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Abstract

Uveal melanomas (UM) are aggressive ocular tumours of adults that are typically

characterized by chromosomal aberrations such as loss of 1p, 3, 6q, and gain 6p, and
8g. Of these monosomy 3 (M3) and 8qg+ are powerful predictors of prognosis. The
relationship of changes affecting chromosome 6 is however more ambivalent, having
been linked to both good and poor prognosis, and yet both regions have not been well
defined, which suggest the presence of one or more oncogenes in 6p and tumour
suppressor gene in 6g. Therefore, different chromosome 6 alterations may have a
variable impact on the prognosis of UM, and ultimately contain genes that contribute to
the development and metastasis of this disease. It is likely that these changes can act

as moderators to the tumour outcome.

Although UM disseminates haematogenous with high propensity for the liver, and
hepatic involvement reported in over 90% of patients, infrequently some patients will
however initially present with metastases in sites other than the liver.

The aim of this thesis was to address both central issues. Firstly to better understand
how genetic biomarkers identify UM that will metastasize, and whether they can be
used to further subtype UM. Secondly to see if potential driver genes could be
identified that may lead both to an improved understanding of UM metastasis and how
to treat it. The approach taken was to use customised high-resolution aCGH. Which,
because it was specifically designed for UM, was hoped to identify recurrent focal
SCNA that could have been missed by previous studies using lower resolution and
unfocussed approaches, such as chromosomal CGH, classical karyotyping, or even
BAC arrays. Altogether 137 primary UM were analysed, and as part of a small pilot
study possible drivers were further investigated using IHC
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1.1 Cancer as a genetic disease

In the developed world Cancer is the second major cause of death (Stewart and
Kleihues, 2003; cancer research UK, 2014). Cancer is a process of uncontrolled cell
growth known to arise through the alteration of multiple genes. Over the past hundred
years, many theories have been suggested to explain cancer initiation and progression.
One of the first studies that identified cancer as a genetic disease was in 1902 by
Theodor Boveri, who suggested that unlimited cell growth is a result of chromosomal
mutation Boveri, (1929, 1914); as reviewed by (McKusick, 1985, Knudson, 2001,
Harris, 2008). Such mutations result in generating abnormal genes, called oncogenes
meaning cancer causing genes, or cause some genes to be abundantly over-
expressed and behave as oncogenes even if they were not mutated (Haber and
Stewart, 1985, Zhou et al., 2007). Other mutations may target genes that in effect
suppress <cancer devel opment or fi t acenkaowm
(Stratton et al., 2009). In 1960, Nowell and Hungerford discovered the first
chromosomal abnormality associated with cancer; identifying a translocation between
chromosome 9 and 22, which was later called the Philadelphia translocation, and
occurs in chronic myeloid leukaemia (Nowell, 1976, Nowell, 2007). Many other cancers
however are not found to be a result of a single mutation or translocation. In 1911,
Peyton Rous hypothesized that cancer might be caused by viruses as reviewed by
(Becsei-Kilborn, 2010) whilst in 1916 Ernest Tyzzer proposed that somatic mutation
might be the cause behind cancers (Tyzzer, 1916, Wunderlich, 2007). Moreover,
another theory appeared in 1953 claiming that accumulation of mutated genes is the
main cause of cancer (Nordling, 1953). Currently, much evidence supports the theory
that the initiation of cancer occur after the accumulation of different mutations in genes
responsible for cell growth and differentiation (Olopade and Pichert, 2001). Such
mutations might be a result of unrepaired DNA damage, which in turn might be caused
by occasional mutations or an error in the cell replication process that escaped

programmed cell maintenance (Jackson and Loeb, 1998, Cahill et al., 1999)

Several changes of cancer cells have been described within the genome at different
levels, ranging from large-scale chromosomal amplification and deletion to small
nucleotide base mutations. Thus, these changes lead to alteration to the normal
expression of genes that regulate cell differentiation and proliferations causing a

malignant cancer cell phenotype. Somatic mutation in cancer cell genome is classified

based on the consequence to cancer devel
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play a role in the initiation of tumorigenesis and evolution of cancer, and others called
6passenger 6 t hat acquired during t he
contribute to cancer pathogenesis (Stratton et al., 2009). The number of driver

mutations in cancer cells is highly likely to vary between cancer types.

Identification of amplified or deleted regions in a set of tumours helps in identifying the
genes involved in cancer development, where the oncogenes are thought to be located
in amplified regions and tumour suppressor genes in lost genomic regions. The
achievement of proper tumour classification requires a methodology to detect the
breakpoints defining the altered regions in genomic patterns, by assigning the terms

normal, gained or lost to each chromosomal region.

Among cancers in general, deletion of tumour suppressor genes and amplification of
oncogenes are common events involved in tumour progression, although certain aber-
rations have been shown to be recurrent and accumulating, and to lead to the cancer
phenotype, resulting in the formation of recurrent somatic copy number aberrations
(SCNA), which may give a clue to the pathogenic mechanism (Hanahan and Weinberg
2011). Therefore, analysis of SCNA has led to the identification of genes with roles in
tumour progression in various cancer types, and suggested a Therapeutic approach in-
cluding hepatocellular cancer (Zender, Spector et al. 2006), lung cancer (Weir, Woo et
al. 2007, Chitale, Gong et al. 2009), ovarian cancer (Eder, Sui et al. 2005) and many
others.

Across the entire genome, Beroukhim and colleagues found that in the majority of can-
cer types, the most frequent SCNA are either very short genomic regions (focal), or the
length of chromosome (arm-level) in the form of deletion or amplifications. Around
10% of the cancer genome is affected by focal SCNA, and it is thought that the occur-
rence of focal SCNA is more likely to coincide with high amplitude (homozygous dele-
tion or many more copies), compared with whole arm level events (Beroukhim, Mermel
et al. 2010).

1.1.1 Genetic instability in cancer

During the past few decades huge progress has been made in cancer genomics
research, strengthened by research on the sequence of the human genome in 2000

that explained the basis of how tumours are driven by various genomic alterations
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(Lander et al., 2001). Molecular and cytogenetic studies helped to reveal a wide
number of variations in the human genome that could contribute, beginning with single-
nucleotide polymorphisms, small deletions or insertion polymorphisms, to large-scale
copy number variation in the form of gain and losses to the genomic DNA (Albertson
and Pinkel, 2003). Recently, the use of powerful molecular techniques such as next
generation sequencing has helped to define the small molecular substitutions in the
genomic DNA, which are driven by molecular alterations (Meyerson et al., 2010).
Indeed, the analysis of the genomic sequence has helped in understanding cancer
biology, and provides an insight into cancer diagnosis and therapy.

Karyotyping analysis for the majority of cancer types shows an abnormal number of
chromosomes (aneuploidy), with significant genomic structural rearrangements
(Hanahan and Weinberg, 2011). Nevertheless, most of the solid tumors were found
chromosomally unstable, as well as knowing the ability to display both intra- and inter
tumor heterogeneity.

Chromosomal instability is known by the presence of a high rate of amplification and
deletion of whole chromosomes (Lengauer et al., 1997), therefore, the presence of
chromosomal instability in most aneuploid solid tumors is an important hallmark of
genomic instability related to cancer. Nevertheless, the presences of both
chromosomal imbalance and aneuploidy known to be related to disease poor
prognosis and development of tumor progression, in addition to increase the resistance
to chemotherapy (Carter et al., 2006, Weaver and Cleveland, 2006, Lee et al., 2011,
McGranahan et al., 2012). However, an understanding of the mechanisms causing
aneuploidy and chromosomal imbalance associated with tumour aggressiveness could

lead to advances in cancer therapy.

As mentioned earlier cancer is a progressive disease with a series of accumulating
genetic aberrations, therefore, elevated genetic instability is recognised as advanced
stage in cancer and enabling the tumour to progress and spread (Nowell, 1976,
Stratton et al., 2009). More recently, a new study has identified an extreme version of
genetic instability whereby a single mysterious event can devastate chromosomes in
cancer cells, leading to massively damaged chromosomes. The study by Stephens et
al. (2011) introduced the chromothripsis phenomenon as a new mechanism for genetic
instability in cancer; it was first discovered in a chronic lymphocytic leukaemia patient
who had a massive genetic rearrangement of chromosome 4. Therefore,
chromothripsis can be defined as a catastrophic cellular event where one or a few
chromosome arms, or chromosomal subregions, are shattered into ten to a hundred

pieces and are reassembled incorrectly; with a reported occurrence in 2-3% of general
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cancers (Stephens et al., 2011). The cause of this series of different rearrangements in
one chromosome is still unclear but it has been suggested that this damage could
occur during chromosomal condensation and segregation errors in mitosis (Meyerson
et al., 2010, Stephens et al., 2011, Crasta et al., 2012). Although the mechanisms and
the cause are ambiguous, it can, however, occur in a wide variety of tumours, and
could be a useful prognostic marker for various cancer types. Chromothripsis can thus
indicate tumour progression and poor outcome. Similarly so can an increase in
genomic imbalances as a measure to determine the relative genetic instability, and can
be determined by measuring the number of chromosomal copy alterations per tumour
to assess the average number of copy alterations (ANCA) (Ried et al., 1999). Both
forms of genetic instability have been reported in malignant melanoma using array-

based CGH and are linked to metastases with poor prognosis (Hirsch et al., 2013).

1.1.2 DNA damage

There are many environmental agents, such as chemicals or ultraviolet light (UV), that
act as carcinogens and are capable of causing DNA damage (Greenblatt et al., 1994,
Multani et al., 2000). Around 70% of cancers in western populations are caused by the
exposure to such environmental agents; in addition to an unhealthy lifestyle (Doll and
Peto, 1981, Bertram, 2000, Danaei et al., 2005, Bernstein et al., 2009). Tobacco smoke
exemplifies chemical carcinogens and is found to contribute to the tumorigenesis of
many cancers, such as lung and oral cancers, through affecting the respiratory
epithelial cells and changing their behaviour into abnormal cells (Parkin et al., 1994,
Fiala et al., 2005, Steiling et al., 2008). Physical carcinogens, such as UV or radiation,
can also damage the DNA by breaking the bonds between its double strands leading to
cell damage (Hall and Angele, 1999). Approximately 90% of skin cancer cases are
caused by sun exposure and the effect of the UV light (Ramos et al., 2004, Boniol et
al., 2012). Other risk factors that might cause cancer are microorganisms such as
bacteria or viruses (IARC, (1994). For example, Helicobacter pylori bacteria are known
to play a role in causing gastric cancer (Baik et al., 1996, Farinati et al., 1998, Ding et
al., 2007). Moreover, Human Papilloma Virus (HPV) is suggested to be an oncogenic
virus correlated with many cancers such as prostate cancer (Dmochowski et al., 1977,
Adami et al., 2003), breast cancer (Lawson et al., 2009) but mainly with cervical cancer
(Schiller and Lowy, 2001, zur Hausen, 2001). Hepatitis B and C on the other hand, are

highly linked to liver cancer (Hussain et al., 2007) and non-Hodgkin lymphoma
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(Giordano et al., 2007), while Epstein-Barr virus is believed to contribute to Hodgkin

lymphoma (Araujo et al., 2006).

The chance of being affected by cancer dramatically increases with age. This might be
because cells lose their capacity to control the cellular abnormalities or environmental
carcinogens (Roh and Lyle, 2006, Chung et al., 2011, Meng and Lu, 2012). In general,
the main cause of many cancers remains unclear, but with innovation and development
of biotechnology including cytogenetic studies, mutational sequencing, genomic arrays,
and next generation sequencing including whole genome, exome and transcriptome

sequencing the understanding of cancer is increasing.

1.2 Melanoma overview

Melanoma is a malignant tumour that originates from neural crest derived melanocytes,
and is responsible for melanin pigment production in the skin, hair, and the uveal tract
of the eye (Slominski et al., 2004). During development, melanocytes can give rise to a
phenotypically diverse type of melanomas (Bastian, 2014, Mort et al., 2015). The most
common type of melanoma found in the Caucasian population is cutaneous melanoma
where the western countries have higher incidences, with the highest reported reported
for Queensland Australia. Statistically, melanoma is the fifth most common cancer
diagnosed in the United States (Jemal et al., 2009, lannacone et al., 2015). Cutaneous
melanomas often have numerous chromosomal aberrations with gains or losses to
portions or whole chromosomes (Curtin et al., 2005). The most known oncogene
mutations are KIT, BRAF, and NRAS, which are detected in 70% of melanoma cases,
though, most of these mutations can be attributed to direct UV exposure (Greene et al.,
2009, Dumaz, 2011, Luke and Hodi, 2012, Bastian, 2014). Melanoma is accompanied
by some features such as immune system spontaneous regression, which is more
common in melanoma compared to other types of cancer (Liszkay et al., 2005, Kaur et
al., 2008, Kalialis et al., 2009). The majority of melanomas (90%) are diagnosed as
primary tumours without evidence of metastasis, and as such would have up to 10 year
survival. Prognosis of melanoma becomes poorer with the progression into stages that
include metastasis, where even a small tumour has the ability to metastasise and lead

to an unfavourable outcome (Balch et al., 2009, Thompson et al., 2011)
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1.3 Uveal melanoma

1.3.1 Brief overview

Although UM is rarer than cutaneous melanoma (CM) and behaves differently (Singh et
al., 1988), the incidence of mortality is higher in UM (Jemal et al., 2010). Uveal
melanoma (UM) is the most common aggressive intraocular tumour in adults, with a
reported incidence of 1200-1500 cases annually. The highest incidence, as with
cutaneous melanoma, is amongst Caucasians (Egan et al., 1988, Hu, 2005, Ramaiya
and Harbour, 2007, Singh et al., 2011), where UM roughly accounts for 80% of all hon-
cutaneous melanomas (Scotto et al., 1976).. UM can originate anywhere in the uveal
tract from neural-crest melanocytes, and most of UM arise from choroid tissue,
accounting 80-90% of the UM cases, followed by ciliary body with 7%, and the smallest
fraction with only 3% arising from the Iris (figure 1.1) (Singh et al., 2004, Damato, 2006)

Sclera

Anterior
Uvea

Posterior -|: Choroid
Uvea

Figure 1.1 Structure of the eye indicating the origins of uveal melanoma

Eye diagram showing the origin of UM that mainly arise in the choroid, the layer
between the sclera and the retina, or ciliary body, or iris. Choroid and ciliary body
represent the posterior uveal melanomas, and iris represents the anterior melanomas.
Figure Modified from www.uveitis.org.
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1.3.2 Aetiology of UM

UM is not associated with gender and males and females can be affected equally,
however, the risk increases spontaneously with age (Egan et al., 1988). UM and CM
share the same cell type (melanocyte), and both have higher incidences in the light
skin population but they differ in their aetiology and pathogenicity (Singh et al., 2001,
Balch et al., 2010). The concentration of melanin in the uveal tissue varies with the eye
colour. Patients with bright eye colour such as grey, blue, and green tend to have less
melanin concentration compared to individuals with darker eye colour such as brown
eye colour (Panda-Jonas et al., 1996). The fair phenotype, including lightly coloured
iris, fair skin colour, blond hair, and blue eyes predisposes to UM, in addition the
presence of melanocytic lesions, ocular or cutaneous nevi and freckles is also
correlated (Gallagher et al., 1985, Tucker et al., 1985, Seddon et al., 1990, van Hees et
al., 1994, Schmidt-Pokrzywniak et al., 2009). In regards to environmental factor such
as UV exposure, CM is well studied and directly linked to UV exposure, however,
evidence linking UM to the solar UV is still inconclusive (Singh et al., 2004, Shah et al.,
2005). Although some studies suggest that UV could be a risk factor for UM (Holly et
al., 1990), another study did not find any association (Pane and Hirst, 2000). To date
no environmental factors or dietary habits have been found to be associated with UM
development (Singh et al., 2004). In addition, UM is rare to present in a familial form,
while CM have 10% familial genetic predisposition (Canning and Hungerford, 1988,
Egan et al., 1988, Singh et al., 1996, Kodjikian et al., 2003).

1.3.3 Metastases and survival

Several histological and genetic factors predict the disease metastasis such as; tumour
thickness and diameter, ciliary body involvement, the presence of epithelioid cells with
a high mitotic index, lymphocytic infiltration, vascular network abnormalities, gene ex-
pression class 2, and chromosomal aberration such as 8q gain, deletion in chromo-
some 3 and gain or loss in chromosome 6. (Folberg et al.,, 1993, de la Cruz et al.,
1990, Singh et al., 2001, Onken et al., 2004). The majority of these factors will be de-

tailed in subsequent sections.

CM spread through the lymph nodes from skin to brain, liver, lung and other soft tissue

(Gragoudas et al., 1991, Hurst et al., 2003, van den Bosch et al., 2010). However, ma-
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lignant melanoma of the uvea disseminates heamatogenously with high propensity for
liver, due to the absence of lymph node drainage in the uveal tract (Yucel et al., 2009).
Tumour cells disseminate directly to the blood circulation, then to the liver ((Diener-
West et al., 2005). Although, 50% of the patients eventually developing liver metasta-
sis, around 90% of those patients however, have a 5 years mortality rate irrespective to
the type of the treatment (Gragoudas et al., 1991, Diener-West et al., 2005, Singh et
al., 2005).

If the melanoma penetrates the sclera and infiltrates the conjunctival lymphatics to
regional lymph nodes, and circulate around the body exiting the vascular system it will
then metastasize to organs other than the liver. It has been found in different studies
that approximately half of the patients with liver metastasis may develop an extra
hepatic metastases including to lung (24%), bone (16%) and a minority to the skin and
brain, with a 19-28 month survival rate (Collaborative Ocular Melanoma Study, 2001,
Kujala et al., 2003, Bedikian, 2006). Despite the fact that patients with liver as the onset
of metastases have the worst survival, patients with no liver metastases or the liver is
not the first site of metastases however have more favourable prognosis (Kath et al.,
1993). Furthermore, patients with iris melanoma tend to have better survival compared
to patients with choroidal melanoma, while ciliary body involvement predicts the worst
prognosis, based on 5-10 years follow up (Shields et al., 2009, Singh et al., 2011).
Metastatic spread of UM was found to occur in 25% of patients within 5 years survival
rate and 34% of patients by 10 years survival rate, and once the metastases were
detected the majority of the patients die within 1-2 years (Diener-West et al., 2005).
Therefore, the mean survival of metastatic disease was only few months and the long-
term survivals are rare (Gragoudas et al., 1991, Kath et al., 1993, Collaborative Ocular
Melanoma Study, 2001). Therefore, despite the improvement in the diagnosis and of
the primary tumour, there have been no corresponding improved survival rates (Singh
and Topham, 2003).

1.3.4 Treatment of metastatic UM

UM characterized by having a multidrug resistance phenotype that is highly resistant to
chemotherapy and many treatments fail to improve survival rate (Gragoudas et al.,
1991, Alexander et al., 2000, Baggetto et al., 2005). Despite the advance treatment of

UM, half of newly diagnosed patient are dying once hepatic metastases have been
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established, with median survival of 4-6 months (Gragoudas et al., 1991, Kujala et al.,
2003, Ramaiya and Harbour, 2007). Treatment of UM mainly depends on the size and
location of the tumour, and includes enucleation of large tumours, with resection and
radiotherapy for small to medium tumours (Margo, 2004). Different hypotheses have
been proposed to explain the rate of metastasis encountered by UM patients, for
example, it was believed that the best management of the tumour is enucleation;
however, Zimmerman et al argued that tumour enucleation for UM patient may
accelerate the spread of tumour cells leading to metastases (Zimmerman et al., 1978).
An alternative theory is based on a histopathological study, suggests that UM cells are
highly resistant to radiotherapy because they were still visible in the irradiated
specimens (Manschot and Van Strik, 1987). More recently, the Collaborative Ocular
Melanoma Study (COMS) group suggested that regardless of tumour size, or primary
treatment there was no improvement in survival rates (1990, Finger, 1997). To date,
there is no successful management approach capable of reducing metastatic-caused
deaths. Recently, It was hypothesized that this problem might be related to the micro-
metastasis, (Eskelin et al., 2000, Borthwick et al., 2011). In general, several factors
could improve the survival rate such as adjuvant, preemptive systemic therapy for
micro-metastatic patients (Harbour, 2009), but overall, there are no effective therapies
for metastatic UM (Augsburger et al., 2009). Although some suggested therapies
including the use of mitogen-activated protein kinase (MEK) inhibitors show some
remarkable successes (Harbour, 2012, Carvajal et al.,, 2014), the use of these

therapies are promising but not well established.

1.3.5 Prognosis of Uveal Melanoma

The clinical outcome of the patients with UM depends on the development of metasta-
ses, and a number of clinical, histopathological and genetic factors help in predicting
the disease prognosis. The first histologic differentiation of UM was in 1931 by Callen-
der (Zimmerman et al., 1978) divided UM into 6 groups, Spindle A and B, epithelioid,
necrotic, fascicular and mixed cells. The most widely prognostic factor used to assess
the severity and prognosis of UM are cell morphology and tumour stage (Hu, 2005)Hu
et al., 2005), involvement of posterior UM (Ciliary body), as well as location and thick-
ness of the tumour been regarded as the leading prognostic indicator in UM (McLean
et al., 1977, Gragoudas et al., 2002, Diener-West et al., 2005). More objective parame-

ters has been emerged as result of extensive cytogenetics and DNA studies, including
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cytogenetic markers, as chromosomal abnormalities (Prescher et al., 1990, Sisley et
al., 1997, Onken et al., 2010).

Histologic cell typing is, however, subjective to variation in UM survival interpretation,
where the presence of the spindle cells with scant cytoplasm/elongated nuclei known to
correlate with good prognosis during the low mitotic rate (number of mitosis/mm?). This
is known to be an independent prognostic factor in melanoma sub-classification and
other cancer type (Gass, 1985, Vaisanen et al., 1999, Scolyer et al., 2006). Further-
more, the presence of epithelioid cells which characterized by large polymorphic round
cells with oval nuclei and well-defined cytoplasmic membrane, associated with poor
prognosis, and high metastatic rate as a result of high mitotic indices (Grossniklaus et
al., 1995, Toth-Molnar et al., 2000, Gill and Char, 2012). Therefore, the coexistence of
both cell types may indicate an intermediate prognosis (Lai et al., 2008). Nevertheless,
tumour diameter is another important clinical prognostic factor in UM progression,
where the tumour diameter correlated negatively to the prognosis, (the bigger tumour
diameter detected the poorest prognosis and less survival). Approximately 53% of cas-
es with large tumours (16 to 18 mm) correlated with high mortality rates (Seddon et al.,
1983, Margo, 2004). Tumours that arise in the choroid and ciliary body (Posterior UM)
are considered more aggressive and associated with the worst prognosis with 50%
death rate within 5-7 years (Prescher et al., 1990, Sisley et al., 1990). However, the
use of these parameters alone or combined without knowing the genetic type of the
tumour is not conclusive, and cannot provide comprehensive estimation of prognosis.
UM can be classified based on the presence of changes affecting chromosomes 1, 3, 6
and 8, and recently, UM was divided into two molecular classes based on metastatic
risk and gene expression profile; class | is described by low metastatic risk while class
Il has high metastases potential (Onken et al., 2004, Finger and th Edition, 2009,
Onken et al., 2010). The genetic classification of the tumour will be explained in more

detall in the following sections.

1.3.6 Genetic basis of UM

UM is characterised by a low degree of aneuploidy and genomic instability compared to
other tumour types (Cross et al., 2003). The most frequently found non-random chro-
mosomal aberrations in UM are loss of one copy of chromosome 3, or monosomy 3
(M3) and losses in 1p, 8p and gains of 6p and 8q (Griffin et al., 1988, Prescher et al.,
1990, Sisley et al., 1990, Horsman et al., 1990, Aalto et al., 2001). These common

24



chromosomal alterations of UM assist in predicting prognosis (Sisley et al., 1990,
Sisley et al., 1997, Aalto et al., 2001, Loercher and Harbour, 2003, Kilic et al., 2005).
The first study which dealt with UM chromosomal abnormalities was in 1985 (Rey et
al., 1985), and the majority of cytogenetic studies were performed in the 1990s
(Prescher et al., 1990, Sisley et al., 1990, Horsman and White, 1993, Singh et al.,
1994, Prescher et al., 1995, Prescher et al.,, 1996, Sisley et al., 2000, Naus et al.,
2001). Initially cytogenetic analysis was used to detect chromosomal aberrations in
UM, but karyotyping only detects simple chromosomal changes such as near diploid
and pseudodiplooid karyotypes as well as gross aberrations (Horsman et al., 1990,
Prescher et al., 1990). There are also limitations to the technique, as it is challenging to
get good quality metaphases from solid tumours due to the need for actively growing
tumour cells. Moreover, solid tumours are more complex and heterogeneous, which
make it harder for them to be studied by cytogenetics and in particular to identified
small frequent aberrations. Improvements were made with the introduction of fluores-
cence in situ hybridization (FISH), which allowed non-dividing UM cells to be analysed
for gross alterations of the most commonly altered chromosomes (Naus et al., 2002).
Nowadays, advanced DNA- based techniques including comparative genomic hybridi-
zation array (CGH), multiplex ligation-dependent probe (MLPA), and microsatellite
analysis (MSA) are used to diagnose UM and monitor its prognosis (Parrella et al.,
1999, Tschentscher et al., 2000, Onken et al., 2007, Damato et al., 2009).

1.3.6.1 Chromosome 3

There is a well-established association of M3 (loss of one copy of chromosome 3) with
UM, therefore, the involvement of this alteration is considered to be a primary event in
UM (Prescher et al., 1994). This abnormality is highly associated with metastases-
related death and poor prognosis in UM (Sisley et al., 1990, Prescher et al., 1996,
Damato et al., 2007, Shields et al., 2007), and in addition studies related to metastatic
death correlated larger tumour diameter, and aggressive cell types with M3 (Prescher
et al., 1996, Kilic et al., 2006, Shields et al., 2011, Damato et al., 2009). Conversely the
presence of disomy 3 (normal copy of chromosome 3) predicts better prognosis (Trolet
et al., 2009), while intermediate prognosis is suggested by partial deletion of chromo-
some 3 and may increase risk of metastases (Cross et al., 2006). It was proposed that
chromosome 3 might contain tumour suppressor genes that could play an important

role in tumour progression.
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1.3.6.2 Chromosome 8

Gain of long arm of chromosome 8 is often seen as a non-random alteration in UM and
linked to the outcome, and many studies indicate that 8q gain is prognostic indicator
associated with reduced patient survival (Sisley et al.,, 1997, White et al., 1998,
Cassoux et al., 2014). Furthermore, isochromosome 8q, the formation of an abnormal
chromosome from two copies of the long arm of 8 i(8q), is often associated with M3 in
ciliary body melanomas and correlates closely with poor prognosis (Sisley et al., 1997,
White et al., 1998, Patel et al., 2001). In studies undertaken in Sheffield, roughly, 50%
of the cases had M3 and gain of one copy of chromosome 8, and a poor prognosis was
associated with these cases (Sisley et al., 1997). The incidence of 8q gain ranges from
55-70% in UM based on the technique used, and techniques such as comparative ge-
nomic hybridisation, spectral karyotyping (SKY) and aCGH tend to detect higher fre-
quencies (Speicher et al., 1994, Naus et al., 2001, Sisley et al., 2006, Ehlers et al.,
2008, Hammond et al., 2015). In addition the different studies may well have variation
in the levels reported because of the cohort of patients studied, since chromosome 8
abnormalities were often found in larger tumours, and it is assumed that 8q may con-
tain certain genes linked to metastatic phenotype (Prescher et al.,, 1994). More
evidence for the association of 8q gain and metastasis comes from studies of the
metastatic lesions themselves, in which 8q is the most frequently observed finding, and
further evidence suggests that the greater the number of copies of 8q the shorter the
disease free interval (Sisley et al., 1997, Hammond et al., 2015). On the other hand,
some studies indicate that gain of 8q with or without M3 is not a reliable factor for pre-
dicting poor prognosis (Kilic et al., 2005, Ehlers et al., 2008).

1.3.6.3 Chromosome 1

Loss of the short arm of chromosome 1 is frequently observed in many tumours, specif-
ically chromosomal region 1p36, including cutaneous melanoma, neural crest derived
neuroblastoma, and the presence of 1p deletion is known to be a predictor of unfa-
vourable prognosis in these cancers (Caron et al., 1996, Knuutila et al., 1999). In UM
deletion of 1p has been detected predominantly in metastasizing tumours with M3
(Naus et al., 2001), and Aalto et al reported loss of chromosome 1p as a marker in the

tumour progression (Aalto et al., 2001). Furthermore, the concurrent loss of 1p, M3 and
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gain of 8q are strongly associated with metastasis related to death in UM patients (Kilic
et al., 2005, Kilic et al., 2006), and Sisley et al, demonstrate an association between 1p
deletion and large ciliary body melanomas (Sisley et al., 2000). These studies suggest
that a tumour suppressor gene /genes located in 1p36 could be involved in UM pro-
gression. Although loss of 1p seems to occur with other alterations, there are cases of
UM without any other chromosomal alteration but at this time, the significance needs to
be determined (Caron et al., 1996, Casciano et al., 2002, Poetsch et al., 2003).

