sequence-level somatic coding mutations are now growing rapidly, but this
source of mutation only gives us a partial view of how genes can be disrupted in cancer
(Wood et al., 2007; Forbes et al., 2010). The first loss of function mutation to be described,
for example, was of the Retinoblastoma protein and was mediated through a chromosomal
deletion (Knudson et al., 1976; Knudson, 1993).

Clonal chromosome abnormalities, often acquired during carcinogenesis, are visible down
the microscope as gains, deletions, inversions and translocations and are a feature of
nearly all cancers (Mitelman et al., 1997, 2007; Heim and Mitelman, 2009). Chromosome
abnormalities contribute to carcinogenesis by four mechanisms: transcriptional
deregulation of proto-oncogenes, duplication of proto-oncogenes (or regions containing
them), deletion or interruption of tumour suppressor genes and the formation of chimeric

fusion genes.

An increasing number of chromosome abnormalities are now recognised as important
diagnostic and prognostic factors. As of 2007, a total of 11,500 articles had been published
on clonal cytogenetic abnormalities and of the 427 consensus cancer genes about 70%
were discovered at or near chromosome break points (Mitelman, 2000; Mitelman et al.,
1997, 2007; Futreal et al., 2004). The vast majority of recorded abnormalities have been
described in haematological malignancies as individual cases often contain only a single
derivative chromosome and the break points can be mapped by G-banding or techniques

such as fluorescence in situ hybridization (FISH).

Carcinoma genomes contain more structural variation than the average leukaemia and this
has made it very difficult to identify chromosome breakpoints. In contrast to leukaemia etc.
previous research in common epithelial cancers has had to focus on sequence-level
mutations and genomic gains and losses. As a result, we simply do not know much about

the contribution of gene deletions and fusions in such cancers. Some have even
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considered chromosome rearrangements unimportant in carcinomas (Vogelstein and
Kinzler, 2004). This conclusion probably reflects a lack of data rather than any fundamental
difference between chromosome aberrations found carcinomas and those of

haematological cancers (Mitelman et al. 2007).

1.3.4. The cytogenetics of breast cancer

In breast cancer, genomic rearrangements are so diverse it is debatable whether breast
cancer cytogenetics really exists as it does for leukaemia, lymphoma and sarcoma (Stingl
and Caldas, 2007). Past studies have noted the karyotypic alterations were clearly non-
random but also very heterogeneous (Teixeira et al., 2002; Teixeira, 2006); the majority of
primary breast tumours showing a complex pattern of chromosomal gain, loss and
translocation. While breakpoints or regions of gain are often recurrent at cytogenetic
resolution, further investigation at the gene-level has often been difficult as the breakpoints
show some heterogeneity and additional rearrangements probably also take place
(Paterson et al., 2007; Pole et al., 2008).

Observed complexity is so high that only the boldest cytogenetic features have been
described in past G-banding and R-banding studies. Using standard cytogenetic methods,
several recurrent karyotypic abnormalities have been identified: The most frequent
chromosome rearrangements were del(3)(p12~10p14~21), der(1;16)(q10;p10) and i(1)
(q10) found in 13, 12 and 9% of cases respectively (Teixeira et al. 2002; Teixeira 2006).
The chromosomes 8, 1, 17, 16 and 20 were commonly involved in translocations, t(8;11),
t(1;16) and t(5;17) being the most frequent.

Spectral karyotyping (SKY) of metaphase chromosomes in primary tumours and cell lines
allowed previously unidentifiable origins of marker chromosomes to be resolved (Adeyinka
et al., 1998; Kytdla et al., 2000; Davidson et al., 2000). This allowed us to form a fuller idea
of the extent of rearrangement in many breast cancer genomes (although most
intrachromosomal events could not be identified by this method). Interestingly, many
balanced rearrangements were uncovered by SKY (Davidson et al. 2000) and as there is

no (or very little) loss of genetic material in a balanced translocation junction, gene
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changes at the chromosome breakpoints are more likely to be important events than those

at unbalanced translocation breaks.