1.3.6.4 Other chromosomal changes in UM

One of the most frequently altered chromosomes in UM is chromosome 6 with both the
long and short arms affected, and the relevance of these changes will be discussed
later. There are other chromosomal aberrations reported in UM, including 9p deletion
(Speicher et al., 1994, van der Velden et al., 2001, Abdel-Rahman et al., 2006), rear-
rangement of chromosome 11 that may associate with spindle cell and choroidal mela-
nomas, which could relate a better prognosis (Dahlenfors et al., 1993, Speicher et al.,
1994, Sisley et al., 2000, Sisley et al., 2006). In addition, Trisomy 21 and deletions of
16q are both suggested to have a role in UM progression (Horsman and White, 1993,
Sisley et al., 2000, Kilic et al., 2006).

1.3.7 Deregulated genes in UM

Relatively little is known about the molecular pathogenesis underlying UM progression.
The first oncogene was reported in late 90s and was suggested to have a role in UM
development is p16/cyclin-dependent kinase inhibitor 2 A (CDKN2A) (Ohta et al., 1996,
Merbs and Sidransky, 1999, van der Velden et al., 2001). In contrast to this finding,
germline mutations in CDKN2A are very rare in UM tumours (Singh et al., 1996, Soufir
et al., 2007). Since, M3 is the most commonly reported alteration, many studies have
sort to identify potential tumour suppresser genes located on it, including the suppres-
sor gene fragile histidine triad (FHIT), (Zeschnigk et al., 2003). Chromosome 8q impli-
cated in the prognosis of UM, has been a clear focus of research and several genes
located on 8q have been associated with UM prognosis, such as development and dif-
ferentiation enhancement factor 1 (DDEF1), Nijmegen breakage syndrome 1 (NBS1),

and c-myc. Most of these genes lead to DNA damage and cellular invasion, therefore,
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all indicated a negative prognosis (Ehlers and Harbour, 2005, Ehlers et al., 2005, Singh
et al., 2007). Furthermore, the C-myc oncogene on chromosome 8q has been pro-
posed to play a role in UM prognosis based on over-expression of the c-myc protein
(White et al., 1998). Parrela et al reported that approximately 70% of UM cases have
an extra copy of chromosome 8 with amplification of c-myc gene (Parrella et al., 2001).
The presence or absence of c-myc over-expression has been associated with both
poor and good UM prognosis (Mooy et al., 1995, Chana et al., 1999, Royds et al.,
1992). Other more specific molecular genetic changes associated with UM have been
identified recently and linked to prognosis including GNAQ and GNA11, whereas BRAF
and NRAS known as discriminator between UM and CM (Edmunds et al., 2003, Cruz
et al., 2003, Zuidervaart et al., 2005, Landreville et al., 2008). In addition to BAP1,
SF3B1, and ELIF1AX mutations have been recently related to UM prognosis.

1.3.7.1 GNAQ and GNA11

Genetic mutation studies in UM are widely expanded because of the availability of the
advanced technology in genetic screening. Recent studies have highlighted the most
frequent mutation in UM is a somatic mutation in the guanine nucleotide binding protein
(G protein), g polypeptide (GNAQ) which located at chromosome 9g21, in addition to
guanine nucleotide binding protein (G protein), alpha 11 (Gq class) (GNA1l) at
19p13.3 (Van Raamsdonk et al., 2004, Van Raamsdonk et al., 2010). Approximately,
40-50% of the UM patients are found to have GNAQ mutations in their primary tumours
and up to 28% in metastatic UM, with 85% of blue nevi also have GNAQ mutations. In
addition, somatic mutations of GNA11 are found in 34% of primary UM and up to 63%
of metastatic tumour, but it was not detected in extraocular tumours (Van Raamsdonk
et al., 2009). The higher frequency of GNA11l in metastatic UM suggests there is an
association with poor prognosis, however not all studies agree (Van Raamsdonk et al.,
2009, Harbour et al., 2010). Therefore, activating mutations in both genes was found in
approximately 80% of all UMs, regardless of tumour class (Van Raamsdonk et al.,
2009, Van Raamsdonk et al., 2010). The majority of the mutations are located at codon
Q209 of exon 5 of the gene, in a region of the catalytic domain (GTPase) of GNAQ,
where the minority of the mutations located in exon 4 affecting codon 183 (Glatz-
Krieger et al., 2006, Onken et al., 2008, Van Raamsdonk et al., 2009, Lamba et al.,
2009, Van Raamsdonk et al., 2010). Mutation at codon 209 usually occur as a result of
glutamine (Q) amino acid substitution to leucine (L) in both GNA11/GNAQ, or gluta-

mine (Q) amino acid substitute to proline (P) in GNAQ, furthermore, mutation in codon
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183 caused by arginine (R) substitute to a cysteine (C) (Kalinec et al., 1992, Landis et
al., 1989).

GNAQ and GNA11 both encode for heterotrimeric G-pr ot ei h s ubuniet
spectively), which regulate signals between the downstream signalling pathway and G-
protein coupled receptors (Neves et al., 2002). GNAQ, located on chromosome 9921,
and coding for the GTP-binding protein activates the MAPK pathway by stimulating the
G-protein coupled receptors and regulate the cell cycle cascade (Weber et al., 2003,
Dunn et al., 2005).The GNAQ mutation is found to occur early in UM tumorigenesis,
and is observed in all stages of tumour progression, suggesting it is a potential initiator
of the tumour transformation (Onken et al., 2008, Harbour et al., 2010). In addition, as
previously mentioned, the GNAQ mutation has a weak correlation with metastatic rate,
and is insufficient for tumour transformation with no association with uncontrolled pro-
liferation, therefore, mutations in GNAQ and GNAL11 do not predict the disease progno-
sis (Bauer et al., 2009, Van Raamsdonk et al., 2009, Populo et al., 2011). However,
Van Raamsdonk et al suggested that GNAQ mutation produces spontaneously metas-
tasising tumour in mice, where the expression of both genes (GNAQ and GNA11) in
mice lead to melanocyte transformation and increased signals through the MAPK
pathway ((Van Raamsdonk et al., 2010). Therefore, the upregulation of pathways
through mutations of GNAQ and GNAL11 represent interesting targets for therapeutic
approaches, either by targeting the mutation in G-protein alpha subunit itself or its
downstream signalling pathway through treatment with MEK inhibitors that can coun-
teract the upregulation of the MAPK pathway caused by both mutations (Besaratinia
and Pfeifer, 2011, Harbour, 2012).

1.3.7.2 BAP1 mutation

Recently, familial inheritance of autosomal somatic germ line mutation of BRCA1-
associated protein-1 (BAP1) was identified by the next-generation sequencing tech-
nigue, and identified as a tumour suppressor gene in UM and located at chromosome
3p21.1 (Harbour et al., 2010, Abdel-Rahman et al., 2011, Bronkhorst et al., 2011,
Goldstein, 2011). Mutations in the BAP1 gene are found in 84% of patients with meta-
static UM and it has the tendency to occur later in UM progression (Harbour et al.,
2010). Moreover, BAP1 mutations have the ability to transfer the gene expression pro-

file from class 1 to class 2 in UM (Harbour et al., 2010). Despite the genetic dissimilari-

29

( GU



ties between BAP1 and GNAQ, targeting both genetic defects might have a great ther-

apeutic advantage (Harbour et al., 2010).

1.3.7.3 BRAF and NRAS mutations

BRAF (B-Raf Proto-Oncogene, Serine/Threonine Kinase) and NRAS (neuroblastoma
RAS viral oncogene homolog) mutations (present in high percentage in CM) both have
a well-known role in CM, with each oncogene activating the Mitogen-activated protein
kinases (MAPK) pathway by stimulating the mitogen-activated protein kinase 1 (MEK1)
(Davies et al., 2002, Akslen et al., 2005). Despite the deregulation of the MEK pathway,
BRAF and NRAS mutations are rarely presented in UM (Edmunds et al., 2003, Cruz et
al., 2003, Zuidervaart et al., 2005, Landreville et al., 2008). However, in contrast a few
studies have identified BRAF mutation in UM such as the study conducted by Malapon-
te et al who presented a UM case with a BRAF mutation (Malaponte et al., 2006). In
contrast, approximately 50% of conjunctival nevi are found to carry a BRAF mutation,
while other studies found a BRAF mutation in conjunctival and iris melanomas but not
uveal (Cohen et al., 2003, Spendlove et al., 2004, Thomas, 2006, Henriquez et al.,
2007). In general, the relationship between BRAF mutations and UM is still unclear and

needs more investigation.

1.3.7.4 Recent driver mutations in UM

The most recent driver mutations in UM are SF3B1 (Splicing Factor 3b Subunit 1) and
EIF1AX (Eukaryotic Translation Initiation Factor 1A, X-Linked), both thought to occur
during tumour progression, SF3B1 mutation have been identified in low grade UM with
better prognosis as well as EIF1AX (Harbour et al., 2013, Martin et al., 2013). Further-
more, they found both genes mutated mostly in the presence of disomy 3, and less was

found in UM harbouring partial deletion of M3, again suggestive of a good prognosis.

So to summarise, five common mutations in UM have been identified to date, GNAQ,
GNA11 were classified as an early events in tumour formation, and not associated with
prognosis (Onken et al., 2008, Van Raamsdonk et al., 2009), while the other 3 genes
(BAP1, SF3B1, and EIF1AX) were found to occur later in tumour progression, in a mu-
tually exclusive manner and prognostically significant. BAP1 was demonstrated as

possible predictor of bad prognosis, and SF3B1, EIFLAX as being better prognosis in-
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dicator (Harbour et al., 2013, Martin et al., 2013, Decatur et al., 2016). Although, these
5 genes have been found to be commonly mutated in UM they are not really sufficient

to predict the outcome, which is still strongly based on relative genetic imbalance

1.4 Ambiguity of chromosome 6 changes in UM

The role of other genetic alterations and chromosomal changes is to some extent fairly
defined. However, changes of chromosome 6 are frequently observed, but less is
known about the genes involved and the implications of the changes. Whole or partial
gain of 6p is more common than loss, though molecular cytogenetic analysis has
described the gain of 6p by different mechanisms, including centromeric misdivision,
which has led to triplication of 6p and formation of an isochromosome (Squire et al.,
1984). Other changes include partial or complete gain of 6p resulting in unbalanced
chromosome translocations, in addition to focal amplification in distinct region of 6p.
Abnormalities of chromosome 6 have been also described in other tumours, where
gain of 6p was found as a frequent occurring event in cutaneous melanoma,
retinoblastoma, osteosarcomas and lymphoid tumours (Chen et al., 2000, Ozaki et al.,
2002, Bastian et al., 2003, Lau et al., 2004, Zielinski et al., 2005). Furthermore, the
correlation of 6p gain with a decrease in the patient survival was reported in cutaneous
melanoma and some type of sarcomas (Ozaki et al., 2002, Namiki et al., 2005).
Whereas, deletion of 6g was reported in many cancer types including cutaneous
melanoma, acute lymphoblastic leukaemia and was found to correlate with poor clinical
outcome, which may suggest a presence of tumour suppressor genes at 6q (Healy et
al., 1998, Mancini et al., 2002). In UM alteration of chromosome 6 is frequently
observed in both gain of the short arm and loss of the long arm, with formation of
isochromosome 6p and the correlation with survival has been described in many
studies, Aalto et al, illustrate that 6q loss associated with poor outcome and decrease
survival (Aalto et al., 2001). In contrast to this White et al, showed that 6p gain was
associated with increased survival even if it is correlated with M3 and a gain of 8q
(White et al., 1998). Sisley et al. reported that the rearrangement of chromosome 6 with
translocation events has been found in 70% of UM cases and this alteration may have
a strong association with outcome in UM (Sisley et al., 2006). However, using more
advance molecular cytogenetic techniques like microarray 6p was still found to

correlate more with better prognosis (Onken et al., 2004).

31



Partial or whole gain of 6p is much more common than 6q loss in UM, although the
majority of molecular and cytogenetic analysis has reported 6p amplification, and been
linked to more favourable prognosis. 6g has attracted less attention and is associated
more with tumour metastases and was found to be a late event resulting from tumour
progression. (Prescher et al., 1990, Gordon et al., 1994, Singh et al., 1994, Speicher et
al., 1994, Prescher et al., 1995, White et al., 1998, Sisley et al., 2000, Naus et al.,
2001, Kilic et al., 2006, Damato et al., 2009). Many more studies showed that gain of
6p is associated relatively to good prognosis, and less likely to correlate with M3
(Prescher et al., 1995, Ehlers et al., 2008, Landreville et al., 2008). Accordingly,
Parrella et al. (1999) proposed a bifurcated pathway for tumour progression explaining
the mutually exclusive changes of M3 and chromosome 6p gain in both groups,
followed by 8q loss among choroid tumours (Parrella et al., 1999) (Figure 1.2).

Bp gain Tumour progression
Choroidal melanocyte 8q gain
High risk
Uveal
— ) U
- melanoma ' ﬁgﬁ‘?"
SHT 2

M3

Figure 1.2 Bifurcated pathway in the tumour progression proposed by Parrella et
al (1999)

A proposed model illustrating genetic tumour progression of posterior UM, where most
tumours undergo either alteration in 6p or M3, with both groups subsequently followed
by 8q alterations (Figure modified from Parrella et al., 1999)

In complete opposition, many cytogenetic studies show M3 with 6p gain occurring in
the same tumour (Prescher et al., 1990, Sisley et al., 2000, Tschentscher et al., 2000,
Aalto et al.,, 2001, Hughes et al., 2005). In addition, it has been suggested that the
formation of isochromosome 6 is highly likely to be associated with M3 (Aalto et al.,
2001). Therefore, it is possible that two genetic pathways do exist and both pathways
are correct based on the alterations of chromosomes 3 and 6 that correlate with the

tissue origins of the tumour (Sisley, 2015), as shown in (Figure 1.3).

32



/ i(6p) \\

Ciliary body c——={=om= Monosomy 3 == i{8q) —— === 1p - === 21
- translocation ~ Y
h Y Y

1
1 ™ -ﬂ
] } ALY : r
I -
I ’ ~ A 11q-
. ‘ 1p- 16q-
! ” deletion
Posterior melanoms Eq—/
(Ciliary and Choroid) e ———————

7\

>
4

Choroid melanoms === 6p+ === Sq+

> 1p - deletion

Figure 1.3 Two genetic pathways in uveal melanoma that correlate with the tis-
sue origins of the tumour

The two pathways explain the chromosomal involvement of the most shared regions in
ciliary body and choroid melanoma, despite the mechanistic differences between them;
therefore, the presence of mixed ciliary and choroid melanomas as a group shows an
involvement in both pathways. The dashed lines explain the possibility of these
chromosomal changes contributing to and interacting between the pathways, but this is
not well established (Figure adapted from Sisley, 2009; 2015)

Using a wide range of techniques such as FISH and array CGH, the breakpoints of 6p
gain and 6q loss have been mapped. The most common region of 6p gain was around
the centromere, and 6q deletion was narrowed to 6g16.1-6g22 (Horsman and White,
1993, Gordon et al., 1994, Speicher et al., 1994, Sisley et al., 2000, Kilic et al., 2006).
Although these findings are conflicting and the relationship between chromosome 6
and prognosis is still difficult to define, this suggests the presence of one or more
oncogenes on 6p and a tumour suppressor gene in 6q that may be involved in UM
progression. In general, nothing is yet known with certainty, and the meaning of the
genetic changes of chromosome 6 remains ambiguous; determining the relevance of

chromosome 6 is therefore complicated and requires further study.
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1.5 Hypothesis and Aims of the study

Chromosome 6 changes are known to be associated with both CM and UM. In UM,
these changes have been suggested to be indicative of a good prognosis, but our
studies suggest that in some instances certain alterations are associated with poor

outcome. Therefore, we hypothesized that:

Chromosome 6 changes are relevant to the prognosis of uveal melanoma and
contain genes that contribute to the development and metastasis of uveal

melanoma.

As alterations of chromosome 6 in UM can result in both the loss and gain of different
regions of the chromosome, determining the relevance of chromosome 6 is therefore
complicated. This study sets out to provide a comprehensive overview of all the
changes that affect chromosome 6 in UM in order to identify the candidate genes
involved. So far, no study has undertaken a comprehensive investigation of
chromosome 6, and to achieve a complete picture a series of UM patients was studied
using a high-resolution custom array CGH. This methodology will investigate how
specific regional involvement of chromosome 6 is associated with the clinical behaviour
of the patients. This broad ranging study is expected to produce clinically relevant
information that can be used in the assessment of patients, identifying high-risk uveal
melanoma patients that will benefit from further intervention. The identification of the
genes involved will assist the development of a more targeted treatment approach and

work towards individualised care for uveal melanoma patients.

The aim of this study is mainly to analyse genomic profiles in a large series of ocular
tumours, elucidate the genetic prognostic factors of UM, and identify new markers that
correlate with disease outcome, and create a model based on genomic classifier for

metastatic risk assessment.
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2.1 PATIENTS AND TUMOUR SAMPLES

2.1.1 Ethics Statement

Ethical approval (15/NW/0230) was obtained from the National Research Ethics
Committee for the collection and use of fresh and archival tissue sample. Written
informed consent was taken from patients prior to the collection of fresh tissue and
peripheral blood, all data from archival tissue were analysed anonymously. Tumour
and matched blood was collected and stored according to the principles of the
Declaration of Helsinki and the use of tissue was in compliance with the Human Tissue
Act, 2004.

2.1.2 Tumour samples

Tumour samples were collected as fresh specimens and/or archival Formalin Fixed
Paraffin Embedded (FFPE) blocks from UM cases collected between 1994 and 2015 at
the Histopathology Department of the Royal Hallamshire Hospital, Sheffield, UK.

2.1.3 Fresh Tumour Samples

Fresh tumour sample were obtained from 137 patients diagnosed with primary UM who
underwent enucleation between July 1994 and March 2015 at Sheffield Teaching
hospital. Tumours were macroscopically examined by an experienced pathologist and
were immediately snap frozen and stored at 1 80°C until DNA preparation (the Ocular
oncology unit at the Royal Hallamshire Hospital, Sheffield, UK). All tumours with
matched normal blood were extracted using standard methods, which was available for

the archive samples as well.

2.1.4 Formalin Fixed Paraffin Embedded (FFPE) Samples

Tumour pieces were dissected in theatre and formalin fixed, the post-fixation process
was completed in the Histopathology laboratory. FFPE sections were chosen based on

the availability of FFPE blocks of UM primary tumour, and the outlined tumour area

were then scraped off subsequent 5em section
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2.2 Material

2.2.1 General Laboratory Reagents

General lab reagent were purchased from a number of suppliers

Latex examination gloves, Schottlander® UK

Plastic universal tubes (25ml), Centrifuge tubes (15ml, 25ml, 50ml), Eppendorf
Microfuge tubes (0.2, 0.5, 1.5 and 2ml), Sarstedt®, UK

Plastic disposable pipettes Scientific Laboratory Supplies®, UK

10,20, 200 and 10,&tddiller pipdtietips Stad ab®,iUK s
0.22um sterile filters Millipore®, UK

Sterile scalpels Swann Morton®, UK

Sterile needles Becton Dickinson®, UK

Ethanol

Molecular Grade H20

Method-specific reagents are described in subsequent sections.

2.2.2 DNA Extraction for Array CGH and sequencing

DNA Extraction Kit: DNeasy® Blood and Tissue Kit was purchased from (Qiagen)
comprising; DNeasy® mini spin columns, Collection tubes, Proteinase K, Tissue Lysis
Buffer (Buffer ATL), Lysis Buffer (Buffer AL), Wash Buffers (Buffers AW1 and AW2)-
33ml of 100 ethanol added, and Elution Buffer (Buffer AE).

2.2.3 Array Comparative Genomic Hybridisation

Restriction digestion enzymes and Random Priming with Exo-Klenow Labelling Kit:
Genomic Sure Tag DNA Labelling Kit PLUS (purchased from Agilent P/N 5190-3399,
USA), comprising

Restriction digest enzyme Alu I, 25 pL

Restriction digest enzyme Rsa |, 25 uL

10X Buffer C, 130 uL

Acetyl ated Bovine Serum Al bumin (10&gg/ ml)
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Random Primers, 265 pL
5X Reaction Buffer, 525 pL
10X dNTP Mix, 265 pL
Labelling fluorophore Cyanine 3-dUTP (1.0 mM), 75 pL
Labelling fluorophore Cyanine 5-dUTP (1.0mM), 75 uL
Exo-Klenow fragment, 55 pL
Nuclease-free water, 1.5 mL
All stored at -20°C.
Labelled DNA Purification:
Amicon® Ultra 0.5ml 30kDA filters and 1.5ml microfuge collection tubes (Millipore)
Cot-1 DNA: 1mg/ml Cot-1 DNA (Invitrogen) stored at -20°C
Hybridisation Kit: Oligo aCGH Hybridisation Kit (Agilent) comprising
02X Oligo aCGH Hybridisation solution
U 10X Blocking Agent
Stored at room temperature.
Blocking Solution:
CGHblock® (Agilent) stored at -20°C
Hybridisation Assembly: Microarray hybridisation assembly comprising
0 SurePrint® G3 Human CGH Microarray Slide - 4 x 180K pre-set random
genomic probes (Agilent)
U Hybridisation Gasket Slide
U Hybridisation Chamber Kit - SureHyb® enabled, Stainless Steel
All obtained from Agilent, Stockport, UK.
Hybridisation Oven: Microarray Hybridisation Oven (Agilent) equipped with removable
rotator rack
Wash Buffer Kit: Oligo aCGH/ChIP-on chip Wash Buffer Kit comprising
i Oligo aCGH Wash Buffer 1
i Oligo aCGH Wash Buffer 2
Scanner: SureScan High-Resolution Microarray Scanner all provided by (Agilent
Technologies, Santa Clara, CA, USA).

2.2.3.1 aCGH microarray slides

Glass slides containing 4 microarrays each utilising over 180,000 probe sequences
were chosen to cover regions of the genome known to be commonly aberrant in UM

with greater density. These regions included chromosomes 1, 3, 6, 8 and 11.
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2.2.4 Genetic sequencing by polymerase chain reaction (PCR)

Thermocycler
All PCR reagents was provided by (Bioline UK) comprisng:

i IMMOLASE DNA Polymerase

U 10x Immobuffer

i 50mM MgCI2 solution (working concentration of 0.5mM to 1.5mM depending on
primer set.

i DNTPs with a concentration of 100mM (dATP, dCTP, dGTP, dTTP), and a
concentration of 25mM dNTPs, prepared by adding 25uL of 100mM dNTP to
100pL of molecular grade water.

All components should be stored at -20°C

Primers (lyophilised) with concentration of 10pmol/uL (GNAQ exon 5, GNAQ exon 4
GNA11 exon 5, GNA11 exon 4, and BRAF), all primers were optimised previously by
Dr. Rachel Doherty, and were synthesised by Eurofins MWG operon.

Primer design

Forward and reverse primers for BRAF, GNAQ, and GNA11 were manually designed
previously for gene targets using the sequences available on the NCBI database.
Primer sequences were then produced by Eurofins MWG operon (Mudher and Doherty
et al., 2013)

All primer sequences used in this thesis are summarised in a table2.1 below
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Oligonucleotide primers Sequence (5’->3’)

GNAQ exon 5 Forward AGA AGT AAG TTC ACT CCATTC CC
GNAQ exon 5 Reverse TTC CCT AAG TTT GTA AGT AGT GC
GNAQ exon 4 Forward TCTTTTTCTCCCACCCCTTGC

GNAQ exon 4 Reverse TTGTTTTGAAGCCTACACATGATTCC

GNAL11 exon 5 Forward CGC TGT GTCCTT TCAGGA TG

GNA11l exon 5 Reverse CCT CGT TGT CCG ACT

GNA11 exon 4 Forward GTGCTGTGTCCCTGTCCTG

GNA11 exon 4 Reverse GGCAAATGAGCCTCTCAGTG
BRAF Forward TCATAATGC TTG CTC TGA TAG GA
BRAF Reverse GGC CAA AAATTT AAT CAG

Table 2.1 A summary of Oligonucleotide primers used in this study

2.2.5 Agarose Gel Electrophoresis

Agarose powder (Bioline Ltd., London, UK) was stored at room temperature and gels
were prepared just before use.
Running Buffer: 10X TAE (Tris-Acetate-EDTA) was diluted from 50X stock solution
prior to use.
Stock solution prepared by dissolving 48.4g TRIS-base with 11.4mL Glacial Acetic Acid
and 3.7g EDTA together and making up to 1L with deionised water, and stored at room
temperature.
Electrophoresis Unit: Multi sub choice horizontal electrophoresis unit (Geneflow),
comprises

i Samples comb

i Gel casting tray

U Electrophoresis tank
Power Source: basic power supply for electrophoresis Power-Pac 3000 (Bio-Rad
Laboratories Ltd., UK).
Ethidium bromide: 1g ethidium bromide (10mg/ml) dissolved in 2100ml dH20 and stored
at 4°C
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DNA Ladder: 1kB DNA ladder (1mg/ml) (Promega) stored at 4°C
Loading Buffer: Thermo Scientific 6X DNA Loading Dye, prepared by adding 25mg
bromophenol blue to 3ml glycerol and making up to 10ml with dH20 then stored at 4°

2.2.6 Immunohistochemistry

Peroxidase quenching Solution: 0.3% H202 in methanol, freshly prepared by adding 30
ml Hydrogen peroxide (H202) (Sigma) to 270ml Methanol

Target Retrieval Solution (10x): 1:10 working solution prepared by adding 10ml DAKO
to 90ml deionized water adjusted to pH 6.0.

Blocking Serum: Normal goat serum (Vector Laboratories) was stored at 4°C diluted in
PBS with Casein to give a 10% working concentration.

Primary Antibodies: All primary antibodies were provided by Abcam UK, stored at 4°C

and diluted in 2% normal goat serum (diluted in PBS).

All antibodies used in this study and their conditions are summarised in Table 2.2

below.

Class Control tissue Dilution and

Antibodies Source

conditions

AliEEer(exE polyclonal human kidney 1:400

tissue overnight at
4°C
Anti-AMD1 polyclonal Rabbit I9G Human mammary  1:200
tissue overnight at
4°C
AR EAEEYAS polyclonal Rabbit lgG Human colon 1:200
tissue overnight at
4°C

Table 2.2: A summary of primary antibodies used in this study and their condi-
tions
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Secondary Antibodies: Secondary antibodies (goat anti-Rabbit, Biotinylated IgG from
Vector) were stored at 4°C and diluted 1:200 in 2% blocking serum (diluted in PBS) to
give working solution.

Biotin/Avidin Peroxidase Kit: VECTASTAIN® ABC kit (Vector) stored at 4°C and used

according to manufacturerds instruction

S

Peroxidase Substrate Kitt DAB Peroxi dase (HRP) Substrate

diaminobenzidine (Vect or ) stored at 4U0UC and wus
instructions
Mounting media: DPX mountant (Sigma) preserves the stain stored at room tempera-

ture and used in a fume hood.

2.3 Methods

2.3.1 Isolation and Purification of DNA

2.3.1.1 DNA Isolation

Genomic DNA from tissue and whole blood was extracted using Qiagen DNeasy®
Blood and Tissue Kit. Briefly, the kit works on the principle of protease lysis and digests
the protein to release the DNA, then binding the genomic DNA to the silica-based
membrane; which have a feature of selective DNA absorbance in the presence of high
concentration of chaotropic salts. Followed by two washing steps to ensure the removal

of the biomolecules contentment, and pure DNA is then eluted.

2.3.1.2 Fresh Frozen Tissue preparation and lysis

Frozen Tissue (25mg) was placed in 1.5ml nuclease-f r ee mi cr of uge

ed

a (

t ube

tissue lysis Buffer ATL, and Proteinase

tubes then was transferred on a heat block at 56°C and incubated for up to 24 hours,
with periodic vortexing until the tissue was completely lysed. . Then a mixture of 200ul
of AL buffer and absolute ethanol ( 2 0 Owea$ added to each lysed samples and

immediately mixed by vortexing. The samples was then transferred to a single labelled
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DNeasy® mini spin column placed in a 2 ml collection tube and centrifuged at 8000

rpm for 1 minute

2.3.1.3 Washing

Wash Buffer AWl (500¢l) was added to the eact
6,000 x g for 1 min. the spin column was then transferred to a new collection tube, and

The collection tubes with the flow-through were discarded. Then followed by second

wash step where buffer AW2 (500¢l) was added
16,000 x g for 3 min.

2.3.1.4 DNA Elution

DNA from fresh frozen tissue was eluted in AE buffer, and the volume of the eluent
used depending on the desired DNA concentration and yield, less eluent volume used
for more DNA concentration and lower overall yield, and vice versa.

Following the second wash, the DNeasy mini spin column was placed in a new 2 mL
microfuge tube and (200ul) of elution buffer (AE) were added directly to the spin
column and incubated at room temperature for 1 minute to bind any remaining DNA,
and then were centrifuged at 6,000 x g for 1 minute; this step was repeated for a
maximum yield of DNA. The DNeasy mini spin column was discarded and Eluted DNA
were then stored at 4°C

2.3.2 Peripheral blood samples (reference DNA)

Nor mal DNA was purified from peripheral bl «
extraction kit (QlIAamp Blood Midi kit). 2mL of peripheral blood was added to 200l of
proteinase K and 2.4 ml AL lysis buffer in a 15mL centrifuge tube, with a proper
vigorous shaking for 1 minute, and then was incubated at 70°C for 10 minutes.
Followed by 2ml of absolute ethanol was then added in order to ensure the efficient
binding to each reaction tube and mixed to yield a homogeneous solution. All the
contents were then transferred to a QlAamp Midi column and placed in a fresh 15ml

centrifuge tube provided by the kit, and was centrifuged at 1850xg for 3 minutes.
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followed by two washing steps (2mL AW1 centrifuge at 4500xg for 1 minute and AW2
for 15 minutes), and after each wash the flow through was discarded and a the midi
spin column was transferred to fresh 15mL tube.

DNA from peripheral blood was eluted by adding 300ul elution buffer (AE) to the midi
spin column, and then centrifuged at 4500xg for 2 minutes for maximum concentration
of the DNA, and the elution step was repeated to increase the DNA yield. The midi spin
column was discarded and Eluted DNA were then stored at 4°C.

2.3.3 Genomic DNA guantification and purity assessment

The concentration and purity of the DNAs after isolation from tumour tissue and
reference blood was assessed and quantified using a UV/VIS spectrophotometery as
Nano Dr o p-BD00NThermo Fisher Scientific, Wilmington, USA). The instrument
used to measure the double stranded DNA, by calculating the DNA concentration using

modified Beer-Lambert equation to correlate the calculated absorbance with nucleic

acid concentration as following; ¢ = (A *e)/b, where®i s DNA concentA at

is the absorbance at 260nm, e is the wavelength dependent absorbance coefficient
(50ngLcm/ ¢ lstrahded DNA)pbusttHe path length in cm.

The concentration of the gDNA was quantified in ng/ul, the Absorbance measurements
used to measure different molecules at specific wavelengths and the nucleic acids
found to have absorbance at 260nm. Therefore, the purity of DNA was assessed by the
ratio of absorbance at A260/A280, which indicates the absence of protein
contamination. while a second parameter used to measure DNA purity is the ratio of
A260/A230 in order to assess the contamination with salt and some solvents including
EDTA carbohydrates and phenol, which all absorbed at 230nm (Wilfinger et al. 1997).

All of the samples were measured to document the original concentration of the DNA,
and then diluted to achieve the required dilution for aCGH labelling reaction. The

quality of the DNA, however, is a crucial factor in array CGH for obtaining superior data

The following protocol was used to quantify the DNA: the surface of the optical lens
was wiped with lint-free wipes and the instrument initialized with 2ul of nuclease-free
water, a similar amount of the eluent was loaded to serve as a blank solution. Then the
DNA samples were loaded to be measured with proper cleaning of the optical surface
between samples. The values for A260/280 and A260/230 were suitable for the
analysis within the acceptable ratio (greater than 1.8 and 2 respectively) to assess
DNA purity.
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2.3.4 Agarose Gel Electrophoresis

Agarose gel was prepared in 2% concentration by dissolving (1g) Agarose powder in
50 ml of 1XTEA buffer in a conical flask, mixed properly and heated for 2 minutes (until
all the powder dissolve) in a microwave oven. The Agarose solution was allowed to
cool for two minutesandthen( 5¢l ) of Et hi dium br omi de

gel-casting tray was prepared with a rubber seal around the tray edges, and the Comb
was inserted in position, the size of the comb used depended on the required width of
the wells. The gel was then poured into the casting tray and left for 30 min to cool and
harden. The comb was subsequently removed, and the gel then placed in a sub cell
electrophoresis gel tank, submerged in 1IXTAE as a running buffer. To determine the
size of the PCR products, 1KB standard size marker used according to the expected
size of the DNA fragments as a control. To load the gel, add 6x loading buffer (1pl)
loading buffer to 5l of each sample alongside the hyperladder, was mixed by pipetting
and then loaded to the wells. Electrophoresis was carried out at 100V for 55 minutes,
and a Digital imaging system with UV light (UV trans-illuminator gel document system)

was used to visualised the size of the PCR products and photographed.

2.3.5 Standard Polymerase Chain reaction (PCR) for BRAF, GNAQ, GNA11l
genes

2.3.5.1 Standard PCR

Standard PCR was used to amplify the section of the gene containing the mutation for
BRAF, GNAQ, and GNA11l by using DNA polymerase and design specific primers
(detailed in section 2.2.4)

2.3.5.2 2PCR amplification of BRAF gene product with template size (224bp)

1 Master mix for standard PCR was prepared at separate room than the
amplification room, using filter tips (Eppendorf® Pipette Tips) with a clean set of
pipettes. And the Mastermix of PCR reaction was mad up in a sterile PCR
hood.

1 PCR kit with extracted DNA was transferred to the working area, where the

following reagent kept at RT to thaw down including immunobuffer, MgCI2,
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Primers (Forward and reverse), dNTPs, with the nuclease free water. The entire

reagents were having a proper centrifugation before being opened.

1 Immolase enzyme was placed in a pocket of ice.

1 Forward and Reverse BRAF Primers was diluted into 1:10 (1 ul of the primers
into 9 Wl of nuclease free water)

1 In a separate 1.5 Eppendorf tube, the following reagents were added for each
sample in addition to a Negative control.

1. Water 16.75 yl
2. Immunobuffer 2.5 ul
3. 1.5mM MgCI2 0.75
4. dNTPs 0.5 l

5. BRAF Forward primer 1l
6. BRAF Reverse primer 1ul
7. immolase 0.5l

1 In afresh 0.5 microfuge tube 23 pl of the MMX was added with 2 pl of 100ng of
DNA sample, the solution was mixed with a gently pipetting, and quick spin
before being transferred to the amplification area. Microtube were then inserted
in automated PCR machine (Thermocycler) programmed for BRAF as a
Touchdown PCR with the following PCR conditions

95°C for 10 Minutes

95°C 30 seconds
60°C 30 seconds 3 Cycles

72°C 60 seconds

95°C 30 seconds

58°C 30 seconds 3 Cycles

72°C 60 seconds
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95°C 30 seconds

56°C 30 seconds 3 Cycles

72°C 60 seconds

95°C 30 seconds

54°C 30 seconds 30 Cycles

72°C 60 seconds

Hold on 4°C

2.3.5.3 PCR amplification of GNAQ gene product with template size (317bp)

A mastermix of PCR solution was prepared for GNAQ as following:

1.

2.

6.
7.

In a fresh 0.5 microfuge tube 23 pl of the prepared MMX was added with 2 pl of 100ng
of DNA sample, the solution was mixed with a gently pipetting, and quick spin before
being transferred to the amplification area. Microtube were then inserted in automated

PCR machine (Thermocycler) programmed for GNAQ standard PCR with the following

Water

Immunobuffer

1.5mM MgCI2

dNTPs

GNAQ Forward primer
GNAQ Reverse primer

immolase

PCR conditions

95°C for 10 minutes

95°C for 30 seconds (Denaturation)

60°C for 30 seconds (Annealing)

72°C for 90 seconds (Elongation)

16.75 pl
2.5l
0.75 ul
0.5 pl
1l
1l

0.5l

35 cycles
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2.3.5.4 PCR amplification of GNA11 gene product with template size (147bp)

A mastermix of PCR solution was prepared for GNA11 as following:

1.

2.

7.

1 In afresh 0.2 microfuge tube 23 pl of the MMX was added with 2 pl of 100ng of
DNA sample, the solution was mixed with a gently pipetting, and quick spin
before being transferred to the amplification area. Microtube were then inserted

in automated PCR machine (Thermocycler)

Water

Immunobuffer

0.5mM MgCI2

dNTPs

GNAL11 Forward primer
GNAL11 Reverse primer

immolase

17.25 pl
2.5 ul
0.25 ul
0.5 pl
1l
1l

0.5l

Touchdown PCR with the following PCR conditions

95°C for 10 Minutes

95°C 30 seconds

62°C 30 seconds 3 Cycles

72°C 60 seconds

95°C 30 seconds

59°C 30 seconds 3 Cycles

72°C 60 seconds

95°C 30 seconds

56°C 30 seconds 3 Cycles

72°C 60 seconds
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95°C 30 seconds
53°C 30 seconds 30 Cycles
72°C 60 seconds

Hold on 4°C

1 To test the PCR products, 5ul of DNA product was loaded in the designated
wells in the agarose gel (prepared in section), with 1kb marker loaded in the
first well. The gel was run toward the anode at 100V for 55 minutes, and to vis-
ualise the size of the PCR products the gel was then exposed to a Digital imag-
ing system with UV light and photographed.

1 Amplified DNA template was stored at 4°C.

2.3.5.5 DNA purification and Sequencing

The core sequencing facility at Sheffield Medical School (University of Sheffield, UK)
carried out the DNA purification and sequencing of all samples. 10ul of each DNA
template with a target sequence was send to genomic core facilities with with1:100
diluted primers as following; (BRAF Forward primer, GNAQ and GNAll Reverse
primer)

Sequencing file then translated using Finch TV (V.1.4.0) software, to analysed the
chromatogram files, and display the DNA sequence in a graphs.
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2.3.6 Genome-wide analysis using array-based comparative genomic hybridisa-
tion (aCGH)

2.3.6.1 Array-based Comparative Genomic Hybridisation

Oligonucleotide Array-based Comparative Genomic Hybridisation is a relatively recent
molecular technique used to analyse the whole genome to detect copy number
aberrations in tumour DNA. Briefly, two gDNAs isolated from tumour sample and

matched reference DNA was obtained from peripheral blood samples for each patient,

were | abelled with two different fluorophore

respectively. The samples were then co-hybridised to a custom microarray slide, with
over 180,000 oligonucleotide probes specifically developed for uveal melanoma and
used to target regions of interest including known oncogenes. The array slide was then
washed and scanned.

The ratio of the fluorescence intensity of the labelled DNA probes between the tumour
sample and the reference DNA that has been hybridised to each target was then
quantified by a digital analysis system. The result were shown as an ideograms where
the differential intensity of the fluorescent dyes at each probe serving as substitute for
the ratio of copy numbers of probe sequence in the tumour vs. reference genome. The
main array steps are shown schematically in Figure 2.1

2.3.6.1.1 Customised array VS other type of array

Array CGH involves co-hybridising of two differentially fluorescent-labelled fragments of
test and reference DNA to a set of annotated DNA sequence (probes) on microarray
slides. The copy number differences between the tumour and the normal DNA
detected by measuring the ratio of fluorescence at each probe, against their mapped
genomic location. Target probe could be Bacterial Artificial Chromosomes (BACS),
oligonucleotides, or cDNA sequences, and detection of somatic copy number
aberrations (SCNASs) at level of single gene or specific exon depended on the probe
number, type and size on the array (Barrett et al., 2004).

The Agilent oligonucleotide array CGH (OaCGH) was thus customised to focus on
specific areas of the genome. The highest OaCGH resolution methods available is (60-
mer oligonucleotide probes) which contain up to a million probe on a single array slid,
and the detection of SCNAs can be as high asl1-2 Kilobase pairs (kb) (Barrett et al.,
2004, Tan et al., 2007). Probes for chromosome 6 had a mean spacing of 14.5kb
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compare to the off shelf array with approximate probe mean spacing of 36.6Kb. The
slide was designed for UM clinical applications and was provided in a 4 x 180k format
(Hammond et al.,, 2015). In order to obtain a superior aCGH results, pure high
mol ecul ar wei ght DNA from UM f r e schirculatingo z e n
lymphocytes was essential. Therefore, array CGH was used to further investigate the
genetic aberration that motivate the development of UM and uncover area of

chromosomal gain and loss that contains oncogenes and tumour suppressor genes.

Reference DNA ; Tumour DNA
Cy3 Cy5

Amplification

| HUTH LI e

Figure 2.1 Schematic diagram Oligonucleotide Microarray-based Genomic Hy-
bridisation

The figure illustrates hybridization of two labelled gDNAs, the tumor with Cy5 and the
reference with Cy3 fluorophore to a microarray slide with complementary sequence
binding probes. The ratio of the fluorescence intensity is then calculated and the
reference compared to the tumor DNA; if there is, an increase in the sample signal
compared to the reference signal then that indicates there has been a gain or duplicate
of that genomic region (amplification) and represented by red. Conversely, if there is a
decrease in the sample signals relative to the reference then there is likely to be a loss
of that genomic region (deletion) and represented by green. The yellow spots (equal
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amount of green and red) indicate normal binding of the different probes of the
referencegenomet o t he patientds DNA.

2.3.6.2 DNA Labelling (Random Priming with Exo-Klenow)

The Agilent aCGH labelling system uses random priming with Exo-klenow (enzymatic
methods) of the DNA polymerase enzyme to label the gDNA samples with different
fluorescently labelled nucleotides for aCGH analysis, and uses Cot-1 DNA to block the
binding of the repetitive elements prior to hybridising the gDNA to the genomic array.
The fluorescence ratio signals of the reference and the test are determined, and
providing relative information about copy number changes of the sequence of the test
genome compared to the sequence of the normal genome with chromosomal deletion
or duplication (Pollack et al., 1999, Barrett et al., 2004, Shaffer et al., 2007, Hayashi et
al., 2011).

Briefly, whole genomic DNA obtained from fresh frozen melanoma tissue with
reference DNA was digested at specific restriction sites, then denatured and labelled

using random primers with Exo-Klenow fragment DNA polymerase, together used to

amplify the target DNA while fluorophore-l abel | ed dUTP nucl eotides

ends of newly-synthesized DNA fragments. Any uncombined fluorescent nucleotides
were then cleaned up from the system to reduce the background fluorescent signals in
the experiment.

For a typical array experiment, tumour DNA was matched with comparable amount of

reference  DNA (either extracted from normal blood from the same patient or

commercial DNA), and 0.5 - 1e¢g of gDNA of tumour and

consecutively in separate reactions, prior to labelling the purity and concentration of the

DNA samples was determined as described in section 2.
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2.3.6.3 DNA Restriction Digestion

For each 4 x 180K microarray slide an equivalent volume of 1~ eDYA for 8 samples (4
tumours and 4-matched reference DNA) were placed in placed in clean 0.2ml PCR

tubes,and madeup 20. 2¢ | with nuclease free water

The protocol started with DNA digestion for both test sample and the control by adding
two restriction enzymes Alu | and Rsa | to digest the DNA into smaller strands with
random distance. a digestion master mix was prepared, containing 2ul nuclease-free
water, 2.6yl 10x buffer C as a restriction buffer, 0.2ul Acetylated BSA (10ug/ul) to
stabilize the reaction with 0.5ul of Alu | and Rsa | enzymes, for each reaction. A total of
(5.8ul) of the digestion master mix was added to each reaction tube containing 20.2ul
gDNA to make a total volume of 26ul. The reaction tubes were then transferred to a
thermal cycler with heating block (Eppendorf* Mastercycler* Thermal Cyclers, USA)
incubated at 37°C for two hours, then turned at 65°C for 20 minutes and samples were
held at 4°C until ready for labelling. The digested DNA were kept overnight in i 20°C.

2.3.6.3 Enzymatic Labelling Reaction

Agilentds | abelling kit was wused to | abel

random primers were added to each reaction tube (containing restriction digested
DNA), making up the volume to 3 1 @and then incubated 95°C for 3 minutes, then held
at 4°C for 5 minutes.

During the incubation, labelling master mix was prepared with Cy5-dNTP for tumour
DNA and Cy3-dNTP for reference DNA in separate tubes, on ice and in dim conditions,

as outlined on Table 2.3 below
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Component (uL)per (UL) per 5 reaction

reaction
5x Buffer 10 50
10x dNTP 5.0 25
Cyanine 5-dNTP or Cyanine 3-dNTP 3.0 15
Exo-Klenow fragment 1.0 5
Final volume of Labelling 19.0 95

Table 2.3: Labelling Master Mix Components

A total 19pl of labelling master mix was added to each reaction tubes to make 5 0 ¢ |
total volume, mixed by pipetting up and down. The tubes were then transferred to the
thermal cycler (Eppendrof) and incubated at 37°C for 2 hours, then at 65°C for 10
minutes, and samples were held at 4°C until clean up.

2.3.6.4 Clean-up of Exo-Klenow Labelled DNA

Labelled gDNAs were purified by removing any unincorporated fluorophore-labelled
nucleotides using Amicon® 30kDa filters (Sure Tag DNA labelling kit purification
columns, Agilent, USA), the filters trap the labelled gDNA fragments based on their
larger size. In prior to wash, labelled gDNA was centrifuged for 1 minutes at 6,000 x g
to drive the contents off the tubes walls and lids. Each labelling reaction was mixed
with IX TAE ( 43 0¢ | ) and transf er r efiler glaced ia 1.3 mlb el | e c
collection tube and centrifuged at 14,000 x g for 10 minutes at room temperature. The
flow-through was removed and discarded and further 1X TAE (480¢1l ) was ad
each filter followed by a second centrifugation at 14,000 x g for 10 minutes. The flow-
through and collection tube were discarded and the filters inverted into fresh collection

tubes.
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The inverted filters were centrifuged at 1, 000 x g for 1 minute at room temperature to

yield a flow throughv ol ume of approxi mately 21¢l cl ean

2.3.6.5 Measurement of DNA Labelling Efficiency

NanoDrop® ND-1000 UV-VIS Spectrophotometer was used to determine of labelled
gDNA, using the same procedure that was described for DNA quantification (in section
2.3). The instrument measures the absorbance of the DNA concentration at
wavelength (260 nm), Cy3- and Cy5-dyes concentrations at (550, 650 nm
respectively). The absorbance coefficient was set for double-stranded DNA at
50ngLcm/ el , and (olnX wlaEs) ubsleadn.k Fsroolmutdach | abe
was taken for NanoDrop to calculate the parameters for evaluating the efficiency of
labelling to determine the yield of gDNA, and the amount of dye per microgram of DNA
were used to calculate Specific Activity. The calculation for these parameters is shown
below with expected optimal values summarised in table2.4.
DNA Yield (ng) = DNA concentration (ng/ul) x sample volume (ul)

1000 ng/ul
Dye Specific Activity = dye concentration (pmol/ul) x1000

gDNA concentration (ug/ul)

Table 2.4: Expected yield and specific activity Values for DNA labelling efficiency

Cyanine-3 Cyanine-5 (pmol/ug)
(pmol/ug)
Input gDNA (ug) 0.5-1.0 0.5-1.0
DNA yield (ug) 5.0t010.0 5.0t010.0
Dye Specific Activity 2510 55 20to 40
(pmol/ug)
| f |l abelling was opti mal, 19. 5¢ | of the tum

then combined in a fresh 0.2 microfuge PCR tube prepared for hybridisation, or stored
in the dark at -20°C until ready for hybridisation.
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2.3.6.6 Pre-hybridisation Blocking

Prior to hybridisation 10x Blocking Agent was prepared by adding 1350l of nuclease
free water to a vial containing lyophilized 10x blocking agent and left 60 minutes at
room temperature with a proper vortex mixing before used, using the Agilent Oligo

aCGH/Chlp-on-Chlp Hy br i di sati on Kit, according
Repetitive DNA sequences in the labelled DNA samples were blocked with COT-1
DNA.
Combined tumour with matched blood were transferred to a fresh 0.2ml PCR tube,
and a hybridisation master mix was prepared as summarised in table 2.5. Then
master mix was added to each reaction tube with a proper mixing by pipetting up and
down with a total vol ume of 110¢]l .tran¥ferrbde s
to a thermocycler for 3 minutes at 95°C and then at 37°C for 30 minutes, held at 37°C
until ready for hybridisation assembly.
Table 2.5: Hybridisation Master Mix Components for Labelled Samples

Component Volume per tube Per 5 tubes (pl)

(b

Human Cot-1 DNA 5 25

10X Blocking Agent 11 55

2x Hybridization buffer 55 275

Total volume 71 355
2.3.6.7 Microarray Hybridisation and Assembly
2.3.6.7.1 Hybridisation Assembly
One clean 4X microarray gasket slide was loaded into the SureHyb® chamber base
with the gasket label facing up and aligned with the rectangular section of the chamber
base. Then 100c¢l of each | abelled sampl e

6drag and di s pAecostom dnicroaaay slide was then carefully placed,
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active -fiApiel ¢edo si e gasket slide, theo sandwich-pair were
assessed for a proper alignment, and the SureHyb® chamber cover put in place over
the sandwiched slides. The clamp was then slid gently onto both pieces and tightened
to complete the assembly. The assembly was rotated vertically to wet the microarray
slide and ensure that air bubbles are freely mobile. The chamber assembly was then
placed in the rotator rack of the microarray hybridisation oven set to 65°C and set to
rotate at 20 rpm and hybridized 24 hours

2.3.6.7.2 Post-Hybridisation Washing and Scanning

Two wash conditions were set up before the hybridisation assembly was removed from
the Incubator. The first wash setup consisted of a sterile storage bottle filled with
Agilent Oligo aCGH/ChIP-on-Chip Wash Buffer 2 and warmed overnight at 37°C
incubator for optimal performance, with a glass dish 3. Second, wash setup started by
using high quality Milli-Q ultrapure water to rinse the glass dishes, slide racks and the
stir bars. Then glass dish 1 and dish 2 were filled with aCGH wash 1 buffer at Room
temperature, a slide rack was placed in dish 2 with a magnetic stirrer with a rotating stir
bar in place. While glass dish 3 was filled with a pre-warmed aCGH Wash Buffer 2 and
maintained on a heated magnetic stirrer with a rotating stir bar in place.

At the end of 24 hours of hybridisation, the SureHyb® chamber assembly was taken
out of the Hybridisation Oven and then assessed to ensure that all bubbles were still
mobile. It was then laid on a horizontal surface and the clamp unscrewed and gently
slid off. The chamber cover was then carefully lifted off the slide sandwich, which is
removed and transferred to glass dish 1, to detach the array-gasket sandwich using
plastic forceps and the gasket slide allowed to drop to the bottom of the glass dish. The
microarray slide was then immediately transferred to the slide rack in dish 2 and
washed for 5 minutes at room temperature. Quickly, so that the slide is not allowed to
dry, the slide rack was then transferred to dish 3 and the slide washed for exactly 1
minute at 37°C. The slide rack was then removed slowly to minimize the formation of
droplets on the slide, which is then placed in a slide holder for immediate scanning.

The microarray Slides were then scanned using the Agilent Surescan® high-resolution
technology microarray scanner with control software (version 8.5.1), (Agilent)
configured as recommended by manufacturers. The scanned images were saved in
Labelled Image File Format (.TIFF), which was examined for microarray damage or

hybridisation artefacts.
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2.3.6.8 Microarray Data Processing

2.3.6.8.1 Array Quality Assessment and Feature Extraction

Scanned images at 3um resolution were analysed using Feature Extraction software
v11.0.1.1(Agilent). The software normalises the fluorescent intensity and calculates
the ratio of the red and green dyes at each probe, and expressed them on a logarithmic
scale (probe log,-ratio). Log,-ratios for all probes were then exported as Text (.txt)
format, and the FE software produces a Quality Control (QC) report to evaluate the
reproducibility and reliability of the microarray experiments, including statistical metric
and the threshold values used for acceptance of array CGH data as valid based on
these metrics are summarised in table 2.6 below.

One of the important parameter to determine the reliability of the microarray result is a
Derivative Log Ratio Spread (DLRS), and it was calculated by measuring standard
deviation of the log, ratio difference between consecutive oligonucleotide probes,
where a smaller SD indicates less background noise. The other parameters including
average background noise and signal-to-noise (S/N) ratio were determined by
calculating the mean signal intensities of the red and green dyes, at all genomic probes
and then compared to nonhybridising control probes.

Table 2.6: QC Metric thresholds for Array CGH Experiments

Derivative Log, Ratio | This metric calculates the standard deviation of the | Excellent: <0.2
Standard Deviation log ratio differences between consecutive probes, Good: 0.21 0.3
(DLRSD) to smooth the data and estimate the measure of the | Evaluate: >0.3
noise of an array.

Background Noise This metric is calculated as the standard deviation | Excellent: <5
(BGNoise) of the signals on the negative control probes after Good: 5110
rejecting the outliers features. Evaluate: >10
Signal to Noise Ratio | This metric calculates the ratio signal to noise by Excellent: >100
(SNR) dividing the signal intensity by BGNoise. To Good: 307 100

distinguish the real signal from the signals obtained | Evaluate: <30
due to the experimental variation.

58




2.3.6.9 Microarray analysis

Agilent Genomic Workbench (version 7.0.4.0) analytics software with aCGH licence
obtained from http://www.genomics.agilent.com was used to analyse, visualise and
detect any chromosomal aberration from microarray profiles. The Agilent Genomic
software required a design file match to the feature extraction files; therefore, Agilent
GEML-based (*.xml) array design files were imported prior to any FE data, with a
genome built specifically for the design file. In each experiment, Agilent Feature
Extraction (*.Txt) data files were imported to the software and a new experiment was
created for the FE files. The data were first processed by applying preselected filters. A
centralization algorithm was applied to centre the log ratio. The QC metric in the
original data (see table 2.2) were assessed. Afterwards, the data were analysed by
applying the Aberration Detection Method (ADM-2) algorithms with the threshold
adjusted to 6, and the Genomic viewer was used to display this data alongside the

chromosome ideograms.

2.3.6.9.1 Aberration Detection using Nexus software

Genomic copy nhumber aberration were identified for each individual array using the
FASST2 (Fast Adaptive States Segmentation Technique 2) algorithm in Nexus Copy
Number Software v7.5 (Biodiscovery). The algorithm uses a Hidden Markov Model
(HMM) 7 based approach which uses many states instead of estimating the copy
number state at each probe, to cover further possibilities, such as mosaic events
(including cancer data which can often encloses significant mosaicism and normal cell
contamination). These state values are then used to make calls based on a specified
log, ratio threshold.The significant p-value threshold was set at 5.0 x 10-8 and requiring
3 contiguous probes to identify an aberration. Log ratio threshold value of +0.20 and
1.14 were used to identified a single and two or more copy number gain respectively,
while the losses were determined by using log ratio threshold between -0.23 and -1.1.
Al l threshol d val ues wer e based on
recommendations. Aberrations were presented as ideograms (graphical genomic plots)
and can be viewed at whole genome level, chromosomes or single gene, for easy

visual analysis (Figure 2.1).
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2.3.7 Immunohistochemistry (IHC) for formalin fixed, paraffin-embedded tissue
(FFPE)

5um sections from FFPE were collected onto positively charged slides and dried
overnight in an oven at 37°C, IHC was performed using a modified modified Avidin-
Biotin-Peroxidase Complex (ABC) method (Vector Laboratories, Peterborough, UK)
and as described by Hsu et al (Hsu et al.,, 1981), at the histopathology core facility
laboratory with the help of (Mrs. Maggie Glover). Briefly, tissue sections were treated to
expose the relevant antigen and block non-specific antibody binding, which was
minimised by incubating sections in 10% species-specific relevant normal serum for
30min at RT. They were then incubated with the desired specific primary antibody at its
optimum dilution (Table 2.2). Sections were then washed and a relevant biotinylated
secondary antibody, which binds to the FC portion of any bound primary antibody, was
added. To detect the presence of the target antigen in the tissue, a colorimetric
reaction was used in forms of complexes of avidin molecule linked to an enzyme
reporter system and bound to the secondary antibody.

Tissue were incubated in the absence of the primary antibody, as a negative control,
however the positive controls and test sample were incubated with primary antibody

diluted in blocking serum, and these control were included in every run.

2.3.7.1 Antibody optimization

All antibodies used in this study were optimised prior to staining, based on
manufacturer recommended conditions were used as a guide, with a range of antibody
concentration. In this study, three independent observers (Nawal Alshammari (NA),
David W. Hammond (DWH) and Karen Sisley (KS)) assessed the specific antibody
staining with minimal non-specific background staining, and identified the optimal

antibody conditions as summarised in table 2.2.
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2.3.7.2 Tissue Preparation and Antigen Retrieval for Immunohistochemistry

Prior to staining , Tissue sections were dewaxed by placing them in two consecutive
xylene for 10 min each, the tissue were then dehydrated through immersion in a
graded series of Ethanol (100% EtOH for 5min, 100% EtOH for 3min, 95% EtOH for
3min). Endogenous peroxidase activity was blocked by placing the section in 3%
H,O,/methanol for 30 min at room temperature (RT), then subsequently washed for 5
minutes in PBS.