1.3.5. Tumour Suppressor Gene Deletion

Loss of 17p is one of the most common cytogenetic events in cancer. The tumour
suppressor P53, located on 17p is most likely to be the critical gene lost here. Many other
such losses can be observed in cancer genomes including focal deletions of RB7 and p716
(Knudson et al., 1976; Murphree and Benedict, 1984; Baker et al., 1989).

Recurrent losses are observed in breast cancer genomes also, most frequently, -1p, -8p,
-11q and -16q. As regional variations in copy number cause considerable changes in the
expression of large numbers of genes (Pollack et al., 2002) the difficulty in breast cancer is
finding single genes driving cancer progression amongst a heterogeneous background
(Chin et al., 2007). These difficulties are illustrated by 8p deletion in breast and other

cancers.

Numerous studies have shown that distal 8p is lost in breast and other tumours (Pole et
al., 2006). Increasingly high resolution approaches revealed that the chromosome break
often falls within 8p12, within or just proximal to the gene NRG1, a plausible breast cancer
gene as it is a ligand for the ERBB2/ERBB3 heterodimer (Falls, 2003; Pole et al., 2008;
Cooke et al., 2008). Subsequent systematic investigations of 8p identified the gene NRG1
as recurrently broken in 6% of primary breast cancers and ovarian cancers (Adélaide et
al., 2003; Huang et al., 2004) and not expressed in a high proportion of breast tumours
due to methylation at its promoter (Chua et al., 2009). But still the possibility remains that
loss of NRG1 is not the driving force behind 8p aberrations. Some tumours have breaks
distal to NRG1, making some hypothesise that the true driver is somewhere distal of 8p12
or that multiple tumour suppressors are found on 8p (Cooke et al., 2008). Also, the ODZ4-
NRG1 fusion in the MDA-MB-175 cell line was the first fusion gene described in breast
cancer and seems to encode a pro-proliferative secreted protein, meaning that NRG17 has,
in theory, oncogenic potential (Schaefer et al. 1997; X Liu et al. 1999; X Z Wang et al.
1999).

1
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1.3.6. Oncogene Amplification

Oncogenes can achieve over-expression by increase in their genomic copy number
(Pollack et al., 2002; Chin et al., 2007). Amplified oncogenes can be observed in
karyotypes as double-minute (DM) chromosomes or homogeneous staining regions
(HSRs). Their mechanism of formation is contentious but in each case, up to hundreds of
copies of amplified regions can be present (Schwab 1998). DMs are acentric
minichromosomes that exist episomally but can also integrate back into the genome
(Storlazzi et al. 2010). HSRs are segments of chromosomes that lack any banding pattern
and can encompass large regions of amplified genomic DNA. Three gene families MYC,
ERBB and RAS are amplified in various tumour types and are clearly important factors in

cancer (Santarius et al. 2010).

Several amplifications are recurrently observed in breast cancer: the best known being
17q12, which harbours the HER2 (ERBBZ2) gene. HERZ2 is highly amplified in
approximately 20% of cases and defines a prognostically important subclass of breast
cancers (Slamon et al., 1987, 1989, 2001). Other recurrent amplifications are on
chromosomes 8, 11, 12, 17 and 20, bounding known and postulated breast cancer
oncogenes such as BRF2, ASH2L, CCND1, EMSY, NCOA3, MYBL2 and STK6 (Garcia et
al., 2005; Hughes-Davies et al., 2003). Co-amplification of 8p and 11q is often observed in
breast cancer (Paterson et al., 2007). The gene(s) driving this amplification are not known

but an explanation is synergistic up-regulation of CCND1 and ZNF703 (Kwek et al., 2009).