Antigen retrieval treatment was an essential step for the preparation of FFPE tissue for
staining, and it was carried out by immersing the tissue section in Target Retrieval
Solution, to detach the protein cross- links clusters formed from formalin particles on
the tissuebs antigen binding sites. tB3ue
with longer formalin embedding time, therefore the inadequate Antigen retrieval
treatment will remain some clusters will shield the Ag binding site from Antibody (Ab)
attachment. Many Ag retrieval methods were available in the lab, and the method that
been applied in this study started by Immersing the tissue sections in in pressure
cooker in 0.01M Tri-sodium citrate (pH6) for 2 minutes incubation, then the tissues
were allowed to cool down in the same buffer for approximately an hour after. Followed
by two subsequent PBS washing for 5 minutes, before the rest of staining steps are

completed.

2.3.7.3 Blocking and Primary Antibody Incubation

A wax pen was used to outline the relevant area of tissue sections, and then a 10%
appropriate blocking serum (goat serum and casein) was applied and incubated at
room temperature for 30 minutes, to block the non-specific background staining. The
blocking serum was then removed by tapping the slides, and then primary antibody
was diluted in 2% blocking serum and added to the positive control and the test slides.
For the negative control 2% blocking serum (without antibody) was applied. Slides

were then incubated overnight at 4°C.
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2.3.7.4 Secondary Antibody Incubation and Immunoreactivity

Slides were washed twice in PBS for 5 minutes each, and appropriate Secondary
antibodies (goat anti-Rabbit, Biotinylated IgG from Vector) was diluted in 2% blocking
serum was applied on all slides and incubated at RT for 1 hour. During the second Ab
incubation, ABC reagent was prepared and allowed to stand for 30 minutes. The slides
were then washed in two baths of PBS 5 minutes each, and ABC reagent was applied
and incubated at room temperature for 30 minutes. Followed by two PBS washes 5
minutes each, then prepared peroxidase enzyme substrate 3i 3 diaminobenzidine
solution (DAB) was prepared freshly and applied on the slide, incubated at room
temperature and allow the stain to develop until the desired brown stain intensity
reached (up to 10 minutes), and the reaction was stopped by washing the sections with

deionized water.

2.3.7.5 Counterstaining and Mounting

The slides were rinsed in tap water for 3-5 minutes, and then the sections were
counterstained for 60 seconds in Gill©ébs
water for 5-10 minutes until the water ran clear. The sections were then dehydrated
with graded series of EtOH with 3 minutes incubation each (70%, 95%, 100%), under a
fume hood the slides were cleared two consecutive incubations in xylene for 3 minutes
each. While still wet with xylene, the sections were then mounted with DPX, covered
with 22 x 40mm coverslips, and allowed to dry overnight. Slides were then examined

using a light microscope at the appropriate magnification.
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3.1 Introduction

Until recently, little was known about the genetic changes of this aggressive tumour,
and compared with many cancers, the majority of UM display a relatively low degree of
aneuploidy and genomic instability. Certain genomic alterations are commonly reported
as associated with UM, mainly chromosome 1, 3, 6 and 8 have been identified using
different methodologies including (FISH, CGH, MSA, MLPA and aCGH) (Horsman and
White, 1993, Gordon et al., 1994, Speicher et al., 1994, Sisley et al., 2000, Kilic et al.,
2006, Aronow et al., 2012, Cassoux et al., 2014). All of these alterations are consid-
ered to have a prognostic relevance, but the prognosis of uveal melanoma is most
closely linked to those changes of 3 and 8, and while 1p is considered as an indicator
of poor prognosis, the role of 6p is less clear cut (Prescher et al., 1996, Sisley et al.,
1997, White et al., 1998, Sisley et al., 2000, Aalto et al., 2001, Damato et al., 2010).

Changes of chromosome 6 are frequently observed in the form of both a gain of the
short arm and loss of the long arm, with formation of isochromosome 6p (Aalto et al.,
2001), and this alteration is often seen with M3 and gain of 8q and loss of 1p. Overall
partial or whole gain of 6p is more common than 6q loss in UM, and the majority of mo-
lecular and cytogenetic analysis has reported 6p amplification, as linked to a more fa-
vourable prognosis. Paradoxically, 6q, although the focus of fewer studies, appears to
be associated more with tumour metastases. (Prescher et al., 1990, Gordon et al.,
1994, Speicher et al., 1994, Singh et al., 1994, Prescher et al., 1995, White et al.,
1998, Sisley et al., 2000, Naus et al., 2001, Kilic et al., 2006, Damato et al., 2007). This
suggests the presence of one or more oncogenes on 6p and a tumour suppressor
gene in 6q that may be involved in UM progression. Initially in 1998 White et al, report-
ed 6p amplification in a large series of posterior UM, and found it was predictive of bet-
ter prognosis even with correlation with the poor indicators of M3 and 8q gain (White et
al., 1998). Tumours with 6p gain have been suggested to represent a separate group
of UM with an alternative genetic pathway, in the absence of M3 (Prescher et al., 1995,
Sisley et al., 1997, Ehlers et al., 2008, Landreville et al., 2008), leading to the assump-
tion of the bifurcated pathway that was proposed by Parrella 1999, with mutually exclu-
siveness of 6p and M3 based on microsatellite analysis (Parrella et al., 1999). There is
however conflicting information on the role of chromosome 6 and survival, and this may
in part reflect the technologies used to study these changes, as a study using MFISH
demonstrated that approximately 70% of UM had involvement of chromosome 6, a
much higher rate than had been reported previously (Sisley et al., 2006). Studies using

conventional karyotyping and global analysis such as MLPA, and BAC arrays without
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extensive genome coverage may underestimate the involvement of chromosome 6. For
example, an MLPA study with 452 patients found that M3 with 8q in the absence of 6p
associated with worst prognosis, confirming the bifurcated pathway and associated 6p
gain with a good outcome. The weakness of this study was the short follow up, on av-
erage of less than two years (Damato et al., 2010). Therefore, the role of chromosome
6 in determining prognosis in UM remains confused. Past studies have either used
simplistic approaches that may have underestimated its presence, have too few
samples, or have insufficient follow up to confirm the association, where the average
survival was 18-24 months, with a 5 year maximum follow up. Array CGH provides a
comprehensive assessment of the genome, but has issues when dealing with hetero-
geneity. For UM there have been few studies that have taken this approach, but recent-
ly a big aCGH study was presented with a median of 28 months follow up (Ranging
from 1-147 months) and confirmed that M3 with 8q gain is the highest risk group with 2
years metastatic free interval (MFI) (Cassoux et al., 2014), but made no clear recom-
mendation on the role of chromosome 6. Other array studies have also similarly con-
firmed or not interrogated the data for chromosome 6 involvement (Damato et al.,
2007, Damato et al., 2010, Cassoux et al., 2014). The most recent study to use array
CGH attempted to improve the application of the technology to UM by the use of a
specifically designed customised array (Hammond et al., 2015).

For UM the mutational studies look promising, but there is no conclusive evidence and
insufficient survival data to strongly demonstrate a relationship to prognosis with muta-
tions (Harbour, 2012). The specific focus of this investigation was therefore to delineate
the role of chromosome 6 and to clarify some of the confusion over the prognostic im-
plications of chromosome 6 in UM. Whilst relating them to 3 and 8 changes. Array
CGH was used to make this assessment as the development of high-resolution micro-
array CGH over the past several years has proven its value for analysing copy number
variation using oligonucleotide probes, facilitating detailed analysis of a cancer genome
in a single experiment. For this investigation CGH array used had been specifically de-
signed to reflect our knowledge of the most highly implicated chromosome alterations
in UM, and contained a higher density of probes representing unique genomic se-
quences for 1, 3, 6 8 and 11 (Hammond et al., 2015). The analysis was designed to
investigate all reported changes of chromosome 6 in comparison with cases of UM for
which no changes were found. On this basis, UM with only 6p could be compared with
those having 6p and 6q alterations simultaneously with UM with other chromosome 6

alterations, or with those with no 6 alterations at all.
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3.2 Results

3.2.1 UM samples

This study included 53 cases where the analysis was performed by Dr. David
Hammond, Ocular oncology unit, and a further 84 primary UM were extracted during
this investigation including the 21 cases that were reported in the study by Hammond
et al., 2015. The UM samples selected for analysis were from patients treated between
July 1994 and March 2013. They included a mixture of prospective cases and also
cases for which long term follow up was available. The majority of the cases for the
series were selected blind with no prior knowledge of the genetic changes or outcome.
As a secondary investigation a consideration of genetic alterations in relations to site
specific metastasis was undertaken (chapter 5). For the UM in this part of the study
there was some selection based on prior cytogenetic evidence, and clinical information
on metastasis, amounting to the selection in total of less than 40 cases. Combined
together the total number of UM for which aCGH was performed was 137 cases. The
selection criterion was therefore entirely based on the availability of frozen tumour

material that produced sufficient good quality DNA for array.

3.2.2 Clinical Data

Clinical data was collected after the analyses were completed for all cases. The clinical
supportive data was variable for the series as a whole, as many patients had been
referred from a long distance and subsequently lost to follow up. For some patients
follow up was very short, whilst for others incomplete information was available on the
clinical-pathological characteristics. Indeed, it subsequently became apparent that
some cases included were not posterior UM, but were other ocular tumours, including
iris, conjunctival and in one instance a leiomyoma. Of the 137 cases included in the
study 72 (55.3 %) were male and 57 (43.8%) were female, which is comparable to
previous studies, however, the sex of 8 patients were not confirmed (Kujala et al.,
2003, Mooy and De Jong, 1996). Similar patterns to previously reported studies were
also observed for the age range of the patients which was from 11 to 89 years. The
mean diameter of the UM ranged from 6.26 to 22.25 mm, and in the series 46 cases
were classified as having spindle cells, 60 with mixed cells and 12 with epithelioid cells,

again comparable with previous studies where the presence of epithelioid cells
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indicates worst prognosis as shown in figure (Figure 3.1A). Tumour locations were also
reported in this study and 60% of UM patients presented with tumours arising from the
choroid, 19% were ciliary body and 21% a combination between choroid and ciliary
body. Our survival data was comparable to previous studies, and showed that patients
with tumours involving the choroid alongside the ciliary body were considered to be
more aggressive and associated with the worst prognosis; with 50% death rate within
5-7 years as shown in figure (3.1B) (Prescher et al., 1990, Sisley et al., 1990, Diener-
West et al.,, 2005, Shields et al., 2011). Although the tumours located in the iris (I)
along with CB tend to have the worst prognosis, the number of tumours involving only
the Iris melanomas in this series was low (5%) and was not enough to be significant. In
this study, the total follow up ranged from 2 - 200 months with average of (51.6 month),
and only 15 patients out of 137 were completely lost to follow up. Initial analysis of
clinic-pathological parameters for the series therefore suggest that this current
investigation is representative of the UM distribution reported previously, and that there
has been no selection bias in this study. Therefore, after consideration of the clinical-
pathological parameters for the series, the analysis then considered the stratification of

cases into each chromosome 6 sub- group.
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Figure 3.1 Kaplan-Meier curve indicate the disease specific mortality according
to cell morphology and tumour location

The Y-axis represents the percentage of patient survival; X-axis is representing survival
time by months. A. survival in relation to tumour location illustrating that tumours with
ciliary body involvement (CB) have a worse prognosis than those of the choroid (C). B
Survival in relation to cell type, epithelioid tumours (E) have the worse prognosis and
then tumours with spindle cells (S) the best. (No follow up data for 15 patients)

Imagesoutput from Bi odi scoveryds Nexus Vv8.

3.2.3 \Validation of Microarray results

In aCGH the ideal genetic platform is characterised by having a high resolution, high
hybridization intensity and low level of experimental variation or noise. The majority of

the aCGH experiments in this study represent such an ideal genetic platform, after
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hybridisation on a designed oligonucleotide array comprising 180,000 probes
concentrated on known UM chromosomal alterations (1, 3, 6, 8, and 11). The series
comprised 137 UM with DNA from each patients normal blood used as a reference in
most cases, in order to compensate for copy humber variation across the genome, and
ensure that copy number alteration calls were more likely to be accurate and
associated with the disease. Based on the normalized Log, ratios, a quantitative
analysis with copy number changes was derived for each tumour.

Aberration detection module (ADM-2) algorithm (2.0) with a threshold of 6.0 was used
based on the distribution of the probes. The feature extraction software calculates the
log, ratio to identify the copy number differences between the reference and the test
sample; the gains and losses in the genomic region are calculated as a ratio that is
plotted against the genomic position. The first step in data processing compares and
normalises the data, by using a normalisation algorithm. For each array the
fluorescence ratio is hormalised around zero by finding a constant value to add to or
subtract from all values on the array; the algorithm then adjusts the ratio values (log,).
The result was then validated as follows, log, ratio >0.6 is considered amplification and
shown in red, log, r at i7a.0is ensidered deletion and shown in green, and the
black dots represent the normalized value around zero which is between 0.6 and -1.0.
The data were analysed and the results were used to classify UM into subgroups
based on the type of abnormality affecting chromosomes 6. This classification is

explained more in depth in section (3.2.4).

3.2.3.1 Array Quality

In the current study, the signal intensities of both green and red dyes for all DNA sam-
ples were of much higher than the threshold recommended by the manufacturer. The
quality of the microarray experiment was assessed by Derivative Log Ratio Spread
(DLRS), which measures the probe-to-probe consistency and represents the noisiness
of the array data. A low DLRS value means that the data has better ability to identify
small aberrations due to small probe-to-probe variability, whilst high values tend to
have a poor detection of CNA. The manuf acturerdés recommend
when using DNA from freshly frozen tissue is O 0 . Al DLRS values for the array ex-

periments fell into the recommended range.
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3.2.4 Group classification of UM

Based on past genetic investigations of UM (karyotypes, array, MLPA etc) alterations
of chromosome 6 are considered to affect between 30-50% of cases, and the changes
mainly involve an amplification of 6p, as discussed earlier (Prescher et al., 1996, Sisley
et al., 1997, White et al., 1998, Sisley et al., 2000, Aalto et al., 2001, Damato et al.,
2010). The involvement of chromosome 6 in UM can therefore be categorised into 4
groups, as represented in figure 3.2.

Figure 3.2 The range of Chromosome 6 abnormalities found in Uveal melanoma,
as established from analysis of previous cytogenetic, molecular, and molecular
cytogenetic published studies. The results are presented as those that would be
obtained from aCGH analysis.

A) Amplification (red bar) to the right side of the vertical zero line and represents group
6p gain. B) A 6p amplification (blue bar to the right of the zero line) in association with
69 deletion (blue bar to the left of the zero line) with possibly the formation of
isochromosome 6p i(6p). C) Alterations of chromosome 6 that do not confirm those
previously detailed, and where no gain for 6p occurs, for instance a deletion of the
entire chromosome (presented by green bar to the left of the zero line) D) the last
group where no significant changes in chromosome 6 are identifiable.

Using the results of the array-CGH t he 137 U Miided depanding enu b
whether they had alterations of chromosome 6 or not, and if they did whether they
affected one or both chromosomes arms. All abnormalities of chromosome 6 were
confirmed by two software analysis packages (Agilent workbench, and Nexus) as

described in chapter 2 section (2.3.6.10). The groups are thus as follows:
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3.2.4.1 Chromosome 6p gain only (GROUP 1)

This group is represented by a gain only of 6p where the alteration spans from 6pter-
6pl2.1 as depicted in Figure 3.2 A. This type of rearrangement produces a trisomy for
6p. The majority of the tumours in this group have a whole arm gain (6pter-6p12.1) as
illustrated in figure (3.3a), partial gains were detected with the smallest regional gain as
6pter-6p21 previously reported by (White et al; 1998). The results are detailed later in
the chapter.
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Figure 3.3 Array-based CGH ideograms of chromosomal aberration in primary
UM

A: Genomic view illustrating abnormalities of all chromosomes affecting UM case with
alterations involving chromosomes 1, 6, 8 (all classically associated with UM) and
chromosome 17. In this UM the chromosomal aberration detected on chromosome 6 is
a gain affecting the short arm, 6p and places this tumour into the category of group 1.
B: A high resolution image of chromosome 6 with identified areas of amplification (red
bar) in the p arm (6pter-6p12.1), the amplified area is presented by the number of the
sequential probes above the zero greater than the threshold with log, ratio (>0.6)

Images output from Agilent Genomic workbench v7.0.4. The ADM2 algorithm was used to
detect all the CNAs
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3.2.4.2 Chromosome 6p gain/q loss i(6p) (GROUP 2)

In this group the frequently occurring events is the gain of 6p with loss of 6q, with
possible formation of isochromosome i(6p), the majority of the tumours in this group
was detected as a form of i(6p) as shown in figure (3.4, 3.10), and the rest presented in
form of whole or partial 6p gain with 6q loss. The breakpoint toward the centromere for
6p with regional gain of 6pter-6p12.2 and loss of chromosomal region 6qter-6g12 was

detected. The results are detailed later in the chapter

6
A |:B49

Figure 3.4 Array-based CGH ideograms of chromosomal aberration in primary
UM

A: Genomic view illustrating abnormalities of all chromosomes affecting UM case with
alterations involving chromosomes 1, 6, 8, 11 (all classically associated with UM) and
chromosome 7. In this UM the chromosomal aberration detected on chromosome 6 is a
gain affecting the short arm, 6p with loss of 6q and places this tumour into the category
of group 2. B: High resolution chromosome 6 graphical views identified areas of areas
of amplification in the p arm showing the value with log, ratio (>0.6), and the area of
deletion, where the number of the sequential probe below the zero with log, ratio (i
1.0). The black dots represent the normalised value around the zero.

Images output from Agilent Genomic workbench v7.0.4. The ADM2 algorithm was used to
detect all the CNAs
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3.2.4.3 Other chromosome 6 changes (GROUP 3)

The current group were classified based on other chromosome 6 changes including,
entire chromosomal deletions or amplification, as shown in figure (3.5A), or partial
deletion and amplification in different regions of chromosome 6 as shown in figure
(3.5C). The majority were presented as 6q loss only, and it was found that this group
were highly associated with genetic instability and aneuploidy in the current tumours as

shown in Figure (3.11).
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Figure 3.5 Array-based CGH ideograms of chromosomal aberration in primary
UM

A: Genomic view illustrating the chromosomal aberration detected on chromosome 6
showing monosomy 6 as an example of group 3 with M3.deletion of the majority of the
chromosomes demonstrating a high level of genomic instability. B: Chromosomal view
showing 6p25.5-g26 deletion represented by green dots with log, ratio (<i 1.0). C: Ge-
nomic view in illustrating the chromosomal aberration detected on chromosome 6
showing gain and loss in the p arm with g arm deletion as another example of group 3,
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where a part of 6p was deleted rather than amplified, in association with 3 and 8
changes. D: Chromosome 6 view showing gain in the region p21.21 p25.2 (red dots),
and loss in the region p21.2-g27 (green dots)

Images output from Agilent Genomic workbench v7.0.4, and ADM2 algorithm was used to
detect all the CNAs

3.2.4.4 No significant changes in chromosome 6 (group 4)

This group is classified based on the absence of 6 alterations as shown in figure (3.6),
although this group has no 6 changes it represents M3 with highest frequency followed
by 8qg gain and i(8g) with 1p changes. This group represents genetically stable
tumours, as shown in Figure (3.12).

Figure 3.6 Array-based CGH ideograms of chromosomal aberration in primary
UM

Ee |

Genomic view illustrating abnormalities of all chromosomes with alterations involving
chromosomes 1, 3, 8 (all classically associated with UM) in the presence of normal
copy of chromosome 6 and places this tumour into the category of group 4. The bar to
the left of the zero line represents deletion and the bar to the right of the zero line
represents chromosomal gain.

Images output from Agilent Genomic workbench v7.0.4, and ADM2 algorithm was used to detect all the
CNAs
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3.2.5 Overview of the findings of aCGH analysis for the 137 UM series

By subdividing the results of the aCGH for the 137 UM in this series into groups based
on the category of chromosome 6 change they had (or did not have), it was found that
approximately 60% of all UM cases had some abnormality of chromosome 6, a figure
higher than reported in most studies (Prescher et al., 1990; Gordon et al., 1994;
Speicher et al., 1994; Becher et al., 1997; Sisley et al., 2000; Naus et al., 2001; Kilic et
al., 2006, Singh et al., 1994; Prescher et al., 1995; White et al., 1998; Damato et al.,
2009). It was observed that amongst UM with abnormalities of chromosome 6, the var-
ious groups representing the types of changes were equally represented affecting ap-
proximately 20% of the cases (figure 3.7).

Percentage of chromosome 6 changes

B Groupl mgroup2 mgroup3 Mgroupd

Groupl (28/137)

Group4 (52/137)

Group?2 (29/137)

S

Group3 (28/137)

Figure 3. 7 Classification of the types of chromosome 6 abnormalities in a series
of 137 UM.

The series was subdivided, without prior knowledge of the tumour location, on the ba-
sis of the type of abnormality if present for chromosome 6. The 3 groupings for chro-
mosome 6 were roughly equally represented amongst the series.
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3.2.6 Association of chromosome 6 with 1, 3 and 8 changes

The evidence for the non-random involvement of chromosome 1, 3 and 8 is well
documented, all have been implicated as indicators of poor prognosis, and M3 and 8q+
are often reported as occurring together in association in up to 50% of UM (Sisley et
al., 1997). In this current series of 137 UM, the frequency was as follows: 1p-/g+ (40%),
M3 (66%), 6p+/g- (60%), 8g+(75%), 8p- (30%) figure 3.8.
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Figure 3.8 genomic view ideogram for common copy number aberration among
137 primary UM tumours

The figure demonstrates the frequency of commonly aberrant regions plotted as a
function of their chromosomal positions. Blue bars to the right of the chromosome
represent amplifications, and red bars to the lefts represents deletions. The heights of
the bars demonstrate the frequency of alterations among the cases. This mainly
encountered losses of 1p, M3, 6q, 8p, and gains of 6p, and 8q.

All CNAs are detected using the FASST2 algorithm

The observed incidence of involvement for chromosomes 1, 3, 6 and 8 in this series of
137 UM is comparable to the frequency reported in a previous study using the same
customised aCGH (Hammond, et al; 2015), and is not altogether surprising, as this
current study represents an extension of the original investigation, now including

almost twice the number of UM allowing for a more comprehensive interpretation of the

data.
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Analysis of the series to compare the association between chromosome 6 changes and
those of chromosomes 1, 3 and 8, found that gain of 6p was not mutually exclusive to
M3, as had been reported previously, UM with M3 were however more likely to fall into
the groups where there was no gain of 6p (groups 3 and 4). It was also apparent that
8g+ with or without M3 was found in the majority of cases in group 2 (Table 3.1).
Detailed breakdowns of the relationship for all chromosomes within each group are
presented in figures 3.9 -3.12.

Chromosome 1
Changes

Monosomy 3 (M3)

and partial losses

Changes of

chromosome 8

Group 1 (6p+)

1p- : 8 cases (28%)

M3: 5 cases (17%)

8qg+: 12 cases (43%)

Total cases= Partial del: 4 cases | 8p- :4 cases (14%)
28 (14%) and
3 of these cases i(8q)
associated with M3
Group 2 1p- 16 cases | M3:7 cases (24%) 8qg+: 27 cases (93%)
6p+/6Q- (55%) Partial del: 6 cases | 8p-: 10 cases (34%)
Total cases= 1qg+: 7 cases (24%) | (20%)
29

Group 3 other
6

1p- :16
(57%)

cases

M3: 24 cases (86%)

8qg+: 21 cases (75%)
8p+/- 19 cases (68%)

Total cases= 1g+:9 cases (32%)

28

Group4no 6 1p-: 21 cases | M3: 46 cases | 8g+: 13 cases (25%)
changes (40%) (88.5%) i(8q): 28 cases (54%)
Total cases= 1g+: 2  cases | Partial del: 1 case

52 (3.8%) only

Table 3 1: demonstrating the relationship between different changes of chromosome 6
and abnormalities of chromosomes 1, 3 and 8 in a series of 137 UM analysed by

aCGH.

Note: percentage was calculated based on alterations of chromosomes 1, 3, 8 out of

total number of cases in each group
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Figure 3.9 Genome and chromosome view demonstrate the association of group 1 (6p+) with chromosomes 1, 3 and 8 changes.

Genomic view displays the information on all of the chromosomes for different samples at once. The y-axis designates the percentage of the alteration
in the selected samples at specific point along the genome. Horizontally along the top blue lines plotted above the 0% indicates copy number gain, and
red indicate copy number loss events and plotted below 0% baseline. The black horizontal line marked with purple arrows in the figure above indicates
the Aggregate percentage cut-off value. The figure delineates the frequency of 6p+, 1p-, M3, and 8g+ and it shows that 6p+ is highly associated with
8g+, with low percentage of chromosome 3 changes.
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Figure 3.10 Genome and chromosome view demonstrate the association of group 2 (6p+/6qg-) with chromosomes 1, 3 and 8 changes.

Genomic view displays the information on all of the chromosomes for different samples at once, horizontally along the top blue lines indicates copy
number gain and red indicate copy number loss events. The figure above illustrates the frequency of 6p gain/q loss with chromosomes 1, 3 and 8
changes.
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Figure 3.11 Genome and chromosome view demonstrate the association of group 3 with chromosomes 1, 3 and 8 changes.

Genomic view displays the information on all of the chromosomes for different samples at once, horizontally along the top blue lines indicates copy
number gain and red indicate copy number loss events. The figure above illustrates the frequency of chromosome 6 abnormalities with chromosomes 1,

3 and 8 changes.
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Figure 3.12 Genome and chromosome view demonstrate the association of group 4 with chromosomes 1, 3 and 8 changes.

Genomic view displays the information on all of the chromosomes for different samples at once, horizontally along the top blue lines indicates copy
number gain and red indicate copy number loss events. The figure above illustrates an example of the frequency of chromosomes 1, 3 and 8
abnormalities in the absence of chromosome 6 changes.
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3.3 Genetic biomarkers as predictors of survival; using Kaplan-Meier analysis
amongst the classified groups

Survival analysis was performed to confirm that this current series of UM (137 cases)
had similar survival based on the use of genetic biomarkers to determine
prognosis. Survival analysis in this study was generated using the Kaplan i Meier
feature within the Nexus v8.0 and assessed patient survival based on their involvement
of chromosome 6 changes. Analysis measures survival function from diagnosis to
patient death for every patient in the selected groups. The follow up range for groupl
was (4-169 months) average 69.8 months with 69.2% survival average, group 2 with
average 62.53 months ranged (2-200 months) follow up, and 44.4% survival average,
group 3 follow up range (11-187 months) average 41.36 months with 26.08% survival
average, in addition to group 4 with (2-123 months) average of 37.6 months and
32.75% survival. The survival data showed that group 3 with mainly 6q loss, M3 and 8q
gain have the worst prognosis, followed by group 4 with M3 and 8q gain, while group 1
with 6p gain showed better prognosis and group 2 with i6p presented an intermediate
survival as illustrated in figure 3.13A. When survival analysis was reworked to include
only patients known to have died from metastasis or those still alive (ie exclusion of
patients with deaths unrelated to UM or where the cause of death was unknown), figure
(3.13B) the survival was clearly increased for group 1 and for group 2 it became clear
the prognosis was more intermediate. There was little change for groups 3 and 4
confirming the patients in these groups mainly dies because of metastasis and that

these associations predict a poor outcome.
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Figure 3.13 Kaplan-Meier curve display of the pattern of survival rates over time,
and indicate the disease specific mortality among the groups.

Survival analysis considered all deaths for each group, and calculates the chance of
patients dying from UM or the chance of surviving at particular time. A. Analysis
measures survival function from diagnosis to patient death. Group 1 with 6p gain only
shows a better survival rate compared to the other groups, while group 2 with i6p tend
to have an intermediate survival, group 3 with mainly 6q loss, M3 and 8q gain presents
the worst survival followed by group 4 in the absences of chromosome 6 changes. B.
Analysis measures survival function from diagnosis to patient death from UM
metastasis only, showing groups 1 and 2 presenting a better survival compare to group
3 and 4.
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3.4 Clustering of the UM primary tumours using Nexus software

In the previous sections the UM in the series have been grouped on the basis of
abnormalities of chromosome 6 which was determined by assessment of individual
array profiles. Within each of the 4 groups there was a random distribution for the
involvement of chromosome 1, 3 and 8. To look in more detail at the pattern of
chromosome 6 changes in relation to those of the other chromosomes, the UM in the
series were clustered by similar aberration profiles using a complete linkage
hierarchical clustering algorithm. The analysis has as its basis changes of chromosome
6 for each cluster and then determines the most represented alterations associated
with each cluster. Each cluster indicates the similarity in aberrations for chromosomes

1, 3 6 and 8, and helps understand the pattern in the data set.

The software deals with variations in the quality of each array (in terms of hybridization
efficiency and specificity) and terms it mosaic data, by using a structure with multiple
scales to build a hierarchy of data points with a specified threshold. The largest cluster
within the series, representing 68% of UMs, was where all of the UM had M3, 6p+/g-,
and 8qg+ with 1p deletions. Despite the fact that clustering took an unsupervised
approach (i.e. no chromosome abnormality selected), the analysis identified a small
cluster (2 UM) where the only change was 6p gain, and therefore confirmed that
changes of 6p could be considered as a differential factor among the tumour series. In
total 8 clusters were identified and the details are presented in Figure 3.14 and confirm
that the relationship between chromosomes 1, 3, 6 and 8 is a complex association.
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Figure 3.14 Genomic view and complete hierarchical clustering, demonstrate the clustering groups of the entire UM cases.