1.3.7. Gene Fusion

A major advance in cancer cytogenetics came with the description of the Philadelphia
chromosome, an abnormal marker in the karyotypes of leukaemic cells (Nowell and
Hungerford, 1960; Nowell, 1962). Chromosome banding then identified the Philadelphia
chromosome as being derived from a translocation of chromosomes 9 and 22 (Rowley,
1973). Eventually the break points were mapped as 1(9;22)(q34;q11) (Heisterkamp et al.,
1985) and the BCR-ABL fusion oncogene was described and was subsequently found in a

high proportion of chronic myeloid and other leukaemias (de Klein et al. 1982; Druker et al.
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2001). Most importantly, the over-active kinase ABL could be targeted with a non-specific
kinase inhibitor and the iconic drug Glivec has provided a paradigm for targeted therapy
(Druker et al., 2001).

Examples of oncogenic fusion genes now abound in leukaemias, lymphomas and
sarcomas and are often important diagnostic and prognostic features. In 2005 a recurrent
fusion gene was found in a common epithelial cancer when Tomlins at al. used a
bioinformatic approach to find gene fusions of ETS-family transcription factors to the
TMPRSS2 gene in approximately 70% of prostate cancers (Tomlins et al., 2005). In 2007,
Soda et al. used a transformation assay to identify EML4-ALK gene fusions in non-small-
cell lung cancer and went on to show the fusion was present in approximately 7% of
patients (Soda et al., 2007). Many more oncogenic fusion proteins probably remain to be

found in the complex genomes of epithelial cancers.

Most gene-fusions seem to fall into several general classes (although there are some
examples which do not clearly fit into one of these categories such as the BCL2

(antiapoptotic) fusions in B-cell leukaemias).

i) Activation of receptor tyrosine kinases
ii) Activation of intracellular kinases

iii) Formation of chimeric transcription factors or chromatin modifiers

1.3.7.1. Receptor Tyrosine Kinases

The RET-CCDCS6 fusion gene in the papillary thyroid carcinoma was the first recurrent
genetic change caused by a chromosome aberration in an epithelial cancer and nine
subsequent fusions involving RET were described. Approximately 40% of thyroid
carcinomas are now known to carry one of these chimeric genes (Pierotti et al., 1992).
RET is a receptor tyrosine kinase, and upon ligand binding the receptor dimerises and
transphosphorylates the cytoplasmic tail of its neighboring molecule. The phosphorylated
tail can recruit SH2 and SH3 containing cytoplasmic effector proteins, such as Shc and

Grb2 to activate mitogenic pathways. A common molecular mechanism leading to
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activation of RET occurs in all cases. Fusion RET oncoproteins can dimerise and
transphosporylate independent of ligand, so constitutively activate mitogenic pathways
(Alberti et al., 2003).

1.3.7.2. Intracellular Kinases

Fusions of intracellular kinases has been observed in members of the RAS signal
transduction pathway notably due to tandem duplication. Both BRAF and RAF1 have
found to be fused to KIAA1549 and SRGAPS3 respectively in pilocytic astrocytomas. Both
fusions include the kinase domains, and show elevated kinase activity (Jones et al.,
2008a, 2009).

1.3.7.3. Transcription factors and Chromatin Modifiers

Gene fusions can form chimeric transcription factors. The translocation t(15;17)(q22;q21)
in acute promyelocytic leukemia (PML) fuses the PML gene (15922) with the retinoic acid
receptor alpha gene (RARA) gene. The PML protein contains a RING finger DNA binding
domain and RARA encodes the retinoic acid alpha-receptor. The PML-RARA fusion
protein may confer altered DNA-binding specificity to the RARA ligand complex and PML-
RARA gene fusion provided another target for therapy in the form of the retinoid, all-trans

retinoic acid (Huang et al., 1988).

Chimeric chromatin modifiers can also affect gene transcription, for example through
fusions of the Mixed Lineage Leukaemia gene, MLL. The MLL protein is a histone
methyltransferase found within complexes that regulate transcription via chromatin
remodelling and is the target of translocations in leukaemais. Specifically, MLL methylates
histone H3 lysine 4, and regulates gene expression including multiple HOX genes. The
numerous leukaemogenic MLL chimeras have lost methyltransferase activity and most
MLL -translocated leukaemias appear to have increased expression of HOX and other
target genes (Krivtsov and Armstrong, 2007).

14
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1.3.8. Gene fusions in breast cancer

Prior to 2007 only four fusion genes had been described in tumours of the breast: ETV6—
NTRK3, ODZ4-NRG1, BCAS3-BCAS4 and TBL1XR1-RGS17 (Wang et al., 1999; Hahn et
al., 2004; Tognon et al., 2001; Mitelman et al., 2007). ETV6-NTRKS3, the only recurrent
fusion gene, is specific to secretory breast carcinoma, which is rare and atypical. In 2008,
Howarth et al. used an array-based approach to finely map chromosome breakpoints for
all balanced breaks within 3 breast cancer cell lines: HCC1187, HCC1806 and ZR-75-30.
Breaks in genes CTCF, EP300/p300 and FOXP4 were observed as well as two gene
fusions between TAX1BP1-AHCY and RIF1-PKD1L1 reported (Howarth et al., 2008).

Subsequent studies based around massively parallel paired end sequencing have
identified a large cache of, as far as we know, non-recurrent fusion genes in breast cancer
cell lines and primary tumours — discussed below (Hampton et al., 2008; Zhao et al., 2009;
Stephens et al., 2009). These systematic investigations support the idea that chromosome
rearrangements play an important role in breast cancers and one of their modes of action
is to fuse genes. There are potentially many recurrently disrupted genes at chromosome

breakpoints in breast cancer but to date most have remained elusive (Edwards, 2010).

1.3.9. The complex structure of breast cancer genomes

The mutational burden of genes disrupted at the sequence-level and at the chromosome
level is likely to be similar in breast cancer. Recent studies based around massively
parallel paired end sequencing have confirmed this fact and add detailed maps of
structural variation to the developing picture of the breast cancer genome (Hampton et al.,
2008; Stephens et al., 2009). Massively parallel paired end sequencing has also been
applied at the transcript level and can detect fusion transcripts (Maher et al., 2009;
Chinnaiyan et al., 2009; Zhao et al., 2009).

Hampton et al. (2008) performed a structural survey of the widely-used MCF-7 breast

cancer cell line using massively parallel paired end sequencing. They observed 157

somatic breakpoints and 79 known or predicted genes were found at translocation
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breakpoints. Ten events were predicted to fuse the reading frames of disparate genes and

four could be detected at the transcript level.

Stephens et al. (2009) recently employed a similar approach to discover genes disrupted
and fused at chromosome breakpoints in 24 breast cancers (9 cell lines and 15 primary
tumours). The authors showed, as did Hampton et al. (2008), that structural variants in
breast tumour genomes contribute many hundreds of mutations to the overall total, and
furthermore, that genes can be mutated by mechanisms we have not yet fully appreciated
such as tandem duplication and internal rearrangement. For cell lines the median number
of rearrangements per sample was 101 and ranged from 58 to 245 and for tumours the
median was 38 and ranged from 1 to 231 (Campbell et al., 2008b; Stephens et al., 2009).

Past studies have shown that translocations can occur between spatially proximal areas of
the genome (Roix et al., 2003; Osborne et al., 2007) so it follows that the majority of
rearrangements should be small and intrachromosomal. This is indeed what Stephens et
al. (2009) observed; 85% of rearrangements were within the same chromosome and less
than 2Mb apart. Approaches such as SKY and array CGH probably would not have been
able to identify them as many were balanced and most were below the resolution of this

technique.

Many of the Stephens et al. (2009) rearrangements fell within genes, many fusion genes
were predicted and several were expressed. An important observation is that breast
cancers can express several fused genes. The study described 21 potentially functional
novel fusion genes, most of unknown function but several within known cancer genes such

as ETV6 and EHF, although none were shown to be recurrent.