Panel A, genomic view represent samples were clustered into groups with different aberration profiles using complete linkage hierarchical clustering
algorithm. The copy number ratio was selected when clustering was performed to displays the copy number frequency plot for each cluster group. The
first cluster (clusterl) presented the involvement of 6p gain, g loss in the absence of 3 abnormalities. Cluster 2, were the smallest and contain two

tumours

with only 6p gain, with no other changes. The largest was cluster 3, where it shows M3 with 8g+/p- and 1p deletion in the presence of 6

alterations. The rest of the clusters demonstrate the involvement of 6p either with 3 and 8 changes or without. The most unstable with SCNA affecting
most chromosomes was cluster 4, and clusters 4, 5 and 6 all seemed to have high but focal abnormalities of chromosome 8, in particular the short arm.
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3.5 Genetic instability in UM

Unlike most solid tumours, UM do not usually demonstrate high levels of Genetic
Instability (GI) (Cross et al., 2003). In the current series it was thought aneuploidy also
considered as Gl, could be useful in tumour characterisation. Of the UM in this series
approximately 17.5% (24/137) had a range of 60-90% of gain and loss of arm-level and
focal somatic copy number alterations (SCNASs). Increased Gl were assessed by
looking at percentage of the average number of copy number alterations (ANCA) by
measuring the number of chromosomal copy alterations per tumour (Ried et al., 1999).
ANCA value for this group was 9 it was measured by dividing the total number of copy
alterations (gains and losses) in this group of Gl tumours (24) by the total number of
tumour analysed (137). Previous studies have suggested that the presence of M3
associates with a tendency for increased aneuploidy and Gl in UM (Ehlers et al; 2008).
In this study, most of the highly Gl tumours presented with equal percentage of 3, 6,
and 8 abnormalities (Figure 3.15).
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Figure 3.15 Genome and chromosome view demonstrate genetically instable tumours

Genomic view displays the information on all of the chromosomes for different samples at once. The y-axis designates the percentage of the alteration
in the selected samples at specific point along the genome. Horizontally along the top blue lines plotted above the 0% indicates copy number gain, and
red indicate copy number loss events and plotted below 0% baseline. The figure illustrates the presence of chromosomes 3, 6 and 8 alterations with
highly genomic instable tumours.
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3.5.1 Chromothripsis as a genetic marker

Chromothripsis is a catastrophic process leading to the generation of complex genomic
rearrangements, with multiple genomic alterations effecting one or few chromosomes,
and is strongly linked to poor prognosis (Hirsch et al., 2013). As part of the criteria
suggested by Rausch and colleagues, at least 10 copy number changes need to affect
a single chromosome (Rausch et al., 2012). Notably, two tumours in this series (Mel
57, Mel 38) were found to have a possible chromothripsis-like aberration patterns,
where chromosome 5 had shattered into a massive humber of pieces and reassembled
into complex genomic rearrangements that differ from other chromosomal aberrations
(Figures 3.16, 3.17, 3.18). For Mel38 the chromothripsis event resulted in an
overlapping rearrangement of chromosome 5 that was randomly distributed across the
genome rather than clustered at focal regions. Overall, the tumour (Mel38) presented
with a high level of deletions and amplifications across the genome, and clinically
represents very poor prognosis. These complex genomic rearrangements have not

been previously reported in UM.
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Figure 3.16 Array-based CGH ideograms of chromosomal aberration in primary
UM.

The figure illustrates the chromosomal gains and losses in UM case. (A) genomic view
of aCGH profile, showing the presence of genome-wide distributed chromosomal
alterations. (B) lllustrates a chromosome 5 view with the possible presence of
chromothripsis-like aberration patterns that are confined to segmental regions (Images
output from Agilent Genomic workbench v7.0.4, and ADM2 algorithm was used to detect all the
CNAs)

Note; The chromothripsis-like aberration patterns for chromosome 5 were detected
with both Agilent and Nexus software.
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Figure 3.17 High-resolution graphical view representative chromothriptic-like
events detected in Mel38.

Higher resolution graphical views of Chromosome 5 showing the altered regions of
copy number gains and losses defining a chromothriptic-like event using the FASST2
algorithm, represented by red triangle to the left (loss) and blue triangle to the right
(gain) of the chromosome. The x-axis represents full length of chromosome 5, and y-
axis represents the log, ratio of tumour/reference. The dots represents individual
probes, where the horizontal blue line above zero represents the detection of copy
number amplification with corresponding blue shaded area above, and the red line be-
low the zero line represent the detection of single copy deletions with corresponding
red shading below the zero line.
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Figure 3.18 Graphical whole-genome views of copy number aberrations in Mel
38.

Whole genomic view represents highly aberrant regions called by FASST2 algorithm,
are presented by blue tringles or lines to the right of each corresponding chromosome
(amplification), and the red lines or triangle to the left of each chromosome (deletion).
High level of amplification and deletions represented by double blue and red line or
tringles respectively, possibly indicating multiple chromothriptic-like events affecting the
majority of the chromosomes.
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3.6 Discussion

The use of archival fresh frozen tissue is generally considered to be the best for a wide
range of chromosomal analyses as the DNA extracted is of a much better quality than
that obtained from FFPE. In this study, a specifically designed aCGH was used to
detect the chromosomal abnormalities in a large series of primary UM that included
tumours known to have metastasised. The series of patients had comparable
incidences reported amongst UM for involvement of clinical features, confirming that
there was no bias in our selection of UM to study (Toth-Molnar et al., 2000, Gill and
Char, 2012). Furthermore the incidence for chromosomal involvement was comparable
to past reports (figure 3.8) (Sisley et al., 1990, Sisley et al., 1997, Aalto et al., 2001,
Loercher and Harbour, 2003, Kilic et al., 2005, Damato et al., 2010, Cassoux et al.,
2014, Hammond et al., 2015). Regardless of the methodology used M3 with 8q is
consistently associated with a worst prognosis. Most of these earlier studies however
have not used a technique that has been designed to specifically consider the known
genetic alterations of UM. In this investigation a customised design aCGH was used
that had been developed by Dr Hammond to focus on known chromosomal regions
implicated in UM (Hammond et al., 2015). Therefore, the data form this study could
provide a better insight into our understanding of the implications of these alterations.
Alterations of chromosome 6 in UM can result in a gain of 6p and a loss of 6q (Aalto et
al., 2001) and in this series 61% of UM had an abnormality of chromosome 6 which is
more frequent that reported in previous studies (Prescher et al., 1995; White et al.,
1998; Onken et al., 2004; Ehlers et al., 2008; Landreville et al., 2008). The higher
frequency in this series maybe because some other methodologies used
underrepresented chromosome 6 changes e.g. MLPA, since a study using MFISH
found that approximately 70% of UM have alteration in chromosome 6 as the most
widespread alteration in UM, ((Sisley et al., 2006). It was found in this series that there
was a roughly equally split for abnormalities affecting just the p or g arm or both arms

(groups 1-3).

Past studies have suggested structural abnormalities of chromosome 6 occur without
changes of chromosomes 1p, 3 and 8, so much so that 6p gain and M3 were proposed
to be mutually exclusive events, and a bifurcated pathway for tumour progression of
UM was suggested by Parrella in 1999 (Kath et al., 1993, Prescher et al., 1995, White
et al., 1998, Parrella et al., 1999, Cross et al., 2005, Hughes et al., 2005, Landreville et
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al., 2008, van Gils et al., 2008). As an extension of this observation, most previous
studies link 6p gain to a more favourable prognosis associating 6p gain with non-
metastasizing tumours, while M3 occurs mainly in metastasizing tumours. Alternatively
6p gain may present an earlier stage of a pathogenic sequence with an alternative
genetic pathway (Sisley et al.,, 1997, Hoglund et al.,, 2004, Ehlers et al., 2008,
Landreville et al., 2008). In this current investigation only 29/137 UM did not have M3,
and all of these cases had 6p gain in some form (cluster 1, 2, 6 and 8) figure 3.17,
which is suggestive of a bifurcated pathway. However for all the other cases in the
series there was involvement of M3, and indeed amongst those UM without M3, but
with 6p gain there were changes of chromosomes 1 and 8, and only 1 cluster (cluster
2) representing just 2 UM presented with just 6p gain. Furthermore, the sequence of
association in the current study delineates that 6p gain followed by 8g gain and M3 can
occur in the same tumour, which has been suggested by Sisley (2000). Therefore, the
current analysis disagrees with a bifurcated pathway model, corresponding to the
previously observed close association between M3 and 6p gain occurring in the same
tumour (Prescher et al., 1990; Sisley et al., 2000; Tschentscher et al., 2000; Aalto et
al., 2001; Hughes et al., 2005). However, the suggested results in the current study do
not necessarily reflect the sequence of events within the tumour. Although a clear
association between isochromosome 6 formation (group 2) with M3 and i(8q), was
found as previously suggested by Prescher et al., proposing that the formation of
isochromosomes in UM is more associated with the loss of a DNA copy of
chromosome 3 (M3) (Prescher et al., 1995) and the disease prognosis. At the same
time, this study delineates that the coincidence of the isochromosome formation of 6p
and 8g could occur at any level of interaction between the groups and not necessarily
with M3. Chromosome 6 rearrangement in group 3 was strongly associated with i(8q),
M3 and 1p deletions, this group was genetically unstable. Such abnormalities could
indicate that alternative pathways may be available in the tumour progression of the
classified groups, and shows an involvement in the two genetic pathways that have
been proposed by Sisley (2009). In the absence of chromosome 6 abnormalities, the
changes to chromosomes 3 and 8 showed approximately the same percentage of
abnormalities, although most previous studies indicate that M3 is the primary event in
the origin of subgroups in UM (Sisley et al., 1990; Prescher et al., 1995; Damato et al.,
2007; Shield et al., 2007., Sisley et al., 2009). Since chromosome 6 was detected in
high frequency in our series of primary UM, it would be reasonable to suppose that
chromosome 6 alterations might occur prior to 3, and this suggests that chromosome 6

may represent a future subgroup of UM with specific prognostic implications. Even
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when the data was unsupervised, clustered findings demonstrate that the biggest

group was alteration M3 and 8q gain in addition to 6 involvement.

These findings suggest that there is considerably cross over in the genetic alterations
and that chromosome 6 alterations are not independent of the other changes and the

relationship is complex.

In term of prognosis although abnormalities of chromosome 6 have not been
independently associated with survival previously, this study demonstrates the
association of 6p gain with patient survival. Overall, the patients in this study have a
long follow up (21 years approximate average). It was found that progression-free
survival was longer for group 1, and shorter for group 3 with worst prognosis for
patients when liver metastasis was the end point. Therefore, the data suggested clear
differences in the association with other changes including 1, 3 and 8, and potentially
differences in the regions of 6p gained in subgroups of UM. Nevertheless, the data
suggested that 6p gain has a role in UM prognosis as well as that of chromosomes 3
and 8, certainly in groups 2 and 3. Although the association of 6p with a better
prognosis was confirmed in this study, some of the tumours has a very poor outcome
when harbouring only 6p gain with M3 and i(8q), and one case presented with 6p gain
and 8q gain only, where the patients developed a multi-hepatic metastasis with very
poor prognosis. Therefore, care should be taken when interpreting the relationship
between 6p+ and other changes related to tumour progression. In UM, 6q deletion was
considered to be a late event in tumour progression (Prescher et al.,, 1990), and
associated more with poor prognosis and tumour metastasis (Aalto et al., 2001). In this
study, a total of 36% of the cases showed an involvement of 6q, although the presence
of 6q in group 3 associated more with ploidy and 8q associated with more unstable in
clustering analyses, and patients belong to this group showed decreased disease free
interval presented with metastatic UM. These finding are in total agreement with
previous investigations suggesting the association of 6g with tumour metastasis (Singh
et al., 1994, White et al., 1998, Damato et al., 2009)

3.6.1 Genetic instability in the UM primary tumours

Although UM is characterised by a low degree of aneuploidy and the karyotype
changes are less complex compared to other solid tumours (Papadopoulos et al.,

2002, Cross et al., 2003) , this study supports the fact that most of UMs are quite
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stable; even when using a powerful technique like aCGH. Most of the UMs in this
series had a high level of stability, with a low incidence of chromosomal alteration.
Despite the relatively low number of cases, there have always been some UMs with a
higher level of instability. Array CGH indicates a variable level of genomic instability in
primary UM, with recurrent chromosomal rearrangements. The accumulation of
multiple genetic alterations as genomic instability on more than 18% of the genome
was reported in this study, with varying levels of occurrence. Previously it has been
assumed that tumours with M3 contain more aneuploidy than disomy 3, or 6 and 8
changes, suggesting that presence of M3 leads to accumulation of aneuploidy and
increase genomic instability in UM (Ehlers et al., 2008). In this study however, most of
the highly genomic instable tumours presented with equal percentage of 3, 6, and 8
abnormalities. The majority of the small subset of tumours with higher levels of
genomic instability was correlated more with group 3 and some with group 2; thus, the
presence of tumour instability and chromosomal aneuploidy was found to be
associated more with 6q aberrations, and this suggests the possible contribution of
multiple genes in tumour progression. Indeed a potential new subtype was identified
whereby random changes of chromosome 6 appeared to associate with unusually
highly unstable UM (Figure 3.15).

The ANCA index, however, could present a valid parameter for the assessment of
tumour progression, where the correlation of genomic instability and the tumour
aggressiveness was clearly demonstrated previously (Carter et al., 2006, Weaver and
Cleveland, 2006, Lee et al., 2011, McGranahan et al., 2012).

Moreover, complex genomic arrangements with a number of chromosomal alterations
were noticed in a few cases. Including two cases presenting chromosome 5 with a
massive genomic rearrangements and belonging to groups 2 and 3, this could be
examples of a new phenomenon called chromothripsis, recently reported in 2011 by
Stephens et al. The defining hallmarks of chromothripsis explain catastrophic cellular
events where one or a few chromosomal regions are shattered into more than ten
pieces and are reassembled incorrectly, with a reported occurrence in 2-3% of general
cancers (Stephens et al., 2011). One tumour (Mel38) was found to have chromosomal
overlapping rearrangements and randomly distributed across the genome rather than
clustered in focal regions, which presented a different pattern from chromosomal
aberrations previously described in primary UM. Although, this tumour was presented
with very poor prognosis surviving 12 days only after liver metastasis was detected,
Therefore, the presence of these complex genomic rearrangements in this study could

suggest a new genetic marker in UM associated with rapid prognosis and metastasis.
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In summary, this investigation suggests that there is not a clear bifurcated pathway in
UM that depends on 6p gain with an alternative being driving by M3, the relationships
between the interplay of changes of chromosomes 1, 3, 6 and 8 is complex. However,
6p does identify patients with better prognosis and 6q associated with worse prognosis.
It is also apparent from this study that group 3 which had more 6q involvement, and
also clustering where 6q involved had more unstable tumours, greater ploidy, and
indeed the crises event of chromothripsis occurred to UM in this groups. Therefore it
could be agreed that 6p does distinguish more on the basis of instability, and that
increased genetic instability associates with later stages of tumour progression
(Hanahan and Weinberg, 2011). More advanced metastatic tumours have more
instability. This could drive genetic variation, creating genetically distinct subgroups of
UM.

On this basis, it would be good to look in more depth at the genes affected and to
consider the interplay between 6p and 6q rearrangements. Therefore, the structural
rearrangement of chromosome 6 appears to be associated with the malignant
progression of the tumour and identifying the breakpoints involved in these alterations
may lead to identifying the genes responsible for such behaviour, which will be dealt
with in more depth in chapter 4.
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4.1 Introduction

Gaining an improved understanding of the molecular genetics of UM and its potential to
characterise subtypes, has an important role in the current understanding of the pa-
thology of UM. Defining regions of amplified or deleted copy nhumbers in a DNA se-
guence can identify genes involved in tumour progression, and aCGH makes the as-
sessment of these changes possible. Across the entire genome, Beroukhim and col-
leagues found that in the majority of cancers the most frequent SCNA (deletions or
amplifications) are either very short genomic regions (focal), or the length of the chro-
mosome (arm-level). Around 10% of the cancer genome was observed to be affected
by focal SCNA, and it was thought that the occurrence of focal SCNA was more likely
to coincide with high amplitude (homozygous deletion or many more copies), compared
with whole arm events (Beroukhim et al., 2010). Focal SCNA would hence be statisti-
cally more likely to target particular genes, and from a research perspective the smaller
and more defined the region, the easier it is to achieve the identification of target genes
(Beroukhim et al., 2010).

Unlike many solid tumours UM is remarkably consistent for its pattern of chromosome
changes affecting 1, 3, 6 and 8, however the actually driver genes involved are poorly
understood, in part due to the fact that these changes involve whole arm events.
Chromosome 6 although consistently implicated in UM has changes that are unlike
those of M3 and 8q gain. since different changes can affect both arms, that can occur
together, or in isolation, and importantly unlike M3 and 8q gain (which are whole arm
events) there is more evidence for smaller regional changes affecting chromosome 6
(van Gils et al., 2008). In the previous chapter, a specifically designed high-resolution
aCGH had been used to analyse how the different types of alterations of chromosome
6 affected patient outcome. The study confirmed that real differences could be attribut-
ed to the various changes of chromosome 6 in UM. These abnormalities of chromo-
some 6 are ideally suited to an aCGH approach, and by using a bespoke high resolu-
tion array it was hoped to identify recurrent focal SCNA, especially the small size aber-
rations that they might have been missed by previous investigations using lower resolu-
tion techniques, such as chromosomal CGH or even BAC arrays, and spectral karyo-
typing (Speicher et al., 1994, Naus et al., 2001, Sisley et al., 2006, Ehlers et al., 2008).
In this chapter, the focus is on identifying candidate genes individual to the different
alterations of chromosome 6 that could act as drivers and influence patient outcome. In
the previous chapter, aCGH was able to establish the smallest area affecting 6p and

69. The regions therefore of interest are possible oncogenes in the 6p12i 6pter region,
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and tumour suppressor genes on chromosome 6 long arm, particularly the region 6q
211 60926. These regions highlighted in this current study, compare with previous re-
gional identifications suggested in UM (van Gils et al., 2008), and in this section of the

study identificationof potent i al t arget Adriverso was under |

4.2 Array CGH data analysis work-flow chart

In this study the amplification of 6p produced as a result of structural abnormalities ex-
tended for approximately 35Mb (6p12i 6pter region), and in the main the whole arm of
chromosome 6 was affected but a region of 45Mb (6q 211 6g26) was implicated. De-
spite aCGH refining the regional involvement, both of these regions are too large to
immediately pinpoint the candidate oncogenes. Analysing aCGH data in combination
with the Nexus software tool provides a validated shortlist of candidate genes on chro-
mosome 6, through a combination of approaches to survey the measurable probability
that SCNA were non-random events. Therefore, genes influenced eventually by these
non-random SCNArepr esented a shortlist of candidate
amined further for potential relevance on the basis of their biological significance. The
overview for the identification of candidate genes is summarised in figure 4.1, and in
the subsequent sections the methodology is explained in more depth. The basis of
aCGH aberration calling algorithms has been previously discussed in chapter 2 (sec-
tion 2.3.6.9)
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Stacking algorithm

Common focal SCNA

Significant testing of common SCNA
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Short list candidate ‘driver’ genes

Figure 4.1 Overview of Array CGH work-flow a methodology utilized to identify
the candidate genes in this study.

4.2.1 Identification of common focal SCNA

For simplicity sake, the strategy of Beroukhim and colleagues was adopted, whereby
larger size SCNA of 5Mb or more (including whole arm events) were considered
generally as gains or losses. Consequently, these larger SCNA events were
differentiated from focal SCNA with a median length (1.8 Mb) which were introduced as
amplifications and deletions (Beroukhim et al., 2010). Utilizing a stacking algorithm, all
SCNA distinguished within particular genomic regions in a set of UM cases from each
groupwer e O6stackedd o vnerate aefrequéncy plotlasrepresented gne
figure 4.3. Therefore, the highly altered segments or the common focal SCNAs can be
fistacked i, which all ows the mini mal common
amongst the SCNA covering that locus (figure 4.5). The MCR region is statistically
highly likely to contain targeted genes (Beroukhim et al., 2010). Where the threshold
frequency of focal SCNA was reduced to (20-30%) to increase the sensitivity of the

data analysis (Figure 4.6)
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4.2.2 Exclusion Criteria for Focal SCNA including Germ-line Copy Number Vari-
ations

Copy number variations (CNV) refers to a sequence of DNA found in germ-line DNA for
which copy number differences can be distinguished between individualst h at W
mo r p hThey are defined in the human genome as structural variations with a size >
0.5 to 1 kilobase (Valsesia et al., 2013). In spite of the fact that CNV are not confirmed
to bring any direct pathological consequences , there are phenotypic variations report-
ed where associations between CNVs and complex genetic traits (multifactorial disor-
ders) and with disease susceptibility and development with phenotypic variation has
been reported (McCarroll and Altshuler, 2007, Conrad et al., 2010). In this study to dif-
ferentiate CNV from the focal SCNAs a comparison was made to differentiate CNV
from the common focal SCNAs, comparison was made between the SCNAs identified
in the study with known CNVs using the Database of genomic Variants, and all com-
mon focal SCNAs were found to be completely overlapped by CNVs. These were fur-
ther examined for SCNA breakpoints and the frequency of aberrations using a high
resolution methodology (http://dgv.tcag.ca/dgv/app/home; (lafrate et al., 2004). To ex-

clude SCNA from a subsequent analysis, they have to be identified as likely CNVs,
which occurs only if they contain any of the following criteria: 1) they hold no known
genes which are highly likely to have functional consequences; 2) they show deletion in
some samples and amplification in others with the same identical pair of breakpoints as
nor mal popul ation variations; and 3) th
precisely with known CNVs. An example of a CNV is demonstrated below in Figure 4.2
and findings related to a CNV in UM are discussed later in chapter 5.
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Figure 4.2 Regional deletion represented by Frequency plot showing an example
of aberrant region that represents a copy number variations CNVs

Chromosomal ideograms represent UM case with focal deletion, the region below the
vertical line represented by double red strips (pink shading below zero line) shows a
regional deletion with 40Mb approximate size, lies completely within known CNV area
(represented by the purple line) and contains no gene loci, it was therefore excluded
from the analysis to be likely CNV.

|l mages output from Bi odiFASSI% agorightnsvasNised to sletest all

the CNAs and the known CNVs.

4.2.3 Significance testing of common recurrent copy number alteration regions

4.2.3.1 Common Aberration Analyses

To evaluate the common focal copy number aberrations across a set of UM in each of
the classified groups, the high frequency of aberrant regions in the genome was
determined to be statistically significant by two validated statistical methods, STAC and
GISTIC (see below). Both tools are adopted in Nexus Software (Biodiscovery®) to
identify the potential driver aberrations based on their frequency of occurrence, using
the SCNA that have already been identified using the FASST2 calling algorithm.
Although, both methods apply different statistical approaches (summarised in table
4.1), they overall provide a significant testing to make the data more robust (Rueda et
al., 2013).
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4.2.3.1.1 Genomic Identification of Significant Targets in Cancer (GISTIC)

The GISTIC algorithm was introduced by Beroukhim et al. in 2007, and is used to
identify significant regions of the genome that are amplified or deleted across a set of
tumours. The method incorporates both the frequency of occurrence and the amplitude
of aberrations, using a G score for each region (a combination score of frequency and
amplitude). GISTIC then assesses the statistical significance of each aberration by
defining the probability of a score occurring by chance, comparing it against random
genomic wide disruption aberrations by applying false detection rate (FDR) corrected
for multiple tumours, and assigns a g-value for that region (set of values that will lie
between 0 and 1). For each significant region, the method identifies 6 peak r egi or
which have the greatest frequency and amplitude for alteration, which, as statistically
indicated, comprises the affected genes with maximal G-score and minimal g-value.
GISTIC results are more sensitive at catching lower frequency significant regions
(Beroukhim et al., 2007).

4.2.3.1.2 Significance Testing for Aberrant Copy Number (STAC)

The STAC algorithm was introduced by Diskin et al. in 2006, to identify the statistical
significance of DNA copy number aberrations which are stacked on top of each other
such that they would not occur randomly, across multiple array experiments. This
global frequency statistical approach uses the permutations of SCNA in each
chromosomal arm to determine how likely this SCNA is to occur at any location with a
certain frequency, using a p-value cut-off of 0.05 to highlight the common aberrant
regions, which have higher frequency than randomly occurring aberration by chance
(Diskin et al., 2006).

Overall, using combined approaches will often yield similar or overlapping results and

provide a comprehensive analysis.
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Table 4.1 the differences between the STAC and GISTIC algorithm

STAC GISTIC
Region Selection Identify the frequency of Identify both frequency and
aberrations amplitude of aberration
Null Model Permutation of regions Permutation of probes over

(statistical significance) within a chromosome arm | the entire genome

Correction for Does not require correction | Requires false discovery
Multiple Sample Testing rate correction
Peak Region NO YES

identification

Output Confidence for regions p-values
(significance)

4.2.4 Assessment of Shortlisted Candidate Genes

The GISTIC and STAC statistical approaches generated a validated shortlist of candi-
date genes, and these genes were then examined individually for biological function
and their involvement in cancer, using the Atlas of Genetics and Cytogenetics in On-

cology and Haematology (http://AtlasGeneticsOncology.org). The database contains

detailed information on each gene, focused on the gene implications in cancer, includ-
ing cytogenetics and clinical entities in cancer and cancer-prone hereditary diseases.
The atlas is linked to PubMed to provide peer-reviewed articles (Huret et al., 2013).
The final list of candidate genes was then assembled for each of the UM groups (as
discussed previously in chapter 3). The functional assessment of the identified genes
was based on the potential functional implication in various cancer types and their
known role in acquisition of cancer hallmarks. For each of the UM groups different can-
didate genes were identified as most significant. Consideration was not made of group
4 as this aspect of the study was investigating the impact of changes of chromosome 6
and group 4 had no changes of 6.

The list of candidate genes identified in each subgroup of UM with a chromosome 6
change are detailed in table 4.2. For group 1, where there was 6p gain only, the most

statistically significant candidate gene was FARS2, while the second group was repre-
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sented by 6p gain and 6q loss (FOXQ1 and AMD1) respectively. For group 3 where
other changes of chromosome 6 were present the AMD1 was also statistically signifi-
cant. There was some cross over of genes between the comparable regional involve-
ment for example FARS2 was significant in group 1 but identified in group 2 although
not reaching significance. The final shortlist of candidate genes is shown in table 4.2

and more detail is presented in table 4.3

Table 4.2 Summary of candidate genes identified in chromosome 6 short and long arm

Amplified genes in 6p | Genes in 6p gain Genes in 69 loss Group 3, 69

gain (group 1) (group 2) (group 2) loss
Deleted genes

LOC101927972 LOC101927691 AMD1 MANEA-AS1

FARS2 LOC285768 GTF3C6 MANEA

LOC101927950 FOXQ1 RPF2 PRIM2

NRN1 GSTM2P1 AMD1

MIR7853 SLC16A10

MIR5683

F13A1

LY86-AS1

LY86

Genes were validated by the GISTIC and STAC statistical approaches in chromosome 6p gain

and 6q loss.

Table 4.3 Summary of the most statistically significant candidate genes in chromosome
6, with their percentage of loss and gain.

Candidate genes

Copy Number

Copy Number

Gain % Loss %
FOXQL1 (chr6:1,257,674-1,259,993) 44.53 0.73
FARS2 (chr6:5,206,582-5,716,815) 44.53 1.46
AMDL1 (chr6:111,242,516-111,323,608) 1.46 39.42

STAC / GISTIC analysis was carried out using Nexuse Copy Number Software and the information for
each gene function was obtained from the Atlas of Genetics and Oncology and PubMed literature reviews.
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4.3 Group 1 (6p only) identification of FARS2 (phenylalanyl-tRNA synthetase 2,
mitochondrial)

The commonly amplified region of 6p for this group extended from 6p12i 6pter, but the
most relevant focal SCNA was found at 6p25.1 and in this region FARS2 gene was
located (chr6: 5,206,582-5,716,815). FARS2 encodes a protein that transfers
phenylalanine to its cognate tRNA (mitochondrial phenylalanyl transfer ribonucleic acid
[RNA] synthetase). It is required for the charging of the congregate cognate
mitochondrial tRNA with phenylalanine, and this protein plays a role in mitochondrial
protein translation (Bullard et al., 1999). FARS2 was the most statically significant
driver gene in the specified peak region among the UM groupl (6p gain only) with 28
cases. Using the GISTIC algorithm FARS2 had a higher frequency and amplitude
(indicated by high copy gains), a G-score of 12.56 and a g-value of 2.34e-14 were
calculated and the threshold was reduced to achieve the best results (0.25), as shown
in Figure 4.3. The stacking analysis results for FARS2 in group 1 are presented in

figure 4.3.
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Figure 4.3 Frequency plot of SCNA affecting the FARS2 gene locus

Statistically significant common genomic copy number aberrations among UM cases.
GISTIC algorithm was applied to array CGH data for group 1 based on 6p amplification
only, in order to identify regions of copy number gain that could be candidate drivers of
tumor development. The common aberrant regions are plotted along the x-axis against
their chromosomal positions, and the q values are plotted on the y-axis, where the
most significant commonly amplified genomic regions are presented by the highest
blue bars. Statistically significant genomic regions with maximal G-score and minimal
g-value (10 and 0.05 respectively) are highlighted in grey and contain the most
important genes in this region, where the red arrow represents the FARS2 gene,
located at 6p25.1.