Given the small size of many of the rearrangements, many fell entirely within genes and in
some cases this affected the exon structure of the transcript. Novel isoforms resulting from
rearrangements were detected for oncogenes such as RUNX7 but also in well-
characterised tumour suppressor genes such as RB1, APC and FBXW?7. Therefore, it is
possible oncogenic activation or tumour suppressive loss of function was achieved by

structural rearrangement of the open reading frames of these genes. It is interesting to
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consider that Sanger sequencing studies would not have detected any mutations as the
coding exons were all intact. It may be possible, therefore, that genes such as APC and
RUNX1, considered unimportant in breast cancer, may, in fact, be relevant to breast
cancer (Newman and Edwards, 2010; Edwards, 2010).

1.4. Questions for post-genome cancer research

In 2008-2010 we have seen first fully sequenced cancer genomes from breast cancer,
chronic myeloid leukaemia, lung cancer and malignant melanoma (Ley et al., 2008; Shah
et al., 2009; Ding et al., 2010; Pleasance et al., 2010b, 2010a; Lee et al., 2010; Mardis et
al., 2009) and these studies have rewritten our perception of the number of mutations a
cancer genome contains. It is now clear that tumour genomes accumulate thousands of
mutations, a hundred or so of which are in the coding exons of genes. But in addition to
coding mutations, structural changes to the genome can contribute approximately as many
mutations as changes to the coding sequence (Hampton et al. 2008; Stephens et al.
2009). In any given tumour type there are hundreds of infrequently mutated genes and
only a few frequently mutated ones. This results in large inter-tumour genetic
heterogeneity but additional complexity exists as tumours themselves contain many
competing sub-populations resulting in intra-tumour heterogeneity also (Anderson and
Matsuno, 2006; Cooke et al., 2010b, 2010a; Navin et al., 2010).

The way ahead for many in the field seems clear: to define more cancer genomes at the
sequence and structural levels as “[llJarge sample sets will have to be analysed to
distinguish infrequently mutated cancer genes from genes with random clusters of
passenger mutations” (Stratton et al., 2009, p. 721). With this in mind the international
cancer genome consortium intends to sequence 500 genomes from each of the common
cancers within the next few years (Hudson et al., 2010). But now that we might finally
know what cancer genomes look like, the next question is how do we decide which of the

many mutations are important?
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1.4.1. What types of mutations are needed to cause cancer?

Modern thinking of cancer biology centres around biological pathways. Pathways turn
signals into cellular responses, for example, in Drosophila, secreted wingless (wnt)
signalling molecules cause specific cells to divide and differentiate into wing halteres
(Sharma and Chopra, 1976). Cellular responses, in general, work through pathways so it
is reasonable to assume that each of the hallmarks of cancer are achieved by inactivation,
or alternatively, inappropriate activation of one or more biological pathway. Some have
gone as far to say that all the complexity observed in tumour genomes affects no more
than 20 biological pathways (Wood et al., 2007). The canonical wnt pathway is used here
as an example as it is conserved between species, controls many events surrounding
morphology, proliferation, motility and cell fate in embryogenesis and its aberrant signalling

has been observed in several human cancers (Klaus and Birchmeier, 2008).

Secreted Whnt proteins bind extracellular domains of Frizzled family of receptors, this
causes activation of Dishevelled (Dsh). When DSH is activated it can inhibit a second
protein complex that includes axin, glycogen synthase kinase-3 (GSK-3), and
adenomatous polyposis coli (APC). The function of the axin/GSK-3/APC complex is to
promote proteolytic degradation of another intracellular signalling molecule, B-catenin.
Hence, when the complex is inhibited, cytoplasmic B-catenin is stabilised. Upon
stabilisation, B-catenin enters the nucleus and binds TCF/LEF family transcription factors

and promotes expression of specific genes linked with cellular proliferation (Polakis, 2000).

Disregulation of a pro-growth signalling pathway is a hallmark of cancer so we would
expect to see mutations in members of this pathway in cancer, and indeed we do: Over-
production of Wnt-1, the secreted signalling molecule, causes mammar