All aberrations in each sample were called using the FASST2 Algorithm.
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4.4 Group 2 most significant candidate FOXQ1 (forkhead box Q1)

The commonly amplified region of 6p for this group extended from 6p12i 6pter, but the
most relevant focal SCNA was located at 6p23-25, and in this region FOXQ1 gene was
located. The FOXQ1 candidate gene belongs to the Forkhead transcription factor
family, and encodes a protein of 403 amino acids (Bieller et al., 2001), located on
chromosome 6p25.3. Abundant studies suggest that FOXQ1 is an oncogene for many
cancer types and is involved in several biological processes (Zhang et al., 2011;
Candelario et al., 2012). In this study FOXQ1 was identified among the UM cases
which were grouped based on chromosome 6p gain and 6q loss i(6p) as group 2 with
29 case. By using both the GISTIC and STAC algorithms, 86% (25/29) of FOXQ1 copy
number gains were identified as the most significant focal amplification in group 2,
located at 6p25.3, as shown in Figure 4.4. Based on biological functions and their
implications in cancer, FOXQ1 was chosen in this group.
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Figure 4.4 Frequency plot of SCNA affecting the FOXQ1 gene locus among UM
cases

Stacked SCNA from individual UM cases in group 2 (6p+6g-) showing the most
significant candidate genes in this genomic region. The upper panel shows the
chromosomal region 6p23-25 and its approximate size, and the middle panel shows
the frequency plot of alteration along the y-axis of the corresponding UM cases, while
the blue lines represent amplification frequency. The left horizontal line represents
individual UM samples. The common aberrant regions are plotted along the x-axis
against their chromosomal positions, and the g value are plotted on the y-axis, where
the most significant commonly amplified genomic regions are presented by the highest
blue bars. Statistically significant genomic regions with maximal G-score and minimal
g-value (10 and 0.05 respectively) are highlighted in grey and contain the most
important genes in this region, where the orange arrow represents the FOXQ1 gene.

All aberrations in each sample were called using the FASST2 Algorithm
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45 AMD1 (adenosylmethionine decarboxylase 1)

The commonly deleted region of 6q for group 2 and 3 extended from 6g21-g26, but the
most relevant focal SCNA was found in 53 cases at 6g21-22.1 in this region AMD1
gene was located in chromosome 6g21. The gene loss was identified among UM cases
which were grouped based on chromosome 6p gain and 6q loss i(6p) as well as group
3 (with total number of 57 cases). Using a STAC approach 93% of copy number loss in
6q in group 2 and 3 (111,242,516-111,323,608) were found to be statistically significant
(frequency O 30%, p < 405 Bagedgn bialagicasfimctions and
their implications in cancer, AMD1 was chosen in this study to be the most significant
possible driver gene in 6q loss related to tumour progression.
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Figure 4.5 Stacked SCNA from individual UM cases among group 2 (6q-)

Showing the most significant candidate genes in this genomic region, in addition to
showing an example of a Minimal Common Region (MCR). The upper panel shows
chromosomal region 6g21 and its approximate size, and the middle panel shows the
frequency plot of alteration along the y-axis of the corresponding UM cases, while the
red line represents deletion frequency. The left horizontal line represents individual UM
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samples, and the blue bar highlights the MCR region as the smallest aberrant region in
all affected UM samples. Statistically significant genomic aberrant regions are high-
lighted in grey, with a frequency higher than the threshold of 20% (indicated by the
black arrows), and represent the most important candidate genes in this region, such
as the AMD1 gene (green arrow) located at 6g21.

All aberrations in each sample were called using the FASST2 Algorithm.

4.6 Comparisons of AMD1 with FOXQ1 and FARS2

For group 2 where there was both gain of 6p and loss of 6q, the two genes that were
consistently affected together were FOXQ1 and AMD1, and were the most statistically
significant in 6p gain and 6q loss i(6g). Among all UM in this study, it was found that
AMD1 loss with a normal copy of FOXQ1 was presented in 23 tumours as shown in
Figure 4.6A, a gain in one copy of FOXQ1 happened alongside AMDL1 loss in 30
tumours as shown in Figure 4.6B, whereas FOXQ1 gain only was detected in 32
tumours shown in Figure 4.6C. In the other hand, AMD1 loss with FARS2 gain
represents a mutually exclusive alteration as shown in Figure 4.6D. Furthermore, 52
tumours shows normal copy numbers from both genes represents group 4 (no 6

changes) as shown in Figure 4.6E.
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Figure 4.6 Frequency plot of chromosomal view demonstrates the comparisons between FOXQ1 gain and AMD1 loss.

This view of chromosome 6 displays information on AMD1 loss and FOXQ1 gain for different samples at one time that represents group 2. The y-axis
designates the percentage of alteration in the selected samples at specific points along the genome and presents the log, tumour/reference ratio, and the
genome coordinates of the D180,000 probes on the UM custom array positioned by chromosome location on the x-axis. Horizontally along the top, the blue
lines plotted above 0% indicate copy number gain, and red indicates copy number loss events plotted below the 0% baseline. A. shows AMD1 loss only with
a normal copy number of FOXQ1 in 23 tumours. B. shows that 30 tumours were harbouring FOXQ1 gain in 6p along with AMD1 loss in 6g. C. 32 tumours
showing only FOXQ1 gain with a normal copy of AMD1. D. Represents 23 tumours with AMD1 loss with a normal copy of FARS2, conversely 32 tumours with
FARSZ2 gain and normal copy of AMD1. E. shows tumours with a normal copy number for both genes represents group 4.

All aberrations in each sample were called using the FASST2 Algorithm
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4.7 Association of candidate genes FARS2, FOXQ1 and AMD1 with
chromosomes 1, 3 and 8 abnormalities

To assess the implications of each of the candidate genes on chromosome 6 with UM
progression, the relationship with 1, 3 and 8 chromosomal alterations was compared,
as described in the sections that follow.

47.1 Association of FARS2 with chromosome 1, 3, and 8

Using the unique comparison feature in Nexus it is possible to compare the selected
gene (FARS2) and the other SCNA across the genome for all UM series. Although
FARS2 is the most significant gene in group 1 (6p only), it was also amplified in group
2 (6p+,0-), and overall it was presented in 61 tumour (45%) as shown in Figure (4.7). In
regards to the association of FARS2 amplification with 1p deletions, M3 and 8q gain,
the comparisons showed that amplification of FARS2 associated more with 8q gain, 1p
loss, and less with M3.
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Figure 4.7 Frequency plot of genomic view demonstrates the comparisons of
FARS2 amplification with 1p-, M3 and 8q+.

For copy number events, the magnitude of gain or loss is presented as long or short
bars, where the gain is plotted above the zero baseline and presented in blue, and the
loss is plotted below the zero baseline and presented in red. The long bars illustrate
greater magnitude, and the converse for the small bars. FARS2, located at 6p25.1, was
amplified in 61 tumours, and showed more association with 1p loss and 8qg gain com-
pared to the normal copy humber of FARS2, which shows a higher association with M3
and 8q gain.

All aberrations in each sample were called using the FASST2 Algorithm
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4.7.2 Association of FOXQ1 with chromosome 1, 3, and 8

Using the comparison feature in Nexus allows a comparison between the selected
gene, FOXQ1, and the other SCNA across the genome for all UM series. Although
FOXQL1 is the most significant in group 2 (6p+, g-), it was also amplified in group 1 (6p
gain only), and overall it was presented in 62 tumours (45%), as shown in Figure 4.8.
Although FARS2 and FOXQ1 together were found to be affected consistently and were
the most statistically significant in 6p gain, they have different molecular functions and
are expressed in different tissue types. Among all UM in this study, it was found that a
gain in one copy of FOXQL1 is highly likely to happen alongside FARS2 gain, and this
could be explained by the close genetic location of the two genes. With regard to the
association of FOXQ1 amplification with 1p loss, M3 and 8q gain, the comparisons
showed that amplification of FOXQ1 was associated more with 8g gain and 1p loss,

and less with M3.

1p%.33- V12

100%
50% -
0%

50%

100% _
Significant
Genes
Exons
CHVs
miRMA

[ I - A
(75) o> W | M
(62) <es> MMMWM

Figure 4.8 Frequency plot of the genomic view demonstrates the comparison of
FOXQ1 amplification with 1p-, M3 and 8q+.

——r 10 1 T T 10 1 ol 1

—r¢ il s T I l I i e e

L T U O T T O O T O TN T T T T Y T Y L L T T T U T TR 11 LT T T R RO AT TN

For copy number events, the magnitude of gain or loss is presented as long or short
bars, where the gain is plotted above the zero baseline and presented in blue, and the
loss is plotted below the zero baseline and presented in red. The long bars illustrate
greater magnitudes, and the converse for the small bars. FOXQ1 located at 6p23-25
was amplified in 62 tumours, and shows more association with 1p loss and 8q gain,
compared to the normal copy number of FOXQ1, showing higher association with M3

and 8q gain.
All aberrations in each sample were called using the FASST2 Algorith
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4.7.3 Association of AMD1 deletion with chromosome 1, 3, and 8

Using the comparison feature in Nexus allowed a comparison between the selected
gene, AMD1, which was the most statistically significant among group 2 (6p+, g-), and
the other SCNA across the genome for all UM series. The AMD1 gene was deleted in
53 tumours (42%), as shown in Figure 4.9, and with regard to the association with 1p
loss, M3 and 8q gain, the comparisons showed that AMD1 loss was associated more

with M3 and 8q gain, and 1p loss.
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Figure 4.2 Frequency plot of genomic view demonstrates the comparison of
ADML1 deletion with 1p-, M3 and 8q+.

For copy number events, the magnitude of gain or loss is presented as long or short
bars, where the gain is plotted above the zero baseline and presented in blue, and the
loss is plotted below the zero baseline and presented in red. The long bars illustrate the
greater magnitude and the converse for the small bars. AMD1 was located at 621 and
was deleted in 53 tumours, showing almost equal association with 1p loss, M3 and 8q
gain, compared to the normal copy number of AMD1.

All aberrations in each sample were called using the FASST2 Algorithm

As a result of the selective analysis of each groups FARS was identified as only in-
volved in group 1, FOXQ1, and to lesser extent FARS and AMD1 were found in group
2, AMD1 was also common to group3 but not group 1. As there was some degree of
cross over and also mutual exclusivity another approach was taken to investigate the
involvement of these potential drivers in UM. For all of the candidate genes commer-
cial antibodies were available, and their expression was explored in the various sub-

groups of UM.
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4.8 |HCresults

4.8.1 Evaluation of protein expression

Immunohistochemical IHC analysis was performed to assess the expression of
FOXQ1, FARS2 and AMD1on chr omosome 6 in UM. | HC was
thick tissue sections that were pre-treated to quench endogenous peroxidase activity
and expose the epitopes in 1% H,0,, as described in Methods in Section 3.2.7. Rabbit
polyclonal antibody was generated against specific 36-85 amino acid fragments for
FOXQ1, 385-415 fragments for FARS2 and from 1-334 amino acid fragments for
AMD1. The antibody was directed against the recombinant protein epitope, then the
experiment was visualised using the DAB colorimetric system to detect the protein ex-
pression (brown staining), with a counter stain (haematoxylin, blue staining). Cases for
immunohistochemical analysis in this study were chosen based on the availability of
UM cases immediately available for IHC due the timeframe left for the study. Amongst
the UM selected for the IHC study, some UM were known to have amplification in
FOXQ1, FARS2 and deletion in AMD1 by array CGH. A total of 21 cases comprising 2
representing groupl (6p gain only), 3 representing group 2 i(6p), 7 representing group
3 (6p loss), and 9 from group 4 (no 6 changes). The results of the IHC for all UM are
summarised in Table 4.5. All immuno-stained sections were evaluated at 200X magni-
fication, and results were classified as positive and negative based on amount of stain-
ing of the UM section (cytoplasmic or nuclear). UM sections were all scored as coded
samples so there was no knowledge of the genetic changes for each section. The posi-
tives were then sub-classified as weak, moderate or strong based on the stain intensity
detected on the tumour cells (Fisher et al., 1994, Adams et al., 1999). The results were
assessed by 3 independent observers (NA, DWH and KS).

The main problem with this aspect of the study was the lack of time left so only initial
exploratory investigations were undertaken, in which the respective antibodies were
optimised, however melanin bleaching was not undertaken (as an effective protocol
was not in house at this point). As a result, there was an excessive amount of melanin
in some of the tissue sections (Figure 4.10), which could obscure the cellular morphol-
ogy and make interpretation of expression not feasible. Therefore, a melanin bleaching
technique would improve our result, but due to limited time, it was unable to treat the
FFPE section with potassium permanganate/oxalic acid melanin bleaching, in order to
eliminate the melanin before incubate them with primary antibody. In general, the IHC

experiment in this study was to assess the preliminary protein expression of (FARS2,
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FOXQ1, and AMD1) in UM tissue, detailed in subsequent sections, and thereby act as

a pilot study for later more detailed explorations.

Figure 4.3 Micrographs of UM FFPE stained with AMD1 and FARS2 antibodies
respectively.

Al and A2 show the accumulation of excessive amounts of melanin in some of the tis-
sue sections. The large brown stain highlighted by the blue arrow represents the mela-
nin, which obscures the cellular morphology.

Images for A1 were captured at 200x and A2 at 400x magnification of the original.

4.8.2 FARS2 protein expression

Normal colon tissue was used as a positive control with physiologic FARS2 expression,
and the cell showed intermediate to strong positive cytoplasmic staining (Figure 4.11).
In some positive cases, the stain was detected in cytoplasmic and nuclear areas, which
stained uniformly for group 1 (Figure 4.11F). Negative controls with omitted antibody
were set up with every stained section, as shown in Figure 4.11B. The section only
showed blue haematoxylin counter-stain, in addition to a positive cytoplasmic stain as a
positive control, as shown in Figure 4.11C. While group 2 showed a weak to moderate
cytoplasmic stain, group 3 showed strong to moderate cytoplasmic and nuclear stains
(Figure 4.11D). Unexpectedly, group 4 (with no amplification of the 6p region contain-
ing FARS2), FARS2 protein was still expressed in the tissue with a weak to moderate
cytoplasmic and nuclear stain (Table 4.4). The IHC finding showed the FARS2 was
overexpressed in UM group 1 tumour cells.
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Figure 4.11 Semi-quantitative analysis of FARS2 protein expression in UM sam-
ples using Immunohistochemistry

A) Colon FFPE section stained with H&E (obtained from Histopathology laboratory). B)
Negative control of same normal colon tissue with omitted antibody showing only hae-
matoxylin counter stain. C) Represents micrographs of normal colon tissue as a posi-
tive control, immune-stained with FARS2 antibody, showing a strong positive cyto-
plasmic stain (brown) for the cells but not the cellular area with haematoxylin counter
stain (blue). D) Representative FFPE section of UM cases stained with FARS2 anti-
body (brown) and classified as a strong cytoplasmic stain with haematoxylin counter
stain (blue). E) Moderate positive staining captured at 1000x to illustrate the cytoplas-
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mic stain. F) moderate intensity positive nuclear staining highlighted by the orange ar-
row.
Images for A, B, C, D were captured at 400x magnification of original.

4.8.3 FOXQL1 protein expression

Normal kidney tissue was used as a positive control with physiologic FOXQ1 expres-
sion, and the cell showed intermediate to strong positive cytoplasmic staining (Figure
4.12).

IHC analysis for the FOXQ1 protein was performed to assess its expression in UM tis-
sues. The observed IHC staining patterns are shown in Figure 4.12, and the results
revealed that FOXQ1 was mainly localised on the cytoplasm of positive UM cases. It
was challenging to evaluate the expression of FOXQ1 protein due to the unexpected
expression of a weak stain on the negative control during the optimisation and the test.
If time had permitted the run would have been repeated. A possible explanation could
be cross-contamination due to the high concentration of FOXQ1 antibodies (Figure
4.12). Although a specific stain was detected in the cytoplasm of the epithelial cells of
renal tubules in the normal kidney tissues (4.12C), the UM tissue expressed a weak to
moderate cytoplasmic stain for groups 1 and 4, and a moderate to strong stain for
groups 2 and 3. In support of the current findings two UM cases showed a completely
negative stain, which can be considered as an internal negative control, and used to
validate other UM cases (Figure 4.12F). The IHC finding showed that FOXQ1 was

overexpressed in UM tumour cells categorised as group 2.
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Figure 4.12 Semi quantitative analysis of FOXQ1 protein expression in UM sam-
ples using Immunohistochemistry.

A) Kidney FFPE section stained with H&E (obtained from Histopathology laboratory).
B) Negative control of same normal kidney tissue with omitted antibody showing low
cytoplasmic staining with haematoxylin counter stain. C) Represents micrographs of
normal kidney tissue as a positive control, immune-stained with FOXQ1 antibody
showing epithelial cells of renal tubules with strong positive cytoplasmic staining
(brown) for cells but not the cellular area, with haematoxylin counter stain (blue). D)
Representative FFPE section of UM cases stained with FOXQ1 antibody (brown) and
classified as a strong cytoplasmic stain with haematoxylin counter stain (blue). E)
Moderate intensity positive cytoplasmic stain in poorly differentiated UM tissue. F) Low
expression of FOXQ1 in UM tissue represented a negative IHC reaction as an internal
control.

Images were captured at 400x magnification of original.
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4.8.4 AMDL1 protein expression

Normal breast tissue was used as a positive control with physiologic AMD1 expression,
and the cell showed intermediate to strong positive cytoplasmic staining. The observed
IHC staining patterns are shown in Figure 4.13. Although the positive staining was
localised on the cytoplasm of the UM cells, a combination of cytoplasmic and nuclear
positive staining was observed in some of the UM tissues (Figure 4.13F). High to
intermediate  AMD1 expression was detected in approximately 80% of 21
corresponding adjacent UM tissues, (Table 4.5). However, the AMD1 gene shows
highly significant differential expression between tumors with and without M3, where
the protein was highly expressed in-group 3 with association of M3 and 8qg+, cases
stained with AMD1 detailed in table 4.5, the chromosomal changes for individual cases
are explained in Figure 3.11, and the association of M3 and 8q are explained in Figure
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Figure 4.4 Semi quantitative analysis of AMDL1 protein expression in UM samples
using immunohistochemistry

A) Breast FFPE section stained with H&E (obtained from Histopathology laboratory).
B) Negative control of same normal breast tissue with omitted antibody, showing only
haematoxylin counter stain. C) Represents micrographs of normal breast tissue as a
positive control, immune-stained with AMD1 antibody showing strong positive cyto-
plasmic staining (brown) for the cells, not the cellular area, with haematoxylin counter
stain (blue). D) Representative FFPE section of UM cases stained with AMD1 antibody
(brown) and classified as strong cytoplasmic stain. E) Moderate positive staining with
haematoxylin counter stain (blue). F) Moderate intensity positive cytoplasmic mixed
with nuclear staining, highlighted by the blue arrow.

Images for A, B, C, D, E were captured at 400x magnification of original.

Table 4.4: Semi-quantitative scoring system for FARS2, FOXQ1, and AMD1 antibodies

Anti-FARSZ Anti-FOXQ1 Anti-AMD1

Mel | Groups| Cyto Stain| N stain Cyto stain| N stain
110 1 3\2 3\2 1\2 3\2 0/0
93 1 2\1 2\1 2\2 1\1 2/2
73 2 1\1 0\0 2\3 3\2 0/0
91 2 1\1 2\1 3\3 1\1 2/3
106 2 2\2 0\0 3\2 3\2 0/0
100 3 1\2 2\2 1\2 3\3 0/0
104 3 3\2 2\3 3\2 3\3 0/0
97 3 2\2 2\2 3\2 2\2 0/0
98 3 1\1 2\1 2\2 3\3 0/0
94 3 1\1 0\0 2\2 3\3 0/0
95 3 2\2 0\0 2\2 3\2 0/0
112 3 1\1 0\0 2\3 1\1 3/2
92 4 2\2 2\2 2\2 2\2 0/0
106 4 3\2 3\2 2\2 1\2 0/0
90 4 2\2 2\2 1\2 3\2 0/0
96 4 2\3 2\3 2\1 2\2 0/0
88 4 2\1 0\0 1\1 3\2 0/0
102 4 2\2 0\0 1\1 3\2 0/0
101 4 2\2 0\0 1\2 2\3 0/0
99 4 3\1 0\0 0\0 2\2 0/0
89 4 3\2 0\0 2\2 2\2 0/0

0= Negative stain 1= Weak stain 2= Moderate stain 3= Strong

stain

Cyto= Cytoplasmic stain N= Nucleus stain
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Where the left-hand number represents the percentage of stained cells and the right-
hand number represents the intensity of the stained cells.
The results were assessed by 3 independent observers (NA, DWH and KS).

Table 4.5: A Summary of IHC protein expression among the classified groups

High to moderate expression (C/N)  Moderate to weak Moderate (C/N)

(C only)
Weak expression (C> N) High to moderate High to moderate (C>N)
Moderate to weak(C>N) Moderate High to moderate (C>N)
Moderate expression (C>N) Moderate to low Moderate (C only)
C= Cytoplasmic stain N= Nucleus stain GP= Group

4.9 Associations of the potential driver genes and patient survival

Although the expression of (FOXQ1, FARS2, and AMD1) was confirmed by IHC as a
proof of concept study, it was not possible within the timeframe to increase the sample
size and include melanin bleaching in order to undertake meaningful analysis. In
particular, there were only 2 cases from group 1 so care must be taken not to place too
much weight on the findings, but in general terms there were differences observed
which suggest further exploration will be of value. Therefore, Nexus 7.5 was used to
calculate the survival analysis based on the patients outcome for the whole series
(137). The results show that patients with gain in either FOXQ1 or FARS2 genes
(located on 6p) tend to have better prognosis and increased disease free survival,
compared to patients with normal copy of each gene, as shown in Figure 4.14 A, B. On
the other hand, AMD1 deletion (located on 6q) correlates with a poor patients
prognosis and a significant decrease in disease-free survival, as shown in Figure 4.14
C. These findings are in broad agreement with the survival analysis undertaken in

relation to chromosome 6 changes in chapter 3 section 3.3
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Figure 4.5 Kaplan-Meier survival curves for FARS2, FOXQ1, and AMD1

The Y-axis represents the percentage of patient survival; the X-axis represents survival time in months. A. demonstrates a survival curve for all
the amplified and deleted genes (FOXQ1, FARS2, and AMD1 respectively) in addition to the combination of FOXQ1 and FARS2/ FOXQ1 and
AMDL1. Overall, A, B, C diagrams demonstrate that deletion of AMD1 gene associated with reduced disease-free survival compared to the other
two genes FOXQ1 and FARS2 where the presence of either genes predict better prognosis.
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410 Discussion

This study was a pilot study designed to see if it was feasible and to verify the findings
of aCGH, therefore array CGH analysis was used in this study to identify the possible
defective genes that could be responsible for poor prognosis in UM. Within the time
limitations of this PhD study, few tumours were available for IHC to study the expres-
sion of the selected genes. Further techniques such as melanin bleaching could be op-
timised to improve our preliminary results, and obtaining the relevant clinical data took
more time than expected, and was needed to support the current data. Although to
date, more tumour sections have become available to carry on with this study and
complete the investigation of the defective genes in 6p gain and g loss, there was in-
sufficient time to stay longer and carry on with this study, to analyse the selected cases

in more detail and link them to disease prognosis.

This study indicates that one or more tumour suppressor genes located in the region
6921, and driver candidate oncogenes located in the region 6p23-25.1, may contribute
to tumour progression. Although the structural abnormality of chromosome 6 is too
large to point directly to the candidate oncogenes, the fact that small regions of SCNAs
of both the p and q arm are involved offers the chance to delineate the specific regions
of amplifications and deletions on chromosome 6 which could be involved with UM
progression. Using aCGH with the Nexus tool provides a validated shortlist of candi-
date genes in chromosome 6 using STAC and GISTIC from all UM cases, and defining

those most relevant biologically to cancer.

Three novel genes were highlighted in this study, and the functional analysis shows
that FARS2 and FOXQ1 amplification and AMD1 deletion could possibly be implicated
in the tumour progression. To detect the expression of these genes, IHC was used as
an effective way to examine UM tissue, and it is an excellent technique to show the ex-
act protein location within the tissue examined. The aim was to compare the expres-
sion of FARS2, FOXQ1 and AMD1 among each classified group, as detailed in Chap-
ter 3. The study was limited in number but as a proof on concept study showed that
results were broadly in agreement with the expected expression as predicted by ampli-
fication of the relevant genes. As such there may be an advantage in the future for a
more detailed study and relation to outcome FOXQ1 was first isolated in 2001 by Biel-
ler et al. The gene is a member of the forkhead transcription factor family (Bieller et al.,

2001, Jonsson and Peng, 2005), which are involved in many biological processes, in-
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cluding cell cycle dysfunction (Candelario et al., 2012), epithelial differentiation, embry-
onic stem cell differentiation (Zhang et al., 2011, Feuerborn et al., 2011, Ogaki et al.,
2011), and neurocognitive functions (LeBlanc et al., 2012). The FOX genes family have
been regarded as either oncogenes or tumour suppressor genes, and are closely cor-
related to tumour progression and prognosis by promoting apoptosis and cell prolifera-
tion of cancer cells (Sunters et al., 2003, Fosbrink et al., 2006, Candelario et al., 2012).
Previous research has shown the contribution of FOXQ1 in multiple cancer types, in-
cluding bladder cancer (Zhu et al., 2013), breast cancer and gastric cancer. In each, it
was associated with poor prognosis and tumour metastases (Qiao et al., 2011, Liang et
al., 2013). FOXQ1 was found to be overexpressed in colorectal tumours and to pro-
mote tumour growth and angiogenesis, thus playing an important role in enhancing tu-
morigenicity, and it has been suggested that FOXQ1 may have a potential therapeutic
targets in colorectal cancer (Kaneda et al., 2010, Christensen et al., 2013, Jonsson and
Peng, 2005). Overall, over expression of FOXQ1 in a variety of cancers has been uni-
versally related to a poor prognosis including Hepatocarcinoma (Wang et al., 2013, Xia
et al., 2014), and non-small cell lung cancer (Feng et al., 2012) . Furthermore, it is sug-
gested that FOXQ1 overexpression could promote tumour invasion and metastasis in
breast cancer, by affecting the E-cadherin (epithelial) level in Epithelial-mesenchymal
transition (EMT), where the loss of E-cadherin can promote EMT and act as a tumour
suppressor in breast cancer. In addition, FOXQ1 overexpression is associated with
poor prognosis in hon-small cell lung cancer, by regulating EMT (Polyak and Weinberg,
2009, Zhang and He, 2013). Overexpression of FOXQ1 was reported to be associated
with the development of laryngeal carcinoma, by enhancing tumorigenesis through its
effect on cell cycle progression, cell proliferation, and cell migration (Zhang et al.,
2015). In contrast, dysregulated FOXQ1 leads to inactivation of E-cadherin and pro-
motes EMT. Therefore, loss of E-cadherin function has been implicated in tumour pro-
gression and metastasis in various cancer types by reducing cellular adhesion with the
tissue, and this leads to increased cellular mobility, in order to allow the cancer cell to
invade the surrounding tissue and metastasise (Beavon, 2000, Polyak and Weinberg,
2009). Therefore, the overexpression of the FOXQ1 oncogene could have a role in UM

tumour progression, which could help in patient care in regard to tumour prognosis.

The IHC findings in the present study showed that FOXQ1 was mainly expressed in the
cytoplasm, and FOXQL1 protein level was significantly higher in group 2 tumour cells,
compared to groups 1, 3 and 4, which showed lower expression. Thus, the overex-
pression of FOXQ1 could be associated positively with the degree of tumour differen-

tiation, and may have the potential to serve as a good therapeutic target in UM, as well
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as many cancer types. Although the sample numbers were limited and not distributed
equally between the classified groups (Table 4.4), the big challenge was to interpret the
expression of FOXQ1 and link it to a certain group. Therefore, the discussion of these
results is based on preliminary data. Although the IHC results were compatible with
common aberration analysis by Nexus, where the most statistically significant candi-
date driver gene in group 2 was FOXQ1, more investigation is needed to reveal the
role of FOXQ1 in UM prognosis and metastasis.

The second statistically significant gene on 6p gain is FARS2. Defects in nuclear genes
encoding mitochondrial aminoacyl-tRNA synthetases have been linked to many paedi-
atric and adult disorders (Konovalova and Tyynismaa, 2013). A few studies have re-
ported that mutation in this gene can cause combined oxidative phosphorylation defi-
ciency 14 (COXPD14) (Elo et al., 2012, Shamseldin et al., 2012, Almalki et al., 2014),
and autosomal recessive spastic paraplegia 77 (SPG77) (Yang et al., 2016). Yet no

previous study has linked mutation in this gene to cancer development.

The IHC results show that FARS2 was mainly expressed in the cytoplasm and to a
lesser extent in the nucleus of UM cells. Compared to the positive control of the normal
colon tissue where the expression was detected only on the cytoplasm. The overex-
pression of FARS2 in the cytoplasm and nucleus of the tumour cells was reported in
this study to be associated more with group 1 and with the cytoplasm and nucleus,
while the other groups showed FARS2 expression in the cytoplasm more than in the
nucleus. The IHC results (Table 4.5) with overexpression of FARS2 in group 1 being
highly compatible with SCNA analysis by Nexus software.

Although up until now there has been no study of linked dysregulation in FARS2 to any
cancer type, where it has always been associated with neurological disorders, our ob-
servation suggests that the presence of FARS2 oncogenes may contribute to the tu-
mour phenotype, and could represent a new pathway in UM based on 6p gain with or
without M3.

Somatic deletion in different cancer types often determine the tumour suppressor gene
that acts as a driver of tumour development. In this study, AMD1 was detected as the
most significant candidate gene at 6q. AMD1 encodes S-adenosylmethionine decar-
boxylase proenzyme (AdoMet), which is a key enzyme in polyamine biosynthesis, and
the production of the catalytic reaction (Maric et al., 1995). An elevation in polyamine
biosynthesis was found in colorectal cancer, and the concentration was reduced in the

tumour using chemotherapy to impair tumorigenicity, blocking the polyamine synthesis
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pathway, which has proved their antitumor activity as a potential treatment in colorectal
cancer (Zhang et al., 2006). Furthermore, AMD1 was introduced as a new tumour sup-
pressor gene in lymphoma, and targeting suppressor genes can have therapeutic im-
pact by disabling different genes acting in the same pathway (Scuoppo et al., 2012). In
prostate cancer, research shows inhibition of the polyamine pathway associated with a
reduction in the expression level of AMD1, and this would decrease prostate cancer
growth (Gerner et al., 2005, Kaul et al., 2010). Based on these studies, AMD1 could be
a tumour suppressor gene in UM, and it may play a role in tumour prognosis. Further-
more, the current investigations support the concept that large chromosomal deletions
can target many tumour suppressor genes, which could contribute to tumorigenesis
(Xue et al., 2012). The identified genes in the current study appear to contribute to tu-
mour progression and could be targetable with therapeutics.

The IHC results reveal that AMD1 was expressed in the cytoplasm, and to some extent
in the nucleus of UM cells. Although, the expression of AMD1 was uniformly across all
the groups, it was however, overexpressed in groups 2 and 3, (which mainly showed
69 deletions), and is associated with M3 and 8q gain where they were strongly associ-

ated with poor prognosis for UM.

The current investigations support the concept that large chromosomal deletions can
targets many tumour suppressor genes that could contribute to tumorigenesis (Xue et
al., 2012). In the current study, the identified genes were the most significant within the
minimally affected regions, and although the initial observations are interesting there is
some confusing on how they may regulate UM growth and progression. It is pertinent
that the expression of AMD1, FOXQ1l and FARS2 shows significant differences
between tumours with and without M3, and overall, in the data using Nexus 7.5,
tumours harbouring FOXQ1 and FARS2 oncogenes show better survival, whilst the
presence of AMD1 suppressor gene reduced disease-free survival. Some of these
findings wild.l hopefully i mpac tTheobservativhs pfat i en
this array CGH with IHC need further investigation, since the copy number, alterations
are often but not always correlated with gene expression. In addition, more tumour
sections should be investigated for gene expression and functional approaches in a
model system. In spite of these limitations, the results for this study confirm a wide
range of studies, though adding validity to novel observations, and they serve as a

starting point for areas of focus in further studies to elucidate pathogenesis in UM.

Overall, this aspect of the study is a pilot study to see if the amplification and deletion

of the target genes has any consequences to the expression of the target genes, and
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as such may provide an explanation on why these melanomas behave differently.
Furthermore, IHC is a relatively cheap and easy to perform technique, which could be
adaptable to the classification of UM, in the same measure had BAP1 assessment is
mad {Koopmans, 2014 #474;van de Nes, 2016 #472}, and thus IHC of the target genes
would act to validate this findings.
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5 Chapter Five
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5.1 Introduction

The use of genetic biomarkers to determine the prognosis of UM patients is now wide
spread, and in the previous chapters the relationship of chromosome 6 alterations to
outcome was explored in more depth. There is however little understanding of the
reasons why genetic biomarkers especially M3 and 8qg+ predict poor prognosis.
Although the genetic information on primary UM is now substantial, less information is
available about the genetic changes found in the hepatic metastases themselves, and
reports of metastatic lesions to other sites are almost non-existent (Rey et al., 1985,
Aalto et al., 2001, Singh et al., 2009, Trolet et al., 2009). Not surprisingly hepatic
metastases also show non-random alterations of chromosomes 1, 3, 6, and 8, but it is
of interest that the frequency does not reflect that observed in the primary UM. By far
the most frequent alteration in hepatic metastases is 8q gain, ranging from 60 -100% of
cases reported, followed by M3 and 6q deletions (Singh et al., 1994, Prescher et al.,
1995, White et al., 1998, Damato et al., 2009). Paradoxically although trisomy of 6p is
thought to be an indicator of good prognosis, approximately 20% of hepatic metastases
will have 6p gain. Equally, loss of 8p has been related to poor prognosis yet is only
found in 30% of hepatic metastases. It is clear that although the non-random
chromosome alterations are valuable in predicting outcome, the exact relationship to
the development of metastatic disease is poorly understood.

Malignant melanoma of the uvea disseminates hematogenously, due to absence of the
lymphatic structure of the eye that prohibit passage of the melanotic cells, so the
regional lymphatic spread is rare, unless it perforate the sclera and penetrates the
conjunctival lymphatics (Yucel et al., 2009). Classically UM metastasize to the liver,
and once detected hepatic metastases confer a very poor outcome with patients dying
within 6 -12 months of their metastases (Kujala et al., 2003, Bedikian, 2006). The
development of hepatic metastases represents the main factor in the failure to improve
survival rates over the last 25 years for patients with UM; because the liver metastases
are resistant to chemotherapy and tend to be numerous, so are not therefore usually
amenable to resection (Bergman et al., 2003). Although the liver is the site of
metastases in over 90% of UM patients, metastases also occur at other locations,
including bone, lung, brain and skin. Where metastases are widespread the hepatic
metastases are invariably the lesions that are detected first (Kath et al., 1993, Kujala et
al., 2003, Diener-West et al., 2005, Bedikian, 2006). There are however rare reports
(Rietschel et al., 2005) of UM patients that present with non-hepatic metastases, who

never develop lesions in the liver, and who survive after metastatic presentation for
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longer than those with hepatic lesions. As so little is known about the relationship
between genetic biomarkers and metastasis, a better insight may be gained by

studying the relationship of genetic changes to the presentation of metastases.

To investigate, UM patients treated in Sheffield where non hepatic lesions were known
to have developed were identified. Where aCGH had not already been performed UM
samples were identified and analysed (with appropriate ethical approval 15/NW/0230).
The investigation into genetic changes and metastatic spread was undertaken in
parallel to the aCGH analysis examining the relationship of chromosome 6 changes to

prognosis.

Initially 7 UM patients were identified as presenting with non-hepatic metastases. All of
these patients shared a genetic abnormality of 1p, which is found in approximately 30 -
40% of UM (Sisley et al., 2000, Aalto et al., 2001, Naus et al., 2002, Kilic et al., 2005,
Kilic et al., 2006). To undertake a more robust investigation, it was decided to review
the clinical and genetic information available for any UM patient so far recruited in

Sheffield for research, including those for which no genetic information was available.

Array CGH analysis already undertaken at this point, had identified other cases with 1p
involvement, but where clinical information was unknown (see section 5.2.1 for
breakdown). It was also known that earlier karyotypic information (performed by K
Sisley) had identified Sheffield UM with 1p deletions, and finally there were other UM
cases recruited for other studies, where there was evidence of metastases in addition
to hepatic. In effect there were now 4 sub categories of UM cases to explore the
potential relationship with genetic biomarkers and metastases, 2 based on clinical
associations and 2 on previous genetic findings. For all UM identified in these
categories aCGH was undertaken if not already performed. Once all aCGH had been
completed a total of 137 UM cases were available, and clinical notes for all patients in
the series were re-examined (Rhona Jaques, Macmillan nurse) for the site and
sequence of metastatic presentation. In addition to exclude the inclusion of metastatic
cutaneous melanoma in the study, where possibly sequencing was performed for
GNAQ, GNA11 and BRAF

132



5.2 Results

5.2.1 Sites of Metastases and genetic background

Originally, only 7 cases were identified, all had the first reported metastases at a site
other than the liver (category 1 Non Hepatic metastases NHM). Reviewing the clinical
information on research patients identified a further 12 cases with clinical evidence of
spread in addition to hepatic metastases (Category 2 Multiple and Hepatic Metastases
MHM). Previous cytogenetic evidence for 9 UM confirmed by karyotyping the presence
of 1p deletions (category 3) and in addition there were 46 UM for which aCGH data
was already available where deletions of 1p were known to be present.

Determining the site of the first detected metastasis was the key discriminator for this
study. In addition information was also collected regarding the presentation of
metastases in other organs and the sequence for the dissemination of metastases. To
ensure there was no bias by selective interrogation of case histories, assessment of
clinical notes and follow up for all 137 UM cases analysed by aCGH was undertaken.
However due to the time constraints it was not possible to obtain complete updated
clinical information for all patients, so analysis was undertaken with the information
currently available. Of the series of 137 primary UMs, 54 patients were confirmed to

have developed metastases at the point of data analysis.

All samples (74) were successfully analysed, and approximately 70 % of the primary
UM had M3 and gain 8qg+, of the other most frequently associated alterations
chromosome 6 (equal p/q) in 50% of cases. The only abnormality that was common to
all cases in the first three categories was partial or complete deletion of 1p. Mutational
screening for GNAQ, GNAl1l and BRAF was performed to exclude cutaneous
melanoma, and the majority of the samples were positive for either GNAQ or GNA11l
and /or were wildtype for BRAF. (data of the 74 patients in this chapter are shown in
table 5.1A,B).

The breakdown for all the categories for all changes are presented in figure 5.6
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5.2.1.1 Category 1 Non-hepatic metastases

This group of seven UM patients were the first to be identified, and all presented with
non-liver site as the first metastasis, and then for some the liver was involved at a later
stage. The most common site of metastasis was the lung with 57% (4/7) of the tumours
followed by bone spread with 57% (4/7), and a small percentage of patients developed
metastases to brain skin, adrenal, and ovarian. The average survival in this selected
group was 77.8 months, which is, approximately (6.5 years). Array data shows that 70
% of these tumours presented with M3 and gain 8g+, and approximately 50% with 6p
gain and q loss (Figure 5.6 A). The only abnormality that was common to all cases in
the first three groups was partial or complete deletion of 1p as explained in figure 5.1.

Figure 5.1: aCGH profile of a representative case as an example of Category 1
non-hepatic metastases.

Genome View Ideograms illustrating the aberrant regions on the chromosome are
shown as coloured shading (red represent deletion and blue represent amplification),
while the black dots represent individual probes. Black vertical line represents
magnitude of aberration log, tumour/reference ratio for the corresponding region on the
chromosome. Horizontal distance to the right of the Log ratio represents (Amplification)
and the left (Deletion). The current case illustrates the range of CNAs represented by
whole chromosome or segmental aneuploidy, where a significant aberration was found
(whole arm loss of 1p, partial deletion of 3, gain of 6p and loss of g arm).

|l mages output from Bi odiFA8STY agorghth svasNised to sletest all. 5

the CNAs.
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5.2.1.2 Category 2: Multi-hepatic Metastases MHM

For category 2, 12 UM patients were identified as having liver metastases in addition to
multiple organs affected. The most common site of metastases after the liver was the
bone with 50%, followed by lung spread with 38.8%, and a small percentage of patients
developed metastases to skin, subcutaneous, pancreatic and brain, while two patients
classified as having carcinomatosis had a very poor prognosis with 13 months average
survival. In total, the average survival in this selected group was 39.8 months, which is,
approximately (3.3 years). Data from the aCGH showed that around 90% of the cases
had M3 and 60-70 % 8p+/g- with 40-50% equal alteration of 6 (p/q) as shown in Figure
(5.6 B). For chromosome 1p an alteration was detected as either a focal, partial or
whole arm deletion in the majority of the cases (61%), and the most common focal

deletion extended from 1p31.1-p21.3 as shown in figure 5.2.

Figure 5.2 aCGH profile of a representative case as an example of category 2
Multi-hepatic metastases

Genome View ldeograms illustrating the aberrant regions on the chromosome are
shown as coloured shading (red represent deletion and blue represent amplification),
while the black dots represent individual probes. Black vertical line represents
magnitude of aberration log2 tumour/reference ratio for the corresponding region on
the chromosome. Horizontal distance to the right of the Log ratio represents
(Amplification) and the left (Deletion). The current case illustrates partial deletion of 1p
arm (del 1p31.1-p21.3) with M3 and i8q.

Images output from Biodiscovés\exus v7.5, andASST? algorithm was used to detect al the CNAs
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As previously mentioned throughout al |
possible with their matched normal blood as a reference, to remove germline copy
number variation CNVSs, to ensure that any somatic copy humber variations SCNAs is a
genuine change and associated with the disease. In category 1 and 2 some of UMs
were analysed against commercial DNA and these had a focal deletion (1p31.1),
possibly representing a germline polymorphism. Interestingly this allelic loss on the
short arm of chromosome 1 was reported previously in primary UM (Aalto et al., 2001)
(figure 5.3)
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Figure 5.3: Regional deletion represented by Frequency plot showing an example
of aberrant region that represents a copy number variations CNVs

A. Chromosome 1 ideograms with representative case of the Non-hepatic metastases
(Mel 58), and B. Multi-hepatic metastases case (Mel 67). In both cases the aberrant
regions are shown as coloured shading on the chromosome (blue represents
amplification and red represents deletion), chromosome 1 focal deletion (1p31.1) was
detected, although this genetic variant could represent germline CNV. C. The region
below the vertical line represented by double red straps (pink shading below zero line)
shows a regional deletion with 40Mb approximate size, lies completely within known
CNV area (represented by the purple line) and contains no gene loci, it was therefore
excluded from the analysis to be likely CNV.

of

|l mages output from Bi odiFA8STY agorghth svasNised to sletest all. 5 ,

the CNAs and the known CNVs.
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5.2.1.3 Category 3: Previous cytogenetic analysis with deletions of 1p

In this category, 11 cases were identified from previous cytogenetic analysis where
there was evidence for deletions of 1p, some of these cases have been previously
reported (Sisley et al., 1990, Sisley et al., 1992, Sisley et al., 1997, Sisley et al., 2000).
For those where there was no aCGH the analysis was performed and confirmed in
80% an alteration in chromosome 1p as focal, partial or whole arm deletion example
shown in figure 5.4. In addition, approximately 60% of the tumours harbouring M3 with
89 gain with 40% had 6p and 50% 6q as shown in Figures 5.6 C. For this category, the
most common site of metastases was the liver with 88.8% followed by lung, bone, brain
and subcutaneous. In total, the average survival in this selected group was 50.5
months, which is, approximately (4.2 years). Although the follow up for 1 case was lost
and cause of death was not confirmed for another patient, overall the prognosis for this

group was poor due the liver metastasis.

HiHH-B

I

Figure 5.4: Whole Genome ideograms with representative case of 1p del, initially
identified by cytogenetics as an example of category 3.

Genome View illustrating the aberrant regions on the chromosome are shown as
coloured shading (red represent deletion and blue represent amplification), while the
black dots represent individual probes. Black vertical line represents magnitude of
aberration log2 tumour/reference ratio for the corresponding region on the
chromosome. Horizontal distance to the right of the Log ratio represents (Amplification)
and the left (Deletion). The current case illustrates whole arm loss of 1p, M3, 6q loss
and i8q.

Images output from BiodiscovésyNexus v7.5, anfASST2 algorithm was used to detect all the CNAs
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5.2.1.4 Category 4. Chromosome 1p deletion detected by aCGH

This group comprised 46 cases withlp alterations in the form of focal, partial or whole
arm deletions, example shown in figure 5.5. These UM were cases from the series of
aCGH that had already been performed without prior knowledge of any genetic or
clinical associations. Unfortunately for this category more patients were lost to follow up
and many cases were analysed prospectively so the associations for this category
would consequently be less robust. Nevertheless, 34% of the patients had liver
metastasis, with a small percentage of patients developing lung and spinal metastases,
while 15% died from unrelated causes. In total, the average survival in this selected
group was 40.32 months, which is, approximately (3.36 years). The aCGH data
showed M3, with around 60% of the tumours with 8q gain, and approximately 75 %

equal alteration of 6 (p/q) as shown in Figures (5.6 C).

Figure 5.5: aCGH profile of a representative case as an example of category 4.

Genome View Ideograms illustrating the aberrant regions on the chromosome are
shown as coloured shading (red represent deletion and blue represent amplification),
while the black dots represent individual probes. Black vertical line represents
magnitude of aberration log2 tumour/reference ratio for the corresponding region on
the chromosome. Horizontal distance to the right of the Log ratio represents
(Amplification) and the left (Deletion). The current case illustrate the range of CNAs
represented by whole chromosome or segmental aneuploidy, where the significant
aberration were found (whole arm loss of 1p, M3, loss of chromosome 6 and gain of 8),
in addition to several region of amplification and deletions. Most of the CNAs in this
tumour are suggestive of high level of aberration gain/loss.

Images output from BiodiscovésyNexus v7.5, aneASST2 algorithm was used to detect all the CNAs.
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Figure 5.6: Frequency plots showing the genetic changes associated with 1p de-
letion

Genomic view displays the information on all of the chromosomes for different samples
at once. The y-axis designates the percentage of the alteration in the selected samples
at specific point along the genome and presents the log, tumour/reference ratio, and
the genome coordinates of the D180,000 probes on the UM custom array positioned by
chromosome location on the x-axis. Horizontally along the top blue lines plotted above
the 0% indicates copy number gain, and red indicate copy number loss events and
plotted below 0% baseline. These four ideograms illustrate the range of CNAs
represented by whole and segmental chromosomal aneuploidy across the UM patients
genome, and delineates the frequency of losses in 1p with M3, 6q, 8p, and gains in 6p,
8g. A. Category 1 demonstrating patients presenting first with the non-hepatic
metastases, where 1p loss was the most common in all 7 cases. B. Category 2,
demonstrates the multi hepatic tumours where 1p partial or whole arm deletion
represents approximately 75% of the cases. C. Category 3, represents UM having 1p
changes confirmed by cytogenetic and aCGH D. Category 4 UM for which aCGH
identified 1p deletion (focal or entire arm loss) from 46 primary tumours.

|l mages output from Bi odFASSTRalgoritynbveas uSesl jo detectallthe ENAs a n d

5.2.2 Overall survival

The clinical supportive data was variable for the series as a whole, as many patients
had been referred from a long distance and subsequently lost to follow up. Although
time interval from diagnosis of liver metastasis to death for the majority of the patients
in this series was difficult to collect, survival data was analysed from the point of
presentation (or treatment) to the point of death or known survival, and was compared
for the 4 categories and is presented in table 5.1. Overall the categories 57% of the
patients developed liver metastasis followed in frequency by lung in 19% and bone in
16%.

The current results illustrate that survival of the patients harbouring focal, partial or
whole arm deletion of 1p are varied according to the pattern of metastases, for all
patients from different categories. Whereas the involvement of the liver even it is
associated with multi-organs metastasis is still a poor prognostic indicator as shown in
Figure 5.7. However, metastases that originate first from non-liver site as lung or bone
have a tendency for longer survival, patients with no liver metastasis presented with
longer disease free survival. Although, the first 3 categories were having either hepatic
or non-hepatic metastasis, category 4 however, had some patients was presented with

no metastases and had a median survival of 69.66 months, and more than 5 year
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disease free survival rate (Figure 5.7), whoever, patients with metastases had total

median survival of 26.5 months in the same group.

Overall, time interval from liver metastasis to death was available in this study for (7
patients only out of 74), with 8.88 months average survival range. The most notable
genetic changes were equal alterations of 1p deletions, M3 and 8q gain with 71% (5/7)
each and 6q with 42% (3/7) and (2/7) 28% of 6p involvement, detailed cases with
clinical and genetic findings attached in Appendices 3. Therefore, the current data
suggested that the coexistence of 1p deletion and M3/8g+ with liver metastasis is an
independent predictor of decrease disease free survival in UM patients.
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Figure 5.7: Kaplan-Meier survival curve for metastasis-related death according to genomic results with origin of metastases

The Y-axis represents the percentage of patients; X-axis is representing survival time by months. A. The diagram illustrate all 137 UM patients with non
hepatic metastases/ with or without liver, the involvement of the liver shows the worst survival. B. The diagram shows 71 UM patients with 1p deletion only, in
relation to liver, multi-hepatic and non-hepatic liver metastases, demonstrate the same pattern of survival as the whole series compared to C. which showing
the metastatic UM in the absence of 1p deletion. Overall, no metastases development show an increase with disease free survival with more than 10 years,
while Patients that harbouring liver/ multi liver metastasis and associated with 1p alterations show decrease in the disease free survival.
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As an overview, for the series as a whole (137 cases), 54 patients were known to have

developed metastases and out of 137 UM 71 had deletions of 1p. The relationship

between 1p deletion and metastatic presentation was therefore as presented in Tables

52,53

Table 5.2: Analysis of 1p deletion and metastatic presentation in patient with UM

(Whole series n=137 cases)

No Metastases

Liver metastases  Non hepatic

only metastases/ with
or without liver
UM with 1p 31 (22%) 20 (15%) 20 (15%)
deletions (n=71)
UM without 1p 52 (38%) 12 (9%) 2 (1.4%)

deletions (n=66)

Table 5.3: Analysis of cases with known metastases (n=54) and their relationship to 1p

deletion
Liver metastases only Non hepatic metastases / with
liver
UM with 1p 20 (37%) 20 (37%)
deletions (n=40)
UM without 1p 12 (22%) 2 (3.7%)

deletions (n=14)
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5.2.3 Assessment of short list candidate genes

For most UM cases where deletions of 1p were found the whole arm was affected.
However, in this current series 9 cases out of those with del 1p had focal deletions as
shown in figure 5.8. Although previous studies of UM have observed that 1p36 was the
most frequently deleted region on 1p, this current study highlighted a number of
different regions of interest, with the most significant number of deleted genes were
located at 1p35.3. Totally the genes were deleted in 41 cases having a large SCNA
(partial or whole-arm deletion) covered the genomic area of interest included 1p35.3.
Therefore, a short list of candidate genes was identified as explained in section (4.2.4),
with GISTIC and STAC statistical approaches generating a validated shortlist of
candidate genes that could act as possible genes of interest for UM patients who
develop multiple metastases to sites in addition to the liver. The assessments of the
chosen genes were based on the biological and molecular function of MED18
(mediator complex subunit 18), PHACTR4 (phosphatase and actin regulator 4), and
RCC1 (regulator of chromosome condensation 1). The final shortlist of candidate

genes is shown in table 5.4
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Figure 5.8: Focal deletions of chromosome 1p in 9 UM. Stacked SCNA from indi-
viduals UM cases with 1p deletion showing the most significant candidate genes
in this genomic region.

The upper panel showing chromosomal region (1p35.3) and its approximate size, and
the middle panel shows the frequency plot of alteration among the y-axis of the
corresponding UM cases. The left horizontal line represents individual UM samples.
The common aberrant regions are bolted along x-axis against their chromosomal
positions, and the q value are blotted on the y-axis on a negative log10 scale where the
most significant commonly deleted genomic regions are presented by the highest red
bars. Statistically significant genomic regions with maximal G-score and minimal g-
value (10 and 0.05 respectively) highlighted grey and contained the most important
genes in this region where blue arrows represent MED18, PHACTR4, RCC1 genes
respectively.

All aberration in each sample were called using FASST2 Algorithm
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Gene Symbol and Start End Length  Biological Process Molecular Function
Name
Kb

MED18 28528099 28535065 6967 regulation of transcription from RNA polymerase Il RNA polymerase Il transcription
med|at_or complex promoter, transcription from RNA polymerase Il promoter cofactor activity, protein binding
subunit 18
PHACTR4 28568679 28699468 130790 Rho protein signal transduction, actin cytoskeleton actin binding, protein
phosphatase and organization, closure of optic fissure, enteric nervous phosphatase 1 binding, protein
actin regulator 4 system development, negative regulation of integrin- phosphatase type 1 activator

mediated signaling pathway, neural crest cell migration, activity

neural tube closure, positive regulation of catalytic activity,

regulation of cell cycle
RCC1 28705041 28738295 33255 G1/s transition of mitotic cell cycle, cell division, Ran guanyl-nucleotide
regulator of chromosome segregation, mitotic nuclear division, mitotic exchange factor activity,
chromosome spindle organization, regulation of mitotic nuclear division, chromatin binding, histone
condensation 1 spindle assembly, viral process binding, nucleosomal DNA

binding, protein binding

TRNAU1AP 28752115 28777644 25530 selenocysteine incorporation
tRNA selenocysteine
1 associated protein
1
SNHG3 28705041 28709991 4951
small nucleolar RNA
host gene 3 (non-
protein coding)
SNORA73B 28707656 28707814 159

small nucleolar RNA,
H/ACA box 73B

Table 5.4 Short list candidate genes located at 1p35.3
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5.2.4 Mutational analysis for GNAQ, GNA11 and BRAF V600E

Mutational screening for GNAQ, GNA1l and BRAF was performed for the 74 primary
UMs that either had presentation of multiple metastases, or deletions of 1p (categories
1-4) table 5.5. Sequencing was undertaken to confirm that all the cases were UM and
not metastatic cutaneous melanoma. Due to the time frame it was not possible to
sequence all 137 UM for which aCGH data was available, and efforts were
concentrated on those cases of most pertinence to the current investigation. The
majority of the UM were able to be sequenced for the most common mutations or
GNAQ and GNAL11, and most were positive for either GNAQ or GNA11 and /or were
wildtype for BRAF, confirming them as UM. Although 11 samples failed to sequence for
BRAF or GNA11l and one tumour failed to sequence GNAQ due to a problem with
storage of the DNA. Overall, 60 tumours (81%) had mutually exclusive mutations
affecting exon 5 codon 209 of the G protein alpha-subunit Q (GNAQ) gene (figure 5.10)
and the G protein alpha-subunit 11 (GNAL11) gene (figure 5.11) details are shown in
table 4.1. None of the 74 UM had mutations of BRAF V600E (figure 5.9).

TANCTACAG TG AAATCTCG AN T s - P .
c AMNC ACAN AN AAATC CG AN
e 100 80 50 100

Figure 5.9: Chromatogram sequencing traces of wildtype and mutated BRAF
gene

A. Is a wild type example of sequencing Chromatogram with BRAF codon 600
heterozygous (Highlighted by blue arrow with normal sequence GTG). B. a mutated
example of BRAF at codon 600 at GTG>GAG (Highlighted by blue arrow GAG)
resulting of substitutions of glutamic acid for valine (BRAFV600E: nucleotide 1799
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T>A). C. gel electrophoresis with 1kb marker demonstrates BRAF amplified PCR

product with 224bp template size.
Image output represents Forward sequence using Finch TV software (Geospiza)

5.2.4.1 GNAQ and GNAL11 (exon 5) screening

Purified PCR products were sequenced for GNAQ exon 5, mutations were detected at
codon 209 within exon 5, over 74 tumour secerned for GNAQ and GNA11 the overall
mutation frequency for both was 49% (36/74) and 33% (24/74) subsequently.
Mutations affecting codon 209 in GNAQ c.626A>T (Q209L) were 27% resulting in a
glutamine to leucine substitution, and 22% of the tumours were found to have a
mutation in codon 209 in GNAQ ¢.626A>C (Q209P) resulting in a glutamine to proline
substitution as elucidated in figure (4.10). Mutations affecting codon 209 in GNA11
C.626A>T (Q209L) resulting in a glutamine to leucine substitution in all samples
analysed, as elucidated in figure (4.11)

________________________________________ B 44448441
CTCTGACCTTTIGGCCCCLC T AL TCTCTCTGACCTTNGGCCCCCTA
0 170 l 120 170 180
TCTGACCTTNGGC CCCC

210

Figure 5.10: Chromatogram sequencing trace of wildtype and mutated GNAQ
gene.

A. elucidates a wild type example of sequencing chromatogram with codon 209
(highlighted by blow arrow indicting the normal sequence of GNAQ TTG). B. elucidate
a point mutation at Q209 T to G within the Uveal melanoma the nucleotide alteration
highlighted by a blue arrow (TTG>TGG) C. is showing a point mutation at Q209 T to A
within the Uveal melanoma (TTG>TAG). D. gel electrophoresis with 1kb marker
demonstrates GNAQ amplified PCR products with 317bp template size.
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Image output represents Reverse sequence using Finch TV software (Geospiza)

B

CCGCTCCGACCGCTGGCCCCCCAL wCGCTCCGACCGCNGGCCCCCCA
70 a0 &l 50

Figure 5.11: Chromatogram sequencing trace of wildtype and mutated GNA11
gene.

A. elucidates a wild type example of sequencing chromatogram with codon 209
(highlighted by blow arrow indicting the normal sequence of GNA11 CTG). B. elucidate
a point mutation at Q209 T to A within the UM the nucleotide alteration highlighted by a
blue arrow (CTG>CAG) C. gel electrophoresis with 1kb marker demonstrates GNA11
amplified PCR product with 147bp template size.

Image output represents Reverse sequence using Finch TV software (Geospiza)
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Table 5.5 Summary of all the samples sequenced with GNAQ/GNA11Q209 and BRAF
at the point of data analysis based on categories 1-4

Case

Number BRAF GNAQ GNA11l
07 |WT WT Q209L
38 |WT Q209L WT
58 WT Q209L WT
63 |WT WT WT
70 WT Q209L WT
73 WT WT WT
78 WT Q209P WT
18 WT Q209P WT
20 \WT Q209P WT
21 WT WT Q209L
24 \WT Q209L WT
31 |WT WT WT
40 |Failed Q209L Failed
64 WT WT Q209L
67 |WT WT WT
68 WT Q209P WT
71 WT WT Q209L
02 |WT Q209P WT
03 |WT Q209P WT
15 WT WT Q209L
23 Failed Q209P Failed
52 |WT WT Q209L
54 |WT Q209L WT
57 |WT Q209P WT
05 |WT WT Q209L
12 WT Q209L WT
13 \WT WT Q206L
16 WT WT Q209L
19 WT Q209L WT
28 WT Q209L WT
36 |Failed WT Failed
62 |WT WT Q209L
77 WT WT Q209L
79 WT WT Q209L
109 WT WT Q209L
120 (WT Q209P WT
131 WT Q209L WT
136 (WT WT WT
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08 WT Q209L WT
22 (WT Q209L WT
43 | Failed WT Q209L
10 WT WT Q209L
11 WT WT Q209L
35 |Failed Q209P Failed
37 [Failed Q209L WT
42 |Failed WT Failed
49 WT WT WT
48 WT Failed Failed
64 |WT Q209L WT
75 WT Q209L WT
76 \WT Q209P WT
81 |WT WT Q209L
82 WT WT WT
83 |Failed WT Failed
92 |WT Q209P WT
93 |WT Q209P WT
95 WT WT Failed
97 |WT Q209P WT
98 |WT WT Q209L
103 WT WT Q209L
104 WT WT Q209P
105 WT Q209L WT
106 \WT Q209L WT
108 WT Q209L WT
111 WT WT Q209L
114 WT WT WT
122 WT Q209P WT
126 WT WT Q209L
129 WT WT WT
132 WT Q209P WT
133 WT Q209L WT
135 WT WT Q209L
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5.2.4.2 GNAQ and GNA11 (exon 4) screening

Around 12% (9/74) of the tumours show no mutations in either GNAQ or GNA11l,
where 2 of them was in category 1 (NHM), 2 from category 2 (MHM) and 5 tumours
with GNAQ, GNA11 wild types were from category 4. Therefore, to investigate the
mutations in these cases, (Dr. Rachel E Doherty) sequenced hot spot regions of GNAQ
and GNA11 exon 4. No mutations were found in GNAQ exon 4, and only one tumour
harboured point mutation affecting codon 183 within exon 4 in GNAl1l c.547C>T
(R183C) resulting in arginine (R) to cysteine substations. The details are presented

below in table 5.6.

Table 5.6 Summary of all the wt GNAQ/GNA11Q209 samples sequenced with
GNAQ/GNA11 R183

Sample GNAQ GNA11 GNAQ GNA11
Q209 Q209 R183 R183
13 wt wit wit wit
31 wit wt wit wt
63 wt wit wit wit
67 wit wt wit wt
73 wt wit wit wit
82 wit wt wit wt
112 wit wit wit C>T
129 wt wt wt wt
136 wit wit wit wit
WT= Wild type
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Case

Genetic changes regarding

Metastatic history

Number 1p

07 | 1p del Lung, bone, spinal and liver (D 54 M) *
38 | 1p del Lung, adrenal, and cerebral (D 118 M) *
58 | del1p31.1 Ovarian, lung and liver (D 103 M) *
63 | 1p del Brain first then multi hepatic (D 123 M) *
70 | multi focal del Bone and liver (D 38 M) *
73 | 1p del Bone (D 28 M) *
78 | 1p del Lung, skin, and liver (alive 47 M) *
18 | No 1p del Liver and bone (D 12 M) **
20 | Focal del 1p21.1/1p31.1 Bone (Death not known) **
21 | Focal del 1p21.1/p31.1 Subcutaneous and liver (D 32 M) **
24 | 1p del Liver and spin (D 55 M) **
31 | Focal del p21.1/p31.1 Liver and skin (D 36 M) **
40 | 1p del Liver and bone (D 7 M) **
64 | 1p del Carcinomatosis (D 15 M) **
67 | Focal del p31.1 Lung, liver, pancreatic (D 18 M) **
68 | Focal del 1p31.1-p21.3 Liver, lung, bone (D 14 M) **
71 | Focal del 1p34.2-1pter/1p21.1 Carcinomatosis (D 11 M) **
02 | 1p del Liver, brain, subcutaneous (D 86 M)
03 | focal del1p34.3-1pter LM (D 9 M)
15 | del1p35.3 Liver and bone (D 30 M)
23 | 1p del LM (D 35 M)
52 | 1p del LM (D 32 M)
54 | 1p del LM (D 18 M)
57 | focal del1p33-1pter LM (D 16 M)
05 | Focal (p32.3/p22.1) LM (D 30 M)
12 | 1p- LM (D 17 M)
13 | 1p- LM (D 16 M)
16 | 1p- LM (D 23 M)
19 | 1p- LM (D 38 M)
28 | 1p- LM (D32 M)
36 | 1p- LM (D 24 M)
62 | 1p- LM (D 89 M)
77 | 1p- LM (D37 M)
79 | 1p- LM (29 M)

109 | 1p- LM (alive 37 M)

120 | 1p- LM (D 9 M)

131 | 1p- Liver and spinal (alive 19 M)

136 | 1p- LM (alive 20 M)
08 | 1p- LM (D 12 M)
22 | 1p del Lost follow up
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43

focal dellp32.3-1pter

Cause Not confirmed (D 111 M)

10 | Multi focal del Alive (136 M)
11 | 1p- Died Motor neurone disease (81 M)
35 | Multi focal del Alive (118 M)
37 | 1p- Died CVA (54 M)
42 | 1p34.3-pter Alive (111 M)
49 | 1p- Alive (84 M)
48 | Multi focal del Alive (104 M)
64 | 1p- Alive (108 M)
75 | 1p- Alive (70 M)
76 | 1p- Died cause not confirmed (80 M)
81 | 1p- Alive (4 M)
82 | 1p- Alive (31 M)
83 | 1p- Alive (36 M)
92 | 1p- Died cause of death unknown (14 M)
93 | 1p- Alive (30 M)
95 | 1p- Alive (15 M)
97 | 1p- Died cause not confirm (52 M)
98 | 1p- Alive (51 M)
103 | 1p- Died date need to be confirmed
104 | 1p- Alive (19 M)
105 | Multi focal del Died cause not confirm (33 M)
106 | 1p- Alive (11 M)
108 | 1p33-pter Alive (2 M)
111 | 1p- Alive (7 month)
114 | Multi focal del Alive (37 M)
122 | 1p- Alive (32 M)
126 | Multi focal del Alive (13 M)
129 | 1p- Alive (24 M)
132 | 1p- No data
133 | 1p36.11-21 Alive (17 M)
135 | 1p- No data

Table 5.1 A: Clinical data with metastatic history for all patients with 1p deletion.




Case

Genetic changes regarding

Metastatic history

Number 1p
27 | No 1p del Liver, lung, skin (D 65 M) **
39 | No 1p del Liver, lung, bone (D 11 M) **
137 | No 1p del MHM (D 16 M)
51 | No 1p del LM (D 9Mm)
32 | No 1p del LM (D 30 M)
1 | No 1p del LM (D 115 M)
9 | No 1p del LM (D 14 M)
80 | No 1p del LM (D 14 M)
100 | No 1p del LM (D 29 M)
55 | No 1p del LM (D 32 M)
59 | No 1p del LM (D 36 M)
60 | No 1p del LM (D 12 M)
85 | No 1p del LM (D 19 M)
86 | No 1p del LM (D 30 M)
87 | No 1p del LM (D 39 M)

Table 5.1 B: Clinical data based on the site of metastases in the absence of 1p deletion.

Out of 137 patients 54 have confirmed metastases at the point of data analysis.

(*) Patients originally identified as non-hepatic metastases (NHM)

(**)Patients originally identified as Multi-hepatic Metastases (MHM)

LM: liver metastasis

D = Died

M= Month
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5.3 Discussion

Survival for UM has not changed in over 30 years (Singh and Topham, 2003,
Papastefanou and Cohen, 2011, Kujala et al., 2003), mainly reflecting the very poor
outcome once hepatic metastases are detected. Although the liver is the most common
site for metastasis (90%) other organs are also affected, but usually hepatic
metastases are invariably the lesions that are detected first (Kath et al., 1993, Kujala et
al., 2003, Bedikian, 2006). It is highly unusual for UM patients to first present with
metastases in sites other than the liver, and in this study 7 such UM patients were
identified as presenting initially with no liver involvement. The majority however did
subsequently develop liver metastases. Although patients of interest were identified as

part of subgroups, the series was examined as a whole.

Few studies have looked at prognosis for UM depending on site of metastasis,
although Rietschel et al, found that UM patients who developed metastasis to the lung
as the first site had prolonged survival (Rietschel et al., 2005), and Kath et al, found
patients presenting with non-hepatic metastases also had longer survival (Kath et al.,
1993). Comparing our study with those previous ones, the subset of patients
harbouring metastasis to lungs/bone and other organs had 77.8 months disease free
survival, which is relatively a high proportion of long survival. In the other hand, survival
was reduced while the initial metastasis was the liver compared to lung or bone with
shorter interval from diagnosis to metastatic spread with 39.8 months, and that clearly
indicates that tumours metastasize to liver tend to have worst prognosis. Although less
studies, correlates the prognosis of metastasising tumours to the genetic changes of
the disease, therefore, this study look in more depth genetically trying to identified more
accurate prognostications, though Improving the identifications of high-risk tumours
help targeted proper screening of the metastatic disease, and give better chance for
clinical trials for different treatments. Although, In this study (other than hepatic
lesions), the lung and then bone were the organs that were mostly to present with first
metastases, the number of cases however, was too small to further subdivide to see if

these sites conferred a different survival.

Deletion of 1p is not exclusive to UM, it is also found in many solid tumours; such as
neural crest derived neuroblastoma, and cutaneous melanoma, where is known to be
predictor of unfavourable prognosis (Caron et al., 1996, Knuutila et al., 1999). In UM,
deletion of 1p has been detected predominantly in metastasizing tumours with M3

(Naus et al., 2001) and although associated with a poorer outcome and though to
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relate to tumour progression its prognostic significance is not as clear cut as M3 (Aalto
et al., 2001, Hausler et al., 2005, Kilic et al., 2005). Furthermore, the concurrent loss
of 1p, M3 and gain of long arm of chromosome 8 are suggested in this study to be
associated with metastasis related to death in UM patients. Where Sisley et al,
demonstrate the association between 1p deletion and the large ciliary body melanoma,
occurring after M3 and 8q gain (Sisley et al., 2000, Kilic et al., 2005, Kilic et al., 2006).
Although this study demonstrates that loss of 1p was found to be the only alteration
common to the majority of the primary tumours with non/multi-hepatic metastasis,
hence, the non-random chromosome alterations are valuable in predicting the disease
outcome, the exact relationship to the development of metastatic disease is poorly
understood.

Loss of 1p36 region was frequently observed in many tumours types that originate from
neural crest derived cells, including neuroblastoma and malignant melanoma, thus,
loss of this chromosomal region was known to be predictor of unfavourable clinical
outcome (Caron et al., 1996, Casciano et al., 2002, Poetsch et al., 2003). In UM the
focused breakpoints in 1p deletion extents from 1p32-36, and the literature reported
36% of 1p36 deletion, and the majority of metastasising tumour with 1p36 loss has
concurrent M3. (Sisley et al., 2000, Aalto et al., 2001, Naus et al., 2002, Kilic et al.,
2005, Kilic et al., 2006, Hughes et al., 2005)

The present findings suggest that although the focal deletions affecting chromosome 1
target a large and gene dense region, several tumour suppressor genes are statistically
relevant. These candidates (MED18, PHACTR4, and RCC1) are found to be
concurrently lost in UM with focal deletions at 1p35.1. Although MED18 has not been
detected as a mutational cancer driver in any cancer type, PHACTR4 was identified as
suppressors of tumorigenesis and/or proliferation (STOP) genes that have the ability to
restrain normal cells proliferation, in may cancer types, and was demonstrated as a
tumour suppressor that is deleted and mutant in several cancers (Solimini et al., 2013).
RCC1 has been identified as a critical cell cycle regulator (Ohtsubo et al., 1987), and
loss of this gene expression correlates with tumor proliferation and invasion in gastric
carcinoma, therefore, it was suggested that loss of RCC1 play a tumor suppressor role
in gastric carcinoma (Lin et al., 2015), and In colorectal carcinoma, the expression of
endogenous RCCL1 levels inhibited DNA damage (Cekan et al., 2016). The concurrent
loss of these genes may affect survival by promoting tumourigenesis suggesting an

interaction of the protein encoded by these genes. Therefore, more investigations are
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needed to elucidate the function of these genes in UM which could promote the

tumorigenesis and may assist in qualifying prognosis of patients.

Moreover, a very small focal deletion between p31.1-p31.3 observed in two tumours
from categories 1 and 2, was arrayed with a commercial Male DNA as a control, due to
the unavailability of the patient own blood. Thereby, the current evidence suggests that
the copy number variations (CNVs) would be responsible for this observation, due to
the accumulations of CNVs in the deleted region, this allelic loss on the short arm of
chromosome 1 is in contrary with previous finding was documented this deletion in UM
patients (Aalto et al., 2001).

Up until now the only genetic mutation proposed to clearly relate to metastasis is BAP1
(Harbour et al., 2010, van Essen et al., 2014, Gupta et al., 2015). Mutations of GNAQ
and GNA11 are known to be the most common activating mutations in UM, occurring
with a mutually exclusive pattern (Van Raamsdonk et al., 2009, Van Raamsdonk et al.,
2010, Sisley et al., 2011). They are considered to be early events in UM progression
and as mutations of these genes, including the rare mutations, are found in over 90%
of UM, they are not predictive of a poor outcome in the same manner than M3 and 8q+
are (Onken et al., 2008, Bauer et al., 2009). In this study the majority of the 74 UM
sequenced were positive for either GNAQ or GNA11 (Table 5.1), with one UM having a
rare variant of GNA11 (Table 5.3). All 74 UM were wildtype for BRAF, reported in
approximately 50% of cutaneous melanoma (Sekulic et al., 2008), and combined with
the mutational analysis of GNAQ and GNA11, excludes the possibility that the ocular
lesions were metastatic cutaneous melanoma in the majority of cases. There were
however 12% of the UM (9/74) where no mutations in BRAF, or GNAQ and GNA1l
were detected (table 4.2). In all instances the cases has M3 and 8g+ so in other ways
were genetically clearly classified as UM (cases attached in appendices 2). Although,
2 cases (Mel 31, 36) presented with different genetic discrepancies, where 9p deletion
was the common alteration in both of them in addition to 1p deletion, M3 and i6p, i8q.
However, clinically the first patient developed a multi liver metastasis where metastasis
was detected first at the brain, and the other showed metastasis to liver and skin,
though the first site of metastasis was not reported in both cases. Despite the fact that
loss of 9p have been reported in both UM, and CM (Hoglund et al., 2004), however, in
CM one of the characterising tumour suppressor gene CDKN2A located in 9p21
(Sharpless and Chin, 2003), and deletion of 9p was confirmed in these UM tumours.
The present data however, cannot exclude CM as initiation of metastasis for these 2

tumours.
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The findings of UM that are negative for all GNAQ and GNA11l mutations has not been
previously reported. Moreover, this small subset of tumours with wild type GNAQ, and
GNA11 in non or multi-hepatic tumours shows an average survival of 51.2 months,
compared to tumours from category 4 which shows a good prognosis, where all the
patients still alive with no metastases. It is therefore possible that some UM with a multi
metastatic presentation are initiated under different circumstances to the majority of
most UM that have the initiating mutations of GNAQ or GNAL11, further more extensive
sequencing of mutations will be required to verify this point.

It was believed that metastasising UM originate exclusively from tumours harbouring
M3 early in tumorigenesis (Prescher et al., 1994, Prescher et al., 1996). However, the
current data shows that among the metastasizing tumours whether hepatic/multi or
non-hepatic, deletion in chromosome 1p was the only common aberration associated
with M3 and 8q gain in a small subset of poor prognosis patients (7/74) with liver
metastasis, were having proper follow up from metastasis to death with 8.88 months
average survival range (appendices 3 tablel). Additionally, the current observation
confirmed that although metastatic UM has a poor clinical outcome, and the liver is the
most common site of metastasis, a subset of patients showed longer survival with
organs other than the liver. These suggest that with the 1p deletion, despite the
genetic involvement of chromosomes 3 and 8 survival post metastasis is better than
without 1p.

Furthermore, detection of novel tumour suppressors genes (PHACTR4, and RCC1) in
UM and correlates them with 1p deletion and multiple metastases, could play a role in
UM pathogenesis of UM, however, the expression of these genes in metastasising
tumours need further investigations to find how their altered expression affects the
behaviour of UM.

In summary associated changes of 1p, M3 and 8qg+ closely correlate with metastatic
presentation. The findings however suggest that deletion of 1p may identify a subset of
UM that can spread to sites other than the liver and may assist in qualifying prognosis
of patients.
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Chromosome 1

Chapter 5
Met astati c

Previous studies have associated 1p
deletion with metastatic UM and reduced
disease free survival rate. In this study, for
the first time potential genetic biomarkers
were examined in relation to the
presentation of metastases rather than
their development. In confirmation of
other studies presentation at a site other
than the liver associates with longer
survival post metastases. Deletion of 1p
appears to be intimately associated with
metastases, and probably extra hepatic

spread, but further studies with more

comprehensive clinical information are
required to support these initial findings.
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Figure 6.1: Summary of the approach taken in this study and the major findings in each section, resulting in the identification of
potential driver genes associated with subgroups of uveal melanoma



6.1 General discussion

6.1.1 Objective of this work

In UM a number of clinical, histological, and genetic prognostic factors are well
characterised (Mooy and De Jong, 1996, Singh et al., 2001, Kilic et al., 2005). Although
a clear association was made from early investigations, between certain chromosomal
abnormalities in UM and the patient outcome (Sisley et al., 1990, Sisley et al., 1997),
these factors however, despite being highly discriminative in predicting prognosis, have
not ultimately helped gain a better understanding of the metastatic process and what
drives it in UM. The essential problem arises in part because the most effective genetic
biomarkers still rely heavily on large regional genetic imbalances and not specific
mutations or rearrangements of individual genes. The mutation of BAPL1 is of interest
but there is conflicting data relating to its potential impact (Koopmans et al., 2014, Van
Beek et al., 2015) and in the end assessment of it expression by IHC may be the most
fruitful approach.

The aim of this thesis was to address both central issues. Firstly to better understand
how genetic biomarkers identify UM that will metastasize, and whether they can be
used to further subtype UM. Secondly to see if potential driver genes could be
identified that may lead both to an improved understanding of UM metastasis and how
to treat it. The approach taken was to use a customised high-resolution aCGH. Which,
because it was specifically designed for UM, was hoped to identify recurrent focal
SCNA that could have been missed by previous studies using lower resolution and
unfocussed approaches, such as chromosomal CGH, classical karyotyping, or even
BAC arrays. Altogether 137 primary UM were analysed, and as part of a small pilot

study possible drivers were further investigated using IHC.

6.1.2 Prognosis of UM using genetic biomarkers assessed by aCGH profiling
data

As mentioned earlier, this study indicates that all commonly reported changes in UM
are also detectable in this series including those of 1, 3, 6 and 8 at frequencies
previously recorded, and the clinical-pathological data is comparable to other series of
UM (section 3.2.2); it is therefore reasonable to assume that the findings of this study

are not biased through patient selection. Past studies have not really intensively
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investigated chromosome 6 changes, which are the focus of chapters 3 and 4, with the
findings clearly indicating that abnormalities of chromosome 6 are under-represented in
past lower resolution investigations (Figure 3.14). Furthermore this study has provided
clear contrary evidence to previous studies linking 6p gain to a more favourable
prognosis and the proposed mutually exclusivity between M3 and 6p in UM with
suggested bifurcated pathway in tumour progression (Kath et al., 1993, Prescher et al.,
1995, White et al.,, 1998, Parrella et al.,, 1999, Landreville et al., 2008). Here
abnormalities of chromosome 6 were found for the first time to be effective at stratifying
UM in a manner independent of M3 and 8g+. Indeed, a potential new subtype was
identified whereby random changes of chromosome 6 appeared to associate with
unusually highly unstable UM (Figure 3.15 and group 3). The data classification also
determined that there was a roughly equally split for abnormalities affecting just the p
or g arm or both arms. In terms of prognosis the outcome for patients with 6p gain was
similar whether in the form of an i(6)p or just 6p (Figure 3.13). Although the association
of 6p with a better prognosis was confirmed in this study, it is clear however that 6p+ is
not mutually exclusive to M3 and 8g+, and in particular Group 2 are almost always
associated with the presence of 8q+. Bearing in mind that the most frequent findings is
that of 8g+ in metastases (Aalto et al., 2001, Singh et al., 2009, Ewens et al., 2013),
suggests at the very least, that 6p+ must be interpreted in the context of other genetic
biomarkers, and that of itself group 2 represent a subtype of UM with lower, but
nevertheless metastatic potential. Furthermore, interrogation of the data for the series
as a whole (regardless of original groupings) provided clear evidence for a subgroup of
UM associated with 6p gain M3 and 8q gain, which may improve understanding of
tumour progression. As this association between the 3 chromosome abnormalities was
found for UM in both groups 1 and 2 it may explain similarities in outcome between
these groups (Figures 3.10, 3.14). Indeed, recent results from the research team have
directly impacted and supported findings of this current study. One UM from this series
in group 4 (case 87) was established in culture and subsequently its aCGH profile was
monitored over a period of 5 years growth and progression, resulting in the successive
acquisition of genetic changes in the order of (M3) to (M3, +8) to (M3, +i(8q)) to finally
(M3, +i(8q), +pseudo i(6p). In this unpublished data (submitted for publication) the
acquisition of 6p gain is a much later event and clearly supports the lack of mutual
exclusivity between M3 and 6p and the findings of this study where a subset of UM had
associated changes of M3, 8g+ and 6p+ (Figure 3.10, 3.14). This current study
unfortunately was restricted in drawing many conclusions because of the limited nature
of the follow up available for many UM at the point of conclusion. However, individual

comparison of those cancers where there were associated changes of 3, 6 and 8 found
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that their average survival was 36.77 months compared to the series as a whole where

survival was 52.77 months.

Nevertheless, this study also established potential differences in the regions of 6p
gained in subgroups of UM, and suggested that a part of the short and long arm of
chromosome 6 contains one or more oncogenes which maybe directly involved in
UM progression. Using powerful software like Nexus 7.5 helped to demonstrate the
associations and linked the gene behaviours that clustered in 6p and 6q to other
chromosomal changes including 3 and 8. The identified genes in this study on
chromosome 6 were further investigated using IHC and the expression of FARS2,
FOXQ1 and AMD1 (Figures 4.12, 4.13, 4.14) showed clear differences between
tumours with and without M3, as well as an ability to indicate prognosis on the basis of
their amplification (Figure 4.13). It is too early to draw conclusions on the role of these

genes and further studies are required to explore their impact in UM.

6.1.3 Dose site of tumour metastasis affect the disease free survival in UM pa-
tients?

UM have a higher tendency to metastasize to the liver exclusively and or with other
organs involved (Kath et al., 1993, Kujala et al., 2003, Collaborative Ocular Melanoma
Study, 2001, Bedikian, 2006, Diener-West et al., 2005); metastasis to other organs as
the first site is rarely documented (Rietschel et al., 2005). Unfortunately, the difficulties
in obtaining extensive clinical follow up for all cases severely impacted on this aspect of
the study, specifically as a detailed interrogation of the patients notes was required to
confirm not only the sites affected but the timing of presentation. This study did
however confirm previous reports for prolonged survival amongst UM patients were

organs other the liver presented first (Figure 5.7)

Interrogation of the whole series data (137) by nexus was able to confirm previous
studies whereby partial or whole arm deletion of chromosome 1, accompanied with M3
and 8g gain associated to the worst prognosis ((Prescher et al., 1996, Sisley et al.,
1997, White et al., 1998, Sisley et al., 2000, Aalto et al., 2001, Damato et al., 2010).
Most of these studies suggested that 1p36 region could encode for a protein that could
promoted tumor progression and metastasis (Sisley et al., 2000, Aalto et al., 2001,
Naus et al., 2002, Kilic et al., 2005, Kilic et al., 2006, Hughes et al., 2005). However,
this study highlighted a significant region 1p35.3 (Figure 5.8) in this subgroup of
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patients, that included the potential UM tumor suppressor genes (MED18, PHACTR4,

and RCC1), the importance of these genes will need to be assessed in future studies.

6.2 Limitations of this study

Although this study included a large nhumber of UM patients (137), the most common
limitation was obtaining the relevant clinical outcome for all the patients in this series. In
Chapter 4, preliminary results for the protein expression of FOXQ1, FARS2, and AMD1
were documented, which were naturally limited because of the sample size and time
available at the end of this PhD. Furthermore, in chapter 5, 3 candidate genes on
chromosome 1 were identified (MED18, PHACTR4, and RCC1), but the lack of access

to nexus due to circumstances prevented serious exploration of the findings.

6.3 Future work

In this study several potentially interesting candidate genes have been identified.
Additional UM need to be studied for the expression of (FOXQ1, FARS2, and AMD1)
proteins in UM tissue. Equally a more complete investigation of the identified genes on
6p, 6g and 1p needs to be undertaken, but more comprehensive clinical information,
which is currently being sought, will dramatically enhance this aspect. Later steps to
target these genes could use additional technologies such as next-generation exome
or whole genome sequencing, to establish it mutations also exist of these genes in UM.
If these investigations prove of value then the functional aspects of these genes could
be explored in UM cell lines, (CRISPR) investigating how their altered expression

affects the behaviour of UM.
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6.4 Summary of study findings

A This study looked more specifically at chromosome 6 and indicates that
abnormalities are more frequent than reported in early studies, and pinpoints
novel candidate genes that could act as a possible driver for UM tumorigenesis.

A The association of 6p with a better prognosis was confirmed, however it is clear
that 6p+ is not mutually exclusive to M3 and 8qg+. In particular, Group 2 are
almost always associated with the presence of 8g+.

A This study Identified distinctive genetic patterns of UM that could be used to
further stratify. Specifically, M3, 8g+ and 6p+ identify a subset with very poor
prognosis and other changes of chromosome 6 appear to correlate with more
unstable UM.

A 1p deletion was examined as a genetic biomarker that could be predictive of

tumour site of metastasis.
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APPENDIX 1

Tablel: Summery of clinical information and genetic findings for 1p- cases were found
with follow up interval from hepatic metastases to death associated with M3 and 8qg+.

Case Metastatic history category | Survival Genetic
number interval changes
7 Presented (06.08.1999) with lung, 2 3.66 1p-, M3,
spinal and LM, where the spinal
detected first. months and i(6p)
Died at (26.11.1999)
from LM
12 LM diagnosed at (14.02.1996) 4 13.3 1p-,
Died LM at (23.03.1997) months 6p+/g-,
8g+
18 Presented with Bone and liver 2 10 months | M3
metastasise (17.12.1998)
Died LM at (16.02.1999)
21 Sub-cutaneous and liver 2 8.23 1p-, M3,
(20.09.1999)
months 6g-, and
Died LM at (13.05.2001)
8g+
23 LM (16.03.2001) and subcutaneous | 3 14 months | 1p-, M8,
metastases (31.11.2001)
and 8qg+
Died LM at (09.05.2002)
24 LM and bone metastases 2 7 months 1p-, M3,
(04.08.2002)
and 8g+
Died LM at March 2003
27 Liver, Lung Skin (13.06.2006) 2 6 months M3, 8qg+

Died LM at ( 15.08.06)
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